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Background: Provoked vulvodynia (PV) is the main cause of vulvar pain and dyspareunia. The etiology of PV has not yet been
elucidated. However, PV is associated with a history of recurrent inflammation, and its often accompanied by increases in the numbers
of mast cells (MCs) and sensory hyperinnervation in the vulva. Therefore, this study aimed to examine the role of MCs and the early
inflammatory events in the development of chronic vulvar pain in a rat model of PV.

Methods: Mechanical and thermal vulvar sensitivity was measured for 5 months following zymosan vulvar challenges. Vulvar changes in
glutamate and nerve growth factor (NGF) were analyzed using ELISA. Immunofluorescence (IF) staining of the vulvar section after 20, 81, and
160 days of the zymosan challenge were performed to test MCs accumulation, hyperinnervation, and expression of pain channels (transient
receptor potential vanilloid/ankyrin-1-TRPV1 & TRPAL1) in vulvar neurons. Changes in the development of vulvar pain were evaluated
following the administration of the MCs stabilizer ketotifen fumarate (KF) during zymosan vulvar challenges.

Results: Zymosan-challenged rats developed significant mechanical and thermal vulvar sensitivity that persisted for over 160 days after the
zymosan challenge. During inflammation, increased local concentrations of NGF and glutamate and a robust increase in MCs degranulation
were observed in zymosan-challenged rats. In addition, zymosan-challenged rats displayed sensory hyperinnervation and an increase in the
expression of TRPV1 and TRPA1. Treatment with KF attenuated the upregulated level of NGF during inflammation, modulated the neuronal
modifications, reduced MCs accumulation, and enhanced mechanical hypersensitivity after repeated inflammation challenges.

Conclusion: The present findings suggest that vulvar hypersensitivity is mediated by MCs accumulation, nerve growth, and
neuromodulation of TRPV1 and TRPA1. Hence, KF treatment during the critical period of inflammation contributes to preventing
chronic vulvar pain development.
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Introduction
The International Society for the Study of Vulvar Diseases (ISSVD) defined vulvodynia as “vulvar pain of at least three
months duration, without a clear identifiable cause, which may have potential associated factors“.' The most common
type of vulvodynia is “provoked vulvodynia” (PV), which affects 8% to 28% of women of all ages reproductive stages,
and it is associated with severe sequelae on the quality of life.>™* PV is a subset of vulvodynia that is provoked and
localized to the vulvar vestibule. Women with PV report localized hypersensitivity and severe pain of the vulvar vestibule
upon an attempt at vaginal penetration (vulvar mechanical allodynia; eg, intercourse, tampon use, light touching).’

The pathogenesis of vulvodynia is poorly understood, and the etiology is multifactorial.’ Previous studies have shown that

hormonal imbalance promotes vulvar hyperinnervation and allodynia in an animal model;”® moreover, some evidence indicates
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that genetic factors contribute to neuronal sensitization among PV patients;”'® central sensitization was also suggested to be
involved in PV development;'' additionally, psychological distress and adverse childhood experiences including abuse, and
social trauma (exclusion or lack of support) are also risk factors for PV.'?

A substantial body of evidence, based on both animal and human studies, suggests that repeated vulvar inflammation
is correlated with PV development. Interestingly, women with PV often report recurrent outbreaks of vulvovaginal
candidiasis (RVVC)."? Conceivably, RVVC may be a primary trigger that causes inflammation in the vulva, resulting in
stimulation of pain receptors, hyperinnervation, and impairment of nociceptors that lead to allodynia, persisting even
after the inflammation itself subsides.®'* Additionally, repeated vaginal yeast infection in laboratory animals was shown
to cause hypersensitivity, allodynia, and increased pro-inflammatory mediators production in the vulvar vestibule.'

Findings concerning hypersensitivity and hyperinnervation in women with PV prompted a hypothesis that in response
to signals from chemical mediators released during inflammation, the activity of the neuronal transduction proteins
controlling the excitability of nociceptor terminals would lead to long-lasting neuronal modification.'®'” For example,
the released glutamate from inflamed or damaged peripheral tissue activates mGluRS (metabotropic glutamate receptor 5)
in peripheral nerve terminals, leading to sensitization of nociceptors, including transient receptor potential cation channel
vanilloid 1 (TRPV1), responsible for heat and burning sensations, and transient receptor potential ankyrin 1 (TRPA1),
responsible for cold and mechanical sensation.!” Moreover, the released nerve growth factor (NGF) during inflammation
from the immune cells or the peripheral tissue activates TRKA (Tropomyosin receptor kinase A) in peripheral nerve
terminals, leading to hyperinnervation and nociceptors sensitization, including TRPA1 and TRPA1.'%2!

Several findings have shown that hyperinnervation and mast cells (MCs) accumulation are the two most consistent features of
vestibular biopsies from patients diagnosed with PV.'* This finding might explain the hypersensitivity and lower pain threshold
among women with PV.**** MCs can discharge various mediators from their granules during inflammation, such as histamine,
tryptase, chymase, and NGF, all involved in hyperinnervation and sensitization.** In addition, the activation of MCs could
establish a positive feedback loop that also contributes to maintaining pain in women with PV.>**’ Hyperinnervation and mast
cells (MCs) accumulation in the vulva among PV has led to the hypothesis that early inflammatory events set the stage for long-
term MC increase in the vulva, which in turn supports the overgrowth of the sensory neurons at the early stage of the
inflammation, as well as the stability of the hyperinnervation of neurons after the inflammation subsides.'****® However,
whether mast cell-mediated inflammation can drive hyperinnervation and neuromodulation manifests in vulvar allodynia, and
hyperalgesia remains unknown. Here, we investigated the long-term effects of inflammation on vulvar sensitivity, local
inflammatory changes, and the role of mast cells in the development of chronic vulvar sensitivity.

Materials and Methods

Subjects

Female Sprague-Dawley rats (250—300g; 10 weeks age) were used in this study. All rat’s procedures were approved by
the University Animal Care Committee, and were carried out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. During the study, rats were housed in groups of 3—4 rats in a sterilized solid
bottom cage with contact bedding under controlled temperature and a 12:12 h light/dark cycle. Rats were maintained on
a standard pellet diet, and water was supplied ad libitum. All efforts were made to maintain rats suffering to a minimum.

A Rat Model of Vulvodynia

A rat model of vulvodynia was produced using a modified technique that had previously been described in mice by
Farmer et al. Zymosan -a glycan derived from a yeast cell wall- was injected to achieve an inflammatory response. The
injection was carried out under Isoflurane anesthesia. Each administered dose (10 mg/mL in 10uL of saline; 0.1 mg
Zymosan, Sigma Z4250-1G) contained 300pL (1mL Syringe with 27Gxon needle) divided into 150uL into each side of
the vulva to disperse the inflammatory factor throughout the vulva. Each subject rat was given three zymosan (or saline
as control) injections in total, with one week period between each injection. After three rounds of zymosan, subject rats
developed chronic vulvar pain that persisted long after the 3rd injection of zymosan.
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Study Design

Rats were examined for baseline mechanical sensitivity of the vulva by an electronic Von Frey (VF) measuring device. Two and
five days after each zymosan/saline administration (Round #1: day 2 and day 5; Round #2: day 9 and day 12; Round #3: day 16
and day 19), mechanical sensitivity of the vulva was measured. Following the 3rd round of zymosan/saline administration,
mechanical sensitivity was measured on days 24 and 30 (Figure 1A). In addition, thermal sensitivity was tested by a dynamic hot
plate (DHP) on day 32 (Figure 1A). In order to examine the long-term effects of zymosan administration, rats were tested every
20 days after the 3rd injection of zymosan\saline for a total period of 156 days (Figure 1B). Also, on day 172 (158 days after the
last zymosan/saline administration), thermal sensitivity was tested by a dynamic hot plate (DHP) (Figure 1B).

Round #1 Round #2 Round #3
7 0 2 5 7 9 12 14 16 19 24 30 32 34
\!F \!F \!F \!F \!F VF i DHP || Sacifce
Saline = P :
Zymosan | | | |
2 5 10 16 18 20
Testing days after the 3 round
Round #1 Round #2 Round #3
i (l) i i i i 1|2 1|4 16 19 24 30 50 70 90 110 130 150 170 172 174
V|F V|F \!F V|F V|F VF [ DHP | Saciice |
Saline : b '
1 I I
2 5 10 16 36 56 76 96 116 136 156 158 160

Testing days after the 3" round

Figure | The experimental timeline illustrates the procedures across three rounds of vulvovaginal zymosan\saline administration. (A and B) Rats received zymosan\saline injections on
days 0, 7, and 14; overall, three injections, 7 days between each one. Withdrawal responses of vulvar mechanical sensitivity were measured by electronic Von Frey (eVF) at baseline (-7
days) and +2 days and +5 days after zymosan\saline administration. eVF’s follow-up tests were taken at two points for the “short term* effects of zymosan administration: day 24 (10 days
after the 3rd round) and day 30 (16 days after the 3rd round). Thermal sensitivity was assessed using a Dynamic Hot plate test on day 32 (A). (B) for the "long-term” effects of zymosan
administration: eVF measurements were documented at nine points: day 24, day 30, day 50, day 70, day 90, day |10, day 130, day 150, day 170. Thermal allodynia was assessed using
a Dynamic Hot plate test on day 172.

Mast Cell Stabilizing

Mast cell stabilizer Ketotifen fumarate (KF; cat.0784, Tocris) was injected intraperitoneally (i.p.; 3mg/Kg). First,
Ketotifen fumarate was dissolved in DMSO (1% of the final volume), and the stock solution was dissolved with
physiological saline. Rats were injected with KF 45 minutes before each zymosan injection (300uL; 10 mg/mL in
10uL of saline; 0.1 mg) and every day to day 7 after the 3rd round, overall 21 days of treatment (Figure 8A).

Mechanical (Von Frey) Sensitivity Testing

Mechanical sensitivity was assessed using an electronic Von Frey(eVF) device. For that purpose, rats were transferred to the
testing room while in their cages for one hour for habituation. Thirty minutes before the measurement began, rats were placed in
the measuring chambers (20 % 20 cm Plexiglas boxes equipped with a metallic screen-mesh floor) located 20 cm above the bench
for acclimatization. An Electronic von Frey device (cat.38450 Ugo Basile, Varese, Italy) was used: the withdrawal threshold was
evaluated by applying a force ranging from 0-30 g with a 0.2 g accuracy. The punctuate stimulus was delivered to the vulvar
aspect of the rat vulva, and the withdrawal threshold was automatically displayed on the screen. Five values were collected by an
observer blind to the experimental condition for each rat.
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Thermal Sensitivity

Thermal sensitivity was assessed using a computer-controlled hot plate analgesia meter (cat.3515-022 Ugo Basile, Varese, Italy).
The rat was placed in a Plexiglas cylinder (rats: 15.5-cm diameter, 25-cm height) with a drilled cover, where the plate can be
heated up to 65°C. For the dynamic hot plate test, first, the rats were transferred to the measurement room while still in the home
cage and stayed there for one hour as a habituation to the testing room. The rats were then placed on the plate for 15 minutes for
habituation with a temperature of 35°C. For the dynamic hot plate (DHP), the plate temperature was increased up to 45°C with 1°C
per min speed (’=1). An observer blinded to the experimental condition documented hind paw\vulva lickings, escape behavior
(jump), and rearing for each degree interval.

Immunofluorescent Staining and Microscopy

At the end of the experiment, rats were deeply anesthetized, sacrificed, and transcardially perfused with heparinized saline, 10%
sucrose in buffered saline, and 4% buffered formaldehyde. The vaginal canal (from the external vulva to the cervix) was excised
and fixated in 5% paraformaldehyde in phosphate buffer for one hour and then embedded in paraffin. Sections of Spum thickness
were cut from the vestibular area with a microtome, and every 10th section was collected for analysis. The sections were then
mounted on Matsunami adhesive glass slide (TM-1190 TOMO, MATSUNAMI). In order to prepare the slides for histology and
immunohistochemistry staining, Vestibular sections were deparaffinized and subjected to heat-induced epitope retrieval using
OmniPrep (pH 9.0 (10X), Cat. No.: ZUC067-100, ZYTOMED SYSTEMS). According to the manufacturer’s instructions,
briefly, the Coplin jar containing the slides in pre-warmed solution was placed in a water bath set to 85°C for 20 minutes.
Followed by 3x wash with DDW at 85°C and rinsed with wash buffer (Zytomed systems) using a squirt bottle. Afterward, to
remove background staining, we used Background Buster (#NB306-50, INNOVEX), followed by three cycles of wash buffer for
two minutes each, then incubated for one hour at room temperature in a humidity chamber with one of the first antibodies: anti-rat
TRPV1 channel ATTO-488 (1:240, cat. ACC-029-AG, Alomone labs, Jerusalem), anti-rat TRPA1 channel (1:240, cat. ACC-037,
Alomone labs, Jerusalem), anti-rat protein gene product 9.5 (PGP 9.5, 1:500, NB300-676, Novus Biological), rabbit anti-
Chymase (1:250, NBP2-257441, Novus Biological) and mouse anti-Tryptase (1:250, NBP2-26444, Novus Biological). After the
first immunoreaction, the slides were washed in 1xPBS and incubated with the secondary antibody for one hour at room
temperature in a humidity chamber. However, When the antibodies were primary antibodies, after the second immunoreaction,
the slides were washed in 1xPBS and incubated for 1 hour with a secondary antibody: donkey anti-mouse IgG dylight™ 594
(1:500, #A90-337D4, Bethyl Laboratories, Inc.), Goat anti-rabbit IgG dylight® 488 (1:500, #A120-201D2, Bethyl Laboratories,
Inc.), F(ab")2 Donkey x-Rabbit IgG dylight”™ 594 IgG® (1:500, #A120-216D4, Bethyl Laboratories, Inc.), Goat anti-rabbit IgG
dylight™ 488 (1:500, #A120-201D2, Bethyl Laboratories, Inc.), followed by three cycles of wash buffer for two minutes each.
The sections were mounted with “Flouromount G with DAPI” (eBiosciences) and incubated for 30 seconds. Microscopic
observation was done using the Eclipse Ci microscope (Nikon Corp., Japan). The images of 10 fields were captured by the Nikon
DS-Ril camera (Nikon Corp., Japan) with the same microscope settings and exposure time. The images were analyzed using NIS
Elements analysis software. Mast cell density was determined by the number of positively stained cells with chymase and
tryptase, TRPV1 and TRPA1 channels density were determined by fluorescent pixel intensity measurements, and Fiber length
was calculated with functions in the NIS Elements program configured to measure total fiber length per unit area. The images
were analyzed by an observer blinded to the condition.

Assessment of Morphology After Zymosan/Saline Administration

Sections of Spum thickness were cut from the vestibular area with a microtome onto IHC adhesive glass slide (TM-1190 TOMO,
MATSUNAMI) and stained with H&E to identify gross vulvar morphology changes among saline groups and zymosan groups.
Sections were also examined for inflammatory infiltrate and edema in the epithelium. Microscopic observation using the Eclipse
Ci microscope (Nikon Corp., Japan), the images of 10 fields were captured by the Nikon DS-Ril camera (Nikon Corp., Japan),
and the images were analyzed by a pathologist blinded to the condition. Morphological scores of inflammation in H&E-stained:
Whole skin-absence of inflammation (score=0), Discrete—presence of few inflammatory cells (score=1), Moderate—many
inflammatory cells (score=2), Severe—exaggerated inflammatory cellularity (score=3).
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Biochemistry Measurements

Glutamate levels were determined in rat vulva extracts using the Glutamate Assay Kit (MAKO004, Sigma-Aldrich).
Briefly, the rats were sacrificed after 6, 24, 48 hours, and 30 days of zymosan (300uL; 10 mg/mL) or saline injection
(300ul) in each round. Samples of vestibular extracts were homogenized and diluted with a Standard diluent buffer of
Glutamate kit (1:100). NGF levels were determined according to the manufacturer’s instructions in rat vestibule extracts
using the rat NGF Sandwich ELISA kit (BE69198, IBL America). Briefly, the rats were sacrificed after 24 hours and 30
days of zymosan (300uL; 10 mg/mL) or saline (300ul) injection in each round. The vestibular was excised. Samples of
vestibular extracts were homogenized and diluted with Standard diluent buffer of NGF ELISA kit (1:100) and tested
according to the manufacturer’s instructions.

Data Analysis

Statistical analyses were performed using IBM SPSS statistics version 25 and GraphPad Prism 9. All data were expressed as
Mean + SEM. Differences between groups were assessed by Student’s #-test, one-way ANOVA, two-way ANOVA, and mixed-
model repeated-measures analysis of variance (GLM). Differences were determined Post hoc by Tukey’s test and Student’s #test
when significant main effects or interactions were detected. Non-parametric X* analysis was used to test Mechanical vulva

thresholds (decrease >33%, compared with baseline). The accepted significance value for all tests was set at P<0.05.

>
w

it
i
| Round#1  Round#2  Round #3

8- ’ Round #1 Round #2 Round #3 8 *hok
— ¥k -
[ [
3 3
o g
3 6 3 o
s e
s 3
8~ 8~
G © 41 62 47
w w
© ©
2 K]
: :
s 24 s 24
[ ©
I} I}
2 — Saline 2 — Saline

N —~ Zymosan - — Zymosan

v T T T T T T T T T v T T T T T T T T T T T T T T T T

BL 2 5 9 12 16 19 24 30 BL 2 5 9 12 16 19 24 30 50 70 90 110 130 150 170
Testing day Testing day

20 *okok Kok ok 40 * ko
E o - -
[ o © Saline A =3 Saline
E 0 —%— =8y A Zymosan 30 __*** =3 Zymosan
= 2 G A
; g (<o) A g %, AAA
83 g3 & [5E2 o
5 & -20 A 3 2 204 E3 |,
Lo A 5
RS o 2 o A ©
..E> [ A g 33% z38 oo
§ 7o Adea =0
[}
= % A

A A
-60 T T 0 T T
Day-30 Day-170 Day-32 Day-172

Figure 2 Development of vulvar mechanical and thermal sensitivity in rats after three rounds of zymosan administration. (A and B) Mechanical force withdrawal (G). There
was a significant decrease in mechanical threshold among the saline group during each round. Afterward, the mechanical threshold returns to baseline ((A), short term n=15;
(B), long term n=8). Among the zymosan group, the decrease in mechanical threshold was maintained throughout the zymosan challenges and |56 days after the 3rd round
(day 170), compared to the baseline and saline group ((A), short term n=15; (B), long term n=8). (C) Mechanical force withdrawal (G) of day 30 and day 170 normalized to
the baseline (D) Sum of nociceptive response (Vulva/hind paw licking, Rearing, and jumps) in the Dynamic Hot plate test (35°C to 45°C) after |18 days (day 32) and 158 days
(day 172) of the 3rd round of zymosan/saline administration (n=8-15 per group). Mean + SEM. **P<0.001, zymosan vs saline, **P<0.001, compared to Baseline.
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Results

Repeated Zymosan Administration Causes Mechanical and Thermal Allodynia

In each round, two days after administration, both the saline and the zymosan groups displayed a significant decrease in
mechanical sensitivity threshold. The decrease in the mechanical threshold of the saline group disappeared after ten days
of the 3rd round (Figure 2A and B). However, the mechanical threshold decrease in the zymosan group was maintained
throughout 156 days after the 3rd round compared to baseline (Figure 2A and B). After 16 days of 3rd round of zymosan
challenge (Figure 1A), persistent allodynia was present in the short-term group (X*=8.067, P=0.005; Figure 2C). More
specifically, 87% of the rats had a 33% reduction in the mechanical sensitivity threshold. In the long-term groups, 156
days after the zymosan challenge, 86% of the rats had a 33% reduction in the mechanical sensitivity threshold (X*=4.50,
P=0.034; Figure 2C). Furthermore, the zymosan groups showed a higher thermal sensitivity response than the saline
groups after 18 and 158 days of the zymosan challenge. The Zymosan group also displayed more pain-related behaviors
like escape behavior, rearing, and vulva licking were more observed among the zymosan groups (Figure 2D).

Three Zymosan Challenges to the Vulva Induce Local Accumulation of MC

We found a significant increase in MC number by double staining of tryptase and chymase proteases in the zymosan
group compared to the saline group, 20 days after the 3rd zymosan/saline administration round (tg=—7.25, P<0.001;
t28y=—6.82, P<0.001, Tryptase, Chymase, respectively; n=15 per group; Figure 3A and C). In addition, we also observed
an increase in the number of diffused tryptase staining around the MCs in the zymosan group. The diffuse staining
around the MCs suggests that they were degranulated (t>5y=—2.94, P=0.006; Figure 3A). Thus, after repeated zymosan
administrations, we found an almost 200% increase in MC number in the zymosan group compared to the saline group,
and almost 25% of those MCs were degranulated (Figure 3C and D).

In order to examine the long-term effect of inflammation on the presence of MC, Immunofluorescence analyses were
conducted on post-mortem rats’ vulvar tissue 160 days after the 3rd zymosan/saline administration round. Among the zymosan
group, there was an increase in the presence of MC compared to the saline group (t12y==3.03, P=0.01; t;,=—2.76, P=0.01,
Tryptase, Chymase, respectively, n=7 per group, Figure 3B and C). However, MCs number in the zymosan group after 160 days
was less than zymosan group that was tested at 20 days after the 3rd round of zymosan administration (t20,=3.80, P<0.001; tq)
=3.23, P=0.004, Tryptase, Chymase, respectively). Moreover, there was no significant difference in the number of degranulated
MCs between the saline and the zymosan groups after 160 days of the 3rd round (t(12=—1.09, P=0.29, n=7 per group, Figure 3D).

The Effect of Zymosan Challenges on Histological Changes

Visual inspection of hematoxylin and eosin (H&E) stained vulvar sections obtained after 20 days and 160 days of the 3rd
round of zymosan/saline administration revealed marked dermal lymphocytic infiltrate with exocytosis in the zymosan
group compared to the saline group after 20 days of the 3rd round (P<0.05; n=5 per group; Figure 4A and B). However,
these inflammatory effects of zymosan administration were not detectable after 160 days of the 3rd round. Thus, there
were no detectable intergroup differences in the inflammatory infiltrate between the saline and the zymosan group
(P=0.56; n=5 per group; Figure 4A and B).

Neuromodulation and Hyperinnervation of Vulva Nerves After Multiple Rounds of
Zymosan Challenge

There was a significant increase of TRPV1 and TRPA1 expression in vulva neurons [as detected by immunoreactivity (IR) for the
pan-axonal marker protein gene product 9.5 (PGP 9.5)] in the zymosan group compared to the saline group 20 days after the 3rd
round (t(14=—4.14, P<0.001; t;4=—2.60, P=0.021, TRPV 1, TRPAL1, respectively; n=8 per group; Figure 5SA—C). In addition, after
160 days from the 3rd round, we found a high expression of TRPV1 and TRPAL1 in the zymosan group compared to the saline
group (t(12y=—5.08, P<0.001; t15=—4.12, P<0.001, TRPV1, TRPA1, respectively; n=7 per group; Figure 6A—C).

Moreover, we observed an increase in the density of nerve fibers [as detected by immunoreactivity (IR) for the pan-axonal
marker protein gene product 9.5 (PGP 9.5)] after 20 days of the 3rd round of zymosan/saline administration in the zymosan group
compared to the saline group (= —4.33, P=0.003; Figure 7A and B). The increase in the density of the nerve fibers is reflected in

3906 e Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Awad-Igbaria et al

Ch|mase

Tryptase

Saline

|

Zymosan

Chymase

Tryptase

Saline

Zymosan

o
O

=3 Saline(20days)

30 =3 Zymosan(20days)
% ok = Saline(160days)  _ 50 *x
0 e =3 Zymosan(160days) ©
H 8 00 o o
g o0 0 . 1 40 0
T 204 * o
8 20 nin 000 - £ 00
0 0 A 031 o °
> 9 ]
- o |8 g0 S o
H 000 %0 foof o =
Q |osgoolof B 00000 ] g 204 o
w 104 A o 0
° & o 5 (9
5 0 00 o o °
2 9 o 8 10 r 0
g N o
%y " y 0- T
Tryptase Chymase Saline ~ Zymosan  Saline  Zymosan
20 days 160 days

Figure 3 Short and long-term effects of zymosan challenges in the vulva on mast cell. (A) Positively stained cells with mast cell chymase and tryptase in the zymosan and the
saline group after 20 days of the 3rd round. Mast cell chymase (green; White arrows) and tryptase (red; white arrows), diffuse tryptase (Yellow arrows) merged with dapi
stain (blue) scale bar: 50 pm. (B) Positively stained cells with mast cell chymase and tryptase in the zymosan and the saline group after 160 days of the 3rd round. Mast cell
chymase (green; White arrows) and tryptase (red; white arrows) merged with dapi stain (blue) scale bar: 50 ym. (C) The number of positively chymase or tryptase stained
cells in zymosan and saline groups after 20 and 160 days of the 3rd round (n=7-15 per group). (D) The percentage of degranulated mast cells among zymosan and saline
groups after 20 and 160 days of the 3rd round (n=7-15 per group). Mean + SEM. *P<0.05, **P<0.005, ***P<0.001.
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Figure 4 Morphological and inflammatory effects of zymosan challenges in the vulva. (A) Visual inspection of hematoxylin and eosin (H&E)—stained sections, 20 and 160 days
of zymosan/saline administration in the vulva. Saline administration in the vulva does not have morphological or inflammatory effects. However, evidence of an active
inflammatory process, marked dermal lymphocytic infiltrate with exocytosis, increase in the number and the activation of mast cells (See Figure 3) after 20 days of the 3rd
round of zymosan administration in the vulva. However, after 160 days of the 3rd round of zymosan administration, there was no evidence of inflammation. (B) Inflammation
score of the saline and the zymosan groups after 20 and 160 of 3rd round of zymosan/saline administration (n=5 per group). Mean + SEM. **P<0.001.

the number of fibers and their length. In addition, among the zymosan group, nerve fibers were located near the epithelial surface
(Figure 7A). Unsurprisingly, 160 days after the 3rd round, we observed an increase in the density of nerve fibers in the zymosan
group compared to the saline group (tgy=—3.53, P=0.008; Figure 7A and B). The increased density was reflected in the number of
fibers and their length. Hence, the nerve fibers almost reached the epithelial surfaces in the zymosan group (Figure 7A).

The Treatment with MC Stabilizer During Inflammation Suppressed the Development
of Vulvar Hypersensitivity

To examine the role of MC in the development of vulvar mechanical and thermal sensitivity, we used MCs stabilizer Ketotifen
fumarate (KF). Rats were injected 45 minutes with ketotifen (i.p; 3mg/k) before zymosan/saline administration and every day
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Figure 5 TRPVI and TRPAI expression in vulvar nerves after multiple rounds of zymosan challenge. (A) The expression of TRPVI channel in vulva nerves, 20 days after the
3rd zymosan/saline administration. Coexpression of TRPVI channel (green) and neuronal PGP 9.5 (red; White arrows) merged with dapi stain (blue). (B) The expression of
TRPAI channel in vulva nerves, 20 days after the 3rd round zymosan\saline administration. Coexpression of TRPAI channel (red) and neuronal PGP 9.5 (green; White
arrows) merged with dapi stain (blue). Scale bar: 50 um. (C) Fluorescence intensity (arbitrary units) of TRPVI, TRPAI, TRPVI/PGP-9.5, and TRPAI/PGP-9.5 in the zymosan
and the saline groups 20 days of the 3rd round (n=8 per group). Mean + SEM. *P<0.05, **P<0.005, ***P<0.001.
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Figure 6 TRPVI and TRPAI expression in vulvar nerves after 160 days of the 3rd round of zymosan/saline administration. (A) The expression of TRPVI channel in vulva
nerves, 20 days after the 3rd zymosan/saline administration. Coexpression of TRPVI channel (green) and neuronal PGP 9.5 (red; White arrows) merged with dapi stain
(blue). (B) The expression of TRPAI channel in vulva nerves, 20 days after the 3rd round zymosan\saline administration. Coexpression of TRPAI channel (red) and neuronal
PGP 9.5 (green; White arrows) merged with dapi stain (blue). Scale bar: 50 pm. (C) Fluorescence intensity (arbitrary units) of TRPVI, TRPAI, TRPVI/PGP-9.5, and TRPAI/
PGP-9.5 in the zymosan and the saline groups 160 days of the 3rd round (n=8 per group). Mean + SEM. ***P<0.001.
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Figure 7 Hyperinnervation of vulvar nerves after multiple rounds of zymosan administration. (A) Nerve fibers [as detected by immunoreactivity (IR) for the pan-axonal
marker protein gene product 9.5 (PGP 9.5; green)] merged with dapi stain (blue). Scale bar: 50 pm. (B) Fiber length (um) per unit area (um?) in the zymosan and saline
groups after 20 and 160 days of the 3rd round of zymosan/saline administration (n=5 per group). Mean * SEM. **P<0.005.

to day 7 after the 3rd round (overall 21 days of treatment; Figure 8A). There was no significant decrease in mechanical sensitivity
threshold in the saline group injected with Ketotifen fumarate (Saline-KF; P=0.075). However, among both zymosan groups: the
zymosan group that was treated with Ketotifen fumarate (Zymosan-KF) and the zymosan group that was treated with saline
(Zymosan-saline), there was a significant decrease in mechanical sensitivity threshold during each round, which persisted even 76
days after the 3rd round compared to baseline (Figure 8B). Furthermore, there was a significant difference in mechanical threshold
sensitivity between the zymosan-KF group and the zymosan-saline group at each time point (Excluding Baseline, 5 days after the
Ist round, 2 and 5 days after the 2nd round). More specifically, the zymosan-saline group’s mechanical threshold decrease was
higher than the zymosan-KF group. Also, there was a significant difference in mechanical threshold sensitivity at each time point
between the saline group and both of the zymosan groups: zymosan-KF and the zymosan-saline group (Figure 8B). In addition,
persistent allodynia was present in the zymosan-saline group (X°=3.57, P=0.033), given that 85% of the rats had a 33% reduction
in the mechanical sensitivity threshold, while only 25% percent of the zymosan-KF treated rats had a 33% reduction in the
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Figure 8 Treatment with Ketotifen fumarate during inflammation suppressed the development of vulvar hypersensitivity. (A) The experimental timeline illustrates the
experimental procedures across three rounds of vulvar inflammation. Vulvar rat injected with zymosan or saline (n=7-8 per group) on days 0, 7, and 14; overall, three
injections, 7 days between each one. The groups were injected with ketotifen (i.p; 3mg/Kg) or saline (i.p; 300ul) 45 minutes before the zymosan/saline administration into the
vulva, and every day to day 7 after the 3rd round, overall 21 days of treatment. Vulvar mechanical sensitivity was measured by Von Frey (VF). Thermal sensitivity was assessed
using a Dynamic Hot plate test on day 92 after the 3rd round. (B) Mechanical force withdrawal (G) of the zymosan-saline, the zymosan-ketotifen, and the saline-ketotifen
group. There was no significant change in mechanical threshold among the saline- ketotifen group. There was a significant decrease in mechanical threshold in zymosan-saline
and zymosan-ketotifen groups during the three rounds compared to the baseline. The decrease in mechanical threshold was maintained 76 days after the 3rd round in both
groups. Also, there was a significant difference in mechanical force withdrawal between the two zymosan groups and the saline-ketotifen group at each time point (Excluding
baseline). (C) Mechanical force withdrawal test of day 90 normalized to the baseline (n=7-8 per group). (D) Sum of nociceptive response in the Dynamic Hot plate test
(35°C to 45°C) in zymosan-saline, zymosan-ketotifen, and saline-ketotifen group after 78 of the 3rd round of zymosan/saline administration (n=8 per group). Mean + SEM.
#P<0.05, #+%P<0,001, difference between groups, ***P<0.001, Compared to the baseline.

mechanical sensitivity threshold (X*=2.0, P=0.157; Figure 8C). Furthermore, the zymosan-saline group showed a higher thermal
sensitivity response than the saline-KF group. However, there was no significant difference in thermal sensitivity between the
zymosan-saline KF and the two other groups: the saline-KF and the zymosan-saline group (Figure 8D).
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Glutamate Concentration After Zymosan Administration in Vulva Tissue

Glutamate concentration in the vulva was significantly higher in the zymosan group compared to the saline group after 6
hours, 24 hours, and 48 hours in the three rounds (P<0.05; n=5 per group; Figure 9A and B). The increase in glutamate
concentration was maintained 24—48 hours after the zymosan challenge. However, there was no significant difference in
glutamate concentration in the vulva 30 days after the 3rd round of zymosan\saline administration between the saline and
the zymosan group (P=0.56; Figure 9B).
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Figure 9 Glutamate and NGF concentration in vulva tissue after zymosan or saline administration. (A) Rats received zymosan\saline injection (in the vulva) on days 0, 7, and
14; overall, three injections, 7 days between each one. Rats were sacrificed after 6, 24, and 48 hours of each injection and after 30 days of the 3rd injection of zymosan/saline.
(B) Glutamate concentration in the vulva tissue of the saline and the zymosan group (n=5 per time point). (C) Rats were injected with ketotifen (i.p; 3mg/kg) 45 minutes
before each zymosan/saline administration (in the vulva); overall, three injections of zymosan/saline, 7 days between each one. Rats were sacrificed after 24 hours of each
injection and after 30 days of the 3rd injection of zymosan/saline. (D) NGF concentration in the vulva tissue of the saline, zymosan-saline, and zymosan-ketotifen group
(n=4-5 per group at each time point). Mean + SEM. *P <0.05, **P<0.005, ***P<0.001.

Stabilization of MCs During Inflammation Reduces Nerve Growth Factor

Concentration and MCs Accumulation in the Vulva

Rats were injected with ketotifen fumarate (i.p; 3mg/k) 45 minutes before zymosan or saline administration in the vulva. There
were three zymosan/saline administration rounds with 7 days between each injection (Figure 9B). After 24 hours of the 1st and the
2nd round of zymosan or saline injection, the nerve growth factor (NGF) concentration was significantly higher in the zymosan
group compared to the saline and the zymosan group that was treated with ketotifen fumarate (P<0.05; n=4-5 per group;
Figure 9B), while no such difference was observed after 24 hours and 30 days of the 3rd round between the three groups
(Figure 9B).

In order to examine the effect of MCs stabilizer ketotifen fumarate on the presence of MCs, Immunofluorescence analyses
were conducted on post-mortem rats’ vulvar tissue 81 days after the 3rd zymosan/saline administration round (Figure 8A). There
was a significant difference in MCs number between the three groups; saline-KF, zymosan-KF, and zymosan-saline (F,,1s)
=10.22, P<0.001; F(2,18=5.18, P=0.017, Tryptase, Chymase, respectively, n=7 per group, Figure 10A and B). Post-hoc analyses
show that the number of MCs in the vulva tissue was higher in the zymosan group that was treated with saline (zymosan-saline)
during the three rounds of zymosan/saline administration in the vulva, compared to both ketotifen fumarate treatment groups: the
saline-KF and the zymosan-KF group (P<0.05; Tryptase, Chymase). There was no significant difference in the number of MCs
between the zymosan-KF and the saline-KF groups (P=0.48; P=0.83, Tryptase, Chymase, respectively; Figure 10A and B). Also,
there was no significant difference in the number of MCs degranulated between groups (F(»,15=1.33, P=0.282; n=7 per group;
Figure 10C).
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Figure 10 Long-term effects of mast cells stabilizer KF on the presence of mast cell, 81 days after the 3rd round. (A) Positively stained cells with mast cell chymase (green;
white arrows) and tryptase (red; white arrows) merged with dapi stain (blue) in the Saline- ketotifen, the zymosan- ketotifen, and the zymosan-saline group. Scale bar: 50 pm.
(B) The number of positively stained cells with chymase or tryptase in the Saline- ketotifen, the zymosan- ketotifen, and the zymosan-saline group after 81 days of the 3rd
round (n=7 per group). (C) The percentage of degranulated mast cells among the Saline- ketotifen, the zymosan- ketotifen, and the zymosan-saline group after 81 days of the
3rd round (n=7 per group). Mean * SEM. *P<0.05.

Stabilization of MCs During Inflammation Modulates the Neuromodulation and

Hyperinnervation of Vulva Nerves

There was a significant difference in TRPV1 and TRPA1 expression in vulva neurons [as detected by immunoreactivity (IR)
for the pan-axonal marker protein gene product 9.5 (PGP 9.5)] between the three groups: the zymosan-saline, the saline-KF,
and the zymosan-KF group. 81 day after the 3rd round (F,4=6.18, P=0.009; F, 15=9.82, P<0.001, TRPVI1, TRPAI,
respectively; n=7 per group; Figure 11A—C). Post-hoc analyses showed that the expression of TRPV1 in vulva neurons was
higher in the zymosan group that was treated with saline (zymosan-saline) during the three rounds of zymosan/saline
administration in the vulva, compared to both ketotifen fumarate treatment groups: the saline-KF and the zymosan-KF
group (P<0.05). There was no significant difference in the expression of the TRPV 1 channel between the saline-KF group and
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Figure 11 Long-term effects of mast cells stabilizer KF on TRPVI and TRPAI expression in vulvar nerves after 81 days of the 3rd round of zymosan/saline administration.
(A) The expression of TRPVI channel in vulva nerves, 81 days after the 3rd zymosan/saline administration. Coexpression of TRPVI channel (green) and neuronal PGP 9.5
(red; white arrows) merged with dapi stain (blue). (B) The expression of TRPAI channel in vulva nerves, 8| days after the 3rd round zymosan\saline administration.
Coexpression of TRPAI channel (red) and neuronal PGP 9.5 (green; white arrows) merged with dapi stain (blue). Scale bar: 50 ym. (C) Fluorescence intensity (arbitrary
units) of TRPVI, TRPAI, TRPVI/PGP-9.5, and TRPAI/PGP-9.5 in the Saline- ketotifen, the zymosan- ketotifen, and the zymosan-saline group 81 of the 3rd round (n=7 per
group). Mean + SEM. *P<0.05, ***P<0.001.
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the zymosan-KF group (P=0.80). Post-hoc analyses showed that the expression of TRPA1 in vulva neurons was higher in both
zymosan groups (the zymosan-saline and zymosan-KF groups) compared to the saline-KF group (£<0.05; Figure 11C), and
there was no significant difference in the expression of TRPA1 in vulva neurons between the zymosan-saline and the zymosan-
KF group (P=0.18; Figure 11C). However, the zymosan-KF group tended, on average, to show a slight decrease in the
expression of TRPA1 in vulva neurons compared to the zymosan-saline group.

Furthermore, we found a significant increase in the density of nerve fibers in the vulva [as detected by immunoreactivity
(IR) for the pan-axonal marker protein gene product 9.5 (PGP 9.5)] after 81 days of the 3rd round of zymosan/saline
administration, in the zymosan-saline group compared to the zymosan-KF and the saline-KF group (F(,,12=11.61, P=0.002;
Figure 12A and B) with no significant difference between the saline-KF and the zymosan-KF group. In the zymosan-saline
group, the increase in nerve fibers density is reflected in the number of fibers and their length (Figure 12A).
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Figure 12 Long-term effects of mast cells stabilizer KF on vulvar hyperinnervation. (A) Nerve fibers [as detected by immunoreactivity (IR) for the pan-axonal marker
protein gene product 9.5 (PGP 9.5; green)] merged with dapi stain (blue). Scale bar: 50 ym. (B) Fiber length (um) per unit area (um?) in the saline- ketotifen, the zymosan-
Ketotifen, and the zymosan-saline group (n=5 per group). Mean + SEM. *P<0.05, **P<0.001.

Discussion

The intricacy of the link between the MCs and the nervous system during inflammation in the development of chronic
pain conditions such as PV has been addressed before.”* >? However, the current study established several steps in the
development of persistent PV in a rat model. First, it should be acknowledged that the vulvar pain model that was
implemented here successfully induced long-lasting mechanical and thermal vulvar hypersensitivity after three rounds of
zymosan challenge for an experimental period of approximately six months. Undoubtedly the long-lasting behavioral
changes underscore the usefulness of the model.

During the three zymosan/saline injections, both the saline and zymosan groups displayed a significant decrease in the
mechanical sensitivity threshold. There were no significant long-term effects of saline injection in the vulva, given that
the decrease in the mechanical threshold of the saline groups disappeared after 10 days of the 3rd round. On the other
hand, in the zymosan-injected groups, the mechanical sensitivity initially recovered to nonallodynic levels (defined as
>66% of baseline threshold) after the 1st and 2nd zymosan challenges but never recovered to the baseline after the 3rd. In
addition, after the 3rd challenge, the zymosan group showed a low mechanical threshold that was maintained throughout,
even after 156 days, compared to the baseline. Moreover, we evaluated vulvar hypersensitivity using a dynamic hot plate
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test to evaluate hypersensitivity to heat, as observed in women with vulvodynia.>* Indeed, we observed a significant level
of thermal hypersensitivity, including vulvar thermal hypersensitivity, after 18 and 158 days of the 3rd round of
administration in the zymosan group compared with the saline group. The zymosan groups showed significant nocicep-
tive responses such as vulva licking, rearing, and jumps compared to the saline groups.

As expected, we observed vulvar allodynia during and immediately after each round of the zymosan challenge.
Zymosan is prepared from the yeast cell wall and consists of protein-carbohydrate complexes, and its administration
induces inflammation.** Thus, the onset of vulvar hypersensitivity during the zymosan challenge may have resulted from
acute zymosan-induced inflammation. Interestingly, this result is compatible with a previous animal study'” and clinical
reports of vulvovaginal pain during candida infection and inflammation.*®> Notable, the inflammatory response to
zymosan in the rat model was associated with marked dermal lymphocytic infiltrate with exocytosis, accompanied by
a significant increase (almost 200%) in the number of MCs.

MCs are multifunctional innate immune cells implicated in inflammatory responses, such as hypersensitivity and
allergic reactions.*® Zymosan can activate MCs through Toll-like receptor 2 (TLR-2), leading to the degranulation of pro-
inflammatory molecules such as histamines and NGF and proteases such as chymase and tryptase.*” Almost 25% of the
MCs in the zymosan group in our study were degranulated. Therefore, these results suggests that the vulvar allodynia and
hypersensitivity that persisted 20 days after the 3rd zymosan challenge have been initiated by inflammation.

Once activated, MCs secrete pro-inflammatory mediators and signaling molecules involved in mediating vulvar nerve
sensitization.*®*° Hence, the stabilization of MCs in repeated inflammation cases can potentially prevent chronic vulvar
pain development. To examine this hypothesis, we used the MCs stabilizer-ketotifen fumarate, an antiallergic and
antihistaminic agent that inhibits the calcium-dependent degranulation of MCs and noncompetitively blocks histamine
at the Hl-receptor.*® In the current study, rats were pre-treated with ketotifen fumarate (i.p; 3mg/k) before each zymosan
challenge in the vulva and every day to day 7 after the 3rd zymosan challenge (overall 21 days of treatment). During the
zymosan challenge, there was a significant decrease in mechanical threshold compared to baseline in both zymosan
groups-The zymosan group treated with ketotifen fumarate (zymosan-KF) and the zymosan group treated with saline
(zymosan-saline). No significant decrease in mechanical threshold was observed in the saline group treated with ketotifen
fumarate (saline-KF). In each round, after the zymosan administration, the zymosan-KF group showed an advantage over
the zymosan-saline group in terms of reduced pain response. Even though the difference in pain sensitivity reduction
between the zymosan-KF and the zymosan-saline groups did not reach statistical significance (5 days in the 1st round, 2
and 5 days in the 2nd round), the zymosan-KF group tended on average to show a slight decrease in mechanical threshold
compared to the zymosan-saline groups that displayed a robust decrease in mechanical threshold. This pattern of reduced
pain response during inflammation as a result of KF treatment is consistent with previous studies reporting a reduction in
acute inflammatory nociception in animals following KF treatment.*!*?

Furthermore, the difference in mechanical sensitivity between the zymosan-saline and the zymosan-KF group was
maintained even after 76 days following the 3rd zymosan challenge and long after the treatment period ended. It should be
noted that the mechanical threshold of the zymosan-saline and the zymosan-KF group was not recovered to the baseline.
However, only the zymosan-KF group exhibited a significant recovery to the nonallodynic levels (defined as >66% of baseline
threshold) compared to the zymosan-saline group, in which persistent allodynia was present in 25% of rats in the zymosan-KF
group in contrast 85% in the zymosan-saline group. However, there was no significant difference in the number of nociceptive
responses in the thermal sensitivity test between the zymosan-saline and the zymosan-KF groups.

In the present study, vulvar allodynia persisted for at least 156 days after the edema and the inflammation subsided.
However, even at 81 days and 160 days of the 3rd round of zymosan challenge, we found a significant difference in the
number of MCs, but not of degranulated cells, between the zymosan and the saline group. In addition, there were fewer
MCs in the zymosan group 160 days after the 3rd round of the zymosan challenge compared to after 20 days. MCs
accumulation in the allodynic rats long after the 3rd zymosan challenge is compatible with histopathological studies of
human biopsy tissues in case of chronic pain conditions (eg, vulvodynia and chronic knee pain) in which hyperinnerva-
tion is reported to occur, accompanied by an increase in the MCs presence with no evidence of inflammation.****
However, it should be noted that PV is a pain syndrome with a suspected inflammatory background, thus the lack of
inflammation does not exclude a diagnosis of PV.**
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Regarding KF treatment, the current findings depict a decrease in MCs accumulation long after the end of the
treatment period in the zymosan group that was treated with KF during the inflammation, compared to the zymosan-
saline group. Previous work report that KF treatment reduces MCs number and degranulation. For instance, pre-treatment
with KF reduced the presence and the activation of MCs in the inflammation model of Complete Freund’s adjuvant;** in
addition, 14 days of KF treatment led to decreasing in MCs number in a rat model of endometriosis.*® However, the
beneficial effect of KF in MCs modulation was mainly examined immediately after the end of the treatment. Therefore,
the current results (to our knowledge) represent the first report demonstrating that KF treatment during inflammation in
a rat model of PV reduced MCs accumulation long after the treatment period. This result raises the possibility that early
inflammatory events, partially mediated by MCs, are involved in setting the stage for long-term MCs increases in the
vulvar. Moreover, since the activation of MCs could establish a positive feedback loop that might also contributes to
maintaining the pain,*’ it is possible that limiting MCs activation may disrupt this loop and reduce pain. Indeed, future
studies and clinical trials are needed to examine whether the modulation of MCs activity in the case of idiopathic pain
(eg, Provoked vulvodynia, fibromyalgia) contributes to relieve pain.

A substantial body of evidence, based on both animal and human studies, demonstrates that MC-derived NGF plays
a pivotal role in the development of hypersensitivity during inflammation.'®***® Therefore, it is no surprise that we found
a significant increase in NGF concentration in the vulvar tissue after 24 hours of zymosan administration in the 1st and the 2nd
round compared to the saline group. More critically, pretreatment with MCs stabilizer KF prevented the upregulation of NGF
concentration in the vulva 24 hours after the zymosan administration in the 1st and the 2nd challenge. Indeed, the prevention of
upregulation of NGF during inflammation has been suggested as one of the mechanisms whereby KF inhibits inflammatory
pain.***° However, after 24 hours of the last zymosan injection, there was no significant difference in NGF concentration
between the saline, the zymosan-KF, and the zymosan group. It might be suggested that the inflammation challenge occurring
at a short time interval affects the inflammation response pathways in a way that causes the peak of NGF release to occur at
different time points compared to the 1st and 2nd rounds.

Tissue inflammation induces glutamate release from the area of the inflammation, resulting in nerve sensitization that is
reflected in hypersensitivity and a decrease of the pain threshold.'”" In the current study, we examined the glutamate
concentration at the early stage of the inflammation in the vulvar tissue; we found a significant increase in glutamate concentration
in the vulvar tissue after 6, 24, and 48 hours of the zymosan challenge. However, the increase in glutamate and NGF
concentrations was less detectable by day 30 after the 3rd zymosan injection. This result suggests that the transient changes
that include a significant increase in NGF and glutamate levels during the inflammation might be involved in the development of
long-lasting vulvar pain.

Numerous studies have shown that NGF and glutamate induce considerable alterations in nerve fiber distribution and
influence innervating neurons’ phenotype, including growth-associated structural proteins, neuromodulators, and ion
channels.'”>>7>* Therefore, and since NGF and glutamate levels are substantially increased in inflamed tissues, it is not
surprising that nerves’ hyperinnervation and neuromodulation occur during the inflammatory process.'”>>>® In line with
these reports, substantial modifications in nerve fiber distribution were observed in the current study in the zymosan
group, 20 days after the 3rd zymosan challenge, including hyperinnervation of the vulvar nerves and an increase in the
expression of pain channels TRPV1 and TRPA1. This result is also with previous evidence showing the presence of
sensory hyperinnervation and the overexpression of pain channels (TRPV1 and TRPA1) during an inflammatory response
mediated by NGF and glutamate, which was reflected in mechanical and thermal hypersensitivity.>'+3%

Notably, in the current study, we demonstrate that even in the absence of overt inflammation, robust sensory
hyperinnervation and overexpression of pain channels were found in the allodynic rats long after the 3rd zymosan
challenge. This result suggests that vulvar hypersensitivity that persists long after the resolution of inflammation may be
due to an abnormal persistence of the hyperinnervation and the overexpression of the pain channels. These findings might
be consistent with some of the characteristics of provoked vulvodynia (PV). Indeed, hyperinnervation and overexpression
of pain channels are often reported in women with PV.'*** Similar results of vulvar hypersensitivity and hyperinnerva-
tion resulting from inflammation challenge were also reported in the mice model of vulvar pain.'>*>°

More importantly, we found that treatment with an MC stabilizer during inflammation induced by zymosan (21 days of
treatment) attenuates neuromodulation and hyperinnervation in the vulva. After 81 days of the 3rd zymosan challenge, we found
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a significant difference in the expression of pain channels (especially the TRPV 1 channel) and nerve density in the vulva between
the zymosan-KF group and the zymosan-saline group. As for TRPA1, there was no significant difference in the expression level
between the two groups, but when looking at the group level, the expression of the TRPA1 channel in the zymosan-KF group was
diminished compared to the zymosan-saline group. These results are consistent with earlier studies.*® It was suggested that
increased local nerve density and overexpression of pain channels might be MC-dependent and that the depletion of MCs reduces
innervation and downregulates pain-channels expressions.?***>*" Following current results, we speculate that modulation of
MCs activity by KF during inflammation in the vulva may explain the difference in hyperinnervation and neuromodulation
between the zymosan-KF group and the zymosan-saline group.

Several limitations of our study should be acknowledged. First, multiple studies suggest that inflammation may play
a role in the development of PV.>**®! The current result support this notion, indeed, we found that repeated inflammation
led to long-lasting mechanical and thermal vulvar hypersensitivity. However, in the current study we focused only on
inflammation in the development of PV, and this a limitation of the current study. And, it should be noted that the
development of chronic vulvar pain is not solely induced by inflammation.®®* PV is a complex pain disorder, and the
etiology is multifactorial.® Thus, it is possible that in women’s the combined effects and the interaction of several factors
(eg, psychological stress, genetic predisposition, hormonal imbalance, and recurrent inflammation) are essential in
promoting PV development. Therefore, future studies could assess the combined effects and the interaction between
these factors in the development of provoked chronic vulvar pain. Moreover, despite the clinical evidence that suggests
a correlation between vulvar fungal infections (ie, topical infection) that lead to inflammation, and PV. Here, we used
zymosan injection in the vulvar to induce inflammation, and this may a limitation of the current model.

463 thus the results obtained in the

The current study focused on PV, which is the most common type of vulvodynia,
current study may not provide information to understand the development of other types of vulvodynia (eg, generalized
vulvodynia) and this a limitation of the current model. However, our findings may have an impact, in the future, on the
vast majority of vulvodynia sufferers. Finally, our findings indicate that stabilization of MCs by KF reversed inflamma-
tory-induced vulvar mechanical allodynia, suggesting that limiting MC activation is might crucial to resolve the ongoing
inflammation and consequently, modulation of chronic vulvar pain development. Thus, the translational value of our
findings is substantial as it suggests that stabilizing MCs in women with vulvar inflammation history may be useful to
promote analgesia during inflammation and prevent chronic vulvar pain development, especially among women with
a history of seasonal allergies, which are twice as likely to develop vulvodynia than allergy-free controls.®* Therefore, we
encourage future clinical trials of KF to be used as a preventive treatment for PV in the case of repeated vulvar
inflammation.

Vulvar hypersensitivity
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Figure 13 Diagram illustrating the involvement of mast cells in chronic vulvar pain development. Inflammation induced by zymosan leads to glutamate and NGF release from
the inflammation area. The early inflammatory events (MC degranulation, NGF, and glutamate release) set the stage for long-term MC accumulation, nerves neuromodula-
tion, and hyperinnervation manifested as vulvar hypersensitivity. In turn, mast cell stabilization by ketotifen fumarate attenuates the upregulated level of NGF during
inflammation, modulates the neuronal modifications, reduces mast cells accumulation, and enhances mechanical hypersensitivity after repeated inflammation challenges.
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Conclusion

Taken together, we have developed a new, clinically relevant animal model of persistent vulvar pain. Furthermore, our results
reveal robust evidence that mechanical and thermal sensitivity induced by inflammation is mediated partly by MC accumula-
tion, nerve growth, and the increase of pain channels expression in the vulvar neurons, resulting in hypersensitivity reflected in
decreased pain threshold, eventually manifested as allodynia and hyperalgesia, which are some of the reported symptoms of
PV. Current results align with previous reports demonstrating that recurrent vulvar inflammation induces long-lasting neuronal
modifications reflected in local hypersensitivity.'> Nevertheless, following current results, we can speculate, at least to some
degree, that the early inflammatory events such as MCs degranulation and glutamate and NGF upregulation that we described
mediate the neuronal changes that were observed in allodynic rats.

However, a more thorough examination of a specific inflammatory pathway that takes into account mast cell-
centered tissue response at the early inflammatory events revealed that MCs stabilization by ketotifen fumarate
attenuates the upregulated level of NGF during inflammation, modulate the neuronal modifications, reduces MCs
accumulation, and enhanced mechanical hypersensitivity that occurs after repeated inflammation challenge
(Figure 13). Considering that MCs are known to be involved in the development of chronic pain conditions like PV,
insight derived from the present study may provide vital information towards an improved understanding of the role of
MCs and the early inflammatory events in the development of provoked vulvodynia (Figure 13). In addition, the current
findings encourage future clinical studies aimed at testing KF’s efficacy in reducing and preventing chronic vulvar pain
development, especially in women with predisposition to allergy. Furthermore, the current findings might also have
a possible implication on prevention and treatment of chronic idiopathic pain conditions such as fibromyalgia, that co-
occur with different types of allergies.*
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