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Abstract

Oral cancer patients often have severe, chronic, and mechanically induced pain at the site of the primary cancer. Oral cancer pain is
initiated and maintained in the cancer microenvironment and attributed to release of mediators that sensitize primary sensory nerves.
This study was designed to investigate the histopathology associated with painful oral cancers in a preclinical model. The relationship
of pain scores with pathologic variables was also investigated in a cohort of 72 oral cancer patients. Wild-type mice were exposed to
the carcinogen, 4-nitroquinoline |-oxide (4NQO). Nociceptive (pain) behavior was measured with the dolognawmeter, an operant
device and assay for measuring functional and mechanical allodynia. Lesions developed on the tongues and esophagi of the 4NQO-
treated animals and included hyperkeratoses, papillomas, dysplasias, and cancers. Papillomas included lesions with benign and dysplastic
pathological features. Two histologic subtypes of squamous cell carcinomas (SCCs) were identified—SCCs with exophytic and invasive
components associated with papillary lesions (pSCCs) and invasive SCCs without exophytic histology (iSCCs). Only the pSCC subtype
of tongue cancer was associated with nociceptive behavior. Increased tumor size was associated with greater nociceptive behavior in
the mouse model and more pain experienced by oral cancer patients. In addition, depth of invasion was associated with patient-reported
pain. The pSCC histology identifies 4NQO-induced tongue cancers that are expected to be enriched for expression and release of
nociceptive mediators.
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patients, however, report pain (Connelly and Schmidt 2004).
Oral cancers are heterogeneous—in their pathology, molecular
lesions, and with respect to response to therapy (Schmidt et al.
2010). These observations raise the question as to why pain is
associated with some oral cancers.

We use the 4-nitroquinoline 1-oxide (4NQO) carcinogene-
sis murine model to study pain and test strategies to alleviate
pain (Lam et al. 2012). The model recapitulates oral cancer
progression and heterogeneity. With time following exposure
to 4NQO, multiple lesions arise in the oral cavity, primarily on
the tongue, and esophagus. Animals develop field changes,

Introduction

Cancer patients variably have pain at the site of the cancer and/
or at metastatic sites. Sensitization and activation of peripheral
nerves innervating the cancer microenvironment occurs via
release of algesic substances from the cancer cells and cells of
the cancer microenvironment, including inflammatory media-
tors from immune cell infiltrate. Cancer pain can also be attrib-
uted to damage to peripheral nerves that can result in neuropathy
and persistent pain (Schmidt et al. 2010).

Oral cancer pain is unique (Viet and Schmidt 2012). Oral
cancer patients report severe chronic and mechanically induced
pain at the site of the cancer (Connelly and Schmidt 2004).

Often pain is the first symptom that motivates patients to seek
care. Patients with precancerous oral lesions (dysplasia) do not
report pain (Lam and Schmidt 2011; Bhattacharya et al. 2020).
Clinical findings and preclinical studies indicate that cancer
pain is initiated and maintained in the cancer microenviron-
ment. Most oral cancer patients do not demonstrate central sen-
sitization (i.e., neuropathic pain) (Viet and Schmidt 2012).
Painregresses after surgical resection of the cancer (Kolokythas
et al. 2007). Nociceptive mediators have been identified and
nociceptive behavior reduced or eliminated by antagonizing
specific mediators (Viet and Schmidt 2012). Not all oral cancer
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with precancers (oral epithelial dysplasia), papillomas, carci-
noma in situ (CIS), and squamous cell carcinoma (SCC). The
mice also develop functional allodynia (Lam et al. 2012). The
objective of this study was to determine whether a greater
number of lesions or specific lesion types were associated with
increased nociceptive behavior in this model.

Materials and Methods

Detailed methods are provided in the Appendix data.

Mouse Studies

4NQO Treatment. Animals were housed in a temperature-
controlled, pathogen-free room on a 12:12 light/dark cycle
(6a.m.—6 p.m.) with ad libitum access to food and water. Proce-
dures involving animals were approved by the New York Uni-
versity Institutional Animal Care and Use Committee (IACUC)
under protocol 160908-01, in accordance with the Guide for the
Care and Use of Laboratory Animals (U.S. Institute for Labora-
tory Animal Research, 8th edition), and ARRIVE guidelines.
For all experiments, animals were habituated to handling prior
to testing. Estrous cycles were not monitored. Forty C57BL/6
female mice (stock #000664; Jackson Laboratories) were
offered drinking water with 100 pg/mL 4NQO (catalog number
N0250; TCI America) for 16wk. Following withdrawal of
4NQO, the mice consumed tap water and were followed until
28wk after introduction of 4NQO. Animals were sacrificed in
accordance with JACUC recommendations. Cervical disloca-
tion was performed after anesthesia by isoflurane inhalation.

Dolognawmeter Assay. Nociceptive behavior was measured
using the dolognawmeter device, a validated operant assay for
measuring mechanical functional allodynia (Dolan et al. 2010),
in which the time for mice to gnaw through dowels to escape
confinement is measured. The assay was modified to ensure
that the mice would complete the task as cancer developed by
using a lower durometer (hardness) second dowel (Dolan et al.
2010). The final nociception score for each animal was calcu-
lated as the median of the percentage change in gnaw time
from baseline (100 x (session gnaw time — baseline gnaw
time)/baseline gnaw time) over the last 4 sessions for the first
dowel.

Pathologic Analysis of Harvested Mouse Tissues. At the time of
sacrifice, tongues were excised, examined clinically and under a
stereo microscope (magnification 80x to 100x, Leica MZ12;
Leica Microsystems) for the presence of visible lesions prior to
fixation. Tissues were fixed in 10% formalin and sectioned and
stained with hematoxylin and eosin (H&E). Whole-slide scan-
ning (magnification 400x) was performed for pathologic analy-
sis. Histologic diagnoses were rendered using established criteria
(Abbey et al. 1995; Warnakulasuriya et al. 2008). Hyperkerato-
ses were characterized by a thickened keratinized layer, with or
without a thickened spinous layer (acanthosis), and an absence

of nuclear or cellular atypia. Exophytic papillary lesions without
stromal invasion were called papillomas. Lesions that showed
frank invasion into the underlying connective tissue stroma
were considered SCCs. Dysplasias were characterized as
lesions that showed histopathologic alterations, including
enlarged nuclei and cells, large and/or prominent nucleoli,
increased nuclear to cytoplasmic ratio, hyperchromatic nuclei,
dyskeratosis, increased and/or abnormal mitotic figures, bulbous
or teardrop-shaped rete ridges, loss of polarity, and loss of typi-
cal epithelial cell cohesiveness. All lesions showing cytologic
atypia but lacking evidence of invasion were grouped under the
single category of dysplasia (Hasina et al. 2009). Dysplasia was
not graded because of the subjective nature of epithelial dyspla-
sia grading and its limited ability to predict biological progres-
sion (Abbey et al. 1995; Warnakulasuriya et al. 2008; Hasina
et al. 2009). Moreover, in our experience, 100% of the mice
exposed to 4NQO harbor field dysplastic changes dispersed
through the tongue epithelium. Therefore, grading dysplasia
would not contribute to differentiating groups. Depth of tumor
invasion (DOI) and tumor size (greatest dimension) of SCCs
were measured following established guidelines (Berdugo et al.
2019) using Image] software (National Institutes of Health).
Perineural invasion (PNI) was defined as the invasion of cancer
into or around 33.3% of the circumference of the nerve (Liebig
etal. 2009; Chi et al. 2016). Lymphovascular invasion (LVI) was
defined as foci of tumor surrounded by a clear space and with a
well-visualized endothelial lining on H&E-stained sections
(Larson et al. 2020). The inflammatory infiltrate was identified
by inflammatory cell morphology in H&E-stained sections. The
reviewing pathologist (AB) was blinded to the pain scores dur-
ing pathological evaluation.

Human Studies

In a previous study (Bhattacharya et al. 2020), we assembled a
cohort of human oral cancer patients (n ="72) for study of the
association of neck lymph node metastasis with pathologic and
clinical features, including pain scores. Pathological data were
retrieved from surgical pathology reports. Patient-reported
pain was evaluated with the validated University of California
Oral Cancer Pain Questionnaire (UCSFOCPQ). The study was
approved by the New York University (NYU) School of
Medicine Institutional Review Board (IRB 10-01261) and was
carried out in accordance with the NYU School of Medicine
Policies and Procedures for Human Subjects Research
Protection. All patients consented to participate in the study.

Data Analysis

Pearson correlations were computed between the presence and
number of lesion types and pain scores. Mean pain scores were
compared between cancerous and noncancerous lesions with an
independent samples ¢ test. Analyses were computed using IBM
SPSS (v24; SPSS, Inc.) and GraphPad Prism 8 for MacOS v8.3.1
(GraphPad Software). Exact P values were given for all tests
when those values were >0.001; otherwise, P<0.001 was used.
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Figure I. Multiple lesions on a tongue from a 4-nitroquinoline |-oxide
(4NQO)—treated animal. (A) Longitudinal sections (anterior to the

left) of a bisected tongue. Tongues were sectioned from the center
outward. The scanned images are from slide 40, so that the top and
bottom portions of the tongue are separated by 390 um. Lesions include
acanthosis, hyperkeratosis (H), field dysplastic changes (D), papillomas
(P1, P2), and cancers (Cl, C2, C3). (B) High-power image of Pl, a dorsal
sessile papilloma. (C) High-power image of P2, a dorsal pedunculated
papilloma with finger-like epithelial proliferations with fibrovascular
cores (arrowheads). (D) High-power image of Cl, a dorsal papillary
squamous cell carcinoma (pSCC) with exophytic (black arrow) and
invasive (white arrow) components. (E) High-power image of C2, a
ventral invasive squamous cell carcinoma (iSCC). High-power images of
additional lesion types from other tongue sections. (F) Acanthosis and
hyperkeratosis. (G) Hyperkeratosis with low-grade dysplasia and (H)
high-grade dysplasia. Scale bars: A = 500 um, B-E = 250 um, F = 200 pm,
G and H shown in G = 100 pm.

Results

Multiple Pathological Lesions Developed
on the Tongues and Esophagi
of 4NQO-Treated Mice

Tongue Lesions. Pathological analysis of 36 tongues revealed
multiple lesions on all tongues (Fig. 1A), consistent with previ-
ous reports (Hawkins et al. 1994; Tang et al. 2004; Hasina
et al. 2009). Papillomas were present in all tongues and
included papillary exophytic lesions with benign histology, as
well as those showing varying grades of dysplasia. The papil-
lomas were either sessile (directly attached to the epithelium;
Fig. 1B) or pedunculated (attached to the epithelium by a stalk;
Fig. 1C). Papillary exophytic lesions with invasive features
(Fig. 1A, D) were identified in 17 mice. We called these lesions
pSCCs to distinguish them from SCCs lacking papillary fea-
tures (invasive SCCs [iSCCs]; Fig. 1E). Cancers were present
in 72% (n =26) of tongues (Fig. 1D, E). Hyperkeratoses (Fig.
1F) and dysplasias (Fig. 1G, H) were observed in all tongues.
Among the iSCCs, we observed in 2 mice deeply invasive
SCCs (diSCCs) that had invaded >2 mm in depth and involving
>75% of the lateral or dorsoventral thickness of the tongue
(Fig. 2A, B). Individual tongues harbored more than 1 cancer
(Fig. 3), including multiple pSCCs (n=5 tongues), iSCCs
(n=17 tongues), or both iSCCs and pSCCs in their tongues
(n=11 tongues). Papillomas and SCCs were observed more
frequently on the dorsal surface (124 dorsal vs. 45 ventral
lesions; Appendix Table 1) consistent with previous reports
(Tang et al. 2004). Ten mice did not develop cancers. Accurate
diagnosis required histologic analysis. For example, of the 67
SCC lesions identified by the pathologist, 39 were also identi-
fied by clinical and stereomicroscopic examination (sensitiv-
ity=0.58, positive predictive value=0.60).

Metastasis, PNI, LVI, and inflammation are pathological
features associated with poor prognosis in human cancer
(Arora et al. 2017). Metastasis was not observed (n =36 mice).
Perineural invasion and LVI were rarely observed; PNI was
noted in 3 mice that harbored iSCCs, including multifocal PNI
associated with 1 diSCC (Fig. 2C, D), and LVI was present in
2 mice with iSCCs. Areas suspicious for LVI were noted in 2
other tongues. Inflammation was variably present in the
4NQO-treated tongues. Minimal inflammation was present in
2 of the tongues that lacked cancers. Inflammation was more
prominent in tongues with cancers (Fig. 2A, B and Appendix
Table 1), in areas of PNI (Fig. 2C, D), and adjacent to large
blood vessels (Fig. 2E). Detailed analysis of inflammation with
immune cell markers was not performed.

Esophagus Lesions. Esophagi, harvested from 33 animals, har-
bored multiple lesions throughout the length of the esophagus
(Appendix Fig. 1). Hyperkeratoses, dysplastic field changes,
and benign and dysplastic papillomas were observed in all har-
vested esophagi, similar to tongue lesions. SCCs were present
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in 22 esophagi and included 26 iSCCs and 14 pSCCs. Esopha-
geal lesion subtypes (papillomas and cancers) occurred with
similar frequency as tongue lesions. Stromal inflammation
similar to that seen in tongue lesions was observed. Twelve
mice harbored both pSCCs and iSCCs in their esophagi. We did
not detect PNI and LVI in H&E-stained sections of esophagi.

SCCs at Other Oral Sites

Four mice harbored SCCs (iSCCs or pSCCs ) at oral sites
other than tongue (Appendix Fig. 2, hard palate, mandibular
gingiva-submandibular region, lip, and buccal mucosa). The
low frequency is consistent with other reports (Tang et al.
2004; Vered et al. 2005; Kanojia and Vaidya 2006).

Presence of pSCCs Correlates
with Nociceptive Behavior

Dolognawmeter testing throughout the 28-wk experimental
period was completed by 36 of 40 mice. Four animals died
early in the experiment from unknown causes before the com-
pletion of 4NQO administration. Nociception scores ranged
from 211.5% to 2471.0% (mean=SD=981.9%+591.7%).
Univariate analyses were performed to determine the correla-
tion of pathologic variables with nociception (Appendix Table
2). We found pain scores were correlated with the total num-
ber of tongue pSCCs (r=0.42, P=0.01), with presence of any
tongue pSCC (r=0.39, P=0.02) or an increasing number of
tongue pSCCs (r=0.41, P=0.01). Moreover, pain scores
were 50% higher in mice with a tongue pSCC than without a
pSCC (mean=SD=1,232.8%£594.4% vs. 802.6%£533.2%,
P=0.03). Pain scores did not correlate with types and num-
bers of esophageal lesions.

Pain Correlates with Tumor Size in Cancer Patients
and in the Mouse Model

To determine how nociception and histopathological fea-
tures of mouse pSCCs compared with patient-reported pain
and histopathology of human oral cancers, we compared fea-
tures that could be measured in the mouse model and in a
cohort of 72 oral cancer patients (Bhattacharya et al. 2020).
Pain scores, pathology, and clinical information were avail-
able for these patients (Appendix Table 3). Pathological
assessment of human oral cancer specimens includes evalu-
ation of DOI, greatest tumor dimension, and presence of
PNI, LVI, and nodal metastasis. Metastasis (n=0), PNI
(n=3), and LVI (n=2) could not be analyzed in the mouse
model due to the small number of observations. Therefore,
we investigated whether DOI and greatest tumor dimension
correlated with pain in the mouse model. To account for
presence of multiple pSCCs on some mouse tongues, we
summed the measures for DOI and greatest lesion dimension
for pSCC lesions on each tongue. We found pain score cor-
related with pSCC size (n=17, r=0.52, P=0.03) in the

Figure 2. Deeply invasive squamous cell carcinoma (diSCC) with
aggressive features. (A) Longitudinal section (anterior to the left) shows
a diSCC involving the entire dorsoventral thickness of the tongue with
depth of invasion greater than 2mm. High-power views of inset boxes

I, 2, and 3 shown in panels B-D. (B) Inset box I: islands of diSCC
(white arrows) invading stroma with interspersed inflammatory cells
(turquoise arrows). (C) Inset box 2: Perineural invasion (PNI) with
cancer (white arrows) surrounding greater than 50% of a nerve at
multiple foci. Inflammation (turquoise arrows) is interspersed between
nerves and cancer. (D) High-power image of PNI, cancer (white arrows),
and inflammation (turquoise arrows). (E) Inset box 3: large blood
vessels surrounded by cancer islands (white arrows) and inflammation
(turquoise arrows). Scale bars: A = 100 um; B—E = 50 pm.

mouse and with greatest tumor dimension in human cancers
(n=171, r=047, P<0.001, Fig. 4A). Pain correlated with
DOI (n=49, r=0.37, P=0.01, Fig. 4B) in human cancers,
and there was a trend for association with DOI (»=0.43,
P=0.08) in the mouse pSCCs. In addition, in the human
cohort (Appendix Table 3), we determined that pain corre-
lated with sex (women reported greater pain than men,
r=-0.24, P=0.05), as reported previously (Scheff et al.
2018); lymph node metastasis (n= 64, r=0.27, P=0.03);
PNI (n= 69, r=0.33, P=0.01); pT stage (n="72, r=0.38,
P<0.01); and cT stage (n= 72, r=0.32, P=0.01).
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papillomas revealed that some papillomas
regress and others progress to cancer. Skin
papilloma multiplicity and incidence appear
to be determined at least in part genetically
and/or by therapeutic intervention, suggest-
ing that incidence and multiplicity of papil-
lomas reflect selection for different routes to
cancer.

There is a lack of consensus regarding the
role of papillomas in cancer progression in the
4NQO model. Authors have omitted papillo-
mas from the spectrum of 4NQO-induced

Figure 3. Tongues from 4-nitroquinoline I-oxide (4NQO)-treated animals harbor multiple
lesions. Shown are individual mice in columns (arranged in order of pain scores from left to

right) and with numbers of indicated lesions in rows.

lesions (Vered et al. 2007), described papillo-
mas as a stage in progression to cancer (Tang
et al. 2004), and designated papillomas as
cancer (Vitale-Cross et al. 2012). Longitudinal
studies of 4NQO-induced tongue and esopha-

Greatest dimension, cm >
DOI, mm

geal papillomas are not possible; however,
papillomas with dysplasia have been reported
at earlier times after 4NQO treatment than
cancers (Hasina et al. 2009; Wang et al. 2019),
suggesting they are precursor lesions to can-
cer, possibly the pSCC subtype. The 4NQO-
induced papillomas harbor  genomic
alterations (e.g., cancer-associated mutations

Pain score

Pain score

and copy number alterations; unpublished
observations), suggesting that the lesions are
poised for malignant transformation. We pro-

Figure 4. Scatterplots showing correlation of pain scores (x-axis) and pathologic variables
(y-axis) in the human cohort of 72 oral cancer patients. (A) Correlation of pain scores with
tumor size (greatest dimension, n=71 patients, r=0.47, P<0.001). (B) Correlation of pain
scores with depth of invasion (DOI; n=49 patients, r=0.37, P=0.01). r=Pearson’s coefficient

of correlation; P is significant at P<0.05.

Discussion

We evaluated nociceptive behavior and tongue lesions in
4ANQO-treated wild-type mice. The animals developed tongue
and esophageal cancers that could be separated into 2 subtypes
(iSCC and pSCC). Presence of tongue pSCCs correlated with
mechanical functional allodynia as measured with the dolo-
gnawmeter assay. Size of the pSCC lesion (greatest dimension)
also correlated with pain score. We found that tumor size and
DOI of human cancers correlate with pain.

Most human SCCs are preceded by dysplasia (Hunter et al.
2005). Papillary lesions are rarely seen in human cancer
(Thompson 2003; Ding et al. 2013). In rodent carcinogenesis
models, however, papillomas appear to be a morphological fea-
ture reflective of a path to cancer. Papillomas are characteristic
histopathology of the 2-stage 7,12-dimethylbenz [a]-
anthracene/12-O-tetradecanoylphorbol-13-acetate  (DMBA/
TPA) skin carcinogenesis model, as well as the 4ANQO model
(Tang et al. 2004; Vitale-Cross et al. 2012; Huang and Balmain
2014; Page et al. 2016). Papillomas with invasive components,
similar to pSCCs reported here, were noted in at least 1 study
using the 2-stage DMBA/TPA skin carcinogenesis model
(Page et al. 2016). The skin model longitudinal study of

pose that the histopathology of the 4NQO
pSCCs is a phenotypic characteristic identify-
ing lesions that progress to cancer by acquisi-
tion of genetic alterations favoring expression
of pain mediators.

Oral cancer patients have function-related
mechanical pain (i.e., the highest pain scores were associated
with eating and talking) (Connelly and Schmidt 2004;
Bhattacharya et al. 2020). The dolognawmeter is a validated
operant assay and device that measures functional mechanical
allodynia and takes advantage of the normal behavior of
rodents to escape from confinement (Dolan et al. 2010). There
are technical advantages associated with use of the dolognaw-
meter, including automation and capability to run multiple
devices concurrently overnight during the natural time of
rodent activity. Measurements are objective and therefore less
prone to observer bias. There are, however, limitations that
include possible effects of nonnociceptive factors on gnawing
activity (e.g., noise that might distract an animal from gnaw-
ing), systemic illness, or cancer-related cachexia, which can
weaken an animal and increase gnaw time, as well as failure of
an animal to complete the task (loss of data). To address the
last point, we modified the device to make the task easier to
complete (use of a second dowel of lower durometer).

Our study design has 2 strengths. First, we modified the
dolognawmeter assay to reduce the difficulty of the task. The
animals spent less time in the device and experienced less
stress, ensuring their survival for histopathologic analysis as
they developed cancer. This modification enabled collection of
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behavior data from 95% of the animals. In addition, twice-
weekly testing of the animals increased the number of data
points for robust statistical analyses of behavior and histology.
Second, we performed a complete histologic evaluation of the
tongues and esophagi. The comprehensive analysis allowed us
to identify differences in histopathology occurring in lesions in
sections separated by 100 pm in depth, for example. Clinical
and stereomicroscopic examination did not accurately identify
lesions (Appendix Table 1). Moreover, it is only possible to
assess aggressive features (e.g., DOI, PNI, LVI) and distin-
guish between lesion types (e.g., papillomas and pSCCs) by
histopathology.

There are limitations to this study. Only female mice were
included. Sex differences have been reported in cancer pain.
Females mice exhibit greater nociceptive behavior in the
4NQO model (Scheff et al. 2018). Women with oral SCC
report greater pain than men (Reyes-Gibby et al. 2014; Allen-
Ayodabo et al. 2019). Future studies are required to validate
our observations and investigate sex as a biologic variable.
Other pathological features associated with pain were not stud-
ied in depth by analysis of the H&E sections, including inflam-
mation, PNI, and LVI. We may have underreported PNI and
LVI. Use of immunohistochemical stains for PNI and LVI
increases detection (Schmitd et al. 2018; Larson et al. 2020),
and immune profiling is needed to determine the nature and
potential function of the inflammatory infiltrate. Cancer neural
interactions, not defined as PNI by current criteria (Chi et al.
2016; Schmitd et al. 2018), including sprouting of neurites into
the cancer microenvironment (Schmidt 2015; Faulkner et al.
2019), should be evaluated. Neuronal density has been associ-
ated with pain in pancreatic adenocarcinoma (Bapat et al.
2011; Demir et al. 2015). Neck lymph node metastasis, a sig-
nificant predictor of survival in oral cancer, is associated with
greater patient-reported pain (Connelly and Schmidt 2004;
Bhattacharya et al. 2020). Metastasis, however, could not be
studied. The 4NQO model rarely yields metastatic lesions (Li
et al. 2013). A high rate of metastasis has been reported in mice
genetically engineered to overexpress Pik3ca (Du et al. 2016),
suggesting that cancer associated nociception and metastasis
could be studied in such genetically engineered mice (Allen-
Ayodabo et al. 2019) or in xenograft mouse models (Judd et al.
2012; Shirako et al. 2015).

Conclusion

We found that presence of pSCCs, a specific pathological
lesion, is associated with increased mechanical and functional
allodynia in the 4NQO model. Cancers with pSCC histology
are expected to overexpress and release mediators that sensi-
tize primary afferent nociceptors.
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