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Abstract

Mast cells (MCs) are crucial immune cells and have been widely recognized as key ef-
fector cells in the induction of allergic symptoms. In this study, cochlear tissue from p3-5
C57BL/6 mice was used as an in vitro model to investigate the morphological effects of
MC degranulation on the mouse cochlea and the activation capacity of resident cochlear
MCs. The results revealed significant and dose-dependent impairments in cochlear mor-
phology and hair cell numbers following 24-hour co-culture with degranulated bone mar-
row-derived mast cell (BMMC) supernatant. Moreover, chymase and tryptase were de-
tected in the cochlear tissue supernatant after 1 hour of treatment with Compound 48/80
at concentrations of 20 yM, 50 uyM, and 100 uM. Notably, a range of proinflammatory
cytokines (including GM-CSF, IFNy, IL-6, IL-18, and TNF) was observed in the cochlear
tissue supernatant after 1-hour treatment. Additionally, time-course experiments with 15
UM cisplatin revealed a time-dependent release of histamine and tryptase. The present
study highlights the complexity of MC biology and its importance in the inner ear immune
response and reveals a potential mechanistic link between inner ear dysfunction and MC-
driven disease. It also demonstrates that resident cochlear MCs possess the ability to
degranulate and suggests that they may play a role in cisplatin-induced ototoxicity and
that the pathological effects induced by MCs may even precede cisplatin-induced reactive
oxygen species (ROS) accumulation. Future studies are needed to reveal the exact me-

diators and signalling cascades involved in MC-mediated cochlear injury.



Zusammenfassung

Mastzellen (MCs) sind wichtige Immunzellen und gelten seit langem als Schlusselzellen
bei der Auslosung von allergischen Symptomen. In dieser Studie wurde Cochlea-Gewebe
von p3-5 C57BL/6-Mausen als In vitro-Modell verwendet, um die morphologischen Aus-
wirkungen der MC-Degranulation auf die Cochlea der Maus und die Aktivierungskapazitat
der in der Cochlea anséssigen MCs zu untersuchen. Die Ergebnisse zeigten signifikante
und dosisabhangige Beeintrachtigungen der Morphologie der Cochlea und der Anzahl
der Haarzellen nach 24-stiindiger Co-Kultur mit Uberstand von degranulierten in vitro dif-
ferenzierten Mastzellen aus dem Knochenmark (BMMC). Aul3erdem wurden Chymase
und Tryptase im Uberstand des Cochlea-Gewebes nach einer einstiindigen Behandlung
mit Compound 48/80 in Konzentrationen von 20 uM, 50 yM und 100 uM , sowie eine
Reihe von pro-inflammatorischen Zytokinen (einschliel3lich GM-CSF, IFNy, IL-6, IL-18
und TNF) nachgewiesen. Dariiber hinaus zeigten Zeitverlaufsexperimente mit 15 uM Cis-
platin eine zeitabhangige Freisetzung von Histamin und Tryptase. Die vorliegende Studie
verdeutlicht die Komplexitat der MC-Biologie und ihre Bedeutung fur die Immunreaktion
im Innenohr und zeigt eine mdgliche mechanistische Verbindung zwischen Funk-
tionsstorungen des Innenohrs und MC-bedingten Krankheiten auf. Sie zeigt auch, dass
die in der Cochlea ansassigen MCs die Fahigkeit zur Degranulation besitzen, und deutet
darauf hin, dass die in der Cochlea anséssigen MCs eine Rolle bei der Cisplatin-induz-
ierten Ototoxizitat spielen und dass die durch MCs induzierten pathologischen Effekte
sogar der Cisplatin-induzierten Akkumulation reaktiver Sauerstoffspezies (ROS)
vorausgehen kénnen. Zukuinftige Studien sind erforderlich, um die genauen Mediatoren
und Signalkaskaden aufzudecken, die an der MC-vermittelten Schadigung der Cochlea

beteiligt sind.



1. Introduction

1.1 Mast cells

Mast cells (MCs) are a type of immune cell present in all vertebrates, having evolved long
before the development of the adaptive immune system hundreds of millions of years ago
(Mulero, Sepulcre et al. 2007). The history of MC research began in 1878 when Paul
Ehrlich, a physician and researcher, first described and named the aniline-reactive gran-
ulocytes he found in connective tissue as mast cells (Mastzellen) in his doctoral disserta-
tion (Ehrlich 1877). MCs have been the object of study and have drawn the attention of
countless researchers since then, leading to a substantial increase in our knowledge of

their intriguing biology and function.

1.1.1 Characterization of mast cells

MCs are characterized by their distinctive granules, which contain various bioactive mol-
ecules such as preformed mediators (histamine, chymase, and tryptase), and a wide
range of cytokines and other chemokines which can be synthesized after activation of the

cell by IgE and antigens, or other stimuli.

Mast Cell

Preformed mediators

Histamine, Heparin,
Tryptase, Chymase,
Cathepsin G,
Carboxypeptidase A3,
Granzyme B,

Renin

| Angiogenic and
Lymphangiogenic
factors
VEGF - A, VEGF - B,
VEGF - C, VEGF - D

Extracellular vescicles

Cytokines

SCF, TNF-a,IL-18,IL-3,IL-5,
IL-6,IL-9,IL-10,IL-11,IL-13,
IL-16,IL-17A,IL-18,IL-22,
IL-25/IL-17E, TGF-B, NGF,
FGF - 2, GM - CSF, Amphiregulin

Chemokines
CXCL-8/IL-8,CCL3/MIP-1a,
CXCL10/IP-10,CCL1/1-309,
CCL2/MCP-1,

CXCL-1 /GRO-a

Lipid mediators
LTC4, PGD,, PAF

Piecemeal degranulation

Anaphylactic degranulation Extracellular DNA Traps

Figure 1. Proinflammatory and immunomodulatory mediators of human MCs. (Var-
ricchi, Rossi et al. 2019)



On the surface of MCs, there is a range of receptors expressed, such as high-affinity IgE
receptor (FceRl), stem cell factor receptor (c-kit), pathogen-recognizing Toll-like receptors
(TLR), and MAS-related G-protein-coupled receptor X2 (MRGPRX2). Activation of these
receptors can initiate MC activation, resulting in the secretion of proinflammatory and im-

munomodulatory mediators.

1.1.2 Development, distribution, and heterogeneity of mast cells

MCs originate from pluripotent hematopoietic stem cells (Chen, Grimbaldeston et al. 2005,
Kitamura, Oboki et al. 2007), and they stay as undifferentiated progenitor cells while cir-
culating through the bloodstream until entering peripheral tissue, where they ultimately
undergo maturation (Kitamura, Sonoda et al. 1985, Kitamura, Kasugai et al. 1993). Ma-
ture MCs are distributed across various connective and mucosal tissues, as well as within
all vascularized organs. Their highest concentrations occur at interfaces between internal
and external environments, facilitating responsiveness to antigens and foreign organisms,
thereby serving as the sentinels (Metcalfe, Baram et al. 1997, Galli, Kalesnikoff et al.
2005). This deliberate distribution ensures a rapid response through the release of medi-
ators and recruitment of immune cells to the targeted sites of action (Galli, Maurer et al.
1999, Abraham and St John 2010).

The maturation, phenotype, and functionality of MCs are considered to be directly influ-
enced by the surrounding microenvironment (Galli, Borregaard et al. 2011). This micro-
environment, which includes stem cell factor (SCF) and other cytokines (e.g. IL-3, IL-9),
plays a crucial role in regulating the growth, differentiation, and maturation process of
MCs (Metcalfe, Baram et al. 1997, Jamur and Oliver 2011). Mice with spontaneous dou-
ble mutations in the kit gene, which encodes the SCF receptor (c-Kit), exhibit a near-
complete absence of MCs. WBB6F1-KitW/KitW (Kit"/Kit"-V) mice, characterized by defi-
cient c-Kit expression, demonstrate a marked absence of MC development, mild anemia,
complete melanocyte deficiency, and sterility (Galli and Kitamura 1987). Another MC-
deficient mouse strain, C57BL/6-KitV-s"/KitW-sh (Kit¥-sh), also lacking MCs and melano-
cytes, presents fewer abnormalities than the KitV/Kit"-V mice (Grimbaldeston, Chen et al.
2005, Wolters, Mallen-St Clair et al. 2005). These MC-deficient mice models have be-

come invaluable tools for in vivo studies of MC function.



Based on the anatomical distributions, murine MCs are categorized into two primary sub-
sets: connective-tissue MCs (CTMC), predominantly situated proximate to vessels and
nerve endings in most connective tissues, and mucosal MCs (MMC), mainly found in the
epithelium of the mucosa of the gastrointestinal tract and respiratory tract (Enerbéck
1966). In humans, MCs can also be defined as tryptase-expressing mucosal MCs (MCr)
and tryptase- and chymase-expressing connective tissue MCs (MCrtc) according to the
different levels of two key granule-associated proteases (Craig and Schwartz 1989). Ta-
ble 1 below shows the properties of mouse and human MCs (St. John, Rathore et al.
2023).

Table 1. Characteristics of mouse and human MCs (St. John, Rathore et al. 2023)

Property Mouse MCs Human MCs
Main sub- CTMC MCrc
sets MMC MCr
Major prote- | Heparin for CTMC; chondroitin | Heparin for CTMC; chondroitin sul-
oglycan in sulfate for MMC fate for MMC
granules
Expression Low or no expression on fetal Low or no expression on fetal MC,;
of IgE re- MC; increased expression with increased expression with gesta-
ceptor gestational age tional age. Higher levels of expres-
(FceRlI) sion on fetal skin MCs compared
with fetal lung MCs.
Cytokines, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, | IL-18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-
chemo- IL-9, IL-10, IL-12, IL-13, IL-15, IL- 10, IL-11, IL-12, IL-13, IL-15, IL-
kines, and 17, IL-33, TNF, FGF, GM-CSF, 16, IL-17a, IL-18, TNF, FGF, GM-
growth fac- IFN-y, IFN-a/B, TGF-B, VEGF, CSF, IFN-y, IFN-a/B, TGF-B,
tors re- CCL1, CCL2, CCL3, CCL4, VEGF, CCL1, CCL2, CCL3, CCL4,
ported as CCL5, CCL6, CCL7, CCLS, CCL5, CCL6, CCL7, CCLS,
produced CCL9, CCL17, CCL20, CCL22, CCL11, CCL16, CCL17, CCL18,
CCL25, CCL27, CXCL1, CXCL2, | CCL20, CCL22, CCL23, CXCL1,
CXCL8, CXCL10, CXCL12, CXCL2, CXCL3, CXCL6, CXCLS,
CX3CL1 CXCL9, CXCL10
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Major prote- | Mcptl-7 and carboxypeptidases; | Tryptase, chymase, and carboxy-
ases Mcpt4 is a chymase, Mcpt6 and peptidase
Mcpt7 are tryptases. MCTC ex-
press more Mcpt4, Mcpt5, Mcpt6
and carboxypeptidase A3,
whereas MMC express more
Mcptl and Mcpt2, although heter-
ogeneity exists both within and
between tissues.
Biogenic Serotonin, histamine, and dopa- Serotonin and histamine; dopa-
amines pro- mine mine unreported
duced
Neuropep- Substance P, vasoactive intesti- | Substance P, vasoactive intestinal
tides pro- nal polypeptide, and NGF polypeptide, and NGF
duced

1.1.3 Activation and function of mast cells

The activation of MCs can be described as being FceRI-dependent and FceRI-independ-
ent (Metcalfe, Baram et al. 1997). FceRI, a high-affinity IgE receptor, is considered to be
one of the most important receptors expressed on the MC surface. It consists of a heter-
otetrametric structure, comprising an IgE-binding a-subunit, a B-subunit with four trans-
membrane spans, and two y-subunits connected by disulfide bonds (Kinet 1999, Kawa-
kami and Galli 2002). Initiation of the activation process occurs through the interaction
between a multivalent antigen (allergen) and its corresponding specific IgE antibody,
which is tethered to the cell membrane via the FceRI receptor, leading to the rapid release
of pre-formed proinflammatory and immunomodulatory mediators from the granules
(Metcalfe, Baram et al. 1997, Nadler, Matthews et al. 2000, Kawakami and Galli 2002).
This process is considered as the central event in acute allergic reactions and the devel-
opment of symptoms (Galli and Tsai 2012). In addition to activation by IgE and antigen,
a variety of alternative substances can evoke the release of MC mediators through FceRI-
independent pathways. These substances include polybasic molecules (e.g., Com-
pound48/80 (CP48/80), mastoparon, and polymyxin B), peptides (e.g. Substance P),
complement fragments (e.g. C5a), cytokines, and other stimuli (Metcalfe, Baram et al.

1997). Additionally, cisplatin, a frequently used chemotherapy medication for treating
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diverse cancers, has demonstrated the ability to trigger MC activation (Brzezihska-
Btaszczyk, Mincikiewicz et al. 1996).

In this study, the mouse IgE-anti-dinitrophenyl (DNP) and DNP system, a well-established
model for investigating IgE-mediated responses, was utilized. Mouse IgE-anti-DNP is a
monoclonal antibody that specifically binds to DNP haptens. These IgE antibodies are
produced by immunizing mice with DNP-conjugated proteins, leading to the generation
of hybridomas that secrete high-affinity anti-DNP IgE. The binding of DNP and IgE-anti-
DNP triggers the activation and degranulation of MCs (Eshhar, Ofarim et al. 1980, Bohn
and Konig 1982, Bohn and Kénig 1982).

Upon activation, a wide range of active mediators are released from MCs, triggering a
series of biological effects (Metcalfe, Baram et al. 1997, Boyce 2003, Marone, Triggiani
et al. 2005, Metz and Maurer 2007). MC-dependent mediators can be classified into three
categories: preformed secretory granule-associated mediators, lipid-derived mediators,
and cytokines (Metcalfe, Baram et al. 1997). Histamine is one of the most typical MC-
preformed secretory granule-associated mediators, the release of which leads to vasodi-
lation, smooth muscle contraction, bronchoconstriction, as well as heightened capillary
permeability (Lundequist and Pejler 2011). The proteoglycans and proteases (e.g., chy-
mase and tryptase) are also preformed mediators stored in the cytoplasmic granules. MC
granule protease phenotypes are classified by the fact that MCs of different species and
developmental stages exhibit different combinations of granule proteases (Table 1). In
addition, MC activation can synthesize and secrete lipid-derived substances (e.g., cy-
clooxygenase and lipoxygenase metabolites of arachidonic acid) and a variety of cyto-
kines, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor ne-
crosis factor (TNF) and IL-2, IL-3, IL-4, IL-5 and IL-6, as well as Interferon gamma (IFN-
v), which further promote the inflammatory response and cell-cell interactions (Metcalfe,
Baram et al. 1997).

Due to the release of these biologically active mediators, MC activation is not only in-
volved in the regulation of immune responses but also plays an important role in the path-
ogenesis of inflammation and allergy (Gonzélez-de-Olano and Alvarez-Twose 2018), ur-
ticaria (Church, Kolkhir et al. 2018), as well as other disorders, such as inflammatory
bowel disease (Dvorak, Monahan et al. 1980, Roberts-Thomson, Fon et al. 2011), fibri-

nolysis (Strattan, Palaniyandi et al. 2019), and lung diseases (Virk, Arthur et al. 2016).
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1.2 Inner ear

1.2.1 Inner ear anatomy

In mammals, the inner ear comprises two distinct functional components. Firstly, the ves-
tibular system, along with the vestibule and semicircular canals, is the sensory system
responsible for maintaining balance. Secondly, the cochlea, converting sound pressure
impulses originating in the outer ear and transformed into mechanical energy in the mid-
dle ear into electrical signals transmitted to the central auditory system through the audi-
tory nerve, is responsible for the sense of hearing (Fettiplace and Kim 2014, Ekdale 2016,
Fettiplace 2017).

1.2.2 The cochlea

Auditory signal transduction occurs within the cochlea, a spiral-shaped structure located
in the ventral portion of the inner ear. The cochlea comprises three ducts: the scala ves-
tibuli, scala media (cochlear duct), and scala tympani (Ekdale 2016, Driver and Kelley
2020). Both the scala vestibuli and scala tympani are filled with perilymph. They are con-
nected at the apex of the cochlea, which is known as the helicotrema. In contrast, the
cochlear duct and membranous vestibular apparatus contain endolymph (Braun, Béhnke
et al. 2012, Ekdale 2016). The composition of perilymph is characterized by high sodium
and low potassium content, resembling extracellular fluid (Sterkers, Ferrary et al. 1988).
In contrast, the endolymph has significantly higher potassium and lower sodium content,
with a composition comparable to intracellular fluid (Bosher and Warren 1968, Sterkers,
Ferrary et al. 1988, Payan, Kossmann et al. 1997). The pressure and volume of endo-
lymph influence both vestibular and auditory functions. For instance, an increased volume
of endolymph, also known as endolymphatic hydrops, is highly associated with Meniere's

disease, characterized by hearing loss and vertigo (Havia, Kentala et al. 2002).

The scala media is apically separated from the adjacent scala vestibuli by Reissner's
membrane (RM) (Driver and Kelley 2020), and basally by the osseous lamina and the
basilar membrane, which separate the cochlear duct from the scala tympani. The organ
of Corti (OC) is located on the surface of the basilar membrane in the cochlear duct
(Ekdale 2016). The stria vascularis (SV) forms the lateral wall (LW) of the cochlear duct
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with the spiral ligament (SL), and is a highly vascularized tissue responsible for the pro-

duction of endolymph (Fay 2012).

1.2.3 The organ of Corti and hair cells

The OC is composed of two types of hair cells (HC), namely inner hair cells (IHCs) and
outer hair cells (OHCs), which are responsible for auditory sensation transduction. Addi-
tionally, several non-sensory supporting cell types, including inner phalangeal cells, pillar
cells, Hensen's cells, and Deiters' cells, among others, contribute to its structure. The
arrangement of HC and supporting cells forms a precisely ordered cellular mosaic, ex-

tending along the basal-to-apical (tonotopic) axis of the cochlea (Driver and Kelley 2020).

As the sensory receptors of the auditory system, each HC is comprised of mechanically
sensitive bundles of stereocilia situated on its luminal surface. These bundles typically
contain 50-200 individual stereocilia organized in rows, forming a V-shape, with their
length increasing in a stair-like pattern (Driver and Kelley 2020). OHC and IHC have dif-
ferent numbers, positions, and functions in the cochlea. More than 3/4 of the sensory cells
are OHCs (Fay 2012), and they are positioned on the lateral side of the tunnel of Corti,
whereas IHCs, as their name indicates, are situated on the inner side. The potential of
OHCs correlates with basilar membrane displacement, whereas the potential of IHCs
shows a positive correlation with the basilar membrane vibration rate (Dallos, Billone et
al. 1972, Fettiplace and Hackney 2006).

1.2.4 Auditory physiology and dysfunction of the inner ear

Auditory transduction, the process of converting sound waves into electrical signals that
the brain recognizes and processes, begins with the sound waves that hit the eardrum
through the external ear canal and cause vibration (Lim and Brichta 2016). These vibra-
tions are transmitted to the oval window of the cochlea through the three small bones of
the middle ear (hammer, incus (anvil), and stapes), also known as the auditory ossicles
(Lim and Brichta 2016). The perilymph oscillates within the vestibule, producing pressure
waves propagating to the endolymph (Lim and Brichta 2016). The resultant shear force
bends the three-dimensional cilia of the HCs (Lim and Brichta 2016). The mechanical

displacement of the hair bundles induces depolarization, triggering the contraction of the
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OHCs through an electrokinetic process (Yoshioka and Sakakibara 2013, Lim and Brichta
2016). At the same time, the mechanically gated potassium channels on the apical ste-
reocilia of the HCs open in response to vibration, resulting in the release of the neuro-
transmitter glutamate, which stimulates the nerve fibers at the base of the HCs (Yoshioka
and Sakakibara 2013, Lim and Brichta 2016, Altoe, Pulkki et al. 2018). These nerve fibers
transmit auditory information via the cochlear nerve to the auditory brainstem, where it is
ultimately processed and interpreted in the auditory region of the temporal lobes. Different
auditory frequencies stimulate the HCs located in corresponding, specific regions along
the cochlea, with the high oscillatory frequencies being perceived at the base of the coch-

lea and the low frequencies at the tip of the cochlea (Mann and Kelley 2011).

Auditory dysfunctions manifest primarily as hearing loss. Besides age-related hearing
loss, the most common etiology is damage to the HCs caused by exposure to noise, and
the consequent loss of the ability to perceive different frequencies (Rabinowitz 2000, Go-
ines and Hagler 2007). Noise exposures that induce only temporary shifts in hearing
thresholds have reversible effects on the function of HCs. These functional alterations are
correlated with the recovery of hearing thresholds and the repair of structures such as
stereocilia. In contrast, exposure to higher levels and/or prolonged periods of noise can
inflict permanent damage on HCs, potentially leading to the death of HCs and resulting
in permanent threshold shifts (Shi, Chang et al. 2016). Besides noise, drugs such as
aminoglycoside antibiotics (e.g. gentamicin), chemotherapeutic agents (e.g. cisplatin),
loop diuretics (e.g. furosemide), and antimalarials (e.g. chloroquine) may also have an
inner-ear-damaging effect, which can result in hearing loss and tinnitus in patients (Lan-
vers-Kaminsky, Zehnhoff-Dinnesen et al. 2017). In addition, epidemiologic evidence sup-
ports an association between allergic diseases and specific inner ear disorders, suggest-
ing that a high prevalence of allergic reactions may cause or worsen hearing loss and

tinnitus (Zeng, Domarecka et al. 2024).

1.3 Cisplatin ototoxicity and its effect on mast cells

Cisplatin is a widely used chemotherapy medication for the treatment of various malignant
tumors (Kelland 2007). One mechanism by which cisplatin directly induces apoptosis is
through the formation of covalent compounds on the nitrogen atoms of guanine and ad-

enine. This process leads to interstrand cross-links in the DNA strand, which
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subsequently impairs replication and transcription (Heiger-Bernays, Essigmann et al.
1990, Jordan and Carmo-Fonseca 2000, Wang and Lippard 2005). Ototoxicity is one of
the major side effects of cisplatin and manifests as bilateral, dose-dependent progressive,
irreversible sensorineural deafness, starting in the high frequencies and progressing to
the low frequencies (Rybak 2007, Brock, Knight et al. 2012). Auditory HCs are the main
target cells for cisplatin-induced ototoxicity, especially OHCs (Brock, Knight et al. 2012).
Cisplatin not only impairs HCs but also affects the vascular stria (SV) (Meech, Campbell
et al. 1998) and spiral ganglion neurons (SGN) (Yu, Man et al. 2019). The precise mech-
anisms underlying cisplatin-induced ototoxicity, however, remain incompletely elucidated.
Current research suggests that cisplatin can induce the generation of reactive oxygen
species (ROS) within the cochlea, resulting in the depletion of antioxidant enzymes and
ultimately exacerbating apoptosis (Rybak 2007, Gongalves, Silveira et al. 2013). Moreo-
ver, cisplatin has been found to elevate the early immediate release and de novo synthe-
sis of proinflammatory cytokines, such as TNF, IL-1beta, and IL-6 in cochlear in vitro cell
line HEI-OC1 cells, indicating that proinflammatory cytokines may contribute to the path-
ophysiology of sensory hair cell (HC) damage induced by cisplatin (So, Kim et al. 2007).

A recent study has identified the presence of mast cells (MCs) in rodent cochlea
(Szczepek, Dudnik et al. 2020, Karayay, Olze et al. 2023). Moreover, cisplatin induced
the degranulation of MCs (Karayay, Olze et al. 2023), whereas the inhibition of MCs
degranulation using cromolyn has been shown to protect against HC and SGN damage
in cochleae exposed to cisplatin (Karayay, Olze et al. 2023). However, to our knowledge,
there are no current studies examining the precise mechanism of action of resident coch-

lear MCs in cisplatin-induced ototoxicity.
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1.4 Aims of the study

Building on the provided background, this study hypothesizes that under various condi-
tions, mast cells (MCs) might contribute to the pathologies of the cochlea. To test this

hypothesis, the following aims were identified:

1. Toexamine the impact of degranulation of murine bone marrow-derived MCs on coch-
lear morphology and hair cells.

2. To investigate the stimulatory capacity of mouse IgE-anti-DNP and DNP on resident
MCs in the inner ear.

3. To assess the stimulatory capacity of Compound 48/80 on resident MCs in the inner
ear.

4. To evaluate the stimulatory capacity of cisplatin on resident cochlear MCs.
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2. Materials and Methods

2.1 Materials

2.1.1 Table 2. Laboratory equipment

Name

Manufacturer

Cell culture plate

4-well slide

Thermo Fisher Scientific, Waltham, USA

Centrifuge
Megafuge 1.0 STR

Heraeus, Hanau, DE

CO2-incubator
HeraCell 150i

Thermo Fisher Scientific, Waltham, USA

Counting chamber

Neubauer Improved

VWR International, Radnor, USA

Electronic pipette boy2

INTEGRA Biosciences, Hudson, USA

Fluorescence microscope
EVOS FL Cell Imaging System
Keyence BZ-X800

Thermo Fisher Scientific, Waltham, USA
Keyence, Osaka, JPN

Freezer -20 °C

Liebherr comfort

Liebherr, Biberach an der Ris, DE

Luminex MAGPIX system

Luminex, Texas, USA

Microwave
R-208 Sharp

Sharp K.K., Osaka, JPN

Multi-channel pipette
5ul-50ul, 50ul-300pl

Eppendorf Research, Hamburg, DE

Plate reader

PerkinElmer, New Jersey, USA

VICTOR X

Plate shaker Gerhardt GmbH & Co. KG, Kdnigswinter,
Typ RO 10 DE

Pipette Eppendorf Research, Hamburg, DE

PhysioCare variabel

Precision balance
Sartorius 1-1000 mg

Sartorius AG, Goéttingen, DE
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SpectroMax M5 microplate reader (Molec-

ular Devices)

Heidolph, Schwabach, DE

Stereomicroscope
SteREO Discovery.V8

Carl Zeiss, Oberkochen, DE

Sterile bench
LaminAir HBB 2448

Heraeus Holding GmbH, Hanau, DE

Sterile workbench

CEAG Schirp, Burladingen, DE

Typ C424 H

Table centrifuge Eppendorf Research, Hamburg, DE
5417R

Thermal shaker LTF Labortechnik GmbH & Co. KG, Was-
DTS-2 serburg, DE

Refrigerator 4 °C

Liebherr Profiline, Liebherr, Biberach an
der Ris, DE

Water bath
WBT 222

Medingen, Dresden, Germany

Ultra-low temperature freezer -86 °C
HERA freeze

Thermo Fisher Scientific, Waltham, USA

Vortexer
IKA MS1

IKA®-Werke GmbH & Co. KG, Staufen,
DE

XPONENT analysis software

Luminex, Texas, USA

2.1.2 Table 3. Reagents, chemicals, and buffers

Name

Manufacturer

Alexa Fluor™ 594 Phalloidin

Life technologies™, Carlsbad, USA

Alexa Fluor™ 488

Life technologies™, Carlsbad, USA

Ampuwa water

Fresenius Kabi, Bad Homburg, DE

Antibody diluent

Abcam (Cambridge, UK)

Cis-Diammineplatinum (ll) dichloride, Cis-

platin

Merck KGaA (Darmstadt, DE)

Compound 48/80

Sigma-Aldrich (St. Louis, USA)

D-(+)-Glucose solution

Sigma-Aldrich (St. Louis, USA)
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DAPI Sigma-Aldrich (St. Louis, USA)
Dimethylsulfoxide SERVA Electrophoresis GmbH (Heidel-
DMSO berg, DE)

DMEM/F12 Gibco® by Life technologies™ (Carlsbad,

USA)

Ethylenediaminetetraacetic acid
EDTA

Merck, Darmstadt, Germany

Electrolyte infusion solution with glucose

Serumwerk Bernburg AG (Bernburg, DE)

Ethanol 96%

Merck KGaA (Darmstadt, DE)

Fetal bovine serum

Merck KGaA (Darmstadt, DE)

Formaldehyde solution 4%

Formalin solution 10%

SAV LP GmbH (Flintsbach am Inn, DE)
Sigma-Aldrich (St. Louis, USA)

H20, steril

Braun, Melsungen, Germany

Insulin-like growth factor |

R&D Systems (Minneapolis, USA)

Natriumhydroxid Merck, Darmstadt, Germany
NaOH
PBS Tablets Gibco® by Life technologies™ (Carlsbad,

USA)

Penicillin G Sodium Salt

Merck KGaA (Darmstadt, DE)

Penicillin-streptomycin solution

Thermo Fisher Scientific (Waltham, USA)

ProLong™ Gold antifade reagent

Invitrogen by Thermo Fisher Scientific
(Waltham, USA)

Recombinant Mouse IGF-1

R&D Systems (Minneapolis, USA)

RPMI 1640 Medium

Biochrom GmbH (Berlin, DE)

Sodium cromoglycate, cromoglicic acid

TargetMol (Boston, USA)

TritonTM X-100

Sigma-Aldrich (St. Louis, USA)

Wash Buffer

Cell Signaling (Cambridge, UK)

2.1.3 Table 4. Kits

Name

Manufacturer

ELISA kit for mouse Chymase (CMA1)

Cloud-Clone Corp (Katy, USA)

ELISA Kit for mouse Tryptase (TPS)

Cloud-Clone Corp (Katy, USA)
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ELISA kit for Histamine (Colorimetric) Novus Biologicals (Wiesbaden Norden-
stadt, DE)

ProcartaPlex™ Mouse Th1/Th2 Cytokine | Thermo Fisher Scientific (Waltham, USA)
Panel, 11plex

2.2 Methods

All studies were performed following the German Prevention of Cruelty to Animals Act
and were approved by the Berlin Senate Office for Health. All experiments were carried
out only by authorized persons and followed the 3R principle.

2.2.1 Mast cells isolation and culture

Murine mast cells (MCs) were obtained from C57BL/6(J) adult male and female mice
aged 8-12 weeks. The inbred strain of C57BL mice was created in 1921 by C. C. Little at
the Bussey Institute for Research in Applied Biology. Substrain 6 has been the most pop-

ular surviving substrain (Mekada, Abe et al. 2009).

2.2.1.1 Bone marrow-derived mast cells

Following euthanasia through cervical dislocation, the abdomen and legs of the mice
were disinfected using 70 % ethanol. The skin around each leg, near the ileum, was in-
cised, and subsequently removed by pulling it towards the feet. Then, the feet were dis-
articulated, and the femur and hip joint were exposed using sterile scissors and tweezers.
The femur head was dislocated, and the leg was carefully cut without fracturing any bones.
Any extraneous tissue was eliminated from the femur and tibia, which were then segre-
gated, disinfected, and placed in a 50 ml tube containing wash medium, and maintained
on ice. A sterile syringe with a needle and containing PBS was utilized to lavage the bone
marrow. The bone marrow cells were pelletized through centrifugation at 300xg for 4-10
minutes at room temperature. The cells were then resuspended in culture medium (1
mouse per 15-20 ml medium) and the suspension was transferred into a tissue-treated

cell culture flask, with the flask size selected based on the number of mice.
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For the MC medium, RPMI medium supplemented with 10 % heat-inactivated fetal
calf serum (FCS), 1 % penicillin/streptomycin solution (P/S), 1 % minimum essential me-
dium (MEM), 1 % sodium pyruvate, 10 ng/ml murine IL-3, and stem cell factor (SCF) were
added together. Cells were incubated at 37 °C and 5 % CO2. Subsequently, the medium
and flask were changed every two days until the cells attained the desired density, ap-

proximately 4-6 weeks into the cultivation process.

2.2.1.2 Mast cell degranulation assay and -Hexosaminidase release measurement

All reagents used were pre-warmed at 37 °C. HEPES-Tyrodes buffer (1 ml/well) was
added to the wall of a 12-well plate. The MCs were counted and diluted to 200,000
cells/well, followed by centrifugation (300xg for 3 minutes at RT) and discarding the buffer.
The pellet was gently pipetted to resuspend it in 500 pl medium. IgE (1 pg/ml) was added
to the cells and cultured for 1 hour (37 °C, 5 % CO2). The plate was centrifuged (300xg
for 3 minutes at RT), and the supernatant was discarded. DNP (0.01 pug/ml) was added
and incubated for 1 hour at 37 °C. Buffer was used as a control. The plate was centrifuged
(300xg for 3 minutes at RT), and the supernatant and cell pellet were collected for further
analysis.

To assess the degranulation of MCs, B-hexosaminidase release was measured by add-
ing 50 pl supernatant from each condition (experiment and control group) to a 96-well
black plate. Then,100 pl dH20 was added to all wells. The cells and plate were frozen at
-80 °C for at least 30 minutes, after which the lysates and plate were thawed at 37 °C for
at least 30 minutes. Fifty microliters of the obtained cell lysate from each well were trans-
ferred to the black plate. A 4-MUG dilution in citrate buffer (pH 4.5, 100 mM) was added
to all wells. The plate was incubated for 1 hour at 37 °C, then covered with a lid to avoid
evaporation, and finally 100 ul stop solution (Na-carbonate buffer, pH 10.7) was added to
all wells. The optical density was analyzed in an ELISA reader (measuring fluorescence
at 460 nm with excitation at 355 nm for 0.1 seconds), and the data were exported for

analysis.

2.2.2 Cochlear tissue isolation

Postnatal day 3 to day 5 C57BL/6(J) mice were used to prepare cochlear organotypic

cultures. The animals used were from the in-house breeding facilities of the Institute for
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Experimental Medicine at the Charité Universitatsmedizin Berlin, and were ordered from
and collected at the Charité Cross Over (CCO). To prevent the newborn animals from
being cold, they were kept in a polystyrene box containing a previously heated gel pad.
In addition, all mice received a subcutaneous injection of an electrolyte-dextrose mixture
(0.04 ml per animal) to prevent dehydration.

The preparation of the cochlea was based on Sobkowicz et al. (1993) and Parker et
al. (2010). Following decapitation, the head of the mouse was disinfected with 70 % eth-
anol and placed ventral side down. The scalp was removed, and the skull was cut along
the mid-sagittal plane. The brain was removed carefully to expose the posterior fossa.
The temporal bones were then separated from the posterior half of the skull and trans-
ferred into Petri dishes containing cold, sterile Dulbecco's Modified Eagle Medium/Nutri-
ent Mixture F12 (DMEM/F12). Under a stereomicroscope, the tympanic membrane and
annulus were carefully peeled away laterally, and the surrounding cartilage was removed
to reveal the cochlear capsule. The cochlear capsules were then either broken off in small
pieces from the oval window to the apex or extracted intact from the base. The stria vas-
cularis (SV) and spiral ligament (SL) were detached as a single unit from the base to the
apex, and the organ of Corti (OC) was separated from the modiolus. The OC explants
were subsequently incubated in 4-well slides containing 500 ul of medium. The culture
medium consisted of DMEM/F12, with 10 % fetal bovine serum, 1.3 % glucose, 0.2 %
penicillin G, 0.2 % a solution of insulin, transferrin, and sodium selenite, and 0.025 %
insulin-like growth factor. The culture medium was freshly prepared on the respective day
of the experiment and sterilely filtered with a 0.2 ym syringe attachment.

OC explants were cultured using two distinct methods for subsequent analysis. For
supernatant collection, whole OC tissues were incubated in a free-floating manner within
the medium. For histological examination, the OC was laid flat at the bottom of the wells
and secured in position by the surface tension of the culture medium. The explants were

then incubated in the incubator (37 °C, 5 % CO2) for 24 hours pending further treatments.
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2.2.3 Cochlear tissue treatment

2.2.3.1 Flat cochlear tissue explant treated with supernatant from IgE-anti-DNP/DNP
stimulated BMMCs

Supernatants from the BMMCs degranulation assay described above were collected and
prepared as aliquots for freezing at -80 °C. The supernatant was diluted in the OC me-
dium with a total amount of 500 ul under sterile conditions daily during the experiment, as
detailed in the Results section for the specific dilution factors. Controls were assigned to
each treatment and cultured in a pure OC medium throughout the incubation period. The
incubation was conducted at 37 °C with 5 % CO2 for 24 hours. The explants were fixed

with 10 % formalin and stored in PBS at 4 °C until processing by immunofluorescence.

2.2.3.2 Stimulation of floating cochlear tissue with IgE-anti-DNP/DNP

All reagents were prepared under sterile conditions in a tissue culture hood and diluted
in the 500 pl OC medium. The floating cochlear explants were first incubated with the
mouse IgE- anti-DNP for 1 hour at 37°C with 5 % CO2, then stimulated with DNP for
another 1 hour. The control groups assigned to each treatment condition were incubated
in an OC medium over the entire incubation period. The supernatants were collected for

further measurements.

2.2.3.3 Stimulation of floating cochlear tissue with compound 48/80

Compound 48/80 (CP48/80) was dissolved in distilled water and prepared as a stock
solution at a concentration of 50 mM. It was then diluted in 500 pul OC medium to reach
the working concentrations on each experiment day. Subsequently, the isolated free-
floating OC explants were treated with CP48/80 for 1 hour. The control explants were
cultured under the same tissue culture conditions in OC medium only at the end of the
incubation period, and the supernatants were collected.

2.2.3.4 Exposure of floating cochlear tissue to cisplatin

Cisplatin was first dissolved in dimethyl sulfoxide (DSMO) to a final concentration of 100
mg/ml. Then, the dissolved cisplatin was diluted by a factor of 1:100 in DMEM/F12 me-

dium and aliquoted. The concentration of the final stock solution was 3.3 mM. As specified



24

in the Results section, the explants were exposed to several concentrations of cisplatin
for different periods. The control groups assigned to each treatment condition were incu-
bated in the OC medium over the entire incubation period. The supernatants were col-

lected for further measurements.

2.2.4 ELISA

The supernatants of BMMCs, as well as the supernatants of control or OC cultures treated
with mouse IgE-anti-DNP/DNP, CP48/80, and cisplatin, were collected and used for the
measurement of chymase, tryptase, and histamine by ELISA (Enzyme-linked immuno-

sorbent assay). ELISAs were performed following the manufacturer’s instructions.

2.2.4.1 Chymase measurement

The ELISA kit detecting mouse MC chymase 1 (CMA1) was used to measure chymase
concentration in supernatants from degranulated BMMC and cochlear tissues. 100 ul of
standard series and samples were prepared and added to wells pre-coated with a mon-
oclonal antibody specific for mouse chymase and incubated at room temperature for 1
hour. The liquid from each well was aspirated without the washing step. 100 ul of detec-
tion reagent A working solution was then added to each well and the wells were covered
with the plate sealer. The plate was incubated at 37 °C for 1 hour. Then, the solution was
removed and the plate was washed with 350 pl of wash buffer 3 times with a multi-channel
pipette. Next, the plate was gently patted on the absorbent paper to remove the remaining
liquid. Then, 100 pl of detection reagent B working solution was added to each well, and
the plate was covered with sealer and incubated for 30 minutes at 37 °C. The aspiration
and wash step were repeated as conducted before 5 times. After the final wash in wash
buffer, 90 pl of substrate solution was added to each well and incubated for 10-20 minutes
(protected from light). Then, 50 ul of stop solution was added to each well. The plate was
gently shaken to mix the liquid. The plate was then read immediately at 450 nm (reference

absorbance 650 nm) using a SpectroMax M5 microplate reader (Molecular Devices).

2.2.4.2 Tryptase measurement

The ELISA kit detecting mouse MC tryptase (TPS) was used to measure tryptase con-

centration in supernatants from degranulated BMMC and cochlear tissues. 100 ul of
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standard series and samples were prepared and added to wells pre-coated with a mon-
oclonal antibody specific for mouse tryptase and incubated at room temperature for 1
hour. The liquid from each well was aspirated without the washing step. 100 ul of detec-
tion reagent A working solution was then added to each well and the wells were covered
with the plate sealer. The plate was then incubated at 37 °C for 1 hour. The solution was
removed, and the plate was washed with 350 pl of wash buffer 3 times with a multi-chan-
nel pipette. The plate was gently patted on the absorbent paper to remove the remaining
liquid. Then, 100 pl of detection reagent B working solution was added to each well, the
plate was covered with sealer and incubated for 30 minutes at 37 °C. The aspiration and
wash step were repeated as conducted before 5 times. After the final wash in wash buffer,
90 pl of substrate solution was added to each well and incubated for 10-20 minutes (pro-
tected from light). Then, 50 pl of stop solution was added to each well. The plate was
gently shaken to mix the liquid. The plate was then read immediately at 450 nm (reference

absorbance 650 nm) using a SpectroMax M5 microplate reader (Molecular Devices).

2.2.4.3 Histamine measurement

The ELISA kit detecting histamine (HIS) was used to measure histamine concentration in
supernatants from degranulated BMMC and cochlear tissues. 50 pl of the standard work-
ing solution of different concentrations was added to the first two columns. 50 pl of sam-
ples were also prepared and added to the appropriate wells. Immediately afterward, 50
pl of biotinylated detection antibody working solution was added to each well. The plate
was then sealed with the provided cover and incubated at 37 °C for 45 min. Following
incubation, the solution was removed from each well, and 350 pl of wash buffer was
added. After letting it soak for 1-2 min, the solution was aspirated, and the plate was
gently patted against absorbent paper to avoid remaining any liquid. The wash step was
repeated 3 times. Subsequently, 100 ul of HRP Conjugate working solution was added
to each well, the plate was resealed, and it was incubated for 30 minutes at 37 °C. The
aspiration and wash steps were repeated as before, five times in total. After the final wash,
90 ul of substrate reagent was added to each well. The plate was covered with a new
sealer and incubated for 10-20 min at 37 °C, protected from light. Then, 50 pl of stop
solution was added to each well, and the contents were gently mixed by shaking the plate.
The plate was read immediately at 450 nm (reference absorbance 650 nm) using a Spec-
troMax M5 microplate reader (Molecular Devices).
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2.2.4.4 Multiple cytokine measurement

The ProcartaPlex™ Mouse Th1/Th2 Cytokine multiplex panel was used to measure the
concentrations of multiple cytokines in supernatants from stimulated cochlear tissues.
Capture bead mix was then added to the plate by vortexing the 1X capture bead mix vial
for 30 seconds at high speed and adding 50 pl of the capture bead mix to each well using
a multichannel pipette. The beads were washed using a hand-held magnetic plate washer
by allowing them to settle for 2 minutes, removing the liquid, blotting the assembly to
remove residual liquid, adding 150 pl of 1X wash buffer to each well, removing the liquid
again, and blotting to ensure that no residual liquid remained. Samples and standards
were subsequently added to the plate. For cell culture supernatants, 50 ul of prepared
standards or samples were added per well, and 50 ul of cell culture medium was added
to unused wells. The plate was sealed and shaken at 600 rpm for 60 minutes at room
temperature and then stored at 4 °C overnight. The next day, the plate was washed three
times, and subsequently, the biotinylated detection antibody mix was added to the plate,
followed by incubation for 30 min at room temperature. After washing the plate 3 times,
streptavidin-PE was added and incubated for 30 min at room temperature. Finally, the
plate was prepared for analysis by adding 120 ul of reading buffer to each well. The sam-
ples were measured on a LuminexMAGPIX system and quantified using XxPONENT anal-

ysis software (Luminex).

2.2.5 Fluorescent and immunofluorescent analyses

2.2.5.1 Hair cell quantification

Hair cell (HC) quantification was conducted for the flat cochlear tissue explants treated
with supernatant from IgE-anti-DNP/DNP stimulated BMMCs. At the end of the incubation
period, the flat OC explants were fixed in 10 % formalin solution for 45 minutes at room
temperature and then washed 3 times with wash buffer. The fixation was conducted under
a fume hood behind a protective glass. For the subsequent permeabilization, rinse buffer
solution (0.5 % Triton X-100 in PBS) was added to the sample for 15 minutes at room
temperature. To quantify the number and morphology of the HCs, the OC explants were
stained with fluorescently labeled phalloidin. Phalloidin is the cyclic peptide toxin isolated
from the green tuberous leaf fungus Amanita phalloides, which binds to filamentous actin

(F-actin) with high affinity and inhibits its depolymerization (Wulf, Deboben et al. 1979).
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Thus, phalloidin conjugated with the fluorescent dye can be used to visualize the filamen-
tous actin-rich stereocilia and cuticular plates of the HCs using fluorescence microscopy.
The HCs can be reliably distinguished based on their typical morphological arrangement
in the OC and the stereocilia orientation. Phalloidin-iFluor® 594 was diluted by a factor of
1:1500 in PBS. The explants were then incubated at room temperature for 45 minutes,
protected from light. After washing three times with wash buffer, the chamber of the 4-
well slide was removed and the explants were embedded in ProLongTM gold antifading
reagent containing DAPI. The explants were then covered with a cover slip and left at
room temperature for a maximum of 24 hours to allow the mounting solution to dry. After
that time, the slides were stored in a refrigerator at 4 °C.

The explants were imaged, quantified, and analyzed under the fluorescence microscopes
EVOS FL and Keyence BZ-X800, under 40x magnification. Different filters were used to
display the emission colours of the respective fluorochromes. The number of HC was
counted along a 100 um longitudinal segment in five distinct regions of each cochlear
section. Intact HC was characterized by physiologically arranged stereocilia. Defective
HC exhibited disturbed arrangements and/or fusions of the stereocilia. Cells were classi-
fied as missing when there were gaps in the typical arrays with no visible stereocilia or
cuticular plate. An average value was calculated for each explant, with a minimum of five

explants analyzed under each experimental condition.

2.2.6 Statistical analyses

The data were entered in Microsoft Excel® spreadsheets and then transferred to
GraphPad Prism 9 software for statistical analysis. Statistical significance was calculated
by a one-way ANOVA analysis with multiple comparisons using the Dunnett Test. The
results of the descriptive statistics were presented as the mean + SD (Standard deviation).

A p-value < 0.05 was considered statistically significant.
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3. Results

3.1 Cochlear morphology changes after exposure to mouse IgE-anti-DNP/DNP-

stimulated bone marrow-derived mast cell supernatant

To investigate the impact of mast cell (MC) degranulation on the morphology of the coch-
lea, the supernatant derived from bone marrow-derived mast cells (BMMCs) stimulated
with mouse IgE-anti-DNP (1 pg/ml) and DNP (0.01 pg/ml) was collected. The supernatant
was diluted to different concentrations according to several dilution factors (1:2000,
1:1000, 1:400, and 1:20) and incubated with the organ of Corti (OC) for 24 hours. Immu-
nofluorescence staining of hair cells (HCs), as shown in Figure 2, revealed that the su-
pernatant from activated MCs induces changes in cochlear architecture in a dose-de-
pendent manner. Some HCs were missing, and the tissue appeared to be damaged.
Analysis of the number of intact, damaged, and missing hair cells demonstrated a signif-
icant reduction in the numbers of viable outer hair cells (OHCs) and inner hair cells (IHCs)

after treatment with MC supernatant compared to the control explants (Figure 3).
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Figure 2. Morphological alterations in cochlear hair cells following incubation with
BMMC degranulation supernatant. The representative epifluorescence micrographs of
phalloidin-labeled HCs in OC cultures treated with different dilutions of BMMC superna-
tant are shown. Red arrowheads indicate representative missing cells and blue arrow-
heads indicate representative damaged cells. (A) Control group (n=12); (B) Treatment
with 1:2000 dilution of MC supernatant (n=13); (C) Treatment with 1:1000 dilution of MC
supernatant (n=7); (D) Treatment with 1:400 dilution of MC supernatant (n=11); (E) Treat-
ment with 1:20 dilution of MC supernatant (n=10); The scale bar is shown.
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Figure 3. Hair cell loss caused by BMMC supernatant. The number of intact OHC per
100 um length at the apical (Fig. 3A), middle (Fig. 3B), and basal parts of the cochlea
(Fig. 3C), as well as the number of intact IHC per 100 um length at the apical (Fig. 3D),
middle (Fig. 3E), and basal (Fig. 3F) parts of OC explants, were significantly reduced by
incubation with MC supernatant. Data is from 7 separate experiments. Bars represent
mean + SD. * p < 0.05; ** p < 0.01; ** p < 0.001; **** p < 0.0001 (one-way ANOVA).



31

3.2 Stimulation with mouse IgE-anti-DNP/DNP does not result in the release of chy-

mase and tryptase from cochlear explants.

To examine whether cochlear explants respond to stimulation with mouse IgE-anti-
DNP/DNP, the OC explants were first isolated and sensitized with various concentrations
of mouse IgE-anti-DNP for 1 hour, followed by an additional hour of various concentra-
tions of DNP stimulation. Subsequently, the supernatants were collected for ELISA anal-
ysis. Chymase and tryptase, two key enzymes of MC, were selected as the target factors
for this experiment. The experimental groups consisted of five concentrations: 0.1-1 pg/ml
mouse IgE-anti-DNP and 0.01-0.1 pug/ml DNP, while the control group received culture
medium alone. As shown in Figure 4, when compared to the control group, no significant
chymase or tryptase was detected in the supernatants collected from OC cochlear ex-
plants stimulated with mouse IgE-anti-DNP/DNP (p > 0.05; one-way ANOVA).
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Figure 4. Chymase and tryptase release from murine cochlear explants evoked by
mouse IgE-anti-DNP/DNP. The cochlear explants were incubated with the mouse IgE-
anti-DNP compound at different concentrations for 1 hour at 37 °C, then stimulated with
DNP (0.01- 0.1 pg/ml) also for 1 hour. The horizontal axis indicates IgE-anti-DNP (0.1-1
png/ml) + DNP (0.01-0.1 pg/ml). No significant release of chymase and tryptase was de-
tected in the experiment groups. Data are from 3 separate experiments. Bars represent
mean + SD (one-way ANOVA).
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3.3 Compound 48/80 stimulates the release of chymase and tryptase from cochlear

explants.

As described above, the activation of MCs can be defined as FceRI (the high-affinity IgE
receptor)-dependent and FceRI-independent. Compound 48/80 (CP48/80) is a polymer
that can bind to the G-protein-coupled receptor, initiating activation signals that result in
an elevated intracellular Ca?* concentration in MCs, thereby triggering degranulation in
an FceRl-independent way (Paloméaki and Laitinen 2006, Kashem, Subramanian et al.
2011).

To examine whether resident MCs in cochlear explants respond to stimulation with
CP48/80, the OC explants were exposed to CP48/80 (20 uM, 50 uM, and 100 puM) for 30
minutes. The control group was left in a pure OC culture medium. Subsequently, the su-
pernatants were collected for ELISA analysis. Compared to the control group, a signifi-
cant release of tryptase and chymase was detected in the supernatants collected from

OC explants stimulated with CP48/80 in a dose-dependent manner (Figure 5).

Compared to the control group, all experimental groups exhibited significant chymase
release (in the 20 uM group, 3.56 vs 18.71 pg/ml, p=0.0021; in the 50 uM group, 3.56 vs
40.14 pg/ml, p<0.0001; in the 100 uM group, 3.56 vs 51.60 pg/ml, p<0.0001). However,
significant increases in tryptase were observed only by simulation with 50 uM (7.77 vs
11.4 pg/ml, p=0.0014) and 100 puM (7.77 vs 10.27 pg/ml, p=0.0212) of CP48/80, whereas
CP48/80 used at 20 uM showed no significance (7.77 vs 8.76 pg/ml, p>0.05).
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Figure 5. Chymase and tryptase release from whole cochlear explants treated with
CP48/80 for 30 min. The experiment groups were exposed to 20 pM (n=5), 50 uM (n=3),
and 100 puM (n=3) of CP48/80 for 30 min, and cochlear explants with medium only were
used as control groups (n=4). Bars represent mean + SD. **** p < 0.001, *** p < 0.005, **
p <0.01, * p< 0.05 (one-way ANOVA).

Considering the distribution of MCs in the membranous cochlea (Karayay, Olze et al.
2023), the cochlear tissue was also partitioned into two distinct regions, the spiral limbus
(with OC) and the lateral wall, including the stria vascularis (SV) and spiral ligament (SL),
to assess their respective responses to CP48/80. To ensure that a measurable response
was obtained in each distinct region, a longer exposure time was used for the partitioned
cochlear tissues in this experiment. After isolation, each sample was cultured with
CP48/80 for 90 min, and the ones cultured with medium only served as the control group.
The supernatants were collected for ELISA. Upon stimulation with CP48/80, both chy-
mase and tryptase were detected in the supernatant from spiral limbus (Figure 6) and

lateral wall (Figure 7) in a dose-dependent manner.
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Figure 6. Chymase and tryptase release from spiral limbus treated with CP48/80 for
90 min. The spiral limbus containing the organ of Corti (OC) was isolated from the coch-
lear tissue. Experiment groups were exposed to 10 uM, 20 uM, and 50uM of CP48/80 for
90 min, and spiral limbus (with OC) treated with medium only was used as the control
group. The data shown in the figure are from 3 separate experiments. Bars represent
mean +SD. **** p < 0.001, * p< 0.05 (one-way ANOVA).
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Figure 7. Chymase and tryptase release from lateral wall treated with CP48/80 for
90 min. Cochlear lateral wall (LW) explants containing the stria vascularis (SV) and spiral
ligament (SL) were isolated from the cochlear tissue. Experiment groups were exposed
to 10 uM, 20 uM, and 50 uM of CP48/80 for 90 min and LW treated with medium only
was used as the control group. The data shown are means from 3 separate experiments.
Bars represent mean + SD. *** p < 0.001, ** p < 0.01, * p< 0.05 (one-way ANOVA).
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3.4 Immediate effects of cochlear explant exposure to cisplatin on the release of

cytokines, histamine, chymase, and tryptase

3.4.1 Lack of release of chymase or histamine by cisplatin from individual floating coch-
lear explants

The response of cochlear tissue to cisplatin stimulation was also studied. At the onset of
the experiment, a single cochlear tissue specimen was included in each sample. The
cochlea was freshly isolated and exposed to different concentrations of cisplatin for a
duration of 1 hour. Cochlear tissues treated solely with OC medium served as the control
group. Supernatants were subsequently collected to quantify the levels of chymase and
histamine by ELISA. No statistically significant release of chymase or histamine was ob-
served across the various experimental groups when compared to the control group (Fig-

ure 8).
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Figure 8. The effect of cisplatin exposure on cytokine release from individually cul-
tured cochlear explants. Single cochlear explants were incubated with the cisplatin
compound at different concentrations for 1 hour at 37 °C. No significant release of chy-
mase and histamine was observed under the experimental conditions. Data show means
from 3 separate experiments. Bars represent mean + SD (one-way ANOVA).
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3.4.2 Cisplatin induces the release of GM-CSF, TNF, IFNy, IL-6, and IL-18 upon simulta-

neous stimulation of four cochlear explants in one tissue culture well

Based on the data above, adjustments were made. Instead of one, four cochlear tissues
were placed in each dish for subsequent trials. The experiment was reiterated, with con-
centrations of cisplatin at 0.5 uM, 10 uM, 15 pM, and 30 uM. Following a 1-hour incubation
period, the supernatant was collected for cytokine analysis. Significant release of certain
cytokines was observed in the experimental group treated with cisplatin at a concentration
of 15 puM (Figure 9). Specifically, elevated levels of GM-CSF (3.19 vs 8.65 pg/ml,
p=0.0029), TNF-alpha (3.66 vs 23.30 pg/ml, p=0.0011), IFNy (2.18 vs 10.60 pg/ml,
p=0.0076), IL-6 (5.52 vs 793.7 pg/ml, p=0.0018), and IL-18 (35.57 vs 1562 pg/ml,
p=0.0009) were detected compared to the control group.

15 20 40-
*k
*k*k
=0.0011
= 1 (p=0.0029) 159 ~ (p=0.0076) - Z 30- (p )
E 10+ = £
I E 2
i £ 10 2 204
7] 4 a
q . =z _llﬂ
= 5 * . i
0 H |;‘ ﬂ i ’;‘ ’%‘ . ’—I—I ﬂ
T T T T T Y rul T T 0 r‘l‘l T T T T
> & & & & o\ @ @ 8 & o & & & 9
(,04 & R 0.(‘\\‘ 69} RO G (,0“\6 “?JQ RO S
Cisplatin Cisplatin Cisplatin
1500 2500 =
*kk kK
(p=0.0018) 2000 {p=0.0009)
— 1000 =
E E 1500
2 E:
I 3
? < 1000
= 500 A
|_1_| |%| |_}| . ’—I-I H |_I-|
0= T . e —
> N
ooé% @ \‘};\ ,\6:*?“‘ ,bg\‘}&\ 00660 Q{;§ N@}\& ,@\"* ,,’w?é
Cisplatin Cisplatin

Figure 9. Cisplatin induces the release of GM-CSF, IFNy, TNF, IL-6, and IL-18 from
cochlear explants. The cochlear explants were incubated with the cisplatin compound
at various concentrations (0.5 uM, 10 uM, 15 uM, and 30 uM) at 37 °C for 1 hour. Signif-
icant release of GM-CSF, IFNy, IL-6, IL-18, and TNF-alpha was detected in the superna-
tants in the 15 pM cisplatin group. The data shown are means from 3 separate experi-
ments. Bars represent mean + SD. **** p < 0.001, *** p < 0.005, ** p < 0.01 (one-way
ANOVA).
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Figure 10. Cisplatin fails to induce the release of IL-1beta, IL-2, IL-4, IL-5, IL-12p70,
and IL-13 release from cochlear explants. The cochlear explants were incubated with
the cisplatin compound at various concentrations (0.5 puM, 10 uM, 15 uM, and 30 uM) at
37 °C for 1 hour. Statistically significant releases of IL-1beta, IL-2, IL-4, IL-5, IL-12p70,
and IL-13 were not detected in the supernatants of the experimental group. The data
shown are from 3 separate experiments. Bars represent mean + SD. (one-way ANOVA).

3.4.3 Time course of histamine and tryptase release from cochlear explants exposed to
15 pM of cisplatin

Based on the data above, the cochlear explants were incubated with 15 uM cisplatin at
various times. Supernatants were collected to measure key mediators of MCs, histamine,
tryptase and chymase. As shown in Figure 11, histamine was detected in the superna-
tants of OC explants after 1 hour of cisplatin stimulation (1 vs 1.8 ng/ml, p<0.0001) and
remained stable within 24 hours of incubation (1 vs 1.7 ng/ml, p<0.0001). A significant
release of tryptase. was found when the experiment explants were cultured with cisplatin
compound for 2 hours (0.6 vs 0.9 pg/ml, p=0.0191). In the same supernatants, no chy-

mase was found.
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Figure 11. Time course for histamine, tryptase, and chymase release from cochlear
explants evoked by cisplatin. The cochlear explants were incubated with the cisplatin
compound at 15 pM at various times at 37 °C. The data are the means from 3 separate
experiments. Bars represent mean +SD. **** p < 0.001, * p < 0.05 (one-way ANOVA).
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4. Discussion

4.1 Mast cells in the inner ear

Mast cells (MCs) are crucial immune cells, and since their description and naming by Paul
Ehrlich in 1878, they have gathered considerable interest from researchers worldwide.
Mature MCs are distributed in various tissues, including the dermis (Eady, Cowen et al.
1979), pulmonary alveoli and respiratory tract (Schulman, MacGlashan et al. 1982), in-
testinal mucosa (Strobel, Miller et al. 1981), conjunctiva (Irani, Butrus et al. 1990), as well
as the atrial appendages of the heart (Sperr, Bankl et al. 1994), among others. However,
it wasn't until 2020 that the presence of MCs in the inner ear of rodents was first discov-
ered and confirmed by the ENT research laboratory at the Charité Universitatsmedizin
Berlin (Szczepek, Dudnik et al. 2020). Subsequent investigations persistently revealed
that MCs in the cochlea exhibited degranulation following cisplatin treatment, and that the
application of the MC stabilizer cromolyn conferred protective effects against cisplatin-
induced damage to hair cells (HCs) and spiral ganglion neurons (SGN) (Karayay, Olze et
al. 2023), indicating the involvement of resident cochlear MCs in the pathological pro-
cesses induced by cisplatin in the cochlea. Yet the exact mechanism remains unknown.
The primary objective of this study was to investigate the impact of degranulated MCs on
cochlear morphology. Subsequently, the study delved into elucidating the capacity for the
activation of MCs residing in the cochlea in response to various stimuli. Finally, this in-
vestigation provided preliminary insights into the mechanisms through which MCs con-

tribute to the ototoxic effects of cisplatin.

4.2 Effect of mast cell degranulation on cochlear morphology

Epidemiological evidence has indicated a clinical correlation between allergic diseases
and inner ear dysfunction (Derebery and Berliner 2000, Derebery and Berliner 2010,
Banks, McGinness et al. 2012, Zeng, Domarecka et al. 2024). To simulate type 1 hyper-
sensitivity reaction in this in vitro experiment, bone marrow-derived mast cell (BMMC),
and mouse IgE-anti-DNP/DNP were employed as a pathological model to induce MC
degranulation following antigenic stimulation via an IgE-dependent pathway. BMMCs
were initially isolated from adult C57/BL6 mice and subsequently cultured for 4-6 weeks
to attain the desired density level. Degranulation assays were then conducted on mature
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BMMCs. After stimulation of BMMCs with IgE-anti-DNP and DNP, the collected superna-
tants containing MC-derived mediators were diluted using various dilution factors and
subsequently co-cultured with isolated cochlear explants for 24 hours. Subsequent fluo-
rescence staining and HC counting revealed that degranulated BMMC supernatant ex-
erted detrimental effects on cochlear morphology. As the concentration of the supernatant
increased, the initial orderly arrangement of HCs became disrupted, and the number of
intact cells decreased.

These findings underscore the potential link between allergic diseases, MC activation,
and hearing loss. Allergic responses involving MC degranulation release various media-
tors, such as histamine, cytokines, and proteases (chymase and tryptase, etc.), which
can induce inflammation and tissue damage (Metcalfe, Baram et al. 1997, Metz and
Maurer 2007). In the inner ear, where delicate structures like HCs are crucial for auditory

function, any disruption in morphology can have significant consequences on hearing.

4.3 Effect of mouse IgE-anti-DNP/DNP on cochlear mast cells

In the second phase of this study, the direct impact of mouse IgE-anti-DNP and DNP on
resident cochlear MCs was investigated, aiming to elucidate the potential involvement of
resident cochlear MCs in allergic response within the inner ear. Following isolation, the
cochlear explants of p3-5 days old C56/BL6 mice were initially incubated with mouse IgE-
anti-DNP for one hour, utilizing a concentration gradient ranging from 0.1 pg/ml to 1 pg/ml.
Subsequently, DNP stimulation was conducted for one hour, employing concentrations
ranging from 0.01 pg/ml to 0.1 pg/ml. The supernatants were then collected for chymase
and tryptase measurements. Interestingly, despite the range of concentrations tested, no
significant release of chymase and tryptase, two key proteases associated with MC acti-
vation, was observed under the experimental conditions.

This result indicated that the IgE-anti-DNP and DNP stimulation could not induce the
degranulation of cochlear resident MCs under the experimental conditions of the study.
Potential explanations are as follows: 1. Experimental concentration: according to previ-
ous experimental protocols established by our laboratory, degranulation experiments in-
volving BMMC utilize a concentration of 1 pg/ml of mouse IgE-anti-IgE and 0.1 pg/ml of
DNP per 20,000 MCs. Given the limited number of MCs present in each newborn mouse

cochlea (Karayay, Olze et al. 2023), the concentrations of mouse IgE-anti-DNP and DNP
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were adjusted accordingly, and concentration gradient experiments were conducted.
Nevertheless, it remains plausible that the chosen concentrations were not optimal for
stimulating cochlear MCs, resulting in non-significant outcomes. 2. Limited cell quantity:
the limited number of MCs in the inner ear may not be sufficient to produce discernible
differences in the supernatant even if the MCs are successfully activated and degranu-
lated. 3. Molecular weight barrier: the high molecular weights of mouse IgE-anti-DNP and
DNP may have hindered their effective penetration into the cochlear tissue, thereby im-
peding their ability to stimulate resident cochlear MCs in vitro. 4. Differential activation
mechanisms: it is conceivable that there are disparities in the activation mechanisms or
mediator responses of resident cochlear MCs compared to BMMCs. The unique micro-
environment of the cochlea could potentially influence MC behaviour, leading to disparate
responses to allergenic stimuli. 5. IgE binding occupancy: it is plausible that cochlear MCs
in the inner ear had already bound to IgE, rendering them unable to bind to the mouse
IgE-anti-DNP utilized in this study. Future experiments should consider employing anti-
IgE instead of DNP.

4.4 Effect of compound 48/80 stimulation on cochlear mast cells

CP48/80 functions as a classical MC activator by inducing MC degranulation through its
interaction with the Mrgprb2 receptor located on MC membranes (Ferry, Brehin et al.
2002). Mrgprb2 (the murine direct homolog of human MRGPRX2) or MRGPRX2 are re-
ceptors primarily investigated in the context of non-IgE-mediated MC degranulation and
inflammation (Ferry, Brehin et al. 2002, Tatemoto, Nozaki et al. 2006, Baldo 2023). Stim-
ulation of Mrgprb2 and MRGPRX2 with neuropeptides (e.g. Substance P) and other pol-
ybasic secretagogues (e.g. CP48/80) leads to IgE-independent anaphylactic reactions
(Ferry, Brehin et al. 2002, McNeil, Pundir et al. 2015, Ogasawara, Furuno et al. 2019).
The third research objective of this study was to evaluate the responsiveness of resident
cochlear MCs to CP48/80 stimulation. The results depicted in Figure 5 revealed signifi-
cant chymase release at varying concentrations (20 uM, 50 uM, and 100 uM), along with
tryptase release observed only in the 50 uM and 100 uM experimental groups. Addition-
ally, both chymase and tryptase were detected following separate stimulation of the lat-
eral wall (containing spiral ligament and stria vascularis) and spiral limbus (containing the

organ of Corti) with CP48/80 (Figures 6-7). It is noteworthy that the incubation period for
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stimulating the entire cochlea was 1 hour, while the incubation period for separately stim-
ulating the lateral wall and spiral limbus was extended to 90 minutes. This discrepancy in
incubation times may account for the potential inability of the experimental timeframe to
capture the release of tryptase by the 20 uM CP48/80 in the whole cochlear tissue exper-
iment, resulting in an apparent lack of significance in the 20 uM concentration experi-

mental outcomes (Figure 5).

4.5 The effect of cisplatin on cochlear mast cells

The investigation into the impact of cisplatin on cochlear resident MCs represents a sig-
nificant aspect of this study, particularly concerning its relevance to ototoxicity and poten-
tial implications for hearing loss. Cisplatin, a frequently utilized chemotherapeutic agent,
is recognized for its potential to induce cochlear damage and subsequent hearing loss
(Rybak 2007, Brock, Knight et al. 2012). However, the intricate and specific mechanisms
underlying these effects remain incompletely elucidated. This study postulates that MCs
located in the cochlea may contribute to the pathological processes associated with cis-
platin-induced ototoxicity.

Initially, individual floating cochlear tissue was placed in each culture dish for cisplatin
stimulation experiments. However, neither histamine nor chymase was detected in the
supernatant.

This contrasts with the previous report from the Charité HNO laboratory indicating degran-
ulation of resident MCs in response to cisplatin stimulation (Karayay, Olze et al. 2023). It
is important to note that the previous study utilized fluorescent staining techniques to
visualize individual MCs, whereas our approach focused on the analysis of supernatants
after tissue culture, which may have made the detection of MC mediators challenging. In
response to these initial findings, and taking into account the limited number of MCs in
each cochlea (Karayay, Olze et al. 2023), modifications were made to the experimental
setup. The number of cochlear tissues in each dish was increased to enhance the sensi-
tivity of the assay. Subsequent experiments, using selective concentrations of cisplatin
stimulation, revealed elevated levels of various cytokines, including GM-CSF, IFNy, IL-6,
IL-18, and TNF, upon 15 pM cisplatin stimulation. These findings imply an immediate
inflammatory reaction within the cochlea following exposure to cisplatin, with resident

MCs potentially playing a role in the release of cytokines. This underscores the
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importance of conducting further investigations in the future to delve deeper into this phe-
nomenon.

Furthermore, time-course experiments conducted with 15 uM cisplatin revealed a time-
dependent release of histamine and tryptase, particularly histamine, which exhibited a
steady release from 1 hour to 24 hours. This pattern suggests an activation response of
resident cochlear MCs to cisplatin, which is also consistent with the findings of
Brzezinska-Bfaszczyk et al. (Brzezinska-Btaszczyk, Mincikiewicz et al. 1996). Their study
demonstrated that peritoneal cavity-derived MCs degranulate to secrete histamine in the
presence of cisplatin. However, chymase release was not observed under our experi-
mental conditions. This observation implies that cisplatin might selectively influence the
release of some MC mediators within the cochlea, and that the chymase in the cochlea
may display a distinct response compared to histamine and tryptase. Nonetheless, further
detailed investigations would be necessary to confirm this assumption.

Several factors may contribute to the observed differences in MC mediator release in
response to cisplatin stimulation. The specific mechanisms underlying MC activation by
cisplatin, including receptor interactions and intracellular signalling pathways, warrant fur-
ther investigation. Additionally, the microenvironment within the cochlea, including the
presence of other immune cells, cytokines, and growth factors, may influence MC respon-
siveness to cisplatin. Overall, the findings from this study shed light on the complex inter-
play between cisplatin exposure, cochlear resident MCs, and inflammatory responses
within the inner ear. Further study is necessary to clarify the precise mechanism by which
cisplatin modulates MC function as well as its implications for cisplatin-induced ototoxicity
and hearing loss. Understanding these mechanisms may offer new avenues for mitigating
the adverse effects of cisplatin on auditory function and improving the management of
chemotherapy-induced hearing loss.

4.6 Limitations and future directions

The limitations of the current study primarily come from the research methodology em-
ployed. Firstly, in the initial phase of the study, where degranulated BMMC supernatant
was utilized to induce cochlear morphological damage, pinpointing the specific mediators
responsible for the damage proved challenging. MC degranulation results in the secretion

of a diverse array of mediators, including histamine, serotonin, chymase, tryptase, and
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various cytokines, leading to a complex interplay of “cocktail” effects. Secondly, the lack
of an established effective method for isolating MCs from the inner ear presented a sig-
nificant limitation. As a result, all the experimental outcomes only indirectly reflect the
function of cochlear MCs in physiological and pathological processes, making it difficult
to directly ascertain the role of cochlear MCs.

Future investigations are warranted to unravel the precise mediators and signalling cas-
cades implicated in MC-mediated cochlear damage. Employing an MC stabilizer, such as
cromoglicic acid, could represent a potential strategy to comprehensively identify the
spectrum of mediators contributing to cisplatin-induced ototoxicity. By delineating the dis-
appearing mediators, this approach lays the groundwork for subsequent studies delving
into the underlying signalling pathways, thus advancing our comprehension of cisplatin-
induced ototoxicity and paving the way for developing innovative therapeutic interventions.
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5. Conclusions

At the end of the dissertation, | will summarize this research as follows. The results of this
study answer the research question posed at the beginning: Cochlear morphology in mu-
rine, especially auditory receptor hair cells (HCs), was significantly affected by degranu-
lated mast cells (MCs), shedding light on a potential mechanistic link between inner ear
disorders and MC-driven conditions. Clinical investigations examining hearing loss prev-
alence in individuals with allergic disorders could offer valuable epidemiological insights
corroborating this association. Moreover, the observed responsiveness and functionality
of resident cochlea MCs to stimulation with Compound 48/80, even when present in lim-
ited numbers, underscores their sensitivity and viability within the inner ear milieu. The
activation of resident cochlear MCs led to the release of various mediators, including his-
tamine, tryptase, and a range of cytokines, in response to cisplatin stimulation. These
findings are supported by previous research conducted at the Otolaryngology Research
Laboratory at the Charité Medical University in Berlin, demonstrating the protective ef-
fects of the MC stabilizing agent cromoglicic acid against cisplatin-induced HC loss and
neurotoxicity. This suggests that resident cochlear MCs are likely to play a role in cispla-
tin-induced ototoxicity, and the pathological effects initiated by MCs may even precede
the accumulation of ROS induced by cisplatin. However, further investigation into the
specific molecular pathways involved is necessary. The present study provides a solid
foundation for future research aimed at developing therapeutic interventions for treating
cisplatin-induced hearing loss by examining mediator release and biochemical processes

in greater detail.

Overall, this study underscores the intricate nature of MC biology and its significance in
the immune response of the inner ear. While MCs are well-recognized in allergic diseases
and inflammation, their specific involvement in cochlear pathology warrants continued

exploration.
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