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Abstract

Cancer pain induced by pancreatic carcinoma is one of the most common symptoms and is difficult to endure, especially in the
advanced stage. Evidence suggests that mast cells are recruited and degranulate in enteric disease-related visceral hypersensi-
tivity. However, whether mast cells promote the visceral pain induced by pancreatic carcinoma remains unclear. Here, using
toluidine blue staining and western blotting, we observed that mast cells were dramatically recruited to tissues surrounding
pancreatic carcinoma, but not inside the carcinoma in patients with severe visceral pain. The levels of mast cell degranulation
products, including tryptase, histamine, and nerve growth factor, were significantly increased in pericarcinoma tissues relative to
their levels in normal controls, as evidenced by enzyme-linked immunosorbent assay. We determined that systemic administra-
tion of mast cell secretagogue compound 48/80 exacerbated pancreatic carcinoma-induced visceral hypersensitivity in a male
BALB/c nude mouse model as assessed by measuring the hunching behavior scores and mechanical withdrawal response
frequency evoked by von Frey stimulation. In contrast, the mast cell stabilizer ketotifen dose-dependently alleviated pancreatic
cancer pain. In addition, we observed incomplete development of abdominal mechanical hyperalgesia and hunching behavior in
mast cell-deficient mice with pancreatic carcinoma. However, ketotifen did not further attenuate visceral hypersensitivity in mast
cell-deficient mice with carcinoma. Finally, we confirmed that intraplantar injection of pericarcinoma supernatants from BALB/c
nude mice but not mast cell-deficient mice caused acute somatic nociception. In conclusion, our findings suggest that mast cells
contribute to pancreatic carcinoma-induced visceral hypersensitivity through enrichment and degranulation in pericarcinoma
tissues. The inhibition of mast cell degranulation may be a potential strategy for the therapeutic treatment of pancreatic
carcinoma-induced chronic visceral pain.
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Pancreatic cancer is a kind of malignant carcinoma of the
digestive system with poor prognosis. Pain is usually one of
the first symptoms in patients with pancreatic cancer. In the
advanced stage of pancreatic cancer, patient suffering involves
not only physical but also social, psychological, and spiritual
aspects. Some patients are more fearful of cancer pain than of
death. Therefore, relieving cancer pain has become an indis-
pensable part of pancreatic cancer treatment.

Currently, it is believed that a variety of factors are involved
in the generation of pancreatic cancer pain, but the exact
mechanisms are unclear. It is considered that pancreatic cancer
pain is a kind of distinct pain that manifests as chronic visceral
pain and is induced by the progressive growth and invasion of
pancreatic tumor cells (Bapat et al. 2011). Previous evidence
suggests that mast cells can be recruited by chemokines, in-
cluding adrenomedullin, C-C chemokine ligand 2, and
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hepatocyte cytokines and activated by mast cell activators
containing corticotrophin-releasing hormone, IL-1, and so-
matostatin, which are released by tumor cells (Theoharides
2008). Interestingly, a few studies found a potential correla-
tion between the activation of abundant mast cells and visceral
pain in irritable bowel syndrome (IBS), cystitis, complex re-
gional pain syndrome, and chronic pancreatitis (Bicer et al.
2015; Demir et al. 2013; Xu et al. 2017). Mast cells located
around nerve fibers usually interact with the nerve fibers by
releasing mediators such as nerve growth factors (NGFs), his-
tamine, and tryptase (Grundy 2004). Therefore, sensory fibers
innervating the visceral organs that transduce and transmit
nociceptive signals may be regulated and even activated by
the recruited mast cells after activation. Studies have shown
that the content of histamine and tryptase in colon biopsy
specimens is related to the extent of visceral hyperalgesia in
IBS mice (Buhner et al. 2009). In addition, mast cell-deficient
mice (MCD) exhibit blunted responses to abdominal mechan-
ical stimulation, making the contribution of mast cells in vis-
ceral hyperalgesia more convincing (Hoogerwerf et al. 2005).
It was reported that the number of mast cells in the pancreas
increased dramatically in patients with painful chronic pancre-
atitis but not in patients with painless pancreatitis (Hoogerwerf
et al. 2005). However, whether and how mast cells are in-
volved in pancreatic cancer pain is unclear.

Studies have shown that mast cells also have a tendency
for enrichment and activation in pancreatic cancer.
However, there is no clear relationship between pancreatic
cancer pain and tumor size and location (Longo et al.
2018). The occurrence and maintenance of pancreatic can-
cer pain may involve many factors, and dominant factors
remain unclear. Currently, the most widely studied path-
way pain in visceral pain is the NGF signaling pathway
(Matricon et al. 2013). The combination of NGF secreted
by mast cells with TrkA and/or p75 NTR on nerve fibers
directly activates and sensitizes sensory nerves near pan-
creatic tumors (Zhang et al. 2018). It was found that NGF
regulates the expression and function of transient receptor
potential vanilloid 1 (TRPV1, a nonselective cationic
channel), which activates the sensory nerves in mice with
chronic pancreatitis (Zhu et al. 2011). The activation of
TRPV1 results in the depolarization of neurons and the release
of calcitonin-related gene peptide (CGRP) and substance P
(SP), which send pain signals through the central nervous
system (Quartu et al. 2014). Although research on pancreatic
cancer pain mechanisms and their clinical treatment methods
is progressing, there are still many limitations. For example, it
is impossible to replicate the entire process of pancreatic can-
cer cell development, progression, and metastasis in animal
models; the localization of mast cells has not been clarified;
and basic research has not been effectively converted into
clinical applications. Therefore, research on pancreatic cancer
pain has progressed slowly.
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In this study, we speculate that mast cells are locally
recruited and activated by pancreatic carcinomas and re-
lease mediators such as tryptase, histamine, and NGF. To
this end, we first observed the distribution of mast cells in
pancreatic tumors and determined whether these cells were
related to the pain scores. Then, we investigated the key
role of mast cells underlying pancreatic cancer pain in
mouse models by using mast cell stabilizers and activators,
mast cell-deficient mice, etc.

Materials and Methods
Patients and Specimens

Pancreatic tumor tissues and peritumor tissues were obtained
from 9 patients who had mid-abdominal pain and were sched-
uled for pancreaticoduodenectomy or body-tail pancreatecto-
my (6 patients with pancreatic head adenocarcinoma and 3
patients with pancreatic body-tail carcinoma) at Eastern
Hepatobiliary Surgery Hospital between January 2015 and
January 2016. The 9 control patients were patients with com-
mon bile duct cancer, and their pancreatic tissues were used as
control specimens in this study. The study was approved by
the Ethical Committee of Eastern Hepatobiliary Surgery
Hospital, Second Military Medical University. Written in-
formed consent was obtained from all patients when they were
recruited. The data do not contain any information that could
identify the patients. The diagnosis of pancreatic carcinoma
was confirmed by pathology after surgery in all 9 patients. All
patients were assessed using a visual analogue scale (VAS)
before surgery. Clinicopathological characteristics are sum-
marized in supplemental Tables 1 and 2.

Animal

Clean healthy male C57/BL6 (2025 g) and athymic BALB/c
nude (20-25 g), a strain with a genetic mutation that causes a
deteriorated or absent thymus that increased the success rate of
orthotopic pancreatic cancer model without affecting the mast
cell, were provided by the animal center of Second Military
Medical University, China. Mast cell-deficient KiW-sh/W-sh
mice on a C57/BL6 genetic background were purchased from
The Jackson Laboratory (Bar Harbor, ME). Animals were
raised on a 12-h/12-h light/dark cycle in a temperature-
controlled room (22-25 °C) with water and food pellets avail-
able ad libitum. Group sizes were based on previous experi-
ence without a priori statistical power calculation. Mice were
randomly assigned to treatment groups. The animal use pro-
tocol was approved by the Institutional Animal Care and Use
Committee of Second Military Medical University. The pro-
cedures were consistent with the ethical guidelines of the
National Institutes of Health and the International
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Association for the Study of Pain. All of the experiments were
performed with double-blind methods.

Histological Evaluation

Specimens of pancreatic tumors, peripancreatic tumor tissues,
and normal pancreatic tissues were quickly fixed in a 4%
buffered formaldehyde solution. After dehydration, tissues
were embedded in paraffin and sectioned at a thickness of
4-5 um. After dewaxing with xylene, sections were stained
with hematoxylin and eosin (H&E) and toluidine blue accord-
ing to standard methods. Then, sections were sealed with neu-
tral resin and prepared for observation and imaging. Images
were acquired using a DXM1200 digital camera (Nikon,
Nikon Instruments, Diisseldorf, Germany) attached to an
Eclipse E600 optical microscope (Nikon, Nikon Instruments,
Diisseldorf, Germany) and imported to the computer.
Toluidine blue—stained mast cells were counted in 10 fields/
section and the histoarchitectural features were then defined.
Researchers performing cell counts remained blinded to the
tissue source.

Enzyme-Linked Immunosorbent Assay

Fresh specimens were cut into small pieces (1 mm®), rinsed in
saline, and incubated immediately in Hanks’ Balanced Salt
Solution (HBSS) (100 mg specimens in 2 ml HBSS) at
37 °C for 25 min. After incubation, the solutions used for
histamine determination were quickly heated to 95 °C to pre-
vent degradation by histaminase. All incubated solutions were
centrifuged (3000 rpm, 4 °C, 15 min), and supernatants were
collected and stored at — 80 °C until further use. For all exper-
iments, supernatant volumes were standardized to the weight
of the incubated specimens and not to the supernatant protein,
as the protein content was below the detection threshold in the
specimen supernatants.

The concentrations of tryptase, histamine, and NGF in hu-
man pancreatic carcinoma and normal pancreatic tissues were
measured by ELISA using ELISA kits (Shanghai Boyun Bio-
Technology Co., Ltd., Shanghai, China) for human tryptase,
histamine, and NGF. Each test was performed strictly in ac-
cordance with the manufacturer’s instructions.

Western Blotting

Protein extraction and western blot analysis were carried out
as described (Miao et al. 2017). Briefly, lysate was obtained
from specimens of pancreatic tumors and peripancreatic tumor
tissues. Specimens were ground using a low-speed tissue ho-
mogenizer. All operations were performed on ice.
Homogenates were centrifuged (12,000 rpm, 15 min, 4 °C),
and the supernatant was collected. The protein content was
measured with a BCA protein assay. Subsequently, protein

was denatured at 99 °C for 5 min. Equal amounts of protein
(30 pg/sample) were loaded onto sodium dodecyl sulfate-
polyacrylamide gels, electrophoresed, and transferred onto
polyvinylidene difluoride membranes. Membranes were incu-
bated overnight at 4 °C with mouse monoclonal anti--actin
antibody (1:3000, Abcam, ab5694) and rabbit monoclonal
anti-mast cell tryptase antibody (1:500, Abcam, ab151757),
followed by anti-mouse IgG-horseradish peroxidase (HRP)
(1:5000, Cell Signaling Technology, #7076) and anti-rabbit
IgG-HRP (1:5000, Cell Signaling Technology, #7074) anti-
bodies, respectively, for 2 h at room temperature. A chemilu-
minescence reagent kit (ECL, Bio-Rad, Hercules, CA, USA)
was used to detect the immunoreactive bands. Protein bands
were normalized to those of {3-actin. Image-Pro Plus 6.0 soft-
ware was used to quantitate the protein content.

The Mouse Model of Pancreatic Cancer

An orthotopic pancreatic cancer model was established by
using a human pancreatic cancer cell line (SW1990,
American Type Culture Collection, USA) as described previ-
ously (Wang et al. 2017). Briefly, BALB/c nude mice and
mast cell-deficient mice were anesthetized with sodium pen-
tobarbital (40 mg/kg) and fixed in the supine position. A 1 cm
incision was made in the left upper abdomen, and the pancreas
was exteriorized. A 20 pl volume of tumor cell solution was
injected into the head of the pancreas using a microsyringe.
Next, the pancreas was returned to the peritoneal cavity. The
abdomen (peritoneum and skin) was closed in layers. In sham-
operated mice, boiled SW1990 cells were injected.
Nociceptive testing was performed before and on 7 days,
14 days, and 21 days after injection of the SW1990 cells.

Behavior Tests
Abdominal Mechanical Hyperalgesia

Abdominal mechanical hyperalgesia was evaluated using von
Frey filaments before and on 7 days, 14 days, and 21 days
after the injection of SW1990 cells. Each mouse was placed in
a Plexiglas chamber underneath a mesh screen for 30 min.
After the mice were quiet, two different filaments (0.02 g
and 0.16 g) were used to stimulate the left upper abdomen
for approximately 2 s and each stimulation was repeated 10
times at 5 min intervals. A withdrawal response was defined as
lifting the belly, scratching, licking the abdomen, or immedi-
ate movement or jumping. The occurrence of a withdrawal
response in each of these ten trials was expressed as the per-
cent response frequency [(number of withdrawals/10 trials) x
100 = % response frequency], and this percentage was used to
indicate of the amount of withdrawal responses.
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Hunching Score

Hunching behavior was quantified as previously described
(Wang et al. 2017). Briefly, mice were placed individually in
the center of an open field arena (10 x 10 x 30 cm) with solid
black walls and a black floor. Hunching behavior was scored
on a scale from 0 to 4: (0) normal, (1) mild hunching, (2)
severe hunching, (3) severe hunching with reduced move-
ment, and (4) no movement. In all cases, observations were
performed in a blinded manner to the experimental status of
the mouse with two independent investigators confirming the
results.

Heat Nociception

Heat nociception (the Hargreaves test) was assessed using a
model IITC 390 analgesic meter (IITC Inc./Life Science
Instruments, MI, USA). Each mouse was placed in a
Plexiglas chamber underneath a glass table (3 mm) for
30 min. After the mice were quiet, the latency of paw with-
drawal was recorded from the start of the radiant heat until the
foot lift. Intensity of light radiation was set to make the base-
line paw withdrawal latency at 10 £2 s. Based on our exper-
iments, an intensity of 18% was used for the evaluation of heat
nociception. The radiation was automatically stopped at 20 s
to avoid damage to the hind paw. Each trial comprised 5 tests
at 10 min intervals, and the average was taken.

Walking Score

The walking score was the indicator of exercise-induced pain.
Briefly, each mouse was placed in a Plexiglas chamber with a
mesh screen on the bottom. The use of the left hind limb
during walking was evaluated: (0) normal use, (1) slight limp,
(2) severe limp, and (3) complete lack of limb use.

Mechanical nociception, heat nociception, and walking
scores were evaluated at 1 h, 2 h, 4 h, and 8 h after injection
of the supernatants of peripancreatic carcinoma tissues or
vehicle.

Open-Field Test

To evaluate the sedative effect of ketotifen, the open-field
(OF) test was performed. The nude mice received a single
intraperitoneal injection of ketotifen or vehicle, and spontane-
ous locomotor activity was assessed using the open-field test
1 h after the injection. This behavioral test was assessed in an
open field (20 cm x 20 cm x 20 cm. Shanghai Jiliang Software
Technology Co. Ltd., Shanghai, China) for 10 min. The total
distance and time traveled in the field was recorded as a mea-
sure of spontaneous exploratory activity.
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Statistical Analyses

The animals were randomly distributed into various treatment
groups in this study. The data were analyzed using GraphPad
Prism 5 software. All animal experiment results are presented
as the means £ SEMs. Statistical significance was set at
P <0.05. The results from the behavioral tests, western blot-
ting, and staining were statistically analyzed with one-way or
two-way analysis of variance (ANOVA). When ANOVA
showed a significant difference, pairwise comparisons be-
tween means were tested by the post hoc Bonferroni method.
The Mann-Whitney U test was used to analyze age, VAS, and
ELISA data. The chi-square test was used to analyze sex data
of clinic patients.

Results

Mast Cells Were Recruited to Tissues Surrounding
Pancreatic Tumors in Patients with Severe Visceral
Pain

To explore the role of mast cells in pancreatic cancer-induced
visceral hyperalgesia, we first examined the mast cell distri-
bution pattern in pancreatic cancer and adjacent tissues in
human surgical specimens. Nine surgical specimens of human
pancreatic cancer tissues and 9 surgical specimens of normal
pancreatic tissues were obtained (Table 1). Notably, the pa-
tients who donated the cancer tissues were all those with vi-
sual analogue scale (VAS) scores of > 5 and the patients who
donated normal pancreatic tissues were all those with VAS =
0. There were no significant differences in age and sex be-
tween the two groups.

H&E staining showed destroyed pancreatic structures in
pancreatic cancer tissues and poorly differentiated pancreatic
cells surrounding the cancer tissues (Fig. 1a). To observe the
mast cells clearly, we used toluidine blue staining and found a
significant enrichment of mast cells surrounding the pancreat-
ic tumors but not in the tumors (Fig. 1b). Statistical analysis
revealed a significantly increased amount of mast cells in the
pericarcinoma tissues compared with that in normal pancreatic
tissues (Fig. 1c, 18.00 £4.52 vs 0.67 = 0.33, respectively, one-
way ANOVA, P <0.05). Under high magnification, some of

Table 1  Clinical data of human specimens
Characteristic Control (n=9) Pancreatic carcinoma (n=9)
Age (year, range) 26-62 48-61

Sex (no., F/M) 2/7 3/6
VAS (mean + SD) 0 6.1 £1.3%*

**P<0.01 compared with control group
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Fig. 1 The enrichment of mast cells surrounding pancreatic carcinoma in
human specimens n =9 specimens/group. a H&E staining of pancreatic
carcinoma (left) and normal pancreatic tissues (right). b Toluidine
blue/H&E staining of pancreatic carcinoma (left) and normal pancreatic
(right) tissues at x 200 (upper) and x 400 (lower) magnification. Mast
cells were predominantly localized in the tissues surrounding the

the recruited mast cells surrounding the carcinoma showed
degranulation in histological sections.

To quantify mast cell recruitment in pancreatic tumor tis-
sues and pericarcinoma tissues, tryptase, a proteolytic enzyme
existing predominantly in mast cells, was used as a marker of
mast cells for western blotting. The expression of tryptase was
significantly elevated in pericarcinoma tissues compared to
that in tumor tissues (Fig. 1d). These data provide evidence
that mast cells are predominantly recruited and activated in the
pericarcinoma tissues of patients with severe visceral pain.
Therefore, in the next experiments, pericarcinoma tissues,
not pancreatic carcinoma tissues, were selected for study.

Increased Amounts of Mast Cell Degranulation
Products Pericarcinoma Tissues: Histamine, Tryptase,
and NGF

To further investigate the mast cell degranulation products
in tissues surrounding the pancreatic tumors, we examined
whether the expression of histamine, tryptase, and NGF
was altered in the specimens. Fresh surgical specimens
were washed and used for ELISA. The results indicated
that the expression level of tryptase in pericarcinoma tis-
sues was approximately 4.9-fold greater than that in nor-
mal pancreatic tissues (Fig. 2a; 3.17+0.76 ng/ml/mg vs
47.46 £ 6.73 ng/ml/mg, respectively; two-tailed Student’s
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pancreatic carcinoma. ¢ Statistical summary of the numbers of toluidine
blue—stained mast cells in the tissues surrounding the pancreatic
carcinoma and in normal pancreatic tissues. d The expression of
tryptase in the tissues near and inside the pancreatic carcinoma. n=4
specimens. One-way ANOVA, P <0.05. PC, pancreatic carcinoma.
*P<0.05 or **P<0.01

t test, P<0.01). Consistent with this finding, the expres-
sion levels of histamine and NGF in pericarcinoma tissues
were increased by 5.9-fold (8.05 £0.88 ng/ml/mg vs 47.46
+6.73 ng/ml/mg, respectively; two-tailed Student’s ¢ test,
P<0.01) and 1.8-fold (344.0 +30.7 pg/ml/mg vs 623.8 +
72.1 pg/ml/mg, respectively; two-tailed Student’s ¢ test,
P <0.05), respectively, compared to those in the normal
pancreatic tissues (Fig. 2b and c). These results indicate
that the amount of mast cell degranulation products was
increased in pericarcinoma tissues and further confirmed
that mast cells were recruited, infiltrated, and activated in
tissues surrounding the pancreatic tumors.

Activation of Mast Cells Exacerbated Nociception
Induced by Pancreatic Cancer

To define the role of mast cells in pancreatic cancer pain, we
established an orthotopic pancreatic cancer model in BALB/c
nude mice (Wang et al. 2017). The BALB/c nude mouse mod-
el exhibits hunching behavior and abdominal mechanical
hyperalgesia, which mimics the visceral pain symptoms in-
duced by pancreatic cancer seen in the clinic to a great extent
(Kelsen et al. 1997; Wang et al. 2017). Compound 48/80, a
mast cell stimulator, was systemically administered by intra-
peritoneal injection on day 21 after SW1990 cell injection.
Hunching behavior and abdominal mechanical hyperalgesia
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Fig. 2 The release of tryptase, histamine, and NGF in pericarcinoma
tissues and normal pancreatic tissues (control), as detected by ELISA. a
The expression of tryptase was increased in pericarcinoma tissues
compared to that in control tissues. n =3 replicates (9 specimens)/
group. Two-tailed Student’s ¢ test, P=0.0002. b The expression of
histamine was increased in pericarcinoma tissues compared to that in

elicited by 0.02 g and 0.16 g von Frey filaments were evalu-
ated 30 min after the injection of compound 48/80. A with-
drawal response was defined as lifting the belly, scratching,
licking the abdomen, or immediate movement or jumping.
Injection of SW1990 cells dramatically increased mechanical
nociceptive responses in BALB/c nude mice on day 7 and 14
(Fig. 3a and b). The administration of compound 48/80 at
2 mg/kg significantly increased the response frequency to
0.02 g von Frey filament stimulation from 30 to 53.5% in
tumor-bearing mice on day 21 (Fig. 3a; n=8, P<0.01). The
response frequency to 0.16 g von Frey filament stimulation
was also dramatically increased in tumor-bearing mice after
injection of compound 48/80 (Fig. 3b; n=8; 56.25% vs
73.75%, respectively; P<0.01). Moreover, compound 48/
80 at a dose of 2 mg/kg evoked significant abdominal me-
chanical hyperalgesia in sham BALB/c nude mice.

control tissues. n =3 replicates (9 specimens)/group. Two-tailed
Student’s ¢ test, P<0.0001. ¢ The expression of NGF was increased in
pericarcinoma tissues compared to control that in tissues. n = 3 replicates
(9 specimens)/group. Two-tailed Student’s 7 test, P = 0.0134. *P < 0.05 or
##P<0.01

Similarly, 2 mg/kg compound 48/80 significantly increased
the hunching scores in both pancreatic carcinoma model mice
and sham mice (Fig. 3c), suggesting that mast cell activation
can evoke visceral nociceptive hypersensitivity and exacerbat-
ed abdominal mechanical hyperalgesia in mice with pancreat-
ic carcinoma. However, whether mast cells contribute specif-
ically to pancreatic cancer pain has not been defined.

Stabilization of Mast Cells by Ketotifen
Dose-Dependently Alleviated Nociception Induced
by Pancreatic Cancer

To identify the specific role of mast cells in pancreatic
cancer pain, we used a mast cell stabilizer, ketotifen, to
inhibit the degranulation of mast cells in a pancreatic
cancer model and then determined whether the visceral
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Fig. 3 Effect of systemic administration of compound 48/80 on
pancreatic carcinoma-induced visceral nociceptive hypersensitivity and
spontaneous pain. a The withdrawal response frequency to 0.02 g von
Frey filament stimulation was increased significantly in pancreatic
carcinoma model mice and sham BALB/c nude mice after compound
48/80 injection on day 21 (two-way ANOVA (treatment X time)
followed by Bonferroni post hoc tests. Fiearment(3127)=25.75,
P <0.0001. Figteraction(9127) =10.33, P<0.0001. n =8 mice/group). b
The withdrawal response frequency to 0.16 g von Frey filament
stimulation was increased significantly in pancreatic carcinoma model
mice and sham BALB/c nude mice after compound 48/80 injection on
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Time after cells injection

Time after cells injection

day 21 (two-way ANOVA (treatment x time) followed by Bonferroni
post hoc tests. Fieament(3127)=77.54, P<0.0001. Fiperaction(9127) =
19.48, P<0.0001. n =8 mice/group). ¢ Hunching score in pancreatic
carcinoma model mice and sham BALB/c nude mice after compound
48/80 injection (two-way ANOVA (treatment X time) followed by
Bonferroni post hoc tests. Fieatment(3127)=120.7, P<0.0001.
Finteraction(9127) =25.79, P<0.0001. n =8 mice/group). **P<0.01 vs
vehicle-treated pancreatic carcinoma model mice, #P <0.01 vs vehicle-
treated sham BALB/c nude mice. “*P<0.01 vs sham BALB/c nude
mice. The arrows indicate the time of vehicle/compound 48/80
administration
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nociceptive hypersensitivity was alleviated. Firstly, we veri-
fied whether ketotifen has a sedative effect on BALB/c nude
mice by using OF. OF was evaluated 1 h after the injection of
ketotifen. The total distance and time traveled in the field was
recorded. The results indicated that there were no significant
differences in distance and time (Fig. 4a and b, P> 0.05) be-
tween vehicle and ketotifen (0.25 mg/kg, 0.5 mg/kg, 1 mg/kg)
groups. That is, ketotifen did not sedate the BALB/c nude
mice. Then, ketotifen or vehicle was administered by intraper-
itoneal injection to BALB/c nude mice on day 21 post tumor
cell inoculation. Ketotifen at 1 mg/kg significantly alleviated
pancreatic carcinoma-induced abdominal mechanical
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Fig. 4 The mast cell stabilizer ketotifen dose-dependently alleviated
pancreatic carcinoma-induced visceral nociceptive hypersensitivity and
spontaneous pain. a, b Ketotifen dose-dependently did not have a
sedative effect on BALB/c nude mice (a, two-way ANOVA (treatment
x time). Fieatment (3:63)=1.031, P=0.3858. Fipteraction (3.63)=1.093,
P=0.3596. n=28 mice/group. b, two-way ANOVA (treatment x time).
Flreatment(3.63) = 1.204, P=0.3166. Finteraction (3.63) =1.543, P=0.2136.
n =8 mice/group). ¢ Ketotifen dose-dependently decreased the
withdrawal response frequency to 0.16 g von Frey filament stimulation
in pancreatic carcinoma model mice (two-way ANOVA (treatment x
time) followed by Bonferroni post hoc tests. Fieament(3127) =3.676,
P=0.0143. Fiyeraction(9127) =5.544, P<0.0001. n =8 mice/group). d

hyperalgesia and hunching behavior on day 21 post tumor cell
inoculation (Fig. 4c and d). The effects of ketotifen were dose-
dependent. On day 21 after tumor cell injection, the 1 mg/kg
dose of ketotifen decreased the withdrawal response frequen-
cy to 0.16 g von Frey filament stimulation to 48% (P < 0.01)
and the 0.5 mg/kg dose to 67% (P <0.01) that of the corre-
sponding tumor-bearing mice treated with vehicle. The
0.25 mg/kg dose of ketotifen had no effect on the withdrawal
response frequency to mechanical stimulation on day 21 post
tumor cell injection. Similarly, the 1 mg/kg dose of ketotifen
decreased the hunching score to 52% (P < 0.01); the 0.5 mg/kg
dose, to 71% (P<0.01); and the 0.25 mg/kg dose, to 95%
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Ketotifen dose-dependently decreased the hunching score in pancreatic
carcinoma model mice (two-way ANOVA (treatment x time) followed by
Bonferroni post hoc tests. Fieatment(3127)=2.810, P=0.0428.
Finteraction(9127) =3.286, P=0.0014. n =8 mice/group). e, f Ketotifen
had no effect on the withdrawal response frequency to abdominal
mechanical stimulation (¢, two-way ANOVA (treatment x time).
Fireatment(1.63) = 0.000, P =1.000. Fipteraction(3-63)=0.5128, P=0.6751.
n =8 mice/group) and the hunching score (d, two-way ANOVA
(treatment x time), Fireatment(1.63) =0.000, P =1.000. Fieraction(3-63) =
1.3333, P=0.2727. n=28 mice/group) in sham BALB/c nude mice.
**P<0.01 vs the corresponding vehicle-treated mice. The arrows
indicate the time of vehicle/ketotifen administration

@ Springer



242

J Mol Neurosci (2019) 69:235-245

(P> 0.05) that of the corresponding tumor-bearing mice treat-
ed with vehicle. As expected, ketotifen did not change the
withdrawal response frequency to abdominal mechanical
stimulation or the hunching score in sham BALB/c nude mice
on day 21 (Fig. 4e and f).

Incomplete Development of Abdominal Mechanical
Hyperalgesia in Mast Cell-Deficient Mice
with Pancreatic Cancer

Nonspecific pharmacological effects of the mast cell acti-
vator and stabilizer cannot be excluded from our observa-
tions above. To further confirm the role of mast cells in
pancreatic pain, we established a pancreatic cancer model
in mast cell-deficient mice and observed hunch behaviors
and withdrawal response to von Frey filament stimulation.
The response to abdominal mechanical stimulation was
significantly lower in the mast cell-deficient mice than
in BALB/c nude mice from day 7 to 21 after SW1990 cell
injection (Fig. 5a, P<0.05). There were no significant
differences in the response frequency to abdominal me-
chanical stimulation with 0.16 g von Frey filaments under
baseline conditions between the groups. Consistent with
these findings, on days 14 and 21 post SW1990 cell in-
jection, mast cell-deficient mice showed reduced
hunching behavior, with significantly decreased scores
(Fig. 5b, P<0.05) compared with those of BALB/c nude
mice. There was no evidence of hunching behavior in
either mast cell-deficient or BALB/c nude mice that re-
ceived a sham injection. These results showed incomplete
development of abdominal mechanical hyperalgesia and
spontaneous pain in mast cell-deficient mice after
SW1990 cell injection, strongly suggesting the expected
role of mast cells in the generation and maintenance of
pancreatic cancer pain.

V)

80 1
- PCMCD
-O- PCnude
- PC MCD+Ket

ok

*

Response frequency
(%)

baselne  7d  14d  21d
Time after cells injection

Fig. 5 Visceral nociceptive hypersensitivity and spontaneous pain were
decreased in mast cell-deficient mice after SW1990 cell inoculation. a
Mast cell-deficient mice showed a decreased response frequency to
mechanical stimulation after SW1990 cell inoculation, and
intraperitoneal injection of ketotifen (1 mg/kg) failed to reduce the
response frequency further (two-way ANOVA (treatment X time)
followed by Bonferroni post hoc tests. Ficatment(2.95)=34.95,
P <0.0001. Fiperaction(6.95)=4.813, P=0.0003. n =8 mice/group). b
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Supernatants of Pericarcinoma Tissues from BALB/c
Nude Mice but Not Mast Cell-Deficient Mice Caused
Somatic Nociception

Finally, we examined the differences in visceral pain between
mast cell-deficient mice and BALB/c nude mice after
SW1990 cell injection due to pericarcinoma mast cell recruit-
ment. To this end, pericarcinoma tissues from mice models
were harvested on day 21 and incubated immediately in
HBSS. The supernatants were then standardized and used
for the intraplantar injection of naive mice. After the injection
of 20 pl of supernatant from BALB/c nude mice with pancre-
atic carcinoma, the withdrawal response frequency to 0.4 g
von Frey filament stimulation dramatically increased
(Fig. 6a, P<0.05), and the paw withdrawal latency (PWL)
to thermal stimulation decreased significantly from 1 to 8 h
and peaked at 1 h post injection (Fig. 6b, P <0.05). In con-
trast, there were no significant differences in the response
frequency of mechanical stimuli and the PWL of mice injected
with supernatant from mast cell-deficient pericarcinoma tis-
sues from 1 to 8 h post injection compared with that of mice
injected with HBSS (P> 0.05). Moreover, we observed that
8 h after the injection of supernatant from BALB/c nude mice
with pancreatic tumors, the increased response frequency of
mechanical stimuli and decreased PWLs to thermal stimula-
tion almost completely returned to the baseline values, dem-
onstrating that intraplantar injection of the supernatant in-
duced acute somatic nociception.

Similarly, mice injected with supernatant from BALB/c
nude mice showed dramatic increases in walking scores from
1 to 2 h after injection compared to those of mice injected with
HBSS (Fig. 6¢c, P<0.05). However, supernatants of
pericarcinoma tissues from mast cell-deficient mice failed to
induce significant increases in walking scores after injection
compared with the scores of the control group. The results that
supernatants from BALB/c nude mice but not mast cell-
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Mast cell-deficient mice showed decreased hunching scores after
SW1990 cell inoculation, and intraperitoneal injection of ketotifen
(1 mg/kg) failed to reduce the hunching scores further (two-way
ANOVA (treatment x time) followed by Bonferroni post hoc tests.
Freatment(2.95) =10.87, P <0.0001. Fipteraction(6.95) =3.008, P=0.0103.
n =8 mice/group). *P < 0.05 or **P < 0.01 vs the corresponding BALB/c
nude mice
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Fig. 6 Intraplantar injection from supernatants of pericarcinoma tissues
from BALB/c nude mice but not mast cell-deficient mice induced
somatic nociception. a The withdrawal response frequency to 0.4 g von
Frey filament stimulation dramatically increased in mice that received an
intraplantar injection of the supernatant pericarcinoma tissues from
BALB/c nude mice but not mast cell-deficient mice (two-way ANOVA
(treatment x time) followed by Bonferroni post hoc tests.
Flreatment(2.89) =12.48, P<0.0001. Fiperaction(8.89)=2.236, P=0.337).
b The PWL to thermal stimulation decreased significantly in mice that
received an intraplantar injection of the supernatant from pericarcinoma
tissues from BALB/c nude mice but not mast cell-deficient mice (two-

deficient mice evoked significant acute peripheral nociception
suggest that mast cells contribute to visceral hyperalgesia in
pancreatic cancer.

Discussion

In this study, pancreatic carcinoma caused by orthotopic inoc-
ulation of SW1990 cells leads to long-term spontaneous
nociception visualized as hunching behavior and epigastric
mechanical hyperalgesia in a mouse model, which mimics
progressive visceral pain in pancreatic carcinoma patients.
Understanding the mechanisms that underlie orthotopic carci-
noma cell inoculation-induced visceral hypersensitivity may
aid the development of a new therapeutic strategy for the
prevention and/or treatment of pancreatic cancer pain.
Recent studies have shown that the genesis and development
of visceral pain may be related to the increase in local nerve
fibers accompanied by the growth of pancreatic carcinoma
(Ceyhan et al. 2009). However, the local microenvironment,
which interacts with nerve fibers, has been an increasing focus
on the investigation of peripheral mechanisms of pancreatic
cancer pain (Nigri et al. 2017). Here, we report that mast cell
degranulation is required for the genesis and maintenance of
pancreatic carcinoma-induced visceral hypersensitivity.

The present study demonstrated that mast cells are dramat-
ically recruited to the area of pancreatic carcinoma in patients
with abdominal pain. In addition, mast cells predominantly
localize close to but not inside the pancreatic carcinoma.
Tryptase, a mediator secreted by mast cells, was detected
mostly in tissues surrounding the carcinoma. Together with
the evidence that increased nerve fibers are found surrounding
the carcinoma in the pancreas (Stopczynski et al. 2014), our
evidence leads us to believe that mast cells and their

Hours after injection

Hours after injection

way ANOVA (treatment x time) followed by Bonferroni post hoc tests.
Freatment(2.89) = 11.40, P < 0.0001. Fijteraction(8-89) =2.374, P=0.0246).
¢ The walking score decreased significantly in mice that received an
intraplantar injection of the supernatant pericarcinoma tissues from
BALB/c nude mice but not mast cell-deficient mice (two-way ANOVA
(treatment x time) followed by Bonferroni post hoc tests.
Flreatment(2.89)=16.33, P<0.0001. Fiyeraction(8.89) = 2.216, P=
0.0353). nyep =7 mice, Mg =5 mice, Nyepicle = 6 mice. **P<0.01 vs
the corresponding mice injected with supernatant from BALB/c nude
mice. MCD, mast cell-deficient mice

degranulation products, including tryptase, histamine, and
NGF, may interact with peripheral fibers and ultimately con-
tribute to nociceptive information transduction through direct
or indirect pathways.

The recruited mast cells are required for visceral hypersen-
sitivity in mice with pancreatic carcinoma. Our data showed
incomplete development of chronic visceral hypersensitivity
and the spontaneous nociceptive response in mast cell—
deficient mice after inoculation of SW1990 cells. We further
confirmed through a pharmacological approach that the mast
cell-mediated pancreatic pain mechanism depended on de-
granulation. A mast cell secretagogue, compound 48/80, was
administered systemically to mice in the maintenance stage of
chronic pancreatic pain. Enhanced hunching behavior and ab-
dominal mechanical hyperalgesia were observed in mice in-
oculated with SW1990 cells, demonstrating that mast cell de-
granulation promotes the development of visceral hypersensi-
tivity in mice with pancreatic carcinoma. However, after in-
traperitoneal injection of compound 48/80, mice inoculated
with boiled SW1990 cells also showed significant hunching
behavior and abdominal mechanical hyperalgesia, suggesting
that visceral hypersensitivity—not limited to pancreatic pain
but also including enteric pain—could be induced by mast cell
degranulation alone. Previous reports revealed the crucial role
of mast cells in IBS-induced visceral hypersensitivity (Braak
etal. 2012; Wang et al. 2014). Compound 48/80 was used as a
mast cell stimulator and exacerbated nociception in both pan-
creatic cancer and sham nude mice here. However, compound
48/80 is also known as an inhibitor of PLC (phospholipase C).
Activation of PLC promotes the sensitization of thermoTRPs
like TRPA1 and TRPV1 ion channels which were involved in
visceral hyperalgesia (Balazs and Bir6 2013). Therefore, from
this sight, compound 48/80 was expected to inhibit PLC and
repress the nociceptive pathway.
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The experiment with compound 48/80 failed to identify
whether the exacerbated visceral pain in the pancreatic carci-
noma model mice was attributed to the specific role of recruit-
ed mast cells in the pancreas or the nonspecific role of wide-
spread intraperitoneal mast cells. Therefore, we carried out a
suppression approach by utilizing the mast cell stabilizer
ketotifen to inhibit degranulation and evaluated the effect of
this treatment on pancreatic cancer pain. Expectedly, intraper-
itoneal administration of ketotifen effectively inhibited the
maintenance of hunching behavior and abdominal mechanical
hyperalgesia in a dose-dependent manner, strongly suggesting
a specific role of mast cell degranulation in pancreatic cancer
pain. Ketotifen did not affect the behaviors of visceral hyper-
sensitivity in the sham group, possibly due to the low quantity
and degranulation level of mast cells under normal conditions.
Moreover, ketotifen did not restrain hunching behavior or ab-
dominal mechanical hyperalgesia in mast cell-deficient mice
with pancreatic carcinoma, indicating that mast cell degranu-
lation contributes partly to the development and maintenance
of pancreatic carcinoma-induced visceral hypersensitivity.
However, ketotifen has an additional histamine H1 receptor
antagonistic effect that might have also contributed to the
revealed antinociceptive actions of the agent.

The mast cells involved in pancreatic carcinoma-
induced visceral hypersensitivity are likely predominantly
localized in tissues surrounding the carcinoma, not inside
the carcinoma. Specimens from human pancreatic carcino-
mas showed a significant increase in tryptase expression in
tissues close to the carcinomas compared with that in tis-
sues inside the carcinomas. Then, we confirmed our spec-
ulation through a somatic nociception evocation experi-
ment. Intraplantar injection of supernatants from
pericarcinoma tissues of BALB/c nude mice but not mast
cell-deficient mice induced a 2-h nociceptive response in
C57/BL6 mice, which was restored to baseline at 8 h after
injection. Our findings demonstrated that mediators from
pericarcinoma tissues of BALB/c nude mice, most likely
those released during mast cell degranulation, cause somat-
ic nociception and probably play an essential role in the
development and maintenance of pancreatic cancer pain.

In human specimens, the levels of mast cell degranulation
products, including tryptase, histamine, and NGF, were found
to be significantly increased in tissues surrounding pancreatic
carcinoma relative to those in normal pancreatic tissues
(Grundy 2004). In tumors, these ligands or proteins can pro-
duce nociceptive stimuli by activating the corresponding re-
ceptors. TRPV1 is one of the key receptors mediating the
development of pain sensitivity and is also a necessary condi-
tion for the occurrence of cancer pain (Gu et al. 2018;
Lapointe et al. 2015). Studies have shown that TRPV1 is
coexpressed with protease-activated receptor 2 (PAR2) on
dorsal root ganglion neurons. When tryptase binds to PAR2,
it activates the TRPV1 receptor, leading to the release of
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substances such as CGRP and SP, which mediate the occur-
rence and maintenance of pain (Zhang et al. 2011). In addi-
tion, high concentrations of histamine induce an increase in
the level of [Ca2+]i by activating PLC[33, which can promote
the release of IP3 (inositol 1,4,5-trisphosphate), eventually
leading to the release of calcium from intracellular stores
(Imamachi et al. 2009). In addition, histamine binding to H1
receptors can activate TRPV1 channels in sensory neurons
through the PLA2/LO (phospholipase A2/lipoxygenase) path-
way (Gao et al. 2016). Most CGRP-positive neurons express
TrkA and/or p75, which are high- and low-affinity receptors
for NGF, respectively (Prato et al. 2017). Therefore, NGF can
directly act on these two receptors on visceral primary afferent
nerve endings, thus playing a key role in the pathogenesis of
pancreatic cancer pain.

In summary, mast cells contribute to pancreatic carcinoma-
induced visceral hypersensitivity through enrichment and de-
granulation in tissues surrounding carcinoma. The inhibition
of mast cell degranulation may be a potential strategy for the
therapeutic treatment of pancreatic carcinoma-induced chron-
ic visceral pain.
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