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Einleitung

1 Einleitung
1.1 Ableitende Harnwege

Bei Menschen kdnnen die ableitenden Harnwege in zwei Teilbereiche gegliedert
werden: den paarig angelegten oberen Harntrakt, gebildet aus Nierenbecken (Pelvis
renalis) und Harnleitern (Ureter), und den unteren Harntrakt, bestehend aus der Blase

(Vesica urinaria) und der Harnréhre (Urethra) (Abbildung 1.).
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Abbildung 1. Die ableitenden Harnwege
Schematische Zeichnung der ableitenden Harnwege, bestehend aus Pelvis renalis, Ureter,
Vesica urinaria und Urethra. Erstellt mit BioRender.com.

Ihre Hauptfunktion ist der Abtransport des Harns. Hierbei hat die Harnblase eine
Sonderstellung als Sammel- und Speicherorgan des Harns [1-10]. Der Harn selbst wird
in den beiden Nieren produziert und die ableitenden Harnwege haben keinen Einfluss

mehr auf die Zusammensetzung des Harns.
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Ausgekleidet sind die ableitenden Harnwege, mit Ausnahme der Urethra, mit einem
mehrschichtigen Ubergangsepithel, dem Urothel. Es besteht aus ca. 6 Zellreihen, die,
insbesondere in der Blase, durch Dehnung im Zuge der Blasenfiullung an Héhe und
Schichtung abnehmen, um eine Erhéhung des Fassungsvolumens zu ermdglichen.
Das Urothel wird hauptséachlich aus drei Zelltypen gebildet: den auf der Basalmembran
aufsitzenden Basalzellen, den Intermediarzellen und den gegen das Lumen ragenden
Deckzellen. Diese sind die oberste Zellschicht im Urothel und bilden eine osmotische
Barriere zwischen dem Urin und der interstitiellen Flissigkeit. Die Auskleidung der
Urethra unterscheidet sich hingegen von der einheitlichen Auskleidung der restlichen
ableitenden Harnwege.

Die Urethra selbst bildet den letzten Abschnitt der ableitenden Harnwege, leitet den
Harn nach auf3en und ist beim Mann ca. 20-25 cm, bei der Frau ca. 3-5 cm lang. Die
Urethra des Mannes, beginnend in der Harnblase am Ostium urethrae internum, kann
in zwei Ubergeordnete Abschnitte unterteilt werden: den im Becken liegenden pelvinen
Teil und den im Penis liegenden penilen Teil, der mit dem Ostium urethrae externum
endet [11]. Der pelvine Teil seinerseits besteht aus der Pars intramuralis, die noch
innerhalb der Blasenwand liegt, gefolgt von der Pars prostatica, die durch die Prostata
fuhrt, und der im Diaphragma urogenitale gelegenen Pars intermedia (Pars
membranacea). Der penile Teil bildet den letzten Abschnitt der mannlichen Urethra
und besteht aus der Pars spongiosa im Corpus spongiosum des Penis.

Die weibliche Urethra wird in einen proximalen und einen distalen Teil gegliedert.
Vergleichbar wie beim Mann wird auch bei der Frau der sich in der Blasenwand
befindende Teil Pars intramuralis genannt. Sie beginnt auch am Ostium urethrae
internum etwa auf halber Hohe hinter der Symphyse und lauft dann parallel zu Vagina
nach unten. Das letzte Stiick der weiblichen Urethra ist als Crista urethralis vaginae
als Auswolbung in der Wand der Vagina zu erkennen. Auch sie endet mit dem Ostium
urethrae externum, welches sich im Fall der weiblichen Urethra im Vestibulum vaginae
befindet [11].

Beim Mann ist nur der einige millimeterlange Ubergangsbereich von Blase zu Urethra
noch mit Urothel ausgekleidet. Der verhaltnismanig lange mittlere Teil der mannlichen
Urethra wird durch ein mehrschichtiges hochprismatisches Epithel gebildet, welches
im Ausmundungsbereich in ein mehrschichtiges unverhorntes Plattenepithel Gbergeht
[11]. Das Epithel der weiblichen Urethra besteht, vergleichbar mit dem des Mannes,
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im Ubergangsbereich von Blase zu Urethra noch aus Urothel. Dem Urothel schlie3t
sich ein mehrschichtiges unverhorntes Plattenepithel an [11]. Im mehrschichtigen
Epithel der méannlichen und weiblichen Urethra befinden sich neben neuroendokrinen
Zellen und nicht-cholinergen Burstenzellen auch cholinerge chemosensorische Zellen,
deren Entdeckung und Charakterisierung Gegenstand dieser Arbeit ist.

1.2 Die Urethra von Mausen und Menschen

Sowohl in Menschen als auch in Mausen verlauft die Urethra vom Ostium urethrae
internum, welches am Harnblasendreieck (Trigonum vesicae) beginnt, bis zur &uf3eren
Harnréhrendffnung (Ostium urethrae externum oder Meatus urethrae). Die Urethra von
mannlichen Mausen wird, vergleichbar zur mannlichen menschlichen Urethra, auch in
pelvine oder membrandse und penile Urethra eingeteilt. Der membrandse Teil ist diinn
und befindet sich in direkter Nachbarschaft von Prostata, Blaschendruse,
Koagulationsdrisen und den Samenleitern. Einen Unterschied bilden die
periurethralen Driisen. Diese minden beim Menschen in die penile Urethra (Pars
spongiosa) und bei der Maus in die membranose Urethra distal der Ausfuhrungsgénge
der Prostata. Im Gegensatz zum Menschen besitzen Nagetiere einen Penisknochen,
das Os penis, der sich in unmittelbarer Nahe zur penilen Urethra befindet. Der
strukturelle Aufbau der weiblichen Urethra ist bei Mausen und Menschen vergleichbar.
Auch bei Mausen wird die weibliche Urethra in einen distalen und proximalen Teil

gegliedert [12].

1.3 Muskelphysiologie der Miktion

Die Steuerung der Blasenfunktion und damit der Miktion ist ein komplexes
Zusammenspiel verschiedener Muskeln und Steuerzentren [1-8, 10]. Die wichtigsten
Muskeln sind der Detrusormuskel, Musculus detrusor vesicae, und die Sphinktere, der
Musculus sphincter vesicae oder Musculus sphincter urethrea internus und der
Musculus sphincter urethrea externus. Hierzu kommt noch in der Urethra eine diinne
aulRere Schicht aus ringférmiger glatter Muskulatur und eine zehnmal dickere innere
Schicht aus glatter Langsmuskulatur [9, 13, 14]. Letztlich geht die Steuerung der
Miktion mit der Steuerung der Muskulatur einher. MalRgeblich hierfur ist der aus glatter
Muskulatur bestehende Detrusormuskel. Die Phosphorylierung der leichten Ketten des
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Myosins (myosin regulatory light chain; MLC) ist fur den Tonus der glatten Muskulatur
verantwortlich. Phosphorylierung und der Muskeltonus nehmen zu, wenn die Aktivitéat
der Myosin-Leichte-Ketten-Kinase (MLCK) iberwiegt. Uberwiegt hingegen die
Aktivierung der Myosin-Leichte-Ketten-Phosphatase (MLCP), kommt es zur
Dephosphorylierung von Myosin und somit zur Relaxation (Abbildung 2.). MCLP und
MCLK arbeiten also gegensatzlich [10, 15]. Bei der Steuerung der Miktion nehmen
Adrenozeptoren und muskarinische Acetylcholinrezeptoren (MAChR) eine zentrale
Rolle ein. Sowohl Adrenozeptoren als auch mAChR sind an heterotrimere
Guaninnukleotid-bindende Proteine (G-Proteine) gekoppelt. Eine solche Kopplung ist
einer der haufigsten transmembranaren Signaltransduktionsmechanismen und kann
das Signal von Rezeptoren an verschiedenste Effektoren weiterleiten. Adrenozeptoren
werden durch Adrenalin oder Noradrenalin aktiviert. Auf dem Musculus sphincter
urethrea internus lokalisierte a-Adrenozeptoren sind an G-Proteine der Ggq-Familie
gekoppelt. G-Proteinen der Gg-Familie wird im Allgemeinen eine exzitatorische
Wirkung zugeschrieben. Sie vermitteln ihre Wirkung Uber die Regulation von [3-
Isoformen der Phospholipase C (PLC) und werden deshalb auch als PLC-gekoppelte
G-Proteine bezeichnet. PLC hydrolisiert Phosphatidylinositol-4,5-bisphosphat (PIP2)
zu Inositoltrisphosphat (IPs) und Diacylglycerol (DAG). IP3 bewirkt, durch die Bindung
an den IPs3-Rezeptor, die Freisetzung von Calcium-lonen aus dem sarkoplasmatischen
Retikulum (SR). Im Falle der glatten Muskelzellen fihrt die Calciumfreisetzung zur
Kontraktion, weil das freigesetzte Calcium an Calmodulin bindet, welches daraufhin
mit der MLCK einen aktiven Komplex bildet. Die daraus resultierende
Phosphorylierung der MLC fuhrt zur Kontraktion, weil dadurch Aktin die Myosin-
ATPase aktivieren kann [15].

Auf dem Detrusormuskel lokalisierte B-Adrenozeptoren sind zwar auch an G-Proteine
gekoppelt, allerdings sind sie mit G-Proteinen der Gs-Familie verbunden. Hierbei
handelt es sich um G-Proteine, die durch die Aktivierung der Adenylatcyclase ihre
Wirkung entfalten. Hierdurch wird die Konzentration von cAMP im Cytosol erhéht, was
zur Aktivierung der Proteinkinase A fuhrt. Deshalb werden sie auch als G-Proteine mit
cAMP-abhangigen Reaktionen bezeichnet. Die Proteinase A steigert die Aktivitat der
MLCP, welche fur die Relaxation der Muskelzellen verantwortlich ist (Abbildung 2.).
Adrenorezeptoren nehmen daher eine zentrale Rolle in der Fillphase ein
(Abbildung 3.).
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Abbildung 2. Intrazellulare Signalwege der Detrusorkontraktionen und —relaxation
Aktivierung von M3 fuhrt zur intrazellularem Ca?*-Freisetzung und zum Ca?*-Einstrom. Dies
tragt zu Kontraktionen bei. Die Aktivierung von M2 hemmt die Adenylatcyclase und reduziert
die B3-adrenerge Rezeptor-vermittelte Relaxation. Rho-A = Ras-Homologenfamilie A; ROCK
= Rho-Kinase; PLC = Phospholipase C; DAG = Diacylglycerin; PKC = Proteinkinase C; PKA
= Proteinkinase A; MLC = leichte Myosinkette; IP3; = Inositoltrisphosphat; IP3R = IP;-Rezeptor;
PIP, = Phosphatidylinositol-4,5-bisphosphat; SR = sarkoplasmatisches Retikulum; MLCK =
Myosin-Leichte-Ketten-Kinase; MLCP = Myosin-Leichte-Ketten-Phosphatase; heterotrimere
Guaninnukleotid-bindende Proteine (G-Proteine): G4 = Gg-Familie (exitatorisch); Gs = GS-
Familie (Adenylatcyclase aktivieren); G; = Gi-Familie (Adenylatcyclase inhibierend); B3 =
Adrenozeptoren 33; M3 = muskarinischer Acetylcholinrezeptor 3; M5 = muskarinischer
Acetylcholinrezeptor 5; nach [10]; Erstellt mit BioRender.com.

MAChOR hingegen sind fur die Miktion von entscheidender Bedeutung. MAChR kdnnen
in 5 Unterklassen (M1-M5) einteilen werden. Die funf Unterklassen werden durch flinf
verschiedene Gene kodiert und kénnen auch aufgrund ihrer Lokalisation im Kérper
und ihrer molekularen und pharmakologischen Eigenschaften unterschieden werden
[16]. Bei Steuerung der Miktion stehen M2 und M3 im Focus (Abbildung 2.). M1- und
M3-Rezeptoren sind Gg-Protein gekoppelt. Uber M5-Rezeptoren ist wenig bekannt.
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Es wird aber davon ausgegangen, dass auch sie einen ahnlichen Mechanismus wie
M1- und M3-Rezeptoren haben. M2 und M4 sind Gi-Protein gebunden. Bei der Familie
der Gi-Proteine handelt es sich um inhibitorische G-Proteine. Sie entfalten ihre Wirkung
durch die Hemmung der Adenylatcyclase und stellen somit Gegenspieler der G-
Proteine der Gs-Familie dar (Abbildung 2.) [17-21].

1.4 Steuerung der Miktion

Die Regulation der Miktion erfolgt auf mehreren Ebenen und Uber verschiedene
Nerven [1-8]. Auf Blasenebene ist zunadchst die Kontraktionssteuerung des
Detrusormuskels von Relevanz. Diese erfolgt durch das Ruckenmark und dem
angeschlossenen Plexus hypogastricus inferior. Hinzu kommt die Steuerung der
beteiligten Sphinktere durch vegetative und somatische Nerven [2, 10, 22, 23]. Die
vegetative Innervation erfolgt parasympathisch tber die Nervi pelvici splanchnici und
sympathisch Uber die Nervi hypogastrici. Beides lauft Uber den Plexus hypogastricus
inferior. Die somatische Innervation kommt aus dem Nervus pudendus [2, 4, 5, 10, 22-
27]. Die Ubergeordnete Regulation erfolgt durch das pontine Miktionszentrum, das im
Hirnstramm lokalisiert und Teil der Formatio reticularis ist. Das pontine
Miktionszentrum wird vom periaquaduktalen Grau gesteuert. Dieses wird seinerseits
durch Ubergeordnete Blasenzentren des Di- und Telencephalons beeinflusst. Von
groter Relevanz sind hierbei das frontale Blasenzentrum, subkortikale
Regelmechanismen, die parahippocampale Strukturen mit einbeziehen, und der
anteriorer Cingulus im Zusammenspiel mit dem supplementarmotorischen Kortex [2,
10, 28-42].

Die Steuerung der Miktion beinhaltet zwei Phasen, die Fullungsphase (Abbildung 3.)
und die Miktion selbst (Abbildung 4.). Wahrend der Fullungsphase ist die Blase unter
physiologischen Bedingungen in Richtung Urethra verschlossen und kann durch den
in den Nieren produzierten Harn Uber die Ureteren gefullt werden.

In dieser Phase ist der aus glatter Muskulatur bestehende Musculus sphincter urethrea
internus sowie die glatte Muskulatur der Urethra durch die Freisetzung von
Noradrenalin aus postganglionaren sympathischen Fasern des aus dem Plexus
hypogastricus entspringenden Nervus hypogastricus Uber a-Adrenozeptoren
kontrahiert [1-8, 10, 43, 44].
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Abbildung 3. Innervation der Harnblase und ihrer Sphinkteren wahrend der Fillphase
Schematische Darstellung der Innervation wahrend der Fllphase. Die Blase ist in Richtung
Urethra verschlossen und kann gefiillt werden. Der aus glatter Muskulatur bestehende M.
sphincter urethrea internus wird durch Noradrenalin (NA) aus sympathischen Fasern des aus
dem Plexus hypogastricus (nicht dargestellt) entspringenden N. hypogastricus Uber seine a-
Adrenozeptoren (a) kontrahiert. Parallel halten sympathische Fasern durch Noradrenalin
(NA) uber die Bindung an B-Adrenozeptoren (B) auf dem M. detrusor vesicae diesen
entspannt. Zeitgleich erfolgt auch die Aktivierung des aus quergestreifter Muskulatur
aufgebauten M. sphincter urethrae externus Uber nikotinische Acetylcholinrezeptoren
(nAChR) durch den N. pudendus. Die Wandspannung wird durch aufsteigende Kollaterale
Uber das periaquaduktale Grau (PAG) an das pontine Miktionszentrum (PMC) weitergeleitet,
welches durch absteigende Bahnen mit dem sakralen parasympathischen Miktionszentrum
bzw. sympathischen Miktionszentrum des Thorakolumbalmarks interagiert. Die
Ubergeordnete Steuerung der Miktion erfolgt durch das frontale Blasenzentrum und weitere
Hirnstrukturen. ON = Onuf-Kern; Blau = sensible; Gelb = somatomotorisch; Rot =
sympathisch; Erstellt mit biorender.com
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Abbildung 4. Innervation der Harnblase und ihrer Sphinkteren wahrend der Miktion
Schematische Darstellung der Innervation wahrend der Miktion. Die Steigerung der
Wandspannung fuhrt zur Reduktion der sympathischen Aktivitat und Aktivierung des
parasympathischen Nn. pelvici splanchnici. Acetylcholin (ACh) wird freigesetzt und bindet an
M2- und M3-Rezeptoren (M2, M3) auf dem M. detrusor vesicae. Parallel erfolgt die Hemmung
des M. sphincter urethrea internus, durch Stickstoffmonoxid (NO), und das Ausbleiben der
Aktivierung des M. sphincter urethrea exsternus was eine Erschlaffung der Sphinktere zur
Folge hat. Die ubergeordnete Steuerung der Miktion erfolgt durch Die Ubergeordnete
Steuerung der Miktion erfolgt durch das frontale Blasenzentrum und weitere Hirnstrukturen.
ON = Onuf-Kern; Blau = sensible; Gelb = somatomotorisch; Griin = parasympathisch; Erstellt
mit biorender.com
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Parallel halten sympathische Fasern mit gleichem Ursprung durch
Noradrenalinfreisetzung Uber die Bindung an B-Adrenozeptoren auf dem Musculus
detrusor vesicae diesen entspannt [1-8, 10, 43]. Somit unterstitzt die Aktivierung des
Sympathikus einen Verschluss der Harnblase. Zeitgleich erfolgt auch die Aktivierung
des aus quergestreifter Muskulatur aufgebauten Musculus sphincter urethrae externus
Uber nikotinische Acetylcholinrezeptoren (nAChR) durch den Nervus pudendus, die
Zellkorper der daflr verantwortlichen Neurone befinden sich im Onuf-Kern (Nucleus
Onuf) des Ruckenmarks [2, 4, 5, 10, 22-27].

Die Steuerung und Aktivierung der Miktion erfolgt unter physiologischen Bedingungen
Uber die Blasenflllung. Die autonome Kontraktionssteuerung des Detrusormuskels
fuhrt zun&chst durch intrinsische Mechanismen dazu, dass bei steigender Harnmenge
die Relaxation des Detrusormuskels steigt. Hierdurch ist es mdglich, dass trotz
zunehmenden Blasenvolumens der Blasendruck zunachst konstant niedrig bleibt. Dies
ermdglicht die Fullung der Blase. Aber bei immer weiter steigender Harnmenge,
erhéhen sich allméhlich auch der intravesikulare Druck und dadurch die
Wandspannung. Dies wird durch sensible Fasern in der Blasenwand wahrgenommen
und an das Ruckenmark weitergeleitet [1-6, 10, 22, 23, 45-47]. Hierbei sei zu
bemerken, dass das Urothel eine wichtige Rolle bei der Signalwahrnehmung und
Signalweiterleitung spielt. Die Expression verschiedener Rezeptoren [17, 48-61]
ermdglicht es dem Urothel, eine Vielzahl von ,sensorischen Inputs wahrzunehmen
und auf diese zu reagieren. Hierzu gehéren neben der erhéhten Dehnung wéhrend
der Blasenfillung auch l6sliche Faktoren oder freigesetzte
Mediatoren/Peptide/Transmitter aus Nerven, Entztindungszellen oder Blutgefalien
[62-65]. Die afferenten Signale nehmen zu, bis sie schliel3lich einen Schwellenwert
erreichen, um einen Miktionsreflex auszulésen. Die Steigerung der Wandspannung
fuhrt zur Reduzierung sympathischer Aktivitat und zur Aktivierung von
parasympathischen Neuronen im Sakralmark. Die Aktivierung dieser efferenten
Nerven induziert die Blasenentleerung [1-6, 10, 22, 23, 45-47]. Es wird Acetylcholin
(ACh) aus dem postganglionaren Fasern der parasympathischen Nervi pelvici
splanchnici freigesetzt. ACh bindet an M2- und M3-Rezeptoren auf dem
Detrusormuskel. Die Aktivierung der an Gq-Protein gekoppelten M3-Rezeptoren fuhrt
direkt zur Kontraktion des Muskels [2, 10, 43, 66-69]. Die Aktivierung der M2-
Rezeptoren hingegen fuhrt zur Aktivierung der gekoppelten Gi-Proteine. Dies fiihrt zu
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einer indirekten Kontraktion. Durch die Aktivierung Gi-Proteine wird die Aktivitat der
durch B-Adrenozeptoren induzierten Adenylatcyclase reduziert und somit die
Relaxation aufgehoben. Zeitgleich erfolgt die parasympathische koordinierte
Relaxation des Musculus sphincter urethrae internus und der glatte Muskulatur der
Urethra, durch die Freisetzung von Stickstoffmonoxid, was eine Erschlaffung des
Sphinkters und der glatten Muskulatur der Urethra zur Folge hat [2, 9, 43, 70-74]. Dies
ermoglicht die Miktion. Somit sorgt die Aktivierung des Parasympathikus Uber eine
Erregung der Blasenwandmuskulatur fur eine Entleerung der Harnblase. Da die
Miktion aber willkirlich gesteuert werden kann, muss zunachst eine Freigabe durch
die Ubergeordneten Regulationszentren erfolgen. Steigende Wandspannung wird
durch aufsteigende Kollaterale Uber das periaquaduktale Grau an das pontine
Miktionszentrum der Formatio reticularis weitergeleitet, welches die Freigabe oder
Hemmung von Miktion durch absteigende Bahnen zum sakralen parasympathischen
Miktionszentrum bzw. sympathischen Miktionszentrum des Thorakolumbalmarks
steuert. Die Steuerung des pontinen Miktionszentrums erfolgt durch das
periaquaduktale Grau [2, 28, 38, 41, 42]. Dieses wiederrum wird Ubergeordnet
gesteuert durch das frontale Blasenzentrum (Regelkreislauf:
Thalamus/Insula/vorderer Gyrus cinguli/Gyrus frontalis superior medialis) [2, 28-38],
subkortikale Mechanismen, die parahippocampale Strukturen mit einbeziehen [2, 10,
39] und dem anterioren Cingulus im Zusammenspeil mit dem supplementarmotorische
Kortex [2]. An der Steuerung scheinen aber auch der Hypothalamus [2, 37], die
Basalganglien, der parietale Kortex, das limbischen System und das Kleinhirn beteiligt
zu sein [2, 40]. Bemerkenswert hierbei ist, dass die Blasenentleerung lber das
vegetative Nervensystem ablauft, aber tber hohere Zentren willkirlich gesteuert wird.
Es ist einer der seltenen Féalle, dass eine willkirliche Kontrolle tUber vegetative

Steuerzentren erfolgt [17-21].

1.5 Geschmackswahrnehmung

Die klassische Geschmackswahrnehmung findet Uber die oropharyngealen
Geschmacksknospen statt. Bitter, suf3, umami, salzig, sauer und fettig sind die sechs
Geschmacksqualitaten, die von Geschmacksknospen erkannt werden [75-77]. Eine

Geschmacksknospe besteht aus 50 bis 100 einzelnen Zellen und ist aus
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verschiedenen Zelltypen aufgebaut [77]. Diese werden an Hand von ultrastrukturellen
Eigenschaften, Proteinexpressionsprofilen und ihren unterschiedlichen Funktionen
bzw. Eigenschaften in Geschmackszellen des Typs | bis Ill und Basalzellen eingeteilt.
Typ-I-Geschmackszellen haben eine unterstitzende Funktion und verschiedene
Eigenschaften, die auch Gliazellen aufweisen. Zudem konnte gezeigt werden, dass
Typ-lI-Geschmackszellen auf Salz reagieren [78]. Typ-lll-Geschmackszellen sind fur
die Wahrnehmung von sauer und salzig wichtig [79-86]. Basalzellen sind die
Vorlauferzellen, die sich in Geschmackszellen differenzieren [87]. In Typ-II-
Geschmackszellen in den oropharyngealen Geschmacksknospen wird die
Wahrnehmung von  bitter, si3 und umami durch die kanonische

Geschmackstransduktionskaskade vermittelt.

extracellular cations
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Abbildung 5. Geschmackstransduktionskaskade

Schematische Darstellung der aus Geschmacksknospen bekannten kanonischen
Geschmackstransduktionskaskade. Geschmacksrezeptoren (TasR), das
geschmacksspezifische G-Protein a-Gustducin, die Phospholipase CB2 (PLCB2), der
Kationenkanal TRPMS5 (transient receptor potential cation channel, subfamily M, member 5),
DAG, Diacylglycerin; ER, endoplasmatisches Retikulum; IPs, Inositoltrisphosphat; [1].

Hierzu zahlen die G-Protein-gekoppelten Geschmacksrezeptoren (TasR), die
geschmacksspezifische G-Protein a-Untereinheit a-Gustducin, die Phospholipase C32
(PLCB2) und der Kationenkanal TRPMS5 (transient receptor potential cation channel,
subfamily M, member 5) [75] (Abbildung 5.). Lange Zeit ging man davon aus, dass
jeder Geschmacksmodalitat (bitter, suf3 und umami) einer Untergruppe von
Geschmackszellen zugeordnet ist und sich die jeweiligen Geschmacksmodalitaten

gegenseitig ausschliel3en. Beispielsweise wirde eine sufRempfindliche Typ-lI-Zelle
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SuRrezeptoren exprimieren, aber nicht Bitter- oder Umami-Rezeptoren und umgekehrt
[87]. Dies scheint fur Typ-ll-Geschmackszellen auch der Fall zu sein. Kirzlich wurde
aber nachgewiesen, dass eine Subpopulation von Typ-lll-Geschmackszellen,
sogenannte  BR-(broadly responsive)-Geschmackszellen, einen  polymodalen
Charakter aufweisen und auf mehrere Stimuli (bitter, suf3, sauer und umami) reagieren
[79].

Die TaslR-Familie hat nur drei Mitglieder (TaslR1, TaslR2 und TaslR3). Sife
Verbindungen werden durch das Tas1R2/Tas1R3-Heterodimer erkannt, wahrend das
Tas1R1/Tas1R3-Heterodimer einen Umami (z.B. Glutamat)-Rezeptor darstellt [88-91].
Hierbei sei zu erwéhnen, dass einige Studien daflr sprechen, dass an der
Wahrnehmung von Umami auch metabotrope Glutamat-Rezeptoren (mGIuR), vor
allem der mGluR-4 und mGIuR-1, die in Geschmackszellen exprimiert werden, beteiligt
sind [92-96] und es zur Wahrnehmung von sif3 einen alternativen TaslR-
unabhangigen Signalweg gibt [97].

Die Wahrnehmung von Bittersubstanzen erfolgt tiber die Tas2R-Familie. Sie besitzt je
nach Spezies ca. 40 Mitglieder [98-101]. In den Typ-ll-Geschmackszellen der
Geschmacksknospe fiihrt die Stimulation der Geschmacksrezeptoren zur Aktivierung
der angeschlossenen kanonischen Geschmackstransduktionskaskade. An die oben
genannten Rezeptoren sind heterotrimere G-Proteine gekoppelt. Im nicht aktivierten
Zustand sind die G-Proteine, bestehend aus a-Gustducin und einem By-Dimer, fest mit
Guanosindiphosphat (GDP) verbunden. Kommt es zur Aktivierung am
Geschmacksrezeptor wird GDP durch Guanosintriphosphat (GTP) ersetzt und das G-
Protein zerfallt. Das By-Dimer aktiviert PLCB2, dies fuhrt zur Spaltung von PIPz in IP3
und DAG. IPs aktiviert IP3-Rezeptoren des Typs 3. Die Aktivierung dieser im ER
lokalisierten Calciumkanale, fihrt zum Ausstrom von Calcium-lonen aus dem ER. In
Folge wird die intrazellulare Calciumkonzentration ([Ca?*]i) erhéht und der lonenkanal
TRPM5 gedffnet und die Zelle depolarisiert. In Typ-ll-Geschmackszellen fihrt die
Depolarisation zur Freisetzung des in diesem Fall als Transmitter dienenden
Adenosintriphosphat (ATP) Uber Hemikanéle, wie den spannungsgesteuerten ATP-
Freisetzungskanal CALHM1 (calcium homeostasis modulator 1), der erforderlich fur
die Wahrnehmung von suf3, bitter und umami ist [75, 102-105]. Dies fuhrt zu
Aktivierung von Typ-lll-Geschmackszellen, die neben ihrer Rolle als Detektoren fir

sauer und salzig auch eine Funktion als prasynaptische Mediatorzellen zur
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Weiterleitung der Signale von Typ-ll-Geschmackszellen haben [87] und zu direkten
Erregung von sensorischen Nervenfasern (Uber Kanalsynapsen (channel
synapses)[104, 106-110].

Andere Klassen von G-Protein-gekoppelten Rezeptoren sprechen auf kurz- und
langkettige Fettsauren an [75]. Im Gegensatz dazu 6ffnen S&uren (Protonen) und
Salze (Natriumchlorid) lonenkandle, was direkt zu einer Depolarisation der
Geschmackszelle fuhrt. Als Kandidaten fiur saure Geschmacksrezeptoren wurden
nichtselektive Kationenkanale vorgeschlagen, die durch die Proteine PKD2L1
(polycystic kidney disease 2-like 1) und PKD2L3 (polycystic kidney disease 2-like 3)
gebildet werden [75, 84, 111, 112]. Allerdings zeigten Knockout-Maus-Experimenten,
dass diese Tiere nur eine verringerte, nicht aber eine ausbleibende Reaktion auf pH-
Wert-Veranderungen haben [113, 114]. Knockout-Maus-Experimenten mit Tieren
ohne funktionellem OTOP1 (Otopetrin 1) hingegen zeigen keine Reaktion auf
Veranderungen des pH-Wertes [115, 116]. Deshalb wird davon ausgegangen, dass
der lonenkanal OTOP1 primar fur die Wahrnehmung der Geschmacksqualitat sauer
verantwortlich ist [117].

Frihere Studien haben gezeigt, dass Amilorid-sensitive NaCl-Antworten in einem
Zelltyp auftreten, der weder eine Typ II- noch Typ lll-Zelle ist [118, 119], aber
maoglicherweise Typ I-Zellen [78] oder ein einzigartiger Zelltyp [120]. Ein lonenkanal,
der auch in Typ-I-Geschmackszellen vorhanden ist und von dem angenommen wird,
dass er die Salzwahrnehmung vermittelt, ist der Amilorid-sensitive epitheliale
Natriumkanal ENaC (epithelial Na-channel, auch SCNN1: sodium channel non-
neuronal 1) [118, 121-125]. ENaC ist Ublicherweise ein Heteromer, aufgebaut aus den
drei Untereinheiten a, 3 und y [126]. Die drei Untereinheiten werden durch die Gene
Scnnla, Scnnlb und Scnnlc codiert. Der Mensch hat noch eine vierte Untereinheit
(©), deren Funktion aber noch nicht geklart werden konnte [127]. Allerdings scheint
auch eine ENaC bzw. nicht amilorid-sensitive Perzeption von salzig moéglich [122].
Zudem gibt es Hinweise, dass die Salzwahrnehmung auch uber Typ-IlI-
Geschmackszellen erfolgen kdnnte [79, 82, 128]. Hierfur sprechen Expressions- sowie
Funktionsanalysen, die auch gegen die rein ENaC-vermittelte Wahrnehmung von Salz
sprechen [129]. Hierbei wurde a-ENaC hauptsachlich in Geschmackszellen vom Typ
[l gefunden. B-ENaC hingegen wurde hauptsachlich in Typ-I- und einigen Typ-lI-Zellen
gefunden.
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Abbildung 6. Geschmackswahrnehmung

Die Geschmackswahrnehmung der sechs Geschmacksqualitaten (suf3, bitter, umami, fettig, sauer und
salzig) erfolgt durch spezifische Rezeptoren. Sif3e Verbindungen werden priméar durch das
Tas1R2/Tas1R3-Heterodimer erkannt, wahrend das Tas1R1/Tas1R3-Heterodimer einen Umami (z.B.
Glutamat)-Rezeptor darstellt. Die Wahrnehmung von Bittersubstanzen erfolgt tber die Tas2R-Familie.
Salzwahrnehmung erfolgt Gber den amilorid-sensitiven epithelialen Natriumkanal ENaC und
Sauerwahrnehmung erfolgt tber OTOP1. Die Wahrnehmung von Fett wird mit CD36, GPR40 und
GPR120 in Verbindung gebracht. Adaptiert aus [75].

y-ENaC wurde hauptséachlich in Typ-lI-Zellen gefunden, mit geringen Mengen in Typ-
[ll- und Typ-I-Zellen. Interessanterweise exprimierte keine einzige Geschmackszelle
sowohl a-ENaC als auch B-ENaC [120, 129]. Folgerichtig wére die Ausbildung eines
funktionstiichtigen Heteromers in Geschmackszellen nicht moglich. a-ENaC scheint
fur die funktionelle Integritéat des lonenkanals essenziell, da die amilorid-sensitiven
Reaktionen im Knockout aufgehoben werden. Eine mogliche Erklarung besteht darin,

dass Typ-I-Zellen mdglicherweise niedrige Mengen an a-ENaC und y-ENaC unterhalb
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des Detektionslevels exprimieren. Diese wirden sich dann mit B-ENaC verbinden und
einen funktionellen Kanal in Typ-I-Zellen bilden. Eine weitere Mdglichkeit ware die aus
Experimenten bekannte Ausbildung amilorid-sensitiver Homomere aus ENaCa-
Untereinheiten [130, 131]. Die Wahrnehmung von Fett scheint durch eine Kombination
von Somatosensorik und Gustatorik zu erfolgen. Friiher ging man davon aus, dass die
Wahrnehmung von Fett nur tiber seine Textur und somit somatosensorisch erfolgt [75].
Es konnten aber spezifische Membranrezeptoren, wie CD36 (cluster of differentiation
36; auch FAT: fatty acid translocase), GPR40 (G-protein coupled receptor 40; auch
FFAR1: Free fatty acid receptor 1) oder GPR120 (G-protein coupled receptor 120;
auch FFAR4: Free fatty acid receptor 4), die fur den Nachweis von Fettsauren
essentiell sind, in Sinneszellen in den Geschmacksknospen nachgewiesen werden
[132-136] und zudem gezeigt werden, dass freie Fettsauren Sinneszellen in den
Geschmacksknospen stimulieren [132, 137, 138]. Somit kann auch fettig als eine
weitere Geschmacksqualitat angesehen werden [139]. Eine Ubersicht, welche
Rezeptoren bzw. Proteine oder Mechanismen zur Wahrnehmung der sechs

Geschmacksqualitaten verwendet werden, wird in der Abbildung 6. gezeigt.

1.6 Chemosensorische Wachterzellen

Bei Saugetieren enthalten die Schleimhéaute der Atemwege und des Magen-Darm-
Trakts spezielle solitare Epithelzellen mit flaschenahnlicher Gestalt. Aufgrund ihres
charakteristischen Birstensaums am apikalen Ende aus Mikrovilli werden sie als
"Burstenzellen” bezeichnet [140-143].

Mittels Antikorpernachweis wurde Villin, ein Strukturprotein dieser Mikrovilli, als ein
charakteristischer Marker fur diese Burstenzellen definiert [140]. Neuere Daten weisen
allerdings daraufhin, dass es sich auch um das Strukturprotein Advillin handeln kénnte.
Somit ware die Markierung eine Folge einer Kreuzreaktivitdt der verwendeten
Antikorper [144]. Ursprunglich wurde dieser Zelltyp allein aufgrund seiner
charakteristischen Ultrastruktur identifiziert. Rhodin und Dalhamn beschrieben 1956
erstmals mittels Elektronenmikroskopie im Trachealepithel der Ratte einen seltenen
Zelltyp ohne Flimmerhérchen, statt dessen mit birstenartigen Fortsatzen, die sie
veranlassten, diese Zelle als ,Burstenzelle® zu bezeichnen [141]. Zellen mit &hnlicher,

wenn nicht vollig identischer Ultrastruktur, wurden an verschiedenen Stellen der
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oberen Atemwege und im Magen-Darm-Trakt gefunden [140, 145-149]. Sowohl aus
historisch gewachsenen als auch aus morphologischen Griinden werden diese Zellen
in unterschiedlichen anatomischen Organsystemen unterschiedlich benannt. Im Darm
etablierte sich die Nomenklatur "tuft (Buschel)" oder "tuft cells (Biischelzellen)" [150,
151]. In den oberen Atemwegen werden diese Zellen bevorzugt als ,solitare
chemosensorische Zellen® bezeichnet [152, 153]. Erste Hinweise auf ihre
chemosensorische Funktion ergaben sich aus dem immunhistochemischen Nachweis
des geschmacksspezifischen G-Proteins a-Gustducin in diesen Zellen [147, 152]. In
der Zwischenzeit zeigten strukturelle, histochemische und
Einzelzellsequenzierungsdaten mehrere einzigartige charakteristische Merkmale, die
unterschiedliche Zellpopulationen innerhalb und zwischen Organen definieren [154-
158]. Neben a-Gustducin wurden auch andere Komponenten der kanonischen
Geschmackstransduktionskaskade (siehe 1.3.) in den Birstenzellen der Atemwege
und des Magen-Darm-Traktes identifiziert. Hemmung von Komponenten der
Geschmackstransduktionskaskade, wie zum Beispiel die Hemmung von PLCB2 oder
TRPM5, oder die genetische Deletion von TRPM5 schwéchte die Reaktion von
Burstenzellen auf bittere Reize ab [159-162]. Bei genetischer Deletion von TRPM5
geht im Infektionsmodell mit Helminthen der natirliche Abwehrmechanismus des
Magen-Darm-Trakts gegen Wurmer verloren [151]. Dies legt nahe, dass die
Rezeptoren und Transduktionsmechanismen in Typ-ll-Geschmackszellen und
extraoralen chemosensorischen Zellen sehr dhnlich sind. Allerdings ist zu bemerken,
dass wahrend Typ-ll-Geschmackszellen ATP als priméren Botenstoff verwenden,
zumindest Burstenzellen der Atemwege ACh als Botenstoff nutzen. Hierzu exprimieren
sie das ACh synthetisierende Enzym Cholinacetyltransferase (ChAT) [155, 162, 163].
Ein weiterer eindeutig identifizierter Burstenzellmarker ist DCLK1 (Doublecortin-like
kinase 1; Synonym: Doublecortin and CaM kinase-like 1 [DCAMKL1]) [164-168].
Inzwischen ist bekannt, dass diese Zellen mit Hilfe verschiedener Rezeptoren und der
kanonischen Geschmackstransduktionskaskade mdgliche Schadstoffe, wie "bittere"
Bakterienprodukte, virulenz-assoziierte Formyl-Peptide oder Helminthen, in der
Schleimhautflissigkeit detektieren und gezielt protektive Mechanismen, wie den
Verschluss von Géangen, die in benachbarte Kompartimente fihren
(Vomeronasalorgan), Atemreflexe, tracheale mukoziliare Reinigung (mucociliary
clearance), neurogene Entzindungen oder Typ-2-Immunantworten [140-143, 151-
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153, 155, 157, 161, 162, 167, 169-171], einleiten, um das weitere Eindringen der
potenziell schadlichen Substanzen zu verhindern. Hierzu setzen sie nach Stimulation
ACh frei, um benachbarte sensorische Nervenendigungen und andere Zellen durch
cholinerge Signaltbertragung zu beeinflussen [155, 162, 163]. Deshalb wird
Birstenzellen eine Rolle als Wachterzellen zugesprochen. Sie sind besonders haufig
an anatomischen Eintrittsstellen in den Korper, wie den oberen Atemwegen (Eingang
in die gesamten Atemwege) [160, 172], in der Tuba auditiva (Eingang zum Mittelohr)
[149], Nasenoffnung des Ductus vomeronasalis [161], Gallenblase, Gallen- und
Pankreasgang (Verbindung von Darm zu Leber und Gallenblase bzw.
Bauchspeicheldrise), dem Gastrointestinaltrakt [140, 145, 173-175], der Konjunktiva
[176] und dem gingivalen Saumepithel [177] zu finden. Burstenzellen konnten auch im
Thymus detektiert werden [178]. Alle diese Zellen sind eng miteinander verwandt,
obwohl es organspezifische Unterschiede gibt [77, 157, 179, 180]. Entsprechend ihrer
Waéchterfunktion nimmt die Anzahl der Birstenzellen mit zunehmendem Abstand von
Eingang, zumindest in den Atemwegen, ab. In der Maus gibt zahlreiche Birstenzellen
in der Nase und fast keine mehr in den intrapulmonalen Atemwegen [181]. Dies weist
auf ein allgemeines Prinzip hin, bei dem chemosensorische Wachterzellen im
Eingangsbereich zur aufRReren Umgebung oder inneren Korperoberflachen mit
bakterieller Besiedlung vorkommen und entscheidende Elemente des angeborenen
mukosalen Immunsystems darstellen [164, 181-185]. Vor diesem Hintergrund war ein

ahnliches birstenzellbasierendes Wachtersystem in den Harnwegen zu erwarten.

1.7 Die solitaren Zellen der Urethra

Im Urethralepithel befinden sich neuroendokrine Zellen. Hierbei handelt es sich um
solitére Zellen, die morphologisch durch elektronenmikroskopisch sichtbare Vesikel im
basalen Zellbereich charakterisiert sind. Diese auch als Paraneurone bezeichneten
Zellen konnen durch die Expression von Tryptophanhydroxylase (Synthese von
Serotonin), Chromogranin A (sekretorisches Vesikelprotein) und Protein Gene Product
9.5 (neuronaler Marker) molekular identifiziert werden [62, 186-202]. Sie wurden
erstmals 1951 von Feyrter in der Urethra beschrieben. Feyrter bezeichnete sie als
,Helle Zellen® aufgrund ihres ,chromophoben® Charakters in Standardfarbungen [203,

204]. Durch Formaldehydbehandlung fluoreszieren diese Zellen aufgrund des Amins
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Serotonin, genauso wie die enterochromaffinen Zellen des Magen-Darm-Traktes, gelb
und werden mit chromsalzhaltigen Lésungen schwarz gefarbt [205, 206]. Deshalb
wurden sie friher auch als urethrale chromaffine Zellen bezeichnet [191, 192, 207-

209]. Ein weiterer bislang unbekannter solitarer Zelltyp ist Gegenstand dieser Arbeit.

1.8 Klinische Relevanz dieser Arbeit

Davon ausgehend, dass es sich bei dem bislang unbekannten solitdren Zelltyp auch
um eine chemosensorische Wachterzelle handelt, die als Abwehrmechanismus die
Miktion beeinflusst, gibt zwei klinisch relevante Aspekte, die in direkter Verbindung mit

dieser Arbeit stehen: Harnwegsinfekte und das Syndrom der tiberaktive Blase.

1.8.1 Das Syndrom der tberaktive Blase

Das Syndrom der Uberaktiven Blase (auch hyperaktive Blase, friher: Reizblase oder
nervose Reizblase; overactive bladder (OAB) syndrome) ist eine haufige funktionelle
Storung der Blasenfunktion, die etwa 12-16% der Bevolkerung in den westlichen
Landern und Millionen von Menschen weltweit betrifft [210-213]. Diese funktionelle
Storung hat keine bekannte organpathologische Grundlage. Betroffene leiden unter
standigem Harndrang und tberdurchschnittlich haufiger Blasenentleerung (Polyurie);
hierbei handelt es sich meist um die haufige Abgabe kleiner Urinmengen (Pollakisurie).
Dies ist oft mit Harninkontinenz und oder nachtlichem Harnlassen (Nykturie) assoziiert
[213-217]. Die Ursachen fur das OAB-Syndrom sind multifaktoriell und bislang noch
nicht vollstandig geklart [218]. Mit einem OAB-Syndrom ist oftmals, aber nicht
zwingend, eine fehlerhafte Steuerung und damit einhergehend eine fehlerhafte
Kontraktion und somit eine messbare Uberaktivitat des Detrusormuskels, d.h. eine
Detrusorhyperaktivitat verbunden. Wéahrend der Fullungsphase ist der Detrusormuskel
normalerweise entspannt und die Blase kann sich ausdehnen. Bei Betroffenen ist dies
nicht der Fall. Der Detrusormuskel kontrahiert bei Menschen mit OAB-Syndrom schon
in der Fiallungsphase, auch wenn keine oder nur kleine Mengen Urin in der Blase
vorhanden sind. Das Zusammenziehen I6st Harndrang aus, der von den Betroffenen
meist nicht unterdrickt werden kann. Das OAB-Syndrom wird derzeit haufig mit
Antagonisten von mAChR behandelt [43, 69, 219-221]. In Deutschland zugelassene

Substanzen sind Darifenacin (M3-Rezeptor-Antagonist), Fesoterodin (M2/3-Rezeptor-
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Antagonist), Oxybutinin (M1/2/3-Rezeptor-Antagonist), Propiverin (M2/3-Rezeptor-
Antagonist), Solifenacin (M3-Rezeptor-Antagonist), Tolterodin (M2/3-Rezeptor-
Antagonist), Trospiumchlorid (M2/3-Rezeptor-Antagonist; Keine ZNS-Nebenwirkung)
[219, 222-250]. Die zugrunde liegende Idee hierbei ist, dass wahrend der Fllphase
durch die Blockade der mAChR des Detrusormuskels die pathophysiologischen
Kontraktionen gehemmt werden [247]. Ein weiteres Leitsymptom der OAB ist der
imperative Harndrang, welches auch durch die Therapie mit Antimuskarinika gelindert
wird [247, 251]. Die Grundlage dieses Symthome ist wohl auch eine Kontraktion des
Detrusormuskels bereits in der Fullphase. Weil Antimuskarinika sowohl zur Linderung
der Polyurie als auch zur Linderung des imperativen Harndrangs fuhren, muss unter
pathophysiologischen Bedingungen ACh auch in der Fillphase freigesetzt werden.
Unter physiologisch Bedingungen wird in der Fillphase allerdings kein ACh aus den
parasympathischen Nerven, die den Detrusormuskel innervieren, freigesetzt [252].
Eine mogliche Erklarung hierfur ist, dass es noch eine weitere nicht-neuronale Quelle
far ACh gibt. Eine pathologische Steigerung der ACh Freisetzung aus dieser nicht-

neuronalen ACh-Quelle stellt eine mogliche Erklarung fur die Detrusoriberaktivitat dar.

1.8.2 Harnwegsinfekte

Die ableitenden Harnwege und somit auch die Urethra sind aber nicht nur einfache
muskulare Rohren zur Speicherung und Abgabe von Harn. Aufgrund ihrer direkten
Verbindung zur AuRenwelt stellen sie eine potentielle Eintrittspforte flr toxische
Substanzen und Mikroben dar [253].

Harnwegsinfekte (urinary tract infection; UTI) gehoren zu den haufigsten bakteriellen
Infektionen weltweit und werden multifaktoriell in ihrer Entstehung beeinflusst [254,
255]. Zu UTI zahlen Infektionen der Urethra (Urethritis), der Blase (Zystitis), des
Ureters (Ureteritis) und der Nieren (Pyelonephritis). Angesichts der Haufigkeit der
Erkrankung ist es von entscheidender Wichtigkeit, mehr tUber die Grundlagen der
Bakterien-Wirt-Beziehung und die Mechanismen im Korper zu erfahren, die sich bei
einer UTI abspielen. Dieses Verstandnis konnte spater die Grundlage fir neue
alternative Therapien und Therapieansatzpunkte bilden. Hauptausloser von
Entziindungen im Urogenitaltrakt sind durch Bakterien verursachte UTI. Fur UTl ist ein

aszendierender Verlauf typisch. Die Keime gelangen durch Schmierinfektion zur

27



Einleitung

auReren Harnréhrenoffnung und wandern die Urethra hinauf in die Harnblase oder bis
in die Niere, wo sie zu einer Zystitis bzw. Pyelonephritis fihren. Uropathogene
Escherichia coli (UPEC) sind fur 75 bis 95% der UTI weltweit verantwortlich [256, 257].
Sie gehdren zur Familie der Enterobakterien. Sie sind gerade, sporenlose,
gramnegative Bakterien, die unter fakultativ anaeroben Bedingungen wachsen. Es ist
bekannt, dass Bakterien bitterrezeptoraktivierende Substanzen produzieren und
sezernieren [159, 258, 259]. In bakteriellen Biofilmen kénnen solche Substanzen eine
Konzentration von bis zu 600 uM erreichen [260]. Biofilme werden unter anderem von
gramnegativen Bakterien wie Pseudomonas aeruginosa produziert, die fur den
grol3ten Teil der katheterassoziierten Harnwegsinfekte verantwortlich sind [261]. Der
Glutamatmetabolismus unterstlitzt das pathogene Potential von Proteus mirabilis im
Harnwegsbereich [262], und freie Aminosauren (“‘umami”) erleichtern das

Bakterienwachstum im Urin [263].
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2 Zielsetzung dieser Arbeit

Ausgehend von der Hypothese, dass es an verschiedenen Eingangen in den Korper
chemosensorische Zellen mit Wéachterfunktion gibt, war es Ziel dieser Arbeit zu klaren,
ob es in der Urethra neben den bereits bekannten neuroendokrinen Zellen noch einen
weiteren burstenzell-ahnlichen Zelltyp gibt. Folgende initiale Hypothese wurde im
Rahmen dieser Forschungsarbeit adressiert:

1. Es gibt Burstenzellen im Epithel der Urethra - [I]

Nach der Entdeckung der ,urethralen Burstenzellen (UBC)“ folgte die
Charakterisierung dieser erstmals identifizierten Zellen. Da bei Birstenzellen des
Respirationstraktes eine  morphologische und molekulare Ahnlichkeit zu
Geschmackszellen festgestellt werden konnte, fokussierte sich die initiale
Charakterisierung der neuendeckten UBC auf die Hypothese, dass es sich auch hier
um chemosensorische Wachterzellen handelt, die mittels Geschmacksrezeptoren und
Elementen der Geschmackssignaltransduktionskaskade entscheidend an der
Detektion und Abwehr von eindringenden Noxen und Keimen beteiligt sind.

Der Name ,urethrale Birstenzelle wurde aufgrund ihrer hohen Ahnlichkeit zu
Burstenzellen, die bereits aus dem Respirationstrakt, dem Magen-Darm-Trakt und den
Gallenwegen bekannt waren, gewahlt. Im Laufe der Arbeit stellte sich heraus, dass es
sich bei den urethralen Burstenzellen aber um mindestens zwei unterschiedliche
Zellpopulationen handelt.

UBC oder urethrale cholinerge chemosensorische Zellen (UCCC), die Gegenstand
dieser Arbeit sind, definiert durch die Expression von Advillin bzw. Villin, ChAT und der
Geschmackstransduktionskaskade und weiteren Burstenzellmarkern, werden im
Folgenden als UCCC oder aus historisch gewachsenen Griinden als UBC bezeichnet.
Die zweite Population ist zwar mittels Antikdrpern gegen Villin markierbar, hat aber
weder ChAT noch die Komponenten der Geschmackstransduktionskaskade. Es
handelt sich daher um nicht-cholinerge Burstenzellen.

Die Charakterisierung von UCCC wurde im Rahmen dieser Forschungsarbeit mittels
folgender Hypothesen durchgefihrt (Die Ziffern verweisen auf die zugehérigen

Original- und Ubersichtsarbeiten).
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2. UCCC exprimieren Elemente der Geschmackswahrnehmung -2 [I], [IV]

3. UCCC sind polymodale Chemosensoren - [l], [IV]

4. UCCC verwenden Acetylcholin als Botenstoff fir parakrine und
autokrine Signaltubertragungen = [1], [1l1]

5. UCCC I6sen neuronale Reflexe aus =2 [l]

6. UCCC sind in verschiedenen Saugetierspezies prasent = [l], [I1]

7. UCCC entstehen postnatal und es gibt einen geschlechtsspezifischen
Unterschied in der Entwicklung = [V]

8. Das Protein MyD88 und Toll-like Rezeptoren haben einen Einfluss auf die
Entwicklung von UCCC - [V]

9. UCCC sind chemosensorische Wachterzellen, initiieren
Abwehrmechanismen und beeinflussen die Miktion = [1], [llI-VII]
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3 Ergebnisse und Diskussion
3.1 Es gibt Burstenzellen im Epithel der Urethra

I. Deckmann K*, Filipski K*, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, Papadakis T, Renno L,
Jurastow |, Wessels L, Wolff M, Schitz B, Weihe E, Chubanov V, Gudermann T, Klein J, Bschleipfer T,
Kummer W. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes. Proc Natl Acad Sci U S A. 2014;111(22):8287-92.

Um initial zu klaren, ob es urethrale Birstenzellen gibt, wurden zwei unabh&ngig
erzeugte Reporter-Mausstamme [264, 265] verwendet. Hierbei handelt es sich um
ChAT-eGFP-Mausstamme. In diesen gentechnisch veranderten Mausstammen ist
hinter einem zusatzlichen artifiziell ins Genom der Mause eingebrachten Promotor des
ChAT-Gens das Gen eines grunfluoreszierenden Proteins (eGFP) eingeflgt.
Hierdurch wird in diesen Reporter-Mausstammen in jeder Zelle, in der ChAT exprimiert
wird, auch das uUber Fluoreszenz detektierbare eGFP exprimiert. Beim Screening von
Gewebeschnitten und Gesamtgewebepraparaten (whole mounts) der Urethra und des
restlichen Urogenitaltrakts dieser ChAT-Reporter-Mausstamme konnten erstmals
solitare ChAT-positive Zellen im Epithel der Urethra identifiziert werden. Die ChAT-
eGFP*-Zellen waren aber nur im Epithel der Urethra, nicht im Epithel des
Nierenbeckens, des Harnleiters, der Harnblase oder des Beckensegments des Vas
deferens zu finden (Abbildung 7.). Zudem konnten diese Zellen bei mannlichen
Mé&usen in den Ausfihrungsgangen der Prostata, Blaschendriise, Koagulationsdrisen
sowie bei mannlichen und weiblichen Mausen in den Ausfuhrungsgangen der
periurethralen Driisen jeweils in der Nahe der Offnung zur Urethra, nicht aber in den
Drisen selbst, gefunden werden. Die Form der Zellen variiert von der typischen
flaschenartigen Struktur, bekannt von den trachealen Burstenzellen, mit einer breiten
Basis an der Basalmembran und einer langlichen Spitze, die Richtung Lumen reicht,
bis hin zu komplexeren Morphologien mit schlanken Ful3fortsatzen, die direkt auf die
Basallamina reichen oder sich ihr schrag anndhern. Es konnten auch Zellen mit
horizontal ausgerichtetem Zellkorper identifiziert werden, bei denen unklar bleibt, ob

sie Kontakt zum Lumen der Urethra haben (Abbildung 8.).
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Abbildung 7. Cholinerge Epithelzellen in der Urethra

Gewebeschnitte der Urethra und des restlichen Urogenitaltrakts von ChAT-eGFP-Mausen.
Solitdre ChAT-eGFP*-Zellen konnten nur im Epithel der Urethra identifiziert werden. Sie
wurden nicht im Epithel des Nierenbeckens, des Harnleiters, der Harnblase gefunden. Das
eGFP-Signal (grin) wurde mittels Cy3-konjugiertem Antikérper (orange) verstarkt. In allen
anderen Teilen der Harnwege wurden cholinerge Nervenfasern (Pfeile) durch
Antikérpermarkierung sichtbar. Hierbei wurden jedoch keine ChAT-eGFP-exprimierenden
Epithelzellen sichtbar; [I].

Bei den Burstenzellen handelt es sich nicht um neuroendokrine Zellen. Dies konnte
anhand von Doppelmarkierungen mit Antikdrpern gegen spezifische Marker von
neuroendokrinen Zellen - Serotonin (Produkt der Tryptophanhydroxylase),
Chromogranin A (sekretorisches Vesikelprotein) oder Protein Gene Product 9.5
(neuronaler Marker) — und Antikdrpern gegen Birstenzellmarker (Villin) oder Marker
fur cholinerge Burstenzellen (ChAT) ermittelt werden. Ob urethrale Burstenzellen
Villin, Advillin oder beides exprimieren, ist zurzeit nicht eindeutig geklart. Bei beiden
Proteinen handelt es sich um Mikrovillusstrukturproteine mit einer sehr hohen
Ahnlichkeit. Daher kénnen Kreuzreaktivitaten der verwendeten Antikdrper nicht
endgultig ausgeschlossen werden. Daten aus Burstenzellpopulationen des

Gastrointestinaltrakts weisen auf eine Expression von Advillin hin [144].
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Abbildung 8. Morphologie der urethralen ChAT-eGFP*-Zellen

Gewebeschnitt der Urethra einer ChAT-eGFP-Maus zur Darstellung der komplexen
Morphologie der urethralen ChAT-eGFP*-Epithelzellen (griin). Die Aufnahme wurde mittels
Z-Stack erstellte, Uberlagerte und auf eine Z-Ebene reduzierte. Die Form der Zellen variiert
von der typischen flaschenartigen Struktur mit einer breiten Basis und einer langlichen Spitze,
die Richtung Lumen reicht, bis hin zu komplexeren Morphologien mit schlanken
FulRfortsatzen. Es sind auch Zellen mit horizontal ausgerichtetem Zellkdrper zusehen.
Autofluoreszenz des Urethraepithels ist in Rot sichtbar. Die Aufnahme wurde mit einem
Konfokalen-Laser-Scanning-Mikroskops aufgenommen.

Es wurden zwei Villin-immunreaktive Zellpopulationen identifiziert: cholinerge und
nicht-cholinerge Burstenzellen (Abbildung 9.). Solitire chemosensorische Zellen
waren bis dato aus verschiedenen Organsystemen bekannt. Sie konnten unter
anderem im respiratorischen und im Gastrointestinal-Trakt identifiziert werden. Bislang
unbekannt war, dass es solche Zellen auch in der Urethra gibt. Wahrscheinlich blieben
sie aufgrund ihrer anatomischen Beschrankung auf das Eintrittsportal in den
Urogenitaltrakt (d.h. die Harnréhre und die Drusengange, die sich in diesen 6ffnen)
unentdeckt, da sich frihere Suchen auf die zentralen Organe des Urogenitaltraktes
(Blase, Niere, Gebarmutter und Prostata) konzentrierten [140]. Somit konnte erstmals
gezeigt werden, dass es urethrale Birstenzellen bzw. solitéare cholinerge Zellen in der
Urethra gibt.
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Abbildung 9. Cholinerge Epithelzellen sind keine neuroendokrinen Zellen
Immunfluoreszenzbilder muriner Urethrae von ChAT-eGFP-Mausen. (A) Eine ChAT-eGFP-
Zelle erstreckt sich durch die Epithelschicht der Urethra. Kerne wurden mit DAPI gegengefarbt.
(B) ChAT-eGFP-Zellen (Pfeile) unterscheiden sich von Protein gene product 9.5 (PGP)-
immunreaktiven neuroendokrinen Zellen (Pfeilspitzen). (C) Die ChAT-eGFP-Zelle (Pfeil) zeigt
keine Immunreaktivitat bei Antikérpern gegen den neuroendokrinen Zellmarker Chromogranin
A (CGA). Die Pfeilspitze zeigt eine CGA* neuroendokrine Zelle. (D). Die flaschenférmige
ChAT-eGFP*-Zelle ist immunreaktiv fuir den Blrstenzellmarker Villin. (Insert) Farbung mit
Antikdrpern gegen Villin, zeigt die Konzentration von mikrovillésem Protein am apikalen
Zellpol. EGFP (grun), Villin-immunreaktivitéat (orange) und Zellkerne (DAPI; blau) (E) Villin*-
Zelle ist nicht ChAT* (oberer Pfeile). Eine weitere Zelle ist doppelt positiv (unterer Pfeil); [I].

3.2 UCCC exprimieren Elemente der Geschmackswahrnehmung

I. Deckmann K*, Filipski K*, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, Papadakis T, Renno L,
Jurastow |, Wessels L, Wolff M, Schiitz B, Weihe E, Chubanov V, Gudermann T, Klein J, Bschleipfer T,
Kummer W. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes. Proc Natl Acad Sci U S A. 2014;111(22):8287-92.

IV. Kandel C, Schmidt P, Perniss A, Keshavarz M, Scholz P, Osterloh S, Althaus M, Kummer W, Deckmann
K. ENaC in Cholinergic Brush Cells. Front Cell Dev Biol. 2018 Aug 15;6:89.

Wie in chemosensorischen Zellen des Respirations- bzw. Magen-Darm-Traktes,
koénnen auch in UCCC Elemente der kanonischen Geschmackstransduktionskaskade

nachgewiesen werden. Sie exprimieren a-Gustducin, PLCB2 und TRPMS5. Hierbei
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zeigte sich auch, dass die ChAT-eGFP- und TRPM5-Immunmarkierung nahezu 1:1
Ubereinstimmen. Ein vergleichbares Bild zeigte sich auch bei DCLK1, einem anderen
Marker fur Birstenzellen (Abbildung 10.).

eGFP | merge

Abbildung 10. ChAT-eGFP*-Zellen der Urethra exprimieren Elemente der
Geschmackstransduktionskaskade und den Burstenzellmarker DCLK1
Immunfluoreszenzbilder muriner Urethrae von ChAT-eGFP-Mausen. (A) ChAT-eGFP*-Zellen
(grin) und werden durch Antikérper gegen TRPM5 (orange) markiert; Kerne sind mit DAPI
blau markiert. (B) Eine ChAT-eGFP*-Zelle ist immunmarkiert fur PLCB2 (B), (C) a-Gustducin
(aGust); [1]; (D) bzw. DCLK1.

Die Mehrheit der ChAT-eGFP*-Zellen war PLCB2* und ein Drittel war a-Gustducin®*.
Dieses unvollstandige Kolokalisationsmuster ist mit der Beobachtung kongruent, dass
es verschiedene Subpopulationen von Birstenzellen in der Urethra gibt, einschlief3lich
cholinerger/ TRPM5* und nicht-cholinerger Villin*, meist TRPM5~, Zellen. RT-PCR-
Analyse von isolierten UCCC ergab eine  mRNA-Expression der
Geschmacksrezeptoren TaslR1 und Tasl1lR3, zustandig fur die Wahrnehmung von
Umami, sowie die Expression des Bittergeschmacksrezeptors Tas2R108, zu dessen
Liganden der Bitterstoff Denatonium zahlt. Tas2R119 und Tas2R105, dessen Ligand
Cycloheximid ist, hingegen konnten nicht nachgewiesen werden. RT-PCR-Analysen
von isolierten UCCC zeigten auch eine mRNA-Expression der fur die ENaC
Untereinheiten kodierenden Gene Scnnla, Scnnlb und Scnnlg (Abbildung 11.).
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Abbildung 11. UCCC exprimieren verschiedene Proteine zur Wahrnehmung von
Geschmacksqualitaten.
RT-PCR von isolierten UBC/UCCC (A) Nachweis von Geschmacksrezeptoren und Trpmb5.
Zunge fungiert als Positivkontrolle; B2-Mikroglobulin (B-MG) als Housekeeping-Gen; (B)
Nachweis von Scnnla, b, g und eGFP; Niere fungiert als Positivkontrolle. B-Aktin als
Housekeeping-Gen; [I; 1V].
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Kolokalisation der ENaCa-Untereinheit und TRPM5 zeigten. Allerdings wiesen nicht
alle UCCC eine Expression der ENaCa-Untereinheit auf (Abbildung 12.).

Immunhistochemische Untersuchungen ENaCa-Reporterméausen

(Scnnla/tdTomato-Reportermausen)  stitzen Ergebnisse, da sie eine

A TRPM5 i

o

Abbildung 12. UCCC exprimieren ENaCa

(A, B) In Gefrierschnitten der Urethra von ENaCa-Reportermausen (orange oder rot) wurden
UCCC mittels Antikdrper gegen TRPM5 markiert (griin) und Zellkerne mittels DAPI (blau)
gefarbt. Mehrere Epithelzellen exprimieren nur ENaCa (Pfeile in A). Mindestens zwei von
ihnen (lange Pfeile in A) sind Deckzellen des Urothels, gemessen an ihrer Form und Position.
Die Pfeilspitzen zeigen auf ENaCa-(orange) und TRPM5-(griin) doppelt positive Zellen, die
doppelte Pfeilspitze zeigt auf eine TRPM5-immunreaktive Zelle, die keine ENaCa-Markierung
aufweist; [IV].
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Diese Beobachtungen lassen vermuten, dass nur eine Subpopulation von UCCC
ENaCa exprimiert. Ein auffalliges Merkmal von UCCC ist die Koexpression von
Geschmacksrezeptoren der TaslR- und Tas2R-Familien. In ahnlicher Weise
exprimieren einzelne nasale chemosensorische Zellen Tas1lR3 gemeinsam mit
Tas2R5 und Tas2R8 [266]. Diese Situation steht im Gegensatz zur oropharyngealen
Gustation in Typ-llI-Geschmackszellen, bei der Tas1R- und Tas2R-Rezeptoren nicht
coexprimiert werden [99, 266]. Dies hat zur Folge, dass 83% der Typ-Il-
Geschmackszellen in den Geschmacksknospen der Papilla vallata von M&ausen auf
nur eine einzige Geschmacksqualitat reagieren [267] und sich die jeweiligen
Geschmacksmodalitdten gegenseitig ausschlieRen [87]. Eine Subpopulation von Typ-
[lI-Geschmackszellen, sogenannte BR (broadly responsive) — Geschmackszellen,
weist hingegen einen polymodalen Charakter auf [79]. Demnach konnte gezeigt
werden, dass die neu entdeckten, solitdren, cholinergen Zellen potenzielle

Chemosensoren sind.

3.3 UCCC sind polymodale Chemosensoren

I. Deckmann K*, Filipski K*, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, Papadakis T, Renno L,
Jurastow |, Wessels L, Wolff M, Schitz B, Weihe E, Chubanov V, Gudermann T, Klein J, Bschleipfer T,
Kummer W. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes. Proc Natl Acad Sci U S A. 2014;111(22):8287-92.

IV. Kandel C, Schmidt P, Perniss A, Keshavarz M, Scholz P, Osterloh S, Althaus M, Kummer W, Deckmann
K. ENaC in Cholinergic Brush Cells. Front Cell Dev Biol. 2018 Aug 15;6:89.

Anhand der intrazellularen Calcium-Konzentration wurde die Reaktion von isolierten
UCCC auf verschiedene Substanzen gemessen. Hierbei zeigte sich, dass UCCC
entsprechend ihrem Rezeptorprofil auf verschiedene Substanzen mit einer Erh6hung
der intrazellularen Calcium-Konzentration reagieren. UCCC reagieren auf die
Bittersubstanz Denatonium, Mononatrium L-Glutamat (Umami), NaCl (salzig) und ATP.
AulBerdem reagieren UCCC auf hitzeinaktivierte UPEC (Abbildung 13.).
Interessanterweise zeigen UCCC hierbei ein polymodales Antwortverhalten
(Abbildung 14.).
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Abbildung 13. UCCC reagieren auf verschiedene Geschmacksqualitaten und UPEC
Bestimmung der intrazellularen Calciumkonzentration ([Ca?*]) von isolierten, vereinzelten
ChAT*-Zellen (UCCC) aus ChAT-eGFP-Mausen nach Applikation verschiedener Substanzen
mittels kontinuierlichen Konfokale Laserscanning-Aufnahmen der Intensitat der Fluoreszenz
des Calciumindikators Calcium Orange. Alle Substanzen wurden unter kontinuierlichem Fluss
in der Kammer hinzugefiigt, so dass die angegebenen Konzentrationen anfanglich erreicht
waren und dann ausgewaschen wurden. (A) UCCC reagieren auf ATP (0.5 mM) Denatonium
(25 mM) und Mononatrium L-Gutamat (25 mM) (N=32) (B) UCCC reagieren auf NaCl (50 mM)
(N=75). (C) UCCC reagieren auf hitzeinaktivierte UPEC (2-5x107 koloniebildenden Einheiten)
im vergleichbaren Umfang wie auf ATP (0.5 mM). Die y-Achse zeigt arbitrdre Einheiten
(arbitrary unit; AU), die mit der [Ca?*]; korrelieren. Die Graphen zeigen Mittelwert und SEM.
*p<0,05, gepaarter t-Test; [I; IV].

Somit konnten wir zeigen, dass eine betrachtliche Anzahl von auf Denatonium
ansprechenden UCCC auch auf Mononatrium L-Glutamat reagiert. In Bezug auf die
oropharyngeale Gustation spiegeln diese Substanzen einen aversiven (Denatonium:
Bitter) und einen attraktiven (Mononatriumglutamat: Umami) Stimulus wider und

werden Ublicherweise von verschiedenen Zellpopulationen wahrgenommen, die
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immer noch als Subtypen von Typ-lI-Geschmackszellen angesehen werden [75]. Die
vorliegenden Daten zeigen, dass in UCCC offenbar ein breiteres Spektrum an
Substanzen bzw. Geschmacksqualitditen wahrgenommen wird [78]. Interessant ist
hierbei die kirzlich entdeckten ,broad responsive“-Geschmackszellen, die dem Typ Il
zugeordnet wurden. Diese Zellen reagieren sowohl auf bitter, stf3, umami und sauer
Stimuli und weisen daher auch einen polymodalen Charakter auf [79]. Dies ist ein
Hinweis darauf, das UCCC moglicherweise eine ndhere Verwandtschaft zu Typ-IlI-
Geschmackszellen als zu Typ-ll-Geschmackszellen aufweisen koénnten. Dagegen
spricht allerdings das unterschiedliche Profil der Signalkaskaden beider Zelltypen.
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Abbildung 14. UCCC sind polymodal

Antwortverhalten von isolierten UCCC (N=37) auf sequenzielle Stimulation mit NaCl (50 mM)
Denatonium (25 mM) und ATP (0.5 mM). Bestimmt wurde die intrazellulare
Calciumkonzentration ([Ca?']) von isolierten, vereinzelten ChAT*-Zellen (UCCC) aus ChAT-
eGFP-Mausen mittels kontinuierlichen konfokalen Laserscanning-Aufnahmen der Intensitéat
der Fluoreszenz des Calciumindikators Calcium Orange. Alle Substanzen wurden unter
kontinuierlichem Fluss in der Kammer hinzugefuigt, so dass die angegebenen Konzentrationen
anfanglich erreicht und dann ausgewaschen wurden. Die Sequenz der Stimuli wurde zwischen
den Experimenten geéndert. Graphen zeigen reprasentative Aufnahmen von einzelnen
ChAT*-Zellen. Die y-Achse zeigt arbitrare Einheiten (arbitrary unit; AU), die mit [Ca?*]
korrelieren; [IV].
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Letztlich untermauern die bisherigen Ergebnisse den polymodalen Charakter von
UCCC. Dieser polymodale Charakter und damit die Méglichkeit zur Aktivierung durch
Substanzen, die in der oropharyngealen Gustation als aversiv, und anderen
Substanzen, die als attraktiv. wahrgenommen werden, stellt keinesfalls einen
Widerspruch dar, da alle detektierten Substanzen ein potentielles Gefahrensignal in
der Urethra darstellen. Dies lasst sich dahingehend erkléaren, dass Bakterien einerseits
in der oropharyngealen Gustation als aversiv wahrgenommene
bitterrezeptoraktivierende Substanzen produzieren und sezernieren [65, 125, 126] und
andererseits freie Aminosauren (‘umami”), die in der oropharyngealen Gustation als
attraktiv wahrgenommen, das Bakterienwachstum im Urin erleichtern [130] bzw. der
Glutamatmetabolismus das pathogene Potential von Bakterien wie Proteus mirabilis
Im Harnwegsbereich unterstitzt [129].

Da weitere Unterscheidungskriterien fehlen, interpretieren wir die vielfaltigen
Kombinationen der Reaktion auf verschiedene chemosensorische Stimuli und der
Genexpression verwandter Signalkomponenten als phé&notypische Variation von breit
aufgestellten polymodalen chemosensorischen Zellen (Subpopulation), anstatt
mehrere klar getrennte Zelltypen zu definieren. Hierdurch war es moglich zu zeigen,
dass die neuendeckten urethrale cholinergen Zellen mittels Chemosensorik
verschiedene Substanzen wahrnehmen und daher als polymodale UCCC bezeichnet

werden kénnen.

3.4 UCCC verwenden Acetylcholin als Botenstoff fur parakrine und

autokrine Signaltbertragungen

I. Deckmann K*, Filipski K*, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, Papadakis T, Renno L,
Jurastow |, Wessels L, Wolff M, Schitz B, Weihe E, Chubanov V, Gudermann T, Klein J, Bschleipfer T,
Kummer W. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes. Proc Natl Acad Sci U S A. 2014;111(22):8287-92.

Ill. Deckmann K, Rafig A, Erdmann C, lllig C, Durschnabel M, Wess J, Weidner W, Bschleipfer T, Kummer
W. Muscarinic receptors 2 and 5 regulate bitter response of urethral brush cells via negative feedback.
FASEB J. 2018 Jun;32(6):2903-2910.

Das Konzept der UCCC als chemosensorische Wéachterzelle, die die chemische

Zusammensetzung der Flissigkeit auf der Schleimhautoberflache tUberwacht und
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lokale oder reflexive Reaktionen als protektive Malinahmen induziert, impliziert eine
stimulusinduzierte Signallbertragung an benachbarte Zellen. Aufgrund der Expression
des ACh synthetisierenden Enzyms ChAT in UCCC wurde ACh als potenzieller
Botenstoff untersucht. Hierbei konnte gezeigt werden, dass der Uberstand von
isolierten Zellen der Harnréhre mehr ACh enthalt, wenn die Zellen mit Denatonium

stimuliert wurden (Abbildung 15.).
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Abbildung 15. Denatonium fihrt zur ACh-Freisetzung aus isolierten Zellen der Urethra.
ACh-Konzentration im Uberstand von isolierten Zellen der Urethra nach 5 min Exposition
gegeniiber PBS (Kontrolle) oder Denatonium. Die Urethrae wurden aus vier Wildtypmausen
(C57BL/6) entnommen und die Zellen vereinzelt und isoliert. Aus einer Harnréhre erhaltene
Zellen wurden auf 4 Kammern einer 24-Well-Kulturplatte ausgeséat. Jeweils zwei Kammern
wurden 5 min lang mit Denatonium (25 mM) bzw. PBS inkubiert. AnschlieRend wurden die
Uberstande (0,5 ml) entnommen, gefriergetrocknet und der ACh-Gehalt mittels HPLC (High
Performance Liquid Chromatography) und elektrochemischer Detektion bestimmt. Die Werte
der beiden Kammern mit gleicher Behandlung aus demselben Tier wurden gepoolt. Isolate
von einer Harnréhre wurden als gepaarte Daten behandelt; p-Werte wurden mit einem
gepaarten t-Test berechnet; [l].

Des Weiteren konnte ein Anstieg der intrazellularen Calcium-Konzentration in
isolierten Zellen der Urethra nach Stimulation mit Denatonium nur beobachtet werden,
wenn sie sich in der Nahe von UCCC befanden. In Anwesenheit von Blockern fur die
MAChR und nAChR blieb dieser Anstieg auch in Anwesenheit der UCCC aus. Die
Experimente zeigen somit, dass die Menge an ACh, die bei Stimulation durch einen
Bitterstoff freigesetzt wird, ausreicht, um parakrine Effekte zu induzieren.

Interessanterweise zeigten UCCC selbst bei der Stimulation mit Denatonium in
Anwesenheit von Blockern fur die mAChR und nAChR ein erhdhtes Antwortverhalten
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(Abbildung 16.). Diese verstarkte Antwort von UCCC auf Stimulation nach Anwendung
einer NAChR/mAChR-Blockermischung zeigt, dass ACh als Sekretionsprodukt der
UCCC die Sensitivitat der UCCC auf autokrine Weise reguliert.
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Abbildung 16. UCCC nutzen ACh zur parakrinen Signallbertragung

Parallele Bestimmung der [Ca?*]i im gleichen Sichtfeld von isolierten urethralen eGFP*-
(UBC/UCCC; n=13; oben) und eGFP~- (CC; n=74; unten) Epithelzellen mittels kontinuierlichen
konfokalen Laserscanning-Aufnahmen der Intensitat der Fluoreszenz des Calciumindikators
Calcium Orange. Alle Substanzen wurden unter kontinuierlichem Fluss in der Kammer
hinzugefugt, so dass die angegebenen Konzentrationen anfanglich erreicht und dann
ausgewaschen wurden. Beide Zelltypen reagieren auf Denatonium (Den; 25 mM) mit einem
Anstieg der intrazellularen Ca?*-Konzentration. In Anwesenheit von cholinergen Blockern
(Atropin und Mecamylamin; A+M) geht diese Reaktion in eGFP~-Zellen verloren, bleibt aber in
eGFP*-Zellen bestehen. Reaktion auf ATP zeigt die Lebensfahigkeit der Zellen am Ende des
Experiments. Die y-Achse zeigt arbitrare Einheiten (arbitrary unit; AU), die mit [Ca?*]
korrelieren; *p<0,05; **p<0,01; **p<0,001, gepaarter t-Test verglichen mit Wert unmittelbar
vor der Substanzapplikation; [I].
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Abbildung 17. UCCC nutzen ACh fir einen durch M2- und M5-Rezeptoren vermittelten
autokrinen negativen Rickkopplungsmechanismus

Antwortverhalten von isolierten UCCC auf repetitive Stimulation mit Denatonium (25 mM) in
Anwesenheit und ohne den mAChR-Blocker Atropin (A; 2 uM) und/oder den nAChR-Blocker
Mecamylamin (M; 20 uM)). Bestimmt wurde die intrazellulare Calciumkonzentration ([Ca?*];)
von einzelnen isolierten, vereinzelten UCCC aus (A) WT-Mausen und (B) M2-Rezeptor-KO-
Mause (M27) und M5-Rezeptor-KO-Mause (M57) mittels kontinuierlichen Konfokale
Laserscanning-Aufnahmen der Intensitat der Fluoreszenz des Calciumindikators Calcium
Orange. Die Isolation erfolgte durch magnetgekoppelten TRPM5-Antikérper. Alle Substanzen
wurden unter kontinuierlichem Fluss in der Kammer hinzugefiigt, so dass die angegebenen
Konzentrationen anfanglich erreicht und dann ausgewaschen wurden. Dargestellt sind
Spitzenwerte der intrazellularen Calciumkonzentrationen nach Stimulation. Denl = erste
Stimulation, Den2 = zweite Stimulation; A = Den2-Denl. Die y-Achse zeigt arbitrare Einheiten
(arbitrary unit; AU), die mit [Ca?*] korrelieren. Die Werte wurden analysiert mit einem gepaarter
t-Test bzw. einer einfaktoriellen ANOVA und Dunnett’s multiplem Vergleichstest; *p<0,05;
§8/**p<0,01; §88/***p<0,001; [Il].

43



Ergebnisse und Diskussion

§ |
1
800+ S8 | ,
—
6004 IH*I ®
X 400 g™ A M ¢
E - - % *
= 2004 & i v AA
2 TV ""vo Bliruee s De
= o » v - - ™)
+ (=]
Ng -2004 .
= 400 :
600+ n=29 n= n=12 n=10 n=8 n=18
T ¢ 92 & 2 g 2 g <4 ¢ 2 g 4
[ 1] [-1] a @ L] [ a [ @ L] @ 1]
(a] (a] (a] (a] (a] (a] (m] (a] (m] (a] (] (m]

pirenzepine methoctramine 4-DAMP tropicamide vu0238428
(M1) (M2) (M3) (M4) (M5)

Abbildung 18. Auswirkungen von selektiver pharmakologischer Intervention von
muskarinischen Rezeptoren auf die Antwort von UCCC zu bitterem Reiz.
Antwortverhalten von isolierten UCCC auf repetitive Stimulation mit Denatonium (25 mM) in
Anwesenheit und ohne verschiedene mAChR-Blocker. Bestimmt wurde die intrazellulare
Calciumkonzentration ([Ca?*])) von einzelnen isolierten, vereinzelten ChAT*-Zellen (UCCC)
aus ChAT-eGFP-Mausen mittels kontinuierlichen Konfokale Laserscanning-Aufnahmen der
Intensitat der Fluoreszenz des Calciumindikators Calcium Orange. Alle Substanzen wurden
unter kontinuierlichem Fluss in der Kammer hinzugefligt, so dass die angegebenen
Konzentrationen anfanglich erreicht und dann ausgewaschen wurden. Dargestellt sind
Spitzenwerte der intrazelludren Calciumkonzentrationen nach Stimulation. Denl = erste
Stimulation, Den2 = zweite Stimulation; A = Den2-Denl. Die Wirkstoffkonzentrationen waren
wie folgt: Denatonium (Denl und Den2; 25 mM), Pirenzepin (0,001 mM; M1-Rezeptorinhibitor),
Methoctramin (0,001 mM; M2-Rezeptorinhibitor), 4-DAMP (0,001 mM; M3-Rezeptorinhibitor),
Tropicamid (0,001 mM; M4-Rezeptorinhibitor), und VU 0238429 (0,005 mM; positiv
allosterischer Modulator des M5-Rezeptors) Die y-Achse zeigt arbitrdre Einheiten (arbitrary
unit; AU), die mit [Ca?*]i korrelieren. Die Werte wurden analysiert mittels einfaktorieller ANOVA
und Dunnett’s multiplen Vergleichstest. §8/*p<0,05; §88/***p<0,001; [III].

Dieses erhdhte Antwortverhalten konnte auf einen cholinergen autokrinen negativen
Ruckkopplungsmechanismus zurtickgefuhrt werden (Abbildung 17.A). Inhibitor- und
Knockout-Maus-Experimente ergaben, dass M2- und Mb5-Rezeptoren eine
entscheidende Rolle bei der autokrinen negativen Regulation von UCCC spielen
(Abbildung 17.B und 18.).

Interessanterweise wird in den komplex regulierten Geschmacksknospen auch ein
uber mAChR reguliertes autokrines cholinerges Signal verwendet, um die
gustatorischen Signalweiterleitung zu beeinflussen. Allerdings wirkt der autokrine

Mechanismus in Geschmacksknospen, im Gegensatz zum Mechanismus in UCCC,
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Uber M3-Rezeptoren und fuhrt eher zur Verstarkung als zur Abschwachung des
gustatorischen Signals [268].

In  cholinergen  Neuronen findet man haufiger autokrine  negative
Ruckkopplungsschleifen, die Uber den M2-Rezeptor reguliert werden, so zum Beispiel
in Neurone des Striatums [269], in a-Motoneuronen [270] und postgangliondren
parasympathischen Neuronen [271]. Bei parasympathischen cholinergen Neuronen
kann auch der M4-Rezeptor als Autorezeptor dienen, der die ACh-Freisetzung hemmt.
Er ist auch der dominante, wenn auch nicht der einzige Rezeptor, mit dieser Funktion
in der Harnblase der Maus [272]. Beide, M2- und MA4-Rezeptoren, wirken
typischerweise uber Gi-Proteine und die nachgeschaltete Hemmung der
Adenylatcyclaseaktivitat und spannungsaktivierte Ca?*-Kanale [273]. Dies passt sehr
gut zu den von uns erhobenen Daten, dass der M2-Rezeptor eine Hemmung auf den
durch einen bitteren Stimulus ausgelésten Anstieg von [Ca?*]i in UCCC bewirkt.

Der M5-Rezeptor ist jedoch im Allgemeinen eher mit einer Zunahme von [Ca?*]i
assoziiert [273, 274] und erhoht dementsprechend die Aktivitdt von primaren
afferenten Neuronen im Ruckenmark, spinalen glutamatergen Interneuronen und
Somatodendriten von Neuronen der Substantia nigra [273, 275, 276]. Dieses steht in
klarem Gegensatz zu der dampfenden Wirkung auf stimuliertes [Ca?*];, die in UCCC
beobachtet wird. Dennoch ist ein durch den M5-Rezeptor vermittelte Hemmung auch
in anderen Bereichen bekannt, zum Beispiel in dopaminergen Nervenendigungen des
Striatums [274]. Die zugrundeliegenden Signalwege sind aber noch unbekannt.
Zusammengenommen konnte gezeigt werden, dass UCCC nach Stimulation ACh

freisetzen, das sowohl als autokriner als auch als parakriner Botenstoff fungiert.

3.5 UCCC I6sen neuronale Reflexe aus

I. Deckmann K*, Filipski K*, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, Papadakis T, Renno L,
Jurastow |, Wessels L, Wolff M, Schiitz B, Weihe E, Chubanov V, Gudermann T, Klein J, Bschleipfer T,
Kummer W. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes. Proc Natl Acad Sci U S A. 2014;111(22):8287-92.

Eine Wachterzelle, die nach Erkennung von potenziell schadlichen Substanzen keine
Abwehrreaktionen einleiten kann, ist sprichwortlich ein zahnloser Tiger. Eine mdgliche

Abwehrreaktion, die UCCC initiieren konnte, waren Miktionen zum Ausspilen der
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eindringenden Bedrohungen. Hierzu missten UCCC sensorische Nervenfasern
stimulieren. Da UCCC den Botenstoff ACh freisetzen, liegt die Vermutung nahe, dass
sensorische Nervenfasern mit cholinergen Rezeptoren als Empfanger des
Signalstoffes dienen. Immunhistochemische Untersuchungen und Verwendung einer
Reportermaus zeigten, dass Nervenfasern mit Expression der nAChR Untereinheit a3
ein dichtes Netzwerk unterhalb des urethralen Epithels bilden, in es eintreten und,
vergleichbar wie bei den chemosensorischen Zellen in der Trachea [155],
unmittelbarer Umgebung von UCCC zu finden sind (Abbildung 19.A).
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Abbildung 19. Sensible Nervenfasern reichen an UCCC heran und Idsen reflektorische
Blasenaktivierung bei Applikation einer Bittersubstanz aus

(A) Eine sensorische Nervenfaser, die eGFP unter der Kontrolle des Promotors der a3-
Untereinheit des Nikotinrezeptors exprimiert (Pfeil), stellt Kontakt mit einer Villin-
immunreaktiven Zelle im urethralen Epithel her. (B) Zystometrische Aufzeichnungen von
anasthesierten Ratten. Dargestellt ist der intravesikulare Druck, der durch die Kontraktion und
der damit einhergehenden Miktion beeinflusst wird. Intraurethrale Stimulation mit Denatonium
erhoht die Detrusoraktivitat im Vergleich zu physiologischer Kochsalzlosung (NacCl), diese
Stimulation wird durch Mecamylamin (Mec) vermindert. (C-D) Detrusoraktivitdt von
anasthesierten Ratten quantifiziert als ,Area under the Curve® (AUC); [1].

Um herauszufinden, ob die Stimulation von UCCC die Detrusoraktivitat und somit das

Miktionsverhalten beeinflusst, wurden urodynamische Untersuchungen durchgefihrt.
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Diese Untersuchungen sind ausschliel3lich in vivo durchfuhrbar, da hierzu ein
funktionierender Miktionsreflexbogen vorhanden sein muss. Eine Stimulation von
UCCC in vitro oder am toten Tier wirde nicht zu einer Fortleitung der Information tber
die sensorischen Fasern zum Ruckenmark fuhren. Es k&me somit nicht zur
Umschaltung auf Fasern, welche wieder zuriick zur Blase fuhren (Efferenzen), und in
Folge bliebe die Kontraktion der Blasenmuskulatur im Sinne einer Miktion aus. Um
urodynamische Untersuchungen durchfiihren zu kdnnen, wurde zuné&chst ein Katheter
in den Blasendom der zu untersuchenden Tiere implantiert. Hieriber konnte die Blase
mit physiologischer Kochsalzlosung gefillt werden. Hatte die Blase einen
entsprechenden Fillstand erreicht, wurde eine Miktion ausgeldst. Miktionen, d.h. zur
Entleerung fihrende Kontraktionen des Blasenmuskels, wurden als Druckerhéhung
innerhalb der Blase Uber ein Manometer detektiert (Blasendruckmessung =
Cystomanometrie, CMM). Durch die gleichmafige Fullung der Blase uber eine
Perfusionspumpe ergab sich ein gleichméaRiges Miktionsmuster (Abbildung 20.).
Dieses Muster wurde durch Denatonium charakteristisch verdndert. Die Applikation
von Substanzen erfolgte Uber einen intraurethral eingefiihrten Katheter. Diese
Untersuchung kann prinzipiell im wachen Zustand der Tiere oder aber in Narkose
durchgefiihrt werden. Da wéahrend der CMM eine Substanzapplikation intraurethral
erfolgte, wurde sie in Narkose durchgeflhrt. Als Narkotikum wurde Urethan verwendet,
da es bei cystomanometrischen Untersuchungen am Nager, im Gegensatz zu
zahlreichen anderen Narkoseschemata, den Miktionsreflex nicht unterdriickt [277,
278]. Die CMM bei der urethananasthesierten Maus ist jedoch auf3erst schwierig, da
Mause hierbei haufig eine Blasenatonie entwickeln, welche eine Uberlaufblase zur
Folge hat. Messungen sind somit in der Regel an der urethannarkotisieren Maus nicht
moglich. Mause haben dariber hinaus ein deutlich erhdhtes Letalitatsrisiko bei
Urethannarkosen [279]. Deshalb wurden fur die urodynamischen Untersuchungen
urethanandasthesierte Ratten verwendet. Ziel der Untersuchungen war es zu ermitteln,
inwiefern eine intraurethrale Stimulation mit dem UCCC-stimulierenden Bitterstoff
Denatonium zu einer reflektorischen Veranderung der Detrusoraktivitat und somit zu
einer Veranderung des Miktionsverhaltens fuhrt. Es konnte gezeigt werden, dass die
intraurethrale Stimulation mit Denatonium zur Erhéhung der Detrusoraktivitat fihrt und

somit zum reflexiven Auslosen einer Miktion. Dies erfolgte im Konzentrationsbereich,

47



Ergebnisse und Diskussion

der auch zur Stimulation von UCCC fuhrte. Durch die lokale Applikation eines

nikotinergen Blockers wurde die Detrusorantwort signifikant reduziert (Abbildung 19.).

Manometer Perfusionspumpe

% mit NaCl

Katheterim
Blasendom

Blase

Urethra
Mit UCCC

intraurethrale
Applikation von
Denatonium

Blasendruck =
Detrusoraktivitat

&4

Abbildung 20. Aufbau einer urodynamischen Messstation

Zur urodynamischen Untersuchung wurde ein Katheter in den Blasendom der zu
untersuchenden Ratten implantiert. Hiertiber konnte die Blase gleichmalfiig mit physiologischer
Kochsalzlosung Uber eine Perfusionspumpe geflllt werden. Miktionen, d.h. zur
Blasenentleerung fuhrende Kontraktionen des Blasenmuskels, wurden als Druckerhéhung
innerhalb der Blase Uber ein Manometer detektiert. Die Applikation von Substanzen
(Denatonium) erfolgte Uber einen intraurethral eingefihrten Katheter. Erstellt mit
BioRender.com

Daraus lasst sich schlieRen, dass diese Reflexaktivierung abhangig von einer
cholinergen  nikotinrezeptorabhangigen Signalweiterleitung von UCCC auf
sensorische Nervenfasern ist. Die Einleitung der Miktion wird als protektive Mal3inahme
interpretiert, da es zum Auswaschen von potentiell schadlichen Stoffen fuhrt.
Nichtsdestotrotz wurde der denatonium-induzierte Anstieg der Detrusoraktivitat nicht

vollstadndig durch den nAChR-Inhibitor Mecamylamin aufgehoben. Hierfur kdnnte es
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mehrere Erklarungen geben. Moglicherweise kdnnte ein zusatzlicher exzitatorisch
wirkender mAChR beteiligt sein. Interessanterweise ist bekannt, dass mAChR von
afferenten Neuronen der Harnwege exprimiert werden [280]. Eine weitere Mdglichkeit
waére die zusatzliche Beteiligung eines Cotransmitters wie ATP. ATP wird von
Geschmackszellen verwendet, um Informationen an afferente Fasern in
Geschmacksknospen zu Uubertragen [102]. Eine andere Erklarung wére ein
unzureichender Zugang von intraluminal appliziertem Mecamylamin zur basolateral
gelegenen Kommunikationsstelle zwischen chemosensorischen Zellen und
Nervenfasern, da Epithelien der unteren Harnwege eine aul3erordentlich dichte
Barriere bilden [281]. Zusammenfassend konnte gezeigt werden, dass die
intraurethrale Applikation eines UCCC-stimulierenden Bitterstoffes zur Einleitung einer

als protektiv interpretierten Miktionen fuhrt.

3.6 UCCC sind in verschiedenen Saugetierspezies prasent

I. Deckmann K*, Filipski K*, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, Papadakis T, Renno L,
Jurastow |, Wessels L, Wolff M, Schiutz B, Weihe E, Chubanov V, Gudermann T, Klein J, Bschleipfer T,
Kummer W. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes. Proc Natl Acad Sci U S A. 2014;111(22):8287-92.

Il. Deckmann K, Krasteva-Christ G, Rafig A, Herden C, Wichmann J, Knauf S, Nassenstein C, Grevelding
CG; Dorresteijn A, Chubanov V, Gudermann T, Bschleipfer T, Kummer W. Cholinergic urethral brush

cells are widespread throughout placental mammals. Int Immunopharmacol. 2015 Nov;29(1):51-6.

Initial wurden UCCC in Mausen mit Hilfe von ChAT-eGFP-Reportertieren entdeckt. Mit
der Frage einer medizinischen Ubertragbarkeit der Befunde und versuchsspezifischer
Faktoren wurde ihr Vorkommen anschlie3end in Menschen und Ratten nachgewiesen.
Wahrend dieser Arbeit stellte sich die Frage, ob UCCC auch in anderen Saugetieren
vorkommen. Um dies zu klaren, wurden in 11 weiteren S&ugetierarten aus 5
verschiedenen Ordnungen mittels Antikorper gegen Burstenzellmarker nach UCCC
gesucht. In der Ordnung der Nagetiere (Rodentia) wurden neben den Mausen (Mus
musculus) und Ratten (Rattus norvegicus) Hamster (Mesocricetus auratus) und
Meerschweinchen (Cavia porcellus) untersucht. In der Ordnung der Primaten
(Primates) wurden neben Menschen (Homo sapiens sapiens), Javaneraffen (Macaca
fascicularis) und Weil3buschelaffen (Callithrix jacchus) untersucht. In der Ordnung der
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Fleischfresser (Carnivora) umfasste die Untersuchung Hunde (Canis lupus familiaris),
Katzen (Felis catus) und den Dachs (Meles meles). In der Ordnung der Paarhufer
(Artiodactyla) waren es Schweine (Sus scrofa domestica), Rinder (Bos taurus) und
Rotwild (Capreolus capreolus), und in der Ordnung der Unpaarhufer (Perissodactyla)
wurde in den Harnréhren von Pferden (Equus ferus caballus) mittels Antikérper gegen
Burstenzellmarker nach UCCC gesucht (Abbildung 21.).

Mit den verwendeten Markern konnten in allen untersuchten Spezies solitare Zellen in
der Urethra identifiziert werden. Diese Daten weisen darauf hin, dass UCCC innerhalb
der Saugetiere weitverbreitet sind und sich vor mehr als 64,5 Millionen Jahren

entwickelt haben mussten.
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Abbildung 21. UCCC in 13 verschiedene Saugetierarten
Immunhistochemische Markierung von urethralen Epithelzellen mit Antikbrpern gegen den
Burstenzellmarker Villin und Antikdrpern gegen den UCCC-Marker TRPMS5; [I; 11].
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3.7 UCCC entstehen postnatal und es gibt einen

geschlechtsspezifischen Unterschied in der Entwicklung

V. Perniss A, Schmidt P, Soultanova A, Dahlke K, Voigt A, Kummer W, Deckmann K. Postnatal
development of epithelial cholinergic chemosensory cells of the urethra, trachea and thymus of mice.
Cell Tissue Res 2021 Jul;385(1):21-35.

Neben der evolutionaren Entwicklung wurde auch die postnatale Entwicklung der
UCCC in Mausen untersucht. Hierbei zeigte sich ein Sexualdimorphismus. Bei
mannlichen Mausen traten UCCC erstmals zwischen 6 bis 10 Tagen nach der Geburt
auf (Postnatal 6-10; P6-10), bei weiblichen Mausen erst zwischen Tag 11 und 20 nach
Geburt (P11-20). Bei beiden Geschlechtern wurden maximale UCCC-Zahlen im
Zeitraum zwischen P40 und P220 erreicht und die Anzahl ging danach zuriick. Junge
(P6-P40) mannliche Mause hatten zunachst signifikant hohere UCCC-Zahlen als
gleichaltrige weibliche Mause, was durch das frihere Auftreten der UCCC erklart
werden kann. Bemerkenswerterweise zeigte sich ein gegenteiliges Bild in &lteren
(P40+) Tieren (Abbildung 22.). Diese Daten zeigen, dass es bei der Entwicklung von
UCCC einen Geschlechtsdimorphismus gibt.
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Abbildung 22. Postnatale Entwicklung von UCCC

(A) Anzahl der ChAT-eGFP*-Zellen pro Urethra, ermittelt in “whole-mount” Praparaten von
weiblichen und mannlichen Mausen an verschiedenen Zeitpunkten wahrend der Entwicklung.
(B) Anzahl von ChAT-eGFP* Zellen pro Harnréhre in Tieren P40+, kumulierte Daten der drei
altesten Altersgruppen (mannlich N=26, weiblich N=21); [V].
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3.8 Das Protein MyD88 und Toll-like-Rezeptoren haben einen
Einfluss auf die Entwicklung von UCCC

V. Perniss A, Schmidt P, Soultanova A, Papadakis T, Dahlke K, Voigt A, Schiitz B, Kummer W, Deckmann
K. Development of epithelial cholinergic chemosensory cells of the urethra and trachea of mice. Cell
Tissue Res 2021 Jul;385(1):21-35.

Da UCCC als Wachterzellen gegen potentiell schadliche Substanzen und
Eindringlinge wie Bakterien fungieren, wurde untersucht, ob die Expression von
Rezeptoren und Signalwegen, die zur Bakteriendetektion genutzt werden, einen
Einfluss auf die UCCC-Entwicklung haben.
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Abbildung 23. UCCC in MyD88-KO-, TLR2-KO-, TLR4-KO- und TLR2/4-KO-M&ausen

(A) Quantitative Analyse von TRPM5*-Zellen pro Urethra, gezahlt in “whole-mount” Praparaten
von weiblichen und mannlichen MyD88-KO- und WT-Mé&usen. (B) Anzahl von TRPM5*-Zellen
in Schnitten der Urethrae von TLR-WT-, TLR2-KO-, TLR4-KO- und TLR2/4-KO-Mausen. Jeder
Datenpunkt reprasentiert die durchschnittliche Anzahl von Zellen aus 20 Schnitten von einem
Tier. Balken und Fehlerbalken zeigen Mittelwert und SEM. Blau: méannliche Tiere, Rot:
weibliche Tiere. Alle untersuchten Tiere waren erwachsen (> 12 Wochen). P-Werte wurden
mit dem Mann-Whitney-Test berechnet; [V].

Deshalb wurden der Einfluss der Deletion der Toll-like-Rezeptoren (TLR) 2 und 4 sowie
MyD88 untersucht. MyD88 ist an der nachgeschaltete Signalkaskade aller TLRs mit
Ausnahme von TLR3 beteiligt [282]. TLR2 und TLR4 wurden aufgrund ihrer Rolle bei
der Erkennung von bakteriellen Lipopeptiden und Lipoteichonsduren von

grampositiven Bakterien (TLR2) und Lipopolysaccharid von gramnegativen Bakterien
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(TLR4) ausgewahlt [283, 284]. Die Untersuchungen zeigten, dass sowohl in Urethrae
von MyD88-defizienten als auch in Urethrae von TLR2- und TLR4-defizienten Mausen
signifikant weniger UCCC zu finden sind (Abbildung 23.).

3.9 UCCC sind chemosensorische Wachterzellen, initiieren

Abwehrmechanismen und beeinflussen die Miktion

I. Deckmann K*, Filipski K*, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, Papadakis T, Renno L,
Jurastow |, Wessels L, Wolff M, Schiutz B, Weihe E, Chubanov V, Gudermann T, Klein J, Bschleipfer T,
Kummer W. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes. Proc Natl Acad Sci U S A. 2014;111(22):8287-92.

Ill. Deckmann K, Rafiq A, Erdmann C, lllig C, Durschnabel M, Wess J, Weidner W, Bschleipfer T, Kummer
W. Muscarinic receptors 2 and 5 regulate bitter response of urethral brush cells via negative feedback.
FASEB J. 2018 Jun;32(6):2903-2910.

IV. Kandel C, Schmidt P, Perniss A, Keshavarz M, Scholz P, Osterloh S, Althaus M, Kummer W, Deckmann
K. ENaC in Cholinergic Brush Cells. Front Cell Dev Biol. 2018 Aug 15;6:89.

VI. Deckmann K, Kummer W. Chemosensory epithelial cells in the urethra: sentinels of the urinary tract.
Histochem Cell Biol. 2016 Dec; 146(6):673-683.

VII. Kummer W, Deckmann K. Brush cells, the newly identified gatekeepers of the urinary tract. Curr Opin
Urol. 2017 Mar; 27(2):85-92

Alle unsere Ergebnisse weisen darauf hin, dass es sich bei UCCC um Wachterzellen
handelt, die mittels Geschmacksrezeptoren und Elementen der
Geschmackssignaltransduktionskaskade entscheidend an der Detektion und Abwehr
von eindringender Noxen und Keime beteiligt sind. Sie bestétigen das Konzept der
UCCC als chemosensorische ,Sentinel“-Zelle, die die chemische Zusammensetzung
der Flussigkeit auf der Schleimhautoberflache tberwacht und durch ACh-Freisetzung
lokale oder reflexive Abwehrmechanismen induziert. Hierbei zeigten sich
verschiedenen Subpopulationen, die tber ein jeweiliges Rezeptorrepertoire verfligen,
um verschiedene potenziell gefahrliche Stoffe wie zum Beispiel Bitterstoffe, Umami,

Salz und bakterielle Metabolite wahrzunehmen.
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Hierzu sei erwahnt, dass bei der oropharyngealen Geschmackswahrnehmung bitter
einen aversiven Reiz und umami einen lohnenden Reiz darstellt, was die Frage nach
der mdglichen funktionellen Bedeutung der Wahrnehmung beider Eigenschaften durch
eine einzelne Zelle aufwirft. Im Gegensatz dazu stellen diese Eigenschaften auf
anderen Schleimhautoberflachen, wie der Harnr6hrenschleimhaut, einen potenziell
schadlichen (aversiven) Gehalt dar. Bakterien produzieren und sezernieren
bitterrezeptoraktivierende Substanzen [159, 258, 259]. In Biofilmen kénnen solche
Substanzen aus dem gramnegativen Bakterium Pseudomonas aeruginosa, einem der
vorherrschenden verursachenden Mikroorganismen bei katheterassoziierten
Harnwegsinfektionen [261], Konzentrationen von bis zu 600 yM erreichen [260].
Andererseits ist der Glutamatstoffwechsel positiv mit dem pathogenen Potenzial von
Proteus mirabilis im Harntrakt verknlpft [262] und freie Aminosauren (d.h. umami)
fordern das Bakterienwachstum im Urin [263]. Daher kann die Bitter/Umami-
Polymodalitdt chemosensorischer Zellen dazu dienen, das Spektrum fir die
Erkennung potenziell gefahrlicher Stoffe im Harnrbéhrenlumen zu erweitern.
Interessanterweise reagieren diese chemosensorischen Zellen auf hitzeinaktivierte
UPEC, die Hauptursache fir eine Harnwegsinfektion [256]. UCCC werden demnach
als Wachposten der unteren Harnwege interpretiert, dessen Aufgabe die
Uberwachung der Schleimhautoberflache und die Detektion potenziell gefahrliche
Inhalte ist. Die Hauptfunktion der UCCC scheint also im Schutz vor aufsteigenden
Harnwegsinfektionen zu liegen. Hierfur ist eine Lokalisation am Eingang in den
Urogenitaltrakt besonders sinnvoll.

Die physiologische Bedeutung der Reaktion von UCCC auf Salz bleibt ungewiss.
UCCC-stimulierende Salzkonzentrationen kénnen im Urin von erwachsenen Mausen
wahrend Wassermangels oder hoher Salzaufnahme durchaus erreicht werden [285].
Bedrohliche bakterielle Infektionen sind jedoch in der Regel nicht mit erhdhten
Salzkonzentrationen verbunden. Somit kénnte ENaCa in UCCC eine andere Funktion
haben als die Uberwachung der luminalen NaCl-Konzentration. ENaC ist auch ein
mechanosensitiver lonenkanal, der auf Scherkrafte reagiert [286, 287]. Deshalb ist es
denkbar, dass eine ENaC exprimierende UCCC an Messung des Urinflusses beteiligt
sind. Diese Theorie wird dadurch gestutzt, dass Scherkrafte auf die gesamte Zelle
wirken, was die Expression von ENaC im gesamten Epithel und nicht nur an der

Membran, die ins Lumen reicht, erklaren wirde.
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Abbildung 24. Urodynamische Messungen in M1-5-defizienten Mausen

Zystometrie wurde durchgefiihrt bei wachen, sich frei bewegenden Mausen. Die Infusion der
Kochsalzlosung erfolgte Uber einen Katheter im Blasendom direkt in die Blase mit einer
Geschwindigkeit von 1,5 ml/h. Nach einer Stabilisierungsphase von 15-30 min wurden der
intravesikale Druck und die Miktion kontinuierlich aufgezeichnet. Analysiert wurden das
Basaldruckniveau (Pbase), der maximale Detrusordruck wahrend Miktion (Pmax),
Schwellendruck (TP), Blasenkapazitat (BC), Zeitintervall zwischen 2 Druckspitzen (PP),
Miktionsintervall (M), Miktionsvolumen (MV) und Residualvolumen (RV). Zur statistischen
Auswertung der zystometrischen Parameter zwischen den jeweiligen Mausstammen wurde
eine 1-faktorielle ANOVA, gefolgt von einem Mehrfachvergleichstest nach Dunnett, verwendet;
*p<0,05, **p<0,01, ***p, 0,001; [I].

Die als Abwehrmechanismus initilerte Miktion wirde demnach die Scherkréfte in der
Urethra erhohen und somit ENaC-vermittelt den von UCCC eingeleiteten Schutzreflex
amplifizieren. Daflr spricht auch die Beobachtung, dass die Effizienz der

Harnblasenentleerung tber einen sensorischen Ruckkopplungsmechanismus in der
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Urethra kontrolliert wird. In der Urethra sind solche ,Durchflusssensoren® zwar
physiologisch gut charakterisiert, ihnre anatomische Lokalisation wurde aber noch nicht
gefunden [288-290].

Allerdings zeigen unsere Experimente auch eine mdgliche andere Seite von UCCC.
UCCC regulieren sich selbst Gber einen durch M2- und M5-Rezeptoren vermittelten
cholinergen autokrinen negativer Ruckkopplungsmechanismus. Tiere  mit
ungehemmten UCCC zeigen Symptome einer Uberaktiven Blase (Abbildung 24.). Ein
OAB-Syndrom geht oft mit einer fehlerhaften Steuerung und mit einer
Detrusorhyperaktivitat einher. Eine solche fehlerhafte Steuerung kénnte auch durch
eine Fehlaktivierung oder Uberaktivitat von UCCC hervorgerufen werden und Ursache
einer Detrusorhyperaktivitdt sein. Interessanterweise wird das OAB-Syndrom mit
Antagonisten von mAChR behandelt [69]. Hierbei kommen primar M2 bzw. M3-
Rezeptor selektive Antimuskarinika [219, 222-250] zum Einsatz, was in Anbetracht der
Rolle dieser Rezeptoren wahrend der Miktion auch sinnvoll ist. In Bezug auf Giberaktive
UCCC als Ausloser von OAB sind Antimuskarinika mit hemmender Wirkung auf den
M2-Rezeptor nach unseren Erkenntnissen auch nttzlich. Da aber auch der M5-
Rezeptor hierbei eine zentrale Rolle zu spielen scheint, wéare dieser ein weiterer
selektive angreifbarer Ansatzpunkt zur Therapie.

Eine selektive zu Beeinflussung des M5-Rezeptors mittels einem Medikaments,
welchen die Blut-Hirnschranke nicht passieren kann, um mdogliche Nebenwirkungen
des hauptsachlich im ZNS exprimierten Rezeptors [273, 275, 276] zu vermeiden, stellt
somit eine vielversprechende therapeutische Option dar.

Zusammenfassen konnte ein bislang unbekannter Zelltyp in der Urethra identifiziert
werden. Diese UCCC sind Wachterzellen am Eingang des Urogenitaltraktes, die Uber
klassische Geschmacksrezeptoren die chemische Zusammensetzung des
Flussigkeitsfilms auf der Schleimhautoberflache auf das Vorhandensein potenziell
schadlicher Substanzen, einschliel3lich bakterieller Produkte, prifen und daraufhin

ACh freisetzen, dass Uber Nervenfasern reflektorische Abwehrreaktionen einleitet.
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4 Zusammenfassung

Die ableitenden Harnwege sind nicht nur einfache muskuldre Ro6hren zur
Speicherung und Abgabe von Harn. Aufgrund ihrer direkten Verbindung zur
AuBBenwelt stellen sie eine potentielle Eintrittspforte fur toxische Substanzen und
Mikroben dar. Im mehrschichtigen Epithel der Urethra befinden sich verschiedene
solitare Zelltypen: neuroendokrine Zellen, nicht-cholinerge Buirstenzellen und

cholinerge chemosensorische Zellen (Abbildung 25.).
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Abbildung 25. Ubersicht der verschiedenen solitaren Epithelzellen der Urethra
Mdgliche chemosensorische Epithelzelltypen in der Harnréhre und Ausfihrungsgangen der
Harnréhrendriisen, ein urspringlicher mit Hamatoxylin-Eosin gefarbter Abschnitt wurde als
Hintergrundbild genommen. Chemosensorische Eigenschaften wurden validiert fir UCCC
(UBC Typ 1), die in zwei Subpopulationen (la und Ib) unterteilt werden konnen.
Unterscheidungsmerkmal ist die Immunreaktivitdit gegentber Antikbrpern gegen die
Phospholipase Cp2 (PLCB2). Eine chemosensorische Funktion von nicht-cholinergen
solitaren villin-immunreaktive Zellen (UBC Typ II) und serotonergen neuroendokrinen Zellen
mit basal gelegenen sekretorischen Vesikeln istGegenstand aktueller Forschung. E = Epithel,
LP = Lamina propria, PGP = Proteingenprodukt 9.5; [VI].
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Die Entdeckung und Charakterisierung dieser urethralen cholinergen
chemosensorischen Zellen (UCCC) ist Gegenstand dieser Arbeit (Abbildung 26.).

Bitter Umami

st !Il !I!I!I!I

Abbildung 26. Schematische Zeichnung einer UBC/UCCC

Elemente der Geschmackstransduktionskaskade in UCCC/UBC. Geschmacksrezeptoren
(TasR) werden am apikalen Ende in der N&he des dort lokalisierten Blschels aus Advillin bzw.
Villin antizipiert. Die nachgeschaltete Kaskade beinhaltet die Aktivierung von Phospholipase
CB2 (PLCB2) durch die B- und y-Untereinheit des an die TasR gekoppelten G-Proteins, Bildung
von Inositol-Tris-Phosphat (IP3) und Diacylglycerin (DAG) mit anschliel3ender Freisetzung von
Calcium aus dem endoplasmatischen Retikulum (ER) und der Offnung des Kationenkanals
TRPMS5, was zur Depolarisation der Zelle fihrt. Dies fiihrt schlieRlich zur Offnung von
spannungsgesteuerten (VG) Calciumkanalen. Dies wiederum |6st die Freisetzung von
Acetylcholin (ACh), entweder durch vesikulare Exozytose oder durch Hemikanéle, aus. aGust
= G-Protein a-Untereinheit a-Gustducin; ChAT-Cholinacetyltransferase; [VI].

Nach der Entdeckung der UCCC in Mausen konnte die Prasenz von UCCC in 14
weiteren Saugetierspezies aus 5 verschiedenen Ordnungen nachgewiesen werden
[154, 291]. Es folgte die Charakterisierung dieser erstmals identifizierten Zellen. Sie
zeigen eine hohe Ahnlichkeit zu solitaren cholinergen chemosensorischen Zellen des
Respirationstraktes, des Magen-Darm-Traktes und der Gallenwege, obgleich diese
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Zellen nicht identisch sind. Da insbesondere bei den solitaren cholinergen
chemosensorischen Zellen des Respirationstraktes bereits vor Jahren eine
morphologische und molekulare Ahnlichkeit zu Geschmackszellen festgestellt
werden konnte, fokussierte die Charakterisierung der solitdren urethralen Zelle auf
die Hypothese, dass es sich auch hier um chemosensorische Wachterzellen handelt,
die mittels Geschmacksrezeptoren und Elementen der
Geschmackssignaltransduktionskaskade entscheidend zur Detektion und Abwehr

eindringender Noxen und Keime beitragen.

urethra —ier < _ UPEC
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uccec e bladder
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Abbildung 27. Schematische Darstellung des protektiven Wirkungsmechanismus von
UBC/UCCC

Die Aktivierung der UCCC/UBC durch potenziell schadliche Substanzen oder
Bakterien (Substanzen mit Bitterstoffcharakter, Umami oder Bakterien wie UPEC) fuhrt
zur Freisetzung von ACh. ACh |6st Uber nAChR den Miktionsreflex und somit eine
Blasendetrusorkontraktion nach; [VII].

Der Nachweis der ChAT in diesen Zellen resultierte in der Bezeichnung urethral
cholinergic chemosensory cell. UCCC wurden als solitdre im Epithel der Urethra
vorkommende Zellen identifiziert, wohingegen Harnblase, Ureter und Nierenbecken
keine UCCC enthalten. UCCC exprimieren verschiedene Geschmacksrezeptoren aus
der TaslR (stuf3 und umami) und Tas2R-Familie (bitter) und Elemente der
Geschmackssignaltransduktionskaskade. PLCB2, a-Gust und TRPM5 wurden von uns

als UCCC-spezifische, aber in variabler Auspragung exprimierte Marker identifiziert
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(Abbildung 26.). Verschiedenste extern applizierte Substanzen, wie zum Beispiel
Bitterstoffe, Umami, Salz und bakterielle Metabolite, fihren zur Aktivierung der UCCC
[154, 292]. Dies resultiert in einer Freisetzung von ACh und einer nachgeschalteten
Erregung von sensorischen Nervenendigungen, die an die UCCC herantreten. Die
Kommunikation von UCCC mit Nerven und benachbarten Zellen mittels ACh kann
durch die Blockade von cholinergen Rezeptoren unterbunden werden. Die Erregung
der sensorischen Nervenendigungen durch das von UCCC freigesetzte ACh |ost
wiederum schitzende Reflexe aus. Im Falle der Urethra wird eine Blasenentleerung
getriggert, die zur Spulung der Harnrdhre fuhrt [154] (Abbildung 27.).

Zudem konnten autoregulatorische Mechanismen entschlisselt werden. Diese Uber
die M2- und M5-Rezeptoren vermittelten Ruckkopplungsmechanismen modulieren die
Antwort der UCCC auf Stimulation [293] (Abbildung 29.). Dies hat moglicherweise eine
klinische Relevanz fur das Syndrom der Uberaktiven Blase. Diese geht oft mit einer
Detrusorhyperaktivitat einher. Diese konnte auch durch eine Fehlaktivierung oder
Uberaktivitat von UCCC hervorgerufen werde, da UCCC die Miktion beeinflussen und
durch einen dber M2- und M5-Rezeptoren vermittelten negativen
Ruckkopplungsmechanismus reguliert werden. Des Weiteren wurden Erkenntnisse
Uber die postnatale Entwicklung von UCCC gesammelt. Hierbei konnte gezeigt
werden, dass es einen Sexualdimorphismus gibt. UCCC erscheinen in mannlichen
Tieren friher als in weiblichen Tieren. Spater Uberwiegt die Anzahl der UCCC aber in
weiblichen Tieren. Aul3erdem konnte gezeigt werden, dass die Entwicklung von UCCC
durch die Toll-like-Rezeptoren 2 und 4 und MyD88, dem Signalkaskadenprotein aller
Toll-like Rezeptoren mit Ausnahme des Toll-like-Rezeptors 3, beeinflusst wird.
Dementsprechend handelt es sich bei UCCC um Wachterzellen, die mittels
Geschmacksrezeptoren und Elementen der Geschmackssignaltransduktionskaskade
entscheidend an der Detektion und Abwehr von eindringenden Noxen und Keimen
beteiligt sind. Sie sind chemosensorische ,Sentinel“-Zellen, deren verschiedene
Subpopulationen Uber ein jeweiliges Rezeptorrepertoire verfiigt, um verschiedene
Stoffe von den einige auch auch potenziell gefahrliche sein kdnnten wie zum Beispiel
Bitterstoffe, Umami, Salz und bakterielle Metabolite wahrzunehmen. Dies hilft bei der
Uberwachung der chemischen Zusammensetzung der Flissigkeit auf der
Schleimhautoberflache. Als protektive Malinahmen induzieren sie lokale oder reflexive
Reaktionen via ACh.
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Zusammenfassung

Zusammenfassend konnte ein neuer Zelltyp, die urethrale cholinerge
chemosensorische Zelle, entdeckt und initial charakterisiert werden

Urethra Urethra

bitter s bitter inen
e substance .

M2 & M5 M2 & M5
8 nacr 8 nacr
® Ach ® Ach

Abbildung 28. Schematische Darstellung des negativen Ruckkopplungsmechanismus
Die Aktivierung einer kanonischen Geschmackstransduktionskaskade in UCCC/UBCs fuhrt zu
einem Anstieg von [Ca?];, gefolgt von einer ACh-Freisetzung. Die Reaktion von UCCC wird
Uber einen durch M2- und M5-Rezeptoren vermittelten cholinergen negativen autokrinen
Ruckkopplungsmechanismus abgedampft; [111].
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Chemosensory cells in the mucosal surface of the respiratory tract
(“brush calls”) usa the canonical taste transduction cascade to de-
tect potentially hazardous content and trigger local protective and
aversive respiratory reflexes on stimulation. So far, the urogenital
tract has been considered to ladk this cell type. Here we report the
presence of a previously unidentified cholinergic, polymodal che-
mosensory cell in the mammalian urethra, the potential portal of
entry for bacteria and harmful substances into the urogenital sys-
tem, but not in further centrally located parts of the urinary tract,
such as the bladder, ureter, and renal pelvis. Urethral brush cells
express bitter and umami taste receptors and downstream com-
ponents of the taste transduction cascade; respond to stimulation
with bitter (denatonium), umami (monosodium glutamate), and
uropathogenic Escherichia coli; and release acetylcholine to com-
municate with other cells. They are approached by sensory nerve
fibers expressing nicotinic acetylcholine receptors, and intraure-
thral application of denatonium reflexively increases activity of
the bladder detrusor muscle in anesthetized rats. We propose
a concept of urinary bladder control involving a previously uniden-
tified cholinergic chemosensory cell monitoring the dhemical com-
position of the urethral luminal microenvironment for potential
hazardous content.

ucosal surfaces of the mammalian respiratory and gastro-

intestinal tract contain solitary epithelial cells with char-
acteristic microvilli at their tip, from which the name “brush
cells” derives (1-3). In the respiratory tract, these brush cells
serve as sentinels, using the canonical taste transduction cascade
to monitor the mucosal lining flnid for potential harmful sub-
stances, such as “bitter” bacterial products, and evoking reflexes
aimed at combating further ingression of such compounds, such
as closure of ducts leading into adjacent compartments (vomn-
eronasal organ) or respiratory reflexes (4-7).

In line with such a sentinel function, brush cell abhundance
decreases with increasing distance to the opening to the outside
world, being numerous in the nose and neardy absent in the
intrapulmonary airways. Physiologically, the urinary tract allows
passage In only one direction to release urine, but ascending
infection by uropathogenic bacterfa is not uncommon and is
a major risk factor in fatal kidney disease and male infertility (8,
9). We hypothesized that the urogenital tract also may be
equipped with chemosensory sentinel cells that monitor the In-
men for potential hazardous content.

Results

Brush Cells Are Positioned at the Portal of Entry into the Urinary
Tract. The majority of chemosensory brush cells of the mouse
airways use acetylcholine as a signaling molecule and can be
readily identified in mice expressing GFP driven by the promoter
of the acetylcholine-gynthesizing enzyme choline acetyltransfer-
ase (ChAT-eGFP mice) (4, 6). On screening of tissue sections

v phas.orgiegirdoif10.1073/pnas 1402436111

and whole-mount preparations of the urogenital tract of two
independently generated ChAT-eGFP mouse strains (10, 11), we
observed solitaty ChAT-eGFP™ cells in the epithelium of the
urethra, but not in the epithelial linings of the renal pelvis,
ureter, urinary bladder, and pelvic segment of the vas deferens
(Fig. 1 and Fig. 81). The total numbers of such urethral cells did
not differ significantly between male and female animals (mean +
SDy, 379 = 99 and 551 + 253, respectively, P = 0.26, ¢ test; # = 6 for
each sex). [n male prostate, coagulating, and seminal glands and in
both male and female paraurethral glands, these cells are located
in the excretory ducts close to the opening into the urethra, but
not in the glandular bodies themselves (Fig. 52). These cells vary
in shape from the typical flask-like structure of tracheal brsh
cells, with a broad base at the basement membrane and an elon-
gated tip reaching the lumen, to more complex morphologies with
slender foot processes reaching the basal lamina directly or in an
obligque course (Figs. 2 and 3). Horizontally oriented cell bodies
with unclear connections to the luminal surface are seen as well
(Fig. 3.4 and B).

Double-labeling procedures revealed that these cells are
distinct from the previously known urethral neuroendocrine
cell population (12, 13) expressing protein gene product 9.5,
serotonin, and chromogranin A (Fig. 2.8 and Cand Table §1). In

Significance

We report the presence of a previously unidentified choliner-
gic, polymodal chemosensory cell in the mammalian urethra,
the potential portal of entry for bacteria and harmful sub-
stances into the urogenital system. These cells exhibit
structural markers of respiratory chemosensory cells (“brush
cells). They use the dassical taste transduction cascade to
detect potential hazardous compounds (bitter, umami, uropa-
thogenic bacteria) and release acetylcholine in response. They
lie next to sensory nerve fibers that carry acetylcholine recep-
tors, and placing a bitter compound in the urethra enhances ac-
tivity of the bladder detrusor muscle. Thus, monitoring of urethral
content is linked to bladder control via a previously unrecognized

cell type.
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Fig. 1. Cholinergic eGFP-expressing epithelial cells are restricted to the
urethra in the urinary tract. Visualization of GFP was enhanced by applica-
tion of a chicken anti-eGFP antibody, followed by Cy3-conjugated anti-
chicken Ig. GFP and Cy3 channels are shown separately and also in the
merged image for the slender epithelia cell in the urethra. In all other parts
of the urinary system, cholinergic nerve fibers (arrows) were visualized by
this procedure, but no ChAT-eGFP-expressing epithelial cells were seen.

contrast to these neuroendocrine cells, nearly all (>90%) ure-
thral ChAT-eGFP" cells express villin (Fig. 2D and Table S2)
and at the ultrastructural level exhibit a tuft of apical microvilli
and additional basolateral microvilli (Fig. 2 F and G), the de-
fining features of respiratory and gastrointestinal brush cells
(14). A significant additional population of urethral villin-posi-
tive cells (>50%) lacked ChAT-eGFP fluorescence (Fig. 2E and
Table S2), indicative of the presence of distinct populations of
cholinergic and noncholinergic urethral brush cells.

Cholinergic Urethral Brush Cells Use the Canonical Taste Transduction
Cascade to Detect Bitter Substances. Respiratory chemosensory
brush cells express elements of the canonical taste transduction
cascade, including the taste-specific G protein a-gustducin, phos-
pholipase Cy, (PLCP2), and the transient potential receptor cation
channel melanostatin 5 (TRPMS) (5, 6, 15-17). These proteins are
also expressed in urethras from ChAT-eGFP and WT mice (Fig.
3 A-D). ChAT-eGFP and TRPM5 immunolabeling matched
nearly 1:1 (Fig. 34 and Table §3), and the majority of ChAT-
eGFP" cells exhibited PLCS2 immunoreactivity (Fig. 3B), al-
though an additional PLC2"/ChAT-eGFP~ cell population
exists (Table S3 and Fig. S3 4 and B). Clear a-gustducin
immunolabeling was observed in approximately one-third of
ChAT-eGFP" cells (Fig. 3C, Table S3, and Fig. S34). These in-
complete colocalization patterns argue for the presence of sub-
populations of urethral brush cells, including cholinergic/TRPM5*
and noncholinergic cells, mostly TRPMS5™ cells.

Accordingly, TRPMS5 antibody, different from that used for
immunolabeling and directed against an extracellular domain,
served to isolate the presumptive cholinergic chemosensory cells
for RT-PCR analysis. This analysis revealed mRNA expression
of the bitter taste receptor Tas2R108 (for which denatonium is a
ligand), but not of Tas2R105 (for which cycloheximide is a ligand)
or of Tas2R119 (Fig. 44). Cellular responses in intracellular

20of 6 | www.pnas.org/cgi/doi/10.1073/pnas. 1402436111
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calcium concentration ([Ca’'];) to unspecific (e.g., ATP) and
gustatory stimuli were recorded from dissociated cells identified by
ChAT-eGFP fluorescence and from cells isolated from WT and
ChAT-eGFP mice via the TRPM5 antibody conjugated to mag-
netic beads. Consistent with detection of Tas2R108 mRNA,
denatonium caused a dose-dependent (2.5-25 mM) increase in
[Ca®"]; in the majority of cells tested (45/49; 92%) (Fig. 4 B and
C). Although TPRMS5 itself is a monovalent-specific cation
channel activated by Ca®* rather than a Ca”" channel itself (18),
its inhibition by triphenylphosphine oxide (TPPO) is known to
significantly reduce the tastant-induced rise in [Ca’"]; in mouse
taste bud cells (19); we found that this action applies to dena-
tonium responses in urethral cells as well (Fig. 4D). In whole-cell
patch-clamp recordings, denatonium caused activation of a
delayed and long-lasting inward current in 15 of 21 cells (Fig. 4E).

+DAPI +PGP +CGA

20 pm
e

Fig. 2. A cholinergic epithelial cell of the urethra is a brush cell, not
a neuroendocrine cell. {(4) Male penile urethra. A slender ChAT-eGFP cell
extends through the epithelial layer. Nuclei are counterstained with DAPI.
(B) Female urethra. ChAT-eGFP cells (arrows) are distinct from protein gene
product 9.5 (PGP)-immunoreactive neuroendocrine cells {(arrowheads). {C)
Male urethra. The ChAT-eGFP cell (arrow) does not express the neuroen-
docrine cell marker chromogranin A (CGA). The arrowhead indicates a CGA™
neuroendocrine cell. (D) Male urethra, colliculus seminalis. Merged image
showing eGFP (green), villin immunoreactivity (orange), and cell nuclei
{DAPI; blue). The flask-shaped ChAT-eGFP cell is immunoreactive for the
brush cell marker villin. {inset) Villin only, showing the concentration of this
microvillous protein at the apical cell pole. (E) Male urethra. Another villin™
brush cell is not ChAT+ (arrows). Arrowheads indicate double-positive cells.
(F) Female urethra, pre-embedding ultrastructural eGFP immunolabeling.
The apical region of the eGFP-immunoreactive cell (asterisk) exhibits char-
acteristic brush cell features, with numerous filaments, tubulovesicular
structures, and microvilli (arrows) projecting into the lumen. In this particular
case, the microvilli extend into an intercellular cavity in the upper layer of
the epithelium that had no visible connection to the urethral lumen. (G)
Same cell as depicted in £ exhibiting lateral microvilli (arrows), another brush
cell feature.

Deckmann et al.
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extracellular

merge |eGFP

Fig. 3. Cholinergic urethral brush cells express components of the canonical
taste transduction cascade. (4} Male urethra. ChAT-eGFP (green) and TRPMS
{orange} are expressed by the same cell; nuclei are lalreled in Blue with DAPL.
{B) Female urethra. An obliquely oriented ChAT-eGFP cell is immunolabeled
for PLCR2. In this section plane, no connection of this cell to the urethral
lurmen is visible. {C) Male urethra, diverticular region. a-Gustducin {eGust)™
ChAT-eGFP cell extending a slender process toward the lumen. (B} Schematic
drawing of the canonical transduction cascade known from taste buds
{hased upon information published in ref. 49) depicting the position and role
of g-gustducin, FLCP2, and TRPMS in this process. DAG, diacylghycerol; ER,
endoplasmic reticulurm; 1Py, inositol trisphosphate; Task, taste receptor.

In addition, immediate and highly reversible currents were trig-
gered by short, repetitive pulses of denatoninm (Fig. S$4).

Cholinergic Urethral Brush Cells Are Polymodal Chemosensors. TasIR
farnily members (TasIRI-3) participate in sweet and umami
(free L-amino acids) perception. [solated urethral cholinergic
chemosensory cells expressed mRINAs coding for TasIR1 and
TasIR3, whereas TasIR2 expression was not detected (Fig. 44).
TasIR1-TasIR3 coexpression yields an umami receptor (20).
Accordingly, urethral brush cells responded with increases in
[Ca2+], to monosodinm glotamate (wmami, 25 m©M; 909%; 38/42
cells) in addition to denatonium and ATP (0.5 mM; 91%; 43/47
cells). The majority of cells (86%; 36/42) responded to both the
bitter receptor agonist denatonium and ghitamate, exhibiting
properties of a polymodal (bitter/umami) chemosensor (Fig, 4F).

Notably, not all bitter substances triggered responses in ure-
thral brush cells. In line with the lack of detectable Tas2R103
mRNA in urethral brush cells (Fig. 44), cyclohexnmde a
Tas2R105 agonist, did not evoke changes in [Ca®*); at a con-
centration of 0.1 mM (Fig. 4G), which is known to stimulate a
[Ca®"); increase in Tas2R105-transfected cells (21). In addition
to synthetic bitter and wmami stimmli, heat-inactivated uropa-
thogenic Escherichia coh (straimn CFT073 2-5 x 107 cfu) also
mggered a rise in [Ca®*] ; (Fig. 4H). TaisZ Tas1R3 coexpres-
sion yields a sweet receptor (22). Consistent with the absence of
detectable TasIR2 mRNA in urethral brush cells (Fig. 44), the
artificial sweetener saccharin (5 mM) did not trigger a [Ca®;
response in urethral brush cells (Fig. 4G).

Urethral Brush Cells Use Acetylcholine for Stimulus-Induced Paracrine
Signaling. The concept of brush cells serving as chemosensory
sentinels monitoring the chemical corposition of mucosal sur-
face fluids and initiating local or reflexive responses implies
stimulns-induced signaling to neighboring cells. In view of these
cells” ChAT expression, we tested for acetylcholine as a potential
messenger released by urethral brush cells. Acetylcholne content
in the supernatant (0.5 mL) of isolated urethral cells was in-
creased by an average of 0.875 pmol (from a baseline of 10.0 pmol)

Deckmann et al.

in response to stimulation with denatonium (25 mM, 5 mm)
(Fig. 54). In our experiments, we noted a rise in [Ca i in
regponse to denatonium in non-GFP-expressing cells when
sitnated in the vicinity of ChAT-eGFP™ cells, but not in isolated
cells resting on coverslips devoid of ChAT- eGP cells (Fig. 85).
Such cells express functional acetylcholine receptors; adminis-
tration of 25 pM acetylcholine together with the esterase in-
hibitor physostigmine (5 pM) evoked a rise in [Ca®*]; in eGFP

cells that was sensitive to a cholinergic blocker mixture (2 pM
atropine and 20 pM mecamylamine) (Fig. 58). [n the presence
of the same cholinergic blockers, denatoninm still evoked a rise
in [Ca®"];, even at a dightly enhanced level, in ChAT-eGFP cells,
but no longer in eGFP cells, demonstra.’ung stimulus- evoked
cholinergic signaling between chemosensory cells and surrounding
cells (Fig. 5C).

Sensory Nerve Fibers Approach Urethral Brush Cells and Elicit Reflex
Bladder Activation on Urethral Bitter Substance Application. Cholin-
ergic chemosensory cells of the respiratory tract are approached
by cholinoceptive sensory nerve fibers that initiate protective re-
spiratory reflexes (4-6). The dominant nicotinic acetylcholine re-
ceptor (nAChR) subtype of viscerosensory neurons contains the
a3 subunit, and such nevrons project to the murine lower urinary
tract (23). Using a GFP reporter mouse strain for this promoter
(24), we identified a dense nerve fiber network immedrately un-
derneath and partially penetrating into the urethral epithelinm,
coming into contact with villin-positive brush cells (Fig. 64). Be-
cause urethral sensory nerve fibers are known to be linked to the
mictuzition reflex and to coordinate muscle constriction of the
bladder and urethra (25), we assessed for reflex coupling between
urethral bitter sensing and detrusor activity. The mouse urethra i
too small to allow sitmultaneous cystometric recording of intra-
vesical pressure and urethral manipulation, and thus rat is the
model of cheice for this purpose (26).

We first validated by immunohistochemistry the occurrence
of solitary villin-, w-gustducin-, PLCR2-, TRPMS-, and ChAT-
immunoreactive cells in the urethral mucosa of rats (Fig. 68).
Notably, such cells were also detected In two human urethral
specinens obtained during prostatectomy (Fig. 68), demon-
strating that their occurrence Is not restricted to rodents. Con-
tinuous filling of the bladder with saline solution (0.04 mI/min)
through a catheter inserted into the bladder dome simulated
natural bladder filling in fast motion and cansed cycles of rising
intravesical pressure and micturition in urethane-anesthetized
rats. Urethral instillation of saline solution (0.9%; 50 pL) through
the external nrethral orifice augmented pressure rises only slightly,
but a single dose of denatonium (25 mM; 50 pL) significantly
increased detrusor activity far beyond the first micturition,
causing washout or a drastic dilution of urethral content (Fig, 6
C and D). Lower denatoninm concentrations (2.5-12.5mM; n =2
each) had no obvious effect, resembling the effectiveness of
denatoninm on [Ca®¥); rises in isolated urethral chemosensory
cells. [ntraurethral administration of the general nicotinic re-
ceptor blocker mecamylamine (10 * M) significantly reduced the
denatoninm-indnced increase m detrusor activity, although the
activity did not completely return to baseline (Fig. 6 C and E).
When administered before denatoninm, mecamylamine also did
not completely block the denatonfum-induced rise in detrusor
activity (n = 2).

Discussion

Up to now, solitary chemosensory or brush cells have been
identified in the respiratory and gastrointestinal tracts, but not in
any other mammalian organ system. Likely owing due to their
anatomic restriction to the portal of entry into the urogenital
tract (i.e., the urethra and glandular ducts opening mto it), these
chemosensory cells have escaped detection in previous searches
for urogenital brugh cells that focnsed on more centrally located
organs, including the kidney, uterus, and prostate gland, before
the sentinel function of solitary chemosensory cells had been
proposed (14). Coexpression patterns of vatious components of
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Fig. 4. Urethral cholinergic brush cells are polymodal chemosensors. (4} RT-
PCR, agarose gel. Urethral brush cells {UBCs) were isolated by magnetic beads
coated with TRPMYE antibody. Tongue, positive control; f2-microglobulin
(p-MG), housekeaping gene; +— RT, aliquots processed with/Awithout reverse
transcription. {6 and €} Dose-dependent increase in [Ca®*]; in dissociated UBC
in response to the Tas2R108 agonist denatonium. All drugs were added under
cortinuous flow in the chamber, so that indicated concentrations were
reached initially and then washed out. {5} Confocal laser scanning recording of
charges in Calcium Orange fluorescence in a single cholinergic {eGFP*) brush
cell. The y axis depicts arbitrary units (AU} correlating to [Ca?*]. (€) The y axis
depicts maximum [Ca®"); increases in eight cholinergic cells in response to in-
creasing denatonium concentrations. (&) Same technigue as in 8 and C. Shown
are maxirnum [Ca?*]; increases evoked by 25 mM denatonium befora and after
application of the TRPMS inhibitor TPPG (0.25 miM) in seven cholinergic brush
cells. (£} Whole-cell patch-clamp recording, with membrane potential damped
1o —60 mY¥. Increased imward current was observed in 1% of 21 cells {res-
ponders). {F—H) Same technique as in 8-0. {F} Superimposed calcium increases
in 32 polymodal cells that responded to all three stimuli (0.5 mM ATP, 25 miM
denatonium, and 25 mM L-glutamate}. (G} In contrast, dissociated cells did not
respond to the Tas2R105 agonist cycloheximide (Cyc; 0.1 mi) or to the arti-
fidal sweetener saccharin (Sac; 5 mi). (H) Heat-inactivated uropathogenic
£ coli (UPES; 2-5 % 107 cfu) induced [Ca®*] increase to the same extant as ATP.
Graphs depict mean and SEM. *P < 0.05, paired t test.

the taste transduction cascade and ChAT-eGFP suggest the
presence of more than one chemosensory cell type in the ure-
thra, including a cholinergic type using FLCB2Z and TRPMS,
proteins essential for oropharyngeal bitter and wmami percep-
tion (27), for downstream signaling. Consistent with our [Ca®t;
measurements, this signaling pathway involves Gy stimulation
of PLCB2 with subsequent release of Ca®" from intracellular
stores (28).

The role of the taste-specific Gu protein a-gustducin (29),
which is expected to activate a phosphodiesterase, is less clear
(28). In taste buds, a-gustducin is inconsistently coexpressed with
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T1RI-3, particularly in the posterior tongue (30), and its genetic
ablation diminishes, but does not abrogate, bitter and nmami
gustation (31, 32). Similarly, the vast majority (=90%) of cho-
Imergic urethral brush cells respond to bitter (denatonium)
and umami (L-glutamate), but only approximately one-third
coexpress a-gustducin,

A striking feature of cholinergic/TRPMS™ urethral chemo-
sensory cells is the coexpression of taste receptors of the TasIR
and Tas2R families and the resulting polymodal response to both
bitter and wmeami stimuli. Similarly, solitary nasal chemosensory
cells coexpress TasIR3 with Tas2R5 and Tas2R8 (33); however,
although the responses of these cells to bitter stimuli are well
documented (34), whether they also respond to umami remains
to be established. This sitnation is in contrast to oropharyngeal
gustation, where TasIR and TasZR receptors are not coex-
pressed in taste buds (33, 35), and 83% of receptor cells in
muring vallate papillae respond to only a single taste quality,
which provides a basis for taste coding in taste buds (36).

A paired t-test B

&
o
4
s}

8§

17 x
T 18 '/
w15 5110
g 1 < s
%1: b -
Sz :7 S 100 L SN = &1
gy i L4
1] — 10 ACh  AM ACh+AM
[ 0 T
Den 0 10 20 30 40 80 90 100 110
C 200 P3s Pty Time [s]

B
5150 -
- g |
= |
g
. ...J b4y -# UBC

A A A

AM Cen+AM ATP

v vy A

=)
o 150
4 [T
= T
% f |
3 e Jmm
100 rigou sttt sase -
%
"
o—

u u T T
240 260 280 300 420 440 450 480
Time [s]

T
o 20 40 60

Fig. 5. Urethral brush cells release acetylcholine. {4) Acetylcholine {Ach}
content in the supernatant {0.5 mL} of isolated urethral cells after a 5-min
exposure to PBS {control) or denatonium. kolates from one urethra are
treated as paired data. (8) Calcium recordings from eight eGFP~ urethral cells
located on coverslips that did not contain eGFF* celkls. In the continuous
presence of the acetylcholine esterase inhibitor physostigmine (5 pM), ace-
tylcholine (25 pM) evokes an increase in [€a®*]; that is sensitive to a mixture
(&+M) of muscarinic {2 pM atropine) and nicotinic (20 p mecamylamine)
acetylcholine receptor blockers. {C} Parallel [Ca®*], recordings from eGFP*
(= 13, Upper) and eGFP~ {n = 74; Lower) isolated urethral cells located in
their vicinity {same field of view during confocal laser scanning recording) on
the coverslip. Both cell types respond to denatonium (Den; 25 mM) with a
[€a®*]; increase. This responsiveness is lostin eGFP™ cells, but persists {even at
enhanced levek; # = 0.04, paired t test) in eGFP* cells after pretreatment
with cholinergic blockers {&+M; 4), demonstrating denatonium-evoked cho-
linergic signaling from eGFP* to eGFP~ cells. Response to the nongustatory
stimulus ATP demonstrates the viability of cellsat the end of the experiment.
n.s., nonsignificant. *# < 0.05; ¥%F < 0.01; ***P < 0.001, paired t test com-
pared with value immediately before substance application.
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Fig. 8. Sensory nerve fibers approach urethral brush cells and elicit reflex
bladder activation on application of a bitter substance. {4} A sensory nerve
fiber expressing eGFP under the control of the nicotinic receptor a3-subunit
farrow} establishes contact with a villin-immunoreactive brush cell in the
mouse urethra. {8) Immurnolabeling. Solitary epithelial cells with immuno-
reactivity to brush cell markers, taste transduction cascade components, and
ChAT in rat and human urethral epithelium, (C-£) Cystometric recordings
from urethane-anesthesized rats. The bladder was continuously filled with
saline {0.04 mLmin}, causing a rise in intravesical pressure and initiating
detrusor contraction and micturition. (C) Criginal recording of a single ex-
periment showing that urethral instillation of denatonium increases detru-
sor activity compared with saline application, which is di shed by the
nicotinic blocker mecamylamine {Mec). {{}and £) Detrusor activity quantified
as AUC. {0} Denatonium increases detrusor activity. AUC was determined
over a period of 18-36 min in each condition, in nine experiments. (£} First,
recordings were made after stimulation with a single dose of denatonium
for a minimum of 18 min, with AUCmin as the baseline value. AUCHin
decreased after application of mecamylaming, but increased over time when
no additional compound was applied.

In oropharyngeal gustation, bitter represents an aversive
stitmulus and nmami represents a rewarding stimulus, raising the
question as to the possible functional meaning of sensing of both
qualities by a single cell. In contrast, on other mucosal surfaces,
such as the urethral lning, these qualities represent potentially
harmful (aversive) content. Bacteria produce and secrete bitter
receptor-activating substances (3, 37, 38). In biofflms, such sub-
stances from the Gram-negative bacterium Psendomonas aer-
uginosa, one of the predominant cansative microorganisms in
catheter-associated urinary tract infection (39), can reach con-
centrations as high as 600 pM (40} Cn the other hand, glntamate
metabolism is positively linked to the pathogenic potential of
Proteus mirabilis in the urinary tract (41), and free amino acids
(i.e., umami) facilitate bacterial growth m nrine (42). Thus, the
bitterfumami polymodality of chemosensory cells may serve to
broaden the spectrum for recognition of potential hazardous
material in the urethral lumen. Most importantly, these che-
mosensory cells responded to heat-inactivated uropathogenic
E. coli, the primary cause of urinary tract infection (43).

Acetylcholine, a secretory product of these cells, may alter
sensitivity of this process in an autocrine manner, as demon-
strated by the enhanced tastant response after application of a

Deckmann et al.

muscarinic/micotinic receptor blocker mixture. In the more
complex lingual taste buds, antocrine cholinergic signaling enhances
taste signaling via muscarinic receptors (44). Our cell culture
experiments revealed that the amount of acetylcholine released
on bitter stirnulation is also sufficient to nduce paracrine effects.
In situ, these cholinergic cells, like those in the trachea (6), are
directly approached by sensory nerve fibers expressing the nic-
otinic acetylcholine receptor a3 subunit, and luminal denatonium
evoked reflex activation of the detrnsor muscle at a concentra-
tion that stimulated urethral chemosensory cells. This reflex
activation was sensitive to local application of a nicotinic re-
ceptor blocker, demonstrating the mvolvement of cholinergic,
nicotinic transmission from chemosensory cells to sensory nerve
fibers. Nonetheless, the denatonfum-induced increase in detrusor
activity was not entirely abrogated, possibly owing to (i) additional
involvement of excitatory muscarinic acetylcholine receptors that
are also expressed by urinary tract afferent neurons (45); (i)
additional involvement of a cotransmitter, such as ATP, which
transmits information from taste cells to afferent fibers in taste
buds (46); or (i) insufficient access of intraluminally applied
mecamylamine to the basolaterally located communication site
between chemosensory cells and nerve fibers, as lower urinary
tract epithelia form an extraordinary tight barrier (47).

In conclusion, we propose a concept of urinary bladder control
involving a previously unidentified cholinergic chemosensory cell
monitoring the chemical composition of the urethral luminal
microenvironment for potential hazardous content.

Materials and Methods

Animals. Two independently generated ChAT®A® e GFP mice were provided
by M. Kotlikoff {Cornell University), and H. Monyer {University of Heidel-
berg) {10, 11). Tg{Chrna3-EGFF)BZ 135Gsat mice with eGFP driven by the
nACHR «3pdab cluster were provided by I. lbanez-Tallon (MDC Molecular
Wedicine) {24). C57BL/6 mice were obtained from The Jackson Laboratory.
Male Clr\WI Wistar rats were obtained from Charles River Deutschland. All
animals were housed under standard laboratory conditions (12 h dark, 12 h
light}. Mice were Killed by inhalation of an overdose of isoflurane (Abbott)
and exsanguination. The experiments were approved by the local authori-
ties {Rp Giessen, Germany; reference nos. A%/2011, AT1/2011, ABD/2012, AB1/
2012, and 12/2013)

Cell Isolation. Urethrae were dissected, cut into small pieces, and enzymati-
cally digested in dispase (2 mg/il; Sigma-Aldrich) for 30 min in HBSS {Invi-
trogen)and 5 min in trypsin/PES {1:1, Invitrogen)at 37 °C. After centnifugation
{60 x g, 5 min) and mechanical dissodation, cells were resuspended in PES
and separated through a cell strainer {70 pW; ED Bioscience). Chemosensory
cells were identified by either eGFF or a rabbit polydonal TRPMS-antibody
{ab72151, 1:12%; Abcam) directed against an extracellular domain. Cells
ware incubated for 1 h at 37 *Cwith this primary antibody, followed bya 1-h
incubation with FITC-conjugated donkey anti-rabbit 1gG (1:125; Millipore) at
37 “C. The same procedure, but using CyS-conjugated donkey anti-rabhit IgG
{1:400; Dianova), was akso applied to cells isolated from ChAT-eGFP mice. As
ohserved in the immunohistochemistry of tissue sections (Talle 53), TRPMS
lIabeling and eGFP expression matched nearly 1:1. For subsequent RT-PCR
analysis {primer sequences given in Table 54), chemosensory cells were iso-
lated by incubating dissociated urethra first with the TRPMS antibody as
described above and then with magnetic beads (Invitrogen} coated with
goat anti-rabbit 1gG (H+L) {PI65-6100; Invitrogen), Tollowed by harvesting by
magnetic cell separation.

Measurement of Intracellular Calcium Concentration. lsolated cells were loaded
with fluorescent caldum indicator Calcium Orange &AM (3 pL) in Tyrode Hl so-
lution (297 pl; 8 mM CaCly 130 mM NaCl, 5 mi KCl, 1 mi Mgy, 10 m
Hepes, 10 mM glucose, 10 mM pyruvic acid, and 5 mM NaHCG3) according to
the manufacturer’s protocol {Invitrogen) and then plated on coverslips for 30~
60 min at 37 “C. Intracellular calcium concentration was analyzed with a con-
focal laser scanning microscope {Zeiss LSM 710; 561 -nm wavelength generated
kwy & DPSS 561-10 laser) during continuous superfusion (3 mL'min} with Tyrode
solution. Fluorescence intensities at the start of the recording period were set
arbitrarily at 100%. Test stimuli and concentrations were adenosine 5'-
triphosphate bis(Tris) satt dihydrate (ATP, 0.5 miM; Sigma-Aldrich), acloheximide
{0.1 mM; Sigma-Aldrich), denatonium benzoate {25 mM; Molakula), L-glutamic
add monosodium salt monohydrate {(L-glutamate, 25 mby Sigma-Aldrich),
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saccharin {5 mM; Fluka), acetylcholine chloride (25 pM; Sigma-aldrich), and
heat-inactivated uropathogenic £ cofi [UPEC strain CFTO73 (NCBI: AED14075,
NE_004431), ~2-5 3 107 cfu, provided by T. Chakraborty, JLU Giessen]. Inhik-
itors were TPPO {0.25 miv, Sigma-Aldrich), eserine hemisulfate {10 uM; Sigma-
Aldrich), mecamylamine hydrochloride (0.02 mM; Sigma-Aldrich), and atropine
sulfate {0.002 mM; REI). Data are presented as mean + SEM and were analyzed
by the two-tailed paired t test.

Patch-Clamp Rrecordings. Cells were isolated from ChAT-eGFP mice as de-
scribed for [Ca®*]; recordings, and eGFP-expressing cells were identified
with a fluorescence microscope {Zeiss Axiovert 10). The bath solution con-
sisted of 140 mM NaCl, 4.5 mM K, 2.5 mM CaCl;, 1 mM MgCl, 10 mM
Hepes, and 5 mW c-glucose (pH 7.4). The pipette solution consisted of 10 mivl
Matl, 18 mM KCI, 22 mM K-gluconate, 0.5 mM MgCl;, 1 mi EDTA, and 10
mi Hepes {pH 7.2). The liguid Junction potential was absorbed with the
clamped voltage, producing an effective membrane potential of —60 mV.
The bath solution included appropriate amournts of mannitol to compensate
for osmotic changes or different concentrations of denatonium {1-2% mi),
applied by a pressure-driven perfusion system. Transmembrane currents
were amplified {EPC 9; Heka Electronics) and recorded continuoushy
(sampled with 10 kHgz, filtered with 3 kHz) with Pulse 8.77 software
(Heka Electronics).
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Urodynamic Measurement. Rats were anesthetized by an s.c injection of
urethane (1.2 g/kgh at 1 h before surgery and maintained under anesthesia
during the surgical preparation while on a heating pad {37 °C). A catheter (PE
50; Intramedic) was inserted into the bladder dome and connected to a
pressure transducer and an infusion pump. Saline solution at room tempera-
ture was infused into the bladder at a rate of 0.04 mLU/min. After a sta
zation phase of 15-30 min, the intravesical bladder pressure was recorded
continuously, and 50 pL of test stimuli were delivered into the urethral ex-
ternal orifice via a 0.9 x 25 mm cannula (Braun VYasofix G22) mounted on a
100-uL pipette. For final data analysis, areas under the curve (AUC) of equal
time periods before and after stimulation were compared; data are
presented as AUC/min. The urodynamic recording sessions took 3-4 h for
each animal.

Fluoreseence microscopy and immunohistochemistry, pre-embedding im-
munohistochemistry, and EM, RT-PCR, and acetyldioline measurements were
performed as described previously (8, 48), with minor modifications. More
details are provided in 5f Materials and Methods.
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ARTICLE INFO ABSTRACT
Atticle history: We previously identified a population of cholinergic epithelial cells in murine, human and rat urethrae that exhibits
Received 4 March 2015

a structural marker of brush cells (villiny and expresses components of the canonical taste transduction signaling
cascade (o-gustducin, phospholipase (32 (PLCR2), transient receptor potential cation channel melanostatin 5
(TRPMS5)). These cells serve as sentinels, monitoring the chemical composition of the luminal content for potentially
hazardous compounds such as bacteria, and initiate protective reflexes counteracting further ingression. In order to
elucidate cross-species conservation of the urethral chemosensory pathway we investigated the occurrence and
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Keywords:

Cmosensow molecular make-up of urethral brush cells in placental mammals. We screened 11 additional species, at least one
Acetylcholine in each of the five mammalian taxonomic units primates, carnivora, perissodactyla, artiodactyla and rodentia, for
Urethra immunohistochemical labeling of the acetylcholine synthesizing enzyme, choline acetyltransferase (ChAT), villin,

and taste cascade components (o-gustducin, PLCR2, TRPMS5). Corresponding to findings in previously investigated
species, urethral epithelial cells with brush cell shape were immunolabeled in all 11 mammals. In 8 spedies, immu-
noreactivities against all marker proteins and ChAT were observed, and double-labeling immunofluorescence con-
firmed the cholinergic nature of villin-positive and chemosensory (TRPM5-positive) cells. In cat and horse, these
cells were not labeled by the ChAT antiserum used in this study, and unspecific reactions of the secondary antiserum
precluded condusions about ChAT-expression in the bovine epithelium. These data indicate that urethral brush cells
are widespread throughout the mammalian kingdom and evolved not later than about 64.5 million years ago.

© 2015 Elsevier B.V. All rights reserved.

Placental mammals

1. Introduction

Mucosal surfaces of the mammalian lower respiratory and gastroin-
testinal tract contain solitary epithelial cells with a characteristic flask-
like shaped and a tuft of blunt, stiff microvilli at their apical tip, from
which the name “brush cells” derived [1-4]. The actin-binding protein
villin is a structural marker protein within these microvilli [1]. In the
upper respiratory tract, cells with similar shape and functional charac-
teristics carry phenotypically different microvilli and are often referred
to as “solitary chemosensory cells” [5,6]. In the respiratory tract, these

* Corresponding author, Tel: 449 641 9947014,
E-mail address: Klaus-Deckmann@gmx.de (K. Deckmann).

http://dx.doiorg/10.1016/.intimp.2015.05.038
1567-5765/© 2015 Elsevier B.V. All rights reserved.
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cells serve as sentinels, using the canonical taste transduction cascade
to monitor the mucosal lining fluid for potential harmful substances,
such as “bitter” bacterial products. In response, they evolke reflexes
aimed at combating further ingression of such compounds, such as clo-
sure of ducts leading into adjacent compartments (vomeronasal organ}
or respiratory reflexes [7-9]. In mice, acetylcholine is synthesized and
released by these cells and serves as animportant mediator in initiating
these protective reflexes [7,10,11]. In line with the proposed sentinel
function, brush cell abundance decreases with increasing distance to
the opening to the outside world, being numerous in the nose and near-
ly absent in the intrapulmonary airways [12].

Based on this sentinel concept, we have predicted and validated the
presence of such previously unrecognized cells in the urethral epithelium
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(“urethral brush cells” = UBC} and in the very distal portions of the
glandular (e.g. prostate) excretory ducts opening into the urethra, but
neither deeper within the glands nor elsewhere in the urinary tract
(bladder, ureter, renal pelvis} [13]. Like in the airways, these cells ex-
press components of the canonical bitter and umami taste transduction
signaling cascade, such as the G-protein a-gustducin, phospholipase
Cp2 (PLCB2}, transient potential receptor cation channel melanostatin
5 (TRPMS) [5,8,10,14-16] and taste receptors of the Tas1R and Tas2R
families [13].

Physiologically, the urinary tract allows passage in only one direc-
tion to release urine, but ascending infection by uropathogenic bacteria
is not uncommon and is a major risk factor in fatal kidney disease and
male infertility [17,18]. In response to various potential hazardous sub-
stances, including uropathogenic Escherichia coli (UPEC), UBC release
acetylcholine to excite sensory nerve fibers eliciting a protective reflex,
Le. micturition which flushes the urethral content [ 13]. We have put for-
ward the concept that this cell serves as a sentinel at the entrance to the
urogenital tract to monitor and to prevent the ascent of potential haz-
ardous content, mainly bacteria [13].

In mice, structurally similar cholinergic epithelial cells expressing
components of the taste transduction cascade have been identified in
the gastrointestinal tract including the gallbladder [19,20], the auditory
tube [21], and the thymic medulla [22]. Hence, it is tempting to assume
the presence of a general surveillance system constituting of cholinergic
epithelial cells monitoring the chemical composition of their immediate
surroundings and releasing acetylcholine upon stimulation to initiate
appropriate defense mechanisms in the presence of hazardous com-
pounds. It has to be taken into account, however, that this concept is
nearly entirely based on experiments conducted in rodents, specifically
mice and rats, and even between these closely related species some
marked differences are known. In the rat, brush cells are found in the
lung alveoli (type Il alveolar cells), whereas they are absent at this loca-
tion in mice (reviewed in [12]}. Their cholinergic phenotype has been
primarily shown for mice [7,9,11,19,22,23], where additional popula-
tions of non-cholinergic brush cells also exist in trachea and urethra
[10,13], and beyond that evidence for acetylcholine synthesis has been
provided for rat bronchi as well as rat and human urethra by means of
choline acetyltransferase (ChAT) antibodies [13,24].

Hence, we set out to determine the occurrence of cholinergic UBC in
the mammalian kingdom. Previously, we have identified UBC in the

murine, human, and rat urethrae [13]. Here, we investigated 11 addi-
tional species, at least one in each of the five mammalian taxonomic
units primates, carnivora, perissodactyla, artiodactyla and rodentia
(Fig. 1}. To this end, immunohistochemistry was performed using anti-
bodies directed against ChAT, against a characteristic structural marker
of cholinergic brush cells (villin}, and against components of the canon-
ical taste transduction signaling cascade (e@-gustducin, PLCE2, TRPMS).

2. Material and methods
2.1. Animals

All specimens were taken from animals that were sacrificed in the
context of approved experiments addressing other organ systems
(guinea pig, golden hamster} or were obtained from the local slaughter-
house (pig), at routine autopsy at the Institute of Veterinary Pathology
at the Justus-Liebig-University Giessen (horse, cattle, dog, cat}, or pro-
vided by local huntsmen (red deer, badger).

Urethras from cynomolgus monkeys (Macaca fascicularis, N = 2
males) and common marmosets (Callithrix jacchus, N = 1 female and
4 males) were provided by the German Primate Center GmbH
(Goettingen, Germany). Samples originate from animals that were
breed at the German Primate Center. Housing conditions at the German
Primate Center fulfilled German and European regulations: national an-
imal protection act (§7-9/TierSchG/7833-3) and European Parliament
and European Council Directive on the protection of animals used for
scientific purposes (2010/63/EU}. In addition animal husbandry and
usage fulfilled the requirements according to the “Guide for the care
and use of laboratory animals” (US National Research Council}. Genital
healthy animals were humanely euthanized because of non-infection
related animal welfare reasons (e.g. trauma) or were post mortem ex-
amined due to the study design of other experiments. Organs were ex-
clusively sampled during post mortem examination. The Animal
Welfare and Ethics Committee of the German Primate Center approved
the use of samples for this study. Urethrae of horses (Equus ferus
caballus, N = 1 female and N = 2 males), dogs (Canis lupus familiaris,
N = 2 females and N = 2 males}, cats (Felis catus, N = 1 female and
N = 2 male) and cattle (Bos taurus, N = 2 females and N = 3 males)
were collected in the Institute of Veterinary Pathology in Giessen during
routine necropsies; where urethrae were redundant remains. We

) Rodentia (mice, rats, hamsters, guinea pigs
Eutheria

Primates monkeys, humans

Carnivora (dogs, cats, badger

Artiodactyla (pigs, deer, cattle,

Perissadactyla (horses,

Fig. 1. Phylogenetic tree of eutheria. The depicted topology and branch lengths illustrate the relationships among the species. Analyzed taxonomic units and related species are written in
bold type. Extinct taxa are labeled with 1. Adapted from tree of life web project [26].
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obtained urethrae from three odd-toed ungulates: one male and one fe-
male haflinger and one male warmblood, urethrae from four different
dogs of both genders (two male mongrels, a female pug and a female
boxer}, urethrae of three European shorthairs (cats) of both genders,
and five specimens of cattle (one male and one female Limousin cattle,
one male and one female Holstein Friesians, and one male Charolais
cattle).

Urethrae of pigs (Sus scrofu demestica, N = 3 females N = 3 males),
were obtained from a local slaughterhotse; where urethrae were redun-
dant remains. Urethrea of a European badger (Meles meles, N = 1 male)
and three red deers (Capreolus capreolus, N = 1 female and N = 2
males}, were provided by local huntsmen, tissues were redundant re-
mains of animals shot. Guinea pigs (Cavia porcellus, N = 2 females)
were sacrificed to obtain material for education; experiments were ap-
proved by the Regional Council of Giessen (Regierungspraesidium Gies-
sen: V54-19 ¢ 20/15 ¢ GI 20/10 A11/2013}, all urethrae were redundant
remains. Urethrae of six golden hamsters (Mesocricetus auratus} of both
genders were redundant remains in another experiment approved by
the Regional Council of Giessen { Regierungspraesidium Giessen: V54-19
¢ 20/15 ¢ GI 18/10).

2.2. Imynunohistochemistry

Urethrae from all investigated animals were dissected immediately
after sacrifice of the animals except for pigs where urethrae were avail-
able for dissection after the routine processing at the slaughterhouse
which lasted approximately up to 15 min. Specimens were immersion
fixed by either 4% paraformaldehyde or 2% paraformaldehyde/15% sat-
urated picricacid in 0.1 M phosphate buffer. The duration of fixation dif-
fered from tissue to tissue. After fixation, tissue was washed, frozen, and
sectioned as described previously [10]. Sections were processed for rou-
tine single- and double-labeling immunofluorescence as described ear-
lier [10]. Each primary antibody was applied to 4-18 tissue sections
from every individual animal. For single-labeling immunofluorescence,
we used the following primary antibodies: goat anti-ChAT (AB144P,
1:500 dilution; Chemicon}, rabbit anti-a-gustducin (sc-395, 1:1000;
Santa Cruz Biotechnology), rabbit anti-PLCR2 (sc-206, 1:1200; Santa
Cruz Biotechnology), rabbit anti-TPRMS5 (1:500-2000) [14], mouse
anti-purified chicken villin (0258, 1:200; Immunotech}), and mouse
anti-CHT1 (MAB5514, 1:4000; Chemicon}. For double-labeling immu-
nofluorescence we used goat anti-ChAT (AB144P, 1:500 dilution;
Chemicon) either with mouse anti-purified chicken villin (0258,
1:200; Immunotech} or with rabbit anti-TPRMS (1:500-2000) [14]. Sec-
ondary antibodies were Cy3-conjugated donkey F(ab'}2 fragments di-
rected against chicken IgY (1:2000; Dianova}, FITC-conjugated donkey
F(ab'}2 fragments directed against chicken IgY (1:800; Dianova}, Cy3-
conjugated donlkey F(ab’}2 fragments directed against goat IgG
(1:800; Merck Millipore), Cy3-conjugated anti-rabbit IgG from donkey
(1:2000; Merck Millipore}, Cy5-conjugated anti-rabbit IgG from donkey
(1:800; Dianova}, Texas Red®-dye-conjugated anti-goat IgG from
donkey (1:200; Dianova)}, Cy3-conjugated anti-rat IgG from donkey
(1:1000; Dianova), Cy3-conjugated anti-mouse IgG from donkey
(1:1000; Dianova} and FITC-conjugated anti-mouse IgG from donkey
(1:200; Dianova). Nuclei were labeled with 4'6-diamidin-2-
phenylindol (DAPI). All sections were rinsed and coverslipped with
carbonate-buffered glycerol {(pH 8.6). Sections were evaluated by
epifluorescence microscopy (Zeiss Axioplan 2). Specificity of secondary
reagents was validated by omission of primary antibodies.

3. Results
3.1. Primates
We previously described cholinergic UBC in human (Homo sapiens)

urethra [13], and now investigated cynomolgus and common marmoset
monkeys. Flask-like shaped cells positive for the brush cell marker villin
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were consistently observed in the epithelium of all urethral specimens,
and ChAT-immunoreactive cells with comparable morphology in all but
one sample from cynomolgus. The components of the taste transduction
signaling cascade (o-gustducin, PL{B2, TRPMS) were regularly detect-
ed in urethral epithelial cells of cynomolgus monkeys and common
marmosets, albeit staining intensity for ci-gustducin was wealk in cyno-
molgus monkeys. Also, solitary urethral epithelial cells were weakly
stained with PLCR2 and TRPMS antibodies in the marmoset (Fig. 2). In
common marmoset monkeys, no gender diversity was noted.

3.2. Carnivora

Immunoreactivities for all five target proteins (villin, ChAT, e-
gustducin, PLCB2, TRPMS5} were noted in epithelial cells with brush
cell shape (flask-like, slender or triangular}in all canine and badger ure-
thrae, with rather faint labeling for PLCB2 and a-gustducin. Villin-
immunolabeling was concentrated at the luminal surface (Fig. 2}, likely
corresponding to an apical tuft of microvilli from which brush cells have
derived their name {reviewed in [4]). In feline (European shorthair)
urethrae, TRPMS5- and e-gustducin-immunoreactive cells were consis-
tently observed, PLCB2 and villin-positive cells in one of three samples.
(Fig. 2). ChAT-immunolabeling was seen in large diameter axons in
nerve fiber bundles in the urethral wall (Fig. 2}, but neither in terminal
nerve fibers innervating the urethral muscle layer nor in epithelial cells.
In canine urethrae no gender diversity could be observed.

3.3. Artiodactyla

Among artiodactyla, cattle, red deer, and pigs were examined. &-
Gustducin-positive cells with brush cell shape were detected in all bo-
vine samples (N = 5}, villin- and TRPM5-positive cells in 3/5 and
PLOP2-immunoreactive cells in 1/5 bovine urethrae (Fig. 3). In this spe-
cies, the secondary anti-goat Ig antibody used for detection of the ChAT-
antiserum raised in goat unspecifically bound to epithelial cells so that
no conclusions about ChAT expression could be drawn. We included
urethrae from six different pigs, three of each gender. TRPMS5-, PLCB2-
and a-gustducin-positive cells were constantly detected, ChAT-
positive cells were labeled in three of them. Staining of cholinergic
cells was not limited to either gender. Villin-positive cells were found
in 50% of the investigated samples, and labeling was nearly restricted
to an apical spot (Fig. 3). We observed cholinergic cells in the urethral
epithelium of all (N = 3) investigated red deer, and TRPM5-, PLCB2-,
gustducin- and villin-positive cells always in 2/3 samples (Fig. 3).

3.4. Perissodactyla

This taxonomic unit order was represented by horses in our study.
TRPM5- as well as a-gustducin-positive cells with characteristic brush
cell shape were detectable in all three equine samples, PLCA2- and
villin-positive epithelial cells, respectively, in two of them. ChAT-
positive epithelial cells were not encountered. Few large diameter
axons in nerve fiber bundles in the urethral wall displayed ChAT-
immunolabeling (Fig. 3}, but cholinergic terminals innervating urethral
smooth muscle, which were evident by CHT1-immunoreactivity, were
not labeled by the ChAT antibody (not shown}.

3.5. Rodentia

Previously, we reported UBC in rats (Rattus norvegicus domesticus)
and mice (Mus muscufus) [13] and now extended our studies to guinea
pigs and golden hamsters. We are aware of recently published phyloge-
netic analysis based on molecular data that guinea pigs are no rodents
[25]. still, here we used the classification of the tree of life web project
[26], which places guinea pigs in the taxonomic unit rodentia. In both
species, all target proteins were consistently detected by immunofluo-
rescence in epithelial cells with brush cell morphology. PL(32-labeling
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Fig. 2. Urethral brush cells in primates and carnivora. Urethral epithelial cells (arrowhead) with brush cell shape (flask-like, slender or triangular) of cynomolgus monkey (Cyno), common
marmoset (Marmo), dog, and european badger are positive for ChAT, a characteristic brush cell marker (villin) and components of the canonical taste transduction cascade for sweet, bit-
ter, and umami perception (PLCR2, a-gustducin (aGust) and TRPMS5). In several sections, connection of labeled cells to the urethral lumen is visible (villin: cynomolgus, dog, badger; o~
gustducin: marmoset; TRPM5: dog, cat). In dog and badger, villin-immunolabeling is concentrated at the luminal surface (arrow), likely corresponding to an apical tuft of microvilli. Sol-
itary urethral epithelial cells of cat are positive for villin, aGust, PLC32 and TRPM5. ChAT-immunolabeling was only seen in large diameter axons. TRPM5-immunolabeling in cynomolgus
wasdetected with a Cy5-conjugated secondary antibody and, accordingly, recorded with an infrared-sensitive black-and-white camera. Scale bars represent 20 um throughout, the scale in

the lower right panel applies to all micrographs except for ChAT-labeling in cat.

intensities were relatively faint. Pronounced villin-labeling of a slender
apical cell process was particularly evident in the guinea pig (Fig. 3).

3.6. Brush and chemosensory phenotype of cholinergic epithelial cells

As described above, immunohistochemical labeling efficiencies dif-
fered among species and antigens. Particularly in common marmosets
and guinea pigs, labeling intensities obtained with ChAT, villin and
TRPMS antibodies were sufficient enough to perform double-labeling
for ChAT and TRPMS as well as for ChAT and villin, respectively. ChAT
and TRPMS antibodies stained practically identical cells in the epithelium
(Fig. 4). Both ChAT- and villin-immunolabeling were less intense when
FITC- instead of Cy3-conjugated secondary antisera were used. This was
particularly pronounced for ChAT-immunolabeling, so that ChAT-
immunoreactivity was visualized with Cy3- and villin-immunoreactivity
with FITC-conjugated secondary antisera in double-labeling experiments.
Under these conditions, villin-immunolabeling was often restricted to
the apical pole of positive cells. With this antibody combination,
colocalization was not nearly 1:1, and cells exhibiting only either of the
immunoreactivities were also observed (Fig. 4).

4. Discussion

Including our previous study [13], we now identified cells with
brush cell-like morphology and expression of chemosensory traits in
the urethral epithelium of 14 species within Placentalia. Placentalia
can be grossly grouped in Boreoeutheria, Afrotheria and Xenarthra
[26]. The species from which samples were available for the present
study all belong to five orders of the biggest of the magnorders,
Boreoeutheria, covering both its superorders Euarchontoglires (or
supraprimates) (here: primates, rodentia} and Laurasiatheria (here:
carnivora, artio- and perissodactyla). A general consensus about time
and mode of diversification of the Placentalia still has not been reached.

Combining molecular sequence data with 4541 phenomic characters for
fossil and living species led to the proposal that the crown clade
Placentalia evolved after the Cretaceous-Paleogene (K-Pg) event 66 to
65 million years ago, which marks a significant extinction horizon [27,
28]. According to this phylogenetic tree, Xenarthra, covering the two
taxons Edentata (anteaters, sloths, armadillos) and Pholidota (pango-
lins}), have first split from a common ancestor, and then Afrotheria
(e.g. manatees, hyraxes and elephants} from Boreoeutheria in the first
200 to 400 thousand years after this K-Pg event [28]. Thus, it is likely
that cholinergic chemosensory urethral brush cells evolved not later
than about 64.5 million years ago.

Since identification of cholinergic chemosensory cells required
immunochistochemistry, interspecies cross-reactivity of the antibod-
ies and variation in tissue sampling, as it is unavoidable when sam-
ples are taken from the slaughterhouse, from veterinary autopsy
and from hunted game, caused limitations of the present study. Ac-
cordingly, not all antigens were detected in all investigated samples
of all species, and labeling intensities obtained with some antibodies
were often weaker in particular species than in our previous study on
mice with antibodies selected for reactivity with mouse proteins and
standardized tissue processing [13]. Notably, alignment of the amino
acid sequences used for immunization {when known) with pub-
lished species-specific sequences retrieved from NCBI protein data-
base (SI. 1} showed common stretches that potentially allow for
antibody recognition (SI. 2-5). In two species (horse and cat), the
ChAT antiserum failed to label urethral epithelial cells, albeit the
structural brush cell protein villin and components of the taste trans-
duction cascade were detected. Thus, either urethral chemosensory
epithelial cells utilize another transmitter than acetylcholine in
these species, or we obtained false negative labeling with the ChAT
antiserum. Notably, thick preterminal axons of cholinergic a-
motoneurons were recognized by the ChAT antiserum in both
species, providing an internal positive control for the principal
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Fig. 3. Urethral brush cells in artiodactyla, perissodactyla and rodentia Cattle, red deer, pig, golden hamster and guinea pig urethrae harbor epithelial cells (arrowhead) with brush cell
shape (flask-like, slender or triangular). These cells are immunoreactive for ChAT in red deer, pig, hamster and guinea pig. In cattle, however, the Cy3-conjugated secondary antibody
alone produced epithelial labeling, so that no conclusions about ChAT-immunoreactivity in the epithelium can be drawn. In all species, such cells are immunoreactive to villin, PLC32,
o-gustducin (eeGust) and TRPMS. In pig and guinea pig, villin-immunolabeling is concentrated at the luminal surface (arrow), likely corresponding to an apical tuft of microvilli. In the
horse, ChAT-immunolabeling was only seen in large diameter axons in equine tissue (doubled-arrowhead, nuclei counterstained in blue with DAPIin this image). TRPM5-immunolabeling
in guinea pig was detected with a Cy5-conjugated secondary antibody and, accordingly, recorded with an infrared-sensitive black-and-white camera. Scale bars represent 20 um through-
out, the scale in the lower right panel applies to all micrographs except for ChAT-labeling in horse.

suitability of this antiserum for its use in cat and horse. Although fine
varicose terminals of cholinergic parasympathetic neurons innervat-
ing urethral smooth muscle bundles were not labeled by the ChAT
antiserum in these species, they could be validated using another
marker for cholinergic nerve terminals, i.e. CHT1 antiserum. Such
discrepancy between successful ChAT-immunolabeling of central
neurons and negative results obtained on cholinergic postganglionic

ChAT TRPM5

N

2
B
[
o

=
3

O]

autonomic neurons has been noted earlier, and expression of differ-
ent ChAT isoforms (common versus peripheral) has been suggested.
An alternative splice variant of ChAT is localized preferentially in pe-
ripheral nerve cells and fibers [29,30]. It still remains to be deter-
mined which ChAT variant is expressed by urethral brush cells and
whether such molecular diversity might underlie the negative
immunolabeling results in equine and feline urethral brush cells.

ChAT Villin

Fig. 4. Double-labeling of urethral brush cells in marmosets and guinea pigs. Urethrae of common marmosets (Marmo) and guinea pigs were double-labeled for Villin/ChAT or TRPM5/

ChAT. ChAT-i activity was visualized with Cy3-, and villi

eactivity with FITC-c

d secondary antisera, and TRPM5-in activity with Cy5-conj d sec-

ondary antisera. Cholinergic cells are positive for TRPM5 (double-headed arrows). Flask-shaped cells are immunoreactive for the brush cell marker villin (arrows) and ChAT (arrewheads).
Villin-immunolabeling shows concentration of this microvillous protein at the apical cell pole. Another ChAT-positive cell is not villin-positive (doubled arrowhead). Scale bar represents

20 um throughout.
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In the murine urethra, there is evidence for the presence of subpop-
ulations of urethral brush cells. Utilizing a reporter mouse strain ex-
pressing enhanced green fluorescent protein (eGFP) driven by the
ChAT promotor, a nearly complete overlap was observed between
ChAT-eGFP and TRPM5-immunolabeling, but various combinations of
colocalization were observed between ChAT-eGFP and PLCR2-
immunoreactivity, and while all ChAT-eGFP-positive cells were villin-
immunoreactive, there was an additional population of about equal
size of villin-positive/ChAT-eGFP-negative cells [13].

The present double-labeling data have to be interpreted in view of
the technical limitations of this multi-species study as discussed above.
Nonetheless, the extensive colocalization of TRPMS5- and ChAT-
immunoreactivities allows the conclusion that cholinergic epithelial
cells indeed express chemosensory traits. The only partial overlap with
villin-immunoreactivity favors the existence of at least one additional
population of brush cells (here defined by villin-immunoreactivity)
which might use another sensor and signaling cascade than bitter/
sweet/umami sensing cells and another signaling molecule than
acetylcholine.

Conclusion

Epithelial cells with brush cell shape were immunolabeled in ure-
thrae of all 11 placental mammals. Double-labeling immunofluores-
cence confirmed the cholinergic nature of villin- and chemosensory
(TRPMS5-positive) cells. These data indicate that cholinergic urethral
brush cells are widespread throughout the mammalian kingdom and
evolved not later than about 64.5 million years ago.
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Muscarinic receptors 2 and 5 regulate bitter response
of urethral brush cells via negative feedback

Klaus Deckmann,*! Amir Rafig,* Christian Erdmann,’ Christian Illig,f Melanie Durschnabel,’ Jiirgen Wess,*
Wolfgang Weidner," Thomas Bschleipfer,® and Wolfgang Kummer*

“Institute for Anatomy and Cell Biology and "Department of Urology, Pediatric Urology, and Andrology, Justus-Liebig-University Giessen,
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ABSTRACT: We have recently identified a cholinergic chemosensory cell in the urethral epithelium, urethral brush
cell (UBQ), that, upon stimulation with bitter or bacterial substances, initiates a reflex detrusor activation. Here, we
elucidated cholinergic mechanisms that modulate UBC responsiveness. We analyzed muscarinic acetylcholine
recepter (M1-5 mAChR) expression by using RT-PCR in UBCs, recorded [Ca®']; responses to a bitter stimulus in
isolated UBCs of wild-type and mAChR-deficient mice, and performed cystometry in all involved strains. The bitter
response of UBCs was enhanced by global chelinergic and selective M2 inhibition, diminished by pesitive allosteric
modulation of M5, and unaffected by M1, M3, and M4 mAChR inhibiters, This effect was not observed in M2 and
M5 mAChR-deficient mice. In cystometry, M5 mAChR-deficient mice demonstrated signs of detrusor overactivity.
In conclusion, M2 and M5 mAChRs attenuate the bitter response of UBC via a cholinergic negative autocrine
feedback mechanism. Cystometry suggests that dysfunction, particularly of the M5 receptor, may lead to such
symptoms as bladder everactivity.—Deckmann, K., Rafiq, A., Erdmann, C,, Illig, C,, Durschnabel, M., Wess, |.,
Weidner, W., Bschleipfer, T., Kummer, W. Muscarinic receptors 2 and 5 regulate bitter response of urethral brush

cells via negative feedback. FASEB J. 32, 000000 (2018). www.fasebj.org
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Wehave recently identified a novel cholinergic component
in sensory control of bladder function, that is, a specialized
cholinergic epithelial cell in the urethra, termed the ure-
thral brush cell (UBC) (1, 2). UBCs are polymodal che-
mosensory cells that express both canonical bitter and
umami receptors and their common downstream channel,
transient receptor potential cation channel subfamily M
member 5 (TRPM5). They respond to both bitter sub-
stances and glutamate with an increase in [Ca®*]. Both
stimuli represent a potential danger signal in the ure-
thra as many bacterial products have bitter quality, and
glutamate (umami) facilitates bacterial growth in urine.
Accordingly, these cells also respond to heat-inactivated
uropathogenic Escherichia coli (2). UBCs are cholinergic,

ABBREVIATIONS: ChAT, choline acetyltrarsferase; eGFP, enhanced green
fluorescent protein; mAChR, muscarinic acetylcholine receptor; met,
methoctramine hydrate; OAB, overactive bladder syndrome; TRPMS,
transient receptor potential cation channel subfamily M member 5; UBC,
urethral brush cell
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obtain this information.
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cystometry - overactive bladder syndrome

release acetylcholine upon stimulation, and are ap-
proached by sensory nerve fibers that carry nicotinic
acetylcholine receptors. Bitter application into the ure-
thral lumen reflexively triggers enhanced detrusor ac-
tivity, which has been interpreted as a protective reflex,
as potential hazardous content is expelled from the
urethra viz micturition (2, 3).

In the course of these studies, we obtained first evi-
dence of an autocrine cholinergic feedback mechanism
that regulates the sensitivity of this system. Using knock-
out mice for all 5 known muscarinic acetylcholine receptor
(mAChR) subtypes (M1-5), we have clarified the under-
lying receptors and demonstrate in cystometry in awake
mice that the targeted deletion of the M5 receptor is asso-
ciated with signs of overactivity.

Overactive bladder syndrome (OAB) is a common
disorder that affects approximately 12-16% of the pop-
ulation in Western countries and millions of people
worldwide (4, 5). OAB symptoms are urgency, with or
without urinary incontinence, usually with frequency and
nocturia, and OAB is often associated with involuntary
contractions of the detrusor muscle, that is, detrusor over-
activity (6). Antagonists of mAChRs are drugs of choice in
OAB, originally based on the concept of inhibiting detrusor
contraction, which is primarily mediated viz acetylcholine
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(7); however, as mAChR blockers are effective in the
bladder-filling phase during which no contractions
occur, and because they do not impair physiologic
voiding, a mode of action on the sensory component is
currently favored, yet still not fully elucidated.

MATERIALS AND METHODS
Animals

The generation of MI1-5""" and M2/37/" mice has been de-
scribed previously (8-13). Corresponding wild-type mice were
used as controls. Choline acetyltransferase [ChAT(BAC)-eGFP]
mice that expressed enhanced green fluorescentprotein (eGFP) in
UBCs (2) and C57BL/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA). All urodynamic experiments
wete performed with adult female mice (>>14 wk). Experiments
were conducted in accordance with the European Communities
Council Directive of November 24, 1986 {86/609/EEC), and
approved by the local authorities (Administration of Giessen,
Germany; No. 571_M, 572_M, 574_M, A44-48 /2011, V44/2008).

Cell isolation

Cell isolation was performed as described previously (2).
Isolated UBCs were identified by either eGFP-fluorescence or
labeled with a TRPM5 Ab (1:125; Abcam, Cambridge, United
Kingdom), followed by FITC-conjugated donkey anti-rabbit
IgG (1:125; EMD Millipore, Billerica, MA, USA). TRPM5 la-
beling and eGFP expression matched nearly 1:1 (2). For RT-
PCR analysis, UBCs were isolated with the TRFM5 Ab and
magnetic beads (Thermo Fisher Scientific, Waltham, MA,
USA) that were coated with goat anti-rabbit [gG (H + L; PI65-
6100; Thermo Fisher Scientific), followed by harvesting by
magnetic cell separation (2).

RT-PCR

Total RNA from pooled isolated cells (# = 3 samples) was
extracted by wusing an RNeasy Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. RT-PCR was per-
formed as described previously (primer sequences are given in
Supplemental Table 1) (2).

Measurement of intracellular
calcium concentration

Measurement of intracellular calcium concentration ([Ca®*];)
was performed as described previously (2). In brief, isolated
cells were loaded with the fluorescent calcium indicator,
Calcium Orange AM (0.01 Mzg/ 1l Thermo Fisher Scientific),
and plated on coverslips. [Ca”"]; was analyzed with a confocal
laser scanning microscope (LSM 710; Carl Zeiss, Jena, Ger-
many) during continuous superfusion (2.5 ml/min). Fluo-
rescence intensities at the start of the recording period were
set arbitrarily at 100%. Test stimuli and concentrations were
denatonium benzoate (25 mM; Molekula, Munich, Germany),
mecamylamine hydrochloride (0.02 mM; Sigma-Aldrich,
St. Louis, MO, USA), atropine sulfate (0.002 mM; Sigma-
Aldrich}, tropicamide (0.001 mM; Sigma-Aldrich), methoctr-
amine hydrate (0.001 mM; Sigma-Aldrich), pirenzepine
dihydrochloride (0.001 mM; Sigma-Aldrich), 4-DAMP (1,1-
dimethyl-4-diphenylacetoxypiperidinium iodide; 0.001 mM;
Sigma-Aldrich), and VU 0238429 (0.005 mM; Abcam).
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Cystometric analysis

Cystometric analyses were performed as described elsewhere
(14). In brief, animals were anesthetized with an injection of
atropine/ketamine /xylazine {0.05/100/15 mg/kg, i.p.) and
meloxicam (1.5 mg/kg). Intramedic PE-10 polyethylene
tubing (Becton Dickinson, Franklin Lakes, NJ, USA) was then
inserted in the dome of the bladder and tunneled sub-
cutaneously to the neck. Three days later, cystometry was
performed in conscious, freely moving mice. Saline (room
temperature) was infused into the bladder at a rate of 1.5 ml/h.
After a stabilization phase of 15-30 min, intravesical pressure
and micturition were recorded continuously. We analyzed
basal pressure level, maximum detrusor pressure during mic-
turition, threshold pressure, bladder capacity, time interval
between 2 pressure peaks, micturition interval, micturition
volume, and postmicturition residual volume. Residual vol-
ume was measured by discontinuing the tube between animal
and infusion pump after micturition. In this way, we were
able to collect and weigh the saline that had remained in the
bladder.

Statistical analysis

Student’s paired /unpaired, 2-tailed Student’s ¢ test or 1-way
factorial ANOVA followed by Dunnett’s multiple comparison
test was used to compare intracellular or § maximum calcium
concentration. Cytometric parameters between groups of mice
was compared using l-way factorial ANOVA, followed by
Dunnett’s multiple comparison test. Throughout, a value of
P <2 (.05 was considered significant.

RESULTS

Calcium response of UBCs upon repetitive
bitter stimulation

Repetitive stimulation of isolated UBCs with the bitter
stimulus, denatonium, led to repetitive increases in [Ca®');
in both ChAT(BAC)-eGFP and C57BL/6 mice, with a
small decrease in the second response (significant only
in C57BL/6 mice), which was indicative of a slight
desensitization; however, the response to the second
stimulus was significantly increased in the presence
of a muscarinic/nicotinic blocker cocktail (atropine/
mecamylamine), which indicated a cholinergic nega-
tive feedback mechanism (Fig. 1A-E, H). This increase
accounted for 42% in ChAT-eGFP and 44% in C57BL/6
mice compared with the immediately preceding stimulus,
and, taking into account the slightloss of response that was
observed at the second stimulus without receptor block-
ade, we observed a total increase of 47% in ChAT-eGFP
and 60% in C57BL/6é mice (Supplemental Table 2). Be-
cause only 1-5 UBCs per coverslip were present in these
preparations, lying approximately 100 wm apart from each
other, this cholinergic negative feedback likely reflects
autoinhibition rather than paracrine signaling. To identify
whether this cholinergic negative feedback mechanism
operates vig muscarinic or nicotinic receptors, only one or
the other of these inhibitors was used. The response, then,
to the second stimulus was significantly increased only
in the presence of atropine, but not in the presence of
mecamylamine (Fig. 1F-H). This indicated a muscarinic
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Figure 1. Negative cholinergic feedback in the calcium response of UBCs to bitter stimulation and expression of mAChRs. A-H)
Recording of changes in Calcium Orange fluorescence of isolated UBCs during repetitive stimulation with denatonium (Denl
and Den2; 25 mM) with or without the addition of muscarinic (2 puM atropine) and nicotinic (20 M mecamylamine)
acetylcholine receptor blockers or a cocktail (A/M) of both between the 2 stimuli. All drugs were added under continuous flow
in the chamber so that indicated concentrations were reached initially, then washed out. The yaxis depicts arbitrary units (AU)
that correlate to [Ca?"];. UBCs were isolated and identified by means of eGFP fluorescence from ChAT reporter mice or by
binding to a TRPMb5 Ab in the case of wild-type {WT; C57BL/6) mice. A, B, -G) Shown are recordings over time (means * sEM).
C, H) Depicted are peak values after the first (Denl) and second stimulation (Den2) without or with blocker addition (A/M)
between these 2 stimuli, analyzed with paired £ test, and the difference between the peak responses under these conditions {A),
analyzed with unpaired  test or 1-way factorial ANOVA followed by Dunnett’s multiple comparisons test. I) RT-PCR, agarose gel,
M1 (Chrml; 198 bp), M2 (Chrm2; 193 bp), M3 (Chrm3; 222), M4 (Chrm4; 156), and M5 (Chrmb; 180). UBCs were isolated
by using ma%nctic beads coated with TRPM5 Ab. ©/~ RT, aliquots were processed with /without reverse transcription. *P <2 0.05,
wep < .01, ¥P < 0.01, ¥8p < 0.001.

mice. As in the corresponding wild-type (C57BL/6) mice,
the second stimulus provoked a slightly smaller response
without blockers, but an enhanced response in the pres-
ence of blockers with a significant difference between these
responses in mice that lacked M1, M3, and M4 mAChRs
(Fig. 24, C, E). The enhancing effect of cholinergic receptor

feedback mechanism and led us to assess mAChR ex-
pression in UBCs.

Expression of mAChR in UBCs

RT-PCR revealed the expression of mRINAs that coded for
all mAChRs in isolated UBCs (Fig. 11). As previous im-
munohistochemical findings suggest heterogeneity within
the UBC population (2), it seems likely that not all 5
mAChRs are simultaneously expressed within 1 cell.

Calcium response of UBCs to bitter in
mAChR-deficient mice and selective
pharmacologic intervention

Repetitive bitter stimulation in the absence and presence of
cholinergic blockade was compared in mAChR-deficient

M2 AND M5 mAChRs REGULATE UBC BITTER RESPONSE

blockade was not observed in UBCs from mice that lacked
the M2 mAChR, either alone or in combination with the
M3 mAChR, nor in M5 mAChR-deficient UBCs (Fig. 2B,
D, F). Taking these differences in second responses in the
absence or presence of cholinergic blockade as parameters,
M2 and M5 mAChR-deficient UBCs were statistically
different from wild-type mice, whereas those from other
mAChR-deficient strains were not (Fig. 2G).

Acute pharmacelogic inhibition of either M1 (pir-
enzepine), M3 (4-DAMP), or M4 receptors (tropica-
mide) had no impact on the response to subsequently
applied denatonium, whereas M2 receptor inhibition
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Figure 2. Impact of mAChR deficiency on the effect of cholinergic blockade on the calcium response of UBCs to bitter stimuli.
A-F) UBCs were isolated and identified from M1-5 mAChR-deficient and M2/3 mAChR-deficient mice via TRPM5 Ab. UBCs
were repeli(ively stimulated with denatonium (Denl and Den2; 25 mM) with or without the addition of a cocktail (A/M) of
muscanmc (2 uM atropine) and nicotinic (20 uM mecamylamme acetylcholine receptor blockers between the 2 stimuli, and
[Ca®]; was recorded as Calcium Orange fluorescence in arbitrary units (AU). Depicted are peak values after the first (Denl) and
second stimulation (Den2) without or with blocker addition (A/M) between these 2 stimuli, analyzed with paired ¢ test, and the
difference between the peak responses under these conditions (A), analyzed with unpaired Student’s ¢ test. All drugs were added
under continuous flow in the chamber so that indicated concentrations were reached initially, then washed out. G) A 1-way
factorial ANOVA, followed by Dunnett’s multiple comparison test was used to compare difference between peak responses under
these conditions (A). *P < 0.05, ¥P < 0.01, **P < 0.001, SP < 0.01, P < 0.001.

(methoctramine) alone fully mimicked the enhancing
effect observed with the complete blocker cocktail.
Conversely, positive allosteric modulation of the M5
mAChR (VU 238429) suppressed the response to sub-
sequently applied denatonium (Fig. 3).

Urodynamic measurements in M1-5
mAChR-deficient mice

In all mouse strains, the basal pressure level recorded in
transvesical cystometry was in the reported physiologic
range between 10 and 25 cm H,O (15 16), with the lowest
values observed n M2 / ,M2/3 / ,and M4 / mice
(Fig. 4). We did not record a 51gmf1cant difference to wild-
type mice in either parameterinM1 / andM4 / mice.

4 Vol. 32 June 2018
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M2 /' mice demonstrated significantly lower threshold
pressure, M3 / micea SLgmflcanﬂy shorter peak-to-peak
interval, and M2/3 / mice a significantly shorter
peak-to-peak interval and lower peak and threshold
pressure. Most parameters were altered in M5 7 mice;
significantly lowered micturition volume, bladder capac-
ity, and shortened pressure peak-to-peak and micturition
interval (Fig. 4).

DISCUSSION
Here, we demonstrate that the initial step of a bladder

actlv1ty—enhanc1ng reflex, thati is, bitter activation of UBCs
assessed by an increase in [Ca®'], is modulated by an

DECKMANN ET AL.
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allosteric modulator of the M5 receptor). A l-way factorial ANOVA, followed by Dunnew’s multiple comparison test was used
to compare differences between peak responses under these conditions (A). *P < 0.05, #**p < 0,001 (paired Student’s ¢ test),

5p < 0.05, 38p < 0.001.

autocrine cholinergic negative feedback loop as it is en-
hanced in the presence of a general cholinergic blocker
cocktail. This situation differs from chemosensory lingual
taste buds for which acetylcholine that is released from
receptor cells enhances, rather than depresses, taste sig-
naling via M3 mAChRs (17); however, in these rather
complex sensory structures, the M3 receptor-mediated
enhancement takes place at type III cells, which are con-
sidered to sense acidic substances, but not at type II cells
that carry bitter and umami receptors (18), the receptors
also expressed by UBCs (2).

In our approach, we unmasked the negative cholinergic
feedback in UBCs by inhibiting all cholinergic receptors,
thereby enhancing the response to the bitter stimulus,
denatonium. Depending on the mode of calculation and
mouse strain (ChAT-eGFP, C57BL/6), the average in-
crease in response accounted for 42—60%. This is well in the
range of increases in response to a blockade of auto-
inhibitory cholinergic feedback loops in peripheral cho-
linergic neurons that have been reported for rat myenteric
plexus, rat heart, guinea pig trachea, mouse atrium, and
mouse urinary bladder (19-22). This effect was lost in mice
that lacked either M2 or M5 mAChRs. Accordingly, pref-
erential M2 inhibition alone enhanced, and peositive allo-
steric M5 modulation dampened, the bitter response. In
contrast, this negative feedback loop was neither affected
in mice with deficiency of any other muscarinic receptor
(M1, M3, M4), nor could it be unmasked with M1-, M3-,
and M4-preferring inhibitors. As UBCs are a rare cell type
in the urethral epithelium, an entire murine urethra har-
bors approximately 380 (male} and 550 (female) UBCs (2),
the paucity of available material precludes extensive dose-
response curves in (antjagonist experiments to determine
K4 values, which limits the interpretation of data obtained
with a single concentration. 5till, the effects observed with
the M2-preferring inhibitor and the M5-preferring allo-
steric modulator shall be ascribed to these and not to off-
target effects on other mAChR subtypes, as inhibitors that
preferentially address those did not demonstrate this ef-
fect. Hence, data from boeth inhibitor and kneckout mice
experiments revealed M2 and M5 receptors to be the cru-
cial players (Fig. 5).

Autocrine negative feedback loops that operate via M2
receptors are commonly observed in cholinergic neurons,

M2 AND M5 mAChRs REGULATE UBC BITTER RESPONSE

including striatal neurons (23), a-motoneurons (24), and
postganglionic parasympathetic neurons (25). In para-
sympathetic cholinergic neurons, the M4 receptor canalso
serve as an autoreceptor that inhibits acetylcholine release,
and it is the dominant, if not scle, receptor that confers
this function in the mouse urinary bladder (19). Both M2
and M4 receptors typically act via Gy, proteins and the
downstream inhibition of adenylate cyclase activity and
voltage-activated Ca®" channels (26), which fits to the in-
hibitory effect of the M2 receptor on the bitter stimulus
increase in [Ca2+]i that was observed in the present study.

The M5 receptor, however, is generally associated with
anincrease in[Ca']; (26,27), and, accordingly, enhances the
activity of primary afferent terminals in the spinal cord,
spinal glutamatergic interneurons, and somatodendrites of
substantia nigra neurons (27, 28). This profile is in clear
contrast to the dampening effect on stimulated [Ca®']; that
was observed here in UBCs. 5till, an M5 receptor-mediated
inhibition of transmitter release that operates via a yet un-
resolved pathway has also been described for dopaminer-
gic terminals in the striatum (27}, so that the present finding
of inhibitory M5 receptors is not unprecedented. The un-
derlying signaling pathways still need to be identified.

We have previously demonstrated that urethral bitter
stimulation markedly enhances detrusor activity during
cystometric recordings with continuous bladder filling
with saline through a reflex arc initiated by cholinergic
(nicotinic) stimulation of sensory endings (2). Thus, factors
that modulate the activation level of the initial sensor cell,
UBCs, are expected to result in changes in the threshold
setting of this reflex with an impact on bladder function.
Then, in a simplistic model, the lack of the presently ob-
served negative feedback, that is, deficiency of either M2 or
MS5 receptors, shall sensitize for enhanced detrusor activ-
ity. Of course, the overall outcome is determined not only
by the threshold setting at the sensor cell, but also by the
occurrence of muscarinic receptor subtypes along the en-
tire pathway, including sensory neurons, spinal cord,
parasympathetic neurons, and the bladder. This is partic-
ularly relevant for the M2 receptor, which, in addition to
its role at UBCs, is prominently involved in sensory
processing in the dorsal horn (28) and is abundantly
expressed by the detrusor smooth muscle (29). The ob-
served marked reduction in maximum detrusor pressure
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during micturition in the M2 /M3 receptor double knock-
outs most likely reflects a direct effect at the detrusor,
which is consistent with previous reports on single and
double M2 and M3 receptor—deficient mice using cyst-
ometry and isolated bladders (15, 30, 31). Interference with
the muscarinic regulation of ACh release from nerve ter-
minals in the detrusor had no effect on cystometrically
recorded parameters asmice with genetic deficiency of the
M4 receptor, which mediates this function in the mouse
bladder (19, 32), were indistinguishable from controls.
Likewise, we did not observe functional alterations in
deficiency of the M1 receptor, which facilitates the excita-
tion of pelvic cholinergic neurons (33).

Of note, M5 receptor knockout animals exhibited the
most extensive alterations in cystometry among the tested
strains. Reduced bladder capacity and micturition vol-
ume, along with shortened micturition and pressure
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peak-to-peak intervals, are signs of overactivity that
are compatible with the disinhibition of an activating
input that originates from UBCs. Still, although its
distribution is generally much more restricted than
that of any other mAChR, it is not strictly limited to
UBCs. In the mouse lumbar spinal cord, M5 receptor
activation enhances glutamate release from afferent
terminals (28, 34), which is also compatible with the
observed phenotype in cystometry; however, with re-
spect to bladder afferents, retrograde tracing experi-
ments and RT-PCR analysis failed to detect M5 receptor
expression in this specific population, despite readily
detecting the M2, M3, and M4 subtypes (35), and the
overall effect of mAChR activation on mouse bladder
afferent neurons is inhibitory rather than excitatory
(36). Lastly, M5 receptor mRNA is also expressed in
the bladder wall, and the total binding of muscarinic
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Figure 5. Schematic drawing of the hypothesized mechanism. The activation of a canonical taste transduction cascade in UBCs by
a bitter simulus leads to [Caz’]i increase followed by acetylcholine release. M2 and M5 mAChRs attenuate the bitter response of

UBCs via a cholinergic negative autocrine feedback mechanism.

agonists is reduced in the bladder of M5 knockout mice
(37, 38). The function of M5 receptors in the bladder
is unknown; they neither play a role in regulating
stimulus-induced ACh release from nerve terminals,
nor do they have a role in cholinergic detrusor con-
traction (30, 32). Collectively, disinhibited UBCs seem
to represent likely candidates to initiate signs of blad-
der overactivity in the general absence of M5 receptors,
but cell type-specific deletion will be required to finally
determine the crucial cellular element(s). In any case,
these data are the first unraveling of a role for the M5
receptor in bladder physiology, and its activation may
be considered and explored as a new line of interven-
tion. The present study identifies a cholinergic auto-
crine negative feedback mechanism in the bitter response
of UBCs, driven by the M2 and M5 muscarinic receptor
subtypes. Cystometric recordings from awake mice, in
which this mechanism is disturbed as a result of M5 re-
ceptor deficiency, revealed lowered micturition volume
and enhanced frequency, which suggests that dysfunc-
tion of this system may lead to such symptoms as blad-
der overactivity.
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ENaC in Cholinergic Brush Cells

Chrissy Kandel', Patricia Schmidt’, Alexander Perniss’, Maryam Keshavarz’,
Paul Scholz?, Sabrina Osterloh?, Mike Althaus®, Wolfgang Kummer’ and
Klaus Deckmann™
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Cholinergic polymodal chemosensory cells in the mammalian urethra (urethral brush
cells = UBC) functionally express the canonical bitter and umami taste transduction
signaling cascade. Here, we aimed 1o determine whether UBC are functionally equipped
for the perception of salt through ENaC (epithelial sodium channel). Cholinergic UBC
were isolated from ChAT-eGFP reporter mice (ChAT = choline acetyliransferase), RT-PCR
showed mMRNA expression of ENaC subunits Schnta, Scnnib, and Scnnlg in urethral
epithelium and isolated UBC. Scnnla could also be detected by next generation
sequencing in 4/6 (66%) single UBC, two of them also expressed the bitter receptor
Tas2R108. 3trong expression of Scnnla was seen in some urothelial umbrella cells
and in 65% of UBG (30/46 cells) in a Schnia reporter mouse strain. Intracellular
[Ca®t] was recorded in isolated UBC stimulated with the bitter substance denatonium
benzoate (25 mM), ATP (0.5 mM) and NaGl (50 mM, on top of 145 mM Na™ and 153 mM
CI~ baseline in buffer); mannitol (150 mM) served as osmolarity control. NaCl, but not
mannitol, evoked an increase in intracellular [Cat] in 70% of the tesled UBC. The
NaCl-induced effect was blocked by the ENaC inhibitor amiloride (ICsop = 0.47 LM). When
responses to both NaCl and denatonium were tested, all three possible positive response
patterns occurred in a balanced distribution: 42% NaCl only, 33% denatonium only, 25%
o both stimuli. A similar reaction pattern was observed with ATP and NaCl as test stimuli.
About 22% of the UBC reacted to all three stimuli. Thus, NaCl evokes calcium responses
in several UBC, likely involving an amiloride-sensitive channel containing «-ENaC. This
feature does not define a new subpopulation of UBC, but rather emphasizes their
polymodal character. The actual function of «-ENaC in cholinergic UBC —salt perception,
homeostatic ion transport, mechanoreception —remains to be determined.

Keywords: chemosensory cells, cholinergic, ENaC, urethra, urethral brush cells, salt

INTRODUCTION

Bitter, sweet, umami, salty, sour, and fatty are the six recognized taste qualities detected by
taste buds (Chaudhari and Roper, 2010). In type II sensory cells in the oropharyngeal taste
buds, bitter, sweet, and umami perception is mediated by the canonical taste transduction
signaling cascade, including G protein-coupled taste receptors, the taste-specific G protein
a-gustducin, phospholipase Cp2 (PLCP2), and the transient potential receptor cation channel
subfamily M member 5 (TRPM5) (Chaudhari and Roper, 2010). Other classes of G protein-
coupled receptors respond to short- and long-chain fatty acids {Chaudhari and Roper, 2010).
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In contrast, acid (protons) and salt (sodium chloride) are
monitored by ion channels, directly leading to depolarization of
the taste cell. Nonselective cation channels formed by polycystic
kidney disease 2-like 1 protein (PKD2L1) and polycystic kidney
disease 2-like 3 protein (PKD1L3) were proposed as candidates
for sour taste receptors (Huang et al., 2006; [shimaru et al., 2006;
Lopezjimenez et al., 2006; Chaudhari and Roper, 2010). An ion
channel that is long been thought to mediate salt perception is
the amiloride-sensitive epithelial sodium channel, ENaC {(Heck
et al., 1984; Avenet and Lindemann, 1988; Lindemann et al., 1998;
Lin et al., 1999; Lindemann, 2001; Chandrashekar et al., 2010). It
is predominantly expressed in epithelial cells of the colon, lung,
kidney, sweat and salivary glands, where it is a major regulator of
sodium absorption and, thereby, essential for fluid homeostasis
(Duc et al., 1994; McDonald et al., 1995; Garty and Palmer,
1997). ENaC is also expressed in the urothelium (Carattino et al.,
2005; Du et al., 2007; Birder et al., 2010; Birder and Andersson,
2013). The canonical heteromeric ion channel consists of three
subunits (o, B, y) (Canessa et al., 1994b), encoded by the genes
Scnnla, Scnnib, and Scnnic. A fourth 3-subunit with distinct
characteristics was identified and the presence of this subunit
changes the biophysical characteristics as well as molecular
regulation of this ion channel. Mice, however, lack a functional
gene for this subunit and its physiclogical function remains
unclear (Giraldez et al., 2012; Wichmann et al., 2018). ENaC is a
constitutively active ion channel. Still, its expression, membrane
abundance and open probability are tightly regulated by extrinsic
and intrinsic factors. These include hormones, intracellular
kinases and intramembrane lipids, as well as the extracellular
sodium concentration, pH and mechanical stimuli (Chraibi and
Horisberger, 2002; Althaus et al., 2007; Baines, 2013; Kleyman
et al, 2018). The ion conductivity of apy-ENaC is limited to
monovalent cations (Lit > Nat > KT) (Kellenberger and Schild,
2002).

Extraoral chemosensory cells, monitoring the composition of
the mucosal lining fluid, have been described in the respiratory,
gastrointestinal and urogenital tract. Like type II taste cells,
they express the canonical taste transduction signaling cascade
(taste receptors, w-gustducin, PLCA2, TRPM5) (Hofer et al,
1996; Hofer and Drenckhahn, 1998; Finger et al., 2003; Krasteva
et al., 2011, 2012; Deckmann et al., 2014; Schiitz et al., 2015).
They respond to bitter substances and bacterial products with a
release of acetylcholine and initiate avoidance reflexes, thereby
apparently serving as sentinels situated at entrances into the body
(Finger and Kinnamon, 2011; Lee and Cohen, 2015; Deckmann
and Kummer, 2016). These cholinergic epithelial cells also
express villin, a structural protein of microvilli. Such cells have
originally been termed “brush cells” in the respiratory tract, and
this term has also been adopted to the villin-positive, cholinergic
chemosensory cells of the urethra (urethral brush cells = UBC)
(Deckmann et al., 2014, 2015). In line with the sentinel concept,
UBC respond to heat-inactivated uropathogenic Escherichia coli

Abbreviations: AU, arbitrary units; ChAT, choline acetyltransferase; Den,
denatonium benzoate; eGFP, enhanced green fluorescent protein; ENaC, epithelial
sodium channel; [Ca?t )y, intracellular calcium concentration; TRPMS, transient
receptor potential cation channel subfamily M member 5, UBC, urethral brush cell.

and are connected to sensory nerve fibers (Deckmann et al,
2014). Bitter application into the urethral lumen reflexively
triggers enhanced detrusor activity, which has been interpreted
as a protective reflex, as potential hazardous content is expelled
from the urethra through micturition (Deckmann et al., 2014;
Kummer and Deckmann, 2017).

Most cholinergic UBC are polymodal chemosensory cells,
responding both to bitter substances and to glutamate with
an increase in intracellular calcium concentration ([Ca®T]p)
(Deckmann et al., 2014). This discriminates them from type II
taste bud cells, which are generally responsive either to bitter,
representing an aversive stimulus, or to umami, an attractive
stimulus (Nelson et al., 2001; Chaudhari and Roper, 2010). At the
urethral mucosa, both stimuli represent a potential danger signal,
since many bacterial products have bitter quality and glutamate
(umami) facilitates bacterial growth in urine. Here, we aimed
to determine whether their polymodal properties extend beyond
taste receptor mediated qualities, focusing upon the perception
of salt.

MATERIALS AND METHODS

Animals

Mice expressing enhanced green fluorescent protein (eGFP)
under the control of the promoter of the acetylcholine
synthesizing enzyme, choline acetyltransferase, (ChAT-eGFP;
B6.Cg-Tg(RP23-268L19-EGFP)2Mik/]; Stock No. 007902) were
obtained from Jackson Laboratory (Bar Habor, ME, USA). Mice
expressing tdTomato, a bright red fluorescent protein, under the
control of the promotor of Scunla, the coding gene sequence
of a-ENaC (Scnnla/tdTomato; Guy et al, 2015) were kindly
provided by J. Guy and J. Staiger (Institute for Neuroanatomy,
University Medical Center Goettingen, Georg-August-University
Goettingen, Germany). This study was carried out in accordance
with the recommendations of European Communities Council
Directive of 24th November 1986 (86/609/EEC). The protocol
was approved by the local authorities (Animal Welfare Officer at
the University of Giessen and the Committee for Animal Welfare,
Dept. V54, Regierungsprisidium Giessen, Germany; reference
no. 572_M).

Cell Isolation

Cell isolation was performed as described previously (Deckmann
et al., 2014). In brief: Urethrae were dissected, cut into small
pieces, and enzymatically digested in dispase (2 mg/mL; Sigma-
Aldrich/Merck, Darmstadt, Germany) and trypsin/PBS (1:1,
Invitrogen, Carlsbad, CA, USA). After mechanical dissociation,
cells were separated through a cell strainer (pore size 70 pm;
BD Bioscience, Franklin Lakes, NJ, USA). The ChAT promotor
is constitutively active in cholinergic chemosensory cells (Tallini
et al, 2006). Hence, UBC constitutively express ¢eGFP which
served to sort them via FACS and to identify them with a
fluorescence microscope.

RT-PCR
Total RNA from dissected urethra or pooled isolated cells (# = 4
samples, sorting based on ChAT-eGFP expression by FACS; BD
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FASCARIA I cell sorter, settings and analysis were performed
with a BD FACSDiva v6.1.3; BD Bioscience, Franklin Lakes,
NJ, USA) was extracted using the Qiagen RNeasy Micro Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. Extracted total RNA from kidney was used as positive
control. RT-PCR was performed as described previously (primer
sequences: Table 8§15 Deckmann et al., 2014).

Next Generation Sequencing

Next generation sequencing was performed as described
elsewhere (Scholz et al., 2016). In brief: isolated single eGFP-
positive cells were identified, picked and transferred to a PCR
tube using a combined confocal laser-scanning/patch-clamp
setup (Leica TCS SP5, Leica Micresystems/Luigs-Neumann,
Wetzlar/Ratingen, Germany). Cell lysis, cDNA generation and
amplification were performed using the Sigma SeqPlex RNA
Amplification Kit (Sigma-Aldrich/Merck, Darmstadt, Germany).
For library preparation, the Illumina Nextera XT DNA sample
preparation protocol (Part # 15031942 Rev. C) was used.
Samples run together with a 2 x 75 bp read length using
the MiSeq Reagent Kit v3 (150 cycles) and the Illumina
MiSeq Desktop Sequencer (Illumina, San Diego, CA, USA).
The sequencing reads were aligned to the mm9 reference
genome and transcriptome using TopHat2 (2.0.9). The TopHat
output files were saved in BAM format and evaluated by
Cuffdiff2 (2.1.1). All samples were compared and evaluated in
one calculation cycle, allowing the algerithm to estimate the
Fragments Per Kilobase Million (FPKM) values at the transcript
level resolution and to control for variability across the replicate
libraries.

Immunohistochemistry and Whole-Mount

Immunostaining

Specimen preparations and analyses were performed as
described previously (Krasteva et al.,, 2011). In brief: urethrae
used for immunohistochemistry (N = 3) and gall bladders
used for whole-mount immunostaining (N = 2) were fixed
using transcardiac perfusion with Zamboni solution (2%
paraformaldehyde/15% saturated picric acid in 0.1 M phosphate
buffer, pH 7.4). Fixed organs were dissected, washed in 0.1 M
phosphate buffer (0.1 M NaH;PO4 0.1 M NayHPO,4), and
either incubated overnight in 18% sucrose in 0.1 M phosphate
buffer and frozen in liquid nitrogen or mounted on a block
of silicon elastomer using insect pins. Primary antibody
was applied to 4-18 tissue sections from every individual
animal. Primary antibodies were chicken anti-RFP (NBP1-
97371, 1:2200 dilution; Nowus Biologicals, Littleton, CO,
USA) and rabbit anti-TPRM5 (1:2,000) (Kaske et al., 2007).
Secondary antibodies were goat-anti rabbit Ig conjugated to
Alexa 488 (1:500; Thermo Fisher Scientific Inc. Waltham,
MA, USA) and donkey-anti chicken Ig conjugated to Cy3
(1:2,000; Dianova, Hamburg, Germany). Nuclei were labeled
with 4/,6-diamidino-2-phenylindol (DAPI; 1pg/ml; Sigma-
Aldrich/Merck, Darmstadt, Germany). All sections were
rinsed and coverslipped with carbonate-buffered glycerol (pH
8.6). Sections were evaluated by epifluorescence microscopy
(Axioplan 2, Zeiss, Wetzlar, Germany) or with a confocal laser

scanning microscope (LSM 710, Zeiss, Wetzlar, Germany).
Specificity of secondary reagents was validated by omission of
primary antibodies.

Measurement of Intracellular Calcium
Concentration

Measurement of intracellular calcium concentration ([Ca?*];)
was performed as described previously (Deckmann et al., 2014).
In brief: Isolated cells were loaded with the fluorescent calcium
indicator Calcium Orange® AM (0.01 pg/uL; Thermo Fisher
Scientific Inc., Waltham, MA, USA) and plated on coverslips.
[CaZt]; was analyzed with a confocal laser scanning microscope
(LSM 710 with ZEN 2010 B SP1, Zeiss, Wetzlar, Germany).
Lasers and filters were: eGFP: excitation with Argon laser at
488 nm; recording of emission at 495-553 nm with optical filters
MBS-488/561/633; Calcium Orange: excitation with DPSS561-10
laser at 561 nm; recording of emission at 566-683 nm with optical
filters MBS-558/561. Regions of interest were selected manually
and fluorescence intensities at the start of the recording period
were set arbitrarily at 100%. Test stimuli and concentrations were
denatonium benzoate (25 mM; Molekula, Munich, Germany),
ATP (0.5mM; Sigma-Aldrich/Merck, Darmstadt, Germany)
and NaCl (1-150 mM; Carl Roth, Karlsruhe, Germany), and
inhibitors and controls included the osmolarity control mannitol
(1-150mM;  Sigma-Aldrich/Merck, Darmstadt, Germany)
and the ENaC inhibitor amiloride (0.01-100pM; Sigma-
Aldrich/Merck, Darmstadt, Germany). All recordings were done
during continuous superfusion with Tyrode III buffer (NaCl
130 mM; HEPES 10 mM; glucose 10 mM; KCl 5mM; MgCl,
1 mM; CaCl; 8 mM; sodium pyruvate 10 mM; NaHCO3 5mM;
2.5 mL/min; 37°C). Stimuli were added under continuous flow
of Tyrode IIT into the chamber, so that indicated concentrations
were reached initially and then washed out. Since baseline
concentration of Nat in the buffer was 145mM, the total
concentration after addition of 1-150 mM ranged from 146 to
295 mM.

Statistical Analysis

Data were analyzed for normal distribution by the Kolmogorov-
Smirnov test. Multiple comparison analysis was performed by
Kruskal-Wallis test followed by Dunn’s Multiple Comparison
Test. P < 0.05 were regarded as statistically significant. Analyses
were performed by GraphPad Prism 5 (GraphPad Software Inc.,
La Jolla, CA, USA).

RESULTS AND DISCUSSION

RT-PCR revealed mRNA expression of the ENaC subunits
Scnnla, Scnnlb, and Scwnlg in the urethral epithelium
(Figure 1A) and in pooled isolated UBC (Figure 1B). Next
generation sequencing (NGS) of six isolated single eGFP-
positive cells showed a heterogencous expression pattern of
Scnnla, b ¢ (Figure2). Scanla was detected in 4/6 cells
(66.6%), Scnnlb and Scnnlg only in 1/6 cells. Canonical
ENaC is composed of the «-, p-, and y-subunit (Canessa
et al, 1994a), but the ENaC «-subunit alone is able to
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FIGURE 1 | RT-PCR of urethral epithelium and isolated UBC. (A) RT-PCR of urethral epithelium. (B) RT-PCR of UBC. Cells were isolated and sorted based on
15 , - (¢ ),

ChAT-eGFP expression by flow cytometry; agarose gel; «-ENaC (Scnna; 82 bp), f-ENaC (Scnn1b; 115 bp), y-ENaC (Scnnlg; 150 bp), f-actin (300 bp), eGFP (180

bp); + RT = aliquots processed with/without reverse transcription; kidney = positive control; HoO = water control.
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FIGURE 2 | Expression of ENAC genes and markers of chemosensory cells in single UBC determined by NGS. Heatmap displaying the detection levels as normalized

FPKM in GFP-positive UBC. FPKM, Fragments Per Kilobase Million.
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FIGURE 3 | Brush cells express ENaCu. (A,B) Urethra; frozen sections: Scnnfa/tdTomato (orange or red), TRPMS-immunoreactivity (green) and cell nuclei (DAPI;
blue). Several epithelial cells express a-ENaC only (arrows in A). At least two of them (fong arrows in A) are urothelial umbrella cells as judged by their shape and
position. Arrowheads point to a-ENaC (orange) and TRPMS (green) double-positive cells, the doubled arrowhead points to a TRPMS-immunoreactive cell that does
not express a-ENaC. (C,D) Gall bladder; whole-mount: Scnn1a/tdTomato (red) and TRPMS (green). (C) Selected cells show no co-localization of «-ENaC and
TRPMS. (D) Selected TRPMS-immunoreactive cell shows co-localization of «-ENaC and TRPMS,

form amiloride-sensitive homomers in vifro (Canessa et al.,
1994b).

To further validate Scnnla expression in cholinergic
UBC, urethral tissue sections of a Scmnla reporter mouse

strain were labeled for cholinergic UBC. In view of
often experienced methodological problems in detecting
ChAT by immunohistochemistry in peripheral cells, we

set out to establish a technically more reliable marker for
immunohistochemical detection of cholinergic UBC. Villin-
antibodies, an often used marker for brush cells in general,
appeared not suitable for this purpose
number of villin-positive but ChAT- and TRPMS5-negative
slender epithelial cells in the murine urethra, in addition
to the villin/ChAT/TRPM5-positive cells (Deckmann et al.,
2014). These two phenotypes represent truly different cell
populations, since genetic ablation of the transcription
factor Skn-la/Pou2f3 selectively prevents the development
of TRPMS5-positive (i.e., cholinergic UBC) but not of villin-
positive but TRPM5-negative urethral cells (Yamashita et al.,
2017).

We used TRPM5-immunolabeling as a marker for cholinergic
UBC in Scnnla-tdTomato reporter mice. In these mice, strong
expression of Scnnla was observed in several cells of the
urethral epithelium (Figures 3A,B). Among them were umbrella

s there is a considerable

mental Biology

cells, which build up the luminal lining in the proximal
parts of the urethra being covered with an urothelium and
which can be readily identified by virtue of their position
and morphology. This is in line with the previously reported
ENaCo-immunoreactivity at the luminal membrane of umbrella
cells in the rat urinary bladder (Smith et al, 1998) and
functional investigation of this cell type (McCloskey et al.,
2017). Notably, this cell layer did not consistently express
tdTomato with positive and negative umbrella cells occurring in a
mosaic pattern (Figure 3A). Although heterogeneity of umbrella
cells with respect to other characteristics such as uroplakin
expression has also been reported in select localizations such
as the human ureter (Riedel et al., 2005), this labeling pattern
might reflect incomplete expression of tdTomato in potentially
Scnnla-expressing cells. To test for this possibility, we looked
for tdTomato expression in the gall bladder whose mucosal
surface is known for homogeneous ENaCa expression (Li et al.,
2016). In two gall bladder whole-mount preparations, strong
tdTomato expression was observed in epithelial cells covering
only about 21% (case 1: 26.8%, case 2: 16.0%) of the mucosal
surface whereas nearly 80% remained unlabeled (Figures 3C,D).
Gall bladder whole-mounts were also incubated with TRPM5-
antibody in order to label cholinergic chemosensory brush cells
that are also present in this epithelium (Schiitz et al., 2015).
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FIGURE 4 | UBC response to NaCl is ENaC dependent and not an osmolarity effect. Urethral epithelial cells of ChAT-eGFP reporter mice were isolated and UBC were
identified due to eGFP fluorescence. Experiments were performed during continuous superfusion with Tyrode Il buffer containing 145mM Na*. NaCl, mannitol and
(Continued)
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FIGURE 4 | amiloride were added under continuous flow of Tyrade [l into the chamber, so that indicated concentrations wers reached initially and then washed out. In
case of NaCl, concentration changes on top of the bassline of concentrations in Tyrade Il are indicated. Thus, the total sodium concentration after addition of
1-150mM ranged from 146 to 295 mi. Y-Axis depicts arbitrary units (AU) of Calcium Orange® flucrescence recorded by confocal laser scanning Micrescopy,
correlating to [Cazﬂi {A) NaCl evokes an increase in [Cazﬂi‘ shown are mean and SEM. (B} Reprasentative recording of changes in Caleium Crange® flucrescence
in a single cholinergic (eGFPT) UBC in response to increasing concentrations of NaCl (blue arrowhead) and mannitol (crange arrowhead). {G) Depicted are peak
values after stimulation with mannitol (150mM, A = 221 and NaCl (1mM, & =22, 10mM, N =22, 680mM, A = 24, 100mM, M = 23; 1580 mM, IV = 21); *P < 0.05,
P < 0.01, **F < 0.001 compared to mannital 150mM, Kruskall-Wallis test followed by Dunn's Multiple Comparisen Test. (D) Representative recording of changes in
Caleiurn Crange® fluorescence in a single chalinergic (eGFP ) UBG in response to NaCl (50 mM) in absence and presence of increasing concentrations of amiloride

(0.01-10pM). (E) Depicted are peak valuss after application of NaCl (50mM) in absence and presence of increasing concentrations of amiloride (0.01pM, N =5,

O pM N=51pM N =9 10pM N = 8 100pM, N = 17), p-values were calculated by, Kruskal-YVallis test and are indicated in ths figure. {F}) Doss-inhibition
curve of amiloride in UBC., [Csp = 0.47 pM. {G) Representative recording of changes in Calcium Oramge® flucrescence in a single cholnergic (eGFPTI UBC in
response to NaCl (50 mM) in absence and presence of amileride (0.1 mM). (H) Depicted are peak values after application of NaCl (EOmM, N = 17), amiloride (0.1 mhd,
N =17), NaCl (50 mM) together with amiloride (0.1 mi, M = 17), and repetitive NaCl (50mM, N = 10); %P < 0.05, *P < 0.01, **P < 0.001, Kruskal-Wallis test

followed by Dunn's Multipls Comparison Test

Two out of 69 TRPM5-positive cells expressed Scnnla-tdTomato
(Figures 3C,D).

Among non-umbrella cells with nuclei located in deeper
layers of the urethral epithelium, we detected co-localization of
TRPM5-immunoreactivity and Scanla-tdTomato signal (30 of
46 TRPM5-positive cells, 65%, N = 3 animals) (Figures 3A,B)
as well as TRPMS5-positive cells without Scnnia-tdTomato signal
(Figure 3B). These observations support our findings in RT-PCR
experiments and single cell sequencing that a subpopulation of
UBC expresses «-ENaC.

Functionally, application of NaCl evoked significant increases
in [Ca®t]; in 70% of the isolated cholinergic UBC. At
concentrations of 50, 100, and 150mM NaCl, but not at
1 or 10mM, significant increases in [Ca®*t]; were observed
(Figures 4A-C). There was a tendency toward a decline in the
evoked increase in [Ca®t]; with increasing NaCl concentration.
To test for a possible osmolarity effect, increasing concentrations
of mannitol were administered alternating with corresponding
concentrations of NaCl (Figute 4B). Since mannitol had no
stimulatory effect upon [Ca?*]; even at 150 mM (Figure 4B), the
observed reaction of UBC to 50 mM NaCl, which was used for
further characterization of polymodality, is not an osmolarity
effect. Amiloride, an ENaC inhibitor that also suppresses salt
perception in type [ taste cells of the taste buds (Vandenbeuch
et al., 2008), fully blocked the [Ca®t]; response in UBC to NaCl
(50 mM) with an ICsg of 0.47 wM (Figures 4D-F). Even at the
highest concentration used (100 M), the inhibitory effect of
amiloride was reversible upon wash-out (Figures 4G,H). Thus,
the NaCl-induced increase in [Ca’*]; in UBC is amiloride-
sensitive. This, however, does not seem to involve the canonical
afiy-ENaC which was shown to detect low concentrations of
sodium in taste receptor cells of fungiform papillae in mice
(Chandrashekar et al., 2010). First, only 1/6 UBC expressed
all three ENaC subunits detected by NGS. Second, activity of
mouse ofy-ENaC appears to be maximal at 60 mM extracellular
sodium (Sheng et al., 2004), a concentration which is below the
stimuli used in the present study (=50 mM NaCladded to Tyrode
III). Third, this response to the NaCl stimulus was sensitive to
amiloride, whereas baseline [Ca’*t]; in UBC (in the presence
of 145mM Na' in Tyrode III) was not (Figure4G). Fourth,
even though this study used calcium-imaging and this does
not directly measure ENaC-activity, the ICsg for the observed

inhibition of the calcium signal by amiloride is above that
reported for inhibition of mouse wfy-ENaC (0.1 pM) (Ahn
etal.,, 1999). This might suggest an alternative amiloride-sensitive
cation channel containing the ENaC a-subunit. Recently, it was
shown that «-ENaC can assemble with alternative jon channels
such as the acid sensing ion channel 1 (Jeggle et al., 2015), which
may form a non-selective cation channel (Trac et al., 2017). The
expression of acid sensing ion channels in UBC was, however, low
and inconsistent (Figure 81). Alternatively, «-ENaC can form
homomeric ion channels i vitro (Canessa et al., 1994b). Their
physiclogical function, however, remains to be proven in vive.

Irrespective of the molecular composition of the amiloride-
sensitive sodium conductance in UBC, exposure to high
concentrations of NaCl might trigger a membrane depolarization
which may stimulate calcium-influx via voltage-gated calcium
channels and subsequent release of acetylcholine. UBC showed
consistent expression of a-subunits of the L-type voltage-
gated calcium channels Cay1.2 (Cacnald), Cay1.3 (Cacnald),
and Cav2.3 (Cacnacle) (FigureS2). Furthermore, there was
strong expression of the auxiliary subunit p4 (Cacnb4) in
5/6 cells. The auxiliary p-subunits are generally important for
membrane expression and the p4-subunit seems to determine
subcellular membrane-localization in polarized cells (Campiglio
and Flucher, 2015). Voltage-gated calcium channels thus
represent promising targets for the coupling of NaCl-induced
membrane depolarization to acetylcholine release in UBC.

The physiological meaning of salt responsiveness of
cholinergic UBC remains uncertain. In adult C57BL/6] mice,
urinary sodium concentration is around 150 mM, similar to
our 145mM baseline in Tyrode buffer, and can significantly
increase during water deprivation or high-salt intake (Li et al.,
2012), During such conditions, cholinergic UBC may thus
be exposed to sodium concentrations which trigger calcium
responses as shown in this study. UBC are interpreted as
sentinels of the lower urinary tract equipped for monitoring
the mucosal surface for potential hazardous content, especially
bacterial products (Deckmann et al., 2014; Deckmann and
Kummer, 2016; Kummer and Deckmann, 2017). Threatening
bacterial infections, however, are usually not connected to
increased salt concentrations. Thus, «-ENaC may here serve
other functions than monitoring luminal NaCl concentration.
Canonical ENaC holds a key position in maintaining electrolyte
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FIGURE 5 | UBC responses to NaCl, ATP and denatonium. Sequential stimulation with NaCl (50 mM on top of baseline concentrations in Tyrode), ATP (0.5 mM) and
denatonium (25 mM); sequence of stimuli was changed between experiments (V = 37). Graphs show representative recordings of changes in Calcium Qrangs®
fluorescence in single cholinergic (eGFP ') UBC. Experiments were performed during continuous supsrfusion with Tyrode Ill buffer Stimuli were added under
continuous flow of Tyrode Il into the chamber, so that indicated concentrations were reached initially and then washed out. Y-Axis depicts arbitrary units (AU) of
Calcium Orange® flucrescence.

and water homeostasis, e.g., concentration of primary urine
in the kidney (Kellenberger and Schild, 2002). Given the low
number of cholinergic UBC in the urethra and their minimal
exposure to the luminal surface, this function appears rather
unlikely for this particular cell type. However, ENaC is also a
mechanosensitive ion channel, reacting to shear stress (Althaus
et al, 2007; Guo et al, 2016). This opens the possibility that
ENaC-subunit carrying UBC may be involved in sensing urine
flow in the urethra. Notably, as mechanical strain affects the
entire epithelium and is not restricted to the luminal membrane,
it will reach UBC without a clear connection to the Iuminal
surface (“closed type” see Figure3B and Deckmann and
Kummer, 2016). Cholinergic UBC are connected to sensory
nerve fibers and, reflexively, initiate micturition in response
to a bitter stimulus in the urethral lumen (Deckmann et al.,
2014). This has been interpreted as a protective reflex in that
potentially hazardous content will be flushed out (Deckmann
et al., 2014; Kummer and Deckmann, 2017). Voiding efficiency
is augmented by sensory feedback from the urethra, where flow
sensors are physiologically well characterized but not yet defined
anatomically (Todd, 1964; Peng et al., 2008; Danziger and Grill,
2015). Thus, mechanosensitivity of cholinergic UBC may serve
to augment the reflex response they have initiated.

Frontiers in Cell and Developmental Biology | www. frontiersin.org

To test for polymodal properties, cholinergic UBC were
successively exposed to NaCl and ATP (N = 90; 70% responded
to NaCl), to NaCl and denatonium (N = 36; 67% responded
to NaCl), and to all three stimuli (N = 37; 65% responded to
NaCl, Figure 5). When responses to both NaCl and denatonium
were tested on 36 UBC, all three possible response patterns
occurred in a balanced distribution (Figure 5): 42% NaCl only,
33% denatonium only, 25% both stimuli. These percentages
are roughly reflected by the (immuno)histochemical (65% of
UBC expressing Scnnla-tdTomato signal) and by the NGS
data with 4/6 cells (67%) expressing Scnnla, and 2 of them
(33%) expressing additionally a known receptor for denatonium,
ie., Tas2r108 (Figure 2). Of course, the small total number of
cholinergic UBC subjected to NGS (N = 6) precludes a systematic
quantitative analysis.

We have previously shown that a substantial number
of denatonium-responsive UBC also reacts to monosodium
glutamate (Deckmann et al., 2014). In terms of oropharyngeal
gustation, these substances reflect an aversive (denatonium:
bitter) and an attractive (monosodium glutamate: umami)
stimulus, and, accordingly, are perceived by distinct cell
populations, which still are considered as subtypes of type I1
taste cells (Chaudhari and Roper, 2010). The present data show
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an even broader diversity of UBC properties in that some of
them shate features also with type I cells of taste buds, expressing
ENaC and being responsive to NaCl (Vandenbeuch et al., 2008).
These findings further substantiate the polymodal character of
cholinergic UBC. As far as further distinctive criteria are missing,
we interpret the multiple combinations of responsiveness to
various chemosensory stimuli and gene expression of related
signaling components as phenotypic variation of a broadly tuned,
polymodal chemosensory cell rather than defining multiple,
clearly separated cell types.

CONCLUSION

In sum, we could show that a fraction of cholinergic UBC
expresses «-ENaC and responds to the salty stimulus NaCl in an
amiloride-sensitive manner. This feature does not define a new
subpopulation of UBC, but rather emphasizes their polymodal
character.
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Abstract

Cholinergic chemosensory cells (CCC) are infrequent epithelial cells with immunosensor function, positioned in mucosal
epithelia preferentially near body entry sites in mammals including man. Given their adaptive capacity in response to
infection and their role in combatting pathogens, we here addressed the time points of their initial emergence as well as
their postnatal development from first exposure to environmental microbiota (i.e., birth) to adulthood in urethra and trachea,
utilizing choline acetyltransferase (ChAT)-eGFP reporter mice, mice with genetic deletion of MyD88, toll-like receptor-2
(TLR2), TLR4, TLR2/TLR4, and germ-free mice. Appearance of CCC differs between the investigated organs. CCC of the
trachea emerge during embryonic development at E18 and expand further after birth. Urethral CCC show gender diversity
and appear first at P6-P10 in male and at P11-P20 in female mice. Urethrae and tracheae of MyD88- and TLR-deficient mice
showed significantly fewer CCC in all four investigated deficient strains, with the effect being most prominent in the urethra.
In germ-free mice, however, CCC numbers were not reduced, indicating that TLR2/4-MyD88 signaling, but not vita-PAMPs,
governs CCC development. Collectively, our data show a marked postnatal expansion of CCC populations with distinct organ-
specific features, including the relative impact of TLR2/4-MyD88 signaling. Strong dependency on this pathway (urethra)
correlates with absence of CCC at birth and gender-specific initial development and expansion dynamics, whereas moderate
dependency (trachea) coincides with presence of first CCC at E18 and sex-independent further development.

Keywords Brush cells - Tuft cells - Innate immunity - Toll-like receptors - MyD88 - Solitary chemosensory cells -
Chemosensation

Introduction

Referring to their apical brush or tuft of stiff microvilli,

identified in ultrastructural studies, a group of rare solitary
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chemosensory cells (CCC) have been identified in the
upper airways (Saunders et al. 2014; Tizzano et al. 2011),
the vomeronasal organ (Ogura et al. 2010), the auditory tube
(Krasteva et al. 2012b), the trachea (Krasteva et al. 2011), the
conjunctiva (Wiederhold et al. 2015), the gastro-intestinal
tract including the gall bladder (Schutz et al. 2015), the
urethra (Deckmann et al. 2014), and the thymus (Panneck
et al. 2014). All cells of this category are closely related,
even though there are organ-specific characteristics
(Deckmann and Kummer 2016; Finger and Kinnamon 2011
Nadjsombati et al. 2018; O’Leary et al. 2019).

Their function is only partially identified. They utilize
elements of the canonical taste transduction cascade to
respond to potentially harmful substances including bacterial
products (Deckmann et al. 2014; Finger et al. 2003; Krasteva
et al. 2012a; Ogura et al. 201 1; Saunders et al. 2014; Sbarbati
et al. 2009; Tizzano et al. 2010) and helminths (Gerbe
et al. 2016; Howitt et al. 2016; Nadjsombati et al. 2018; von
Moltke et al. 2016). Upon activation, CCC initiate protective
mechanisms like reflex inhibition of inspiratory activity
(Krasteva et al. 2011; Tizzano et al. 2010) or stimulation of
micturition (Deckmann et al. 2014), initiation of neurogenic
inflammation (Saunders et al. 2014), and triggering type 2
immune responses (Bankova et al. 2018; Gerbe et al. 2016;
Howitt et al. 2016; Nadjsombati et al. 2018; von Moltke
et al. 2016). Accordingly, they have been attributed with
a sentinel function and are regarded as crucial elements of
the mucosal innate immune system (Krasteva and Kummer
2012; Kummer and Deckmann 2017; Middelhoff et al. 2017:
Schneider et al. 2019; Tizzano and Finger 2013).

The transcription factor Skn-1a/Pou2f3 is required for
CCC development, and its genetic deletion results in their
absence in several organs (Ohmoto et al. 2013; Yamashita
et al. 2017). Unlike taste cells in the taste buds, neither
development nor maintenance of nasal CCC is dependent on
intact innervation (Gulbransen et al. 2008). In postnatal life,
CCC do undergo turnover like the surrounding epithelium,
as initially demonstrated for the nose (Gulbransen and
Finger 2005), and respond dynamically to challenges.
While tracheal CCC have been described as “a stable
population in a dynamic epithelium’ under unchallenged
conditions (Saunders et al. 2013), they increase markedly
in numbers after exposure to house dust mites or mold in a
leukotriene-dependent manner (Bankova et al. 2018). Severe
infection with HINI influenza virus even provokes de novo
appearance of solitary chemosensory cells (cholinergic traits
not investigated in this study) in the murine distal lung,
whereas such cells are not present in uninfected lungs (Rane
et al. 2019). In the intestine, their number increases vastly
in response to helminth and protozoan infection (Gerbe
et al. 2016; Howitt et al. 2016; Nadjsombati et al. 2018;
Schneider et al. 2018; von Moltke et al. 2016). At least in the
intestine, CCC not only increase in numbers during infection

@ Springer

but are also necessary for helminth clearance. Mice lacking
TRPMS remain infected with Nippostrongylus brasiliensis,
whereas wildtype mice expel this helminth within 2 weeks
(Nadjsombati et al. 2018). Given their adaptive capacity in
response to infection and their role in combatting pathogens,
we addressed the time points of their initial emergence as
well as their postnatal development from first exposure to
environmental microbiota (i.e., birth) to adulthood, utilizing
ChAT-eGFP reporter mice and focusing upon tracheal,
urethral, and, to a lesser extent, thymic CCC. The necessity
of direct contact to living microbiota for the development
of CCC was assessed by using germ-free mice. Since
these mice are still exposed, e.g., via the food, to bacterial
products and bacterial remains capable of triggering innate
immune responses by activating toll-like receptors (TLRs),
we also included MyD88 (myeloid differentiation primary
response 88) knockout (KO) mice in this study. MyD88 is
involved in downstream signaling of all TLRs, except TLR3,
as well as the interleukin-1-receptor (Wang et al. 2014).
As genetic loss of MyD88 indeed resulted in lower CCC
numbers, we further included TLR2 and TLR4 single- and
double-deficient mice to narrow down the spectrum of
signaling pathways potentially being involved. TLR2 and
TLR4 were chosen because of their well-known importance
in the recognition of bacterial lipopeptides and lipoteichoic
acids of Gram-positive bacteria in the case of TLR2 (Irvine
et al. 2013) and lipopolysaccharides of Gram-negative
bacteria in the case of TLR4 (Park et al. 2009).

Material and methods
Animals

ChAT-eGFP (B6.Cg-Tg(RP23-268L19-EGFP)2Mik/J; Stock
No. 007902) mice were obtained from Jackson Laboratory
(Bar Habor, ME, USA). A second ChAT-eGFP mouse strain
(von Engelhardt et al. 2007) was exclusively used to assess
CCC appearance during embryonic development. Mice
were housed in the animal facilities of the Justus-Liebig-
University Giessen or the Philipps-University Marburg
under specific-pathogen-free (SPF) conditions (10 h dark,
14 h light), with free access to food and water.

Germ-free mice (C57BL/6N; germ-free;> 12 weeks)
were obtained from the gnotobiotic animal facility of the
German Institute of Human Nutrition, Potsdam-Rehbruecke,
Germany. Gnotobiotic mice were maintained in positive-
pressure isolators. Mice were housed individually in
polycarbonate cages on irradiated wood chips (25 kGy)
at 22 + 2 °C and a relative humidity of 55 + 5% on a
12 h light-dark cycle. All mice had unrestricted access to
irradiated (50 kGy) experimental diets and autoclaved water
throughout the experiment. Control mice (C57BL/6N, same
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sex and age as germ-free mice; SPF) were obtained from
Jackson Laboratory and housed at the animal facility of the
Justus-Liebig-University Giessen in individually ventilated
cages under SPF conditions. TLR2-KO (C57BL/10ScSn-
TLR2™!), TLR4-def (C57BL/10ScN-TLR4 (spontaneous
deletion of the 7ri4 gene)), and TLR2-KO/TLR4-def
(C57BL10SeN-TLR4/TLR2"™") and corresponding
wildtypes (TLR-WT; C57BL/10ScSn) were also obtained
from the animal facility of the German Institute of Human
Nutrition, Potsdam-Rehbruecke, Germany; all investigated
mice of this strains were> 12 weeks old. These mice were
bred as described previously (Heimesaat et al. 2007).

Tissues from MyD88-KO mice (B6.129-
Myd88'™ Aki; > 12 weeks) and corresponding wildtypes
(MyD88-WT; litter mates of MyD88-KO mice) were
obtained from two independent sources. The strain
originally generated by Adachi et al. (1998) was bred and
provided by Rainer Glauben, Charite Berlin, and by Axel
Pagenstecher, Philipps-University Marburg.

This study was carried out in accordance with the
recommendations of European Communities Council
Directive of 24th November 1986 (86/609/EEC). The
protocol was approved by the local authorities, i.e.,
Regierungsprisidium Giessen, Germany (reference no.
572_M, 571_M, 557_AZ, Ex-15-2018), the Office for
Agriculture, Ecology, and Regional Planning of the State of
Brandenburg (Germany) according to §8.1 Animal Welfare
Act (approval number: 23-2347-6-2009 and 23-2347-24-
2010), and the Landesamt fiir Gesundheit und Soziales
(LAGESQ), Berlin (approval number T0294/10).

3R statement

In this study, more than 450 tissue specimens were collected,
investigated, and analyzed. In order to adhere to the 3R
principle (reduction, replacement, and refinement in animal
experiments principle (Russell and Burch 1959)) the number
of animals used for this study was kept to a minimum by
taking multiple organs (urethra, trachea, thymus) from the
same animal and by taking specimens from animals that
have been sacrificed for other purposes.

Immunohistochemistry and whole-mount
immunostaining

Organs used for immunohistochemistry and whole-mount
immunostaining were either freshly dissected and fixed
by immersion or taken from animals fixed by transcardiac
perfusion with 4% paraformaldehyde (in 0.1 M phosphate
buffer, pH 7.4; both purchased from Carl Roth, Karlsruhe,
Germany) or Zamboni solution (2% paraformaldehyde/15%
saturated picric acid; Merck, Darmstadt, Germany, in
0.1 M phosphate buffer, pH 7.4), preceded by a flush with

vascular rinsing solution (Forssmann et al. 1977). Organs
were washed in 0.1 M phosphate buffer and embedded in
paraffin (Paraplast Plus®, Leica, Nussloch, Germany) or
incubated overnight in 18% sucrose (Carl Roth, Karlsruhe,
Germany) in 0.1 M phosphate buffer, embedded in Tissue-
Tek® O.C.T.™ Compound (Sakura Finetek Germany
GmbH, Staufen, Germany) and frozen in liquid nitrogen.
For immunostainings, tissue sections or whole-mounts of
investigated strains were processed simultaneously with
corresponding controls, e.g., wildtypes. Primary antibody
was applied to 4-18 tissue sections (frozen 10 um or
paraffin 5 pm) from every organ. At least three animals
per experimental setup were analyzed. For whole-mount
immunostainings of tracheae, the trachea was dissected from
the larynx to the bifurcation and the trachealis muscle was
cut longitudinally. For whole-mount immunostainings of
urethrae, the whole urethra was taken and cut longitudinally.
The tracheae and urethrae were opened and fixed flat on
a silicon elastomer (Dow Corning, Midland, MI, USA)
with insect needles (Fiebig-Lehrmittel, Berlin, Germany).
Specimens were permeabilized with 0.3% Triton X 100
(Carl Roth, Karlsruhe, Germany) for 2 h; unspecific protein
binding sites were saturated by incubation with 4% horse
serum (PAA Laboratories Inc., Pasching, Austria) and 1%
bovine serum albumin (Sigma Aldrich/Merck, Darmstadt,
Germany) in 0.005 M phosphate buffer for 2 h. Samples were
incubated in primary and secondary antibodies overnight
each, rinsed, post-fixed for 10 min in 4% paraformaldehyde,
and mounted in Mowiol (Sigma Aldrich/Merck, Darmstadt,
Germany) containing 4',6-diamidino-2-phenylindol (DAPI,
1 pg/ml, Sigma Aldrich/Merck, Darmstadt, Germany).

To investigate prenatal development of CCC, embryos
of ChAT-eGFP mice (von Engelhardt et al. 2007) were
harvested at specified embryonic stages (E12, N = 4; E14,
N =5; El6, N = 8; E18, N = 6) and shortly after birth
(PO, N = 3), which were determined by fertilization. After
extraction, embryos were sacrificed, fixed by immersion
with Zamboni solution, cut into halves, and embedded in
paraffin. Embryos were sectioned (5 pm), and every 10th
section was stained with H.E. or Giemsa for orientation.
Every second section harboring tracheal epithelium was
immunostained and analyzed.

Primary antibodies were chicken-anti-GFP (green
fluorescent protein, NB100-1614, 1:4000 dilution; Novus
Biologicals, Centennial, USA), goat-anti-ChAT (AB144P,
1:250 dilution; Merck Millipore/Merck, Darmstadt,
Germany), rabbit-anti-DCAMKLI (Serine/threonine-protein
kinase DCLK1 (Doublecortin-like kinase 1)), ab31704
(1:2000 dilution; Abcam, Cambridge, UK), and rabbit-anti-
TPRMS (1:4000-8000 (Kaske et al. 2007)).

Secondary antibodies were donkey-anti-chicken IgG
conjugated to fluorescein isothiocyanate (FITC; 703-095-
155; 1:800; Dianova, Hamburg, Germany), donkey-anti-rabbit
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IgG conjugated to Cyanine 3 (Cy3; 2567112; 1:2000; Merck
Millipore/Merck, Darmstadt, Germany), donkey-anti-rabbit
IgG Alexa 488 (A21206; 1:500; Thermo Fisher Scientific
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Inc., Waltham, MA, USA), donkey-anti-goat IgG Alexa 488
(A11055; 1:1000; Thermo Fisher Scientific Inc., Waltham,
MA, USA), and donkey-anti-goat IgG Cy3 (AP180C;
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«Fig. 1 Postnatal development of CCC in the urethra. a Immunofluo-
rescence using tissue from ChAT-eGFP mice, eGFP signal was anti-
body enhanced, representative images of female and male urethrae
at different time points during postnatal development; arrows mark
ChAT-eGFP-positive urethral CCC. a and b Quantitative analysis of
ChAT-eGFP-positive cells per urethra b and per mm? ¢ using whole-
mount preparations in female and male mice at different time points
during development; male: PO N = 5; P1-5 N = 8; P6-10 N = 17;
P11-20 N = 3, P21-39 N = 6: P40-120 N = 3: P121-220 N = 3;
P250+ N = 6; female: PO N = 3; P1-5 N = 4; P6-10 N = 6; P11-
20N = 6; P21-39 N = 9; P40-120 N = 3; P121-220 N = 7; P220+
N = 5. Dashed line marks cell count of 50 cells per urethra. d Num-
bers of ChAT-eGFP-positive cells per urethra in animals P40+,
cumulative data of the three oldest age groups depicted in b: e Sur-
face area of male and female urethrac used for generating c. b-e
Graphs depict means and SEM. Blue: males, red: females. P-values
were calculated with Mann-Whitney test

1:16,000; Merck Millipore/Merck, Darmstadt, Germany).
Specificity of secondary reagents was validated by omission
of primary antibodies.

CCC number in ChAT-eGFP mice was assessed by
enhancement of endogenous eGFP signal with antibodies
against eGFP. In C57BL/6N-mice, MyD88-KO mice,
TLR-KO mice, TLR-def mice, and corresponding wildtypes,
all not carrying the ChAT-eGFP reporter, CCC numbers
were assessed by TRPMS-, ChAT-, or DCAMKLI-
immunolabeling. To evaluate the degree of co-localization
of ChAT-eGFP expression and TRPMS5-immunoreactivity
in CCC, the TRPM5-antibody was applied to whole-mounts
(trachea and urethra) from ChAT-eGFP mice.

Sections and whole-mounts were evaluated by
epifluorescence microscopy (Axioplan 2, Zeiss, Oberkochen,
Germany) or with a confocal laser scanning microscope
(LSM 710, Zeiss, Oberkochen, Germany). Overlay images
were created using Imagel (https://imagej.nih.gov/ij). For
evaluation of cell numbers in tracheae and urethrae, we used
whole-mount preparations and counted all positive cells in
the organ manually or interactively using an Imagel cell
counter plug-in. Counting of a data set was performed by
the same person to exclude experimenter dependent bias.

Surface area of trachea and urethra was calculated using
Imagel, except for adult tracheae of germ-free, control mice,
MyD88-KO and MyD88-WT. In these cases, § pictures at
% 10magnification were taken along tracheal whole-mounts as
illustrated in Supplementary Fig. 1a and used to evaluate CCC
number per square millimeter. The number of CCC in TLR-
deficient mice and corresponding wildtypes was evaluated
using frozen or paraffin sections; here, the number of positive
cells per millimeterbasal lamina was calculated utilizing the
software Axiovision (Zeiss, Oberkochen, Germany) in case
of the trachea (at least 10 longitudinal sections per animal
were analyzed) or positive cells per section for the urethra (on
average 25 sections per animal) were counted. To investigate
appearance of CCC in thymi of different ages, at least 6
sections per animal (N = 3, mixed sexes) were analyzed.

Statistical analysis

Data were analyzed by Mann-Whitney test or Kruskal-Wallis
test with GraphPad Prism 7 (GraphPad Software Inc., La
Jolla, CA, USA). P < 0.05 were regarded as statistically
significant.

Results

Sexual dimorphism of postnatal urethral CCC
development

The time course of urethral CCC appearance showed a
sexual dimorphism in ChAT-eGFP mice (Fig. 1). In male
mice, urethral CCC appeared first between P6 and P10.
In female mice, urethral CCC appeared first between
P11 and P20. In both sexes, maximum urethral CCC
numbers were reached between P40 and P220 and declined
thereafter (Fig. 1b and ¢). Male mice had significantly
higher absolute CCC numbers and CCC density per
surface area than females in the periods P6-10, P11-20,
and P21-39. In older animals (P40+), however, urethral
CCC were more abundant in female mice (Fig. 1b, c,
d; Supplementary Fig. 2). This gender difference was
particularly pronounced in urethral CCC density, since
the total urethral surface area was about 1.8 times larger
in males than in females (Fig. le).

CCC of the trachea appear already during embryonic
development

In ChAT-eGFP mice (von Engelhardt et al. 2007), CCC
could not be detected within the tracheal epithelium at
E12, E14, and E16. They appeared first at E18 in 5 of 6
investigated tracheae (Fig. 2), albeit in rare occurrence
compared with pups sacrificed directly after birth (P0)
(Figs. 2 and 3). Postnatal development was quantified
in ChAT-eGFP (B6.Cg-Tg(RP23-268L19-EGFP)2Mik/I)
mice. The number and density of tracheal CCC increased
considerably until P78 (from 54 at PO to 3950 cells at
P78, Fig. 3a—c and Supplementary Fig. Ib and 3). In
contrast to the urethra, no gender difference could be
observed (Fig. 3b, ¢; Supplementary Fig. Ic). In tracheal
whole-mount preparations of adult mice, about 89%
of the cells labeled with TRPMS antibody were also
ChAT-eGFP-positive (Fig. 3d; Supplementary Fig. 3).
In neonatal animals (P0O-P2), however, only 45% of
cells were double-positive (p < 0.0004, Mann-Whitney
test). This co-localization increased further to 65% at
P33 (Fig. 3e and f). The number of cells only positive
for eGFP was extremely low in the tracheal epithelium
throughout all ages.
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«Fig. 2 Prenatal and perinatal development of tracheal CCC. Giemsa-
stained paraffin sections from ChAT-eGFP mice (von Engelhardt
et al. 2007) at distinct developmental stages with corresponding
immunofluorescence images of trachea and spinal cord a—¢ EI2
(N =4), df El4 (N =35), g-i E16 (N = 8), (j-1) EI8 (N = 6), and
(m-0) PO (N = 3). Dashed boxes highlight locations where according
immunofluorescence images of trachea (TR; b, e, h, k, and n) and
spinal cord (SC; ¢, f, i, 1, and o) were taken from adjacent sections
double-labeled for TRPMS and GFP; arrows mark ChAT-¢GFP- and
TRPM3-positive tracheal CCC at E18 and PO; arrowheads mark
ChAT-eGFP-positive neurons; asterisks mark ChAT-eGFP-positive
nerve fibers below the tracheal epithelium. Scale bar depicts 100 pm
in the immunofluorescence images and 1 mm in Giemsa-stained over-
view images

TLR2/TLR4 and MyD88 deficiencies impair postnatal
CCC expansion

We could not detect any urethral CCC in tissue sections
from MyD88-KO mice stained with TRPMS antibody
(Supplementary Fig. 4a and b) and, hence, proceeded
with whole-mount preparations using both TRPMS5 and
ChAT antibodies. TRPMS antibody staining of urethral
whole-mounts of adult ChAT-eGFP mice revealed
about 99% congruency of ChAT-eGFP expression and
TRPMS5-immunolabeling antibody, justifying the use of
TRPMS antibody as a surrogate marker for urethral CCC
(Supplementary Fig. 4c). Double staining of urethral
whole-mount preparations from MyD88-KO mice and
corresponding wildtypes with TRPMS and ChAT antibodies
also confirmed the near total coexistence of both signals
(Fig. 4a and b). The total number of urethral CCC was
significantly reduced by 69% in MyD88-KO mice compared
with corresponding wildtypes (Fig. 4c). Since MyD88 is
involved in downstream signaling of most TLRs (except
TLR3), we reasoned that TLRs might be involved in the
development of urethral CCC. We focused on TLR2 and
TLR4 because of their importance in recognizing cell wall
components of uropathogenic Gram-positive and -negative
bacteria, respectively (Irvine et al. 2013; Park et al. 2009).
Urethral sections from TLR2-KO, TLR4-def, and TLR2-KO/
TLR4-def mice all showed significant reduction of TRMP5-
immunoreactive cells by 88%, 88%, and 74%, respectively,
when compared with corresponding wildtypes. However, no
significant differences between the TLR-KO strains could be
observed (Fig. 4d).

In tracheal whole-mount preparations, the congruency
of staining with TRPMS and ChAT antibodies was not
100%. TRPM5*/ChAT" cells occurred in addition to
double-labeled (TRPM5*/ChAT™) cells (Fig. 5a and b).
Nevertheless, both stainings revealed significantly fewer
CCC in MyD88-KO mice than in corresponding wildtypes
(TRPMS5: reduction by 36%, ChAT: reduction by 33%:;
Fig. 5¢ and d). Comparable results were also obtained
with antibodies against DCAMKLI, another CCC marker,

applied on TLR2-KO, TLR4-def, and TLR2-KO/TLR4-def
tracheal sections (reduction of CCC by 47%, 29%, and 42%,
respectively; Fig. Se). DCAMKLI1 was validated as a marker
for CCC in tracheal whole-mount preparations of ChAT-
eGFP mice, showing DCAMKL I -immunoreactivity in about
92% of all GFP-positive cells (Supplementary Fig. 5).

CCC develop independent of living microbiota

To determine whether the presence of living microbiota has
impact on the development of CCC, germ-free C57BL/6 N
mice were investigated. Selection of investigated time points
was guided by the preceding experiments on urethrae of
ChAT-eGFP mice, showing initial appearance and average
cell count of about 50 cells per urethra on P7 in male and
P33 in female mice, and highest numbers in both sexes in
mice older than P100 (Fig. 1b). TRPMS5-immunolabeling
was utilized to investigate postnatal development of
urethral CCC in germ-free versus SPF mice (Fig. 6a and
b). Significantly more TRPMS5-positive urethral CCC were
counted on P7 in germ-free male mice, compared with SPF-
housed C57BL/6 N mice (Fig. 6¢; Supplementary Fig. 6a),
but neither in P33 female mice (Fig. 6e; Supplementary
Fig. 6¢) nor in adult (P100+) mice of either sex (Fig. 6d,
f; Supplementary Fig. 6b, d). In the trachea, we could not
detect any difference in cell number between germ-free and
SPF-housed control mice, neither in young (P7 [male] and
P33 [female]), nor in adult mice (both genders) (Fig. 7).

Thymic CCC

In the course of our studies, we obtained some qualitative
observations on thymic CCC. They were present already
at birth (Supplementary Fig. 7), in adult MyD88-KO and
TLR2/4-deficient mice (Supplementary Fig. 8), and in thymi
of germ-free mice at the investigated time points, i.e., P7,
P33, and P100+ (Supplementary Fig. 9).

Discussion

The present data reveal a perinatal appearance and
postnatal expansion of CCC with distinct organ-
specific onset in development, sexual dimorphism, and
dependency on pattern recognition receptor signaling.
This time course of development renders a significant
role of this cell type in intrauterine organ development
unlikely, and rather points towards an onset of function in
postnatal life. Accordingly, mucosal CCC are generally
considered as sentinels monitoring luminal content
for potentially harmful substances, predominantly of
microbial origin (Deckmann and Kummer 2016; Finger
and Kinnamon 2011; Krasteva and Kummer 2012;

@ Springer

117



Publikationen

Cell and Tissue Research

a PO P100+
© ChAT-eGFP %
o
=
O
©
L
=
b c
©
‘G:) 6000+ °© male NE 200
© 40004 e female 2R g 150
o = 100 #
o 350 n 20
(2] b °
2 300 oo 8 °
8 250- % T . 11, -
+ 2004 ° ° & ° = ‘} $°
o ] 104, ° ©
K 150 _I__I_ g 'I'.‘f° -I-'I-"
? 10018 e, o ® T k5 '}-5%
= so{El¥s ¢ r i
g 0 -l. .l. .I T T T T T T T T T T T o .l. .I T T L) T T Ll T T T L) T T
2 Q°Q\Q"'Q“QQQQ’ng'\%\'}\%‘%'%\%@% Q“Q"Q"'Q"Q"Q‘bQ"Q@Q\'}z\%f%sz«g@“’
d e
100+
% % 8 2504 -~ TRPM5
S~ - = -#~ ChAT-eGFP
- 8 200 3
28 604, + * , 3
3o o 150+
+ @ % = 2l n
O |- 40 - -
E < e® ° (&) 100+
=
14 Q@ *»/”'.\—'
= 20 2 50
8
0 T T T T T T o 0
Q J \ 1
Q PO P1 P2
-
o
©
H -
<
o
=
Kummer and Deckmann 2017; Schneider et al. 2019; influence of the developing microbiota on the postnatal
Ting and von Moltke 2019; Tizzano and Finger 2013), population dynamics of CCC, albeit microbiota are not

to which exposure begins after birth. The present data  an absolute requirement for the occurrence of CCC. This
also indicate at least a modulating and enhancing conclusion is based on our experiments with MyD88-KO
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«Fig. 3 Postnatal development of CCC in the trachea. a Immunofluo-
rescence with GFP antibody using tissue from ChAT-eGFP mice,
representative images of tracheae at different time points during
postnatal development; arrows point to ChAT-eGFP-positive tra-
cheal CCC. GFP-positive cells were counted in tracheal whole-mount
preparations; absolute numbers are given in b, cell number per mm?
is shown in ¢. d Percentage of TRPMS-positive cells which also were
positive for ChAT-eGFP from same animals as in b and c. e Total
number of TRPMS5- and ChAT-eGFP-positive cells at PO-P2 from
same animals as in b and ¢ (N = 2-6 each time point). f Representa-
tive immunofluorescence pictures with antibodies against TRPMS
and GFP of a tracheal whole-mount from an one day old ChAT-eGFP
animal; dashed arrows mark a TRPMS single-positive cell; solid
arrows mark a TRPMS5 and ChAT-eGFP double-positive cell. Graphs
depict mean and SEM; b-d all data points depicted in scatter plots.
Blue: males, red: females

and TLR-deficient mice. TLR2 and TLR4 are necessary
for the detection of lipopeptides from bacterial origin
and lipoteichoic acids or lipopolysaccharides from
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Fig.4 Urethral CCC in MyD88-KO, TLR2-KO, TLR4-def, and
TLR2-KO/TLR4-def mice. a and b Representative pictures of
TRPMS and ChAT double-labeled CCC (arrows) in urethral whole-
mounts of MyD88-WT a and MyD88-KO b mice; all examples
taken from P100+mice. ¢ Quantitative analysis of TRPM5-positive
cells per urethra counted at whole-mount preparations as shown in

a’ ChAT

Gram-positive bacteria or Gram-negative bacteria,
respectively, (Irvine et al. 2013; Park et al. 2009), and
MyD88 is an essential downstream component of all
TLR signaling except TLR3 (Wang et al. 2014). Genetic
deletion of either of these components essentially
reduced the number of CCC in the urethra and, to a lesser
extent, in the trachea.

Likewise, MyD88 is also required for the induction of
ChAT expression in lymphocytes (Reardon et al. 2013).
Gnotobiotic mice are still exposed to TLR agonists, e.g.,
through their food and bedding material, and MyD88
expression was even found to be enhanced in the intestine
of gnotobiotic mice compared with SPF mice (Yamamoto
et al. 2012). This is consistent with our observation of
generally unreduced and even enhanced numbers of CCC
in male P7 urethra. These findings demonstrate that
CCC development is independent of viability-associated
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a and b. d Number of TRPMS5-positive cells in urethral tissue sec-
tions of TLR2-KO, TLR4-def, TLR2-KO/TLR4-def, and TLR-WT
mice. Each data point represents the average number of cells from
20 sections from one animal. Bars and whiskers depict mean and
SEM. Blue: males, red: females. All investigated animals were adult
(> 12 weeks). P values were calculated with Mann-Whitney test
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Fig.5 Tracheal CCC in MyD88-KO, TLR2-KO, TLR4-def, and
TLR2-KO/TLR4-def mice. a and b Double-labeling immunofluores-
cence of tracheal whole-mounts of MyD88-WT a and MyD88-KO
b mice with antibodies against TRPMS (yellow) and ChAT (green).
Double-labeled cells dominate, single-labeled CCC (TRPMS5*/
ChAT") are marked with arrows. ¢ and d Densities of TRPMS5-pos-
itive cells ¢ and ChAT-positive cells ¢ counted from whole-mounts

pathogen-associated molecular patterns (vita PAMPs,
(Sander et al. 2011)), but controlled by TLR2/4 signaling.

Although genetic deletion of TLR2, TLR4, TLR2/4, or
MyDS88 led to significantly reduced CCC numbers in the
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as shown in a and b. e Number of DCAMKLI1-positive cells per mm
of basal lamina in tracheal tissue sections of TLR2-KO, TLR4-def,
TLR2-KO/TLR4-def, and TLR-WT mice. Each data point represents
a single animal analyzed with an average number of 20 single sec-
tions. Bars and whiskers depict mean and SEM. Blue: males, red:
females. All investigated animals were adult (> 12 weeks). P values
were calculated with Mann-Whitney test

trachea, still more than 50% of CCC remained, pointing
towards a CCC-inducing stimulus independent of pattern
recognition signaling. This notion is supported by the
presence of low basal numbers of CCC at birth (P0),
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Fig.6 Postnatal development of urethral CCC in germ-free versus
SPF mice. a and b Representative immunofluorescence pictures,
TRPMS-immunolabeling of urethral whole-mounts of SPF a and
germ-free b mice. ¢—f Quantitative analysis of whole-mounts shown

prior to microbial contact. In line with our findings, early
occurrence of chemosensory cells in the murine tracheal
epithelium has also been described in TRPMS5-GFP (PS5,
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in a and b. Bars and whiskers depict mean and SEM. Blue: males,
red: females. All investigated animals were adult (> 12 weeks). P val-
ues were calculated with Mann-Whitney test

earlier time points not investigated; Saunders et al. 2013)
and Tas2R131-GFP reporter mice (P3, earlier time
points not investigated; Voigt et al. 2015). Similarly,
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Fig.7 Postnatal development of tracheal CCC in germ-free versus
SPF mice. a and b Representative immunofluorescence pictures,
TRPMS5-immunolabeling of tracheal whole-mounts. ¢—e Quantitative
analysis of whole-mounts shown in a and b, f visualization of data

we observed considerable numbers of CCC, albeit
not quantified, in the thymic medulla of MyD88-KO,
TLR2-KO/TLR4-def, and germ-free mice. They were
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also present at birth, consistent with the observation of
Tas2R131-GFP* and GNAT3-immunoreactive cells in
the thymus at P3 (Voigt et al. 2015).
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In contrast, genetic deletion of TLR2, TLR4, or MyD8&8
drastically reduced CCC numbers in the urethra by 69-88%
compared with corresponding wildtypes and this coincided
with lack of urethral CCC at birth. This strongly suggests
that postnatal contact to TLR2/4 agonists, derived from
the microbiome under physiological conditions, is required
for CCC development in the urethra. MyD88 expression
is regulated by estrogens (Zheng et al. 2006), and the
downstream signaling proteins of the TLR4-MyD88 pathway,
Bruton tyrosine kinase (BTK), and IL-1 receptor associated
kinase (IRAK)!1 are encoded by the X-chromosome (Spolarics
2007) with the consequence of higher IRAK1 levels in
umbilical cord blood of female neonates compared with males
(O Driscoll et al. 2017). This has been considered one of the
causes of sex-specific responses to infection and subsequent
immunological advantage in female neonates (O’Driscoll
et al. 2017). Notably, we also observed gender-specific
differences in the first postnatal appearance of urethral CCC,
which is also governed by TLR2/4-MyD88 signaling. It is
tempting to assume a causal relationship, but this still needs
to be experimentally addressed, in particular, since higher
IRAKI levels in females would predict earlier appearance
of UCCC in females rather than in males. Consistent with
this hypothesis, postnatal appearance and gender-specific
developmental dynamics have also been reported for a closely
related cell type, the brush cell of the rat common bile duct.
It can be first detected by scanning electron microscopy at
4 weeks after birth and, thereafter, shows a remarkable
increase in numbers, with a gender specific difference in time,
i.e., between 8 and 12 weeks in the male and between 10 and
14 weeks in the female (Iseki 1991).

Collectively, our data show a marked postnatal
expansion of CCC populations with distinct organ-specific
features, including the relative impact of TLR2/4-MyD88
signaling. Strong dependency on this pathway (urethra)
correlates with absence of CCC at birth and gender-specific
initial development and expansion dynamics, whereas
moderate dependency (trachea) coincides with presence of
first CCC at E18 and sex-independent further development.
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Abstract A peculiar cell type of the respiratory and gas-
trointestinal epithelia, originally termed “brush cell” or
“tuft cell” by electron microscopists because of its apical
tuft of microvilli, utilizes the canonical bitter taste trans-
duction cascade known from oropharyngeal taste buds to
detect potential hazardous compounds, e.g. bacterial prod-
ucts. Upon stimulation, this cell initiates protective reflexes
and local inflammatory responses through release of acetyl-
choline and chemokines. Guided by the understanding of
these cells as sentirels, they have been newly discovered
at previously unrecognized anatomical locations, includ-
ing the urethra. Solitary cholinergic urethral cells express
canonical taste receptors and are polymodal chemosen-
sors for certain bitter substances, glutamate (umami) and
uropathogenic Escherichia coli. Intraurethral bitter stimu-
lation triggers cholinergic reflex activation of bladder det-
rusor activity, which is interpreted as cleaning flushing of
the urethra. The currently known scenario suggests the
presence of at least two more urethral chemosensory cell
types: non-cholinergic brush cells and neuroendocrine
serotonergic cells. The potential implications are enor-
mous and far reaching, as these cells might be involved in
monitoring and prevernting ascending urinary tract infection
and triggering of nappropriate detrusor activity. However,
although appealing, this is still highly speculative, since the

This review is dedicated to Detlev Drenckhahn who provided first
experimental evidence for a chemosensory function of brush cells
by discovering their expression of the taste-specific G-protein
a-gustducin.

Wolfgang Kummer

wolfgang kummer@anatomie med.uni-giessen.de
1 Institute for Anatomy and Cell Biology, Justus-Tiebig-
University Giessen, Aulweg 123, 35385 Giessen, Germany

actual number of distinct chemosensory cell types needs
to be finally clarified, as well as their embryological ori-
gin, developmental dynamics, receptor equipment, modes
of signalling to adjacent nerve fibres and other cells, reper-
toire of chemo- and cytokines, involvemert in pathogenesis
of diseases and many other aspects.

Keywords Chemosensory - Brush cell - Acetylcholine -
Bitter - Neuroendocrine - Urethra

Introduction

The urethra connects the urinary bladder with the body’s
exterior and passes urine during micturition. In men, most
of its length also constitutes the final pathway of semen
during ejaculation. In general perception, this pure passive
transport function is more or less the only task the urethra
is serving, and this organ does not receive particular atten-
tion in research and in clinical medicine. This view is sim-
plistic as the urethra is not just a one-way road for urine
and semen but may also allow for ascent of bacteria into
the urinary tract (Chromek 2015). Due to the anatomi-
cal neighbourhood to the perineum, microbial pressure is
enormous, and urinary tract infections are among the most
common bacterial infections worldwide (Foxman 2010;
Wagenlehner et al. 2012). Thus, appropriate measures
have to been taken to prevent ascending infection, and they
include flushing through micturition, trapping of bacteria
by mucus and secretion of immunoglobulin A, lysozyme,
cathelicidin, defensins, and other antimicrobial proteins
and peptides (Holstein et al. 1991; Parr et al. 1992; Kunin
et al. 2002; Porter et al. 2005; Chromek 2015). Effective
initiation and coordination of these effector mechanisms
requires continuous monitoring of the mucosal surface for
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the presence of pathogenic bacteria and hazardous com-
pounds in general. Recent years have shown that, beyond
long- and well-known pathogen detection systems such as
toll-like receptors, chemosensory mechanisms originally
characterized in the chemical senses of taste and smell also
contribute to this mucosal surveillance (Finger et al. 2003;
Margolskee et al. 2007; Gulbransen et al. 2008; Lin et al.
2008; Ogura et al. 2010; Tizzano et al. 2010; Krasteva et al.
2011; Lee et al. 2012; Deckmann et al. 2014). In particular,
canonical bitter taste receptors have been linked to detec-
tion of bacterial products such as homoserine lactones serv-
ing as quorum-sensing molecules in Pseudomonas aerugi-
nosa (Tizzano et al. 2010; Krasteva et al. 2011, 2012a; Lee
et al. 2012).

These mechanisms have been initially unravelled in the
respiratory tract where they have been ascribed to a rare,
specialized epithelial cell type that originally had been rec-
ognized purely on the basis of its characteristic ultrastruc-
ture. Rhodin and Dalhamn (1956) were the first to describe
by electron microscopy a rare cell type in the rat tracheal
epithelium with no cilia but brush-like processes, which
led them to designate this cell as “brush cell”. Cells with
similar, although not fully identical ultrastructure have
been observed in various parts of the upper airways and in
the gastrointestinal tract (Luciano et al. 1981; Luciano and
Reale 1990; Haéfer and Drenckhahn 1992, 1996; Hansen
and Finger 2008; Krasteva et al. 2012b).

Owing both to historical reasons and to distinct mor-
phological features, alternative terms to designate these
cells are in use, and the preferential use differs among ana-
tomical location. In the intestine, “tuft” or “tufted cells”
are widely used, highlighting the stiff microvilli which are
also characteristic for the “brush cells” of the trachea (Tso-
maki 1973; Howitt et al. 2016). In the nose, these micro-
villi appear less straight, and since 2003 the term “solitary
chemosensory cells” is preferred (Monteiro-Riviere and
Popp 1984; Finger et al. 2003). First evidence for a che-
mosensory function of these cells arose from the immu-
nohistochemical detection of the taste-specific G-protein
a-gustducin in these cells (Hofer et al. 1996; Finger et al.
2003), and about a decade later it became clear that they
detect bacterial products via the bitter taste transduction
cascade and induce protective local and systemic reflexes
in the respiratory tract such as reduction of respiratory
rate, local neurogenic inflammation and secretion of anti-
microbial peptides (Tizzano et al. 2010; Krasteva et al
2011, 2012a; Saunders et al. 2014, Lee et al. 2014). Hence,
these cells are now interpreted as sentinels monitoring the
mucosal surface for the preserce of potentially hazardous
compounds, in particular of pathogenic microbial origin
(Finger and Kinnamon 2011; Krasteva and Kummer 2012;
Lee and Cohen 2014), a model that was hypothesized ear-
lier by Sbarbati and Osculati before experimental proof had

@ Springer

been provided (Sbarbati and Osculati 2006). Such sentinel
cells are particularly frequent at anatomical entry sites such
as the nose (entrance into the entire respiratory tract) (Gul-
bransen et al. 2008), tuba auditiva (to middle ear) (Krasteva
et al. 2012b), nasal opening of the vomeronasal duct
(Ogura et al. 2010), bile and pancreatic duct (from gut to
liver and pancreas) (Weyrauch and Schnorr 1976; Luciano
and Reale 1979; Luciano et al. 1981; Hofer and Drenck-
hahn 1992; Schiitz et al. 2015).

These data point towards a general principle of plac-
ing chemosensory sentinel cells near the opening of tubu-
lar systems to the outer environment or internal body sur-
faces with bacterial colonization. On this background, it
might be anticipated that a similar cellular system surveils
the urinary tract. Barly immunohistological studies utiliz-
ing marker antibodies directed against characteristic struc-
tural proteins of brush cell microvilli (villin, fimbrin) failed
to identify such cells in various organs of the urinary and
genital tract, but the urethra, the immediate connection to
the outer body surface, was not included in this investiga-
tion (Hofer and Drenckhahn 1992). A reinvestigation of the
urinary tract in the light of the sentinel concept led to the
identification of the hitherto not recognized urethral brush
cell (Deckmann et al. 2014), and we here will focus on this
urethral chemosensory cell and its relationship to the still
enigmatic so-called urethral neuroendocrine cell.

Chemosensation via canonical taste receptors

Cells of the oropharyngeal taste buds respond to five basic
taste qualities: sweet, salty and umami are annotated as
valuable, bitter and sour as potentially harmful. G-protein-
coupled receptors of the taste receptor families (TasR) are
responsible for detection of sweet, umami and bitter. The
TaslR family consists of only three members (TaslR1-
Tas1R3), and Tas1R2/Tas1R3 heterodimers constitute a
receptor for sweet compounds, whereas TasIR1/TasIR3
heterodimers are umami (e.g. glutamate) receptors (Nelson
et al. 2001, 2002; Zhang et al. 2003; Zhao et al. 2003). A
broad range of chemically diverse substances is potentially
harmful if ingested, and a range of receptors is required to
cover this spectrum. Accordingly, there are about 40 recep-
tors of the Tas2R family, depending on species, and their
activation finally results in bitter taste (Adler et al. 2000
Chandrashekar et al. 2000; Matsunami et al. 2000; Bach-
manov and Beauchamp 2007). It has to be mentioned that
both for naturally occurring sugars and for glutamate alter-
native receptor configurations have been identified (Linde-
mann 2001; Damak et al. 2003; Maillet et al. 2015 Kim
et al. 2003). Their role in the present context of chemosen-
sation in epithelial defence mechanism yet needs to be elu-
cidated, so that they are not further described here. Taste
receptors of both families share the downstream signalling
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Fig. 1 Elements of the taste transduction cascade in a cholinergic
urethral brush cell (UBC). Taste receptors (TasR) are anticipated at
the apical microvilli with the structural protein villin, often serving
as brush cell marker. Subsequent events involve activation of phos-
pholipase Cﬁl (PLCp2) via p,y G-protein subunits, formation of ino-
sitol-tris-phosphate (IP) and diacylglycerol (DAG) with subsequent
release of calcium from the endoplasmic reticulum (ER) and open-
ing of the monovalent cation channel TRPMS, resulting in depolari-
zation with opening of voltage-gated (VG) calcium channels, finally
triggering acetylcholine (ACh) release, either via vesicular exocytosis
or through hemichannels. «Gust = G-protein «-subunit «-gustducin:
ChAT choline acetyltransferase

cascade (Fig. 1). A characteristic, albeil not the only G-pro-
tein coupled to TasR is a-gustducin (McLaughlin et al.
1992; Glendinning et al. 2003; Tizzano et al. 2008; Chaud-
hari and Roper 2010). Further signalling involves activa-
tion of a specific isoform of phospholipase C, i.e. PLCS2
(Zhang et al. 2003; Chaudhari and Roper 2010), with sub-
sequent formation of inositol-tris-phosphate, release of
calcium from the endoplasmic reticulum and opening of
the monovalent cation channel TRPMS (transient recep-
tor potential cation channel subfamily M member 5). This
results in depolarization of the cell, triggering transmitter
release (Fig. 1). In the taste bud, these receptors and sig-
nalling cascades are expressed by the so-called Type 11
taste cells, which release ATP as their primary transmitter
via hemichannels rather than vesicular exocytosis (Finger
et al. 2003; Huang et al. 2007; Chaudhari and Roper 2010;
Taruno et al. 2013; Vandenbeuch et al. 2015).

All these components of the canonical taste transduction
cascade have been identified in brush cells/solitary chem-
osensory cells/tuft cells in the respiratory and gastrointes-
tinal tract, and inhibition of either PLCB2 or TRPMS, and
genetic deletion of TRPMS5 attenuated the cells’ response
to bitter stimuli and resulted in loss of intestinal worm
clearance in a helminth infection model, respectively (Gul-
bransen et al. 2008; Ogura et al. 2010; Tizzano et al. 2010;
Saunders et al. 2014; Howitt et al. 2016). Hence, it can be
assumed that the receptors and transduction mechanisms
acting in extra-oral chemosensory cells are largely, if’ not
fully, identical to those originally described in Type II cells
of taste buds. While ATP is the primary transmitter of Type
1I cells of taste buds, respiratory and gastrointestinal chem-
osensory cells express the acetylcholine (ACh) synthesiz-
ing enzyme choline acetyltransferase (ChAT) and act upon
neighbouring sensory nerve lerminals and other cells via
cholinergic signalling (Krasteva et al. 2011; Ogura et al.
2011; Saunders et al, 2014),

The cholinergic urethral brush cell: a polymodal
chemosensor

Based on the sentinel concept of cholinergic chemosen-
sory epithelial cells residing at openings of mucosal
organs to the outer body surface, the urethra was intention-
ally screened for their occurrence utilizing reporter mice
expressing enhanced green fluorescent protein (eGEP)
under the control of the ChAT promoter. ChAT-¢GFP-
positive cells with slender, often flask-like shape with
long processes were identified in the urethra and the ter-
minal portions of glandular ducts near their opening into
the urethra, but neither further upstream in the urinary tract
(bladder, ureter, renal pelvis) nor in the acinar regions of
the associated glands (prostate lobes, seminal vesicles,
urethral, preputial and clitoridal glands) (Deckmann et al.
2014). These cells displayed villin-immunoreactivity with
particular prominent labelling at the apical cell pole, and
electron microscopy revealed microvilli protruding into the
lumen and some lateral microvilli (Deckmann et al. 2014),
all being characteristics of brush cells (Héfer and Drenck-
hahn 1992). Thus, the name cholinergic “urethral brush
cell” (UBC) has been proposed for this newly recognized
cell entity (Deckmann et al. 2014). All of these cells were
TRPM35-immunoreactive (Fig. 2a); 73 % (female) to 83 %
(male) were PLCP2-immunoreactive and w-gustducin-
immunoreactivity varied largely depending on anatomical
location. In the female urethra, a quarter of ChAT-eGFP-
positive epithelial cells was a-gustducin-immunoreactive;
in the male penile urethra and in the diverticle double-
positive cells accounted for about 50 %; while only 10 %
of cholinergic cells in the pelvic urethra were «-gustducin-
immunoreactive (Deckmann et al. 2014). It remains to be

@ Springer

130



Publikationen

676

Histochem Cell Biol (2016) 146:673-683

ChAT-eGFP

mouse

Villin/ChAT

TRPM5

TRPMS

merge

-

ChAT

guinea pig

Fig. 2 Urcthral cholinergic brush cells. a Immunoreactivity to the
monovalent cation channel TRPMS in a cell expressing eGFP under
the control of the ChAT promoter. In the merged image. nuclei are
also labelled with DAPL b Immunoreactivities to the brush cell
marker protein villin, to TRPMS and to the acetylcholine synthe-
sizing enzyme ChAT are also found in solitary urethral epithelial

determined whether these incomplete colocalization pat-
terns define distinct cell types or reflect certain functional
cellular states or different sensitivities of the immunohisto-
chemical labelling.

This cell is not unique to the mouse but occurs wide-
spread throughout placental mammals. Solitary epithelial
cells with this immunophenotype were also detected in
other rodents (rat, golden hamster and guinea pig—with
respect to classification of the guinea pig we here adhere
to the tree of life project; Maddison 2007), carnivores (dog,
badger), artiodactyla (pig, deer) and primates (Macaca
fascicularis, Callithrix jacchus, Homo sapiens) (Fig. 2b),
These data indicate that cholinergic UBC evolved not later
than about 64.5 million years ago (Deckmann et al. 2015),

RT-PCR analysis of pooled murine cholinergic UBC,
isolated by means of an antibody targeting an extracel-
lular domain of TRPMS, revealed expression of the taste
receptors Tas1R1 and Tas1R3 but not Tas1R2, suggest-
ing responsiveness to umami. Indeed, glutamate but not
the artificial sweetener saccharin evoked an increase in
intracellular [Ca®"]. Among bitter receptors, expression
of Tas2R108, but neither of Tas2R105 nor of Tas2R119
was noted, suggesting responses to certain but not all bit-
ter stimuli, Accordingly, the Tas2R108 ligand denatonium
dose dependently evoked rises in intracellular [Ca®"],
whereas cycloheximide, a Tas2R108 ligand, did not. These
responses to tastants were sensitive to the TRPMS inhibi-
tor triphenylphosphine oxide, indicating involvement of the
canonical taste transduction cascade. Much in favour of a
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macaque

human

cells in the guinea pig, macaque monkey (Callithrix jacchus)y and
human, respectively. In the merged image of villin (green) and ChAT
(orange) double-labelling of the guinea pig urethra, pronounced vil-
lin-labelling is seen at the luminal aspect, probably reflecting the tuft
of microvilli

physiological role as sentinel for pathogenic bacteria, cho-
linergic UBC also responds to heat-inactivated uropatho-
genic Escherichia celi, the most common cause of urinary
tract infection, with increase in intracellular [Ca>"] (Deck-
mann et al, 2014),

In oropharyngeal taste buds, segregation of receptors for
the different taste qualities to separate cell types is com-
monly considered as the basis for taste coding. In gen-
cral, cells of the taste buds are classified as glial-like Type
T cells, receptor (Type II) cells and presynaptic (Type IIT)
cells. Sour stimuli are perceived by Type III cells, sweet,
umami and bitter by Type II cells, and it is still not clear
which of these cell types senses salt taste (Roper 2013,
2015). Albeit all Tas1R- and Tas2R-expressing cells in taste
buds are classified as Type II cells, this is a heterogeneous
population. TasIR and Tas2R are usually not coexpressed
in Type II cells (Adler et al. 2000; Ohmoto et al. 2008), and
83 % of Type II cells respond to only a single taste qual-
ity in murine vallate papillac (Tomchik et al. 2007). Still,
there are cells that do respond (o multiple chemical stimuli
(Gilbertson et al. 2001; Caicedo et al. 2002; Tomchik et al.
2007).

Much in contrast, the vast majority (86 %) of cholinergic
UBC responded both to monosodium glutamate (umami)
and to denatonium (a bitter stimulus), thereby exhibiting
polymodal sensitivity (Deckmann et al. 2014). This is par-
ticularly noteworthy since in oropharyngeal gustation bit-
ter is an aversive stimulus, reflecting potential hazardous
compounds, and umami is a rewarding stimulus, since it
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represents energy uptake. Accordingly, taste receptor cells
responding to both bitter and an appetitive stimuli (sweet)
are rare (Caicedo et al. 2002). There is reason to assume,
however, that glutamate (umami) reflects a potentially dan-
gerous situation on the mucosal lining of the urethra. It
facilitates bacterial growth in urine (Aubron et al. 2012),
production of the virulence factor pyocyanin by Pseu-
domonas aeruginosa is dependent on the availability of
glutamate (Polisetti et al. 2016) and glutamate metabolism
is positively linked to biofilm formation by Pseudomonas
aeruginosa (Xu et al. 2015) and to the pathogenic poten-
tial of Proteus mirabilis in the urinary tract (Pearson et al.
2011). Thus, polymodality broadens the spectrum of poten-
tially hazardous compounds to be detected by cholinergic
UBC.

Acetylcholine is a para- and autocrine messenger
in urethral chemosensation

In line with the expression of the ACh synthesizing enzyme
ChAT by urethral chemosensory cells, the bitter stimulus
denatonium evokes ACh release from isolated urethral
epithelial cells in sufficient quantities to raise intracellular
[Ca®*] in cells neighbouring ChAT-eGFP-negative cells
due to cholinergic receptor activation (Deckmarm et al
2014). Instillation of denatonium into the urethral lumen
of rats results in drastic increase in bladder detrusor activ-
ity, and this reflex is largely, but not completely, depressed
by concomitant instillation of the nicotinic ACh receptor
inhibitor, mecamylamine. It is highly likely that this ure-
throvesical reflex involves initial recognition by cholinergic
chemosensory cells, cholinergic transmission to adjacent
sensory nerve fibres carrying nicotinic ACh receptors with
the a3-subunit, which have been shown to approach these
chemosensory cells, and reflex activation of the sacral par-
asympathetic outflow to the urinary bladder. Notably, the
nicotinic blocker mecamylamine did not fully abrogate the
reflex response, which might indicate cotransmission utiliz-
ing another transmitter in addition to acetylcholine and/or
involvement of other, non-cholinergic chemosensory cells
yet to be identified. In essence, the intraluminal presence
of a potential hazardous compound in the urethra triggers
micturition, which can be interpreted as a cleaning flush-
ing (Deckmann et al. 2014). This classical reflex mvolving
the central nervous system appears to be the urinary coun-
terpart for bitter tastant-induced apnoea or reduction in
breathing rate after intranasal and intratracheal application,
respectively (Tizzanao et al. 2010; Krasteva et al. 2011). In
case of the urinary tract, flushing may help to eliminate the
content from the urethra; in the airways, reduced respira-
tory activity shall prevent or minimize further ingression.
In addition to these classical reflex loops, further
local responses induced by stimulation of cholinergic

chemosensery cells have been identified in the upper air-
ways. Bitter stimuli and the Pseudomonas quorum-sensing
molecule 3-oxo-Cl2-homoserine lactone evoke a local
neurogenic inflammation by chelinergic activation of pep-
tidergic sensory nerve fibres which in turn release the neu-
ropeptide substance P, resulting in mast cell degranulation
and plasma leakage from posteapillary venules (Saunders
et al. 2014). Intranasal application of bitter substances also
causes swelling of the vomeronasal duct at its opening into
the nasal cavity, probably due to neurogenic inflammation,
thereby limiting access of fluid into this organ. This effect
requires TRPMS and cholinergic transmission (Ogura et al.
2010), again in line with a crucial role of cholinergic chem-
osensory cells serving a sentinels.

Solitary chemosensory cells further contribute to innate
immunity through nerve-independent local reactions that
may not involve cholinergic signalling. In human sinonasal
epithelial cultures, stimulation of bitter receptors on che-
mosensory cells activates a calcium wave that propagates
through gap junctions to the surrounding respiratory epi-
thelial cells and triggers release of antimicrobial peptides
(Lee et al. 2014). In the gut, tuft cells, which are known to
be cholinergic and chemosensory (Hofer et al. 1996; Hofer
and Drenckhahn 1996; Schiitz et al. 2015), release inter-
leukin-25 (IL-25) to activate inmate lymphoid cells type 2
which in turn triggers goblet and tuft cell hyperplasia in
the course of helminth infection (von Moltke et al. 2016;
Howitt et al. 2016; Gerbe et al. 2016). Tuft cell-deficient
mice are no longer capable to clear the gut from the hel-
minth Nippostrongylus brasiliensis, highlighting the impor-
tance of the sentinel function of these chemosensory cells
(Gerbe et al. 2016). In the light of these data obtained at
other organ systems, it appears likely that urethral choliner-
gic chemosensory cells serve also more functions than trig-
gering a flushing micturition, e.g. initiation of local inflam-
matory responses both through cholinergic activation of
neurogenic inflammation and through cytokine release. Yet,
these hypotheses still require experimental validation.

The cholinergic urethral brush cell is not alone: Are
there other “brush’ cells?

In cat and horse, cells with immunoreactivity to villin and
to the components of the canonical taste transduction cas-
cade (a-gustducin, PLCR2, TRPMS5) have not been suc-
cessfully labelled with ChAT antisera which might indicate
that, if this lack of immunolabelling does not simply reflect
technical problems, urethral chemosensory cells utilize
other transmitters in some mammalian species (Deckmann
et al. 2015).

In the mouse, the initial approach to search for potential
chemosensory sentinel cells in the urinary tract involved
a reporter mouse strain with labelled cholinergic (ChAT
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expressing) cells, and subsequent functional studies used
either this ChAT-eGFP expression or surface expression
of TRPMS5 for cell isolation and identification (Deck-
mann et al. 2014). These studies have revealed important
information on this population of cholinergic chemosen-
sory cells, but it shall not be forgotten that another cell
population has been newly identified in parallel, i.e. villin-
immunoreactive but ChAT-eGFP- and TRPMS5-negative
cells, which is at least as frequent as villin/ChAT/TRPMS5-
positive cells (Deckmann et al. 2014). Their overall shape
is very similar to that of cholinergic chemosensory cells
and does not serve as a distinctive criterion. Based on the
expression of the marker protein villin, it is tempting to
designate them as “non-cholinergic brush cells”, but this
would imply to assume a chemosensory function for which
there is no direct functional evidence at the time. At cur-
rent, the knowledge on this cell population is minimal, and
further tools will be needed to conduct selective functional
studies to elucidate their role.

What about the structurally long-known
“neuroendocrine cell” of the urethra?

In the mouse, double-labelling with appropriate marker
antibodies confirmed that urethral cholinergic brush cells,
villin-positive but ChAT-negative cells, and endocrine cells
represent distinct entities (Deckmann et al. 2014) (Fig. 3).
Solitary endocrine cells in the urethral epithelium have first
been described by Feyrter using classical staining—here
they appeared light which led him to coin the term “clear
cells” (in German: “Helle Zellen”)—and silver impreg-
nation techniques in the human urogenital tract (Feyrter
1951a, b). Much like the just recently discovered UBC,
he never observed them in the ureter or renal pelvis, and
only in women he noted some of these cells in the urinary
bladder (Feyrter 1951a). In humans, they are also found in
associated glands (urethral, prostate, bulbourethral) and are
particularly increased in prostate cancer (Feyrter 1951a,
b; Amorino and Parsons 2004; Dorff et al. 2011; Heinrich
et al. 2011). In the rat, they are lacking from the glandu-
lar body itself but are present in the ducts of the seminal
vesicles and the ventral and lateral prostate, and less fre-
quent in the ducts of the coagulating gland, dorsal prostate
and bulbourethral gland while being absent in the deferent
duct (Aumiiller et al. 2012), thereby closely mimicking the
distribution of cholinergic brush cells in the murine urinary
tract (Deckmann et al. 2014).

Urethral endocrine cells produce serotonin (Hakanson
et al. 1974; Fetissof et al. 1983; di Sant’Agnese and de
Mesy Jensen 1987, Hanyu et al. 1987), and immunoreac-
tivities to the peptide hormones somatostatin and cholecys-
tokinin have been reported (Vittoria et al. 1992; Czaja et al.
1996). Accordingly, their basal cytoplasm is loaded with
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@ UBC type la Villin, ChAT, TRPMS5 (no PLCB2)
Villin, ChAT, TRPMS5, PLCB2
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Fig. 3 Potential chemosensory epithelial cell types in the urethra and
ducts of urethral glands, an original haematoxylin—eosin-stained sec-
tion is taken as background image. Chemosensory properties are vali-
dated for cholinergic urethral brush cells (UBS type I), which may be
subdivided into subpopulations (Ia and Ib) according to expression of
phospholipase Cy, (PLC[2). A chemosensory function of non-cholin-
ergic solitary villin-expressing cells (UBC type II) and serotonergic
neuroendocrine cells with basal dense core vesicles may be antici-
pated, yet has to be validated. £ epithelium, LP lamina propria, PGP
protein gene product 9.5

Villin (no ChAT)

in, Chromogranin A, PGP

secretory dense core vesicles, the typical amine and peptide
hormone storing organelle, and they express chromogra-
nin A, a characteristic dense core vesicle protein (Dixon
et al. 1973; Casanova et al. 1974; Fetissof et al. 1983; di
Sant’ Agnese and de Mesy Jensen 1987; Hanyu et al. 1987;
Aumiiller et al. 2012). In the gastrointestinal tract, several
distinct endocrine cell types exist and can be easily dis-
tinguished by the size and morphology of their dense core
vesicles. In human urethral endocrine—paracrine cells, there
is a wide range of granule morphology, but many interme-
diates have been observed forming a continuum between
the extremes, so that the presence of truly distinct cellular
populations has been questioned (di Sant’Agnese and de
Mesy Jensen 1984). Vesicles and histochemically demon-
strable serotonin are often concentrated in long processes
ramifying within the epithelium and projecting towards
the basal lamina, so that paracrine actions are generally
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Fig. 4 Female mouse urethra, electron microscopy. An eclongated
endocrine cell (EC) is oriented horizontally to the basal membrane
(BM). short arrows indicate their outlines. The boxed area is shown
at higher magnification in the right panel. depicting dense core vesi-

assumed (di Sant” Agnese and de Mesy Jensen 1987; Hanyu
et al. 1987). Serotonin stimulates smooth muscle contrac-
tion in the urethra (Mbaki and Ramage 2008; Fan et al.
2013), but it remains to be determined whether this effect
indeed can be evoked by serotonin release from endocrine
cells,

Albeil there is no direct evidence for a systemic endo-
crine function of these cells, the term “endocrine™ cells
rather than “paracrine” cells is established and widely used.
Quite often, they are even called “neuroendocrine™ cells,
mainly based on the production of serotonin, the pres-
ence of large dense core vesicles with chromogranin A and
expression of proteins typically found in neurons such as
protein gene product 9.5 (Aumiiller et al. 2012; Deckmann
et al. 2014). It has to be stressed, however, that these mark-
ers are often, but not consistently expressed together in sol-
itary flask-like cells in the epithelium. In the human ejacu-
latory duct, for example, potential neuroendocrine cells
are immunoreactive to protein gene product 9.5 but not to
chromogranin A while various patterns of coexistence were
observed in the prostate (Aumiiller et al. 1999). There are
currently no published full reports providing evidence that
they originate from the neuroectoderm. According to first
data published as abstract, those in the prostate might have
a mixed origin with some of them deriving from the neural
crest (Szczyrba et al. 2014),

The dense core vesicles allow to identifying urethral
endocrine cells in the electron microscope without further
specific labelling, so that their ultrastructure and their rela-
tionship to neighbouring cells are relatively well known.
They have extensive, but non-synaptic contact with large
nerve endings with numerous vesicles (Fig. 4). Since auto-
nomic efferent nerve fibres have not been seen penetrating

cles (long arrows) in the cytoplasm of the endocrine cells next to
extensive contacts to nerve terminals (asterisks) which contain clear
vesicles. Membrane specializations between the endocrine cell and
the nerve terminals are not evident. Scale bar 1 ym in both panels

the basal lamina and entering the epithelium, these nerve
endings are generally considered as sensory (Dixon et al.
1973; Aumiiller et al. 2012), Of course, this prompts the
speculation that, in addition to possible paracrine effects,
neural reflexes might be initiated by serotonin release from
neuroendocrine cells, in analogy to nicotinic activation of an
urethrovesical reflex via cholinergic brush cells.

The key question yet to be solved, however, is: What are
the appropriate stimuli that trigger serotonin and peptide
release from urethral endocrine cells? A general assumption
is that these cells sense chemical or physicochemical (e.g.
pH, osmotic pressure, flow) stimuli from the urethral lumen
and respond by basolateral mediator release. In line with
this assumption, Fujita has included them into his concept of
“receptor-secretory parancurons’” which operates to a large
extent with analogies from other organ systems (Fujita et al.
1988). In the gastrointestinal tract, there is a large number of
endocrine cell types disseminated in the epithelium which
regulate motility, secretion and metabolism. Commonly,
they secrete hormones in response (o luminal chemical stim-
uli, and receptors known from oropharyngeal gustation are
involved in these chemosensory processes (Margolskee et al.
2007; Breer et al. 2012; Meyer-Gerspach et al. 2014; Latorre
et al. 2016). However, this cannot be translated one-to-one to
other mucosal surfaces which harbour singly occurring endo-
crine cells, In human airways, for example, neuroendocrine
cells express olfactory rather than taste receptors (Gu et al.
2014), and the receptor repertoire of other endocrine cell
populations, including urethral, yet remains to be determined.
Thus, it is tempting to assume a chemosensory function of
some type for urethral neuroendocrine cells, but despite being
known for now 65 years there is still no firm evidence for
their function.
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“open” “closed”

Villin

Dog

Fig. 5 Dog urethra immunolabelled for villin. In the lefi panel, a
connection of the cell to the lumen is seen, which is taken as criterion
to classify this cell as “open™. Villin-immunoreactivity is particularly
prominent at this apical cell pole. In the right panel, no connection
of the cell to the lumen is seen, which is taken as criterion to classify
this cell as “closed”

Open or closed?

In the gastrointestinal epithelium, some endocrine cells
clearly reach the lumen with an apical process and are
called “open” endocrine cells, whereas, at least judged
from light microscopical preparations, others do not have
contact to the lumen and are called “closed” endocrine cells
(Fujita et al. 1988). This terminology has also been adopted
to the urethra where closed neuroendocrine cells appear to
dominate numerically (di Sant’ Agnese and de Mesy Iensen
1984). It has been hypothesized that urethral neuroendo-
crine cells of the open and closed type are functionally dif-
ferent with open cells serving as chemosensors and closed
cells as mechanosensors (Fujita et al. 1988). The same con-
siderations may apply to cholinergic and non-cholinergic
brush cells which also not always have microscopically vis-
ible contact to the epithelial surface (Fig. 5) and sometimes
appear (o be oriented rather horizontally within the epithe-
lial layer (Deckmann et al. 2014).

Electron microscopy revealed bundles of microvilli at
the apical cell pole of both endocrine and brush cells that
extended into enlarged intercellular spaces or small intraepi-
thelial cavities with unclear connection to the luminal sur-
face (Dixon et al. 1973; Deckmann et al. 2014). It is likely
that such cells might have been classified as “closed” when
seen in light microscopical preparations. Still, other than
typical basal epithelial cells, they have a clear apico-basal
polarization since the apical cell area carrying the microvil-
lus bundles is demarcated by occludens junctions between
these cells and their neighbours (Dixon et al. 1973; Deck-
mann el al. 2014). It also has to be considered that, in other
pseudostratified epithelia (epididymis, trachea), advanced
labelling and imaging methods have revealed that basally
located cells, which were traditionally considered as having
no contact to the luminal surface, indeed can have extremely
thin processes reaching the apical side of the epithelium.
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Notably, these thin processes were identified as sensors of
intraluminal stimuli (Shum et al. 2008). Thus, it might be
worth re-evaluating the concept of “closed™ endocrine and
brush cells.

Conclusion

The last 6 years have seen exciting breakthroughs in the
field of chemosensory epithelial cells. In several organ sys-
tems, it is now well established that cells previously char-
acterized just structurally utilize canonical taste receptors
and signalling cascades for surveillance of the mucosal
surface to initiate appropriate defence responses. Just as in
classical chemical senses, taste and smell, this chemosensa-
tion is designed to detect substances coming from outside
rather than monitoring the bodies’ internal milicu. Guided
by the understanding of these cells as sentinels, they even
have been newly discovered at anatomical locations where
their presence had been unknown so far, and this includes
the urethra. The scenario as known so far suggests the pres-
ence of at least three chemosensory cells in the urethral
epithelium, ie. cholinergic brush cells (which might be
even subdivided), non-cholinergic brush cells and neuroen-
docrine cells. The potential implications are enormous and
far reaching, as these cells might be involved in monitor-
ing and preventing ascending urinary tract infection and
triggering of inappropriate detrusor activity, which might
contribute to the common disorder known as overactive
bladder, but a clear emphasis has to be put on “potential”
implications. The actual number of distinct chemosensory
cell types still needs to be finally clarified, as well as their
embryological origin, developmental dynamics, receptor
equipment, modes of signalling to adjacent nerve fibres and
other cells, repertoire of chemo- and cytokines, involve-
ment in pathogenesis of diseases and many other aspects.
Thus, although undoubtedly a significant progress has been
made, the bulk of work still has to be done.
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