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Zusammenfassung

In der Luftrohre exprimieren epitheliale Chemorezeptorzellen, sogenannte Burstenzellen (BC), viele
Subtypen von Bittergeschmacksrezeptoren, begleitet vom transienten Rezeptor-Potential-Kationenkanal der
Unterfamilie M5 (Trpm5). Fruhere Arbeiten zeigten, dass der Bitterstoff Denatonium und bitter
schmeckende bakterielle Stoffwechselprodukte wie Quorum-Sensing-Molekdle, die von gramnegativen
Bakterien wie Pseudomonas aeruginosa produziert werden, die Aktivierung der gustatorischen
Geschmackssignale auslésen. Die Signallbertragung umfasst die Freisetzung von PLCB2 und
Inositoltriphosphat (IP3), gefolgt von einer Calcium-abhangigen TRPM5-vermittelten Signaliibertragung,
die Freisetzung Acetylcholin (ACh) umfasst. Dies wurde als signifikant flr die Auslésung einer neurogenen
Entziindung identifiziert, die durch die Freisetzung der neurogenen Peptide Calcitonin Gene-Related
Peptide (CGRP) und Substanz P (SP) gekennzeichnet ist und zu einer Rekrutierung von neutrophilen
Granulozyten fiihrt. AuBerdem fihrt die Freisetzung dieser Neuropeptide zur Plasmaextravasation und
Diapedese. In dieser Studie untersuchten wir daher die Beteiligung cholinerger Rezeptoren auf den
sensorischen Nervenfasern an der Induktion neurogener Entzlindung in den Atemwegen. Darliber hinaus
untersuchten wir das Vorhandensein des TRPM5-Kanals in den Neuronen der Spinalganglien (DRG) und
des Jugulare-Nodosum-Komplexes (JNC) und testeten die Auswirkungen der TRPM5-Kanalfunktion auf
die Sensitivitat der TRPV1- und TRPA1-Kandle in sensorischen Neuronen. Wir untersuchten auch die Rolle
von ACh, das von BC stammt, auf die Trpal+ und Trpv1l+-Neuronen, die Atemwege innervieren. In dieser
Studie wurden folgende Mausmodelle verwendet: Wildtyp (WT), Trpm5-defiziente, Trpm5-DTR (Méuse,
die den Diphtherie-Toxin-Rezeptor (DTR) in den Trpm5+ Zellen exprimieren, und in denen die Trpm5-
exprimierenden Zellen nach Verabreichung von Diphtherie-Toxin (DT) deplitiert wurden), Trpm5-
DREADD (Maéuse, die einen Designer-Rezeptor aktivierbar ausschlieflich durch Designer-Medikamente
(DREADD) in den Trpm5+ Zellen exprimieren, und in denen die Trpm5-exprimierenden Zellen nach
Verabreichung von Clozapin-N-oxid (CNO) aktiviert wurden) und Trpal-DTR (Méuse, die das DTR in den
Trpal+ Neuronen exprimieren, und in denen die Trpal-exprimierenden Neuronen spezifisch durch DT-
Gabe deplitiert wurden). Zur Quantifizierung der Plasmaextravasation und die Einwanderung von
neutrophilen Granulozyten erhielten Maduse Evans Blau und inhalierten Denatonium. Nach 30 min wurden
die Luftrohren explantiert. Zuséatzlich erhielten manche WT-Mause eine Ldsung mit den cholinergen
Rezeptorinhibitoren Mecamylamin (MEC) und Atropin injiziert. Fir die Deplitionsversuche wurden die
Mause an drei aufeinanderfolgenden Tagen mit DT (20 ng/kg Kdrpergewicht, i.p.) injiziert. Der Verlust der
Trpal+ Nervenfasern wurde durch Immunhistochemie, [Ca®*]i -lmaging und real-time RT-PCR
charakterisiert. Zusatzlich wurden Western Blot-Analyse, RT-PCR und Immunhistochemie angewendet,
um das Vorhandensein des TRPM5-Kanals in den sensorischen Neuronen zu untersuchen. Dartiber hinaus

wurden Neuronen des sensorischen Ganglions ( DRG und JNC) von WT-M&usen und Trpm5-defizienten
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Mausen isoliert, und die EC50-Antwort auf die Gabe vom Zimtaldehyd (CA, ein TRPA1-Agonist) und
Capsaicin (ein TRPV1-Agonist) untersucht und vergleichen. Dariiber hinaus erhielten Mé&use, die den DTR
in den Trpm5+ BC im Trachealepithel exprimieren, eine Einzeldosis von 40 pl 200 ng DT intratracheal (IT).
DRG und JNC wurden 48 Stunden spater explantiert und vorsichtig fur [Ca?*]i-Imaging dissoziiert. Ebenso
wurden Mause, die den DREADD-Rezeptor in Trpm5+-Zellen exprimieren, dreillig Minuten nach der
Inhalation von 100 uM CNO getotet, und anschlieBend wurden DRG und JNC fiir [Ca*]i-Imaging
explantiert und dissoziiert. [Ca®*]i-Imaging wurde eingesetzt , um die Sensitivitat der sensorischen
Neuronen in akuten und chronischen Infektionsmodellen zu untersuchen. Zusétzlich wurde der Effekt von
Acetylcholin (ACh) auf die Aktivierung von Trpal+ und Trpvl+ sensorischen Neuronen vom JNC
untersucht, indem frisch isolierte Neuronen mit ACh behandelt wurden und die Veranderungen in der
Sensitivitat gegenuber TRPAL- und TRPV1-Agonisten gemessen wurden. Die Hemmung der cholinergen
Rezeptoren flihrte im Vergleich zu der Gruppe, die mit dem mit Vehikel behandelt wurde, zu einer
signifikanten Abnahme der Plasmaextravasation und der Neutrophilenrekrutierung. Immunohistochemie
von DRG-Neuronen von DT-behandelten TrpaltauGFP-DTR-Mdusen zeigte einen Verlust von
TrpaltauGFP+ Neuronen. Die Anzahl der Trpvl-exprimierenden Neuronen wurde um 80% reduziert.
CGRP/SP-doppelimmunoreaktive Neuronen wurden nur vereinzelt gefunden. Unterstiitzend wurde das
Volumen der CGRP+/SP+-Nervenfasern in trachealen Whole-mount-Préparaten von Mausen, die in den die
Trpal+ Neuronen deplitiert wurden, reduziert. Eine geringe Anzahl von Primarneuronen, die aus DRG und
JNC isoliert wurden, reagierte auf den TRPA1-Agonisten CA und den TRPV1-Agonisten Capsaicin. qRT-
PCR zeigte, dass die Trpal- und Trpv1-Expression in Neuronen in beiden sensorischen Ganglien signifikant
herunterreguliert war. DT-behandelte TrpaltauGFP-DTR wiesen nach BC-Stimulation keine EB-
Extravasation und Neutrophilenrekrutierung auf. Zusétzlich haben wir festgestellt, dass der TRPM5-Kanal
in den sensorischen Neuronen, die die Lunge innervieren, vollstandig abwesend ist. In Immunohistochemie
mit DRG und JNC sowie im Western Blot mit Proteinlysaten von DRG und JNC aus Wildtyp-Mausen
fehlten ein TRPM5-Labeling. gRT-PCR mit cDNA, die aus DRG und JNC von Wildtyp- und Trpm5-
defizienten Mausen isoliert wurden, ergab keinen signifikanten Unterschied in der Trpal- und Trpvl-
Genexpression zwischen beiden Genotypen. Interessanterweise fanden wir bei einer Trpm5-Defizienz einer
héheren Sensitivitdat von TRPV1 und TRPA1L gegeniiber CA und Zimtaldehyd im Vergleich zur Antwort
bei Wildtyp-Méausen. Mehr noch fiihrte die spezifische Depletion von BC unter Verwendung von DT im
Trpm5-DTR-Mausmodell zu einer signifikanten Abnahme der EC50 fiir sowohl Capsaicin als auch CA im
Vergleich zum Wildtyp. Dissoziierte Neuronen zeigten einen signifikanten Unterschied in ihrer Sensitivitét,
wenn BC selektiv im Trpm5-DREADD-Mausmodell aktiviert wurden. Die TRPA1-Reaktion auf 200 pM
CA wurde gehemmt, wéhrend die TRPV1 eine signifikant hohere Empfindlichkeit gegeniiber 50 nM
Capsaicin zeigte. Dieses Ergebnis war ahnlich wie die beobachteten Reaktionen nach BC-Aktivierung durch

Denatonium oder akute bakterielle Infektionen. Interessanterweise zeigten Mause mit chronischer Infektion
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nur eine Abnahme der Empfindlichkeit von Trpal und nicht von Trpv1+ Neuronen. Bemerkenswerterweise
fiihrte die Exposition der sensorischen Neuronen gegeniiber ACh zu einer Hemmung von TRPA1 und einer
Aktivierung von TRPV1. Diese Effekte wurden mit den nikotinischen ACh-Rezeptorantaganisten MEC und
Hexamethonium sowie mit dem generellen muskarinischen ACh-Rezeptorantaganisten Atropin gehemmt.
Basierend auf all diesen Beobachtungen schlagen wir vor, dass die durch BC-induzierte protektive
neurogene Entziindung von der cholinergen Ubertragung von BC zu sensorischen Nervenfasern abhangt.
Dartiber hinaus mussen Die TRPAL- und TRPV1-Kandle sowie ihre Interaktionen mit AChRs miissen als
therapeutisches Ziel gegen neurogene Entzindungen und akute Lungeninfektionen wie beispielsweise

Lungenentziindung weiter erforscht werden.
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Summary

In the trachea, epithelial chemoreceptor cells named brush cells (BC) express many bitter taste receptor
subtypes accompanied by the transient receptor potential channel M5 (Trpm5). Previous work demonstrated
that the bitter substance denatonium and bitter-tasting bacterial metabolites such as quorum-sensing
molecules (QSM) produced by Gram-negative bacteria Pseudomonas aeruginosa, for example, triggered
the activation of the gustatory taste signaling. The signaling involves phospholipase C 32 (PLCp2) and the
generation of inositol triphosphate (I1P3) and subsequent TRPM5-dependent calcium-mediated signaling and
the release of acetylcholine (ACh). This was found significant for provoking the generation of a neurogenic
inflammation characterized by the release of the neurogenic peptides: calcitonin gene-related peptide
(CGRP) and substance P (SP), and the subsequent neutrophils recruitment, plasma extravasation, and
diapedesis. Therefore, in this study, we explored the involvement of cholinergic receptors (AChRs) on the
sensory nerve fibers for the induction of neurogenic inflammation in the airways. Further, we investigated
the occurrence of the TRPM5 channel in the dorsal root ganglia (DRG) and the jugular nodose complex
(JNC) neurons, and tested the impact of TRPM5 on the Trpvl+ and Trpal+ function in sensory neurons.
We also looked at the role of ACh derived from BC on the Trpal+ and Trpvl+ vagal nerve afferents
innervating the airways. Here, wild-type (WT), Trpm5-deficient, Trpm5-DTR (mice that express diphtheria
toxin receptor (DTR) in the Trpm5+ cells in which Trpm5-expressing cells were specifically ablated upon
diphtheria toxin (DT) administration), Trpm5-DREADD (mice that express the DREADD receptor
(Designer Receptors Exclusively Activated by Designer Drug) in the Trpm5+ cells in which Trpm5-
expressing cells were specifically activated upon clozapine N-oxide (CNO) administration), and Trpal-
DTR (mice that express the DTR in the Trpal+ neurons in which Trpal-expressing neurons were
specifically ablated upon DT administration) mice models were used. WT mice were injected with inhibitors
of AChRs mecamylamine (MEC) (nicotinic, 1mg/kg body weight, i.p.) and atropine (muscarinic, 1mg/kg
body weight, i.p.). Next, these mice received Evans’s blue (EB, 20 mg/kg, i.v.). After inhalation of 1, 10, or
20 mM denatonium, tracheas were explanted, and EB and neutrophil extravasation were estimated.
Additionally, Trpal-DTR were injected with (DT) on three consecutive days. Trpal+ nerve-fiber depletion
was confirmed by immunohistochemistry and real-time RT-PCR. Next, mice with depleted Trpal sensory
innervation received similar treatment to the mice with inhibited cholinergic signaling. In addition, Western
blotting, RT-PCR, and immunohistochemistry were applied to investigate the occurrence of the TRPM5
channel in the sensory neurons. Moreover, neurons were isolated from WT mice and Trpm5-deficient mice
to compare the ECsp response to the application of cinnamaldehyde (CA) and capsaicin, TRPAL and TRPV1
agonists, respectively. Furthermore, Trpm5-DTR mice received a single dose of DT intratracheally (IT).
DRG and JNC were explanted and dissociated for [Ca®*]i imaging. Likewise, Trpm5-DREADD mice were
sacrificed after inhalation of CNO. Then, the DRG and JNC were explanted and dissociated for [Ca*']i —
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imaging. The sensitivity of sensory neurons in an acute infection model: mice from WT and Trpm5-KO
were infected via the negative gram bacterium Pseudomonas aeruginosa was investigated using [Ca®*]i —
imaging. On the other hand, WT and Trpm5-KO mice chronically infected with the bacteria Rodentobacter
heylii were assessed in the same manner. Additionally, the effect of ACh on the response of JNC Trpal+
and Trpvl+ sensory neurons was studied by applying ACh to freshly isolated neurons, and measuring the
changes in the sensitivity to TRPA1 and TRPV1 agonists. AChRs inhibition led to a significant decrease in
plasma extravasation and neutrophil recruitment compared to the group treated with a vehicle. In DT-treated
Trpal-DTR mice, RT-PCR demonstrated that the Trpal and Trpvl expression was significantly down-
regulated in neurons in both sensory ganglia. On the other hand, immunohistochemistry on DRG sections
from these mice had a significant increase in the numbers of Trpal+ and Trpvl+ sensory neurons.
Additionally, the same neuronal sections demonstrated a significant loss in the positive labeling of CGRP
and SP compared to the vehicle. Furthermore, tracheal wholemount preparations showed a significant
difference between the DT-treated Trpal-DTR and vehicle in the volume of CGRP and SP. As a result, DT-
treated TrpaltauGFP-DTR mice lacked EB extravasation and neutrophil recruitment after BC-stimulation.
Additionally, we have found that the TRPM5 channel is completely absent in the sensory neurons
innervating the lung. Western blotting using protein lysates of DRG and JNC and Immunohistochemistry
from WT mice lacked TRPM5-labeling. RT-PCR using cDNA isolated from DRG and the JNC of WT and
Trpm5-deficient mice resulted in a non-significant difference between Trpal and Trpvl gene expression
among both genotypes. Moreover, Trpm5-deficiency correlated with a higher sensitivity of both TRPV1
and TRPAL to capsaicin and CA compared to the response in WT mice. Interestingly, specific depletion of
the BC using the DT on the Trpm5-DTR mouse model led to a significant decrease in the ECso for both
capsaicin and CA compared to the WT. Dissociated neurons showed a significant difference in their
sensitivity when BC were activated using CNO in the Trpm5-DREADD mouse model. The TRPA1L response
to 200 uM CA was inhibited, while the TRPV1 showed significantly higher sensitivity to 50 nM capsaicin.
This result was similar to the observed responses after BC activation via denatonium or in acute bacterial
infection. Interestingly, mice with chronic infection exhibited a decrease only in the sensitivity of Trpal+
and not in the Trpv1l+ neurons. Remarkably, exposing the sensory neurons to ACh resulted in an inhibition
of TRPAL and activation of TRPV1. These effects were inhibited with the ACh receptors-inhibitors MEC
and atropine as well as the nicotinic antagonist hexamethonium. Based on all these observations, we propose
that the BC-induced protective neurogenic inflammation is needed to eliminate inhaled substances via
neutrophil recruitment and it depends on the cholinergic transmission from BC to the sensory nerve fibers.
Moreover, the TRPA1 and TRPV1 channels and their communications with AChRs must be further
explored as a novel and attractive therapeutic target against neurogenic inflammation and acute pulmonary

infections such as pneumonia.
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CHAPTER 1: LITERATURE REVIEW
11 The respiratory system

The respiratory system’s primary role is breathing: once the air is inhaled into the lungs, the oxygen is
absorbed into the bloodstream and transported to the cells. On the other hand, exhaling the air expels carbon
dioxide from the body. Gas exchange is facilitated by the respiratory system between the lungs and the
bloodstream. pH is another parameter regulated via the respiratory system by controlling the amount of
acidic carbon dioxide in the bloodstream. Furthermore, it acts as a barrier from harmful objects and

microorganisms in which is an important protective function of the respiratory system.

The respiratory system is comprised of various components: the nasal cavity, the pharynx, the larynx, the
trachea, and the lungs (Figure 1.1). The space inside the nose is called the nasal cavity. The air inside this
space is warmed-up and humidified. Another important feature of the nasal cavity is that it is coved by
ciliated epithelium that removes small particles before they reach the lung. The pharynx is a muscular tube
that is divided into three parts (the nasopharynx, the oropharynx, and the laryngopharynx) connecting the
nasal cavity cavities to the larynx. The larynx plays together with the pharynx an important role in
swallowing and breathing. The trachea connects the larynx to the lungs and is lined with an epithelial layer
containing mainly ciliated and mucus producing cells. The main organs in the respiratory system are the
lungs, located in the chest. In humans, the right lung is divided into three lobes while the left lung has two.
Moreover, gas exchange is the responsibility of the lung. Air enters the lung through the bronchi, leading to

bronchioles that end in surfactant-lined air sacs containing the alveoli.

Furthermore, the lung is innervated by postganglionic sympathetic and parasympathetic nerve fibers which
regulate the breathing (Coburn and Tomita, 1973; Wood, 1984; Dey, Mitchell and Coburn, 1990). The
sympathetic nervous system promotes bronchodilation while the parasympathetic nervous system promotes
bronchoconstriction (widening and narrowing the airways, leading to an increased or decreased respiratory
rate, respectively). The postganglionic sympathetic neurons that provide innervation to the lungs originate
from the stellate and thoracic sympathetic chain ganglia T2-T4. On the other hand, the ones that supply the
trachea are derived from the stellate and superior cervical ganglia. (Kummer et al., 1992). The
parasympathetic fibers originate from the vagus nerve which they synapse with postganglionic neurons
located within the lungs. The neurotransmitters released from the postganglionic sympathetic and
parasympathetic neurons are norepinephrine and ACh, respectively (Figure 1.2). On the other hand, in
humans, the cell bodies of the sensory nerve fibers are located in the dorsal root ganglia (DRG), and in the

nodose and jugular ganglion (Silva, Czeisler and Otero, 2021).
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Figure 1.1: The respiratory system (Image reprinted with permission from Staerz, Weimar and Barsan, 2016)

1.2 The nervous system

The nervous system in humans consists of a complex network of specialized cells. The main role of these
cells is to transmit signals between the different body parts to control and coordinate the body’s functions.
Mostly, it consists of two main components: the central nervous system (CNS) and the peripheral nervous
system (PNS). The CNS is the body’s central processing unit, composed of the brain and the spinal cord.
The PNS is made out of the nerves extending from the CNS to other parts and organs of the body. Two
subdivisions of the PNS are the autonomic nervous system (ANS) and the somatic nervous system (SNS).
The latter receives sensory information from the environment external to the body and controls voluntary
movements. The ANS, on the other hand, controls spontaneous functions such as digestion, heartbeat, and
breathing. Additionally, the sensory and motor fibers include large numbers of neuronal cell bodies outside
the CNS and are arranged into collections called ganglia. The axons of the cell bodies project to other body

organs such as the muscles and the airways.

The airway tone is believed to be a function of the relative activities of cholinergic and adrenergic
intervention (Wood 1984; Coburn and Tomita 1973; Dey, Mitchell, and Coburn 1990). Furthermore, the
airways and lungs are innervated densely by nerves. For example, in a human’s trachea, there is one axon
per hundred muscle cells (Daniel et al. 1986). The airway mucosa from the nares to the bronchioles as well
as the alveolar epithelium contain sensory nerve endings responding to pollutants and inhaled irritants (L.

Y. Lee and Yu 2014). Vagal nerve fibers can be distinguished by their sensitivity to either mechanical
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(mechanosensors) or chemical (chemosensors) stimuli. Chemosensors are often referred to as nociceptors
and they are silent in normal airways. However, when they are repeatedly or prolonged activated by noxious
stimuli, they can be sensitized (Leroux et al. 2020; Nassenstein, Krasteva-Christ, and Renz 2018).
Nociceptors can be either C-fibers or Aa and Ad-fibers, depending on their myelination, size, and
conductivity (Eftekhari et al. 2013) (Figure 12).
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Figure 1.2: The sensory innervation of the respiratory system (Image reprinted with permission from
Kistemaker and Prakash, 2019)

1.3 The immune system

The immune system is an enormous network consisting of lymphoid organs and tissues, and immune cells
that defend the body against harm (infection and disease). The immune system is composed of two major
components: adaptive and innate immunity (Soderberg et al., 2005) (Figure 1.3). The main function of the
adaptive immune system is the recognition of antigens, followed by the production of antibodies.
Furthermore, the adaptive immune system can remember past infections which enables the body to respond
faster and more efficiently to previously encountered pathogens. The functions of the innate immune system

will be discussed below.
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Figure 1.3: Anillustration of the immune system showing innate and adaptive immune system components
(Image reprinted with permission from Manna, Gray and Hemachandra Reddy, 2022)

1.3.1 Innate immunity

Innate immunity is the first line of defense against infections and harmful substances (Ezekowitz and
Hoffmann, 2002). This type of immunity exists from birth and doesn’t require previous exposure to
recognize a harmful substance. Innate immunity consists of chemical and physical barriers such as the skin,
the mucus lining epithelial tissues, secreted enzymes, tears, and cytokines (Figure 1.3). Each fragment of
innate immunity carries an important role in defending the body against invaders. For example, the initiation
of coughing and sneezing is an important part of innate immunity (Rogers, 1997). This process helps to
clear large particles that settled in the upper nasopharynx and laryngeal regions. The epithelial layer beneath
the mucus layer is also important for acting as a chemical shield against pathogens. Adding to that, due to
the mucociliary clearance, small particles and bacteria in the lower respiratory tract are captured and
expelled (Knowles and Boucher, 2002). This mechanical clearance of mucus includes the ciliary beat
regulation and the mucus transport (Knowles and Boucher, 2002). Additionally, antimicrobial components
in the epithelial lining fluid such as surfactant proteins facilitates the recognition of harmful agents by the

innate immune cells (Bals, Weiner and Wilson, 1999; Driscoll, Brody and Kollef, 2007). Epithelial cells
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also contribute to innate immune defense and some cells can sense and regulate the volume of liquid on

their surfaces, while others can regulate mucus transport rates (Knowles and Boucher, 2002).
1.4 Inflammation, pain, and neurogenic inflammation

Inflammation and pain are closely interconnected processes. Inflammation occurs when the immune system
reacts to different insults such as infections, irritants, cancer, and tissue injury. It is defined as the interaction
between immune cells and non-immune cells, followed by a collection of responses including chemical
mediators such as cytokines, nitric oxide, growth factors, and eicosanoids (Baluk et al., 1999; Liu et al.,
2004; Grando et al., 2015; Talbot, Foster and Woolf, 2016). The normal inflammatory response is divided
into three different phases: acute, sub-acute, and resolution (Ballaz and Mulshine, 2003). These phases
contribute to recovery using different mechanisms, especially in the case of chronic inflammation. The acute
phase is characterized by increased capillary permeability and local vasodilation accompanied by neutrophil
recruitment (Quie, 1986; Vane et al., 1994). The sub-acute phase is when phagocytotic and leukocytic
infiltration happens. The result of this process fluctuates between erythema, edema, and pain (Ballaz and
Mulshine, 2003).

Scientists think of pain as an unpleasant protective sensation resulting from actual tissue damage. Pain could
help avoid invaders and harmful objects. Additionally, pain can be considered a facilitator of healing
inflammation accompanied by damaged tissues (Matsuda, Huh and Ji, 2019a). However, chronic pain is not
useful and is a great health concern (Matsuda, Huh and Ji, 2019). During the inflammation inflammatory
mediators such as cytokines, chemokines, and prostaglandin activate sensory afferents inducing pain.
Nociceptors involve immune cells in a neuro-immune interaction. As a result, the response and regulation

of immune cells occur.

In neurogenic inflammation, the detection of irritants results in the activation of sensory nerves, notably C-
fibers, which transmit the sensation of potentially noxious stimuli to the brain, and leads to the release of
neurogenic peptides such as the calcitonin gene-related peptide (CGRP), and tachykinins such as substance
p (SP) (Rogers, 1997). The proximate location of sensory fibers to epithelial cells such as in the trachea and
lung suggests a potential communication between them and a potential contribution to the development of
neurogenic inflammation and its pathophysiology (Bertrand and Geppetti, 1996; Rogers, 1997). Once the
sensory peptides are released, swift plasma extravasation and vasodilation happen, followed by the
recruitment and infiltration of the tissue with immune cells (Mathison and Davison, 1993). Moreover, pain
is a well-known companion to neurogenic inflammation after stroke, tissue trauma, and surgery ( Balestrini
et al., 2021a).
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1.5 CGRP and SP

Small protein molecules such as SP and CGRP which are released from primary neurons are called
neuropeptides; such peptides are important on behalf of neurogenic pain and the generation of hyperalgesia.
The role of CGRP and SP in pain development is not yet fully understood. Different studies illustrated that
when the innervating sensory neurons are stimulated mechanically or chemically, CGRP is steadily released
to maintain central sensitization including cross-signaling between neurons and glial cells (Greco et al.,
2008; Seybold, 2009). Scientists have found that CGRP is mostly involved in arterial vasodilatation that
leads to an increase in blood flow. A link to the intracellular increase in cyclic adenosine monophosphate
(cAMP) has been established for the vasodilation effect. Yet, CGRP does not activate the sensory afferents
directly. Instead, it might up-regulate the production of pro-nociceptive molecules and receptor proteins
(Levy, Burstein and Strassman, 2005; Li, Vause and Durham, 2008; Russell et al., 2014; Messlinger, 2018).
On the other hand, stimulation of plasma extravasation was found to be the main function of SP along with
other neurotransmitters such as bradykinin (Figini et al., 1995, 1997; Seybold, 2009). Additionally, SP plays
a role in the very early response to pain (Greco et al., 2008; Seybold, 2009). Mood regulation, nausea, and
the body’s inflammatory response are other physiological processes where SP is involved. The use of SP
receptor antagonists has been found as a healing potential in inflammatory illnesses such as asthma (Rogers,
1997; O’Connor et al., 2004).

1.6 Transient Receptor Potential (TRP) Channels

Transient Receptor Potential (TRP) channels are a group of evolutionary conserved essential membrane
proteins. They are of vital significance for human health and are involved in many physiological processes.
Each TRP channel has a role as a physiological sensor (Kaske et al., 2007; Venkatachalam and Montell,
2007b; Greka and Mundel, 2012; Tsai et al., 2021) e.g in taste, touch, and pain perception, or in thermo-
sensation. The superfamily of the TRP channels consists of five family groups: TRPV, TRPA, TRPM,
TRPN, and TRPC (Figure 1.4). Additionally, scientists have discovered two more subfamilies: TRPP and
TRPML (Venkatachalam and Montell, 2007a; Moran, 2018). TRP channels are a class of cationic channels
that act by altering membrane potential or intracellular calcium concentration (Saimi and Kung, 2002). They

are notable in their diversity with regard to the activation mechanisms and their ion selectivity.
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Figure 1.4: Schematic illustration of the subfamilies of TRP channels showing their structural domains (Image
reprinted with permission from Hellenthal et al., 2021)

Dysfunction of TRP channels has implications in many diseases such as chronic pain, cancer, and
neurogenic disorders, making them a very important research and therapeutic target. However, concerning
their abundance in either the airways or in the sensory nerves, this study focused on three different subtypes
from three different TRP families: TRPA1, TRPV1, and TRPMS5.

1.6.1 The transient receptor potential vanilloid 1 channel (TRPV1)

TRPV1 (transient receptor potential vanilloid 1) is a member of a big TRP subfamily composed of six
different subtypes, and all are named accordingly. This subfamily has a significant role in thermosensation,
osmosensation, mechanosensation, and calcium uptake. Members of the TRPV subfamily function as
tetrameric complexes with each subunit containing six N-terminal ankyrin repeats (Dhaka, Viswanath and
Patapoutian, 2006; Ramsey, Delling and Clapham, 2006). Additionally, all TRPV subfamily members are
highly permeable to calcium ions (Liu et al., 2007; Hsu and Lee, 2015). TRPV1 is considered the most
studied member of this group. It can be activated via high temperatures, noxious stimuli, pH changes, spicy
compounds, and some cytokines such as TNF-a. Upon activation, Ca?* and Na* flow into the cell causing

the activation of different pathways.

TRPV1 protein is distributed all over the human body. It has been found in many organs such as the heart,

the lung, the intestine, as well as in sensory neurons. On the other hand, TRPV1 is implicated in various
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diseases and pathological conditions, such as autoimmune syndromes, neuropathic pain, chronic pain, and
inflammation (Trankner et al., 2014; Judrez-Contreras et al., 2020). The exact signaling pathway of TRPV1
is not fully understood, and thus, research is needed to explore this issue in health and disease. Additionally,
there is evidence that TRPV1 may become a therapeutic target for different diseases. For example, recent
studies in mice resulted in longer lives and better metabolism when the Trpvl gene was knocked out (Lee
et al., 2015; Ferdowsi et al., 2021).

1.6.2 The transient receptor potential ankyrin 1 channel (TRPAL)

The ankyrin subfamily consists of seven subfamilies. Among them, TRPAL is the most abundant across
animals and is considered the only member of the mammalian TRP ankyrin subfamily. TRPAL is a unique
Ca**-permeable and non-selective cation channel. Similar to other TRP channels, TRPA1 has a cytosolic
N-terminal domain and a trans-membrane domain containing six trans-membrane helices with a trans-
membrane loop and a cytosolic C-terminal domain. A robust influx of cations such as Ca** and Na* happen
as a result of TRPA1 activation. Substances such as acrolein, ozone and chlorine, and spicy substances such
as mustard oil, bacterial lipopolysaccharides and CA are all activators of the channel. Similar to the TRPV1
channel, TRPAL is abundant in the nociceptor sensory neurons. TRPAL has been reported to be involved in
pathological and physiological conditions including pain, cold, and damage sensation (Meseguer et al.,
2014; Kamei et al., 2018; Wang et al., 2019). The activation of the TRPA1 channel leads to pain, sneezing,
coughing, and respiratory depression (Shapiro et al., 2013; Grace et al., 2014; Achanta and Jordt, 2020).
Trpal-knocked-out mice appeared normal in most physical functions. Nevertheless, a study that used these

knockouts showed physical hypersensitivity compared to the WT (Bodkin et al., 2014).
1.6.3 The transient receptor potential melastatin 5 channel (TRPMD5)

As the name suggests, the TRP melastatin (TRPM) subfamily is another subfamily belonging to the TRP
group of cation channels. With eight subtypes (M1-M8), the first-ever cloned TRPM channel was the
TRPML1 of drosophila in 1989 (Montell and Rubin, 1989). Each subtype consists of six trans-membrane
domains, which together form a pore to allow the passage of ions from side to side for the cell membranes,
such as the cell wall. In mammals, TRPM channels are essential for various physiological processes,
including hearing (Venkatachalam and Montell, 2007b), thermo-sensation, lung function, and cytokine

production, among others.

The transient receptor potential M5 channel (TRPMD5) is expressed in secreting tissues such as the intestine,
the trachea and the taste buds, with high expression. Furthermore, the TRPM5 channel role involves the

transduction of bitter, umami, and sweet taste signals (Lin et al., 2008; Turner and Liman, 2022). In mice,
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the Trpm5 gene encodes a protein of 1.158 amino acids. Additionally, scientists suggested that the TRPM5
protein has 6 trans-membrane domains that function as a tetramer (Owsianik et al., 2006). However, since
the signaling pathway of the TRPMS5 channel involves taste, the activation of GPCRs stimulates
phospholipase C (PLC) B2, which leads to the breakdown of PIP2 (phosphatidylinositol bisphosphate) into
DAG (diacylglycerol) and IP3 (inositol triphosphate), leading to the discharge of calcium ions from their
stores inside the cell (Kaske et al., 2007). The intracellular Ca?* change directly activates TRPM5. The
activation of the TRPM5 channel can also be regulated by voltage and temperature (Ramsey, Delling and
Clapham, 2006). It is worthy to mention that the TRPM5 channel is found in the airway epithelia in BC and
is very important in immunity and neurogenic inflammation (Kaske et al., 2007; Hollenhorst et al., 2019;

Perniss et al., 2020). However, the exact signaling pathway is still not completely clear.

1.7 Taste perception and bitter taste receptors

Taste perception is the ability to detect different flavors through taste buds. The understanding of
chemosensory sensation is highly essential in terms of obesity and immunology. Compounds that mammals
could taste can be distinguished into five basic groups: sweet, bitter, sour, salt, and umami. Each taste is

perceived by a specific receptor located on the taste buds.

Bitter taste receptors in humans (T2Rs) are referred to as twenty-five members of the G- protein-coupled
receptor (GPCR) superfamily. GPCR family is a group of important transmembrane receptors found in all
organisms. They play a role in communication between the cell and its environment. G- proteins are divided
into three different subunits, known as alpha, beta, and gamma each receptor is sensitive to a different range
of bitter compounds (Avau et al., 2015). G-proteins, such as Gai, Gas, and Gaq. For example, Gai is
important for sensing bitter and sweet tastes by slowing down a process called adenylate cyclase and
lowering levels of a molecule called cAMP. On the other hand, Gas helps us detect sweet and umami tastes
by speeding up adenylate cyclase and increasing cAMP levels. Lastly, Gaq helps us sense sour and salty
tastes by triggering another process called phospholipase C, which releases calcium ions (Ahmad & Dalziel,
2020; Ferry et al., 2002; Kamato et al., 2015; Shukla, 2016).

Researchers have rounded the age of the mammalian taste cells to as short as ten days, suggesting that for
proper signal transduction, nerve terminals have to detach from an aging cell to a new developing taste cell
(Beidler and Smallman, 1965; Farbman, 1980). On the other hand, taste receptor in mice (TasR) cells are
not only present in the tongue. Many of them are localized in different epithelial organs as well, such as in
the gut and the trachea. Scientists have found many chemically distinct classes of bitter-tasting compounds.
However, given the wide variety of these compounds, the use of different TasR and different transduction

pathways can be expected. Interestingly, about 40 bitter taste receptors have been cloned, some of which
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are expressed in the same cell. The abundance of these receptors is very important as they function as a
sensory warning against the ingestion of toxic and poisonous substances. For example, the activation of
T2R and its downstream transduction components including the TRPM5 channel is very important for
initiating neurogenic inflammation and the recruitment of immune cells in the trachea (Hollenhorst et al.,
2019, 2022). When a bitter compound binds to a bitter taste receptor in mice (Tas2R) on a taste bud, the
downstream signaling pathway of the gustatory G-protein gustducin is triggered (Caicedo et al., 2003).
Furthermore, Tas2Rs were discovered in epithelial cells such as ciliated cells (Sha et al., 2009), in BC
(Krasteva et al., 2011) and in nasal solitary chemosensory cells (SCC, Tizzano et al., 2010). This suggested
instantly that these receptors play a role in sensing foreign particles and bitter substances secreted from
pathogens such as QSM and endotoxins (Hollenhorst et al., 2019)

1.8 Brush cells (BC)

Brush cells (BC) are considered a specialized tuft cell population (Figure, 1.5). BC were first demonstrated
sixty years ago in the rat mucosal epithelium (Rhodin and Dalhamn, 1956). They are broadly spread in the
epithelial organs, such as the trachea's epithelium and the upper airway's nasal cavity (Bezencon et al., 2008;
Deckmann et al., 2015; Kummer & Deckmann, 2017; Ualiyeva et al., 2020). Phenotypically, these cells
have a distinctive pear shape distinguished by their brush or tuft-like apical exterior, which is formed by
densely thick microvilli (Reid et al., 1970).
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Figure 1.5: Graphic illustration of a tuft cell (BC), showing its downstream activation and ACh release (Image
reprinted with permission from (Hollenhorst et al., 2023)

33



Initially, the function of BC wasn’t clear. Nevertheless, a chemosensory function for BC was guessed
because of their proximity to the non-myelinated sensory nerve fibers. Finally, in our recent studies we
could show that BC have a role in detecting pathogens and harmful objects, as well as initiating immune
responses (Hollenhorst et al., 2019, 2022). On the other hand, tuft-2 cells express high levels of Th2 related
cytokines, (Haber et al., 2017). Tracheal BC have an implication in the development of respiratory diseases
such as asthma and COPD.

1.9 Acetylcholine and cholinergic receptors

Acetylcholine (ACh) is a neurotransmitter that plays a very important role in the nervous system. In the
cholinergic nerves, ACh is manufactured in the terminals of nerves from choline and acetyl CoA. This
reaction is catalyzed by choline acetyl-transferase. Once a new ACh is formed, it is put in vesicles in the
cytosol. The vesicles then need an action potential to reach the axon terminus, and then to be freed into the
synaptic cleft. ACh then binds to the AChRs (Colquhoun and Patrick, 1997; Stauderman et al., 1998;
Krasteva et al., 2012), either muscarinic (mMAChR) or nicotinic (nAChR). The enzyme acetylcholinesterase
(AChE) rapidly decreases its concentration from the presynaptic terminal (Wonnacott, 2014; Bader and
Diener, 2015; Lottig et al., 2019). Additionally, evidence of ACh synthesis and compounds involved in the
cholinergic system in non-neuronal cells was confirmed in many cell types such as B cells, macrophages
and dendritic cells (Reardon et al., 2013), T cells (Rinner and Schauenstein, 1993; Rosas-Ballina et al.,
2011) and epithelial cells (Moffatt and Franks, 2004; Kummer, Lips and Pfeil, 2008b; Bader et al., 2014;
Kummer and Krasteva-Christ, 2014; Bankova et al., 2018).

1.9.1 Muscarinic receptors

Muscarinic AChRs are a family of receptors consisting of five different subtypes (M1- M5). Each bind to
ACh, and they are considered G-protein-coupled receptors. They are composed of a single polypeptide with
seven regions arranged in a hydrophobic a-helix spanning the cell membrane seven times (Hulme, Birdsall
and Buckley, 1990a). Muscarinic AChR are found in the CNS and PNS. On the other hand, when ACh
bounds to the mAChR, the G protein, which is composed of a, B, and y subunits, changes its conformation.
This causes the o subunit to release the molecule guanosine diphosphate that is natively bound to the
receptor, allowing diverse possibilities for the function of MAChR in a mammal’s physiology (Hulme,
Birdsall and Buckley, 1990b; Kabbani et al., 2013). In addition to ACh, muscarine and other choline esters,
for instance, bethanechol and pilocarpine, are considered mMAChR agonists. Conversely, atropine, which is

used as an inhibitor of the heart's excessive vagal activation, is considered a mAChR antagonist.

In the airways, mMAChRs play an important role in regulating bronchoconstriction, mucus secretion, and

airway inflammation (Heike Schlenz et al., 2010). The activation of mMAChRs lead to contraction of airway
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smooth muscle, causing a difficulty in breathing and narrowing of the airways. Furthermore, mAChRs on
submucosal glands increase mucus secretion leading to airway obstruction. On the contrary, in in the

presence of inflammation, mMAChRs have broncho dilatory effects (Konishi et al., 2019; Meurs et al., 2013).
1.9.2 Nicotinic receptors

According to their name, nicotinic receptors (NnAChRs) bind to nicotine as their main agonist; this
differentiates them from the mAChRs. nAChRs are considered pentametric-neurotransmitter-gated ion
channels, in charge of the fast excitatory neurotransmission in the peripheral and central nervous systems.
Furthermore, nAChRs are activated by ACh, nicotine, and structurally-related agonists (Zhang, and Berg,
1994; Puskar et al., 2011). The activation of nAChRs had an impact on multiple neurological disorders,
making them a sought-after target for therapeutic research. nAChRs can be found in the central and
peripheral nervous systems, the skeletal muscles and the adrenal glands, where they mediate the release of
adrenaline. Moreover, NAChRs open to allow the flux of sodium, calcium, and potassium ions into the cells
after activation (Kabbani et al., 2013). However, three main classes of nAChRs were established in
mammals (Papke et al., 2008): muscle-type receptors, homomeric neuronal receptors, and heteromeric
neuronal receptors. Each nAChRs is made out of five subunits arranged around a pseudo-axis of symmetry:
al- al0, B1- B4, v, 6, and & (Millar, 2003; Moroni et al., 2006). Additionally, mecamylamine (MEC) is
considered a general antagonist for NAChRSs. It is partially selective to B4-containing nAChRs (Papke et al.,
2008; David et al., 2010). Though MEC was found to be a TRPAL inhibitor, scientists found concentrations
of 5 mM MEC to inhibit TRPAL currents pre-activated with nicotine in a human TRPAL stable transfected
cell line (Talavera et al., 2009).

The presence of nAChRs in the respiratory system has been described and established in many studies,
including (Krasteva et al.,2011). This study identified the presence of NAChRs in the epithelial cells, smooth
muscle cells and nerve endings in trachea. These receptors are involved in the regulation of respiration and
their activation can affect ion transport in the tracheal epithelium. For instance, denatonium inhibits sodium
channels via the bitter signaling cascade and Ga signaling, resulting in decreased ion transport and
contributing to fluid homeostasis regulation via BC activation (Hollenhorst et al., 2022). Similarly, in
murine airways, NAChRs activate ion transport and mediate nicotine-induced current changes (Kumar et al.,
2020).
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The aims of the thesis:

In this thesis, we explored the involvement of sensory nerve fibers and cholinergic receptors in the initiation
of neurogenic inflammation in the airways. Additionally, we examined the occurrence of the TRPM5
channel in the dorsal root ganglia (DRG) and the jugular nodose complex (JNC). Furthermore, we studied
the impact of the TRPMS5 channel activation and ACh derived from BC on the sensitivity of TRPV1+ and
TRPAL+ sensory neurons innervating the airways.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Materials
This section of the thesis enumerates the materials utilized in the research such as chemicals, solutions,
antibodies, bacteria, and specialized equipment.

2.1.1 Chemicals

The chemicals used in this study were obtained from the companies listed in Table 1 below.

Chemical Company

A 967079 Tocris Bioscience Abingdon, UK
Acetylcholine chloride Sigma Aldrich, Taufkirchen, Germany
Adenosine 5'-triphosphate Sigma Aldrich, Taufkirchen, Germany
Alpha-beta methylene adenosine Sigma Aldrich, Taufkirchen, Germany
Atropine Sigma Aldrich, Taufkirchen, Germany
Capsaicin Sigma Aldrich, Taufkirchen, Germany
Cinnamaldehyde Sigma Aldrich, Taufkirchen, Germany
Collagenase Sigma Aldrich, Taufkirchen, Germany
Complete Mini, EDTA-free Roche, Edenkoben, Germany
Denatonium benzoate Sigma Aldrich, Taufkirchen, Germany
D-glucose Sigma Aldrich, Taufkirchen, Germany
Dispase Roche, Edenkoben, Germany

DMEM Gibco, Dreieich, Germany

DMEM F12 Gibco, Dreieich, Germany

DMPP Sigma Aldrich, Taufkirchen, Germany
EDTA Sigma Aldrich, Taufkirchen, Germany
Evans’s blue Sigma Aldrich, Taufkirchen, Germany
Fura-2, AM Invitrogen, now: Thermo Fisher Scientific, Waltham, MA, USA
G-418 disulphate salt Sigma Aldrich, Taufkirchen, Germany
Gallein Tocris Bioscience, Abingdon, UK
Glycerol Merck, Darmstadt, Germany

HBSS Gibco, Dreieich, Germany

Heparin - natrium Braun, Hessen, Germany

HEPES Roth, Hessen, Germany
Hexamethonium chloride Sigma Aldrich, Taufkirchen, Germany
Isoflurane Piramal, Hallbergmoos, Germany
KCL Merck, Darmstadt, Germany
Ursotamin Serumwerk, Bernburg, Germany




KH2PO4 Merck, Darmstadt, Germany

Laminin Gibco, Dreieich, Germany

LE agarose Biozym, Hessisch Oldendorf, Germany
L-glutamine Gibco, Dreieich, Germany

Lipofectamine 2000

Invitrogen, now: Thermo Fisher Scientific, Waltham, MA, USA

Solution A

Merck, Darmstadt, Germany

Solution B

Merck, Darmstadt, Germany

Mecamylamine-hydrochloride

Sigma Aldrich, Taufkirchen, Germany

Methanol

VWR, Hamburg, Germany

MgCl, Merck, Darmstadt, Germany

MIDORI Green NIPPON Genetics EUROPE, Diiren, Germany
MOWIOL Sigma Aldrich, Taufkirchen, Germany

NaCl Gruessing GmbH, Filsum, Germany

NaCl 0.9% Braun, Hessen, Germany

NaCl 0.9% sterile

Fresenius Kabe Deutch Land GmbH, Homburg, Germany

Nuclease-free water

Thermo Fisher Scientific, Waltham, MA, USA

Optimum

Gibco, Dreieich, Germany

Paraformaldehyde

Merck, Darmstadt, Germany

PBS Gibco, Dreieich, Germany

PLL Sigma Aldrich, Taufkirchen, Germany
Pluronic Sigma Aldrich, Taufkirchen, Germany
Ponceau S Roth, Hessen, Germany

Potassium chloride

Sigma Aldrich, Taufkirchen, Germany

Silicone solution

Serva, Heidelberg, Germany

Sterile H,O Fresenius Kabe Deutch Land GmbH, Homburg, Germany
Super signal Thermo Fisher Scientific, Waltham, MA, USA

ECL Western blot substrates Thermo Fisher Scientific, Waltham, MA, USA

TEMED Bio-Rad, Hertfordshire, UK

TRIS Roth, Hessen, Germany

Tris-base Sigma Aldrich, Taufkirchen, Germany

Tris-HCL Roth, Hessen, Germany

Triton X 100 Roth, Hessen, Germany

Trypsin 0.05% - EDTA -1X

Gibco, Dreieich, Germany

Tween

Sigma Aldrich, Taufkirchen, Germany

Xylazine 20mg/ml

WDT, Garbsen, Germany

Table 1: List of chemicals that was used during the study, along with their manufacturing companies.
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2.1.2  Solutions

The solutions employed in this research, including those for western blotting, calcium imaging, and cell
culture, are listed in this section of the thesis.

2.1.2.1 Western blotting

The solutions used for Western blotting are listed in Table 2 below.

RIPA buffer (pH ~7.4) HEPES 2.38¢
EDTA 0.93g
NaCl 4.38¢g
SDS 054¢
Sodium deoxycholate 2549
TritonX-100 1%
Coomassie 0.1% Acetic acid 100% 92 ml
Brilliant blue G250 25¢g
dd H20 454 ml
Isopropanol 454 ml
Ponceau S dd H20 100 mi
Ponceau S 05¢
Trichloroacetic acid 39
10% Gel 10% APS 80pl
20% SDS 75 pl
2M TRIS/ HCI, pH ~ 8.8 2,8ml
30% Acrylamide 5,0ml
dd H20 7,2ml
TEMED 7,5 ul
Stacking gel 30% Acrylamide 0,5 ml
10% APS 40 pl
20% SDS 25 pl
2M TRIS/HCI, pH ~6.8 0,625 ml
dd H20 3,85 ml
TEMED 50ul
10x Running buffer 0,25M TRIS 30g
1,92M Glycine 144 g
dd H20 1000 ml
SDS 10g
1x Running buffer (pH ~8.3) 10x Running buffer 100 ml
dd H20 900 ml
TBST (pH ~7.4) dd H20 2000 ml
NaCl 5.8¢
Tris- base 049




Tris- HCL 2.68 g
tween 2ml
10x Transfer buffer dd H20 1000 ml
Glycine 144 g
Tris-base 30.3¢9
1x Transfer buffer (pH ~8.3) 10x Transfer buffer 100 ml
dd H20 700 ml
methanol 200 ml

Table 2: List of solutions used for Western blotting.

2.1.2.2 Immunohistochemistry and Tissue Reservation

The solutions used in this study for immunohistochemistry and tissue reservation are listed in Table 3

below.

Solution A (0.2 M) dd H20 1000 ml
NaH2Po4 x 2H20 31.2¢g

Solution B (0.2 M) dd H20 1000 ml
NaHPo4 x 2H20 3564

4% PFA (pH ~7.4) Paraformaldehyde 49
Phosphate buffer 100 ml

0.2 M Phosphate buffer PB (pH

~7.4) dd H20 500 ml
Solution A0.2M 115 mi
Solution B 0.2 M 385 ml

PVP PVP 259
dd H20 1000 ml
NaCl 9¢g
Procaine hydrochloride 5¢

Histo-block solution 1 (pH ~7.4) | 0.1% BSA 01g
0.5% Tween 0.5 ml
10% Horse serum 10 ml
PBS 89.4 mi

Histo-block solution 2 (pH ~7.4) | 0.03% Triton X 30 ul
10% Bovine serum 10 ml
PBS 90 mi

10x PBS (pH ~7.4) dd H20 923.3ml
NaCl 448¢
Solution A0.2 M 57.5 ml
SolutionB 0.2 M 19.2mi




PBS-S (pH ~7.4) 10x PBS 100 ml
NaCl 448¢

Zamboni 0.2 M phosphate buffer 500 ml
37% formaldehyde 50 ml
dd H20 300 ml
Picric acid 150 ml

Table 3: List of solutions used for immunohistochemistry and tissue reservation.

2.1.2.3 Calcium Imaging

The solutions used in this study for calcium imaging are listed in Table 4 below.

Tyrode 1 (pH ~7.4) Glucose 198.17 g
HEPES 238.3¢g
KCI 1lg
MgCl, 1g
NaCl 58.44 g
Sodium pyruvate 01g

Tyrode 3 (pH ~7.4) 1M CaCl, 0.8 mil
1M KCI 0.5 ml
1M MgCl, 0.1ml
Glucose 0.19817¢g
HEPES 0.2383¢g
NaCl 0.75972¢g
NaHCO:3 0.5 ml
Sodium pyruvate 10 mi

Locke buffer (pH ~7.4) CaCl; 0.1615¢
dd H20 1000 ml
Glucose 181¢g
KCI 0.418¢
MgCl, 0.1015¢g
NaCl 7.79¢
NaH.PO4 0.1875¢g
NaHCO; 1.2¢g

Table 4: List of buffer solutions used for calcium imaging.

2.1.2.4  Gel Electrophoresis

The solutions used in this study for Gel electrophoresis are listed in Table 5 below.

50x TAE buffer dd H.O 500 ml




EDTA 0.37¢
Acetic acid 57.1ml
Tris base 242 ¢

Table 5: List of solutions used for gel electrophoresis.

2.1.25 Cell Culture

The solutions used in this study for cell culture are listed in Table 6 below.

DH10 Solution (neurons) DMEM F12 100 ml
Antibiotic-Antimycotic 1mL
FBS 10 ml

DH10 solution (cells) DMEM 100 mi
Antibiotic-Antimycotic 1mL
FBS 10 ml

Table 6: List of solutions used in cell culture.

2.1.3 Antibodies

The antibodies utilized in the research, such as those for western blotting and immunohistochemistry, are

listed in this section.

2.1.3.1 Primary Antibodies for Immunohistochemistry

The primary antibodies used in this study for immunohistochemistry are listed in Table 7 below.

Name Species | Dilution | Company Ref. number

CD31 Rat 1:400 Dianova, Hamburg, Germany DIA-310

CGRP Goat 1:1600 Acris, now: Origene, MD, USA BP022

GFP Chicken | 1:2000 Novus Biological, Centennial, CO, USA NB100-1614
Invitrogen, now: Thermo Fisher Scientific,

Ly6g Rat 1:3000 | Waltham, MA, USA 14-5931-82
Invitrogen, now: Thermo Fisher Scientific,

Ly6g-Fitc Rat 1:200 Waltham, MA, USA RB6-8C5

PGP.9.5 Rabbit | 1:800 ABCAM, MA, USA Ab15503

Substance P | Rat 1:400 Santa Cruz Biotechnology, Dallas, USA Sc-21715
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TRPM5

Rabbit | 1:500

2015)

Gift from Prof. V. Flockerzi (Kusumakshi et al.,

794

TRPV1

Rabbit | 1:2000

Alomone labs, Jerusalem

ACC-030

Table 7: List of primary antibodies used in immunohistochemistry, along with their dilutions, and manufacturing

companies.

2.1.3.2 Secondary Antibodies for Immunohistochemistry

The secondary antibodies used in this study for immunohistochemistry are listed in Table 8 below.

Dye Species Dilution | Company Ref. number
Jackson Laboratories, Bar Harbor, ME,

CY3 donkey- o - rat 1:1000 | USA 712-165-150

CY3 donkey- o -rabbit 1:1000 | Merck Millipore, Darmstadt, Germany | AP 182C
Jackson laboratories, Bar Harbor, ME,

CY3 donkey- o -chicken 1:500 USA 703-165-155
Jackson Laboratories, Bar Harbor, ME,

CY5 donkey- o -rat 1:400 USA 712-171-153
Jackson laboratories, Bar Harbor, ME,

CY5 donkey- o -rabbit 1:500 USA 711-175-152
Jackson Laboratories, Bar Harbor, ME,

Fitc donkey- a -chicken 1:200 USA 703-096-155
Life Technologies, Darmstadit,

Tx-Rd | donkey- o -goat 1:400 Germany A11058

Table 8: List of secondary antibodies used for immunohistochemistry, along with their dilutions, and manufacturing

companies.

2.1.3.3 Primary Antibodies Used for Western Blotting

The primary antibodies used in this study for Western blotting are listed in Table 9 below.

Name Species Dilution Company Ref. number
Gift from Prof. V. Flockerzi

TRPM5 Rabbit 1:1000 (Kusumakshi et al., 2015) 1050
Cell signal technologies, MA,

Anti-alpha tubulin Goat 1:10000 USA ab18251

Table 9: List of Antibodies, their dilutions, and manufacturing companies used for Western blotting.

43



2.1.3.4 Secondary Antibodies used for Western Blotting

The secondary antibodies used in this study for Western blotting are listed in Table 10 below.

Species reactivity Dilution Company Ref. number
Mouse 1:10000 Sigma Aldrich, Taufkirchen, Germany A3673
Rabbit 1:10000 Sigma Aldrich Taufkirchen, Germany A6154

Table 10: List of secondary antibodies used for Western blotting, along with their dilutions, and manufacturing

companies.

2.1.4 Instruments and disposables

The instruments and disposables used in this study are listed in Table 11 below.

Instruments and disposables

Information (model, company, city)

Agarose gel electrophoresis system

Bio-Rad, Hertfordshire, UK

Blades

Leica D880 HS, Wetzlar, Germany

Blotting paper

Bio-Rad, Hertfordshire, UK

Microscope for Ca?* imaging

E Clips FN1 Nikon, Tokyo, Japan

Camera 1 (Zeiss fluorescence microscope)

Axiocam 512 Color, Oberkochen, Germany

Camera 2 (Zeiss fluorescence microscope)

Axiocam 506 Mono, Oberkochen, Germany

Camera (Ca*" imaging setup)

Hamamatsu C13440 Orca- Flash 4.0, Hamamatsu,

Japan

Cannulas

Braun, Kronberg im Taunus, Germany

Cell culture microscope

Olympus Ck 40, Hamburg, Germany

Centrifuge

VWR, Galaxy Mini Star, Pa, USA

Centrifuge large

Sigma Aldrich, Taufkirchen, Germany

Centrifuge small

Fisher Scientific, Waltham, MA, USA

Chemi-doc XRS system

Bio-Rad, Hertfordshire, UK

Cloves B- Braun, Kronberg im Taunus, Germany
Cotton Hartmann, Heidenheim, Germany.
Coverslips R. Langenbrinck, Emmendingen, Germany

Coverslips 20 Mm

Thermo Fisher Scientific, Waltham, MA, USA

Cryostat

Leica, Wetzlar, Germany

DG4 Plus/ 30

Sutter Instrument Co, Novato, CA, USA

Fluorescence microscope

Zeiss, Oberkochen, Germany

Freezer - 80

Thermo Fisher Scientific, Waltham, MA, USA
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Heat pad

Beurer Hk Limited Edition, Germany

Hood

Biowizard Golden — Line, Philadelphia, PE, USA

Incubator 1x

SANYO MCO- 20 AIC, Osaka, Japan

Incubators 2x

SANYO MCO-SAC, Osaka, Japan

Liquid blocker pen

Science Services, Munich, Germany

Microwave

Ok, Germany

Molecular imager

Camera 2, A14:B33Flourescence Microscope

Oven

Memmert SN 260, Nurnberg, Germany

Pasteur pipettes

Roth, Hessen, Germany

Polyacrylamide gel system

Bio-Rad, Hertfordshire, UK

Pump

Chromaphor ~ Analysen  Technik,  Oberhausen,

Germany

Real-time thermo cycle

Bio-Rad CFX Connect Real-Time System,

Hertfordshire, UK

Scale 1 Balingen, Germany
Shaker Phoenix-Instrument, Garbsen, Germany

Thermo Scientific, Superfrost Plus, Darmstadt,
Slides Germany

Surgery microscope 1

Leica Mz 95, Wetzlar, Germany

Surgery microscope 2

Am Scope, Irvine, UK

Thermo cycler

Bio-Rad T100 Thermal Cycler, Hertfordshire, UK

Tissue-Tek Science Services, Munich, Germany
Vortex Phoenix Instrument RS- VAIO, Garbsen, Germany
Water bath Berlin, Germany

Table 11: List of instruments and disposables used in this study.

2.1.5 Bacteria

For the experimental pulmonary infections in mice, we utilized the clinical isolate NH57388A of P.

aeruginosa, which was derived from a cystic fibrosis patient. The isolate was kindly provided by Niels

Hoiby from the Department of Clinical Microbiology at Rigshospitalet, University of Copenhagen (Lawrenz

et al., 2014).
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2.1.6

Mice models

The mice models used in this study are listed in Table 12 below.

Mouse Name Company/ Breeding Parents References
C57BI/6N Jackson Laboratories, Bar Harbor, ME, USA | 000664

Kindly provided by V. Chubanov, Ludwig-
Trpm5-KO Maximilian University, Munich, Germany (Damak et al., 2006)

Trpm5-tauGFP

Generated by Prof. U. Boehm and kindly
provided by him

Saarland University, Saarland,
Germany (Wyatt et al., 2017)

Trpm5-DTR

Trpm5 X Rosa26iDTR, kindly provided by
Prof. U. Boehm

Not published

Trpm5-tauGFP-
DTR

Trpm5-tauGFP X Ro0sa26iDTR,
provided by Prof. U. Boehm

kindly

Not published

Trpm5-Dreadd

Kindly provided by Prof. U. Boehm and
Prof. P. Lipp

Saarland University, Saarland,
Germany not published

ChAT-eGFP

Generated by Prof. MI. Kotlikoff and kindly
provided by him

Cornell University, NY, USA
(Tallini et al., 2006)

Trpal-tauGFP

TRPA1-Cre X Rosa-tauGFP, generated by
Prof. U. Boehm and kindly provided by him

(Bernal et al., 2021)

Trpal-tauGFP-
DTR

TRPAl-tauGFP X Ro0sa26iDTR, kindly
provided by Prof. U. Boehm

(Hollenhorst et al., 2022)

Trpal-DTR

TRPAL X R0sa26iDTR, kindly provided by
Prof. U. Boehm

(Hollenhorst et al., 2022)

Trpal- GCaMP

TRPA1L X Ro0sa26-GCaMP3,
provided by Prof. U. Boehm

kindly

(Hollenhorst et al., 2022)

Table 12: List of mice models.

2.1.7 Primers

The primers used in this study for RT-PCR are listed in Table 13 below.

Primer name Primer sequence Product length (bp)
f-2-Microglobulin fwd: attcacccccactgagactg 192

rev: gctatttctttctgcgtgcat
Tas2r105 fwd: gactggcttccttctcatcg 284

rev: gCaaacaccccaagagaaaa
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Tas2r108 fwd: tggatgcaaacagtctctggrev 158
rev: ggtgagggctgaaatcagaa

Trpal fwd: gtccagggcgttgtctatcg 163
rev: cgtgatgcagaggacagagat

Trpvl fwd: tcaccgtcagctctgttgtc 285
rev: gggtctttgaactcgctgtc

GADPH fwd: aggtcggtgtgaacggatttg 500
rev: tgtagaccatgtagttgaggtca

Table 13: List of used primers and their sequences.

2.1.8  Animal protocols

Animal Experiments in this study were permitted using the animal protocols used listed in Table 14
below.

Experiment Animal protocol
Infection 04/2018
IT CNO application 09/2021
IT DT application 40/2018
Trpal-DTR mice 25/2021
Cholinergic inhibition with MEC and atropine 69/2015

Table 14: List of animal protocols used in this study.

2.2 Methods

2.2.1 Surgery and instillation of drugs into the airways

Adult mice at ages between nine to twenty weeks were used throughout this study. Before starting the
surgery, the mice were anesthetized with an intraperitoneal (i.p.) injection of an adequate anesthetic solution
consisting of xylazine (15 mg/kg weight) and ketamine (85 mg/ kg weight). Mice were then positioned on
a heating pad for approximately ten minutes until they were in a deep sleep as indicated by the loss of
righting reflex (LORR). The mice’s chest was cleanly shaved to prevent the wound from contamination
with hairs. Then, 100 pl of Evans blue dye (10 mg/kg) was injected into the mouse's retro-orbital venous
eye sinus. Five minutes later a small surgical incision was made in the middle of the cervical region. This
cut ensured access to the larynx. At that point, the salivary glands and muscles were carefully moved to the

side. A second small surgical incision was then made in the cricothyroid ligament of the larynx, and a small
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bent cannula was inserted into the tracheal lumen for breathing. The mice inhaled a 4 pl vehicle (NaCl). To
activate the BC in the trachea of WT mice, mice inhaled different doses of denatonium (1, 10, 20 mM)
through the breathing cannula. To address the role of ACRs in neurogenic inflammation, each animal was
injected 10 minutes before anesthesia intra-peritoneally with atropine (1 mg/kg) dissolved in NaCl. Shortly
after anesthesia, MEC (1 mg/kg) was administered intra-peritoneally. Ten minutes later, 100 pl of Evans
blue dye was injected retro-orbitally. Five min later, a single dose of denatonium (see above) was inhaled
into the trachea. In another protocol, atropine and MEC (1 mg/kg) were dissolved in NaCl and administered
simultaneously through the breathing cannula. Five minutes later, denatonium (1, 10, 20 mM) was
introduced into the trachea via the breathing tube. In sham mice, after the administration of atropine and
MEC, a vehicle was introduced into the trachea. The mice were sacrificed 30 minutes after the substance

inhalation. All surgery tools were autoclaved.
2.2.2 IT CNO application

For a selective activation of the BC in the Trpm5-DREADD mice, surgery to access the trachea was
performed and a 4 pl dose of CNO (100 uM; hallo bio) was introduced into the trachea of the mice through

the breathing cannula. The mice were sacrificed 30 minutes after the substance inhalation.
2.2.3 IT diphtheria toxin (DT) application

For specific BC depletion in the trachea of the Trpm5-DTR mice, surgery was performed to expose and get
access to the trachea. Thereafter, 200 ng of diphtheria toxin (DT) was introduced into the trachea through
the breathing cannula. The depletion of BC in the trachea was confirmed using immunohistochemistry with

specific antibodies against TRPM5.
2.2.4 Handling of the mice after surgery

Each mouse was handled with care during and after surgery. To keep the animals in optimal conditions, a
warm pad maintained their normal body temperature and heart rate for thirty minutes after substance
inhalation. Upon completion of the experiment, the mice were perfused with 4% paraformaldehyde (PFA).
Following this, organs such as lungs, tracheas, and thoracic ganglia were harvested and prepared for
staining. For [Ca*']i imaging experiments with isolated neurons, no Evans blue dye was injected, and,
instead of perfusion, the tissues were collected for dissociation. To assess the influence of BC activation on
neurogenic inflammation after surgery and substance application, a series of steps was undertaken: mice
were firstly injected with Evans blue and perfused and fixed with 4% PFA. Then, the middle part of the
trachea was extracted carefully from each operated mouse. Tracheas were post-fixed in 1.5 ml Eppendorf

tubes filled with new 4% PFA for half an hour. These tubes were then washed five times with PBS, each
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wash lasting 30 minutes, with all tubes kept on a shaker at room temperature for 2 %2 h. Tracheal tissues
were subsequently incubated in 18% sucrose solution in PBS at 4°C overnight. The next day, tissues were
frozen in Tissue-Tek and stored at -80°C. Cryo-sections (10 um) cut 100 pm apart from one another were
mounted on glass slides, air-dried for 1h, rehydrated for one minute in distilled water, and mounted with
MOWIOL medium. From each tracheal section, 6 to 9 images were taken using a fluorescence microscope
(Carl Zeiss) and an Orca Flash 4.0 camera with a 20x objective plus a Texas Red filter (excitation peak at
586 nm/emission peak at 603 nm) to form a tracheal ring. The images were composed in a single image and
saved as TIF pictures. The fluorescence intensity was then analyzed as a mean of the intensity of the

fluorescence at 585 nm using the ImageJ software.
2.2.5 Perfusion, tissue handling, and preservation

To preserve the tissue from protein degradation, an aldehyde-based fixative fluid such as 4%
paraformaldehyde and Zamboni must be perfused through the blood circulatory system. Initially, a surgical
incision was carefully made in the mid-axial abdominal-thoracic region to expose access to the heart,
followed by an injection of 5 1.U. heparin into the heart to prevent blood clotting and to preserve the patency
of the vascular system A few seconds later, the right ventricle is incised to allow drainage. A cannula is
inserted into the left ventricle. The blood in the vessels and capillaries in all tissues is then washed with an
ice-cold PB followed by the infusion of the fixative. Another perfusion protocol was used for the mice with
the Evans blue experiments. A PVP solution washing step followed by a 4% PFA fixation step was
administrated. Neurons, tracheas, and parts of the colon were post-fixed in Zamboni for 30 minutes
additionally, washed overnight in 0.1 M PB, and then incubated in a sugar solution containing 30% or 18%
sucrose in 0.1 M PB. Tissues were then mounted using a clear water-soluble compound consisting of resins
and glycols, such as Tissue-Tek. Then, each tissue was immersed in 2-methyl butane cooled in liquid
nitrogen for a few seconds. 10uM cryosections were sliced using the Leica CM950 cryostat, mounted on

glass slides, and kept at -20°C. After use, the tissue was stored at -80°C.
2.2.6 Immunohistochemistry

Primary antibodies such as TRPV1, CGRP, TRPM5, SP, GFP, Ly6G, and CD31 were used in this study.
Before proceeding with the staining protocol, the sections were dried for one hour in the air to prevent the
loss of the tissue, and then an incubation step in a blocking solution for two hours. Later, the slides were
incubated with one or more appropriate primary antibodies overnight at room temperature. The following
day, the slides were first washed three times with PBS. Then they were incubated again with one or more
suitable secondary antibodies (Table 2.8) at room temperature for one hour in the dark. An optional staining

step with DAPI (0.2 pg/ml) for ten minutes is recommended. The sections were washed three times with
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PBS and cover-slipped using a mowiol medium (containing: MOWIOL 4-88, glycerol, Tris-Cl (0.2 M, pH
8.5), and DABCO (1, 4-diazabicyclo-[2, 2, 2]-octane) in water). To determine the numbers of the fluorescent
CGRP, SP, TRPA1, and TRPV1 neurons, each stained section from the WT and Trpal-DTR mice was
photographed and analyzed using a Zeiss Axio Observer D1 microscope. An Axio-Cam HRc camera was
used to photograph each staining. Images were analyzed using ZEN 3.2 software. The number of fluorescent
neurons was counted and calculated using ImageJ. Antisera to Ly6G was used to stain neutrophils in the
trachea. Every neutrophil in tracheal sections was counted using the Carl Zeiss microscope. Three or more

mice from each group were analyzed, with five sections for each mouse.
2.2.7 Whole-mount staining

Tracheas from WT, Trpm5-deficient, and Trpal-DTR mice were carefully extracted, cleaned, and then cut
into three pieces. Each piece was embedded in Zamboni in a cold environment overnight and washed three
times with PBS subsequently. The following day, tracheal pieces were incubated with a permeabilization
solution (containing 0.3% Triton X in PBS) Two hours later, the tracheal pieces were blocked in a blocking
solution (containing 1% PSA and 4% horse serum in PBS) for another two hours. After permeabilization
and blocking, the pieces were incubated with a mix containing an appropriate concentration of one primary
antibody or more dissolved in PBSs overnight at room temperature. On the succeeding day, the tracheas
were washed with PBS five times, each washing step taking thirty minutes at room temperature. Then the
tracheal tissues were blocked again in the blocking solution and incubated with a mix containing an
appropriate concentration of an appropriate secondary antibody dissolved in PBSs overnight at room
temperature in the dark. The following day’s protocol started with another five washing steps. Then, the
tracheas were mounted on glass with a MOWIOL medium. The final whole mounts were imaged using a
confocal microscope. SP and CGRP whole-mount tracheal perpetration images were analyzed with IMARIS
9.8.0 software, and CD31-stained whole-mount tracheal perpetrations were analyzed using ImageJ. Three

or more mice from each group were analyzed.
2.2.8 Cell Culture
2.2.8.1  Bacterial transformation and cloning

Mouse Tas2r105 and Tas2r108 coding sequences were cloned using commercial DNA assembly strategies
according to the manufacturer's recommendations (NEBuilder HiFi, New England Biolabs GmbH
Frankfurt, Germany). This was kindly performed by fellow scientist Dr. Stephan Maxainer. Trpm5 plasmids
were transformed in E. Coli XL10-Gold bacteria by using heat and shock treatment. The plasmids were

acquired from the laboratory of Dr. Vladimir Chubanov, in Munich, Germany.
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2.2.8.2 Transfection of HEK293 cells

The process of introducing foreign nucleic acids into cells is called transfection. The plasmids Tas2r105,
Tas2r108 and Trpm5 were used in this study. The human embryonic kidney 293 cell line (HEK293 cells)
was selected to be used for transfection. A proper number of cells were seeded into a plate one day in
advance. Once they have gotten 50-60% confluent, the procedure was achieved according to the
manufacturer's protocol: two mixtures were prepared, one from the DNA sample and Opti-MEM, and
another from Lipofectamine 2000 and Opti-MEM. The mixtures were kept separately for 5 minutes at RT.
Then, both mixtures were combined and kept again at room temperature for 20 minutes. Later, the
transfection mixture was added drop-wise to the cells. The cells were put back in the incubator for 6-8 hours
and the old medium was washed and substituted with a new medium. The cells were ready for experiments

the next day.
2.2.8.3  Primary culture of neurons

To dissociate ganglia into single neurons, freshly dissected DRG and JNC were collected in a DH10 medium
containing (90% DMEM/F-12, 10% fetal bovine serum, and 1% Antibiotic-Antimycotic) on ice. Then the
sensory neuronal tissues were moved and were digested for 30 min at 37°C in an enzymatic solution
containing 5 mg/ml dispase type Il and 1 mg/ml collagenase type | in HBSS without Ca " and Mg *. Tissues
were then mechanically digested using silicone-coated glass pipettes of decreasing diameter. To stop the
enzymatic activity, the mixture was washed three times with DH10 and centrifuged at 210 g for two minutes
after every washing step while keeping the pellet. Dissociated neurons were pelleted one final time and
suspended in an appropriate amount of DH10 medium and mounted on coated coverslips with a laminin (10
mg/ml) and poly-L-lysine (0.1 mg/ml) mix, in water. Neurons were then kept in an incubator (5% CO; and

0% O,) at 37°C for 2 hours before proceeding to [Ca?*]i imaging.
2.2.8.4  Culturing of primary tracheal epithelial cells

ChAT-eGFP mice were used for these experiments. Once the mice were deeply anesthetized, their tracheae
were collected in TYRODE | solution on ice. Then each trachea was cut into rings and transferred into a
protease solution containing: Papain (10u/mg), L-Cysteine (0.2 M), DNAse grade 1 (100 U), and (1 mM
EDTA) for 30 minutes in a hot plate at 37°C, while mixing every 10 minutes with a pipette. Next, the
enzymatic activity of the solution was stopped using an appropriate amount of DMEM. The mixture was
then centrifuged at 320g for 5 minutes at 4°C, the supernatant was discarded and the pellet was suspended

in 100 pl DMEM. Dissociated tracheal cells were then relocated drop-wise on tissue-Tek coated glass
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coverslips and left to attach for twenty minutes in an incubator with 5% CO;at 37°C before proceeding with

calcium imaging.
2.2.9 Western blotting
2.2.9.1 Lysate preparation

To detect the TRPMS5 protein levels in the JNC and DRG, both ganglia from an adult WT mouse were
collected in Reba buffer (containing 10 mM HEPES, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1%, SDS, and 1 mM EDTA ddH20; PH = 7.4). Samples were then disturbed with a
homogenizer and kept at 4°C for one hour. Cell homogenates were then spun at 12000 rounds per minute
for ten minutes at 4°C. The supernatant was gathered and sheared by sonication. For denaturation of lysates,
protein aliquots were mixed with water and sample buffer (1x SDS and 10% B-mercaptoethanol (BME)) to
a maximum capacity of 20 pl. Protein samples were then denatured for five minutes at 95°C. As a positive
control, HEK293 cells were transfected with Trpm5 plasmid. Cells were collected from culture 24 hours
after transfection in a 50 ul mixture of SDS sample buffer (1x) and 10% PME.

2.2.9.2  Blotting

Electrophoresis was executed by running a mixture of the previously prepared protein lysates, mixed with
sample buffer, and PME). Samples were loaded into a 10% gel at 80 V for one hour. The samples were then
transferred to a nitrocellulose membrane for 2 hours at 200 mA. The membrane was then incubated with
5% dry milk in 1X TBS-T buffer for 1h at room temperature. Next, the membrane was incubated with rabbit
anti-TRPM5 primary antibodies (1:1000) dissolved in 5% dry milk in TBS-T overnight at 4°C. The next
day, the membrane was washed three times with TBS—T on a shaker, each washing step taking 30 minutes.
One and a half hours later, the membrane was again incubated with the pox anti-rabbit secondary antibody
(1:4000) for 1h at RT. The membrane was then washed again three times in 1X TBS-T (0.1%) at RT.
Proteins were detected using SuperSignal™ West Pico PLUS chemiluminescent substrates as signal
enhancers and images were acquired using Bio-Rad Chemi-Doc (molecular imager). Next, for a protein
loading control, the same membrane was washed three times with 1X TBS-T, then blocked again with 5%
dry milk in TBS-T buffer for one hour at RT, followed by incubation with mouse anti-alpha tubulin primary
antibody for one hour at RT. It was then washed three times with 1X TBS-T buffer (0.1%), and incubated
with pox anti-mouse secondary antibody (1:4000) for one hour at RT. After washing three times with TBS
—T buffer, the membrane was treated again for chemiluminescence detection using the same procedure as

described earlier.
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2.2.10 Polymerase Chain Reaction (PCR)
2.2.10.1 RNA extraction

Freshly isolated epithelial tracheal cells, DRG and JNC, HEK?293 cells transfected with Tas2r108, and
HEK?293 cells transfected with Tas2r105 were collected for RNA extraction using an RNAeasy Isolation
Kit (QIAGEN) according to the manufacturer's protocol. RNA concentrations were measured using a
Nanodrop and stored in the -80°C freezer for further processing.

2.2.10.2 Coding DNA synthesis

Initially, a DNase | Amplification Grade Kit (Thermo Fisher Scientific) was used to remove DNA during
RNA purification procedures according to the manufacturer's protocol. A mixture of DNase I, Amplification
Grade, and 10x reaction DNA buffer was added to 2 pl of RNA from each sample and incubated for 10 min
at 37°C. To stop the enzymatic reaction, 1 pl of EDTA was added to each sample and the samples were then
left to incubate again for 10 min at 65°C in a thermocycler. Reverse Transcription SuperScript™ II (Reverse
Transcriptase Kit) was used to synthesize cDNA. A maximum of 1 pug of RNA from each sample was mixed
with 1 ul of random primers (1 uM), 1 pl of ANTP mix (10 mM), 4 ul of 5x first-strand buffer, 2 ul of DTT,
and 1 ul of SuperScript™ II reverse transcriptase, and complemented with RNase-free water to a volume of

20 pl. The mixture was heated in the thermo-cycler at 42°C for 50 min followed by 25 min at 72°C.
2.2.10.3 PCR

For the detection of Tas2r105 and Tas2r108 mRNA expression, AmpliTag Gold Master Mix (Thermo
Fisher Scientific) was used to amplify a total of 2 ul of cDNA per sample according to the manufacturer's
protocol. Primers for Tas2r105 were: fwd - tggatgcaaacagtctctgg, rev — ggtgagggctgaaatcagaa, and primers
for Tas2r108 were: fwd - gactggcttccttctcateg, rev - gcaaacaccccaagagaaaa. Reaction cycles were 95°C for
720 s, then 95°C, 60°C, and 72°C for 20 s, each for a total of 40 cycles, followed by 72°C for 420 s.

2.2.10.4 Quantitative RT-PCR

To determine the difference between Trpal and Trpvl gene expression in the Trpal-DTR mice and the WT,
a Bio-Rad 96 RT-PCR machine was used to quantify the gene expression using the SYBR Green Master
Mix from Thermo Fisher Scientific. Primers for Trpvl were: fwd - tcaccgtcagctctgttgte, rev -
gggtctttgaactcgctgtc, primers for Trpal were: fwd - gtccagggcgttgtctatcg, rev - cgtgatgcaggacagagat, and
primers for -2-microglobulin were: fwd - attcacccccactgagactg and rev - gctatttctttctgcgtgeat. Reaction
cycles were: 95°C for 600 s, then 95°C and 59°C for 20 s, each for a whole 45 cycles, trailed by 65°C for
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5s and lastly 95°C for 5s. Quantification of the fluorescence was made during every amplification. Each
sample’s (Cq) values were defined using Bio-Rad CFX software. To determine copy values, Microsoft
Excel was used for Cq to divide by B-2-microglobulin copy values for ratio analysis. Three or more mice
from each treatment were used. gPCR was also used to investigate whether there was a difference in the
Trpal and Trpv1 gene expression between WT mice and Trpm5-knockouts, again using the same procedure
as described above.

2.2.11  Neuronal primary cultures and Ca”" imaging
2.2.11.1 Neurons

Neurons isolated from Trpal-GCamp3 mice were used without loading, while all other neurons were loaded
with Fura-2-AM and 0.04% Pluronic acid for 30 minutes at 37°C in the dark. The loading mixture was
prepared in Locke buffer, pH =7.4.

2.2.11.2 HEK293 Cells

HEK?293 cells transfected with the ATP sensor were measured directly without loading as they have a
calcium sensor (Lobas et al., 2019). Trpal-stable transfected cells, HEK293 cells and HEK293 cells
transfected with Tas2r108 or Tas2rl05 were loaded with Fura-2-AM and 0.04% Pluronic acid for 30

minutes at 37°C in a dim incubator. The loading mixture was prepared in TYRODE IlII.
2.2.11.3  [Ca®']iimaging:

Neuronal coverslips were first washed two times with Locke buffer and then incubated with a loading
solution containing a mix of the calcium indicator Fura -2- AM and Pluronic acid solution in Locke buffer.
Then the coverslips were put back in an incubator with 0% oxygen and 5% carbon dioxide at 37°C. Thirty
to thirty-five minutes later, the coverslips were washed again and the [Ca?"]i was measured at 340 and 380
nm excitation ratio to determine differences in the intracellular calcium due to substance application. The
coverslips were extensively washed between every substance application. A reaction is considered
responsive when the fluorescence ratio of the cells was greater than 20% of the baseline. A light ratio of
340/380 nm from a wavelength-switching xenon arc lamp DG4 was used, and an Orca Flash 4.0 camera
was used for fluorescence detection. The software NIS-Elements was used to analyze the results. [Ca?*]i
changes in GCamp3 and GFP fluorescence were measured at 525 nm emission before and after substance

application. An Orca Flash 4.0 camera was used. Analyses were performed using NIS-Elements software.
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2.2.12 Data analysis and statistics

For each result, at least three independent experiments were conducted, in which all data were found to be
normally distributed and expressed as means + SD or + SEM. All experimental results were finally analyzed
to examine statistical differences. The one-way ANOVA test and the unpaired Student's t-test were applied.
P < 0.05 was considered statistically significant. Prism 8.0.1 was used for generating the figures. Unless
otherwise stated, it can be assumed that the statistical analysis did not yield significant results.
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CHAPTER 3: RESULTS

3.1 Bitter taste receptor subtypes such as Tas2r105 and Tas2r108 are expressed in tracheal

epithelial cells

Tas2R signaling is very important for regulating immune responses in the airways and is involved in
neurogenic inflammation once stimulated with a bitter substance such as denatonium (Hollenhorst et al.,
2020Db). This stimulation was shown previously to be responsible for the downstream activation of the
TRPMS5 channel. BC express a collection of Tas2R and the bitter-taste signaling cascade along with the

TRPMS5 channel (Hollenhorst et al., 2020).
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Figure 3.1: The bitter taste receptor signaling cascade is activated via denatonium stimulation.
a: Measurements of [Ca?*]i in HEK293 cells and transfected HEK293 cells with the Tas2R105 and -108, showing no
significant change after ImM denatonium application on non-transfected cells (n=99). However, HEK293 cells
transfected with T2R105 and T2R108 showed a significant change in [Ca?*]i after ImM denatonium (den) application
(n=160 and n=227, respectively). Five coverslips were each expressed as the mean + SEM. P-values were determined
by the unpaired two-tailed Student’s T-test, (*** p<0.001). b: Immunohistochemistry of HEK293 cells transfected
with Tas2r105 and Tas2r108 after enhancement with chicken-a-GFP primary antibody (green). Transfection efficacy
was 30-35%. c: Representation traces from a WT HEK?293 cell (black line) and HEK293 cells transfected with the
Tas2R105 (grey) and -108 (blue) in the [Ca?*]i imaging experiment using 1 mM den stimulation to T2R105 and
T2R108. The den led to an increase in the [Ca?*]i level in Tas2R transfected cells compared to the non-transfected cell.
d and e: Representative gel images confirming the successful transfection of HEK293 cells with Tas2r105 and
Tas2r108 and their expression in the trachea, the JNC, and DRG in mice.
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In this experiment, we are interested in the TAS2R105 and TAS2R108 which are the most abundant Tas2R
in BC can be stimulated via bitter substances such as denatonium and bacterial bitter QSM (Figure 3.1).
HEK?293 cells were transfected with the TAS2R105 and TAS2R108 genes. Commercial DNA assembly
strategies, according to the manufacturer’s recommendations (NEBuilder HiFi, New England Biolabs
GmbH, Frankfurt, Germany), were used for cloning the two genes. PCR products were generated using
PrimeStar HS DNA Polymerase (TaKaRa Inc., Otsu, Japan). Oligonucleotides were designed based on taste
receptor sequences annotated in the NCBI database. Gene IDs for Tas2r105 and Tas2r108 are 57252 and

57253, respectively (accessed from www.ncbi.nlm.nih.gov/gene on 4 June 2021). To amplify Tas2r105 and
Tas2r108 sequences, the oligo combinations MX18750/51 and MX18752/53 were used (Hollenhorst et al.,
2022a). To prove if cells transfected with Tas2r105 and Tas2r108 are responding with changes in [Ca?*]i
upon stimulation with denatonium, a [Ca?']i imaging experiment with transfected and non-transfected
HEK?293 cells was designed. The cells were exposed to 1 mM denatonium and the viability of each cell was
tested with 100 uM ATP (Figure 3.1, a and c¢). A 30-35% efficacy rate was achieved with transfection. A
calculation was made by dividing the number of green mVenus (transfected) cells by the number of HEK293
WT cells (not transfected). Notably, only mVenus expressing (green) cells showed an increase in [Ca?*]i
after denatonium stimulation while the non-transfected HEK293 cells didn’t (Figure 3.1, b). Additionally,
Tas2R105 and Tas2R108 expression was detected in DRG and JNC, as well as in the epithelial cells of the
trachea (Figure 3.1, d and e).

3.2 G-protein a-gustducin is significant for bitter taste signaling

Previously, we could establish that BC can recognize bitter substances such as denatonium and this is due
to the Tas2R expression in BC (Hollenhorst et al., 2020b). Here, we used [Ca®*]i imaging experiments with
the inhibitor gallein to demonstrate that the effect of denatonium is mediated by G-proteins. This result

presses on the role of G-proteins in conducting the taste signal (Figure 3.2).
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Figure 3.2: Tracheal ChAT-tauGFP cells express the TRPM5 channel and G-proteins. a: Representation traces
of two ChAT-tauGFP positive cells. 1 mM den led to the activation of BC, while 10 uM Gallein inhibited the effect.
b: Tracheal cross-section showing BC (green) in a ChAT-tauGFP mouse. ¢: Measurements of [Ca?*]i in primary BC.
Gallein (10 uM) significantly reduced the response to 1 mM denatonium shown as the mean + SEM (denatonium n=13
cells/from 6 mice. denatonium + gallein n=16 cells/from 6 mice). P-values were determined by the unpaired two-tailed
Student’s T-test (*** p<0.001).

ChAT-positive tracheal epithelial cells (BC) from ChAT-eGFP mice were isolated for [Ca®"]i imaging. 1
mM denatonium was applied to each coverslip, which led to a significant increase in [Ca*]i levels in BC.
About 70% of the ChAT-positive cells (BC) had a 10% or higher change in their [Ca®"]i . When 10 pM
gallein was applied, BC showed no changes in [Ca®*]i levels. The viability of the cells was tested using 40
mM KCI. The result of this experiment demonstrates that the G-protein a-gustducin is involved in BC

activation upon stimulation with Tas2R agonists.
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3.3 Tas2R stimulation with denatonium induces plasma extravasation in the murine trachea

Plasma and neutrophil extravasation are well-known signatures of neurogenic inflammation (McDonald et
al., 1996; Rogers, 1997; Andre et al., 2008; Matsuda, Huh and Ji, 2019). Next, we performed an experiment
to investigate the effects of tracheal BC activation through the bitter taste signalling pathway in which
vehicle mice were injected with Evans’s blue, and inhaled denatonium through a breathing tube inserted
into their trachea. The tracheae were then removed and examined further.
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Figure 3.3: Experimental outline of a neurogenic inflammation model to study plasma and neutrophil
extravasation in the trachea. a: Immunohistochemistry for Ly6G displaying different neutrophil distribution after
tracheal inhalation of the vehicle or 1 mM denatonium (den). b: A significant number of extra-epithelial neutrophils
are recruited after 1 mM den stimulation compared to the vehicle inhalation. The number of intraepithelial neutrophils
was comparable in treated and not-treated mice. c: Images from tracheal sections showing no Evans blue extravasation
in the vehicle group. Stimulation with 1 mM den led to an increase in fluorescence intensity estimated using a Texas
red filter. d: Quantification of Evans blue intensity in the vehicle and den group. n=15 sections/3 mice shown as mean
+ SEM. P-values were determined by the unpaired two-tailed Student’s T-test (* p < 0.05, *** p < 0.001).

A significant number of extra-epithelial neutrophils were recruited to the trachea in denatonium-treated mice
compared to the vehicle-treated group (Figure 3.3, a and b). Moreover, the fluorescence intensity of the
Evans blue dye that extravasated after denatonium stimulation was significantly higher compared to the

vehicle group (Figure 3.3, c and d).

59



3.4 Inhibiting cholinergic signaling affects the progression of neurogenic inflammation

BC are cholinergic (Kummer and Krasteva-Christ, 2014b; Kandel et al., 2018; Hollenhorst et al., 2020b),
therefore it can be expected that upon stimulation, they would release ACh. On the other hand, AChR
inhibition and epithelium removal abolish breathing responses when bitter substances are inhaled. Thus, to
investigate whether the denatonium effects result from cholinergic transmission of BC-released ACh,
atropine and MEC were either injected (i.p.) or inhaled before stimulation with denatonium in an the

previously described neurogenic inflammation in vivo mouse model (Figure 3.3).

3.41 The i.p. application of atropine and MEC inhibits the denatonium-induced neurogenic
inflammation

Here, the mice were injected with atropine (1 mg/kg body weight, i.p.), an inhibitor for muscarinic ACh
receptors, and with MEC (1 mg/ kg body weight, i.p.), a general inhibitor for nAChRs. Thirty minutes later,
the tracheae were stimulated in vivo with different denatonium concentrations (1, 10, and 20 mM). The
fluorescence intensity of the Evans blue dye that extravasated after 1 and 10 mM denatonium stimulation
was similar to the vehicle group (Figure 3.4, a and c), whereas, following stimulation with 20 mM
denatonium, Evans blue dye extravasated with a higher significant intensity compared to the vehicle group.
Based on our findings, we hypothesize that, unlike the effect of the 1 and 10 mM denatonium, the 20 mM

denatonium increased effect is not specific to bitter taste signaling (Figure 3.4 c).

3.4.2 The application of atropine and MEC locally in the trachea didn’t inhibit neurogenic

inflammation

For this experiment, 1 mg/kg body weight of both atropine and MEC were inhaled using a tube incised
carefully in the trachea. Five minutes later, each mouse inhaled a different denatonium concentration (1, 10,
and 20 mM). The mice were sacrificed after 30 min and the tracheas were handled for
immunohistochemistry (Figure 3.4 b). The fluorescence intensity of the Evans blue dye that extravasated
after denatonium stimulation was significantly higher compared to the vehicle group and the denatonium-
induced effect was not inhibited. Notably, 4 mice out of all (n = 20 died 28 to 30 minutes after surgery.
Mice were coughing out the substances given. Contrary to the i.p. application of atropine and MEC, the
local inhibition of cholinergic signaling led to an increase in plasma extravasation in all three different

denatonium concentrations.
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Figure 3.4: Inhibiting cholinergic signaling via the i.p. application of atropine and MEC suppressed blood vessel
dilation in the trachea. a and b: Images from tracheal sections showing no Evans blue extravasation in the vehicle
group. a: Stimulation with 1 and 10 mM den after Atropine-MEC i.p. treatment showed similar fluorescence intensity
to the vehicle, while stimulation with 20 mM den after the Atropine- MEC i.p. treatment showed significant
fluorescence intensity compared to the vehicle. b: Stimulation with 1, 10, and 20 mM den after the Atropine- MEC IT
treatment showed significant fluorescence intensity compared to the vehicle. ¢ and d: Quantification of Evans blue
intensity in the vehicle and den group. n=15 sections/3 mice shown as mean £ SEM. P-values were determined by
ANOVA test (* p < 0.05, *** p < 0.001).

3.4.3 The i.p. application of atropine and MEC abolished neutrophil recruitment

Previously (Figure 3.3), we found a significant extraepithelial neutrophil recruitment in the trachea of
denatonium-treated mice compared to vehicle-treated mice. Here (Figure 3.5 a), the number of extra-
epithelial neutrophils recruited in the trachea of a vehicle was similar to the number of extra-epithelial
neutrophils recruited to the trachea in (1 and 10 mM) denatonium-treated mice after atropine and MEC i.p.
injections. However, the mice that received 20 mM denatonium concentration had a significant increase in

the number of extraepithelial recruited neutrophils compared to the vehicle-treated group. On the other hand
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(Figure 3.5 b), the number of extraepithelial neutrophils recruited in the trachea of the vehicle was similar
to the number of extraepithelial neutrophils recruited to the trachea after the local introduction of atropine
and MEC intratracheally, followed by 1 mM denatonium, whereas the mice (from the same group) that
received a concentration of (10 and 20 mM) denatonium had a significant increase in the number of
extraepithelial recruited neutrophils compared to the vehicle-treated group, with an indication that this
treatment didn’t abolish the extraepithelial neutrophil recruitment.

a intra-epithelial extra-epithelial b intra-epithelial extra-epithelial
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Figure 3.5: The i.p. application of atropine and MEC suppressed neutrophil recruitment in the trachea. a: After
the i.p. application of atropine and MEC, a significant number of extraepithelial neutrophils are recruited when
stimulated with 20 mM den compared to the vehicle; both (1 and 10 mM) denatonium were similar to the vehicle. The
number of intraepithelial neutrophils was comparable in treated and non-treated mice. b: A significant number of extra-
epithelial neutrophils are recruited after (10 and 20 mM) den stimulation compared to the vehicle. 1 mM denatonium
treatment was similar to the vehicle. The number of intraepithelial neutrophils was comparable in treated and non-
treated mice. 5 section/mouse, n=3 to 4 mice/group expressed as the mean £ SEM. P values were determined by one-
way ANOVA-test (*, P <0.01, ***, P < 0.005).

3.5 Trpal depletion inhibits denatonium-induced neurogenic inflammation

To explore the involvement of the sensory nerve fibers in inducing neurogenic inflammation in the airways,
mice that express the diphtheria toxin receptor (DTR) in the Trpal+ neurons were generated by crossing
TRPA1-tauGFP-IRES-Cre mice with Rosa26iDTR (Hollenhorst et al., 2022). Mice were injected i.p. with
the diphtheria toxin (DT) (20 ng/kg body weight) on three consecutive days. Trpal+ nerve fiber depletion
was characterized by immunohistochemistry and RT-PCR. Next, mice with depleted Trpal nerve fibers
received i.v. Evans’s blue (EB, 20-mg/kg). Thirty min after inhalation of 1, 10, and 20 mM denatonium (4

pl), the tracheas were explanted, and EB and neutrophil extravasation were estimated.
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3.5.1 The depletion of Trpal+ neurons was first confirmed with immunohistochemistry

Ten days after three daily doses of 20 ng/kg DT injections, TrpaltauGFP-DTR mice were sacrificed and
the sensory neurons of the DRG were carefully extracted, after which immunohistochemistry was performed
(Figure 3.6, a and b), which show the difference in GFP positive signals (Trpal+ neurons). The pictures are
correspondingly also showing a difference in TRPV1 + signal, indicating the overlapping of both channels
in the sensory neurons. Trpal+ neurons from the vehicle (mean = 27%) and Trpal-depleted mice were
counted (mean = 0.34%) (Figure 3.6, c), as well as Trpvl+ neurons from the vehicle (mean = 35%) and
Trpal-depleted mice (mean = 12%) (Figure 3.6, d).
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Figure 3.6: Characterization of the depletion of Trpal+ and Trpvl+ neurons as confirmed by
immunohistochemistry. The Trpal+ neurons in TrpaltauGFP-DTR mice were depleted via the i.p. injection of a
20ng/kg DT for three constitutive days. Ten days later, the mice were sacrificed and the DRG were collected.
a: A cross-section of DRG showing positive Trpal+ neurons enhanced GFP signal (green), in yellow Trpv1+ neurons.
b: A cross-section of depleted DRG Trpal+ neurons (green) also shows a reduced TRPV1 signal (yellow).
c: Percentage count of Trpal+ neurons in the vehicle and depleted mice. d: Percentage count of trpv1l+ neurons in
depleted mice compared to the vehicle. e: Percentage count of Trpal+ and Trpvl+ double-positive neurons in the
vehicle and depleted mice, n=3 to 4 mice/group expressed as the mean + SEM. P values were determined by the
unpaired two-tailed Student’s T-test (***, P < 0.001).
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3.5.2 Trpal and Trpvl relative gene expression depletion confirmed via RT-PCR

After DT systemic treatment that led to Trpal+ sensory neuron depletion, quantitative RT-PCR in regard
to the gene expression of b-micro globulin (b-MG) in the DRG and JNC was prepared to investigate the
gene expression for both Trpal and Trpvl genes in the vehicle-treated and Trpal-depleted mice. The
relative gene expression of the Trpal gene was significantly reduced compared to the vehicle (vehicle mean
ACT =0.024 to DTR mean ACT = 0.0039) in the DRG (vehicle mean ACT =0.018 to DTR mean ACT =
0.0031) and in the JNC. Interestingly, the relative gene expression of the Trpvl gene was also significantly
reduced in the DRG (vehicle mean ACT =0.195 to DTR mean ACT = 0.0025) and in the JNC (vehicle mean
ACT = 0.12 to DTR mean ACT = 0.0025), compared to the vehicle-treated group. The significant down-
regulation of both Trpal and Trpvl gene expressions in the sensory ganglia is another indication of the

successful depletion of Trpal/Trpvl sensory neurons in the ganglia (Figure 3.7, a and b).
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Figure 3.7: Trpal and Trpvl relative gene expression confirmed via RT-PCR. The TRPAL channel in
TrpaltauGFP-DTR mice was depleted by the intra-tracheal application of 20 ng/kg DT every day for three days. Ten
days later, the mice were sacrificed and the JNC and DRG were collected for RNA extraction. a: Quantitative PCR
confirming Trpal+ neuron depletion in the DRG of DTR mice compared to the vehicle. b: Quantitative PCR to confirm
the changes in Trpv1+ neurons in the vehicle and depleted mice. n=3 to 4 mice/group expressed as the mean + SEM.
P values were determined by the unpaired two-tailed Student’s T-test (*, P < 0.05, **, P < 0, 01, ***, P < 0.0001).
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3.5.3 Trpal depletion led to CGRP and SP reduction in the sensory neurons

In the DRG, 11.1% of neurons were double-positive for SP and CGRP. Only 4% were solely positive for
CGRP and less than 0.5% were solely positive for SP (Figure 3.8, a and c¢). After Trpal depletion, these
percentages dramatically decreased to less than 3% CGRP/SP double-positive, 1.76% only CGRP-positive,
and 0.15% only SP-positive (Figure 3.8, b and c).

20 ng/ Kg DT

positive neurons/ section %

«© R\
CGRP+/SP+ CGRP+ SP+

Figure 3.8: Reduction of CGRP and SP positive neuronal fibers accompanies Trpal depletion.
a: Immunohistochemistry for CGRP in yellow and SP in red, displaying CGRP and SP+ neurons in a DRG cross-
section of a vehicle. b: A cross-section of DRG from Trpal-DTR mice showing a reduction in CGRP and SP+ neurons
compared to the cross-section in (a). c: Percentage count of CGRP/SP, CGRP, and SP positive neurons in the vehicle
and depleted DRG showing a significant decrease in the number of CGRP/SP+ neurons of the Trpal-DTR mice
compared with the vehicle. n=6 to 8 mice/group expressed as the mean + SEM. P values were determined by the
unpaired two-tailed Student’s T-test (***, P < 0.001).
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3.5.4 Trpal depletion led to CGRP and SP reduction in the trachea

To demonstrate the reduction of CGRP and SP+ sensory neuronal fibers in the trachea of the Trpal-DTR
mice, immunohistochemistry (Figure 3.9, a) was illustrated for tracheal cross-sections and whole-mount
tracheal preparations from both vehicle and Trpal-DTR mice (Figure. 3.9, ¢). The alteration in CGRP/SP+
(yellow/red respectively) neurons in the vehicle and after depletion is very noticeable in the pictures. For
more precise confirmation, IMARIS software was used to measure the fluorescence intensity for the CGRP
and SP signals in a defined image stack volume. Vehicle treated mice relative volume mean = 1.256
compared to 0.1285 in DT treated mice, and vehicle treated mice relative volume mean = 1.563 compared
t0 0.207 in DT treated mice for SP and CGRP, respectively (Figure. 3.9, b).
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Figure 3.9: Depletion of CGRP+ and SP+ sensory neuronal fibers accompanied the Trpal depletion in the
trachea. a: A tracheal cross-section showing, in yellow CGRP+ fibers, in red SP+ fibers in the vehicle, and after DT
treatment. b: Percentage of the relative volume intensity of SP and CGRP in the vehicle and depleted mice. c: Tracheal
whole-mount preparations of the vehicle and Trpal-DTR mouse showing CGRP and SP fiber reduction in the DT-
treated mice. Whole-mount pictures were taken using a confocal microscope showing SP+ in red, and CGRP in yellow
in both vehicle and depleted mice. n=3 mice/group, two sections each, expressed as the mean + SEM. P values were
determined by the unpaired two-tailed Student’s T-test (**, P <0, 01).
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3.5.,5 Trpal depletion led to the inhibition of denatonium-induced neurogenic inflammation

Firstly, to exclude the involvement of the DT in inducing neurogenic inflammation in the airways, vehicle
mice (without the DTR) were injected i.p. with the (DT) (20 ng/kg body weight) on three consecutive days.
Then, the neurogenic inflammation model described earlier was used to compare these mice to the vehicle
mice that didn’t receive any treatment, both after inhalation of 1 mM denatonium. The two groups were
significantly similar in EB mean intensity (mean vehicle = 3.3, mean vehicle + DT = 3.1. Figure 3.10, aand
b). Regarding neutrophil recruitment, both groups had comparable intra-epithelial (mean vehicle = 1, mean
vehicle + DT = 1.6) and extra-epithelial (mean vehicle = 6.4, mean vehicle + DT = 7.5) neutrophil numbers
(Figure 3.10, b). Secondly, the Trpal-DTR mice were stimulated with different denatonium concentrations:
1, 10, and 20 mM. The first two concentrations were similar to the vehicle (mean of Evans blue = 1.842
1.63, and 1.45, respectively). However, for 20 mM denatonium-treated mice, the mean of Evans blue

intensity was significantly different at 2.54.
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Figure 3.10: Experimental outline of plasma extravasation and neutrophil recruitment in the vehicle, vehicle+
DT, and Trpal- DTR mice. a: Images from tracheal sections showing similar Evans blue extravasation in both groups.
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b: The stimulation with 1 mM den led to an increase in fluorescence intensity estimated using a Texas red filter. The
DT treatment in the second group didn’t affect the intensity of the Evans blue dye. c: Tracheal cross-sections showing
significantly reduced plasma extravasation in the vehicle: 1, 10, and 20 mM den stimulation after the i.p. injecting the
Trpal-DTR mice with 20 ng /Kg DT. d: Evans blue intensity measurements in the depleted Trpal-DTR mice.
e: Neutrophil count in the vehicle: 1, 10, and 20 mM den stimulation after Trpal-DTR depletion illustrating a
significant number of extra-epithelial neutrophils recruited after 20 mM denatonium stimulation compared to the
vehicle. Both (1 and 10 mM) denatonium-treated mice were similar to the vehicle. The number of intraepithelial
neutrophils was comparable in treated and not-treated mice (*, P < 0.05; ***, P < 0.001).

Alongside Evans blue intensity, recruited neutrophils were counted per section. Similar results were
compatible with the intensity of the EB dye extravasation: 1 mM and 10 mM were similar to the vehicle,
while 20 mM was significantly different (mean neutrophil per ring: vehicle = 0.667,1 mM = 0.53 10 mM =
0.86 and 1.3 for 20 mM) for the intra-epithelial (mean neutrophil per ring: vehicle = 1.667,1 mM = 2.9 10
mM = 3 and 6.1 for 20 mM) and extra-epithelial (Figure 3.10 e). The remaining effect in the 20 mM den
concentration is believed to be conducted through the residual un-depleted Trpv1l+ neurons. The depletion
of most Trpal+ nociceptor neurons was complemented by an 80% depletion of Trpvl+ neurons and 73%
of SP/CGRP double-positive neurons. This all led to a neurogenic inflammation inhibition in the airways at

least in the 1 and 10 mM denatonium.
3.5.6 Denatonium treatment leads to blood vessel dilation in WT mice

To investigate the effect of denatonium on blood vessel tone in each of our animal models, tracheal whole-
mount preparations were performed. The tracheas were stimulated with 1 mM denatonium. WT, Trpm5-
deficient, and Trpal-DTR mice were sacrificed 30 min after stimulation. CD31 antibody was used for the
staining of endothelial cells of the blood vessels. Images were taken using a confocal microscope (Leica
TCS SP5), while Image J software was used for the image analyses which included measurements of the
diameter of different types of small blood vessels (Figure 3.11, b). These vessels play an important role in
the cardiovascular system. By constricting or dilating in response to various signals, arterioles regulate blood
flow in the trachea. Venules collect blood from capillaries and return it to the larger veins, whereas a
capillary connects an arteriole and provides nutrients, oxygen, carbon dioxide, and waste exchange between
the bloodstream and tissue. These vessels can be easily identified in whole-mount preparations. An arteriole
is a relatively straight, narrow vessel with elongated, spindle-shaped endothelium and elongated smooth
muscle cells around the circumference. Venules are more prominent, more branched, more variable in size,
and irregularly shaped. The lymphatics are situated between cartilage rings. They are composed of initial
lymphatic vessels collecting lymphatics (Ni et al., 2010; Baluk and McDonald, 2018, 2022). In this
experiment, the WT mice had an increase in diameter after denatonium stimulation compared to the vehicle
mice. Trpm5-KO mice and Trpal-DTR mice were similar to the vehicle after denatonium treatment (Figure
3.11, a).
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Figure 3.11: BC activation with 1 mM denatonium dilated vessels in the WT mice. a: A significant difference is
seen in the diameter of the arterioles between the WT vehicle and after 1 mM denatonium stimulation: denatonium-
stimulated Trpm5-KO mice and Trpal- DTR mice were similar to their vehicle. b: The diameter of the capillaries in
denatonium-stimulated WT were different from the treated vehicle, whereas Trpm5-KO mice and Trpal- DTR mice
were similar to the vehicle. c: The diameter of venules from the WT showed a significant change between the vehicle
and stimulated WT mice: the Trpm5-KO mice and the Trpal- DTR mice were similar to the vehicle. d: The pictures
of whole-mount tracheal preparations for CD31 (in yellow) display different vessel distribution in the trachea (venules
(v), arterioles (A), capillaries (C), and lymphatics (L) in WT, Trpm5-KO, and Trpal- DTR. The pictures were taken
using a Lecia SP5 confocal microscope. n=3 mice/group expressed as the mean + SEM. P values were determined by

the one-way ANOVA-test (**, P < 0.01).

3.6 The TRPMS5 channel is not expressed in the sensory ganglia, and neither TRPAL nor TRPV1
are affected by this

Here, the aim is to discover the role of the TRPMS5 channel in the sensory neurons. Firstly, in order to detect
the abundance of the TRPM5 channel in the sensory ganglia, Western blotting was performed with total
protein lysates from DRG, JNC, WT HEK293 cells and HEK293 cells transfected with Trpm5 (positive
control) using antibodies against TRPM5 and b-tubulin, and expression levels at 131kDa and 55 kDa,

respectively (Figure 3.12, a).
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Figure 3.12: Trpmb5 is not expressed in the sensory ganglia and the Trpm5-deficiency does not affect the Trpvl
and Trpal content. a: Total protein lysate from DRG, JNC, and HEK293 cells were used in this Western blot.
b: Neuronal cross-sections from Trpm5- tau GFP mice: no Trpm5 positive neurons were found in the DRG or JNC
neurons enhanced the GFP signal (green), in yellow Trpvl+ neurons. ¢, d, e, and f: The DRG and JNC from WT and
Trpm5-KO mice were collected for RNA extraction. Then, gPCR was employed to investigate Trpal and Trpvl gene
expression in the sensory ganglia of both genotypes. All comparisons were similar to the vehicle. n=3 to 5 mice/group
expressed as the mean £ SEM. P values were determined by the unpaired two-tailed Student’s T-test.

The first row shows that the TRPM5 channel was not detected in either one of the sensory ganglia compared
to the positive control (first lane). The blot is also showing equal amounts of protein loaded using the B-
tubulin antiserum as a housekeeping gene in the second positive row of each lane. Secondly, using
immunohistochemistry, we showed that the channel is not expressed in sensory DRG and JNCs (Figure
3.12, b). Sensory ganglia (DRG and JNC) were collected from Trpm5-tau GFP mice, sections were made
and stained, the GFP signal (green) was enhanced to investigate the occurrence of the TRPMS5 channel and
the TRPV1 antiserum (yellow) was used as a positive control. Furthermore, quantitative RT-PCR was used
to investigate whether there was any difference in the expression of Trpal and Trpvl between the WT and
the Trpmb deficient mice (Figure 3.12, c, d, e and f). Total RNA was extracted from the sensory ganglia
(DRG and JNC) of both mice models and equal amounts of cDNA were used in each gPCR reaction tube.

Relative expression was normalized to the relative GADPh gene expression. Interestingly, the results

70



indicated no significant difference in the expression of these genes in the WT compared with the KO. Trpal
relative gene expression in the DRG (Figure 3.12, ¢) shows no significant difference between the vehicle
(mean A CT =0.003932) and Trpm5 deficient mice (mean A CT =0.004322). Trpal relative gene expression
in the JNC (Figure 3.12, d) is also showing no significant difference between the vehicle (mean A CT =
0.001937) and Trpm5 deficient mice (mean A CT = 0.001240). Furthermore, Trpv1 relative gene expression
in the DRG (Figure 3.12, e) shows no significant difference between the vehicle (mean A CT = 0.001963)
and Trpmb5 deficient mice (mean A CT = 0.002351). Trpv1 relative gene expression in the JINC (Figure 3.12
f) is also showing no significant difference between the vehicle (mean A CT = 0.002823) and Trpm5
deficient mice (mean A CT = 0.001462).

3.7 Trpm5-deficiency negatively regulates [Ca’*]i-dependent responses in capsaicin and CA-

stimulated DRG neurons

Previously (Figure 3.12), we confirmed that Trpmb5 is not expressed in the sensory neurons. Here, we studied
the effect of Trpm5 deficiency on the function of the sensory nerve-mediated responses. To study the
function, two of the most abundant TRP channels in the DRG and JNC, TRPA1 and TRPV1, were chosen
for our investigation. First, we chose specific selective agonists for both channels and calculated ECs, for
each via [Ca?']i imaging on DRG dissociated neurons in the WT and the Trpm5-deficient mice. Capsaicin
is a selective TRPV1 channel agonist, using the [Ca®*"i imaging technique. ECso was calculated in the
vehicle as 50.1 nM (Figure 3.23, a). Strangely, in the Trpm5-deficient mice, the ECs, for capsaicin was
decreased by more than half, to 18.36 nM. (Figure 3.13, b). Then again, CA is a selective TRPAL channel
agonist, using [Ca?*]i imaging. ECso was calculated in the vehicle as 203.7 pM Figure 3.13, c). Oddly, in
the Trpm5-deficient mice, the ECso for CA was decreased by more than half, to 96.6 uM (Figure 3.13, d).

Starting from this experiment, we considered all neurons that responded to CA in [Ca']i imaging as Trpal+

neurons. Additionally, we considered all neurons that react to capsaicin as Trpv1+ neurons.
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Figure 3.13: Trpm5 deficiency affected the sensitivity of the TRPAL and TRPV1 channels in the DRG. a: ECs
for capsaicin in the WT is 50.1 nM based on [Ca?*]i imaging measurements. b: Trpm5-KO mice had an almost 50%
decrease in sensitivity to capsaicin with an ECs of 18.36 nM. ¢: CA ECsp in the WT is 203.7 uM. d: Trpm5-KO had
an almost 50% decrease in the sensitivity to CA with ECso = 96.6. n=3 to 5 mice/group expressed as the mean + SEM.

3.8 Trpm5 deficiency negatively regulates [Ca?*]i-dependent responses in capsaicin and CA-

stimulated JINC neurons

Having confirmed an effect of Trpm5 deficiency on in the DRG, it's reasonable to investigate whether the
effect is true in the INC. In this case, JINC dissociated neurons were used in [Ca?*]i imaging experiments to
calculate the ECso for both TRPA1 and TRPV1 ECso. As with the ECso results from the DRG neurons, the
ECso results from the JNC were affirmative (Figure 3.14, a and b). The sensitivity of TRPA1 in the JNC
increased from ECso= 203 uM in the WT to ECso = 96.58 puM in the KO (Figure 3.14, a). Additionally, the
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sensitivity of the TRPV1 in the JNC increased from ECso = 51.4 nM in the WT to ECso = 5.3 nM in the
Trpm5-KO (Figure 3.14, b).
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Figure 3.14: The TRPM5 channel deficiency affects the activity of TRPAL and TRPV1 in the JINC but is almost
equal to the DRG in the WT. [Ca?*]i imaging from JNC dissociated neurons in WT and Trpm5-KO mice was used
to calculate ECso for CA and capsaicin. a: CA ECsois 203 uM in the WT, and 96.58 uM in the Trpm5-KO. b: Capsaicin
ECso in the WT is 51.4 nM while it is 5.3 nM in the Trpm5-KO mice. n=3 to 5 mice/group expressed as the mean £
SEM.

3.9 Local depletion of tracheal BC negatively regulates [Ca?*]i-dependent responses in capsaicin

and CA-stimulated sensory ganglia

In the previous experiment, we evidenced a difference in the sensitivity of sensory neurons between the WT
and the Trpm5-deficient mouse model which had a systemic Trpm5 deficiency. However, we are interested
in the effect of the tracheal-Trpm5+ BC on the sensory nerve-mediated responses. Here, we used a different
mouse model, in which Trpmb5 cells are targeted and depleted in the trachea after DT local application. The
tracheae of Trpm5-DTR mice received an amount of 40 ul of DT (200 ng). 48h after the treatment, the DRG
were explanted, and [Ca?*]i imaging was employed to calculate the ECso of TRPV1 and TRPAL. A
predictable result in both experiments was acquired. Both ECso were reduced in the DRG of Trpm5- DTR
mice. The ECso was estimated at 14.84 nM capsaicin, and 144.2 uM CA (Figure 3.15, a, ). The change in
[Ca*i was not the only difference after depletion: more cells were reacting to different concentrations; for
example, a mean of 34% of DRG neurons reacted to 100 nM capsaicin in comparison to a mean of 58%
from the Trpm5-DTR mice (Figure 3.15, b). As per 500 uM CA, a mean of 23% DRG neurons reacted in
vehicle mice compared to a mean of 55% from neurons of the Trpm5-DTR mice (Figure 3.15 d). The change
in ECso of both TRPAL and TRPV1 channels in the Trpm5- DTR model demonstrate the important effect

of BC on the sensitivity of sensory neurons.
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Figure 3.15: Local tracheal BC depletion affects the activity of the TRPAL and TRPV1 in the DRG. BC in the
Trpm5-DTR mice were depleted via the intra-tracheal application of 200 ng DT. 48h later, the mice were sacrificed
and the DRG were collected. a: The capsaicin ECsp in the DRG neurons of Trpm5- DTR mice is 14.84 nM. b: In the
percentage of reacted neurons to 100 nM capsaicin, the WT was significantly different than the Trpm5-depleted mice.
c: The CA ECspin the DRG neurons of Trpm5- DTR mice is 144.2 uM. d: The percentage of responding DRG neurons
to 200 uM CA in the WT was significantly different to the Trpm5-DTR mice. n=3 to 5 mice/group expressed as the
mean + SEM. P values were determined by the unpaired two-tailed Student’s T-test (*, P < 0.05, **, P < 0.01).

3.10  Local depletion of tracheal BC negatively regulates [Ca®*i-dependent responses in sensory
neurons of the INC

In this experiment, the JNC from the mice after 48h of tracheal application of 40 ul of DT (200 ng) were
explanted and dissociated for [Ca*']i imaging. A similar outcome to the DRG results was observed: more
neurons from the Trpm5-DTR mice were reacting to 50 nM capsaicin (mean = 38% in vehicle to mean =
52% in Trpm5-DTR) and 200 uM CA (mean = 38% in vehicle to mean = 61% in Trpm5-DTR) (Figure 3.16
a, ¢). Nevertheless, many studies suggested that DT injections caused an inflammatory response due to cell

death, so we cannot conclude whether these outcomes were due to depletion.
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Figure 3.16: Local BC depletion in the trachea affects the activity of TRPA1 and TRPVL1 in the JNC. BC in
Trpm5-DTR mice were depleted by the intra-tracheal application of 200 ng /kg DT. 48h later, the mice were sacrificed
and the JINC were collected. a: Percentage of reacted neurons to 50 nM capsaicin: the WT was significantly different
to the Trpm5-DTR mice. b: Difference in [Ca?*]i after capsaicin stimulation: a significant number of neurons had an
increase in [Ca%*]i from Trpm5-DTR mice compared to the WT; n=72 and 92 neurons respectively. c: Percentage of
reacted neurons to 200 uM CA: the WT was significantly different from Trpm5-depleted mice. d: Difference in [Ca?*]i
after CA stimulation: Trpm5-depleted mice were significantly different from the WT; n=130 and 170 neurons,

respectively. n=5 to 6 mice/group expressed as the mean £ SEM. P values were determined by the unpaired two-tailed
Student’s T-test (*, P < 0.05, **, P <0, 001).

3.11  Confirmation of the depletion of tracheal BC in Trpm5-DTR mice

To confirm the success of the tracheal BC depletion, immunohistochemistry was applied for trachea and
colon cross-sections from the vehicle and the Trpm5-tauGFP-DTR mice. The images (Figure 3.17) show
the results. The green signal designates the tauGFP enhanced signal while the TRPMD5 signal is in yellow.
In the vehicle, the double-immunoreactive cells are the tracheal BC (Figure 3.17, a). However, a complete
depletion of the TRPMD5 positive signal in the tracheal epithelia after the local application of 200 ng/kg DT

is observed (Figure 3.17, b). On the other hand, the occurrence of the TRPM5 channel in the colon was
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investigated as well. Cells expressing the Trpm5 were not depleted after the tracheal application of DT. The
immunohistochemistry images in both mice models looked similar (Figure 3.17, ¢ and d). The remaining
Trpm5+ cells in organs other than the trachea may explain the changes in ECso between Trpm5-deficient
mice and depleted mice since both models didn’t have Trpm5+ cells in the trachea. Both capsaicin and CA
ECso from the Trpmb5-deficient mice were less than that of the Trpm5-depleted mice, although both were

significantly different from the vehicle.

vehicle

Sl Trpm5 tau-GFP

o] 7rpm5 tau-GFP DTR Trpm5 -DT

ON Trpm5 tau-GFP

Figure 3.17: Local tracheal DT application depletes Trpm5 cells in the trachea only. a: Immunohistochemistry
images of tracheal sections showing epithelial cells of a Trpm5-tauGFP mouse, with the enhanced GFP signal in green,
and TRPMS5 in yellow. b: After 200 ng/kg DT was applied in the trachea, no TRPMS5 positive signal was observed in
green or in yellow in the trachea of a Trpm5-tauGFP-DTR mouse. ¢ and d: colon cross-section showing positive
TRPMS5 signal in both vehicle and Trpm5-tauGFP-DTR mice.
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3.12  Tracheal BC activation using CNO altered the activity of the Trpvl and Trpal+ neurons in
the DRG

In this experiment, we generated mice that express the receptor (DREADD) in Trpm5+ cells by cross-
breeding the Trpm5-IRES-Cre mice with the mouse strain ROSA26NLSIRFP720-2A-Rqg. To activate the
DREADD receptor, mice were treated with one dose of 100 uM clozapine-N-oxide (CNO) which was
inhaled locally by a tube inserted in the trachea. Being able to activate the DREADD receptor in Trpm5+
cells means the ability to control the activity of BC.
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Figure 3.18: Tracheal BC activation affects the sensitivity of sensory neurons in the DRG. Tracheal BC in the
Trpm5+ DREADD mouse were activated locally using CNO. Thirty minutes later, the mice were sacrificed and DRG
were collected. a: [Ca?*]i ¢ of in the Trpm5-DREADD mice resulted in ECso0f 1.22 nM. b: The percentage of reacted
neurons to 100 nM capsaicin in the Trpm5-DREADD mice - neurons were significantly more sensitive to capsaicin
stimulation than the WT. c: CA [Ca?*]i imaging-based ECso in the Trpm5-DREAD mice is 749.5 uM. d: Percentage of
reacted neurons to 200 uM CA - WT neurons were significantly less sensitive to CA stimulation than the Trpm5-
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DREADD mice. Values were determined by the unpaired two-tailed Student’s T-test. n=3 to 5 mice/group expressed
as the mean £ SEM (*, P < 0.05, *** P <0, 001).

In theory, the upstream activation of the DREADD receptor leads to the activation of all BC abundant in
the trachea. Thus, to further investigate the influence of tracheal TRPM5 on TRPV1 and TRPAL in the
sensory ganglia, Trpm5-DREADD mice inhaled 4 ul of 100 uM CNO. 30 minutes later, the mice were
sacrificed. An ECsodiagram was made after [Ca*']i imaging was used. Dissociated neurons from the DRG
were stimulated with different capsaicin concentrations (Figure 3.18, a). Surprisingly, the ECso value
changed from 50.1 nM in the vehicle to 1.22 nM in the Trpm5-DREADD mice. This indicates an increase
in the sensitivity of the TRPV1 channel after the activation of BC. Additionally, the mean percentage of
responding DRG neurons to 100 nM capsaicin after BC activation was significantly higher than in the
vehicle (mean = 22.8% in vehicle, to mean = 28% in Trpm5-DREADD) (Figure 3.18, b). On the other hand,
the ECso diagram was made to study the effect of BC activation on the Trpal+ neurons. [Ca?'i imaging
was applied to the dissociated neurons using different CA concentrations. Here, Trpm5-DREADD mice had
a much higher ECso value compared to the vehicle (Figure 3.18, c). The ECs value changed from 203.7 uM
in the vehicle to 749.5 uM in the Trpm5-DREADD mice, indicating a sharp decrease in the sensitivity of
the TRPAL channel after BC activation. Additionally, the mean percentage of responding neurons to 200
uM CA after BC activation was significantly decreased compared to the vehicle (mean = 40% in the vehicle,
to mean = 14% in Trpm5-DREADD) (Figure 3.18, d).

3.13  Local activation of BC in the trachea using CNO altered the activity of the Trpvl and Trpal+

neurons in the INC

In this experiment, we aimed to study the change in sensitivity of the JNC neurons after selectively
activating BC using the previously explained DREADD receptor. One dose of a 100 uM CNO was applied
locally in the trachea of a Trpm5-DREADD mouse. Thirty minutes later, the JNC were carefully dissected
and the neuronal tissue was dissociated into single neurons. [Ca®*]i imaging was studied after stimulating
the JNC dissociated neurons with different concentrations of capsaicin or CA. This is vital to study the
change in the activity of TRPV1 and TRPA (Figure 3.19). The precise activation of BC led to a significant
increase in the mean number of Trpm5-DREADD JNC neurons sensitive to a concentration of 50 nM
capsaicin compared to the vehicle (mean = 38% in the vehicle, to mean = 45% in the Trpm5-DREADD)
(Figure 3.19, a). The previous result was confronted by a significant decrease in the activity of TRPAL. A

lower percentage of reacted Trpm5-DREADD JNC neurons responded to stimulation with 200 uM CA
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compared to the vehicle (mean = 38% in the vehicle, to mean = 16% in the Trpm5-DREADD) (Figure 3.19,
C).
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Figure 3.19: Tracheal BC selective activation alters the sensitivity of Trpvl and Trpal+ neurons in the JNC.
Tracheal BC in the Trpm5-DREADD mouse model were activated locally using CNO. Thirty minutes later, the mice
were sacrificed and the INC were collected. a: Percentage of reacted neurons to 50 nM capsaicin. WT was significantly
different than the CNO treated DREADD mice. b, Change in [Ca?*]i after stimulation. A significant difference was
observed between the vehicle and the CNO-treated Trpm5-DREADD mouse. c: Percentage of reacted neurons to 200
uM CA. The WT was significantly different than the CNO treated Trpm5-DREADD mouse model. d: Change in [Ca?*]i
after stimulation with CA. A significant difference was observed between the vehicle and the CNO-treated DREADD
mouse. n=4 to 6 mice/group expressed as the mean £ SEM. P values were determined by the unpaired two-tailed
Student’s T-test (*, P < 0.05, **, P <0, 01, ***, P <0, 001).

3.14  Tracheal BC stimulation via 1 mM denatonium altered the sensitivity of Trpvl+ and Trpal+

neurons

Previously we demonstrated several experiments where we proved that the BC-induced protective
neurogenic inflammation depends on the transmission to and from sensory nerve fibres. Additionally, we

found out that the Trpvl+ and Trpal+ sensory neurons had a change in sensitivity after activating BC with
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CNO in the Trpm5-DREAD mouse model. In this experiment, in order to confirm the effect on sensory
neurons after BC activation using CNO and the Trpm5-DREAD mouse model, mice from vehicles and
Trpm5-KO were stimulated in vivo with denatonium. For each mouse, a volume of 4 uL of vehicle or 1 mM
denatonium was inhaled in the trachea. Mice from both genotypes were sacrificed at different time points
after denatonium inhalation, after 30 min, 24h, and one week (Figure 3.20). The JNC from each mouse was
collected for neuronal dissociation. [Ca?*]i imaging on single neurons was performed. The results were
unsurprisingly consistent with the Trpm5-DREAD mouse model. In the denatonium-treated mice, a
significant number of WT neurons responded to a 50 nM capsaicin stimulation compared to the vehicle after
30 minutes of local denatonium stimulation with P-value <0.0001. The effect decreased significantly after
24h to become similar to the vehicle with P-value = 0.4942, and no effect was seen after one week with P-
value = 0.8742. No significant difference was seen in the knockout-treated compared to the vehicle. The P-
value > 0.9999, 0.9999, and 0.9988 respectively. The unpaired t-test between each group was also applied,
and the test found the 30 min denatonium-treated WT to be significantly different from the Trpm5-KO, with
P-value = 0.0004. The 24h and one-week t-test comparison found no difference between the treated mice,
with P-value = 0.1590 and 0.6450, respectively (Figure 3.20, a).
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Figure 3.20: The activation of tracheal BC via 1 mM denatonium alters the sensitivity of Trpvl and Trpal+ JNC
neurons. Tracheas in WT and Trpm5-KO mice were treated locally via 1 mM denatonium. The mice were sacrificed
at three different time points and the JINC were collected for dissociation and [Ca?*]i imaging. a: Mean percentage of
neurons responding to 50 nM capsaicin. Denatonium-stimulated WT mice were significantly different from the vehicle
only at the 30 min time point. Denatonium stimulation of the Trpm5-KO was similar to the Trpm5-KO vehicle. b:
Percentage of reacted neurons to 200 M CA. The mean percentage of the WT neurons was significantly less than the
vehicle at 30 min as well as after 24h. Another significant difference was observed between the Trpm5-KO vehicle
and denatonium-treated mice at both time points. No significance was seen in either treatment at the one-week time
point. n=3 to 7 mice/group expressed as the mean + SEM. P values were determined by the one-way ANOVA test. (*,
P <0.05, **, P <0, 01, ***, P <0.001).
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In the case of the TRPAI1, dissociated neurons from the JNC were stimulated with 200 uM. A significant
decrease in the percentage of reacted neurons was seen 30 minutes after activation with P-value <0.0001
compared to the vehicle. Additionally, a significant difference was seen 24h after denatonium stimulation
with P-value = 0.0002. Nevertheless, similar to the Trpv1+ neurons, no effect was seen after one week with
P-value = 0.9950. In the Trpm5-KO mice, stimulation with 200 uM CA demonstrated a decrease in the
mean number of responding neurons after 30 mins and one day compared to the KO vehicle with P-value =
0.0024 and 0.0257, respectively. However, the effect of the denatonium stimulation in WT mice was
significantly different after 30 minutes than the KO with P-value = 0.0008 and the same after 24h with P-
value = 0.0098 (Figure 3.20, b). The surgery itself had no significant difference and NaCl-treated WT and

Trpm5-KO mice were similar to vehicle non-treated mice.

3.15 Infection with the gram-negative bacteria Pseudomonas Aeruginosa altered neuronal Trpal+

sensitivity

Infection with gram-negative bacteria is a main health concern to humans. BC are activated via bitter
substances as shown previously (Hollenhorst et al., 2020). Many studies have shown that Pseudomonas
aeruginosa QSM activate BC. This activation provokes respiratory reflexes causing the elimination of
inhaled pathogens via neutrophil recruitment. Therefore, to learn more about BC activation's effects on
sensory neurons, an infection model was developed in which animals of different genotypes inhale bacteria
and supernatants of Pseudomonas aeruginosa using a tracheal cannula passing through their mouths.
Infected mice were kept at optimum conditions for different time points. Animals were sacrificed after 4h,
48h, 72h, and 7 days. This procedure is different from the other mentioned protocols with DT, CNO and
den, because the infection protocol does not include surgery. Any results found should be solely due to
bacteria and its QSM. On a killing day, the JNC from each mouse is collected, the neurons are dissociated
for [Ca*"]i imaging, and the neurons are first stimulated by 200 pM CA followed by 50 nM capsaicin and
KCL lastly to determine each neuron’s viability. WT mice exhibited an increase in the sensitivity of Trpvl+
neurons, whereas the sensitivity of the Trpal+ neurons was significantly decreased (Figures 3.21 and 3.22).
The infected Trpm5-KO mice had quite similar results after stimulation with 200 uM CA. The change in
sensitivity decreased simultaneously faster in the WT Trpal+ neurons compared to the infected Trpm5-KO
which remained with a significant difference at 7 days compared to the Trpm5-KO vehicle with P-value =
0.0037, while the WT was similar to the WT vehicle at the same time point with P-value = 0.1798 (Figure
3.21, a). After stimulation with 200 uM CA, JNC neurons at different time points had a significant decrease
in the percentage of reacted neurons. This was seen 4h after infection with P-value <0.0001 compared to

the vehicle (mean responding neurons per mouse in WT vehicle = 40% to mean responding neurons per
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mouse in 4h infected WT = 5%). The effect in the infected WT continued until 48h and 72h after infection
with P-value = 0.0024 and 0.0044, respectively (mean responding neurons per mouse after 48h and 72h per
mouse is 18% and 20% respectively). As for the Trpm5-KO mice, [Ca®*]i imaging after 200 uM CA
stimulation demonstrated a decrease in the number of responding neurons in all of the time points compared
to the KO vehicle, with P-value <0.0001 at 4h, 0.0003 after 48h and 0.0037 after 72h (mean responding
neurons per mouse in the vehicle and after 4, 48h, and 72h infection per mouse is 50%, 17%, 18%, and 25%
respectively) (Figure 3.21 a).
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Figure 3.21: Infection with gram-negative bacteria Pseudomonas aeruginosa led to a decrease in the sensitivity
of Trpal+ JNC neurons in WT and Trpm5-KO mice. Infected mice from both genotypes (WT and Trpm5- KO)
were sacrificed at four different time points and the JNC were collected for dissociation followed by [Ca?*]i imaging.
a: Mean percentage of reacted neurons to 200 uM CA after infection. The percentage of the neurons of the WT was
significantly less than the vehicle at 4h, 48h, and 72h, while the one-week time point in the WT was similar to the
vehicle. A significant difference was also observed between the Trpm5-KO vehicle and treated KO at all the different
time points. n=3 to 7 mice/group expressed as the mean + SEM. P values were determined by the one-way ANOVA.-
test (*, P <0.05, **, P <0, 01, ***, P < 0.001).

3.16  Infection with gram-negative bacteria Pseudomonas Aeruginosa led to the alteration in the

sensitivity of the Trpvl+ neurons

In the previous section showed the effect of infection with Pseudomonas Aeruginosa on Trpal+ neurons.

Conversely, at all the different time points, Trpvl+ neuron activity was boosted by more than 20% after
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infection in both genotypes (WT and Trpm5- KO). However, over time, the channel-increased sensitivity
was gradually reduced. In the WT and the Trpm5- KO, the bacterial infection effect was demolished at 7
days with P-value = 0.3917 in the WT and P-value = 0.05371, compared to the vehicle from each genotype
(Figure 3.22). A significant increase in the mean percentage of reacted neurons was seen in the WT at 4h
after infection with P-value = 0.0311 compared to the vehicle. The effect increased after 48h and 72h after
infection with P-value = 0.0057 and 0.0018. respectively (mean responding neurons per mouse in the vehicle
and after 4, 48h and 72h infection is 37%, 48%, 54% and 59% respectively). As for the Trpm5-KO mice,
[Ca*7i imaging after50 nM capsaicin demonstrated an increase in the number of responding neurons to
stimulation in all of the time points, with P-value <0.0001 at 4h, <0.0001 after 48h, and 0.0010 after 72h
compared to the KO vehicle (Figure 3.22 a) (mean responding neurons per mouse in the vehicle and after
4, 48h and 72h infection is 35%, 65%, 70% and 59% respectively). Ontwo occasions, there was a difference
between infected WT and Trpm5- KO. The Trpv1l+ neurons were more sensitive to capsaicin stimulation in
the Trpm5- KO, 4h and 48h after infection with P- values = 0.0179 and 0.0160 respectively, which indicates
an important rule for the TRPM5 channel for regulation and recovery of immune responses during lung

infection.
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Figure 3.22: Infection with gram-negative bacteria Pseudomonas aeruginosa led to a surge in the sensitivity of
the Trpvl+ JNC neurons in WT and Trpm5-KO mice. Infected mice from both genotypes were sacrificed at four
different time points and the JNC were collected for dissociation and [Ca?*]i imaging. a: Mean percentage of reacted
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neurons to 50 nM capsaicin. The percentage of the reacting sensory neurons in the WT was significantly higher than
the vehicle at 4h, 48h, and 72h minutes. A significant difference was observed between the Trpm5-KO vehicle and
infected KO at all the different time points. n=3 to 8 mice/group expressed as the mean £ SEM. P values were
determined by the one-way ANOVA-test (*, P <0.05, **, P <0, 01, ***, P < 0.001).

3.17  Chronically infected mice with Pasteurella Pneumotropica Heyl / Rodentobacter Heylii altered
the sensitivity of Trpal+ neurons

The bacterium Rodentobacter heylii is a common animal pathogen that can transfer to humans by animal
bites and scratches. Nonetheless, we have found mice infected with these bacteria in our animal facility.
After confirming that each animal we used in these experiments is positive for the infection with this
bacterium using a tracheal swap, animals were sacrificed. Then, the JNC ganglia were collected for
dissociation and [Ca®*]i imaging. Single neurons were stimulated by 200 pM CA followed by 50 nM
capsaicin and KCL at the end to determine each neuron viability (Figure 3.23). For the capsaicin stimulation
(Figure 3.25 a), all results were similar. The mean percentage of reacted neurons in the sick mice was similar
to the vehicle from each genotype, and the sick mice were similar to each other. Conversely, the CA
stimulation on Trpal+neurons (from both the WT and the Trpm5-KO sick mice) resulted in a decrease in
the sensitivity in both genotypes with more decline in the WT compared to the WT vehicle and the sick
Trpm5-KO with P-value = 0.0007 and 0.0447, respectively (Figure 3.23 b).
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Figure 3.23: Chronically infected mice with the bacteria Pasteurella pneumotropica Heyl/Rodentobacter heylii led to the
alteration of Trpal+ neuron sensitivity. Chronically infected mice were sacrificed, after which the JNC were collected
for dissociation and [Ca?*]i imaging. a: Percentage of reacted neurons to 50 nM capsaicin. The percentage of the neurons
of the WT was similar to the Trpm5- KO, and all were similar to the vehicle from each genotype. b: Mean percentage
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of reacted neurons to 200 M CA. The percentage of the neurons of the WT was significantly different from the Trpm5-
KO, and all were different to the vehicle from each genotype. n=5 to 12 mice/group expressed as the mean + SEM. P
values were determined by the one-way ANOVA-test (*, P < 0.05, **, P <0, 01, ***, P < 0.001).

3.18  Acetylcholine regulates Trpal and Trpv1l+ neuron activity

Altogether, the previously introduced experiments used different animal models and the results presented
above recognized a modulatory influence on the Trpal and Trpvl+ neurons once BC are activated. In the
introduction of this thesis, research from peer-reviewed articles established that BC are cholinergic and
release ACh once activated via bitter substances such as bacterial QSM and denatonium (Hollenhorst et al.,
2020a; Perniss et al., 2020), so it was the first logical chemical to study in our pursuit of finding a convincing

explanation for these results.
3.18.1 Acetylcholine led to a change of intracellular [Ca?*]i in dissociated JNC neurons

For these experiments, WT mice were sacrificed and the JINC neurons were dissociated for [Ca2+]i imaging
experiments. An end concentration of 100 uM ACh was used and around 50% of all neurons responded to
this concentration. However, the effect of ACh was demolished after incubating the neurons with a mix of
the cholinergic inhibitor atropine, and MEC with an end concentration of 100 uM and 50 uM, respectively.

All included neurons were tested as viable using KCI (Figure 3.24, a and b).
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Figure 3.24: About 50% of JNC neurons respond to ACh. a: In [Ca?*]i imaging, together, atropine and MEC (100
uM and 50 uM respectively) significantly inhibited the neuronal ACh response. b: The results show a significant
difference in [Ca?*]i change in (a). n=3 mice/group expressed as the mean + SEM. 104 neurons were studied. P values
were determined by the two-tailed Student’s T-test (**, P <0, 01)
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3.18.2 Acetylcholine inhibits CA-stimulated Trpal+ neurons, whereas it activates capsaicin-

stimulated Trpv1l+ neurons

To calculate the effect of ACh on TRPA1 and TRPV1, after dissociation, neurons of the JNC were used in
[Ca2+]i imaging. Each coverslip of neurons was first incubated with a different concentration of ACh. Then,
neurons were incubated with the TRPAL agonist CA (ECso =200 uM) or the TRPV1 agonist capsaicin (ECso
= 50 nM). These data were collected and two separate ECso diagrams were made for both agonists (Figure
3.25, aand b). An end concentration of 9.08 uM of ACh is needed to cause an activation of half the Trpvl+
capsaicin-sensitive neurons. However, this diagram instigates the ACh regulation effect, which suggests the
need for a sufficient amount of ACh to cause a change in TRPV1 activity (Figure 3.25, a). Conversely, when
incubated with high ACh concentration, CA-sensitive neurons responded with no change of [Ca®*]i with
ECso = 9.04 nM (Figure 3.27 b), which indicates that very low concentrations of the neurotransmitter ACh
would lead to the inhibition of the TRPAL channel.
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Figure 3.25: In the JNC, ACh inhibits Trpal and activates Trpvl+ neurons. a: To increase the activity of the
TRPAV1 channel, an ECs 0f 9.08 pM ACh is needed. b: 9.04 nM of ACh is enough to inhibit the TRPA1 channel.
n=3 mice/group expressed as the mean + SEM.

3.18.3 The ACh effect on Trpal and Trpvl+ neurons was inhibited fully via atropine and MEC

Next, in order to determine whether the ACh effect on TRPV1 and TRPA1 was mediated via the activation
of AChRs, an experiment was set up where [Ca®*]i changes were measured on freshly dissociated JNC
neurons. Single neurons were incubated with an atropine and MEC mix (100 uM and 50 pM, respectively)
followed by 100 uM ACh, 200 uM CA, and 50 nM capsaicin. The results from these experiments were
decisive. For the Trpal+ neurons, the effect of ACh was reversed after using the inhibitors (neurons

responded upon CA stimulation). The mean of responding neurons to 200 uM CA declined from about 40%
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to 2% after ACh application. However, the effect was overturned to a mean of 50% after the incubation with
atropine and MEC (Figure 3.26, c and €). More experiments are needed to understand how ACh is regulating
the TRPV1 (Figure 3.28, c and d). There was a significant increase in the number of neurons reacting to 50
nM capsaicin after stimulation with 100 uM ACh compared to the vehicle. After incubation with the
atropine/ MEC inhibitor mix, neither the number of neurons reacting to capsaicin stimulation nor the [Ca**]i
content changed significantly (Figure 3.28, e and f).
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Figure 3.26: ACh regulates Trpal+ and Trpvl+ JNC neurons sensitivity to agonists. In [Ca?*]i imaging, a
simultaneous application of atropine and MEC (100 pM and 50 uM, respectively) significantly inhibited the ACh
effect. a: A representative trace showing one JNC neuron responding to 100 uM ACh, 200 uM CA, and 50 nM
capsaicin. b: A representative trace showing one JNC neuron firstly incubated with atropine and mec (100 uM and 50
UM, respectively) and then responding to 100 uM ACh, 200 uM CA, and 50 nM capsaicin. ¢: The mean percentage
of neurons per mouse responding to 200 uM CA after the application of 100 uM ACh. The diagram also demonstrates
the mean number of neurons per mouse responding to CA after the inhibition of AChRs with atropine and MEC (100
uM and 50 pM, respectively). d: A demonstration of the [Ca?*]i change in (c). e: The mean percentage of neurons per
mouse responding to 50 nM capsaicin after the application of 100 uM ACh. The diagram also demonstrates the mean
number of neurons per mouse responding to capsaicin after the inhibition of AChRs with atropine and MEC (100 uM
and 50 uM, respectively). f: A demonstration of the [Ca?*]i change in (e). 288 and 170 neurons were studied in a and
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b, respectively. n=3 to 6 mice/group expressed as the mean = SEM. P values were determined by the one-way
ANOVA-test (*, P < 0.05, *** P <0.001).

3.18.4 DMPP had a similar effect to ACh and was inhibited via hexamethonium

Pain perception is associated with nAChRs in the sensory neuron (Costa et al., 2012; Papke et al., 2018), as
well as with the TRPAL channel (Yoshida et al., 2011; Meseguer et al., 2014; Asgar et al., 2015; Liu et al.,
2016; Souza Monteiro de Araujo et al., 2020). In this experiment, [Ca®*]i imaging measurement of JNC
dissociated sensory neurons was made by first incubating the neurons with 10 uM
dimethylphenylpiperazinium (DMPP) which is a nicotinic agonist that activates a nAChRs subtype
consisting of a3 and B4 subunits (Brus and Jacobowitz, 1970). The outcome of this experiment was in line
with the results of the ACh [Ca*"]i imaging measurements. 20% more Trpv1+ neurons were responding to
capsaicin after DMPP application (Figure 3.27, a), while the Trpal+ neurons were not responding to CA.
Approximately only 10% of all Trpal+ neurons were responding to DMPP compared to a mean of 40% in
the vehicle group (Figure 3.29, b).
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Figure 3.27: DMPP activates Trpvl+ neurons and decreases the activity of Trpal+ neurons in the JNC. a: In
[Ca?*li imaging measurements, DMPP was found to increase the activity of Trpv1+ neurons and to decrease the activity
of Trpal+ neurons. b: Both effects were reversed to be significantly similar to the vehicle after incubating the neurons
with 3mM of the nicotinic antagonist hexamethonium. n=3 to 6 mice/group expressed as the mean + SEM. P values
were determined by the one-way ANOVA-test (**, P <0, 01).

We then studied whether this effect was due to the activation of the nicotinic subunit a334. Neurons were
incubated with a mix of 3 mM of the nAChRs inhibitor hexamethonium and 10 uM DMPP, followed by

200 uM CA, and 50 nM capsaicin; [Ca®*]i measurements were also performed. The results were consistent
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with the proposed theory and the effect was reversed to the level of the vehicle-treated group in both Trpal
and Trpv1+ neurons (Figure 3.29, a and b, respectively).

3.18.5 The effect of ACh was inhibited with the antagonist hexamethonium

Hexamethonium is a known inhibitor of nAChRs (BYCK, 1961; Asghar and Roth, 1971; Misu and Kubo,
1972; Malin et al., 1997). To study the involvement of NAChRs in the ACh-induced increase in [Ca?"]i
levels in JNC sensory neurons (Figure 3.26), we performed [Ca*"i with freshly isolated JNC neurons,
applying 100 uM ACh after 3 min incubation with either vehicle of 3 mM hexamethonium. Hexamethonium
abolished the effect of ACh (Figure 3.28, a). The effect of ACh on the Trpvl+ and Trpal+ neurons was
similar to the vehicle without ACh stimulation (Figure 3.30 b, ¢). After hexamethonium incubation followed
by ACh, about 45% of the Trpvl+ neurons responded to capsaicin compared to 40% in the vehicle-treated
group (Figure 3.28, b). 38% of the neurons responded to CAin the vehicle-treated group. For comparison,
the percentage of neurons that reacted to CA after the incubation with a hexamethonium and ACh mix was
45% (Figure 3.28, c).
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Figure 3.28: Hexamethonium inhibits NAChRs in sensory neurons reversing the ACH effect on the Trpvl+ and
Trpal+ JNC neurons. a: In [Ca?*]i imaging measurements, hexamethonium inhibits the response to 100 uM ACh. b:
Both effects were reversed to be significantly similar to the vehicle after incubating the neurons with 3 mM of the
antagonist hexamethonium. n=3 to 6 mice/group expressed as mean + SEM. P-values were determined by one-way
ANOVA-test (* p<0.05, ** p < 0. 01, ***, p <0.001).
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In this experiment, we aimed to study the involvement of nAChRs in the ACh-induced increase in [Ca®']i
levels in JNC sensory neurons. We applied 100 uM ACh after a 3-minute incubation with either the vehicle
or 3 mM hexamethonium, and measured the [Ca®*]i levels in freshly isolated JNC neurons. The results
showed that hexamethonium abolished the effect of ACh on [Ca®*]i levels in INC neurons. This suggests
that nAChRs are involved in the ACh-induced increase in [Ca*i levels in JNC sensory neurons. Overall,
the results of this experiment suggest that nAChRs play a role in modulating the response of JNC sensory
neurons to both TRPV1 and TRPA1 agonists.
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CHPATER 4: DISCUSSION

Brush cells (BC) are a type of cells found in the epithelium of the respiratory and digestive tracts. Previously,
researchers have addressed the role of BC in chemosensation. Additionally, these cells can release ACh
(Hollenhorst et al., 2020). BC provoke innate immune reactions once activated via different stimuli such as
QSM and bacterial infections (Hollenhorst et al., 2022a). This is important for the respiratory system’s
protection against invaders and unwelcome stimuli. Additionally, Tas2Rs are responsible for detecting bitter
compounds. They are expressed along with the Trpm5 in BC (Lee et al., 2012; Freund et al., 2018; Gees et
al., 2014; Hollenhorst et al., 2019, 2020b). In our experiments, the upstream activation of Tas2Rs with the
bitter substance denatonium led to a change in the cytosolic [Ca?*]i concentration, leading to the downstream
activation of the TRPMD5 channel. Many toxins and bacterial substances such as QSM possess a bitter taste,

the activation of the Tas2Rs signaling cascade plays an important role in protection against harmful objects.

In this study, we clarified that some of Tas2Rs such as Tas2r105 and Tas2r108 are expressed in the tracheal
epithelial tissue via PCR (Hollenhorst et al., 2022). Moreover, our [Ca®*]i imaging experiments with the
bitter substance denatonium after transfecting WT HEK 293 cells with the plasmids of Tas2r105 and
Tas2r108, resulted in a significant change in the [Ca?*]i compared to the non-transfected cells. Additionally,
[Ca*7i imaging experiments on isolated tracheal cells from Trpm5-tauGFP mice (mice that express the
green fluorescent protein specifically in BC) resulted in a significant change in [Ca’*]i in BC after
denatonium application. Taken together, these results strongly indicate that denatonium is being detected
by Tas2r105 and Tas2r108 in BC. Moreover, we were able to inhibit the effect of denatonium by using the
G-protein inhibitor gallein. Gallein binds specifically to the beta-gamma subunit of G-proteins and
fluorescens when excited by certain wavelengths of light, making it a useful tool for studying G-protein
signaling pathways in cells responsible for taste transduction (Sanz et al., 2017). This result demonstrates
the importance of the G-Protein in BC taste receptor-dependent activation and its involvement in the
activation and function of BC. Furthermore, this result utilizes the use of denatonium as a BC agonist that
triggers the Tas2Rs signaling cascade and leads to the release of signaling molecules (Hollenhorst et al.,
2019, 2020b). Due to their roles in the physiology of taste transduction, inhibiting signaling molecules has
limitations, but theoretically there may be situations where it would be beneficial to do so. Such situations

can only be established using a mouse deficient in the different types of G-protein such as a-gustducin.

Neurogenic inflammation refers to the release of inflammatory mediators. In our investigations, in order to
understand the role of BC in the generation of neurogenic inflammation in the respiratory tract, we created
a model where different murine genotypes inhaled different concentrations of denatonium. WT mice

exhibited a significant induction of plasma extravasation (leakage of proteins and fluids from blood vessels
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into the surrounding tissues) after denatonium inhalation, accompanied with a significant increase in
neutrophil extravasation. We think of this result as a protective response to inhaled irritants. The fact that
the results from the same experimental model using Trpm5-KO mice had contradictive effects (Hollenhorst
et al., 2022), presses on the importance role of BC in innate immunity, initiating immune cells recruitment

and protecting the airways against inhaled irritants and toxins.

BC are cholinergic and are indeed capable of releasing ACh (Hollenhorst et al., 2020b). Additionally, ACh
can be released from parasympathetic nerve fibers. AChRs are present in the epithelial cells, smooth muscle
cells and nerve endings in trachea. To understand the role of AChRs in regulating inflammation and immune
responses in the trachea, we designed an experiment where vehicle WT mice were compared to WT mice
that were exposed to the cholinergic inhibitors’ atropine and MEC, general inhibitors for mAChRs and
nAChRs respectively. In this experiment, mice received i.p. injections of cholinergic inhibitors. The
systemic cholinergic inhibition resulted in a significant decrease in plasma and neutrophile extravasations.
Our findings suggest that AChRs play a role in promoting neurogenic inflammation and immune responses.
Furthermore, the significant decrease in extravasation suggests the importance of BC-derived ACh in

neurogenic inflammation induction and the release of neuropeptides such as CGRP and SP.

To be more specific, we have developed another method to inhibit AChRs. In this model mice inhaled
similar concentrations of the cholinergic inhibitors’ atropine and MEC, as well as different concentrations
of denatonium. Strikingly, this method resulted in a significant increase in plasma extravasation as well as
a significant increase in neutrophil recruitment in the inhibitor-treated mice compared to the vehicle-treated
mice. Our result indicates the important role the AChRs play in neurogenic inflammation. In the two
previously mentioned models, we used different routes of administration for atropine and MEC: one is i.p.
and the other is IT. The i.p. route involves the delivery of atropine and MEC into the peritoneal cavity. In
this way, it allows the substance to be absorbed through the peritoneal membrane to the blood stream. IT
administration, on the other hand, involves the direct delivery of the inhibitors specifically into the trachea
and lung. The difference in distribution, absorption, particle size, solubility, and metabolism between both
methods can lead to different results. Additionally, the airway surface liquid volume (ASL) and
concentration is normally 1 pL per cm? of mucosal surface (Wu et al., 1998). This concentration can impact
the distribution and absorption of the inhibitors applied to the respiratory system. In the IT application, the
inhibitors can mix with the ASL, affecting the concentration causing irritation and damage. On the other
hand, the IT application of these substances may not have enough time to mix before being cleared out of
the body, resulting in a reduced efficacy. Further, in the absence of tracheal epithelial damage, IT application
of cholinergic inhibitors, can’t inhibit the AChRs in the nerves. These mentioned situations may have altered

our results of cholinergic inhibition in the different modes of application. The IT application may have
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caused a more localized immune response in the trachea that led to a different pattern of neutrophil
recruitment and plasma extravasation compared to the i.p. route. Further, when AChRs are inhibited via the
local administration of atropine and MEC, the normal function of ACh signaling is disturbed rabidly. As a
result, the downstream effects of ACh signaling are also affected, including the activation of Trpvl and the
inhibition of Trpal.

Next, we were able to deplete most of the Trpal+ neurons along with 80% of the Trpv1+ neurons using DT
and the Trpal-DTR mice. Additionally, in the DRG neurons, we observed a significant decrease of neurons
positive to CGRP+ and SP+ neuropeptides. Moreover, whole-mount preparations of the trachea showed a
significant decrease in the volume of CGRP+ and SP+ neuronal fibers. This was confirmed using
immunohistochemistry and RT-PCR. These experiments proved that most of the Trpal+ and Trpvl+
neurons are overlapping. Additionally, the use of the Trpal-DTR mice led to generating mice that are
deficient in most of the sensory innervation (Hollenhorst et al., 2022). Nonetheless, the abolishing of the
neurogenic inflammation was obvious after inhaling 1 and 10 mM denatonium, whereas plasma
extravasation and neutrophil recruitment after the inhalation of 20 mM denatonium were different to the
vehicle. However, the remaining un-depleted Trpvl+ neurons could be responsible for the slightly
significant plasma and neutrophile extravasation. The inhibition of the TRPA1-mediated [Ca®*]i increase in
the sensory ganglia, by depleting them, led to a scarce production of the neuropeptides, decreasing
inflammation and constant mechanical hyperalgesia. Trpal+ neurons in the airway detect irritants and
respond by releasing neuropeptides such as SP and CGRP, promoting and modulating inflammatory
responses. (Story et al., 2003). Here, we proved that neurogenic inflammation is mediated by Trpal+ or
Trpal+/Trpvl+ sensory neurons. Therefore, the balance between AChRs activation and sensory innervation

is important for protection against uncontrolled neurogenic inflammation.

In our recent study, we have shown that Trpm5-deficiency attenuated neurogenic inflammation (Hollenhorst
et al. 2022a). We found that Trpm5-KO mice had a significant reduction in airway inflammation (it
decreased plasma and neutrophil extravasation) after denatonium stimulation using the previously
mentioned technique. However, CGRP and SP are both involved in sensory signaling. Using CGRP and SP
blockers inhibited the release of these peptides from sensory nerves, leading to significant decrease in
neurogenic inflammation. These findings combined with the results obtained from using the cholinergic
inhibitors and the Trpal-DTR model are important for advancing our understanding of the underlying
mechanisms of inflammation and sensory signaling. Additionally, | designed an experiment to study the
effect of denatonium on the vessels in the trachea. After 1 mM denatonium in vivo inhalation, WT, Trpm5-
deficient and the Trpal-DTR mice tracheas were used for CD31 whole-mount preparations. Interestingly,

there was a significant vasodilation effect only in the venules, arterioles and capillaries of the WT compared
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to the vehicle. This result stresses the importance of BC and sensory innervation communications for the

induction of vasodilation-related neurogenic inflammation in the airways.

In addition, we investigated the sensory ganglia including the JNC and the DRG for any incidence of the
TRPMS5 channel in the neuronal cell bodies. Remarkably, Western blotting and immunohistochemistry
showed no positive trace for the channel. This result is important because it suggests that the TRPMS5 is not
essential for sensory neuronal function, at least not in the same way: it is for other physiological processes.
Moreover, no significant difference was found when RT-PCR was employed to investigate whether the
Trpm5-deficiency affected the Trpvl and Trpal composition in the JNC and the DRG compared to the WT.
This result suggests that the Trpm5 deficiency does not significantly affect the expression of the Trpvl and
Trpal in these ganglia. In addition, this made a basic foundation for the coming experiments in figuring out
the effect of BC on the innervating Trpv1 and Trpal-rich sensory neurons. This result raises many questions

about the effect of TRPM5 in modulating sensory transmission.

Our utilized experiments in the rest of this study allowed us to identify the effect of BC-derived ACh on the
sensory neuronal channels. For the first time, BC can be considered a potent negative regulator of the
TRPAL1 channel, and an activator of the TRPA1 channel. Previous research addressed the TRPMS5 channel
as a negative regulator of [Ca®']i changes after stimulating the B lymphocytes with bacterial
lipopolysaccharides (Startek et al., 2018). However, the difference in this case is that the B lymphocytes
themselves express the Trpm5, while here in this study the effect is external, meaning a neurotransmitter or

a chemical is released from BC upon Tas2R activation, causing an effect.

Here, we suggest that BC play a role in pain sensation or that they are involved in the detection of noxious
or irritant stimuli by modulating the activity of other pain-sensing channels such as Trpvl and Trpal. To
support this hypothesis, we performed [Ca*'i experiments to evaluate the sensitivity of DRG and JNC
dissociated neurons, by measuring ECso from WT and Trpm5-KO mice. We used capsaicin, a known agonist
for TRPV1, while CA is an agonist for TRPAL. As mentioned previously, we classified neurons that

responded to the agonist as positive for its corresponding channel expression.

Trpm5-deficiency increased the sensitivity in both Trpal+ and Trpvl+ neurons in the JNC and the DRG,
as the ECs, for the TRPAL and TRPV1 agonists decreased by more than 50%, for CA and capsaicin,
respectively. These results suggest that the Trpm5 may play a modulatory role in the activity of these
channels and by lacking the Trpm5, the modulation effect was gone leading to an increase in sensitivity of

the other channels.
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Furthermore, another mouse model was used, the Trpm5-DTR. In this mouse, the Trpm5-expressing cells
in the trachea (BC) can be specifically depleted by the administration of DT. Nevertheless, the depletion of
the TRPM5 channel had a significant decrease in sensitivity than the WT. However, it was more potent in
the Trpm5-deficient mice than in the Trpm5-DTR, with ECs, (for CA and capsaicin, respectively) = 144.2
uM and 14.84 nM, compared to 96.6 uM and 18.36 in the Trpm5-KO. This suggested that a total knockout

of the gene had a stronger effect on the change of sensitivity for both channels than local depletion.

Despite these exciting results of the TRPV1, with increased sensitivity after knocking out or depleting the
Trpmb5 gene, it should be argued that the loss of the channel in both Trpm5-DTR and Trpm5-deficient mice
models may have resulted from the inflammatory status that came along with the deficiency. Although the
DT is considered a powerful tool to analyze the different physiological functions in vivo, many studies
suggested an inflammatory role for the DT after being injected into the animals (Gillet and Barbier, 2015;
Horiguchi and Mekada, 2006; Kobayashi and Duffield, 2011). Studies on WT mice which were treated with
DT found that some animals had proteinuria, unexpected death, elevated immune cell counts and weight
loss. Additionally, in mice with the DTR, DT could trigger an inflammatory response in the cells
surrounding targeted dead cells, causing swelling and pain (Gillet & Barbier, 2015; Oram & Holmes, 2006).
Anyhow, the surviving animals healed properly 5-9 days after injection. In our experiments, we needed to
sacrifice the mice 48 h later, which is a very short time to develop chronic symptoms and side effects. On
the other hand, i.p. application of DT using WT mice and our previously mentioned neurogenic
inflammation model after the inhalation of 1 mM den was similar to the vehicle treated mice. Indicating a
healthy mouse model after DT injections. These findings highlight the complexity of the interactions
between these three channels and their signaling pathways. Further research is needed to implicate the

deletion of Trpm5 on sensory perception.

Additionally, in the Trpm5-DREADD mice, BC can be selectively activated using CNO. Here, we aimed to
study the effect of BC activation on neurons expressing Trpal and Trpvl. Expectingly, the obtained results
were opposite to the previous experiments. The ECso of the dissociated DRG neurons for the TRPAL agonist
CA showed a much higher value than the WT after activating the DREADD receptor via CNO, with ECs
= 203.7 and 749.5, respectively. Here, activating BC only led to a potent inhibitory effect on the Trpal+
neurons. This experiment provides insight into our understanding to the BC’s complex effect on the Trpal+
neurons. Similar to the Trpm5-DTR results, strikingly, the activation of the BC with CNO led to an increased
sensitivity in the Trpv1l+ neurons. The ECsoof the dissociated DRG sensory neurons for the TRPV1 agonist
capsaicin showed a lower value than the WT after activating the BC via CNO, with ECso = 50 nM and 1.22
nM, respectively, indicating a sensitizing Trpv1+ effect after CNO application. However, since the Trpvl+

neurons in the Trpm5-KO and Trpm5-DTR had an increased sensitivity, an opposite result could be

95



suggested here after activation. We could suggest a different process or pathway in the three different
models, which all lead to activation but in a different context. In such cases, activating and inhibiting may
produce the same result because the biological system is designed to respond in this particular way to this
particular biological stimulation. Nevertheless, our study is suggesting complex interactions, between
different kinds of cell types and receptors.

In line with the Trpm5-DREADD mice results, our [Ca?*]i experiments to evaluate the sensitivity of JNC
dissociated neurons after activating the tracheal BC with 1 mM denatonium for thirty minutes led to a
decrease in the percent of the reacting Trpal+ neurons in the WT. However, this result recovered slightly
after one day and fully after one week of activation. On the other hand, Trpm5-deficient mice had a slight
decrease in the activity of Trpal+ neurons after activation with 1 mM denatonium, but the effect was
different to the WT. The surgery with NaCl instead of denatonium is similar to the vehicle. However, the
results of the BC activation on the Trpv1+ neurons via 1 mM denatonium is in harmony with the results of
the Trpm5-DREADD model. A higher number of neurons were reacting to capsaicin after 30 minutes of
denatonium stimulation as expected. The activity decreased gradually after one day and was similar to the
vehicle after one week. In addition, the activity of Trpv1+ neurons after denatonium activation in the Trpm5-
deficient mice was similar to the non-treated vehicle at all the different time points. Overall, with our
findings up till now, specific BC activation suggested an inhibitory effect to the Trpal+ neurons and an
activation effect to the Trpv1l+ neurons. Further experiments are needed to understand the implications of

these results.

Tracheal epithelial cells are very important for the defense against infections. Studies have shown that BC
act as a sensor for bacterial toxins, which triggers BC activation, leading to ACh release followed by
mucociliary clearance (Hollenhorst et al., 2019; Perniss et al., 2021). Furthermore, our designed infection
experiment that we utilized in this study helped us observe the results of bacterial pathogenesis on BC. After
healthy WT and Trpm5-KO mice were infected with the gram-negative bacterium Pseudomonas
aeruginosa, mice showed symptoms of weight loss, lethargy, and respiratory distress. Here, our findings
are in line with our previously obtained results. In the infected mice models, Trpal+ neurons were not
responding to CA while Trpv1+ were very sensitive to capsaicin. However, in both the Trpal+ and Trpvl+
neurons, the pattern of [Ca®*] change was remarkably similar in the Trpm5-deficient infected mice, with
higher significance in each case than the WT. It should be taken into consideration that in the WT mice,
[Ca?*] changes recovered faster to baseline after one week of infection. This result stresses the regulatory
effect of BC on the sensory neurons. Indeed, bacterial infections involve a complex interplay of various bio-
systems (immune cells, epithelial cells, and sensory neurons). The immune system is the body’s primary

defense against bacterial infections. Communication between white blood cells and epithelial cells through
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cytokines and chemokines is important to induce inflammation and clear the infection ( Conrad et al., 1992;
Hedges et al., 1995). Additionally, mucus, neurotransmitters and antimicrobial peptides are produced by
epithelial cells (Hammad and Lambrecht, 2015; Gerbe et al., 2016; Hollenhorst et al., 2022a). All these
agents may cause an effect on the sensory neurons, causing the resulting change in sensitivity, directly or
indirectly. Overall, the immune system and the sensory neurons work together to identify and neutralize
pathogens from the system.

Chronic infections in the respiratory system can cause asthma. There is great scientific evidence associating
bacterial infection with asthma induction (Kistemaker and Prakash, 2019). Chronic bacterial infections are
characterized by persistent infection that lasts for a long time. This type of infection is caused by bacteria
that produces biofilms, which can evade the immune system and create variations in cytokine production to
facilitate the pathogen’s persistence (Bade et al., 2021; Monack et al., 2004; Okada and Shirakawa, 2005;
Rana et al., 2021). Inflammation and airway hyper-responsiveness are linked to activation of the sensory
neurons. In our chronic bacterial infection model with Rodentobacter heylii we addressed a possible
neuronal hypersensitivity due to the prolonged airway infection. However, the infection caused no
significance in the increase in [Ca*]i in the Trpvl+ neurons after capsaicin stimulation in both genotypes,
the WT and the Trpm5-deficient mice. On the contrary, Trpal+ neurons responded less to CA stimulation
in both, WT and the Trpm5-deficient mice. Yet the change in WT mice was more prominent than in the
Trpm5-deficient mice indicating an important function for BC in fighting bacterial infections. Additionally,
because multiple mechanism and pathways are altered during an infection, leading to cytokines or other
chemicals release. Our results indicates that the triggered pathways during an infection are not dependent

solely on BC activation. Hence the change in the Trpm5-KO’s Trpal+ neurons sensitivity.

The role of TRPALin chronic infections should not be neglected. Interestingly, the TRPAL channel is rising
as a major asthma target for therapeutic purposes. For example, some TRPAL antagonists were found to
suppress neurogenic inflammation and airway tightness (Bautista et al., 2006, 2013; Bessac et al., 2008).
Nonetheless, this result clarifies that the effect of the continuous exposure to cellular-derived inflammatory
chemokines and cytokines after activation via bacterial substances is not reversible when it comes to the
Trpal+ neurons. On the other hand, the Trpvl was not affected from a chronic activation in our study. The
direct detection of irritants in the airway from sensory neurons results in the activation of Trpvl+ fibers,
leading to the release of neurogenic peptides such as the CGRP, tachykinins, and neurokinins (Rogers,

1997). Thus, once the pain stimulation is transmitted, there is no further requirement of TRPV1 activation.

In the last set of experiments in this thesis, we suggest ACh to be the modulator of the communication
between the BC and the sensory neurons. Previous research proved that BC are cholinergic and release ACh

upon stimulation (Hollenhorst et al., 2019; Perniss et al., 2021). ACh is known to play an important role in
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the function of CNS and PNS. Here, we investigated the effect of ACh derived from BC on the activity of
the Trpvl and Trpal channels. incubating the dissociated JNC sensory neurons with ACh and then 200 uM
CA and 50 nM capsaicin clarified the ACh inhibitory effect on the Trpal+ neurons and the excitatory effect
on the Trpv1l+ neurons. This result was supported by making an ECso diagram for both agonists.

Damage in the epithelial layer in the trachea due to infection or irritation via chemical substances such as
denatonium lead to ACh release (Hollenhorst et al., 2020; Hollenhorst et al., 2022). 1t’s well known that
ACh isinvolved in the modulation of the release of neuropeptides such as SP and CGRP, causing neurogenic
inflammation (Van der Kleij et al., 2009) In line with this, studies on the cholinergic pathway resulted in
finding an anti-inflammatory role for ACh mediated by nAChRs on macrophages and monocytes. ACh
interaction leads to cell deactivation and cytokine release inhibition, leading to the regulation of
inflammation (Van der Kleij et al., 2009) in our study, the effect of ACh release from BC on the Trpal+

neurons and the Trpvl+ neurons led to neurogenic inflammation due to peptide release

The activation of Trpal might lead to the release of neuropeptides and neurotransmitters, which contribute
to pain sensation. Thus, the Trpal inhibition by ACh may have anti-inflammatory and analgesic effects and
could be a therapeutical target used for therapeutic strategies. Trpvl, on the other hand, is activated by heat
and noxious stimuli (Cao et al. 2007; Benitez-Angeles et al., n.d.; Gavva et al. 2007; Kym, Kort, and
Hutchins 2009). Similar to the Trpal, Trpvl activation leads to the release of neuropeptides and
neurotransmitters, contributing to pain and inflammation (Yoshida et al., 2011). However, sensitizing this
channel by ACh may have a negative impact on the induction of protective neurogenic inflammation and
lead to an overshooting inflammation. Yet, there is a relationship between the activation of TRPAL and
cytokine storm, a study found that interleukin-1 beta (IL-1p), activates TRPAL vagus nerve signaling leading
to the inhibition of cytokine release, inducing hypothermia and reducing infection mortality (Silverman et
al. 2023). These results show the importance of the TRPA1L channel in regulating chronic inflammation and

pain responses.

The mechanism in which ACh affects Trpal and Trpvl is not fully understood. We hypothesize that ACh
affects the intracellular pathways that modulate the activity of these neurons. Additionally, our [Ca?1]i
imaging experiment where dissociated JNC neurons were pre-incubated with the AChRs antagonists MEC
and atropine resulted in a reversal of ACh’s effect. This strongly suggests the involvement of AChRs in the
inhibition of Trpal and the activation of Trpvl. A possible explanation is that when ACh activates mAChRs,
the production of cAMP is stimulated, which activates protein kinase A (PKA), then phosphorylates
TRPAL, causing a reduction in its activity (Sullivan et al., 1996; Kandel et al., 2018; Wang et al., 2019).
On the other hand, the activation of TRPV1 by ACh can be mediated by the activation of nAChRs which

can depolarize the sensory neurons, leading to the increase of [Ca?*]i, which then binds and activates
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TRPV1, leading to its opening, and the generation of an action potential (Fucile, 2004). However, the ACh
effect on the Trpal and Trpvl is very complex, and more research is needed to understand the mechanism
of these interactions, especially in the context of sensory processing.

To further investigate the role of NAChRs in the ACh effect on the Trpal and Trpvl, we pre-incubated
dissociated JNC neurons with the nicotinic agonist DMPP. DMPP is an a3 4 subunit selective agonist (Brus
and Jacobowitz, 1970). As a result, DMPP mimicked the ACh effect and led to the inhibition of Trpal and
the activation of Trpv1l. Interestingly, this effect could be reversed through a pre-incubation of neurons with
hexamethonium, a nicotinic a3p4 subunit antagonist (Asghar and Roth, 1971; Hone et al., 2015). The fact
that hexamethonium inhibited the DMPP effect in Trpal+ and Trpvl+ neurons suggests that ACh released
from BC impacts Trpal and Trpv1 functions through the nAChR o34 subunit in sensory neurons.

ACh can have analgesic and hyperalgesic effects. In sensory neurons, the direct activation of the AChR via
ACh or cholinergic agonists such as nicotine resulted in the reduction of pain. This was a result supported
by using AChE which blocked the enzymatic reaction to break down ACh molecules (Balestrini et al.,
2021b, 2021c; Bautista et al., 2013). On the contrary, in the CNS, ACh can enhance pain transmission and
promote hyperalgesia. Therefore, the effect of ACh on pain is different, depending on the type and location
of AChRs. Despite the Trpal inhibition via ACh can have pain-inhibiting effects, most probably it won’t

be a reliable analgesic since it’s accompanied by the activation of Trpvl.

IN SUMMARY, this study reveals the functional role of ACh-induced [Ca?*]i signaling in regulating the
TRPAL and TRPV1 channels. This study also identifies the requirement of the nicotinic a3p4 subunit to
achieve this effect. This result is in line with the known chemo-sensing role of both TRPA1 and TRPV1
channels in sensory neurons. Our observation that BC regulates the excitation and inhibition of the somatic
nociceptor neurons via a mechanism depending on ACh production can be interpreted as a defense strategy
to avoid acute pain resulting from the induction of neurogenic inflammation. This study supports the idea
of considering the communications between the TRPM5, TRPA1L, and TRPV1 channels a novel therapeutic

target worth investigating against pain and inflammation.
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