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Abstract—Widespread pain and anxiety are commonly
reported in cancer patients. We hypothesize that cancer is
accompanied by attenuation of endogenous opioid-
mediated inhibition, which subsequently causes wide-
spread pain and anxiety. To test this hypothesis we used a
mouse model of oral squamous cell carcinoma (SCC) in
the tongue. We found that mice with tongue SCC exhibited
widespread nociceptive behaviors in addition to behaviors
associated with local nociception that we reported previ-
ously. Tongue SCC mice exhibited a pattern of reduced opi-
oid receptor expression in the spinal cord; intrathecal
administration of respective mu (MOR), delta (DOR), and
kappa (KOR) opioid receptor agonists reduced widespread
nociception in mice, except for the fail flick assay following
administration of the MOR agonist. We infer from these find-
ings that opioid receptors contribute to widespread noci-
ception in oral cancer mice. Despite significant
nociception, mice with tongue SCC did not differ from sham
mice in anxiety-like behaviors as measured by the open field
assay and elevated maze. No significant differences in c-Fos
staining were found in anxiety-associated brain regions in
cancer relative to control mice. No correlation was found
between nociceptive and anxiety-like behaviors. Moreover,
opioid receptor agonists did not yield a statistically signifi-
cant effect on behaviors measured in the open field and ele-
vated maze in cancer mice. Lastly, we used an acute cancer
pain model (injection of cancer supernatant into the mouse
tongue) to test whether adaptation to chronic pain is
responsible for the absence of greater anxiety-like behavior
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in cancer mice. No changes in anxiety-like behavior were
observed in mice with acute cancer pain. © 2017 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.
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widespread pain, nociception.

INTRODUCTION

Patients with oral squamous cell carcinoma (SCC)
experience significant pain at the tumor site, which
severely disrupts eating, drinking, and speaking
(Hammerlid et al., 2001; Epstein et al., 2007; Viet and
Schmidt, 2012). Prevalence of pain is estimated to be
75-90% among patients with advanced oral SCC
(Epstein et al., 2007; van den Beuken-van Everdingen
et al., 2007). Oral SCC pain is mediated, at least partially,
by peripheral mechanisms (Schmidt et al., 2010). Central
mechanisms, e.g., central sensitization, are not as well
studied as the peripheral mechanisms. Central sensitiza-
tion often yields pain in body regions distant from the site
of injury (termed widespread pain) (Curatolo et al., 2006;
Woolf, 2011). Widespread pain in non-cancer patients
degrades quality of life and is a risk factor for poor
response to pain treatment (Chen et al., 2012; Rabbitts
et al., 2016). Sensory testing of healthy tissues distant
from the cancer has never been performed in animal mod-
els. Accordingly, the presence or absence of widespread
pain has not been documented in preclinical cancer
models.

Central sensitization results from increased
excitability and/or reduced inhibition in the central neural
axis of the nociceptive pathway (Woolf, 2011). Endoge-
nous opioids play an important inhibitory role in pain mod-
ulating mechanisms (Fields, 2004; Curatolo et al., 2006).
Peripheral injury attenuates inhibitory mechanisms in the
spinal cord by reducing the quantity of expressed opioid
receptors; consequently the nociceptive signal transmit-
ted to higher centers is amplified (Curatolo et al., 2006;
Woolf, 2011). Opioid receptor agonists are the most com-
mon analgesics used to alleviate moderate to severe pain
and are the mainstay of oral cancer pain treatment.
Patients suffering from cancer pain generally require sig-
nificantly higher doses of opioids than patients with
inflammatory pain (Luger et al., 2002). Animal models
demonstrate similar findings; the opioid dose required to
block cancer pain-related behaviors in preclinical models
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is much higher than the dose required to block peak
inflammatory pain behaviors (Luger et al., 2002).
Cancer-induced reduction of endogenous opioid receptor
activity and/or reduction in the quantity of receptors might
explain the need for higher doses of exogenous opioids.

Central sensitization (induced by decreased opioid
activity andfor receptor expression) might also
contribute to psychological distress including anxiety.
Many pain studies (not cancer related) in humans and in
animals suggest that chronic pain and anxiety often co-
occur (Zhang et al., 2014). The relationship between pain
and anxiety seems to be reciprocal. Progressively greater
pain leads to higher anxiety levels, while palliation of pain
is associated with less anxiety (Sareen et al., 2005; Teh
et al., 2009). Conversely, modulation of anxiety levels
can alter pain levels (Heim and Oei, 1993; Chen et al.,
2000; Delgado-Guay et al., 2009). Opioids attenuate both
anxiety and pain in patients (Colasanti et al., 2011). A
reduction in opioid tone may lead to widespread pain
and anxiety.

In the current study we undertook the following:
determine whether oral cancer generates widespread
nociception; determine whether changes in widespread
nociceptive behavior are caused by alterations in opioid
receptor function or expression; and determine whether
widespread nociception co-occurs with anxiety-like
behaviors in a mouse model of oral cancer.

EXPERIMENTAL PROCEDURES
Oral cancer cell culture

HSC-3 (ATCC, Manassas, VA) derived from a human
tongue SCC, was cultivated in supplemented
Dulbecco’s Modified Eagle’s Medium (DMEM) at 37 °C
with 5% CO,, as previously reported (Ye et al., 2011).

Animal models of oral cancer

Animals. We used female mice in the present study
because women are more likely to experience both
widespread pain and anxiety compared to men
(Hammerlid et al., 1999; Linden et al., 2012). Moreover,
despite well-recognized sex differences in pain and anxi-
ety, studies on female animals are rare (Mogil, 2009;
Belviranli et al., 2012; Simpson and Kelly, 2012). Six- to
8-week-old female BALB/c nude mice and BALB/c albino
mice (Charles River Laboratories) were housed in a tem-
perature controlled room on a 12:12 light/dark cycle (6 AM
to 6 PM), with ad libitum access to food and water. All pro-
cedures involving animals were approved by the New
York University Institutional Animal Care and Use Com-
mittee (IACUC) under protocol # 160908-01, in accor-
dance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. Institute for
Laboratory Animal Research (8th edition). For all experi-
ments, animals were habituated to handling prior to test-
ing. A total of 10 sets of animals (n = 222 BALB/c nude
and n = 43 BALB/c albino) were used. No behavior data
sets were combined for analysis to avoid experimental
errors introduced by different experimenters.

Animal set 1: BALB/c nude mice with tongue cancer
(n = 6) and sham mice (n = 6) were tested with facial
von Frey in the morning followed by the dolognawmeter
measurement at night at the baseline, and once per
week after the day of HSC-3 inoculation (PID 0). At
week 4 following the last dolognawmeter behavior
measurement, all mice were euthanized, and spinal
cords were dissected out for mRNA quantification of
MOR, DOR, and KOR.

Animal set 2: BALB/c nude mice with tongue cancer
(n = 10) and sham mice (n = 10) were tested for paw
and tail withdrawal at the baseline, and on a weekly
basis after cancer inoculation. At week 4 following tail
flick measurement, mice were sacrificed, perfused with
PBS followed by 4% PFA. Brain tissues were prepared
for c-Fos staining. Two brain tissue samples from each
group were excluded for c-Fos analysis due to
sectioning problems and excessive background staining.

Animal set 3: At week 4, BALB/c nude mice with
tongue cancer (n = 20) and sham (21) were tested for
OF and EZM assays on PID 21 and PID 24,
respectively. These post-injection day times were
chosen because pain behaviors were stabilized at week
4; there was no difference in all nociceptive behavior
indices measured between week 3 and week 4. In
addition, since OF and EZM-induced anxieties are
based on exposure to novel stimuli, to reduce the
influence of one assay measurement on another assay
measurement, a 3-day wash-out period was used. To
determine the correlation of anxiety-like behaviors and
nociceptive behaviors, the same set of cancer mice was
then tested with paw withdrawal and tail flick assays on
PID 27. The facial von Frey assay was conducted on
PID 28 in the morning and the dolognawmeter at night.
Two mice in the cancer group died before nociceptive
behavior could be measured.

Animal set 4: Normal BALB/c albino mice were
injected with either cancer supernatant (n = 16) or
culture medium (n = 15) into the tongue and the
animals were tested for anxiety-like behavior in the EZM
assay one hour after anesthesia and supernatant
injection. Due to the short-lasting effect of HSC-3
supernatant, and the two anxiety-like behavior assays
cannot be tested within the same day, only the EZM
assay was used.

Animal set 5: On PID 21 the group of BALB/c nude
mice with tongue cancer were treated intrathecally with
the opioid receptor agonists for MOR, DOR, KOR and
vehicle (n =8 per group) and compared with mice
without cancer (n = 8). Mice were evaluated with paw
and tail withdrawal assays one hour after opioid
receptor agonist treatment.

Animal set 6: On PID 21 tongue cancer mice were
treated intrathecally with the opioid receptor agonists for
MOR, DOR, KOR and vehicle (n = 8 per group) and
tested in the OF one hour after drug injection. Normal
mice without cancer (n = 8) were administered
intrathecal injection of PBS.

Animal set 7: On PID 24 another group of tongue
cancer mice were treated intrathecally with the opioid
receptor agonists for MOR, DOR, KOR and vehicle
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(n = 8 per group) and were tested in the EZM one hour
after drug injection. Normal mice without cancer (n = 8)
were administered intrathecal injection of PBS.

Animal set 8: To quantify protein levels of MOR, DOR,
KOR, 5 tongue cancer and 4 sham mice were euthanized
at week 4. Spinal cords at the L4-5 region were surgically
removed and snap frozen in liquid nitrogen for protein
extraction.

Animal set 9: HSC-3 supernatant or DMEM was
injected into the tongue of BALB/c albino mice,
supernatant injected (n = 6) or DMEM injected (n = 6)
mice were tested in the dolognawmeter.

Animal set 10: MOR, DOR, KOR agonist or vehicle
was injected intrathecally in naive BALB/c nude mice.
Paw withdrawal and tail flick assays were performed
following drug treatment (n = 5 per group).

Chronic cancer pain model. We produced a chronic
cancer pain model by injecting HSC-3 cells into the
tongues of BALB/c nude mice as previously reported
(Ye et al., 2011). Fifty ul of 10° HSC-3 cells in a DMEM
and Matrigel™ mixture (Becton Dickinson & Co., Franklin
Lakes, NJ) was injected into the right side of tongue under
isoflurane anesthesia. The sham control group received
50 ul of vehicle alone (DMEM and Matrigel™ mixture) in
the tongue.

Acute cancer pain model. The acute cancer pain
model (injection of cancer supernatant into the mouse
tongue) allowed us to test whether cancer mediators
alone can produce anxiety, and whether acute cancer
pain differs from chronic cancer pain in producing
anxiety behavior. HSC-3 cell cultures were grown to
confluence and then further incubated in serum free
DMEM for 48 h prior to supernatant collection as we
previously described (Ye et al.,, 2012). Fifty ul of the
supernatant was injected into the tongue of mice under
isoflurane anesthesia. The sham control group received
50 ul of media incubated without cancer cells.

Nociceptive behavior measurements

Paw withdrawal assay. Paw withdrawal thresholds
were measured using an electronic von Frey
anesthesiometer (lITC Life Science, Woodland Hills,
CA). Animals were placed separately into acrylic boxes
with wire-mesh floor and were allowed to acclimate for
30 min. The mechanical stimulation was applied to the
mouse right hind paw. Withdrawal threshold was defined
as the minimally sufficient force (gram-force) required to
elicit withdrawal response. The mean of six
measurements taken for each animal was used as the
respective threshold.

Tail pinch assay. Each mouse was placed into an
individual mouse restrainer with the tail positioned
outside the enclosure; mice were allowed to acclimate
for 10—-15 min. A tail pincher (#2455, IITC Life Science,
Woodland Hills, CA) was applied to the tail 1 cm from
the tip. Data were recorded once a clear tail flick was

observed. The mean of 5 measurements was used as
the threshold for each animal.

Facial von Frey. Each animal was placed into
customized restrainers; the head of the mice remained
outside the restrainer. Mice were allowed to acclimate
for 10—15 min (Romero-Reyes and Ye, 2013; Ono et al.,
2015). Mechanical sensitivity was determined with a
graded series of eight von Frey filaments (0.07—4.00
grams, Stoelting, Wood Dale, IL, USA) applied to the mice
right vibrissa. The force generated by the most flexible fil-
ament that produced a brisk head withdrawal upon
mechanical stimulation was considered to be the
response threshold (Romero-Reyes and Ye, 2013; Ono
et al., 2015). Withdrawal threshold was expressed in
gram-force.

Gnawing assay. The dolognawmeter assay is a
validated instrument for quantifying oral function and
orofacial nociception in mice (Dolan et al., 2010; Ye
et al.,, 2011). In the dolognawmeter, each mouse was
placed into a confinement tube with 2 obstructing dowels
in series. Each obstructing dowel is connected to a retrac-
tion spring and digital timer. When the gnawing of the
mouse severs the dowel, the timer automatically records
the duration of time required to accomplish the gnawing
task. To acclimatize the mice and improve consistency
in gnawing duration, all mice were trained for at least 10
sessions to establish a stable baseline gnaw-time value.
Baseline gnaw-time was established as the mean gnaw-
time over three sessions for each mouse. Mice were sub-
sequently inoculated with cancer cells. A cut-off time of
12 h was used. We infer greater orofacial nociception in
mice that exhibit gnaw-times greater than baselines
values.

Anxiety-like behavior

Open field (OF). The open field test of locomotion and
anxiety (Stoelting Co., Wood Dale, IL) was performed
under dim light (30 lux). Mice were allowed to freely
explore for 30 min inside the apparatus chamber
measuring 40 x 40 cm, containing an outer zone (10 cm
from the walls) and a square open center zone
(20cm x 20 cm). Activity was video recorded and
analyzed using the ANY-maze software (Stoelting Co.,
Wood Dale, IL). Distance traveled was used as the
measure of locomotor activity; time spent in the center
zone was used as the measure of anxiety; we infer that
there is less anxiety in animals that spend greater time
in the center zone (Urban et al., 2011).

Elevated zero maze (EZM). Mice were tested with the
EZM apparatus (Stoelting Co., Wood Dale, IL) under dim
light (15 lux). Mice were placed within the enclosed area
of the maze. Activity was recorded for 10 min by a video
camera mounted above the maze. Time spent in the
open arm was later scored and used to quantify anxiety
level (Urban et al., 2011).
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Measurement of defecation. Quantification of fecal
boluses has been proposed as a method to characterize
levels of anxiety (Kalueff and Tuohimaa, 2004). After
behavior was measured in the OF and EZM assays, the
quantity of individual fecal boluses found in the assay
devices was recorded for each mouse as an additional
indicator of anxiety-like behaviors.

C-Fos staining. C-Fos is a commonly used marker of
neuronal activity. Mice brains were removed, fixed in 4%
PFA and cryoprotected in 25% sucrose. Frozen brains
were cut into 20-pm-thick coronal sections using a Leica
cryostat CM3050 and incubated in 0.3% H>O,. Sections
were blocked and incubated with c-Fos primary antibody
(Calbiochem, 1:4000) overnight at 4 °C followed by 2-h
incubation at room temperature in biotinylated goat anti-
rabbit secondary antibody (Vector Laboratories, 1:500).
The primary-secondary complex was mixed with avidin—
biotinylated enzyme  complex/3,3'-diaminobenzidine
techniques (Elite ABC/DAB Kit; Vector Laboratories,
Burlingame, CA). C-Fos immunoreactivity was counted
by two observers blinded to the group assignment using
NIH Image J software. The brain regions were identified
anatomically in accordance with a stereotaxic mouse
brain atlas (Paxinos and Franklin, 2008). Expression of
c-Fos was assessed in the following anxiety-related brain
regions: bed nucleus of stria terminalis (BNST, bregma
+0.38 mm to +0.14 mm); medial amygdala (MeA) and
central amygdala (CeA) (bregma, —1.58 mm), and par-
aventricular nucleus of the hypothalamus (PVN, bregma
—0.82 mm).

Drug administration

Drugs employed in this study include [D-Ala2, N-MePhe4,
Gly-ol]-enkephalin (DAMGO, 0.05mg/kg) and (+)-4-
[(2R)-a-((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-met
hoxybenzyl]-N,N-diethylbenzamide (SNC80, 500 ng/kg)
from Tocris Bioscience (Ellisville, Ml), and Salvinorin A
(0.2mg/kg, Sigma, St. Louis, MO). SNC80, DAMGO,
and Salvinorin A are highly selective agonists for DOR,
MOR and KOR, respectively. Drug or vehicle (5 uL, 5%
DMSO in PBS) was administered intrathecally. Mice
were first anesthetized with 4% isoflurane, followed by
2% isoflurane administration through a nose cone during
the injection. A 10-ul Hamilton syringe with a 30g G
needle was inserted in between the groove of L5 and L6
vertebrae. The successful entry of the needle was
confirmed with a tail flick. The experimenter has
previously practiced this technique with fast blue
injection, to ensure the proper delivery of the solution
through intrathecal injection. Animals were allowed to
recover from anesthesia for one hour before proceeding
to either paw withdrawal, tail withdrawal, OF, or EZM
testing. Drug treatment and behavioral testing were
conducted at week 4 following HSC-3 inoculation.

Real-time PCR

Alumbar segment of the spinal cord (n = 6 from cancerand
n =6 from control) around L4-5 region was surgically
removed from each mouse and stored at -80°C until

further processing. Total RNA of each sample was
isolated with Qiagen DNA/RNA kit (Qiagen Inc., Valencia,
CA). Reverse transcription (RT) was carried out using
High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems Inc., Foster City, CA) on the Biometra
thermocyler. All qPCR assays were performed with
Tagman gene expression assay kit (Applied Biosystems
Inc.). Cycling conditions consisted of 1 cycle of 50 °C for
2 min followed by 95 °C for 10 min, and then 40 cycles of
95°C for 15s followed by 60°C for 1min. The
housekeeping gene B-actin (ACTB) was chosen as the
internal control. Relative quantification analysis of gene
expression data was conducted according to the 2-AACT
method.

Protein quantification

For MOR, DOR, KOR protein quantification, a lumbar
segment of the spinal cord around L4-5 region and
brainstem (n =5 from cancer and n =4 from sham
control) were surgically removed. The isolated tissue
samples were mechanically homogenized in ice-cold
RIPA buffer (Thermofisher Scientific, Waltham, MA) with
10% protease inhibitor cocktail (Thermofisher Scientific,
Waltham, MA). Homogenates were centrifuged at
13,000g for 10min at 4°C. The supernatant was
collected and stored at —80 °C. Protein concentrations
of the homogenate were determined using BCA protein
assay kit (Thermofisher Scientific, Waltham, MA). For
the Western Blot analysis 20 pg of protein extract was
fractionated on a 12% Mini-Protean TGX gel (Bio—Rad)
and transferred onto nitrocellulose membrane (Thermo
Fisher Scientific). Membranes were blocked for 1 h with
5% non-fat milk in PBS containing 0.1% Tween-20, and
then incubated overnight at 4°C at a 1:1000 dilution
with either anti-DOR (Abcam, ab176324), anti-KOR
(Santa Cruz Biotechnology, sc-9112), Anti-MOR
(Abcam, ab10275) or anti-GAPDH antibody (Cell
Signaling, 2118). HRP-conjugated goat anti-rabbit IgG
(Santa Cruz Biotechnology, sc-2030) was used as the
secondary antibody at a 1:5000 dilution. The signal was
detected by Clarity Western ECL Substrate (Bio-Rad)
and analyzed using ChemiDoc MP Imaging System with
Image Lab Software (Bio-Rad).

Statistical analysis

GraphPad Prism 5 was used to perform the statistical
analysis. Data were checked for normal distributions
using D’Agostino & Pearson omnibus normality test.
Student’'s t-test or Mann—-Whitney U-test assuming
unequal variances was used to compare two groups
depending on data normality. Two-way Analysis of
Variance (ANOVA) was used to examine the interaction
between time and treatment, followed by post hoc
Sidak’s multiple comparison for the main treatment
effect. One-way ANOVA with a Tukey’s multiple
comparisons post hoc test was used to compare
multiple groups, and simple linear regression analysis
was used to determine the correlation between
nociceptive behaviors (as measured by paw and facial
withdrawal thresholds, gnaw-time) and anxiety-like
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Fig. 1. SCC mice exhibited local and widespread nociception. (A) Mice with tongue cancer (n = 6)
required significantly more time to complete the gnawing task in the dolognawmeter compared to
the sham mice (n = 6) measured at PID weeks 3, and 4. Interaction: F(4, 50) = 4.689, p < 0.01;
time factor: F(4, 50) = 5.640, p < 0.001; group factor: F(1, 50) = 26.86, p < 10~*. Post-hoc
analysis for the time effect only detected significant difference in gnaw time at weeks 2, 3, 4
compared to baseline and week 1 in tongue cancer mice; no difference in gnaw time was detected
among the week 2, week 3 and week 4 in the tongue cancer group. (B) Mice with tongue cancer
(n = 6) exhibited a lower mechanical threshold in the face compared to the sham mice (n = 6)
measured at weeks 2, 3, and 4 following cancer inoculation. Interaction: F(4, 50) = 3.586,
p < 0.05; time factor: F(4, 50) = 2.325, p = 0.08; group factor: F(1, 50) = 22.48, p < 0.001 (C)
Mice with tongue cancer (n = 10) exhibited a lower paw withdrawal threshold at week 3 and week
4 compared to sham mice (n = 10). Interaction: F(4, 50) = 3.586, p < 0.05; time factor: F(4, 90)
= 1.668, p = 0.17; group factor: F(1, 90) = 8.522, p < 0.01 (D) Mice with tongue cancer (n = 10)
exhibited a significantly lower tail pinch threshold at weeks 2, 3, and 4 compared to sham mice
(n = 10). Interaction: F(4, 90) = 3.152, p < 0.05; time factor: F(4, 90) = 5.344, p < 0.001; group
factor: F(1, 90) = 27.81, p < 10~*. Post-hoc analyses for the time effect detected a significant
difference in gnaw time at weeks 2, 3, and 4 compared to baseline in tongue cancer mice. No
difference in gnaw time was detected among weeks 2, 3 and 4 in the tongue cancer group.
"p < 0.05, "p < 0.01, “p < 0.001, cancer and sham control, two-way ANOVA followed by post
hoc Sidak’s multiple comparisons for the group effect.

behaviors (as measured in the OF and EZM). The

von Frey filaments on a weekly basis
for 4 weeks. The second set of mice
included 10 animals with tongue
cancer and 10 sham mice. Paw and
tail  withdrawal were assessed
following the same testing regimen
employed on the first set of animals.

Consistent with  our previous
findings (Ye et al., 2011), mice with
tongue cancer exhibited greater
gnaw-time compared to sham mice
(Fig. 1A). The gnaw-time in tongue
cancer mice was significantly
increased at week 3 ({10) = 4.29,
p < 0.001) and week 4 ({10)
=480, p < 0.001) compared to
sham mice. We infer cancer-induced
mechanical allodynia from this find-
ing. The mechanical threshold of von
Frey filament stimulation in the facial
region was lower at week 2 (£10)
= 3.13, p < 0.01), week 3 (#(10)
= 3.59, p < 0.01), and persisted into
week 4 (t#(10) = 3.71, p < 0.01) in
mice with tongue cancer compared
to sham mice (Fig. 1B). Mice with ton-
gue cancer exhibited lower mechani-
cal von Frey thresholds in the right
hind paw compared to sham mice at

week 3 (Fig. 1C, t(18) = 2.64,
p < 0.05) and week 4 (Fig. 1C, £(18)
=3.20, p <0.01). Mechanical

thresholds in the tail of mice with ton-
gue cancer were lower compared to
sham mice at week 2 ({18) = 4.18,
p < 0.001), week 3 (#(18) = 3.26,
p < 0.01), and week 4 (Fig.1D, t
(18) = 3.08, p < 0.05).

Oral cancer mice did not exhibit
increased anxiety-like behavior

Both sham mice (n = 21) and cancer
mice (n = 20) exhibited large
variation in anxiety-like behaviors in

threshold for statistically significant differences was
p < 0.05. Results were presented as mean + standard
error of the mean (SEM).

RESULTS

Oral cancer caused both local and widespread
nociceptive behavior

To preclude physical exhaustion from multiple
measurement regimens at the same time point, we used
two sets of mice to measure nociceptive behaviors. The
first set of BALB/c nude mice with tongue cancer
(n = 6) and sham mice (n = 6) were trained in the
dolognawmeter and tested with facial von Frey filaments
before HSC-3 inoculation (post-inoculation day, PID 0).
Mice were tested in the dolognawmeter and with facial

the OF assay at week 4 (Fig. 2A-B). Distance traveled
(Fig. 2C, #(39) = 1.577, p = 0.12) and time spent in the
inner zone (Fig. 2D, #39) = 0.37, p = 0.72) were not
statistically different between cancer and sham mice in
the OF assay There was no difference in time spent in
the open arms in the EZM assay between cancer and
control mice at week 4 (Fig. 2E, #39) = 1.35, p = 0.19).
These observations accord with defecation
measurements. The number of fecal boluses did not
differ statistically between sham and cancer mice in the
OF (Fig. 3A, #39) = 0.46, p = 0.65) or the EZM assay

(Fig. 3B, #39) = 1.12, p = 0.27). Mice with tongue
cancer lost weight while sham mice gained weight
relative to their baseline (Fig.3C, £(39) = 11.56,
p < 1074).

We collected mouse brains for c-Fos staining.
Consistent with behavioral data, c-Fos expression did
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A B lasts for several hours (Ye et al,
2012). We reconfirmed in a separate
set of BALB/c mice that HSC-3 super-
natant injection into the tongue
induced acute nociception (Fig. 2F,
U=0, p<0.01). Thirty minutes
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G @300 behavior in cancer mice. Using linear
» 7 um .
£ 550 . regression analyses we sought to
520(} 5 n determine whether high levels of
2 150 o - nociception predict higher anxiety
o100 ooP —_— levels in cancer mice. After the OF
S 50l o0 g and EZM assays at week 4, mice
S 04 Coooo el were tested with the facial von Frey
ig.so assay, paw withdrawal assay, and

Control Cancers'upernatant

Fig. 2. SCC mice and sham mice showed no difference in behaviors measured by OF and EZM.

dolognawmeter. No correlation
between nociceptive behavior and

(A) Tracing example of a mouse with tongue cancer that stayed in the inner zone for an extended ~ anxiety-like behavior was observed
duration while another mouse with tongue cancer remained in the inner zone of the OF for a short  in any of the assays: paw withdrawal
period of time. (B) Tracing example of a sham mouse that spent an extended period of time in the  threshold and time in the inner zone
inner zone while another shal‘n mouse spent |Itt|.e time [1 the inner zone of the OF. (C) Thg d_|_stance of the OF (Fig.5A, P = 0.00,
traveled by cancer mice (n = 20) and sham mice (n = 21) in the OF assay was not significantly . .

different. (D) Time spent in the inner zone of the OF was not different between the cancer and p = 0.84); paw threshold and time in

sham mice. (E) No significant difference was observed in mice with tongue cancer compared to open arms in EZM

(Fig. 5B,

sham mice in the EZM. (F) Gnaw-time was significantly increased in mice injected with cancer /2 = 0.06, p = 0.32); face threshold
supernatant into the tongue (n = 6) compared to vehicle-injected mice (n = 6) (G) No difference in and time in the inner zone of the OF
time spent in open arms was observed between cancer supz*ernatant (n = 16) and vehicle-injected (Fig 5C ,2 =012 p= 0 15)_ face

mice (n = 15). Student’s t-test and Mann-Whitney U-test. "'p < 0.001.

not differ significantly between cancer (n = 8) and sham
mice (n = 8) in the four anxiety-related brain areas we
analyzed: BNST, cancer (21.16 + 7.0 cells) and sham
(15.06 + 2.3 cells) (Fig. 4A, #8.56) = 0.82, p = 0.43);
MeA, cancer (24.85 + 7.1 cells) and sham (19.25 + 4.5
cells) (Fig. 4B, t(14) = 0.66, p = 0.52); CeA, cancer
(1212 £ 5.8 cells) and sham (11.08 + 3.8 cells)
(Fig. 4C, t(14) = 0.15, p = 0.88); PVN, cancer (29.08
+ 10.7 cells) and sham (20.66 + 6.1 cells) (Fig. 4D, t
(14) = 0.68, p = 0.51).

To determine whether the lack of change in anxiety-
like behaviors in cancer mice is due to adaptation to
ongoing nociception and cancer growth, we tested
anxiety-like behaviors in an acute (i.e., cancer
supernatant injection) cancer pain model. Cancer
supernatant is known to cause acute nociception that

threshold and time in open arms in

EZM (Fig. 5D, 2 = 0.09, p = 0.22);

gnaw-time in the dolognawmeter and

time in the inner zone of the OF
(Fig. 5E, = 0.18, p = 0.08); and gnaw-time in the
dolognawmeter and time in open arms in EZM (Fig. 5F,
7 = 0.05, p = 0.38).

Spinal opioid receptor subtypes modulate cancer-
induced global nociception but not anxiety-like
behavior

To determine whether oral cancer affects expression
levels of opioid receptors in the spinal cord, the lumbar
segments of the spinal cord were collected at week 4
for mRNA and protein quantification. The DOR mRNA
was significantly down regulated in the spinal cord of
mice with tongue cancer (n = 6) compared to sham
mice (n = 6; Fig. 6A, U =1, p < 0.01). No statistically
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Fig. 4. Oral cancer and sham mice did not differ in c-Fos immunopositivity in anxiety-associated
brain areas. (A-D) c-Fos immunopositivity was not different in the BNST, MeA, CeA, and PVN
between mice with tongue cancer (n = 8) and sham mice (n = 8). Student’s t-test.

significant differences were found in MOR (Fig. 6A,

(Fig.6B, U=10, p<0.05 were
significantly reduced in the spinal
cord of mice with tongue cancer
(n =15) compared to sham mice
(n = 4). No difference was found for
KOR protein expression in the spinal
cord between mice with tongue
cancer and sham mice (Fig. 6B,
U =8, p=0.67).

Protein quantification of opioid
receptors in the brainstems
revealed that both MOR (Fig. 6C,
U=1, p < 0.05) and KOR
protein expression (Fig.6C, U =1,
p < 0.05) were significantly reduced
in mice with tongue cancer (n = 5)
compared to sham mice (n = 4). No
difference was found for DOR protein
expression in the brainstem between
mice with tongue cancer and sham
mice (Fig. 6C, U = 7, p = 0.88).

Because functional changes in
opioid receptors could also exist in
cancer mice, we injected selective
opioid receptor agonists intrathecally
to determine the differential effect of
MOR, DOR, and KOR on
generalized nociception and anxiety-
like behaviors (n = 8 per group). We
found that the DOR agonist SNC80
significantly ~ attenuated  cancer-
induced mechanical hypersensitivity
in the tail (Fig. 7A, q(4,35) = 6.62,
p < 107%) and the paw (Fig. 7B, q
(4,35) = p < 107%). Similarly, KOR
agonist Salvinorin A also reduced
cancer-induced mechanical
hypersensitivity in the tail (Fig. 7A, q
(4,35) = 10.41, p < 107%) and the
paw (Fig. 7B, q(4,35) = 4.04,
p < 0.001). MOR agonist DAMGO
significantly reversed mechanical
allodynia in the paw (Fig.7B, q
(4,35) = 2.91, p < 0.05), while it
had no effect on tail withdrawal
thresholds (Fig. 7A, q (4,35) = 1.29,
p =0.29). The same treatment
regimen of DOR, KOR, and MOR
agonists had no significant effect on
anxiety-like behavior in either sham
mice or vehicle-treated cancer mice,
as measured by distance traveled
(Fig. 7C, F(4,35) = 0.46, p = 0.76),
or time spent in the inner zone of the
OF (Fig. 7D, F(4,35) = 1.15,
p=035), and EZM assays
(Fig. 7E, F(4,35) = 0.46, p = 0.76)

U=12, p=0.37) or KOR mRNA (Fig.6A, U= 12, at week 4. None of these agonists had an effect on tail

p = 0.23) expression levels in the spinal cord between
mice with tongue cancer and sham mice. Both DOR

flick and paw withdrawal thresholds in naive mice when
injected intrathecally (Fig. 7F, n = 5 per group, two-way

(Fig. 6B, U = 0, p < 0.05) and MOR protein expression ANOVA, p > 0.05).



Y. Ye et al. /Neuroscience 363 (2017) 50-61 57

A B study we demonstrated that mice with
B 3.0 ﬁ:g.gg B 3.0 g;g_gg tongue cancer exhibited cpmpromisgd
3 o . ’ 3 K oral functlon_ (gnawing), faC|_aI allodynia,
§ .- . . § - . . paw allodynia, as well as tail hyperalge-
- £ sia to mechanical stimulation. The
- L] - ° . .
S Py a S P~ ° o behavioral changes that we observed in
g o o ‘e ° 8 50l '8\ oral cancer mice accord with clinical
5 2.0 R o 5201 o .
§ . ° "E . data. Most patients referred for cancer-
5“ ° 3 s . related symptom ma_magem_en_t exhit_>it
® %0 0_ 50 100 150 200 250 .50 0 50 100 150 200 250 300 350 2t least two anatomically distinct pain
C Time in the Inner Zone (s) D Time in Open Arms (s) sites and more than 40% experience
S 56 G55 - pain at four or more sites (Twycross
5 Eoolz m . 52095 and Fairfield, 1982). Patients with non-
g 5 ’ £ 259 cancer pain in the orofacial region fre-
£ 209 . 2201 ° quently report widespread pain (Sipila
5 157 s 157 et al., 2006; Chen et al., 2012; Slade
§ 101 e . 510{ eoo et al., 2013). Taken together, our results
E 0.5 N E 05{ ¢ T——o  ° confirm the presence of widespread
2 0.0- bt *C 0t . ; 00{ © e * nociceptive behavior in our mouse mod-
,5,_‘3- 5 T T T T . £-05 — els. Several possible mechanisms could
50 0 50 100 150 200 250 50 0 50 100 150 200 250 300 350  pe responsible for the observed behav-
e RiCekmsusome c) Timsinthe open ammsi(s) ioral changes including psychological
E15_ 2=048 2 15- ﬁ:gé’g comorbidities such as anxiety (Gameiro
m P=008 @ . et al., 2006; Imbe et al., 2006; Crettaz
3 @ oo o _§ @ o . . et al., 2013); endogenous inhibitory
< 10 3 107 and/or facilitatory nociceptive pathways
£ E / (Basbaum and Fields, 1984; Ossipov
2 &l g 5 et al., 2010); and/or elevated levels of
§ R o g .o circulating pro-inflammatory cytokines
o S T . o S . (Sommer et al., 2008; Slade et al.,
50 0 50 100 150 200 250 %50 © 50 100 180 200 250 300 350 201 1)-

Time in the inner zone (s)

Time in the open arms (s)

We next examined the relationship
between nociception and anxiety in the

Fig. 5. Nociceptive behaviors did not correlate with behaviors measured in the OF or EZM. (A) setting of cancer. Despite a well-known

Paw withdrawal thresholds are not correlated with time spent in the inner zone of the OF in
mice with tongue cancer (n = 18). (B) Paw withdrawal thresholds are not correlated with time

reciprocal effect between pain and

spent in open arms of the EZM in mice with tongue cancer (n = 18). (C) Face withdrawal .anXiety. in non-cancer StUdieS: th_e
thresholds are not correlated with time in the inner zone of the OF in mice with tongue cancer  interaction between pain and anxiety in
(n = 18). (D) Face withdrawal thresholds are not correlated with time spent in the open arms of  the context of cancer remains elusive.

the EZM in mice with tongue cancer (n = 18). (E) Gnaw-time is not correlated with time spent
in the inner zone of the OF in mice with tongue cancer (n = 18). (F) Gnaw-time is not
correlated with time spent in the open arms of the EZM in mice with tongue cancer (n = 18).

Linear regression.

DISCUSSION

We demonstrated oral cancer induced nociception at the
primary site and heterosegmental body regions (allodynia
in the paw and hyperalgesia in the tail). Neither acute nor
chronic cancer pain increased anxiety-like behavior in
mice. Opioid agonists produced significant analgesia to
widespread nociception, but did not affect anxiety-like
behavior in oral cancer mice.

Pain is a clinically significant symptom in patients with
oral cancer. These patients generally report pain as the
most severe symptom and pain significantly impairs oral
function (Hammerlid et al., 2001; Epstein et al., 2007;
Viet and Schmidt, 2012). Studies have begun to reveal
the peripheral mechanisms of oral cancer pain (Ye
et al.,, 2011; Viet and Schmidt, 2012); however, it is
unknown whether oral cancer causes changes in the cen-
tral pathways leading to generalized pain. In the present

The prevalence of anxiety in cancer
patients varies from 1 to 49% (Linden
et al., 2012); most studies utilize small
sample size. In three relatively large
cohorts of patients with head and neck
cancer (n > 300), the prevalence of anx-
iety was similar or only slightly higher than that in the gen-
eral population (Hammerlid et al., 1999; Brintzenhofe-
Szoc et al., 2009; Brown et al., 2010; Mitchell et al.,
2011; Linden et al., 2012), despite the high prevalence
of pain in this population. Meta-analyses of symptom clus-
ter studies failed to demonstrate a symptom cluster of
pain and anxiety (Fan et al., 2007; Aktas et al., 2010).
While pain, fatigue, and insomnia have a higher tendency
to cluster, anxiety and depression tend to form a separate
cluster (Aktas et al., 2010). Nevertheless, oral cancer is
associated with relatively high rates of pain and anxiety
compared to other cancer types and co-existence of pain
and anxiety presage poor outcome in cancer patients
(Haman, 2008; Brintzenhofe-Szoc et al., 2009; Brown
et al., 2010; Fischer et al., 2010). Widespread pain result-
ing from chronic local pain is postulated as a predictor for
psychological stress including anxiety (Kadam et al,
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Fig. 6. Cancer mice exhibited decreased opioid receptor expression in the spinal cord and brainstem. (A) DOR mRNA expression in the spinal cord
of mice with tongue cancer (n = 6) was significantly decreased compared to sham mice (n = 6). MOR or KOR mRNA expression in the spinal cord
of mice with tongue cancer was not different from sham mice. (B) DOR and MOR protein expression in the spinal cord of mice with tongue cancer
(n = 5) were significantly decreased compared to sham mice (n = 4). (C) MOR and DOR protein expression in the brainstem of mice with tongue
cancer (n = 5) were significantly decreased compared to sham mice (n = 4). No differencg was detected for DOR in the brainstem of mice with

tongue cancer (n = 5) compared to sham mice (n = 4). Mann-Whitney U-test. p < 0.05; p < 0.01.

2005; Curatolo et al., 2006). In our model, mice with ton- studies) suggest that cancer pain is independent of anxi-
gue cancer did not exhibit increased anxiety-like behavior ety and that central sensitization (manifest as widespread
as measured by open field, elevated maze, defecation, or pain) does not necessarily cause anxiety.

c-Fos expression in anxiety-associated brain regions We expected that variations in nociceptive behavior
despite significant nociception, tumor growth, and weight might contribute to variations in anxiety-like behaviors;
loss. Our results (along with several symptom cluster however we found that none of the nociceptive
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Fig. 7. Opioid agonists administered into the spinal cord inhibited widespread nociception but did not change anxiety-like behaviors. (A) SNC80
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mice (n = 8), while DAMGO (n = 8) had no effect. One-way ANOVA: F(4, 35) = 3.58; posthoc Tukey’s tests: ¢ = 4.49, p < 10~*, PBS vs. control;
g =6.62,p <10 PBSvs. SNC80; g = 10.41, p < 10~* PBS vs. Salvinorin A. (B) SNC80, DAMGO, and Salvinorin A increased paw withdrawal
thresholds of mice with tongue cancer compared to vehicle-treated mice with tongue cancer. One-way ANOVA: F(4,35) = 10.37, p < 0.0001;
posthoc Tukey'’s tests: g = 3.85, p < 0.01, control vs. PBS; g = 6.30, p < 10~*, PBS vs. SNC80; q = 2.91, p < 0.05, PBS vs. DAMGO; q = 4.04,
p < 0.001, PBS vs. Salvinorin A. (C) Sham (n = 8), and cancer mice treated with vehicle (n = 8), SNC80 (n = 8), DAMGO (n = 8), and Salvinorin
A (n = 8) undertook comparable travel as measured in the OF assay. One-Way ANOVA: F(4, 35) = 0.46, p = 0.76. (D) No significant difference
was found in time spent in the inner zone of the OF among sham mice with no cancer, or mice with tongue cancer exposed to different treatments.
One-way ANOVA: F(4, 35) = 1.15, p = 0.35. (E) No significant difference was found in time spent in the open arms of the EZM among sham mice
with no cancer, or mice with tongue cancer with different treatments. One-way ANOVA: F(4, 35) = 0.46, p = 0.76. (F) No significant difference was
found for either tail withdrawal thresholds in naive mice before and after intrathecal injection of vehicle (n = 5), SNC80 (n = 5), DAMGO (n = 5), or
Salvinorin A (n = 5). Interaction: F(3, 32) = 0.59, p = 0.63; time factor: F(1, 32) = 0.01, p = 0.92; group factor: F(3, 32) = 1.49, p = 0.24. No
significant difference was found for either paw withdrawal thresholds in naive mice before and after intrathecal injection of vehicle (n = 5), SNC80
(n = 5), DAMGO (n = 5), or Salvinorin A (n = 5). Interaction: F(3, 32) = 0.16, p = 0.92; time factor: F(1, 32) = 1.52, p = 0.23; group factor: F(3,

32) = 0.12, p = 0.95. Two-way ANOVA. p < 0.05; “p < 0.01, "p < 0.001, ""p < 107“.

behavioral indices were associated with anxiety-like et al., 2011). Female animals exhibit higher anxiety levels
behaviors. In a recent study examining heat compared to males (Belviranli et al., 2012; Simpson and
hyperalgesia and anxiety-like behaviors in male rats with Kelly, 2012). Our female BALB/c mice might be close to
facial cancer, the authors found that cancer rats their physiological plateau for anxiety prior to induction
exhibited both heat hypersensitivity and increased of cancer. If a floor effect is present in the animal’s base-
anxiety-like behavior, but relief from heat hyperalgesia line anxiety level, the OF or EZM assays might not be
did not affect anxiety-like behaviors and vice versa sensitive enough to detect differences in anxiety between
(Gambeta et al., 2016). Their findings suggest that pain the cancer and sham control mice. A larger sample size
and anxiety develop with distinct mechanisms and might be required to detect these differences. Neverthe-
anxiety-like behaviors might be species, strain or sex spe- less, our findings are consistent with previous studies of
cific. For example, BALB/c mice show higher levels of mice with inflammatory pain (Urban et al., 2011) and

anxiety-like behaviors compared to C57BL/6J mice (An nerve injury pain (Hasnie et al., 2007; Urban et al.,
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2011): i.e., no significant differences were observed in
anxiety-like behaviors measured in the OF or EZM
between the pain versus pain-free groups.

Previously we demonstrated that specific opioid
receptor subtypes differ in their effect on cancer pain at
the primary site (Ye et al., 2012). In the current study
we sought to determine whether opioid agonists could
modify widespread nociception induced by cancer.
MOR, DOR, and KOR are expressed extensively in the
central nervous system as well as in the periphery
(Fields, 2004; Ossipov et al., 2010). The opioid receptor
subtypes are part of the local inhibitory neurotransmitter
systems that modulate excitability of the primary sensory
neurons (Inturrisi, 2002). Opioid receptors are also
involved in inhibitory signaling in the dorsal horn of the
spinal cord and in “top-down” descending modulation
(Basbaum and Fields, 1984). Attenuation of inhibitory
nociceptive control induced by cancer could lead to
greater local nociception and widespread nociception.
Our results in a mouse tongue cancer model demonstrate
that opioid receptors in the spinal cord are responsible for
changes in nociceptive behaviors measured in the paw
and the tail. We found that agonists targeting the three
types of opioid receptor subtypes reduce cancer-
induced widespread nociception. The absence of an
anti-nociceptive effect (quantified through tail withdrawal
behavior) from DAMGO in cancer mice is probably due
to regional differences in MOR expression or function. In
addition, DOR mRNA is down regulated and protein levels
of both DOR and MOR are significantly reduced in the
spinal cords of cancer mice. Other than changes in
expression levels, cancer might induce changes in opioid
receptor phosphorylation, sensitization, and turnover
(Ossipov et al., 2000, 2010; Williams et al., 2013). Our
group previously reported that the MOR gene is methy-
lated and down regulated in cancer and associated neu-
ronal tissues (Viet et al., 2014).

In addition to its role in the generation of pain and
analgesia, the opioid system also plays a role in neural
modulation of anxiety. Opioid receptors and their
endogenous ligands are expressed in brain structures
associated with anxiety (Colasanti et al., 2011). Endoge-
nous opioids are synthesized and released in response
to stress and anxiety (Colasanti et al., 2011). In preclinical
models, opioid agonists produce anxiolysis while opioid
antagonists produce anxiety. Similarly, clinical studies
demonstrate that activation of the opioid system leads to
anxiolysis in healthy subjects and in patients with anxiety
disorders (Colasanti et al., 2011). In our study, MOR,
DOR, and KOR agonists (at a dose that reversed wide-
spread nociception) did not significantly change anxiety-
like behavior in mice with cancer; however we observed
a trend that might indicate an anxiolytic effect from these
agonists. Depending on the dosage, opioid receptor ago-
nists can produce anxiety, anxiolysis, or have no effect
(Colasanti et al., 2011); accordingly, it is possible that
higher doses are needed to exert an anxiolytic effect in
our model.

Our findings demonstrate that cancer mice develop
widespread nociception in addition to nociception at the
tumor site. Reduced opioid tone in the CNS might

explain widespread nociception in our oral cancer
mouse model. We found that cancer-induced
nociception does not contribute to anxiety-like
behaviors. Future studies are needed to evaluate
whether these findings are isolated to the sex, animal
strain, or the type of cancer model employed.
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