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Abstract: Cancer patients often experience changes in mental health, prompting an exploration
into whether nerves infiltrating tumors contribute to these alterations by impacting brain functions.
Using a male mouse model for head and neck cancer, we utilized neuronal tracing techniques and
show that tumor-infiltrating nerves indeed connect to distinct brain areas via the ipsilateral
trigeminal ganglion. The activation of this neuronal circuitry led to behavioral alterations
represented by decreased nest-building, increased latency to eat a cookie, and reduced wheel
running. Tumor-infiltrating nociceptor neurons exhibited heightened activity, as indicated by
increased calcium mobilization. Correspondingly, the specific brain regions receiving these neural
projections showed elevated cFos and delta FosB expression in tumor-bearing mice, alongside

markedly intensified calcium responses compared to non-tumor-bearing counterparts.

The genetic elimination of nociceptor neurons in tumor-bearing mice led to decreased brain Fos
expression and mitigated the behavioral alterations induced by the presence of the tumor. While
antalgic treatment successfully restored behaviors involving oral movements to normalcy in
tumor-bearing mice, it did not have a similar therapeutic effect on voluntary wheel running. This
discrepancy points towards an intricate relationship, where pain is not the exclusive driver of such
behavioral shifts. Unraveling the interaction between the tumor, infiltrating nerves, and the brain
is pivotal to developing targeted interventions to alleviate the mental health burdens associated

with cancer.
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Introduction:

The prevalence of mental health disorders (e.g., depression, anxiety, suicide) in cancer patients is
significantly greater than in the general population . For those patients with no prior psychiatric
history, a cancer diagnosis increases the risk of mental health decline *. The presence of cancer
introduces many stressors (physical, financial, relational) into the lives of patients, thus a negative
impact on mental health may not be surprising. However, these changes persist even in long-term
cancer survivors. For instance, decade-long cancer survivors maintain an increased incidence of
depression (approximately 12%, depending on the cancer type) as compared to the population at
large (3-5%) . While the intensity and prevalence of psychological symptoms in cancer patients
fluctuate before, during, and after treatment for a given type of cancer, and between cancer types,
it remains higher than in the general population ®1°. Whether the association of cancer with
impaired mental health is directly mediated by the disease, its treatment or both remains unclear,
yet it suggests that the development of a tumor may alter brain functions.

We have demonstrated the presence of TRPV 1-expressing nociceptor neurons in head and neck

112

squamous cell carcinomas (HNSCC) "1 melanoma, cervical 2, and ovarian cancers '*. Nerve

recruitment to the tumor bed is an active process that involves the release of soluble factors,

14-16

including neurotrophins and neuropeptides !”. Tumor-released small extracellular vesicles

also recruit loco-regional nerves to the tumor bed '8, While these and other studies establish that

solid peripheral tumors engage with the peripheral nervous system !!:13:19-23

, it raises the possibility
of a direct neuronal connection from the tumor to the brain.
A recent study used the pseudorabies virus mapped a connection from tumor-infiltrating nerves in

an orthotopic model of murine lung cancer to areas in the brain 2*. We expand on these findings

and demonstrate that HNSCC-associated nerves are transcriptionally and functionally altered and
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project to discrete regions in the brain. The brain neurons connected to the tumor harbor increased
activity, which is associated with behavioral alterations in tumor-bearing animals. Consistent with
this, newly diagnosed HNSCC patients suffer high rates of depression and anxiety and lower

quality of life 2. As most cancer patients face cancer-related pain 262

, we tested whether treating
pain could restore normal behavior. While pain treatment restored normal function at the tumor
site, such as nesting behavior, it only partially restored normal voluntary running wheel behavior.

Our findings suggest that, in addition to pain, tumor-infiltrating nerves communicate signals to the

brain that lead to cancer-associated changes in behavior.

MATERIALS AND METHODS

Study approval. All animal studies were performed with approval from the Institutional Animal
Care and Use Committee at Sanford Research and were within institutional guidelines and
complied with all relevant ethical regulations. Sanford Research has an Animal Welfare Assurance
on file with the Office of Laboratory Animal Welfare (assurance number: A-4568-01) and is
accredited by AAALAC, Intl. Sanford Health is also a licensed research facility under the authority

of the United States Department of Agriculture (USDA) with USDA certificate number 46-R-011.

Inclusion & Ethics Statement. All studies utilizing animals were performed with approval from
the appropriate ethical bodies to ensure sufficient protections were in place. This study was a
collaborative, multi-disciplinary, multi-institutional effort with contributions from researchers in

academic positions.
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Cell lines. MOC2-7 cells (RRID:CVCL_ZD34) * (previously known as MOC7) *° were a kind
gift from Dr. Ravindra Uppaluri (Dana-Farber Cancer Institute, Boston, MA). They were
maintained in DMEM with 10% fetal calf serum and cultured at 37°C and 5% CO». with culture
medium refreshed every three days. These cells can be obtained through Kerafest

(www.kerafest.com).

Animal studies. All animal experiments were performed in the Sanford Research Animal
Resource Center which is a specific pathogen free facility. All mice were maintained in IVC
Tecniplast Green line Seal Safe Plus cages which were opened only under aseptic conditions in an
animal transfer station. All cages were changed every other week using aseptic technique. All
cages had individual HEPA filtered air. Animal rooms were maintained at 75°F, 30-70% humidity,
with a minimum of 15 air changes per hour, and a 14:10 light/dark cycle. Corncob bedding, which
was autoclaved prior to use, was maintained in all cages. Irradiated, sterile food (Envigo) and
acidified water (pH 2.8-3.0) were available ad libitum. There was a maximum of 5 mice/cage. All
animals were observed daily for abnormal behavior, signs of illness or distress, the availability of
food and water and proper husbandry. Animals injected with murine tumor cells were 10-weeks-
old C57B1/6 or TRPV1°::DTA" mice (The Jackson Laboratory) weighing approximately 24 g.
Investigators were blinded to the groups when assessing animals (e.g., measuring tumors).

Animals were numbered by ear punch and cage number.

Nociceptor neuron ablated TRPV1°::DTA"" animals were generated by crossing ROSA26-DTA
(diphtheria toxin A, B6.129P2-Gt(ROSA)26Sor "™ @M1y and TRPV1-Cre (B6.129-

Trpy™i(creBom /1y 31 mice; the progeny (TRPV1®:DTAM*) express DTA (diphtheria toxin
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fragment A) under control of the TRPV1 promoter, thereby genetically ablating all TRPV1
expressing cells (including TRPV1-expressing neurons) throughout development. Absence of

TRPV1-expressing sensory neurons was validated by IHC staining of TGM ganglia for TRPV1.

Tumor implantation. Ketamine (87.5 mg/kg)/xylazine (10 mg/kg) were used to anesthetize mice
prior to oral cavity tumor implantation. Tumors were initiated as follows: using a 25-gauge needle,
cells (5 x 10* cells in a total of 100 ul) were implanted orthotopically in the oral cavity of male
C57B1/6 mice. Specifically, the needle was placed proximal to the crease of the mouse cheek,
inserted horizontally, bevel deep and tumor cells injected into this location of the cheek pouch.
Mice were allowed to recover from anesthesia on a heating blanket and returned to their home
cage. Control (non-tumor) mice were treated the same way only their injection contained media
alone (no cells). Tumor growth was monitored weekly by caliper measurements of isoflurane

anesthetized animals and tumor volume calculated was using the formula: %2 (length*(width”2)).

Drug treatments. Carprofen (Pivetal) was provided in the drinking water (10mg/kg which is
equivalent to 0.067 mg/ml) which was refreshed every 7 days. Buprenorphine-ER (Fidelis Animal
Health), a 72-hour extended-release formulation, was given by intra-peritoneal injection (3.25
mg/kg) every 72 hours. Vehicle-treated animals were treated with intra-peritoneal injection of
saline. Drug treatments commenced at day 7 post-tumor implantation in all groups. Given that
buprenorphine treatment requires an intra-peritoneal injection every 3 days, mice in the other
groups (vehicle and carprofen) received an intra-peritoneal injection of saline at the same volume
(60 ul) as the buprenorphine-treated animals. In this way, all animal stress from handling and

injection was the same.
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Nest building. Nest building is an innate behavior performed in rodents of both sexes and is a
general indication of well-being 3?; it also measures the motivation to perform a goal-directed task.
To assess nesting behavior, individually housed mice were given a nesting square (Ancare)
overnight. The following morning, nests were scored by two independent scorers who were
blinded to the conditions **3* The nest they built was scored the following morning by two
independent scorers blinded to the conditions. The scoring system is 0-4 and based on the
percentage of the nestlet that is shredded and the height of the nest. Two baseline measurements
were conducted prior to tumor implantation followed by weekly testing. Exclusion criteria of an
average baseline score of 3 or greater was included to ensure all mice were good nest builders at

baseline (n=3 C57B1/6 mice and n=7 TRPV1°¢::DTAY" mice were excluded for this reason).

Cookie test: The cookie test is a variation of the sucrose preference test, a test of anhedonia (the
inability to experience enjoyment or interest in previously rewarding activities). These tests the
animal’s endogenous inclination for sweet tastes and the notion that it derives pleasure from
consuming sweets. One hour prior to testing, the mice were fasted and acclimated to the brightly
lit testing room. Following the acclimation period, mice were given a piece of cookie
(approximately 1.5 g). The time it took the mouse to bite the cookie from its placement in the cage
was measured to determine time to interact. Each mouse was acclimated to the cookie every other
day for 2 weeks prior to tumor implantation with a baseline measurement followed by weekly
testing. Mice were individually housed. One mouse from the C57B1/6 group was excluded due to

incomplete data (mouse died before completion of the study).
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Voluntary wheel running: Prior to tumor implantation, mice were singly housed with a running
wheel maintained in the home cage continuously. The only time that the wheel was removed was
when mice were undergoing nesting. The mice were acclimated to the wheel for 2 weeks prior to
tumor implantation. This acclimatization period provided the time to stabilize their running
performance. Running wheels were maintained in the home cage for the duration of the study. As
mice are most active during the dark phase, nighttime running (8pm to 8am) was assessed. Running

data were collected in 1-minute bins continuously throughout the duration of the experiment.

Food disappearance. Animals were provided 100 g of solid food per cage each week. At the end
of each week, the remaining food was weighed, and this value was used to calculate the amount
of food that disappeared in that week per cage. For all behavioral experiments, mice were singly

housed.

Neural tracing of orthotopic HNSCC tumors. When oral tumors reached approximately 5 x 5
mm in size, neural tracer was injected into the tumor as described below. Ketamine (87.5
mg/kg)/xylazine (10 mg/kg) were used to anesthetize the mice. A 10 uL Hamilton syringe with
30-G needle was loaded with 1% Wheat Germ Agglutinin (WGA) conjugated to either AlexaFluor
594 (Invitrogen) or CF568 (Biotium) in PBS and 2l was slowly injected intra-tumorally with the
bevel side up. The needle was inserted approximately midway through the tumor then pulled back
slightly to reduce pressure and leakage of tracer following injection. The injection of tracer
occurred slowly over the course of 10 minutes. After the tracer was injected, the needle was kept
in place for 2 additional minutes before being slowly removed. Mice were placed on a heating pad

until recovery from anesthesia. Five to seven days later, mice were deeply anesthetized and
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transcardially perfused with ice cold PBS followed by 4% paraformaldehyde and trigeminal
ganglia were carefully removed and placed in HBSS in a 24-well plate kept on ice. TGM
harvesting was completed as follows: euthanized animals were subjected to a midline incision
while in the prone position to expose the crown of the skull. The brainstem was separated from the
spinal cord by a transverse cut and the top of the skull was removed, exposing the brainstem and
TGM. All tissues (tumor, ganglia and brain) were fixed, sectioned, and imaged for WGA labeled
nerve fibers and somas under confocal microscopy. WGA injection into control (non-tumor
bearing animals) was performed the same way and injection was into the same oral region where

tumors were implanted. Volumes of 2 or 10 ul of WGA were used.

Immunohistochemical (IHC) staining. Tissues were formalin fixed, paraffin-embedded and cut
into 5 pm sections. The BenchMark® XT automated slide staining system (Ventana Medical
Systems, Inc.) was used to optimize antibody dilutions and staining. The Ventana CC1 solution
was used to perform the antigen retrieval step (basic pH tris base buffer). Tissues were incubated
in primary antibody for 1 hour. The Ventana iView DAB detection kit was used as the chromogen

and the slides were counterstained with hematoxylin.

Antibody utilized for immunohistochemistry (IHC). Anti-B-III Tubulin (Abcam, Cat# ab78078,
1:250, RRID: AB 2256751), Anti-TRPV1 (Alomone Labs Cat# ACC-030, 1:400,

RRID:AB_2313819).

Antibodies utilized for immunofluorescence (IF). cFos (Cell Signaling, Cat# 2250, 1:10,000,

RRID: AB 2247211), AFosB (Abcam, Ab11959, 1:5,000, RRID:AB_298732). The following

9
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secondary antibodies were used: Alexa568 anti-rabbit (Thermo, Cat# A-11011, 1:500,

RRID:AB_143157), Alexa488 anti-mouse (Thermo, Cat# A-11001, 1:500, RRID:AB_2534069).

Antibodies utilized for western blot. -actin (Sigma Life Science, Cat#A2228, 1:1000, RRID:
AB_476697), Tau (Abcam, Cat# ab75714, 1:500, RRID:AB_1310734), phosphorylated TRPV1
(Thermo Fisher Scientific, Cat# PAS5-64860, 1:500, RRID:AB_2663797), Sigma-1R
(ProteinTech, Cat# 15168-1-AP, 1:1,000, RRID:AB_2301712), Doublecortin (DCX) (Santa cruz,

Cat# sc-271390, 1:1000, RRID:AB_10610966).

Brain immunostaining and analysis. Brains were post-fixed for twenty-four hours. Coronal or
sagittal sections were cut at 40 um using a vibratome. Sequential fluorescent immunolabeling was
performed for cFos or AFosB on free-floating sections. All sections were blocked with 10% goat
serum in 0.3% Tx-100. All antibodies were diluted in PBS containing 0.03% Triton X-100 and 2%
normal goat serum. Sections were incubated in Fos antibody for 72 hours. Following washes in
0.1M phosphate buffered saline, sections were incubated in secondary antibody for 3 hours.
Following additional washes, sections were mounted onto glass slides, and cover slipped with
cytoseal prior to imaging. The total numbers of cFos or AFosB-labeled nuclei were counted on 10
x 2D images acquired using a laser-scanning confocal microscope (Nikon A1R) and verified as
positive if the signal filled the nucleus and stood out clearly compared to surrounding tissue °.
Nuclei were counterstained with DAPI. Quantification of Fos-labeled cells was performed using

digital thresholding of Fos-immunoreactive nuclei. The threshold for detection was set at a level

where dark Fos-immunoreactive nuclei were counted, but nuclei with light labeling, similar to

10
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background staining, were not. For each animal, 3-4 sections were selected at 120 pm intervals.

Image] cell counter (v. 1.52) was used to quantify Fos+ nuclei per region / section.

Analysis of transcriptional changes in tumor-infiltrating neurons. To assess transcriptional
changes in tumor-infiltrating neurons we utilize a qPCR array (ScienCell, GeneQuery Neural
Transmission and Membrane Trafficking, #MGKO008). These qPCR-ready 96 well plates enable
rapid profiling of 88 key genes important for neuronal functions (listed in Table S1). Mice bearing
MOC?2-7 oral tumors were injected with tracer (as described above); TGM ganglia were isolated
on day 28 post-tumor implantation, their RNA harvested, converted into cDNA and then assayed
with the array as per manufacturer’s instructions (ScienCell, GeneQuery arrays). We utilized N=4
TGM/group from n=4 mice/group; n=4 plates/condition. Control RNA was isolated from TGM
ganglia from age-matched non-tumor bearing mice (n=4 mice). Relative gene expression was

calculated as per manufacturer’s recommendations.

Western blot analysis of whole tumor lysate. Tumors were excised from euthanized mice, taking
care to eliminate as much non-tumor tissue as possible. Tumors were then placed in approximately
500ul lysis buffer (5S0mM Tris HCI pH 7.4, 100mM NaCl, 100mM NaF, 10mM NaPPi, 2mM
Na3VO0O4, 10% glycerol, HALT protease inhibitor cocktail) with 1% TX-100 and kept on ice for
10 minutes. The homogenate was sonicated 3x for 15 secs and then incubated on ice for 15
minutes. Samples were then centrifuged at 2000 g for 5 minutes at 4°C, supernatant was collected
and further centrifuged at 12,000 g for 10 minutes at 4°C. Protein concentrations of the

supernatants were determined by BCA protein assay.
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Western blot analysis of ganglia lysate. Trigeminal ganglia were harvested as described above.
Ganglia were lysed using a homogenizer in lysis buffer at 4°C. Homogenates were centrifuged at

10,000 g for 20 minutes and protein concentrations determined from the supernatant.

Protein concentration was measured by BCA protein assay (Pierce, Cat#23225) and 40 ug of total
protein were separated by SDS-PAGE, transferred to PDVF membranes which were then blocked
for 30 minutes at room temperature (RT) in 5% milk in PBS. Membranes were incubated with
primary antibody overnight at 4°C. Following 1xXTBST washes, membranes were probed with an
HRP-conjugated secondary antibody (1:10,000 dilution) for 1 hour at RT, washed and imaged on
a Li-COR Odyssey FC imaging system. Densitometric quantification was used to assess changes

in protein expression.

Western blot densitometry analysis. Raw images of western blots were analyzed using ImageJ.
Briefly, images were opened and bands of interested were selected by gating with the rectangle
selection tool. Densitometry was measured based on grey scale analysis of selected area. Analysis
was conducted on proteins of interest as well as the loading control band (B-actin). Relative

expression of proteins of interest was determined as a fraction of B-actin densitometry.

Neuron culture. Trigeminal ganglia were harvested from MOC2-7 tumor-bearing or non-tumor
animals and enzyme digested in papain, and then collagenase II/dispase at 37 °C for 15 min. After
washing and trituration, cells were plated onto a thin layer of Matrigel® in glass bottom dishes
and cultured with HamsF12 supplemented with 10% FBS. The cells were maintained in an

incubator (5% CO2, 37 °C) for 24 h before they were used for calcium imaging experiments.
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Ca2+ imaging. TGM neurons from non-tumor and tumor-bearing animals (n=4-6 mice/condition)
were imaged on the same day. Neurons were incubated with the calcium indicator, Fluo-4 AM, at
37°C for 20 min. After dye loading, the cells were washed, and Live Cell Imaging Solution
(Thermo-Fisher) with 20 mM glucose was added. Calcium imaging was conducted at room
temperature. Changes in intracellular Ca** were measured using a Nikon scanning confocal
microscope with a 10x objective. Fluo-4AM was excited at 488 nm using an argon laser with
intensity attenuated to 1%. The fluorescence images were acquired in the confocal frame
(1024 x 1024 pixels) scan mode. After 1 min of baseline measure, capsaicin (300nM final
concentration) was added. Ca?* images were recorded before, during and after capsaicin
application. Image acquisition and analysis were achieved using NIS-Elements imaging software.
Fluo-4AM responses were standardized and shown as percent change from the initial frame. Data
are presented as the relative change in fluorescence (AF/Fy), where Fo is the basal fluorescence and
AF=F-F, with F being the measured intensity recorded during the experiment. Calcium responses
were analyzed only for neurons responding to ionomycin (10 uM, positive control) to ensure
neuronal health. Treatment with the cell permeable Ca®* chelator, BAPTA (200 uM), served as a

negative control.

Stereotaxic AAV injection. Male mice were anesthetized with 2% isoflurane and placed in a
stereotaxic head frame on a heating pad. A midline incision was made down the scalp and a
craniotomy was made using a micro drill. A 10-ul Hamilton syringe was used to infuse 1 pl of
AAV1/Syn-GCaMP6f-WPRESV40 (titer 4.65 x 10! GC per ml, via Addgene) into the
parabrachial nucleus (—5.3 mm anteroposterior, -1.3 mm mediolateral, —3 mm dorsoventral) via a

microsyringe pump. After infusion, the needle was kept at the injection site for 5 min and then
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slowly withdrawn. Two weeks following stereotaxic surgeries, tumors were introduced by

implanting MOC?2-7 cells orthotopically into the oral cavity as described above.

Ex vivo Ca2+ imaging of brain slices. Two weeks post-tumor (or sham) implantation, wildtype
and tumor-bearing mice (n=3 mice/group) were anesthetized under isoflurane and perfused
intracardially with 10 ml of ice-cold N-methyl-d-glucamine (NMDG) solution [92 mM NMDG,
30 mM NaHCOs, 25 mM glucose, 20 mM Hepes, 10 mM MgSO4, 5 mM sodium ascorbate, 3 mM
sodium pyruvate, 2.5 mM KCl, 2 mM thiourea, 1.25 mM NaH2POys, and 0.5 mM CaCl; (pH 7.3,
300 mOsm, bubbled with 95% 02 and 5% CO,)] *. The brains were quickly removed and placed
into additional ice-cold NMDG solution for slicing. Coronal slices (150pm) were cut using a
vibratome (n=3 slices/brain). Slices were transferred to Hepes holding solution and warmed to
37°C (bubbled with 95% Oz and 5% CO3) for 1 hour. After incubation, slices were transferred to
the recording chamber with RT (22° to 25°C) recording solution. A miniaturized microscope
(Miniscope V4) imaged the GCaMP6 signal from the slices. Each video was processed with
motion correction and AF/F calculation. Regions of interest (ROIs; considered as a single cell
soma) were manually selected. ROIs that exhibited short bursts of AF/F changes or fluctuations
during the recording were analyzed. The AF/F changes were then aligned with the time window
of treatment. Movement correction was performed using the motion correction module in the
EZcalcium toolbox employed in MATLAB *’. The fluorescence intensity trace of each neuron was

extracted, and AF/F was calculated (CNMF).

Statistical analysis. GraphPad Prism (version 10.0.3, 2023) was utilized for all statistical analyses.
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Gene expression: For qRT-PCR analysis, Ct values for each gene were normalized to that

of the reference gene. Statistical analysis by multiple student’s t-test.

Ca’* imaging: Statistical analysis by unpaired student’s t-test. Fluo-4AM responses were
standardized and shown as percent change from the initial frame. Data are presented as the
relative change in fluorescence (AF/Fo), where Fo is the basal fluorescence and AF=F-Fy

with F being the peak response.

Western blot: Membranes were visualized, and proteins were quantified using the Odyssey
infrared imaging system and software (Li-COR). Densitometric quantification of western
blots was performed by normalizing the signal from tumor or non-tumor ganglia to the -
actin (loading control) signal and differences assessed by one-way ANOV A with post-hoc

Tukey test.

Fos brain immunostaining: The numbers of Fos (cFos, AFosB) immune-positive neurons

in brain sections from tumor-bearing or non-tumor animals were quantified as described

above and statistically analyzed by 2-way ANOVA with multiple comparisons.

Nesting scores: The variations over time of the nesting scores for each group were

statistically analyzed by repeated measures ANOVA with post hoc Fisher’s LSD test.
Exclusion criteria of an average baseline score of 3 or greater was included to ensure all

mice were good nest builders.
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e Time to interact scores (cookie test): Statistical analysis by repeated measures ANOVA

with post hoc Fisher’s LSD test.

e Voluntary wheel running: The data were collected in 1-minute bins continuously. When
compiling the data, the sum of bins between 8pm to 8am is taken for each individual animal
for voluntary nightly running. Baseline is calculated by taking the final 3 days prior to
tumor implantation and averaging the values. The percent change is then calculated for
each day from baseline for each mouse. The data were then analyzed in GraphPad Prism

using a repeated measures 2-way ANOVA.

e Food disappearance: Statistical analysis by repeated measures ANOVA.

o Weight: Statistical analysis by repeated measures ANOVA.

e Tumor growth curves: Statistical analysis of tumor growth curves by repeated measures

ANOVA

e Kaplan Meier survival: Statistical analysis of survival by Log-rank (Mantel-Cox) test.

Results

Tumor innervation begins early in disease. MOC2-7 cells are HNSCC cancer cells derived from
a CXCR3 null mouse under a C57BL6 background ». Their implantation in male mice results in
dense innervation of tumors with nociceptor neurons®®3°. To define the timing of tumor

16
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innervation, wildtype male mice were orthotopically implanted with MOC2-7 cells in the oral
cavity, and tumors were collected on days 4-, 10-, and 20-days post-implantation. Western blot
analysis of whole tumor lysate indicated expression of Tau, a neuronal marker *, as early as day
four post-tumor implantation, which increased over time (Fig. 1A; full westerns in SF. 1A-B;
densitometric quantification of westerns, Fig. S1IE). A similar increase in the neuronal marker
doublecortin (DCX) was noted (Fig. 1B; full western SF. 1C-D; densitometric quantification of
westerns, SF. 1F). While DCX is well-known for its expression in immature neurons, it is also
expressed in adult peripheral neurons, including dorsal root ganglia *!, and in non-neuronal
tissues*?. The DCX signal did not originate from the tumors, as MOC2-7 cell lysate was negative
for this protein (Fig. 1B, Full western SF. 1C). Consistent with this, immunohistochemical
staining of these tumors with the neuronal marker B-III tubulin (33T), demonstrated the increasing

presence of nerves beginning on day four post-tumor implantation (Fig. 1C-E).

Tumor-infiltrating nerves map to the ipsilateral trigeminal ganglion and into the CNS. To
map the origin of tumor-infiltrating nerves and define the circuits they converge upon, mice with
palpable oral MOC2-7 tumors (approximately day 15 post-tumor implantation) were intra-
tumorally injected with wheat germ agglutinin, WGA, a neural tracer conjugated to a fluorophore
(n= 10 mice). WGA is a lectin molecule that specifically binds to sialic acid residues present
ubiquitously on neuronal membranes. It has been utilized extensively to map neuronal circuits

43 44

centrally and in the periphery and is a known transganglionic and transynaptic neuronal tracer

4547 making it ideal for mapping neural circuits *-2, Following tracer injection, tumor growth was
permitted for an additional 3-7 days to allow time for tracer labeling to occur. Animals were then

euthanized, and tumors, trigeminal (TGM) ganglia, and brains were harvested and analyzed by

microscopy. Microscopic examination of tumors revealed nerves with robust WGA signals (Fig
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1F) as well as the V3 branch of the ipsilateral TGM ganglion (Fig 1G,H). Consistent with the
restricted labeling of tumor-infiltrating nerves, the tracer did not diffuse outside the tumor mass

(Fig. 1I).

Examination of brains from MOC2-7 tumor-bearing animals revealed tracer” neurons in specific
regions [including spinal nucleus of the trigeminal (SpVc), parabrachial nucleus (PBN), and
central amygdala (CeA)] (Fig 1J). Sections of ipsilateral TGM and brains from these regions show
the presence of tracer-positive neurons (Fig 1K). Tracer injections of equivalent volume and
concentration into the oral cavities of control non-tumor-bearing animals did not label the TGM
ganglia nor areas in the brain (Fig 1L). A large volume (10pul) of tracer injected into non-tumor
bearing mice resulted in tracer labeling of ipsilateral TGM neurons and brain (Fig. 1M). These
control studies indicate that the nerve density and distribution present in the tumor bed are higher
than in control mice, with the consequence that a small volume (2 pl instead of 10 ul) of tracer is
sufficient to result in nerve labeling. The mapped circuit encompasses pre-existing connections to
brain areas that regulate pain and affect 3. These data indicate that the nerve infiltration into the

tumor extends this circuit.

Tumor-infiltrating neurons are transcriptionally modified. The observation of nerves
infiltrating the tumor mass prompted us to ask whether they undergo alterations by their mere
presence within this “foreign” environment. Consistent with this, we previously found that
melanoma-infiltrating neurons have a unique transcriptome 7. To test whether this is also the case
in HNSCC, we orthotopically implanted MOC2-7 cells into the oral cavity of male wildtype mice.
After 14 days, TGM neurons were harvested and analyzed by qPCR using a commercial array for
neural transmission and membrane trafficking genes. Compared to control TGM (non-tumoral)

neurons, ipsilateral TGM neurons from tumor-bearing animals harbored increased expression (<4-
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fold) in genes involved in neuronal signaling/receptors (Gabrgl, Gabra4, Grin2c, Grm3) and
synaptic transmission (Gria2) (Fig. 2A; Table S1) °8. Of note, we purposefully used whole
trigeminal ganglia rather than FACS-sorted tracer-positive dissociated neurons to avoid artificially

imposing injury and altering the transcriptome of these cells >,

Tumor-infiltrating neurons are functionally changed. Given this transcriptomic alteration, we
tested whether tumor-infiltrating neurons exhibit functional alterations. Thus, MOC2-7 tumor-
bearing mice were intra-tumorally injected with the fluorophore-conjugated WGA tracer. Five
days later, tracer” TGM ganglia were cultured, and responsiveness to noxious stimuli was analyzed
by calcium microscopy. Neuronal Ca*? responses to capsaicin (300 nM), which binds and activates
TRPV1 channels, were measured by Fluo-4AM fluorescence microscopy. We found that tracer*
tumor-infiltrating ipsilateral TGM neurons show increased responsiveness to capsaicin (300 nM)
compared to tracer negative contralateral neurons (amplitude, Fig. 2B-D; the area under the curve,
Fig. 2E). Similar to contralateral TGM neurons, non-tumor-bearing TGM neurons elicited a

normal response to capsaicin (Fig. 2F).

This heightened sensitivity could reflect increased TRPV1 expression and/or its phosphorylation.
We tested whether this was the case using western blotting and discovered an overexpression of
the sigma 1 receptor (61R) and increased TRPV1 phosphorylation in the TGM ganglia from
tumor-bearing animals (Fig. 2G-I, full westerns SF. 2A-C). Of note, the 1R is an endoplasmic
reticulum chaperone protein that directly interacts with TRPV1 and regulates its membrane
expression, ®' while protein kinase C phosphorylation of serine 502 and 800 of TRPV1 reduces
the receptor’s activation threshold ®*%°. Taken together, our data indicate that HNSCC-infiltrating

nerves have a unique transcriptome and a heightened sensitivity to noxious stimuli characterized
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by an increased TRPV1 expression and phosphorylation consistent with TRPV1 sensitization
secondary to oral cancer .

Tumor-brain circuit neurons harbor elevated activity. The transcriptional and functional
changes evident in tracer” tumor-infiltrating neurons could result in alterations in central target
neurons. To assess this, brain sections from MOC2-7 tumor-bearing and non-tumor-bearing
animals were immunofluorescently stained for cFos and AFosB, two markers of neuronal activity
with different courses of expression ©%°. AFosB expression was increased in several brain regions
of tumor-bearing animals, while cFos expression was only increased in the PBN (Fig. 3A-F).

Predominant differences in the long-lived AFosB were expected 7°, as those with the short-lived

cFos changes are more challenging to capture using single time point assessment.

Next, we assessed the neuronal activity of tumor-bearing animal brains using stereotaxically
injected AAV1-Syn-GCaMP6f, a viral vector encoding a neuron-specific synapsin-driven calcium
sensor !, Two weeks after intra-cranial injection of the virus, mice were orally implanted with
MOC?2-7 cells. Approximately 18 days post-tumor inoculation, the animals were euthanized, and
the neuronal calcium activity was recorded in ex vivo brain slices using a mini scope (Suppl Fig.
3A,B). While baseline fluorescence was similar between tumor-bearing and control animals, that
recorded upon stimulation (KCI; 30 mM) was higher in neurons of tumor-bearing animals (Fig.
3G,H; Suppl Fig 3A,B). The functional and Fos staining data indicate that central neurons within
the tumor-brain circuit are functionally altered compared to their healthy brain counterparts.

Ablation of tumor-infiltrating neurons attenuates cancer-induced brain alteration. Cancer
patients, and even more notably, survivors, experienced poor mental health '7>7*. The neural
connection between tumor and brain, together with our finding that TRPV 1-expressing nociceptor

neurons within this circuit become functionally altered, might contribute to these changes. To test
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whether this is the case, we genetically engineered mice with ablated nociceptor neurons
(TRPV1“::DTA™), TRPVI1“::DTA™" animals lack TRPVI1-expressing cells (including
neurons) as well as many other nociceptive neurons. These nociceptor neuron ablated mice have
been previously characterized and lack the expected sensitivity to temperature as well as itch and
pain reactions to chemical mediators such as capsaicin 7. cFos and AFosB immunostaining of
brains from nociceptor ablated and control (C57B1/6) mice show no significant differences (Suppl
Fig 3C-E) indicating that, in the absence of a malignancy, the neurons in these regions are not
differentially activated. First, we confirmed the absence of TRPV1* neurons in the TGM of these
ablated animals (Fig. 4A). We then analyzed cFos and AFosB expression in the brain of MOC2-
7-bearing nociceptor intact and ablated mice. While Fos expression was similar between non-
tumor bearing mice of the two genotypes (Suppl Fig. 3C-E), the absence of nociceptor neurons
decreases cFos and AFosB in the PBN, and AFosB in the SpVc (Fig. 4B, C). Other tested regions
were not impacted (Fig. 4D). We observed that the tumor-brain communication was disrupted in

the absence of nociceptor neurons.

Alleviation of pain does not always restore behavior. To evaluate the effects of this disruption

on cancer-induced behavioral changes, we assessed the animals’ general well-being through

32 t 76,77

nesting behavior °“ and anhedonia using the cookie tes , as well as the speed of food
disappearance as a surrogate for oral pain. Nociceptor neuron ablated mice showed increased
nesting performance (Fig. 4E) and decreased anhedonia (Fig. 4F) compared to intact mice. This
was accompanied by smaller tumor growth (Fig. 4G) and increased survival (Fig. 4H). While both
groups showed similar body weight loss (Fig. 4I), nociceptors ablated show a transient (Wk 1, 4,

5) decrease in food disappearance (Fig. 4J).
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Since HNSCC tumors cause oral pain and both nesting and the cookie test require the use of the
mouth, we also evaluated the effect of nociceptor ablation on voluntary wheel running to gain
additional insights into cancer-associated fatigue, a surrogate for depressive-like behaviors in
tumor-bearing mice "8%2. To assess the potential influence of cancer-associated pain, 1-week post
tumor inoculation, groups of mice were treated with carprofen (a non-steroidal anti-inflammatory),
extended-release buprenorphine (opioid), or vehicle. We found that wheel running decreased as
tumors progressed, an effect partially alleviated by carprofen and buprenorphine (Fig SA,B). The
nesting behavior (Fig 5C), body weight (Fig 5D), and food disappearance (Fig SE) were also
alleviated by the painkillers. Neither carprofen nor buprenorphine impacted MOC2-7 tumor
growth compared to vehicle-treated animals (Fig SF), but buprenorphine increased tumor growth
compared to carprofen-treated mice. These findings suggest that choosing pain management drugs
in the context of cancer can potentially influence tumor growth adversely. Furthermore, the data
reveals that behaviors associated with the tumor site are adversely affected by cancer-associated

pain. However, merely alleviating pain does not fully restore all behaviors, as evidenced by

persistent issues in activities like wheel running.

Discussion

We demonstrated that Head and neck squamous cell carcinoma is associated with innervation by
sensory neurons and that substance P, one of the principal neuropeptides these fibers release, drives
malignant cell proliferation and migration *. Significantly, patients suffering from HNSCC often

experience depressive disorders, poorly managed clinically 83,
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We now found that nociceptor neurons infiltrating HNSCC connect to a pre-existing brain-
projecting circuit 887 that includes the trigeminal ganglia, the spinal nucleus of the trigeminal
(SpVe), as well as the parabrachial nucleus (PBN), and central amygdala (CeA). This connection
occurs independently of pain, and this cancer-brain circuit drives behavioral alterations in tumor-
bearing mice. While the elimination of TRPV1-expressing nociceptor neurons reduces tumor
growth and enhances survival rates, it also highlights a potential therapeutic target for mitigating
depressive behaviors in cancer patients. This underscores the complex interplay between sensory
neurons, cancer progression, and mental health, uncovering a two-pronged approach to improving

HNSCC patients’ physical and psychological health.

In melanoma 7 and HNSCC, we demonstrated significant transcriptional alterations within tumor-
infiltrating nerves. Several mechanisms can account for these changes. For instance, TRPV1
stimulation is sufficient to trigger the activation of the AP-1 transcription factor within neurons %8,
Such TRPV1 activation could occur in response to low pH % or hypoxia *>*2, which are both
prevalent within the tumor microenvironment. Alternatively, we previously demonstrated that
tumor-released small extracellular vesicles (SEVs), which transport microRNAs (miRNAs),
induced sprouting of loco-regional nerves to the tumor bed ', These sEV-transported miRNAs

could also modulate various neuronal transcription factors and, in turn, drive the transcriptomic

changes we observed in these neurons.

Our data indicate that these peripheral neuronal changes also influence the functioning of the brain
areas to which they connect. Although we did not make the complete cartography of all brain

regions utilized by tumor-infiltrating nerves, we identified a few critical nuclei. Subsequent work
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will use emerging circuit mapping techniques for whole brain profiling °*. Nevertheless, our
tracing in tumor-bearing nociceptor neuron ablated, and intact animals was sufficient to

functionally implicate TRPV 1-expressing neurons in this communication.

Trigeminal ganglia neurons are composed of ~80% of Nav1.8" nociceptor neurons, with one-half
being peptidergic (TRPV1*, TRPA1") neurons 959675 Tn the TRPV1°®::DTA"™ mouse, these
peptidergic neurons are eliminated, leaving intact ~50% of pain-sensing neurons. The remaining
presence of these non-peptidergic, largely MrgD*, neurons might explain why nesting behavior in

TRPV1¢::DTA"™ tumor-bearing animals is only partially restored.

Inflammation contributes to pain in cancer °’. Consistent with this, treatment of tumor-bearing
mice with antalgic drugs (carprofen, buprenorphine) resulted in complete restoration of nest
building and performance in the cookie test. These data show that the constraint imposed by the
tumor on behavioral activities that require the use of the oral cavity is mainly due to pain and not
to the physical interference of the tumor mass with the pattern of oral activities that need to take

place for mice to perform the corresponding behavior.

Cancer pain often interferes with activities that don't involve oral movements, a phenomenon
evident in the impaired voluntary wheel running observed in tumor-bearing mice. Although
antalgic drugs can partially mitigate this deficit, they fail to restore this behavior fully, despite their
efficacy in completely restoring oral activity behaviors like nesting and the cookie test. This

suggests that factors beyond pain contribute to the observed behavioral changes. These alterations
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98

could be attributed to depression “° or represent a competition between the energy demands of the

HNSCC malignant cells and the host's skeletal muscles 1%,

Our current findings suggest that interrupting the tumor-to-brain communication can mitigate the
mental health decline often associated with cancer. Yet, a higher prevalence of depression persists
among long-term cancer survivors compared to individuals without a cancer history. Having
received treatment and showing no evidence of disease, these survivors continue to battle mental
health issues ®’. This phenomenon prompts a critical question - why does this discrepancy exist?
It is conceivable that these patients, through treatments like surgery, radiation, or chemotherapy,
have disrupted the tumor-brain connection and have sustained this disconnection over the years.
However, unlike animal models, their mental health decline is not reversed. Several speculations,

grounded in known factors, can be considered.

The human experience with cancer is distinct from that of mouse models; individuals can live with
malignant growths for extended periods, often unaware of their existence due to asymptomatic or
nonspecific symptoms. During this undiagnosed period, the tumor-brain circuit might induce
irreversible changes in central neurons through activity-dependent transcriptional modifications
102,103 'These alterations, anchored in neuronal plasticity, adaptation, and behavior, may become

permanent when the cancer is diagnosed and treated.

Moving forward, to reverse these entrenched brain changes, understanding the specific
transcriptional alterations incurred by central neurons is vital. Unraveling this complexity could

pave the way for therapies that reverse the neuronal activity impacts, fostering improved mental
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health. Although in its early stages, our insight into the role of nerves in cancer is growing,

highlight neuronal targets for pharmacological interventions.

Our study is not exempt from limitations. First, exploring the tumor-to-brain pathway was confined
to mice with HNSCC, utilizing a single cancer cell line. Hence, the universality of our conclusions
warrants verification through additional HNSCC cell lines and diverse cancer models.
Furthermore, the exclusive focus on HNSCC, particularly considering the nerve-rich oral region,
raises questions about the pathway's establishment and behavioral impact in other contexts. Our
behavioral assessment was not exhaustive; a comprehensive analysis of nerve-dependent and
independent behaviors remains forthcoming. Behaviors could also be influenced by elements like
soluble factors or the energy competition between the tumor and behavioral activities. Our studies
have also solely involved male mice, presenting a clear gap in understanding the potential sex
differences in the development of the tumor-to-brain communication pathway and its subsequent
influence on behavior. The inclusion of female subjects in future research is essential to provide a

comprehensive insight into these processes.

Second, our nerve tracing methodology, where we injected 2 ul of WGA into the tumor bed, is
designed to label only the tumor-infiltrating nerves and their connections. However, this approach
fails to label all tumor-infiltrating nerves, predominantly those not close to the WGA-injected
region and nerves that are in contact with or influenced by the tumor but are not directly infiltrating
it. This limitation is a calculated one, reflecting a technical trade-off. We aimed to ensure the
specificity of capturing only tumor-infiltrating nerves, which meant sacrificing the

comprehensiveness of labeling all nerves associated with the tumor. This constraint extends to our
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calcium imaging studies and brain tracing. Although we can confidently assert that all labeled
neurons are indeed tumor-infiltrating or connected, we cannot conclusively state that all tracer-

negative ipsilateral nerves are unconnected to the tumor-brain circuit.

Even with these constraints, our findings are important. We have demonstrated that tumor-
infiltrating nerves are integrated into a pre-established neuronal circuit. This circuit extends from
the tumor bed to the TGM ganglion, connects to the SpVc, and projects into the brain, influencing
behavior in both pain-dependent and independent ways. This revelation paves the way for in-depth
exploration into the mechanistic underpinnings of cancer-associated alterations in well-being and
mental health, shedding light on potential therapeutic interventions to alleviate these profound

effects.

Figure Legends.

Fig 1. Tumor-infiltrating nerves form a circuit connecting to the brain. (A) Western blot of
MOC?2-7 whole tumor lysates for Tau (A) and Doublecortin, DCX (B). Tumors were harvested at
different time points (as indicated) post-tumor implantation (n=3 mice/time point). Mouse brain,
positive control; MOC2-7, whole cell lysate control; [-actin, loading control.
Immunohistochemical staining for B-1II tubulin (83T, brown, arrows) of tumors harvested on days
4 (C), 10 (D) and 20 (E) post tumor implantation. Scale bar, 100 um. Dotted boxes are shown at
higher magnification below each panel; scale bar, 5S0pum. Arrows highlight positive nerves
staining. Representative en face confocal image of WGA positive (red) neurites within tumor (F)
and the ipsilateral trigeminal ganglion (G) from a mouse orthotopically implanted with a MOC2-

7 tumor and intra-tumorally injected with the tracer. Scale bars, 200um. (H) Low magnification
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section of ipsilateral and contralateral TGM ganglia from a MOC2-7 tumor-bearing mouse that
was intra-tumorally injected with WGA. The V3 branch of the TGM is marked with an arrow.
WGA (red) positive neurons found only in the ipsilateral TGM. Scale bar, 500 um. (I) Compressed
Z-stack of confocal images demonstrating restricted WGA (red) within the tumor bed (cytokeratin,
green). Vertical and horizontal cross-sections highlight that WGA (red) localizes strictly within
the tumor (green) and does not leak out. Yellow shows the merged file. (J) Diagram showing the
location of the trigeminal (TGM) ganglion, extension of its neurites into the tumor bed and the
existing circuit which includes the spinal nucleus of the TGM (SpVc), the parabrachial nucleus
(PBN) and the central amygdala (CeA) which get labeled following WGA injection into tumor.
(K) Representative confocal images of the ipsilateral TGM ganglion, SpVc, PBN and CeA
following injection of 2 pl of WGA into an oral MOC2-7 tumor (n=10 mice). Scale bar, 100 pum.
Areas in dotted boxes are shown in higher magnification. Scale bar, 50 pm. Arrows highlight
positive WGA fluorescence. Representative confocal images of TGM ganglion, SpVc, PBN and
CeA following injection of 2 ul (n=3 mice) (L) or 10 pl (n=3 mice) (M) of WGA into the oral
cavity of a non-tumor bearing control animal. Scale bar, 100 pm. Areas in dotted boxes are shown
in higher magnification. Scale bar, 50 um. WGA (red), DaPi nuclear counterstain (blue). Arrows

highlight WGA positive neurons.

Fig 2. Tumor-infiltrating neurons become transcriptionally and functionally altered.
Trigeminal (TGM) ganglia from tumor bearing (red) or non-tumor bearing (blue) mice were
analyzed by (A) quantitative PCR array. N=4 TGM/group from n=4 mice/group; n=4 arrays/group.
Ct values for each gene normalized to that of a housekeeping gene. Statistical analysis by multiple

students t-test. *, p<0.05; **, p<0.01; *** p<0.001, **** p<0.00001. Data are expressed as means
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+ standard deviation. (B) Representative fluorescent images of dissociated neurons from the
ipsilateral or contralateral TGM ganglia from a MOC2-7 tumor-bearing mouse. N=6 of each
ganglia harvested from 6 tumor-bearing animals with n= 4-8 neurons analyzed/ganglia. The color
palette reflects the strength of the calcium signal. Images are taken pre- and post-treatment with
capsaicin. (C) Graph of average change in fluorescence for all neurons analyzed in each group
(ipsilateral and contralateral). Statistical analysis by student’s t-test. Arrow, time of capsaicin (300
nM) stimulation. Graph of average peak of the curve (D) and area under the curve (E) from panel
C. Statistical analysis by student’s t-test. **, p<0.01. (F) Quantification of Ca** responses to
capsaicin (300 nM) from non-tumoral (Control) and tumor-infiltrating, tracer” (Tumor-infiltrating)
neurons. N=4-8 neurons/group from n=4 control and n=7 tumor-bearing mice. Statistical analysis
by paired students t-test, *, p<0.05. Data expressed as means + SEM. (G) Representative western
blot of trigeminal ganglia from non-tumor (N) or MOC2-7 tumor-bearing (T) animals for
phosphorylated TRPV1 (pTRPV1, Ser502, Ser800), o1 receptor (c1R) and B-actin (loading
control). Densitometric quantification of western blots for pTRPV1 (H) and IR (I). Statistical

analysis by student’s t-test. *, p<0.05. Data are expressed as means + SEM. (n=3-4 mice/group).

Fig 3. Elevated CNS neuronal activity in tumor bearing mice. Representative fluorescent
photomicrographs of the spinal nucleus of the TGM (SpVc) (A), parabrachial nucleus (PBN) (B)
and central amygdala (CeA) (C) from a control (-tumor) and MOC2-7 tumor-bearing (+tumor)
mouse brains immuonfluorescently stained for cFos (red) or AFosB (green). Nuclei counterstained
with DaPi (blue). Dotted circle denotes each brain region. Scale bar, 100 um. Brain landmarks:
Spc, superior cerebellar peduncle; VL, lateral ventricle; IA, intercalated amygdalar nucleus.

Quantification of cFos and AFosB staining in SpVc (D), PBN (E) and CeA (F) from control (-
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tumor) and tumor-bearing (+tumor) mice. N= 4 mice/group with n=2-4 sections analyzed/brain
region/mouse/group. Data are expressed as the mean + SEM. Statistical analysis by one-way
ANOVA*, p<0.05; **, p<0.01; *** p<0.001; ns, not significant. Scale bar, 100 pm.
Representative heat maps of regions of interest (ROI), each of which represent one neuron, within
an ex vivo brain slice from non-tumor (control) (G) and tumor-bearing (H) mice. The color palette
reflects the strength of the calcium signal. Arrow denotes the time of KCl (30 mM) application.

N= 3 mice/group with n=3 slices/brain.

Fig 4. Intra-tumoral neurons impact behavior. (A) Bright field photomicrograph of TGM
ganglion from C57B1/6 or TRPV1::DTA"Y mice IHC stained for TRPV1 (brown). Scale bar,
100pm. Quantification of cFos and AFosB from the brains of C57B1/6 (C57) or TRPV 1¢®::DTAV™
(DTA) animals with MOC2-7 oral tumors in the Spinal nucleus of the trigeminal (SpVc) (B), the
parabrachial nucleus (PBN) (C) and the central amygdala (CeA) (D). N=4 mice/group with n=2-
4 sections analyzed/brain region/mouse. Statistical analysis by one-way ANOVA. ** p<0.01;
##% p<0.001. Data displayed as mean + SEM. C57B1/6 (black, n=15) and TRPV1¢®::DTA"™
(blue, n=14) mice were orthotopically implanted with MOC2-7 tumor and behavior assessed
weekly and statistically analyzed by repeated measures ANOVA. (E) Graph of nesting scores over
time. There is a main effect of time such that there is a decline in nesting performance over time.
We also see a time by strain interaction in that C57B1/6 mice show a greater decline than the
nociceptor neuron ablated TRPV1®::DTA" mice. Post hoc testing shows a significant
difference in nesting on day 27 (p=0.0315). (F) Graph of time to interact with the cookie in the
cookie test. There is a main effect of time such that the time to interact with the cookie declines

over time. There is a main effect of strain such that nociceptor neuron ablated TRPV1°::DTA /™
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mice were faster to interact with the cookie. Finally, there is a time by strain interaction such that
nociceptor neuron ablated TRPV1°°::DTA"" mice showed progressively faster task performance,
while in C57Bl/6 mice interaction time plateaued. Post hoc testing demonstrates a significant
difference between the groups on days 3, 22, and 27 (p<0.05). (G) Graph of % change in weight
from baseline. Dotted line represents baseline. Statistical analysis by repeated measures ANOVA.
There was a main effect of time such that both groups showed an initial increase in weight followed
by a decrease. Post hoc testing shows a significant difference between the groups on days 5, 10,
and 20. (H) Graph of % change from baseline in food consumption. Dotted line represents baseline.
Statistical analysis by repeated measures ANOVA. There is a main effect of time such that there
is a decline in % food disappearance over time. There is a time by strain interaction such that
C57B1/6 mice show a greater decline in % food disappearance compared to nociceptor neuron
ablated TRPV1¢®::DTAY* mice. (I) Tumor growth curves for mice that underwent behavioral
testing. Statistical analysis by repeated measures ANOVA. There is a main effect of time such that
there is an increase in tumor volume over time. We also see a time by strain interaction in that
C57B1/6 mice have larger tumors than nociceptor ablated TRPV1¢::DTAM™ mice. (J) Kaplan-
Meier survival curve for mice in panel I. Statistical analysis by Log-rank (Mantel-Cox) test. **%*,
p<0.0001. In all panels, error bars are SEM. Significant effects of statistics in Supplementary Table

S2.

Fig 5. Treating for pain does not restore all behaviors. C57B1/6 male mice were orthotopically
implanted with MOC2-7 tumors and separated into three groups: carprofen treated (10mg/kg, blue,
n=10), buprenorphine treated (3.25mg/kg, red, n=10) or vehicle treated (black, n=9). Mice

underwent behavioral testing. All analyses are by repeated measures ANOVA. (A) Data are
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graphed as % of baseline for overnight wheel running. The dotted line represents the baseline.
There is a main effect of time such that there is a decline in voluntary wheel running over time.
We also see a time by drug (carprofen) interaction in that vehicle-treated mice show a greater
decline in wheel running than carprofen-treated mice. Post hoc testing shows a significant
difference in wheel running (p<0.0001). (B) There is a main effect of time such that there is a
decline in voluntary wheel running over time. We also see a time by drug (buprenorphine)
interaction in that vehicle-treated mice show a greater decline in wheel running than the
buprenorphine-treated mice. Post hoc testing shows a significant difference in wheel running
(p<0.0001). (C) Graph of nesting scores over time. When comparing vehicle vs carprofen groups,
there is a main effect of time such that there is a decline in nesting performance over time. We also
see a time by drug (carprofen) interaction in that vehicle-treated mice show a greater decline than
carprofen-treated mice. Similarly, we see a main effect of time when comparing the vehicle and
buprenorphine groups. There is a time by drug (buprenorphine) interaction in that vehicle-treated
mice show a greater decline than buprenorphine-treated mice. (D) Graph of % change in weight
from baseline. The dotted line represents the baseline. There was a main effect of time. There is
also a drug (carprofen) by time interaction in that vehicle-treated mice show a greater decline in
weight than the carprofen-treated mice. In fact, carprofen treated mice gain weight. Similarly,
when comparing the vehicle and buprenorphine groups, there is a main effect of time. There is
also an interaction of drug (buprenorphine) by time in that vehicle-treated mice show a greater
decline in weight than the buprenorphine-treated mice. In fact, the buprenorphine treated mice gain
weight. When carprofen and buprenorphine-treated animals are compared, there is an interaction
of time with treatment such that buprenorphine treated animals gain more weight than carprofen-

treated animals. (E) Graph of % change in food disappearance from baseline. When comparing
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the vehicle vs carprofen group, there is a main effect of time such that there is a decline in food
disappearance over time. We also see a time by treatment interaction such that carprofen-treated
animals do not decline in food disappearance as much as vehicle treated animals. When comparing
the vehicle vs buprenorphine group, there is a main effect of time. In the buprenorphine treated
group, there is a time by treatment interaction such that the buprenorphine-treated animals
demonstrate the smallest decline in food disappearance. Finally, comparison of the carprofen and
buprenorphine groups shows that there is an interaction between time and treatment such that
buprenorphine-treated animals show the least reduction in food disappearance. (F) Tumor volume
was monitored weekly for mice in all groups. There is a main effect of treatment such that mice
treated with carprofen show a greater decline in tumor volume than buprenorphine-treated mice.

Significant effects of statistics in Supplementary Table S3.

Supplementary Figure S1. Full westerns for tumor innervation time course. Whole tumor
MOC?2-7 lysates were harvested at the indicated days post-tumor innervation and analyzed by
western blot for Tau (A), B-actin (B) (loading control for panel A), (C) Doublecortin (DCX), (D)
B-actin (loading control for panel C). Densitometric quantification of western blots in panels A
and B (E) and panels C and D (F). Statistical analysis by one-way ANOVA with post-hoc Tukey

test; n=3 mice/time point, n=4 technical replicates. *, p<0.05; **** p<0.001

Supplementary Figure S2. Full westerns. Full western blot of trigeminal ganglia (TGM) from
MOC2-7 tumor bearing (T) or non-tumor bearing (N) mice blotted for the sigma-1 receptor (A),
phosphorylated TRPV1 (pTRPV1) (B) or B-actin (loading control) (C). Full western blot from

panel A re-probed for blots (B) and (C) were not stripped in between probing for different proteins.
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Supplementary Figure S3. Calcium recordings and control Fos staining in brain.
Representative calcium recordings for a single neurons from a brain slice from control (A) or
tumor-bearing (B) animals. Arrow denotes time of KCI stimulation. Quantification of cFos and
AFosB positively stained neurons in the spinal nucleus of the trigeminal (SpVc¢)(C), parabrachial
nucleus (PBN) (D) and central amygdala (CeA) (E) from control C57Bl/6 (C57) or

TRPV1°::DTA?™ (DTA) animals. No significant differences found.

Supplementary Table S1. List of mouse genes assayed on the ScienCell Gene Query Neuronal

Transmission and Membrane Genes plate.

Supplementary Table S2. Significant effects for the statistics presented in Figure 4.

Supplementary Table S3. Significant effects for the statistics presented in Figure 5.
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