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1.0 Introduction

Head and neck squamous cell carcinoma (HNSCC) causes more severe pain and stress than 

other cancer[16; 38; 41; 82]. The oral cavity is densely innervated with both sensory[29; 

55] and sympathetic[11] nerve fibers thought to mediate the cancer-induced pain and 

stress response. Sympathetic and sensory nerves can directly and indirectly communicate 

to mediate nociceptive signaling[89]. A better understanding of the biological mechanisms 

that couple sympathetic and sensory nervous system during tumorigenesis is needed.

Chronic stress can influence cancer progression via the sympathetic nervous system (SNS)

[44; 75]. SNS fibers are activated during stress and release catecholamines, such as 

norepinephrine (NE), which act on adrenergic receptors to modulate cell behavior[20]. 

Oral tissues receive sympathetic innervation from the superior cervical ganglia (SCG) [33; 

63]. Pathogical evaluation of nerves in HNSCC tumor tissue found that sympathetic nerve 

density was associated with lower survival rates[3]. Furthermore, plasma NE concentration 

was found to be nine times higher in HNSCC patients compared to patients with 

benign leukoplakia[8]. Preclinically, oral cancer was associated with increased sympathetic 

innervation in a rat model; sympathectomy resulted in smaller, less invasive cancers[65]. 

β-adrenergic receptors (β-AR) are present on tumor cells, and in vitro studies show that 

β-adrenergic signaling on tumor cells increased expression of vascular endothelial growth 

factor (VEGF), interleukins, and tumor necrosis factor alpha (TNFα) which are known to 

influence tumor progression[10; 48; 91; 92].
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Cancer pain is associated with sensory and sympathetic nerve sprouting, as indicated in 

mouse models of cancer-induced bone metastasis[52] and pancreatic cancer[45]. Sensory 

neurons, which also express adrenergic receptors[24; 61], can be directly sensitized by NE 

during injury or inflammation[2; 5; 6; 13]. Baik and colleagues found that rats demonstrated 

intensified mechanical hyperalgesia in response to intradermal NE in the presence of 

inflammation in the L5 spinal nerve generated by complete Freud’s adjuvant[5]. Clinically, 

sympathetic nerve blockade is a current therapeutic strategy to treat abdominal cancer-

related pain[43]. There is also significant evidence that adrenergic antagonism improves 

cancer patient survival; prospective clinical trials that investigate the therapeutic value of 

beta blockers in visceral tumors are ongoing[42; 67]. However, patient reported pain and 

physiological symptom burden are not considered in these trials; the role of the SNS in oral 

cancer pain remains unknown.

We have previously demonstrated that TNFα is a prominent mediator in oral cancer-induced 

nociception using animal models[69; 74] and that TNFα concentration in oral cancer 

tissues correlates with reported pain scores in HSNCC patients[69]. In the current study, 

we explored the mechanisms of cancer-nerve interaction on the basis of the hypothesis 

that peripheral sympathetic signaling in the oral cancer microenvironment modulates cancer 

pain and tumor growth. We sought to (1) confirm the presence of sympathetic and sensory 

nerves innervating tumor tissue from HNSCC patients and a human xenograft mouse model, 

(2) determine the effect of sympathetic signaling via NE on oral cancer cell proliferation, 

tongue secretion of TNFα and trigeminal neuronal activity, and (3) determine the functional 

implications of systemic and local antagonism of sympathetic signaling on oral cancer-

induced orofacial nociceptive behavior and tumor growth.

2.0 Materials and Methods

2.1 Patient data

We quantified sympathetic nerve presence in HNSCC patients who underwent surgical 

resection at the University of Pittsburgh Medical Center between 2015 and 2018. Thirteen 

patients were collected for these analyses; all were >18 years, underwent surgical resection 

for squamous cell carcinoma of the oral cavity or oropharynx, and had perineural 

invation (PNI) denoted in the pathology report by a oral and maxillofacial pathologist. 

Patients with recurrent disease or second primaries were excluded. Demographics and 

clinical characteristics were obtained from medical record review and included: age at 

diagnosis, sex, race, surgical procedure [i.e., oropharyngectomy (tonsil, base of tongue), 

mandibulectomy/composite resection, glossectomy/floor of mouth resection, laryngectomy/

pharyngectomy], tumor size, nodal status, HPV status for oropharyngeal tumors, history 

of tobacco use, history of alcohol use, PNI (yes/no) and extracapsular spread (yes/no/not 

evaluated) (Suppl Table 1). HNSCC tissue from patients was acquired through the 

University of Pittsburgh Medical Center (UPMC) Hillman Cancer Center’s Head and 

Neck SPORE (P50CA097190; R.L. Ferris, PI) collection of head and neck cancer tissue 

specimens. All patients provided informed written consent; this study was approved by 

the Institutional Review Board associated with University of Pittsburgh Cancer Institute 

(STUDY20050058).
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2.1 Animals

Adult (10-12 weeks, 20-25 g) male and female C57BL/6 (stock #000664; Jackson Labs, 

Bar Harbor, ME) and athymic nude (stock #002019, Jackson Labs) mice were used for in 
vitro experiments. Adult female athymic nude mice were used for in vivo experiments. All 

mice were housed in a temperature-controlled room on a 12:12-hour light cycle (0700-1900 

hours light), with unrestricted access to food and water. Researchers were trained under 

the Animal Welfare Assurance Program. All procedures were approved by the New York 

University and University of Pittsburgh Institutional Animal Care and Use Committees 

and performed in accordance with National Institutes of Health guidelines for the use of 

laboratory animals in research.

2.2 Xenograft oral cancer pain model

Mice were inoculated with 1x105 HSC-3 cells in 30 μL of 1:1 Dulbecco’s modified Eagle’s 

medium (DMEM, Gibco, Waltham, MA) and Matrigel (Corning, Corning, NY) into the 

anterior lateral portion of the tongue as previously described[95]. Nociceptive behavior was 

measured twice per week using a dolognawmeter assay for the duration of the experiment. 

To inhibit β-adrenergic signaling systemically, propranolol (0.25 g/L) was administered in 

the drinking water, as previously done[30; 79] to avoid unnecessary stress in tumor-bearing 

mice, starting at post inoculation day (PID) 5. The propranolol group consumed, on average, 

17.17±1.8 mL of water per day per mouse. Based on these calculations, tumor-bearing 

mice that received propranolol ingested on average 0.859±0.09mg per day per mouse; 

thus, on average about 0.214mg reached circulation following first pass metabolism. This 

dose is consistent with previous publications in which propranolol doses were given via 

daily intraperitoneal (i.p.) administration[15; 60]. To induce a chemical sympathectomy, 

guanethidine monosulfate (GTD, 50 mg/kg) was injected i.p. 2x per week starting at PID 7. 

This was continued throughout the protocol, based on the drug’s pharmacokinetic properties, 

half-life (~1.5 days), and previous reports[80]. For both studies, body weight was recorded 

once per week. Tongue tumor size was quantified at PID 28 after GTD treatment. At 

PID 28, tongues were harvested, fixed in 10% neutral buffered formalin, bisected, paraffin-

embedded with cut side down, and sectioned at 5μm thickness through the entire block 

(about 50 sections). Average tumor area relative to total tongue area in the 1st, 10th, 20th, 

30th and 40th section was quantified using hematoxylin and eosin (H&E) stain and ImageJ 

(NIH, Bethesda, MD). The experimenters conducting the behavioral tests (SP) and tumor 

quantification (SP, SN) were blinded to the treatment groups.

2.3 Immunohistochemistry

2.3.1. Head and neck cancer tumor tissue staining: Developmental Pathology 

Laboratory shared resource in the Department of Pathology obtained the paraffin-embedded 

tissue blocks and performed the sectioning (5μm) and staining. Serial sections were 

stained with either mouse monoclonal anti-S100 (1:100, abcam cat# ab4066), rabbit anti-

tyrosine hydroxylase (TH) (1:500, Millipore Sigma Cat#AB152), or rabbit anti-TRPV1 

(1:600, Thermo Scientific). Immunoreactions were visualized with diaminobenzidine (DAB) 

horseradish peroxidase (HRP) substrate and counterstained with hematoxylin. The sections 

were scanned at 10x, 20x, and 40x magnification and S100 labeling was used to identify 
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all nerve bundles. Total S100 immunoreactive area was quantified using Aperio ImageScope 

software (Leica Biosystems). Within each nerve bundle, TH and TRPV1 immunoreactive 

area was quantified, summed for total TH or TRPV1 area and the percent of TH+ or 

TRPV1+ area relative to total S100 area was then calculated.

2.3.2. Mouse tongue tissue staining

Optical clearing:  Athymic nude mice (2 naïve and 4 HSC-3 tumor-bearing mice) under 

3-5% isoflurane anesthesia were transcardially perfused with phosphate buffered saline 

(PBS) followed by 4% paraformaldehyde solution (PFA). Tongues were bisected along 

sagittal plane and stored in 4% PFA at 4°C until needed. Optical clearing was achieved using 

the established PEGASOS protocol[35]. For antibody staining, tongue tissue was incubated 

in blocking solution containing 3% goat serum and 1% triton X-100 overnight. The tissue 

was then incubated in primary antibody rabbit anti-TH (1:250, Millipore Sigma) at 4°C for 

3 days followed by secondary antibody Alexa goat anti-rabbit 647 (1:250, Thermo Fisher) at 

4°C for 48 hours. Tissue was imaged by the Center for Biologic Imaging (CBI) at University 

of Pittsburgh using a Caliber Ribbon Scanning Confocal S228.

Immunohistochemistry:  Tumor tongue tissue was dissected, postfixed for 24 hours in 4% 

PFA, and cryoprotected in 30% sucrose at 4°C overnight. Tongue tissue was then embedded 

in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), sectioned (20μm) coronally 

starting at the tip, and mounted on Superfrost Plus slides (Fisher Scientific). Slides were 

incubated in one of the following primary antibodies: rabbit anti-PGP9.5 (1:250, BosterBio), 

rabbit anti-TH (1:500, Millipore Sigma), or rabbit anti-CGRP (1:500, Cell Signaling) in 

PBS containing 1% bovine serum albumin overnight at room temperature. Slides were 

extensively washed in PBS, incubated in goat anti-rabbit Alexa fluor 594 (1:250, Jackson 

ImmunoResearch) for 2.5 hours and extensively washed. To quench autofluorescence due to 

collagen and striated tongue muscle, TrueVIEW autofluorescence quenching kit with DAPI 

(Vector Laboratories, Newark, CA) was used according to manufactuerer’s instructions.

2.3.3. Mouse sensory and cervical ganglia staining—At least 10 days 

prior to tissue harvest, the retrograde tracer 1,10-dioctadecyl-3,3,30,30-tetramethy 

lindocarbocyanine perchlorate (DiI, Invitrogen, Carlsbad, CA, USA) was injected 

peripherally into the anterior lateral tongue to retrograde label tongue afferents in 6 

adult C57Bl/5 and 6 adult athymic nude mice. The tracer was dissolved at 170 mg/mL 

in DMSO, diluted 1:10 in 0.9% sterile saline, and injected bilaterally using a 30 g 

needle for a total volume of 5-7μL per tongue. Mice under 3-5% isoflurane anesthesia 

were transcardially perfused with PBS followed by 4% PFA. The trigeminal ganglia 

(TG) and superior cervial ganglia (SCG) were dissected, postfixed for 1 hour in 4% 

PFA, and cryoprotected in 30% sucrose at 4°C overnight. TG and SCG were embedded 

in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), sectioned (14μm), and 

mounted on Superfrost Plus slides (Fisher Scientific). Slides were incubated in primary 

antibody rabbit anti-TH (1:500, Millipore Sigma) in PBS containing 1% bovine serum 

albumin overnight at room temperature. Slides were extensively washed in PBS, incubated 

in goat anti-rabbit Alexa fluor 488 (1:250, Jackson ImmunoResearch) for 2.5 hours, 

extensively washed, and cover-slipped with Fluoro-Gel II mounting media containing DAPI 
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(Electron Microscopy Sciences). Using a Leica DMi8 microscope with LAS software, TG 

sections were photographed at 20x magnification within the intersection of the mandibular 

and maxillary branch, where most retrograde labeled trigeminal tongue neurons reside. 

Trigeminal ganglia neurons (TGN) with distinct nuclei and at least 50% of the cell area 

labeled with DiI were counted in every fifth section (9 sections/mouse; 3 males, 3 females 

per genotype). ImageJ software (NIH, Bethesda, MD) was used to count retrograde labeled 

neurons which overlapped with anti-TH immunoreactivity per animal.

2.3.4. Human cancer cell line staining—Human cancer and non-tumorigenic cells 

were plated in a Lab-Tek II 4-well chamber slide and allowed to proliferate for 24-48 

hours to reach 70-80% confluency. Cells were then treated with either cell culture media 

alone or cell culture media containing vehicle (0.03% HCl), 1μM NE, 10μM NE or 1μM 

salbutamol. Adrenergic β2 competitive agonist (1μM ICI 118,551) was added 1 hour prior 

to addition of the NE. After 24hrs, cells were washed with PBS and fixed in 4% PFA for 

30min at 4°C. Following fixation, the chamber insert was removed, and the slides were 

washed extensively. They were then incubated in blocking buffer containing 1% albumin 

bovine serum (BSA) and 22.57mg/ml glycine for 30min followed by rabbit anti-β-AR2 

conjugated to FITC (1:500, Alomone, Jerusalem) diluted in PBS containing 1% BSA at 

4°C overnight. Finally, the slides were washed in PBS and cover-slipped with Fluoro-Gel II 

mounting media containing DAPI. Cells were photographed at 20x magnification using LAS 

software and a Leica DMi8 microscope with the gain set to 1. Vehicle-treated cells were 

used to threshold signal for quantification and settings were maintained across treatment 

groups. Cells with distinct nuclei were counted in 3 slides (5 regions per slide: upper right 

quadrant, upper left quadrant, middle, lower right quadrant, lower left quadrant) within each 

treatment group. ImageJ software (NIH, Bethesda, MD) was used to count cells with distinct 

nuclei that overlapped with anti-β-AR2 immunoreactivity.

2.4 Cell culture and supernatant collection

All cell lines were cultured in 10 cm diameter cell culture dishes at 37°C with 5% CO2. 

Oral squamous cell carcinoma (SCC) cell lines HSC-3 (Sekisui XenoTech, Kansas City, 

KS) and and non-tumorigeneic cell line HaCaT were cultured in DMEM supplemented 

with 10% fetal bovine serum (FBS) and penicillin/streptomycin (P/S, 50 U/mL). SCC 

cell line SCC-4 (ATCC, Manassas, VA) was cultured in DMEM/F12 (Gibco, Waltham, 

MA) supplemented with 10% FBS and P/S. Dysplasic oral keratinocyte cell line DOK 

(Sigma Aldrich, St. Louis, MO) was cultured in DMEM supplemented with 10% FBS, 

P/S, and 5μg/mL hydrocortisone. For collection of supernatant (SN), the culture medium 

was changed to serum-free DMEM without phenol red (3 mL total volume) when cells 

reached 70-80% confluency (1.5 x 106 cells). Cells were then incubated for an additional 48 

hours. Following incubation, cell culture SN was collected, centrifuged at 300xg to remove 

cell debris, and frozen at −20°C until needed. SN from cell lines HSC-3 and SCC-4 was 

collected from passages 3 and 12 respectively. SN from DOK was collected from passage 7.

2.5 qPCR

Total RNA was isolated from pelleted cells (1-1.5x106) from cell lines and whole TG 

using the Qiagen RNeasy Plus Mini Kit (Qiagen Inc.). Reverse transcription was performed 
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with Quantitect Reverse Transcription Kit (Qiagen Inc.) according to the manufacturer’s 

instructions. cDNA was diluted with nuclease free water to a 5 ng/μL concentration. 

For single cell analysis, DiI-positive single neurons were identified using fluorescence 

microscopy, picked up using glass capillaries (World Precision Instruments) held by 

micromanipulator (Sutter Instruments), headstage (EPC10 HEKA) and electrode holder 

under brightfield optics. Cell size was not considered during selection. Each cell was 

transfered into a 0.2 ml PCR tube containing 9μl of single cell lysis solution and Dnase 

I from Single Cell-to-CT™ Kit (Thermo Fisher Scientific), incubated for 5 minutes 

and immediately stored at −80°C until further use. Cells were collected within 1 h of 

removal from the incubator and within 8 h of removal from the animals (n=2 C57Bl/6 

mice). Reverse transcription, cDNA pre-amplification and Real-Time PCR were executed 

per manufacturer’s instructions. Relative expression levels of adrenergic receptors were 

assessed using TaqMan Gene Expression Assays and TaqMan Gene Expression Master 

Mix (Thermo Fisher Scientific), using a 96 well Quantstudio 3 Real-Time PCR System 

(Thermo Fisher Scientific). We used assays from Life Technologies for the following 

genes: ADRB1 (Hs02330048_s1), ADRB2 (Hs00240532_s1), ADRB3 (Hs00609046_m1), 

Adra1a (Mm00442668_m1), Adra1b (Mm00431685_m1), Adra1d (Mm01328600_m1), 

Adra2a (Mm07295458_s1), Adra2b (Mm00477390_s1), Adra2c (Mm00431686_s1), 

Adrb1 (Mm00431791_s1), Adrb2 (Mm02524224_s1), Adrb3 (Mm02601819_g1). The 

housekeeping genes ACTB (Hs01060665_g1) and Gapdh (Mm99999915_g1) were used as 

the internal control gene for human and mouse respectively. Relative quantification analysis 

of gene expression data was calculated using the 2−ΔCt method. For single cell PCR, any 

cell with a Gapdh Ct threshold of 27 or higher was excluded from further analysis. Genes 

were considered ‘not expressed’ if one sample either failed to detect expression or the Ct 

was above 38.

2.6 Proliferation assay

To quantify the effect of adrenergic signaling on cancer cell proliferation, 1000 cells 

(HSC-3, SCC-4, DOK) were seeded in individual wells in a 96 well plate containing media 

supplemented with 10% FBS. After 4 hours, media was replaced with serum-free media for 

24 hours to drive cell cycle synchronization. To conduct a quantitative MTS colorimetric 

proliferation assay, control wells received vehicle (0.03% HCl and EtOH or 0.03% water), 

and experimental wells received varying doses of NE (0.1 - 10μM, 20mM stock in HCl), 

10μM NE plus 10μM propranolol (20mM stock in EtOH) or varying doses of salbutamol 

(0.1 - 1μM, 10mM stock in water) or 1μM salbutamol plus 10μM propranolol in a total 

volume of 100μl. After 24 hours, 20μL of MTS (Promega BioSciences) was added to each 

well. Plates were incubated at 37°C for 1 hour. The samples were then quantified at 490 nm 

using GloMax-Multi Microplate Multimode Reader (Promega). The samples on each plate 

were run on three different cell line passages, and the experiment was repeated in triplicate.

2.7 Enzyme-linked immunosorbent assay (ELISA)

TNFα protein concentration was measured in cell line SN and homogenized tongue tumor 

tissue by ELISA (Sigma Aldrich Cat# RAB1089-1KT). Cells were seeded into a 6-well 

plate at 2x105 cells per well and allowed to come to 70-80% confluency. Cells were 

then treated with one of 6 treatments in 600μl of serum free colorless DMEM: 10μM 
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NE, 10μM NE + 10μM propranolol, 10μM NE + 10μM ICI 118,551, 1μM salbutamol, 

1μM salbutamol + 10μM propranolol. Receptor antagonists (e.g. propranolol, ICI 118,551) 

were added 1 hour prior to addition of the agonist (e.g. NE, salbutamol). After 48 hours 

cell culture, SN was collected, treated with 6μl HALT Protease Inhibitor Cocktail (Pierce, 

Rockford, IL) and stored at −80°C until needed. For mouse tumor tissue, mice were perfused 

with PBS and tongues were harvested and snap frozen in dry ice. Tumor tissue was then 

dissected and minced on dry ice and stored at −80°C until needed. Frozen minced tissue 

(20–40 mg) was homogenized in 500μl RIPA buffer (Pierce Biotechnology) containing 5μl 

HALT Protease Inhibitor Cocktail and agitated for an additional 15min at 4C. Lysates were 

centrifuged at 16,000 rpm for 15 min. Supernatants were removed and used immediately. 

Total protein concentrations were determined for all samples using a Bradford Assay (Bio-

Rad Laboratories, Inc.) and ELISA was run per the manufacturer’s instructions. The optical 

densities of the standards and samples were read at 450 nm using a GloMax Explorer 

GM3500 Microplate Reader (Promega). TNFα protein concentrations were calculated based 

on manufacturer’s instructions and normalized to total protein in the sample.

2.8 TGN primary culture

Adult C57BL/6 mice under 3-5% isoflurane anesthesia were transcardially perfused with 

cold Ca2+/Mg2+-free Hank’s balanced salt solution (HBSS, Invitrogen). Bilateral TG were 

dissected into cold HBSS and dissociated as previously described[74]. Cells were plated 

in DMEM/F12 containing 10% FBS and P/S. Coverslips were flooded 2 hours later with 

DMEM/F12 containing 10% FBS and antibiotics, then stored at 37°C. Experiments were 

performed within 8 hours of tissue harvest.

2.9 Calcium imaging

Dissociated TGN were incubated with 5 μM Ca2+ indicator Fura-2AM (Invitrogen, 

Carlsbad, CA, USA) at room temperature for 30 min in DMEM without phenol red 

(colorless). Coverslips were placed in a recording chamber and continuously infused with 

colorless DMEM at room temperature. Imaging was done at 20X magnification in fields 

containing ≥ 5 neurons and at least 2 coverslips were tested per mouse. To measure the 

neuronal response to NE, 10μM NE in normal bath (130mM NaCl, 3mM KCl, 2.5mM 

CaCl2, 0.6mM MgCl2, 10mM HEPES, and 10mM Glucose) was applied to the cells 

for 30s. 10μM NE was chosen as the most relevant concentration as that is what was 

previously published as being physiologically relevant in the tumor microenvironment of 

cancer patients[85]. To measure the neuronal response to the cancer cell line SN and SN 

from cancer cells treated with 10μM NE, SN was applied for 30 sec followed by a 30 

sec wash with colorless DMEM. TNFα –TNFR interaction modulator C87 (5 mM stock 

in dimethylsufoxide [DMSO]; EMD Millipore, Billerica, MA) was used to inhibit TNFα 
signaling in the presence of oral cancer SN treated with NE. C87 (1μM) was added into the 

normal bath perfusion and cells were exposed to C87 for 1 min to ensure the drug did not 

elicit a Ca2+ response followed by oral cancer SN treated with NE supplemented with C87 

(1μM). C87 was added to the supernatant 15-30min prior to application onto neurons and 

incubated at room temperature. The vehicle control for C87 (0.02% DMSO) was absent in 

the supernatant samples for these studies. To test for cell viability, 30 mM KCl in colorless 

DMEM was applied for 4 sec at the end of each experiment. Cancer cell SN and KCl were 
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applied with a fast-step perfusion system (switching time <20 ms; Warner Instrument Co, 

Model SF-77B). A change in intracellular Ca2+ concentration ([Ca2+]i) ≥ 20% of baseline 

was considered as a response to stimulus. The magnitude of the response was calculated 

as (Peak [Ca2+]i) – (Baseline [Ca2+]i). Fluorescence data was acquired by a Nikon Eclipse 

Ti microscope at 340 nm and 380 nm excitation wavelengths and analyzed with the TI 

Element Software (Nikon, Melville, NY, USA). [Ca2+]i was determined from Fura-2AM 

ratio. Calibration of imaging software to convert Fura-2 ratio following in situ calibration 

experiments was performed as previously described[26; 73].

2.10 Dolognawmeter orofacial pain behavior assay

The dolognawmeter assay and automated device quantifies gnawing activity. The outcome 

variable (gnaw-time) is the time required by a rodent to gnaw through the second of two 

obstructing polymer dowels in series (a discrete gnawing task) that block escape of a rodent 

confined in a narrow tube. Extended gnaw-time relative to baseline values is a validated 

index of orofacial nociception in mice with oral cancer[23]. Each mouse is placed into a 

confinement tube, where forward movement of the rodent in the tube is obstructed by 2 

polymer dowels. The mouse voluntarily gnaws through both dowels to escape the device. 

The second of two sequentially obstructing polymer dowels is connected to a digital timer. 

The timer automatically records the duration required for the mouse to sever the second 

dowel. To acclimatize the mice and improve consistency in gnawing behavior, all mice 

were trained for 7-9 sessions in the dolognawmeter. Training was accomplished by placing 

the mice in the device and allowing them to gnaw through the obstructing dowels in the 

same manner as the subsequent experimental gnawing trials. For the xenograft oral cancer 

pain model, a baseline gnaw-time (mean of the final 3 training sessions) was established 

for each mouse followed by behavioral testing twice per week for up to 5 weeks. The 

investigator was blinded to the treatment groups. Each mouse was compared to its own 

baseline gnaw-time, and data are presented as a percent change ± standard error of the mean.

2.11 Drugs:

In in vivo studies, propranolol (0.25 g/L in water, Sigma-Aldrich; vehicle control = water) 

and guanethidine monosulfate (GTD, 50 mg/kg in saline, Cayman Chemical Company; 

vehicle control = 50μl saline) were administered to determine the effect of sympathetic 

signaling on orofacial nociceptive behavior and tumor growth. In in vitro studies, drugs 

and controls were added to cell culture media. (−)-norepinephrine (1-10μM. 20mM stock 

in 1N HCl, Sigma Aldrich; vehicle control = 0.05% HCl) and salbutamol hemisulfate 

(0.1-1μM, 10mM stock in water Fisher Scientific; vehicle control = 0.01% water) were 

used to drive cell proliferation, β2-ADR expression, and TNFα secretion in cell lines. 

Adrenergic reception inhibition was achieved using ICI 118,551 hydrochloride (1μM, 10mM 

stock in water, Medchem Express; vehicle control = 0.01% water) and (+/−)-propranolol 

hydrochloride (10μM, 20mM stock in ethanol, Sigma-Aldrich; vehicle control = 0.05% 

EtOH). TNFα –TNFR interaction modulator C87 (1μM, 5 mM stock in dimethylsufoxide 

[DMSO]; EMD Millipore) was used to inhibit TNFα signaling in Ca2+ imaging studies.
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2.12 Statistical Analysis:

Statistical significance was set at p < 0.05. All statistical analyses were performed using 

Prism (version 8) statistical software (Graphpad Software Inc., La Jolla, CA, USA). 

Results were presented as mean ± standard error of the mean. Box/scatter or violin/

scatter configurations were used to show the biological variability. In vivo mouse model 

experiments were set as a 2x2 experimental design in which the groups are cancer (HSC-3/

sham) and drug treatment (propranolol, vehicle, GTD). Our sample size estimates are based 

on previous orofacial nociceptive behavior studies using the dolognawmeter assay[69; 96]; 

the endpoint is percent change in baseline gnaw-time. We hypothesized that drug treatment 

would reverse cancer-induced increase in gnaw-time by 70%. Effect size based on gnaw-

time for the control group (vehicle/sham inoculation) and HSC-3 tumor-bearing mice was 

calculated and used in a power analysis to determine sample size needed to provide greater 

than 80% power to detect a change due to both cancer and drug treatment at α = .05. Tumor 

volume outcome was not considered in sample size estimates for this study. Analysis of 

variance (ANOVA) was employed to evaluate the difference between groups regarding time 

and treatment. To adjust for multiple comparisons, the post-hoc Holm-Sidak test statistic 

was employed. Student’s t test was employed to evaluate the difference between two groups. 

Pearson correlation coefficient was used to measure the linear relationship between two 

variables (i.e., gnaw-time and tumor area).

3.0 Results

3.1 Sympathetic post-ganglionic neurons innervate the oral cancer microenvironment

Perineural invasion correlates positively with a high degree of reported pain in patients 

with oral cancer[68]. Catecholamine precursor, tyrosine hydroxylase (TH) and sensory ion 

channel, transiet receptor potential vanilloid-1 (TRPV1), were used to identify putatively 

sympathetic and sensory neurons respectively innervating the tumor microenvironment in 

HNSCC patients, respectively. Anti-S100, a Schwann cell marker useful for evaluating 

nerve sheath, was used to identify peripheral nerve bundles in the tumor tissue. In serial 

sections, TH-immunoreactivity (IR) and TRPV1-IR fibers were found within S100-denoted 

nerve bundles suggesting a spatial relationship between these two fiber types within tumors 

(Figure 1A). Next, we quantified the percent of TH-IR and TRPV1-IR areas relative to 

total S100-IR nerve area in HNSCC tumor tissue across 13 patients. We found that TH-

IR and TRPV1-IR nerve fibers comprise 4.34±1.4% and 18.03±4.0% of total S100-IR 

nerve area respectively (Figure 1B). We sought to define the potential role of sympathetic 

postganglionic neurons innervating the tongue in oral cancer pain. Using optical clearing 

and immunohistochemistry, we visualized TH-IR innervation in a naïve mouse tongue; 

while no vascular markers were used, TH-IR appears to be perivascular within the muscle 

and entering the mucosa (Figure 1C,D). Utilizing a xenograft mouse model of human tongue 

SCC in athymic nude mice, we identified TH-IR nerve bundles (Figure 1E) and perivascular 

TH-IR fibers (Figure 1F) innervating the tumor microenvironment. Similar to patient tissue 

data, we used serial coronal sections of mouse tongue tumor tissue to confirmed the spatial 

relationship between intratumoral putatively sympathetic and sensory nerve fibers (Suppl 

Figure 1). Furthermore, ten days following injection of retrograde tracer, DiI, into the 

C57Bl/6 mouse tongue, we found DiI-positive neurons in both the SCG, where cell bodies 
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give rise to the postganglionic sympathetic innervation of the head (Figure 1G), as well as 

the TG, where cell bodies give rise to sensory innervation of the head (Figure 2A). Previous 

reports have shown that TH is expressed in a subpopulation of sensory neurons in the adult 

mouse[14]. To address the possiblity that TH+ nerves innervating the mouse tongue tumor 

tissue are sensory in origin, we stained TG sections with retrograde labeling with anti-TH 

(9 sections/mouse, 3 male, 3 female mice). An average of 115.8.5±12.2 DiI+ neurons 

were counted per mouse and no significant overlap of TH-IR in DiI+ TGN innervating 

the tongue (0.73±0.4%) was detected (Figure 2A). Sympathetic neurons can regulate target 

organs by releasing NE, which activates adrenergic receptors[20]. In the muscle and skin, it 

has been shown that nociceptive activity can induce an increase in sympathetic discharge. 

However, the effect of sympathetic activity on nociceptive activity is debated[9; 31; 62]. 

To investigate this in the trigeminal system, we first sought to determine if TG express 

adrenergic receptors. Intact TG from both C57Bl/6 and athymic nude mice were probed for 

all α- and β- adrenergic subtypes using qPCR; genes for all receptor subtypes except Adrb3 
were expressed and there was no difference between the two genotypes (Table 1). Ganglia 

are comprised of multiple cell types, including satellite glia and immune cells both of which 

can express adrenergic genes[77; 81]. In order to assess tongue-innervating neuron-specific 

expression, ganglia from retrograde labeled mice (n=2 C57Bl/6 mice) were dissociated, and 

individual neurons were collected for single cell analysis based on fluorescence; cell size 

was not considered. RNA from 24 individual DiI-labeled neurons was subjected to qPCR 

analysis. All neurons tested contained detectable gene expression for at least 1 adrenergic 

receptor subtype (Figure 2B). α2-adrenergic subtypes were the most highly expressed 

(17/24 α-AR2a, 16/24 α-AR2b, 18/24 α-AR2c) followed by β-adrenergic subtypes (17/24 

β-AR1, 10/24 β-AR2) (Figure 2C). The α1-adrenergic subtypes were expressed in the 

lowest percentage of neurons tested (5/24 α1-AR1a, 2/24 α1-AR1b, 1/24 α1-AR1d) (Figure 

2C). Similar to whole ganglia PCR, β-AR3 was not expressed in any neuron tested. Next, 

we sought to determine if NE could evoke a functional response in neuronal activity in 

dissociated TGN that innervate the tongue. Microfluorimetry was used to quantify the 

evoked Ca2+ transient in response to 10μM NE application for 30s in dissociated TGN from 

9 mice (5 C57Bl/6, 4 nude) with DiI retrograde labeling in the tongue (Figure 2D). We 

found that NE evoked a Ca2+ transient ≥20% of baseline intracellular Ca2+ concentration 

in 5.45% (3/55) DiI+ tongue TGN and 21.4% (28/131) non-tongue innervating neuron 

(DiI-negative) in the TG. The percent of responsive neurons per animal are depicted in 

Figure 2E.

3.2 β-AR2 is overexpressed in oral cancer cell lines

Previous studies have demonstrated that β-AR are more highly expressed in oral SCC 

compared to normal keratinocyte cells[76]. We used qPCR to determine the relative 

expression of β-AR 1, 2 and 3 in human oral cancer cell lines HSC-3 and SCC-4, 

benign human dysplastic oral keratinocyte cell line DOK, and immortalized human non-

tumorigenic skin keratinocyte cell line HaCaT. Three separate passages of each cell 

line were tested, and the expression relative to β-actin was considered. ADRB1 and 

ADRB2 were highly expressed in oral cancer cell lines (HSC-3, SCC-4) and DOK 

compared to HaCaT (Figure 3A,B). ADRB3 was not detected in any cell line tested. 

Two-way ANOVA found no significant interaction between relative gene expression and 
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cell line (F(3,16)=1.57, p=0.235). However, ADRB2 expression was significantly higher 

than ADRB1 expression in all cell lines (p<0.0001). We confirmed β-AR2 protein 

expression using immunohistochemistry in DOK, HSC-3, and SCC-4 cell lines. While 

protein expression was detected in all three cell lines, oral cancer cells appeared to have 

more expression in the plasma membrane than DOK (Figure 3C).

3.3 NE increases oral cancer cell proliferation and β-AR2 expression in vitro

Experimental analyses in animal models demonstrate that behavioral stress can accelerate 

growth in breast[84], pancreatic[39] and ovarian[86] cancer. To examine the effect of 

sympathetic neurotransmission on oral SCC cell proliferation and β-AR2 expression in 
vitro, HSC-3 and SCC-4 cells were treated with varying doses of NE and β-AR2 specific 

agonist, salbutamol; non-tumorigenic DOK cells served as a control. One-way ANOVA 

revealed that cell stimulation with 10μM NE for 24 hours resulted in a significant 

increase in HSC-3 (24.1±6.5%, p=0.002) and SCC-4 (32.2±8.6%, p=0.005) proliferation 

compared to cells stimulated with vehicle (0.05% HCl, 0.05% EtOH). Co-treatment with 

β-AR antagonist propranolol (10μM) blocked the NE-induced increase in cell proliferation; 

there was a significant decrease in proliferation in cells stimulated with NE+propranolol 

compared to cells stimulated with NE in both HSC-3 (−45.51±6.7%, p<0.0001) and SCC-4 

(−48.18±5.8%, p=0.0003) (Figure 4A). Stimulation with 1μM salbutamol for 24 hours 

resulted in a significant increase only in SCC-4 (96.01±12.88%, p<0.0001) proliferation 

compared to cells stimulated with vehicle (0.1% H2O, 0.05% EtOH; One-way ANOVA). 

Co-treatment with propranolol (10μM) blocked the salbutamol-induced increase in cell 

proliferation; there was a significant difference in proliferation in cells stimulated with 

salbutamol+propranolol compared to cells stimulated with salbutamol in SCC-4 cell line 

(85.16±11.4%, p<0.0001) (Figure 4B) There was no significant effect on DOK proliferation 

after 24-hour treatment with 10μM NE (4.5±9.8%, p=0.658) or 1μM salbutamol (4.4±0.9%, 

p=0.830) (Figure 4B). We also measured β-AR2 protein expression in cell lines treated with 

vehicle, 1μM salbutamol and 10μM NE. One-way ANOVA revealed a significant increase in 

the number of cells with β-AR2 IR following 24-hour treatment with 10μM NE in HSC-3 

(26.8±8.4%, p<0.0001) and SCC-4 (30.8±9.6%, p<0.0001) cell lines compared to vehicle 

(0.05% HCl, 0.1% H2O; Figure 4C,D). Stimulation with 1μM salbutamol for 24 hours 

resulted in a significant increase in the number of cells with β-AR2 IR in both HSC-3 

(14.43±3.6%, p=0.039) and SCC-4 cell lines (29.54±9.2%, p=0.009) compared to vehicle 

(0.1% H2O; One-way ANOVA). Competitive β-AR2 agonist, ICI 118,551 (1μM) blocked 

the NE-induced increase in β-AR2 IR; there was a significant decrease in β-AR2 IR in 

cells stimulated with ICI 118,551+NE compared to cells stimulated with NE in both HSC-3 

(−27.88±8.7%, p<0.0001) and SCC-4 (−41.77±13.1%, p<0.0001). There was no significant 

change in the number of β-AR2 immunoreactive cells following NE (1.71±0.5%, p=0.981) 

or salbutamol (0.28±0.1%, p=0.969) treatment in the DOK cell line compared to vehicle 

treatment (Figure 4C,D).

3.4 NE stimulation increases TNFα secretion from oral cancer cells in vitro

We previously demonstrated that TNFα secreted from cancer cells plays a role in oral 

SCC-induced nociceptive behavior[74]. Other investigators have demonstrated that NE-

induced activation of cancer cells increases secretion of inflammatory cytokines and growth 
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factors[10; 91]. Consequently, we sought to determine if β-AR signaling altered TNFα 
protein secreted from oral cancer cells. We measured TNFα protein in SN from HSC-3, 

SCC-4 and DOK cells treated with vehicle (0.05% HCl, 0.05% EtOH, 0.1% H20), 10μM 

NE, or 10μM NE plus 10μM propranolol for 48 hours by ELISA. To investigate a specific 

role for β-AR2 specifically, we included β-AR2 specific agonist, salbutamol (1μM) as 

well as β-AR2 competitve antagonist, ICI 118, 551 (1μM). Receptor blocker was added 1 

hour prior to agonists. There was significant interaction between treatment and cell lines 

tested (Two-way ANOVA p<0.0001, F(10,36)=11.66). TNFα protein concentration was 

significantly higher in HSC-3 and SCC-4 cells treated with 10μM NE (p<0.0001) and 

1μM salbutamol (p<0.0001) compared to vehicle treatment (Figure 5A). There was also a 

significant difference in TNFα protein concentration between NE treatment and co-treated 

with 10μM NE + 10μM propranolol or 10μM NE + ICI 118,551 (p<0.0001) as well as 

a significant difference between 1μM salbutamol treatment compared to co-treatment with 

1μM salbutamol + propranolol (p<0.0001) for both HSC-3 or SCC-4. Furthermore, there 

was no significant change in TNFα protein in SN from DOK cells after NE treatment 

compared to vehicle (p=0.366) (Figure 5A).

3.5 Tongue primary afferent neurons are activated by NE-stimulated oral cancer cell line 
SN

We previously demonstrated that mediators released from oral cancer cells directly activate 

dissociated TGN[74]; we hypothesize that this mechanism generates oral cancer-induced 

nociception. Furthermore, we found that primary afferent neurons innervating the tongue 

express two receptors for TNFα[74]. In this present study we sought to determine whether 

the NE-induced increase in TNFα secretion led to an increase in tongue (i.e., DiI+) TGN 

activation. We used microfluorimetry to quantify the evoked Ca2+ transients in retrograde 

labeled TGN from naïve C57Bl/6 mice in response to SN from oral cancer cell lines 

(HSC-3, SCC-4) or DOK. We used SN collected from cell culture following 48-hour 

incubation with vehicle (0.05% HCl, SN) or 10μM NE (SN+NE) (Figure 5B). We have 

previously demonstrated that TNF–TNFR signaling inhibitor C87, which directly binds 

to TNFα to block interaction with the receptor [50], was able to significantly reduce 

nociceptive behavior in two different oral cancer models[69; 74] and C87 reduced the 

HSC-3 secreted TNFα protein concentration as measured by ELISA[69]. To test the 

hypothesis that NE-evoked TNFα will modulate TGN activity, C87 was added to the SN 

at room temperature 15-20min prior to application. Application of SN+NE (4s) evoked a 

Ca2+ transient from significantly more TGN compared to SN from HSC-3 (33.81±10.4%, 

p=0.008) and SCC-4 (34.77±9.9%, p=0.004) (Figure 5C). Furthermore, SN+NE application 

evoked a Ca2+ transient with a significantly larger magnitude compared to SN from 

HSC-3 (145.71±20.6%, p=0.035) and SCC-4 (95.88±14.9%, p=0.042). There was no 

significant difference in the percent of responsive neurons or the evoked transient magnitude 

in response to DOK SN compared to DOK SN+NE (Figure 5C,D). Pre-treatment of 

C87 (1μM) in the bath solution for 1min followed by SN+NE+C87 application blocked 

the effects of NE-treated cell line SN on the evoked Ca2+ transient, as shown by 

the significant difference in the percent of responsive neurons (HSC-3:−121.11±23.5%, 

p<0.0001; SCC-4:−59.66±20.4%, p=0.044) and magnitude of the evoked Ca2+ transient 
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(HSC-3:−249.01±35.6, p=0.005; SCC-4:−130.22±39.65, p=0.020) for tongue TGN-treated 

with SN+NE+C87 compared to SN+NE for HSC-3 and SCC4 cell lines (Figure 5C, D).

3.6 Beta-blocker (propranolol) attenuated nociceptive behavior in a xenograft model of 
oral cancer

Antagonism of β-adrenergic signaling has been shown clinically to reduce the progression 

of several solid tumors[21], but its effect on oral cancer pain is unknown. HSC-3 orthotopic 

xenograft elicits orofacial nociceptive behavior in mice[71; 94]. We tested the hypothesis 

that β-AR antagonism would reduce oral cancer-induced nociceptive behavior by reducing 

TNFα secretion by the tumor. We chose to use the pan-antagonist, propranolol, given 

the data that β-AR2 specific agonist, salbutamol, was not as successful as NE at driving 

HSC-3 proliferation or TNFα secretion from HSC-3 cell line, suggesting a potential role 

for both β-ARs. Previous literature indicates that stress can modulate tumor growth and 

cancer pain in tumor-bearing animals, therefore, propranolol (0.25 g/L) was administered 

in the drinking water ad libitum, as previously reported[30; 79]. Baseline gnaw-times 

were quantified in parallel with dolognawmeters. Propranolol treatment, initiated at PID 

3, had no significant effect on baseline gnaw-time in sham treated animals (Student’s t test 

PID-8 vs PID 29, p=0.871). Two-way ANOVA treatment by time interaction (p<0.0001) 

revealed that propranolol exerted an analgesic effect during HSC-3 tumor progression. 

In tumor-bearing mice, propranolol treatment significantly reduced gnaw-time at PID 22 

(p=0.0323), PID 26 (p=0.0015), and PID 29 (p<0.0001) compared to vehicle treatment 

(Figure 6A). Furthermore, while HSC-3 xenograft tumor resulted in a decrease in body 

weight over time (Two-way ANOVA interaction, p=0.0002), there was significantly less 

cancer-induced loss of body mass in propranolol-treated mice at PID 21 (p=0.043) and PID 

28 (p=0.012) (Figure 6B). There was no significant effect of propranolol treatment on tumor 

size compared to vehicle treated mice (Student’s t test, p=0.051, Figure 6C). Lastly, human 

TNFα concentration was quantified in homogenized tumor tissue from 10 tumor-bearing 

mice by ELISA and normalized to total protein isolated in the tongue sample. We found 

that tongue tumor tissue from propranolol-treated mice (50.1 ± 3.3 pg/ng, n=5) contained 

significantly less human TNFα compared to vehicle-treated mice (62.1 ± 1.72 pg/ng, n=5, 

Student’s t test, p=0.006, Figure 6D).

3.7 Chemical sympathectomy attenuated nociceptive behavior and reduced tumor growth 
in a xenograft model of oral cancer

Next, we sought to target sympathetic neurotransmission directly by inhibiting NE release 

in the tumor microenvironment. We used GTD as a pharmacological agent to inhibit 

peripheral noradrenergic fibers by gradually depleting NE stores in nerve endings through 

competitive replacement in neurotransmitter vesicles[51]. GTD does not cross the blood-

brain barrier[36] or accumulate in sensory nerves[34; 36]. Baseline gnaw-times were 

established in parallel in dolognawmeters; GTD (50mg/kg) was administered i.p. twice per 

week starting 1 week prior to inoculation; to limit stress, mice were injected directly prior 

to the dolognawmeter assay, a timepoint in which they are already being handled. GTD had 

no significant effect on gnaw-times in sham animals compared to vehicle (50ul saline) over 

time; these two groups were pooled. Similar to propranolol treatment, Two-way ANOVA 

treatment by time interaction (p<0.0001) revealed that GTD exerted an analgesic effect 

Atherton et al. Page 13

Pain. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during HSC-3 progression. In tumor-bearing mice, GTD treatment significantly reduced 

gnaw-time at PID 18 (p=0.0005) and PID 25 (p=0.003) compared to vehicle treated 

tumor-bearing mice (Figure 6E). While there was a decrease in body weight over time 

in tumor-bearing mice compared to sham (Two-way ANOVA interaction, p<0.0001), GTD 

treatment had no effect on cancer-induced loss of body mass in tumor-bearing mice at any 

time point (Figure 6F). We found that GTD treatment produced a significant reduction in 

tumor size (Student’s t test, p=0.0057); GTD tumor-bearing mice had a significantly smaller 

tumor in the tongue compared to vehicle treated mice (Figure 6G). However, there was no 

correlation between tumor size and the percent change in gnaw-time at PID 28 in either the 

vehicle treatment group (r=0.358, p=0.190; Pearson Correlation; Suppl Figure 2) or GTD 

treatment group (r=−0.137, p=0.625; Pearson Correlation; Suppl Figure 2). Lastly, human 

TNFα concentration was quantified in homogenized tumor tissue from 10 tumor-bearing 

mice by ELISA and normalized to total protein isolated in the tongue sample. We found 

no significant difference in human TNFα in tongue tumor tissue from GTD-treated mice 

(54.2 ± 2.5 pg/ng, n=5) and vehicle-treated mice (61.7 ± 3.71 pg/ng, n=5, Student’s t test, 

p=0.072, Figure 6H).

4.0 Discussion:

Oral cancer patients can have extreme psychological distress [17] and pain[22; 40] at 

diagnosis and beyond treatment[4; 47]. Circulating NE levels were higher in HNSCC 

patients versus patients with benign oral lesions, and intratumor NE levels correlate 

positively with psychosocial risk factors[49]. Preclinical models have shown that chronic 

stress can increase sympathetic nerve fiber growth and branching into the periphery while 

upregulating adrenergic basal activity in target tissue[83]. Here, we hypothesize sympathetic 

modulation of oral cancer pain via direct NE activation of oral cancer cells results in TNFα 
secretion and consequential primary afferent sensitization (Figure 7). We found TH-IR 

sympathetic and TRPV1-IR sensory nerves innervating tumors from 9 of 13 patients with 

tongue SCC. TRPV1 was used to identify sensory nerves as it is expressed in greater than 

90% of human sensory neurons[57]. While we and others have previously demonstrated a 

sex difference in HNSCC pain reports[66; 72], we found no sex difference in tumor nerve 

presence, although the sample size was small. Three of the four patients lacking TH-IR had 

HPV-positive tumors, which show biological differences (i.e., anatomical involvement[37], 

extracellular vesicle release[27]) associated with less innervation and reduced symptom 

burden. Additionally, these HPV-positive tumors reside in the oropharynx region; the 

anatomic subsite and demographics vary between oropharyngeal and oral cavity SCC with 

the former having a lower density of nerve fibers[58].

Previous assessment of mRNA in the dorsal root ganglion (DRG) indicates that primary 

afferent neurons possess several types of α-adrenoceptors[53; 78; 90]. While intact 

nociceptive primary afferent neurons show insignificant response to sympathetic activiy 

in muscle and skin[32], in vitro evidence suggests α1-AR activation can increase sensory 

neuron excitability[9; 18]. This study, along with recent findings wherein trigeminal afferent 

fibers showed decreased threshold in response to α1-AR agonist phenylephrine[8], suggest 

direct adrenergic influence on nociceptive signaling. Our data found that tongue-innervating 

TGN express mainly α2-ARs, and NE did not evoke a Ca2+ transient in the majority of 
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dissociated tongue-innervating TGN from naïve mice. However, it is possible that following 

inflammation or injury, NE and sympathetic stimulation could result in increased excitability 

in nociceptive afferents[2; 13; 70]. The single-cell PCR results support co-expression of 

multiple subtypes of both α- and β-ARs within the same neuron[24], likely contributing to 

variability with injury over time[12; 54]. While α-AR are the most studied in peripheral 

sensory neurons, β-AR antagonism (i.e., beta-blockers) is associated with lower prevalence 

of joint pain and lower opioid requirement in patients with osteoarthritis[88]. Debate persists 

regarding which adrenergic subtype(s) most greatly influence pain, and additional studies 

must investigate TGN plasticity in adrenergic subtypes.

Previous studies have shown that catecholamines broadly enhance cancer cell expression of 

proteins and enzymes known to influence tumor progression[7; 28; 91], although pain was 

not assessed. Sympathetic postganglionic neurons have been implicated in pain via α2-AR 

mediated release of prostaglandin E2 (PGE2)[25]. While PGE2–mediated inflammation 

is possibly linked to oral cancer development and progression [59], it has not yet been 

implicated in oral cancer pain. Alternatively, TNFα is an important regulator of oral cancer 

pain[69; 74], and its receptors, TNFRI and TNFRII, are expressed by the majority of 

tongue-innervating sensory neurons[74]. We have previously shown that the TNF-TNFR 

blocker C87 reduced nociceptive behavior in a carcinogen-induced oral cancer mouse 

model[69]. Here, we demonstrate that NE or salbutamol treatment in oral cancer cell 

lines evoked a significant increase in TNFα release. Baik et al. found elevated TNF-IR 

in nerves from rats with mechanical hyperalgesia in response to intradermal NE, suggesting 

that adrenergic activity is related to TNF signaling in the nerve[5]. While the increased 

magnitude of the response of tongue-innervating TGN to SN+NE treatment aligns with other 

data, the increase in percent responsive neurons was surprising, given that 30sec application 

was unlikely to have altered TNFR expression or threshold. However, since the transient 

response is not large, the treatment might have increased a previously undetectably small 

response above the threshold of detection. We therefore infer that NE-evoked TNFα release 

can activate nociceptive neurons and subsequently sensitize neurons within the tumor.

Chronic stress promotes oral cancer growth and angiogenesis in mouse and rat models 

of oral cancer. Here, we found that propranolol ingestion significantly reduced orofacial 

nociceptive behavior and TNFα protein in mouse tongue tumors. We chose to use a 

non-selective β-AR antagonist given the in vitro data that specific β-AR2 activation 

using salbutamol was unable to recapitulate the NE-induced proliferation in HSC-3 cells, 

suggesting that both β1 and β2 receptors may contribute to the NE-mediated effects on 

cancer proliferation. Since propranolol has a half life from 3 to 6 hours and a large volume 

of distribution (4 L/kg), multiple doses are required to achieve therapeutic effect[1]. Given 

evidence that stress impacts tumor growth[39; 44], we chose to avoid a daily multi-dose 

injection regimen and administered propranolol in the drinking water ad libitum, as has 

been done previously[30; 79]. We recognize that this route of administration presents several 

limitations, most notably the potential variability in bioavailability among mice and over 

time.

Cecilio and colleagues recently demonstrated that subcutaneous delivery of propranolol 

(3mg/day) inhibited oral carcinogenesis and reduced tumor invasion in a rat carcinogen 
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model of oral cancer[15]. We did not detect a significant difference in tumor size between 

tumor-bearing mice that received vehicle or propranolol; the lack of tumor reduction may be 

due to administration route. However, the reduction in human TNFα in the tongue suggests 

peripheral action of propranolol locally in the tumor. The anti-nociceptive effects observed 

in propranolol-treated tumor-bearing mice are hypothesized to be due to a reduction in 

tumor cell TNFα secretion. These data are supported by in vitro findings that propranolol 

inhibited NE-induced secretion of TNFα in oral cancer cell lines and TNF-TNFR inhibition 

blocked the increase in sensory neuron response to NE-treated cancer cell line supernatant. 

We also found a reduction in cancer-induced weight loss in tumor-bearing mice treated 

with propranolol compared to vehicle treatment. While propranolol actions appear to be 

peripheral, it is possible that centrally mediated anxiolytic effects contributed to the gnawing 

behavior and weight gain. However, previous reports indicate no difference in anxiety-like 

behaviors in oral cancer-bearing mice compared to sham[93]. Feeding behavior and body 

weight have been previously used as an index for nociception; analgesics in tumor-bearing 

mice reduced oral cancer-mediated weight loss[19]. While we did not directly measure 

feeding behavior, the increased body weight in propranolol-treated tumor-bearing mice 

suggests a reduction in orofacial nociception.

Sympathetic denervation has been shown to decrease tumor size in a rat tongue cancer 

model[64]. We found that chemical sympathecotomy via GTD treatment significantly 

reduced orofacial nociceptive behavior and tumor size compared to vehicle treatment in 

tumor-bearing mice. One week prior to inoculation, this agent was administered i.p. twice 

a week, given the half-life (~1.5 days), lack of stability in water, and previous reports[80]. 

Tumor-bearing mice treated with GTD also had significantly smaller tumors but no change 

in tumor TNFα concentration. Loss of NE-induced tumor cell proliferation could explain 

the tumor size reduction in GTD-treated mice. It is also possible that GTD-induced NE 

depletion also reduced tumor angiogenesis, leading to necrosis from intratumor hypoxia[87] 

and subsequent tumor reduction as well as release of intracellular protein (i.e. TNFα)

[56]. Though nociceptive behavior was significantly reduced in GTD mice compared to 

vehicle treatment, the lack of improvement in weight loss suggests that some cancer pain 

persisted. Previous reports in bone cancer pain have demonstrated that tumor burden within 

the bone causes breakthrough pain with properties of ongoing pain[46]. We found no 

correlation between tumor size and the percent change in gnaw-time at PID 29, thus we are 

unable to associate the reduction in cancer-induced nociceptive behavior with tumor size. 

Previously published clinical [22] and preclinical [94] data indicated that oral cancer pain 

is exacerbated by function and is not correlated with tumor size; even the smallest oral 

cancers can produce severe pain. However, it is possible that loss of NE-induced tumor cell 

proliferation delayed the onset of orofacial nociception in GTD-treated tumor-bearing mice. 

Thus, these data suggest that chemical sympathectomy modulated oral cancer progression 

and pain, independent of TNFα.

Currently, prospective clinical trials are investigating the therapeutic value of beta blockers 

in prostate (NCT02944201), gastrointestinal (NCT03245554), and breast (NCT01847001) 

cancers along with melanoma (NCT02962947). However, patient-reported pain is not 

assessed in these trials. Despite well documented pain and stress in HNSCC patients, the 

impact of adrenergic signaling on SCC pain and progression is unknown. The data here 
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suggest that sympathetic input may impact oral cancer pain development via TNFα as well 

as tumor progression. However, further studies are needed to determine the therapeutic 

use of β-adrenergic antagonism in the treatment of established oral cancer pain. Given 

that β-adrenergic signaling can functionally suppress T cells and natural killer cells[84], 

β-adrenergic blockage could exert a dual effect to reduce both the SNS-related maintenance 

of cancer pain and the suppression of immune response to tumor progression. Further 

investigations into β-adrenergic antagonism using immunocompetant mice could elucidate 

such a synergistic approach, potentially improving both quality of life and symptom 

management for HNSCC patients.
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Figure 1: Anti-tyrosine hydroxylase (TH) immunoreactivity (IR) in tissue from HNSCC patients 
and oral cancer mouse models.
A) Representative images of HNSCC tumor serial tumor sections (5μm) stained with either 

S100 (left), TH (middle), or TRPV1 (right). Nerve bundles are outline in green and positive 

stain is indicated by white arrows. Image magnification = 20x. B) Quantification of the 

percent of total TRPV1-IR (red bars) and TH-IR (gray bars) nerve area relative to total 

S100-IR nerve area across tumor tissue sections from 13 HNSCC patients with PNI denoted 

pathology reported by an oral and maxillofacial pathologist. Patient sex is demarcated 
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with an M or F on the y axis. Patient demographics are located in Suppl Table 1. C) 
Representative image of TH-IR in a bisected optically cleared tongue from a naïve nude 

athymic female mice (n=2, 2.5x magnification). D) TH-IR innervation encircling an artery 

within the tongue muscle. Two different angles (side view 2.5x magnification, E; top view 

3.63x, F) of TH-IR in bisected optically cleared tongues from a nude athymic mice bearing 

an HSC-3 tumor at post-inoculation day 28 (n=4). Tumor boundary is outlined in a red 

hashed line. TH-IR innervation within the HSC-3 tumor is indicated by white arrows. 

G) Representative images of retrograde labeling (DiI, red) and anti-TH immunoreactivity 

(green) in the SCG from a naïve adult female C57Bl/6 mice (n=3) 10 days after DiI injection 

into the tongue. Overlap of enodogenous DiI labeling and TH-IR (Merge, yellow) are 

indicated by white arrows.
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Figure 2. Anti-tyrosine hydroxylase (TH) staining and adrenergic signaling in tongue trigeminal 
ganglia neurons (TGN).
A) Representative images of retrograde labeling (red) and anti-TH immunoreactivity (green) 

in the mandibular branch of the TG from an adult female C57Bl/6 mouse 10 days after DiI 

injection into the tongue. B) Adrenergic receptor subtype gene expression from retrogradely 

labeled (DiI+) tongue-innervating TG neurons from 2 female C57Bl/6 mice that were 

manually picked to perform single-cell PCR. Gene expression was calculated for relative 

mRNA expression for each cell for each gene. Gapdh was used as an internal control. Data 

are presented as heatmap for each gene for each cell. An X indicated that expression was 

below the level of detection (CT<38) for that cell. C) Number of DiI+ neurons expressing 

each gene were counted and presented as percentage of neurons expressing the target gene. 

D) Representative Ca2+ imaging traces demonstrate the evoked Ca2+ transient in response to 

10μM NE applied for 30 sections to a (Inset) mixed field of dissociated TGN containing 

both retrograde labeled (DiI+, arrow heads) and non-labeled (DiI−) cells. KCl-evoked 

depolarization (30mM, 4s) was used to establish cell viability in the field. E) Quantitative 

analysis of the percent of NE-responsive DiI− and DiI+ neurons across 9 mice (5 C57Bl/6, 

4 nude). A neuron was considered responsive if NE evoked a Ca2+ transient ≥20% of 

baseline Ca2+ concentration. At least 15 neurons were assessed per mouse and the percent of 

responsive neurons per mouse are depicted to representent biological variance.
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Figure 3. β-adrenergic receptor (β-AR) expression in oral cancer cells.
RT-qPCR was used to quantify relative ADRB1 (A) and ADRB2 (B) gene expression in 

oral cancer (HSC-3, SCC-4) and dysplastic (DOK) cells compared to non-tumorigenic skin 

keratinocytes (HaCaT). Data is presented as the relative gene expression (2−ΔCT) normalized 

to ACTB and represent three different cell passage determinations of gene expression. 

*p<0.05, **p<0.01. C) Representative images of β-AR2-IR (green) in DOK, HSC-3, and 

SCC-4 cell lines. DAPI (blue) was used to label cell nuclei.
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Figure 4. Norepinephrine (NE) increase proliferation and β-adrenergic receptor 2 (β-AR2) 
expression in oral cancer cells.
A) NE and B) Salbutamol MTS cell proliferation assays were used to determine change 

in cell growth after NE stimulation. The optical densities of non-stimulated vehicle-treated 

cells were set as 100%, and the proliferation of treated cells was determined relative to non-

stimulated cells. Blocker indicates co-treatment with (A) 10μM NE and 10μM propranolol 

or (B) 1μM Salbutamol and 10μM propranolol. Data represent the mean (±SEM) of three 

different cell passage determinations of cell proliferation. **p<0.01. C) Representative 
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images of β-AR2-IR (green) in DOK, HSC-3, and SCC-4 cell lines treated with vehicle 

(0.05% HCl, 0.02% water), 10μM NE, and 1μM Salbutamol. Competitve β2 agonist, 1μM 

ICI 118,551, was used to inhibit effects of NE. DAPI (blue) was used to label cell nuclei. 

D) Quantitative analysis of cells with distinct DAPI labeled nuclei and β-AR2-IR across 

treatments groups. *p<0.05 **p<0.01
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Figure 5. Norepinephrine (NE) stimulation increases cancer cell TNFα secretion and trigeminal 
ganglia neuron (TGN) activation.
A) Supernatant (SN) from oral cancer (HSC-3, SCC-4) and dysplasia (DOK) were collected 

48 h after stimulation with vehicle (0.05% HCl, 0.05% EtOH, 0.02% water), 10μM 

NE, 1μM ICI118,551 and 10μM NE, 1μM Salbutamol, and 10μM propranolol and 1μM 

Salbutamol. Blockers were added 1 hour prior to the addition of agonists. Data represent 

the mean (±SEM) of three different cell passage determinations of TNFα concentration. 

**p<0.01. B) Example traces of HSC-3 supernatant-evoked (top), 10μM NE-stimulated 

HSC3 supernatant-evoked (middle) and 10μM NE-stimulated HSC-3 SN in the presence of 

TNF inhibitor, C87, evoked (bottom) Ca2+ transients. KCl-evoked depolarization (30mM, 

4s) was used to establish cell viability. Quantitative analysis was performed to generate 

(C) percent responders and (D) magnitude of the evoked Ca2+ transient in response to 

stimulation from SN (n=8 mice), 10μM NE-stimulated supernatant-evoked (SN+NE, n=8 
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mice) and 10μM NE-stimulated SN in the presence of C87 (SN+10NE+C87, n=8 mice). 

Transient magnitude was calculated as peak minus baseline Ca2+ concentration. There was 

no C87 vehicle control (0.02% DMSO) included in the supernatant samples. *p<0.05, 

**p<0.01
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Figure 6. Disruption of norepinephrine (NE) signaling attenuates oral cancer-induced 
nociceptive behavior and tumorigenesis.
Orofacial nociceptive behavior was measured in adult nude female sham and HSC-3 tumor 

bearing mice. Two weeks of baseline orofacial nociceptive behavior was acquired prior to 

inoculation. Mice were inoculated at PID 0. A) Quantitative analysis of the percent change 

in baseline gnaw-time in sham mice receiving β-adrenergic receptor (β-AR) antagonist 

propranolol (0.25g/L n=10, open circles), or HSC-3 tumor-bearing female mice receiving 

vehicle (saline, n=15, red circles) or 0.25g/L propranolol (n=15, black circles). Propranolol 

treatment began on PID 3 as indicated by the dotted line. *p<0.05, **p<0.01, ***p<0.001. 

B) HSC-3 xenograft-induced weight loss was measured weekly across all groups (n=15/

group) and compared to sham-treated mice. C) HSC-3 xenograft tumor size and TNFα 
protein concentration in the tumor (D) were measured at post-innoculation day (PID) 28. 

Tumor area was calculated relative to total tongue area after treatment with either vehicle 

or propranolol (n=15/group). TNFα protein was measured by ELISA (n=5/group) and 

normalized to total protein isolated in the tongue tumor tissue. Student t test **p<0.01. E) 
Quantitative analysis of the percent change in baseline gnaw-time in sham mice receiving 

NE reuptake inhibitor guanethidine (GTD; 0.5mg/mouse, n=10, open circles), or HSC-3 

tumor-bearing female mice receiving vehicle (saline, n=15, red circles) or GTD (n=15, 

black circles). GTD treatment began on PID −8 as indicated by the black arrow. *p<0.05, 

**p<0.01. F) HSC-3 xenograft-induced weight loss was measured weekly across all groups 

and compared to sham-treated mice. G) HSC-3 xenograft tumor size and TNFα protein 
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concentration in the tumor (H) were measured at post-innoculation day (PID) 28. Tumor 

area was calculated relative to total tongue area after treatment with either vehicle or GTD 

(n=15/group). TNFα protein was measured by ELISA (n=5/group) and normalized to total 

protein isolated in the tongue tumor tissue. Student t test **p<0.01.
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Figure 7. Schmatic representation of sympathetic modulation of oral cancer pain.
We hypothesize that in the oral cancer microenvironment (1) sympathetic nerves release 

norepinephrine which binds to β-adrenergic receptors expressed on oral cancer cells. (2) 

Tumor necrosis factor α (TNFα) is subsequently secreted from tumor cells in response to 

adrenergic activation and binds to TNF receptors expressed on tumor innervating sensory 

nerves resulting in (3) sensory nerve sensitization and pain signaling.
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Table 1:

Adrenergic expression in naïve mouse trigeminal ganglia

Adrenergic Receptor Subtype
ΔCT (relative to Gapdh)

C57BI/6 Athymic

Adra1a 10.40 ± 0.36 9.96 ± 0.26

Adra1b 11.67 ± 0.31 10.53 ± 0.77

Adra1d 10.55 ± 0.29 9.98 ± 0.29

Adra1a 10.87 ± 0.73 10.42 ± 0.34

Adra1b 11.47 ± 0.35 10.41 ± 0.37

Adra1c 5.89 ± 0.22 6.63 ± 0.26

Adrb1 10.12 ± 0.27 9.90 ± 0.70

Adrb2 9.17 ± 0.51 9.00 ± 1.21

Adrb3 Not detected Not detected

Adra, adrenergic receptor alpha; Adrb, adrenergic receptor beta. The cycle threshold (CT) for each gene was normalized to the housekeeping gene, 
Gapdh. “Not detected” indicates the expression was below the level of detection for that gene (i.e. CT<38). Values are displayed as mean ± s.e.m. 
N-values are provided in parentheses in genotype column and represent number of male and female animals.
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