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Summary

The regulation of Ca**-signaling plays a crucial role in a vast number of physiological and
pathophysiological processes. Especially, Transient Receptor Potential Canonical (TRPC)
channels, including TRPC3 and TRPCB6, are integral parts of these signaling pathways and
may show great new potential as targets for novel therapeutic approaches. Their ability to
modulate intracellular Ca?*-levels makes them key factors in the regulation of cellular func-
tions such as proliferation, migration and secretion, but also in the development and pro-
gression of diseases such as cancer, endocrine disorders and inflammatory diseases.

The herein presented studies investigated TRPC3/6 expression in human parathyroid, thy-
roid, and pancreatic tissues using immunohistochemistry with knockout-validated antibod-
ies. Tissue samples were obtained from surgical procedures and body donations. A soft-
ware-based scoring system was used to quantify staining intensity where applicable. Alto-
gether, they provide new insights into the protein expression patterns of TRPC channels
and their potential relevance in endocrine tissues, aiming to improve our understanding of
their tissue-specific distribution.

The first study investigates the expression patterns of TRPC3/6 channels both in healthy
and in primary hyperparathyroidism-diseased parathyroid tissue. Protein expression of
TRPC3/6 was detected in the human parathyroid gland, particularly in chief and oxyphilic
cells. It was interesting to observe that the TRPC3 staining score was statistically signifi-
cantly lower in diseased tissue than in healthy tissue.

The second study analyzed the distribution of TRPC3/6 channels in the healthy human thy-
roid gland. Immunostaining of TRPC3/6 in thyrocytes revealed irregular patterns with some
cells showing intense staining and others exhibiting no staining. Comparison of calcitonin
and TRPC3/6 immunostained sections strongly indicated expression of TRPC3/6 in C-cells.
The third study focuses on the immunohistochemical analysis of TRPC3/6 in endocrine and
exocrine pancreatic tissue. TRPC3/6 proteins were detected in various structures of the
pancreas, including acinar cells and epithelial cells of the ductal, intralobular and interlobu-
lar ducts. Endocrine islets of Langerhans were homogeneously labeled by anti-TRPC3 and
anti-TRPC6 antibodies.

These findings enhance the understanding of TRPC3/6 distribution and function in selected

endocrine tissues.



Zusammenfassung

Die Regulation von Ca®*-Signalen spielt eine entscheidende Rolle in einer Vielzahl physio-
logischer und pathophysiologischer Prozesse. Insbesondere die kanonischen transienten
Rezeptor-Potential (TRPC)-Kanale, darunter TRPC3 und TRPCSB, sind integrale Bestand-
teile dieser Signalwege und zeigen ein groRes Potenzial als Zielstrukturen fur neue thera-
peutische Ansétze. lhre Fahigkeit, intrazelluldre Ca?*-Spiegel zu modulieren, macht sie zu
Schlisselfaktoren in der Regulation von Zellfunktionen wie Proliferation, Migration und Sek-
retion, aber auch in der Entwicklung und Progression von Erkrankungen wie Krebs, endo-
krinen Stérungen und Entziindungserkrankungen.

In den hier vorgestellten Studien wurde die Expression von TRPC3/6 in menschlichem Ne-
benschilddrisen-, Schilddrisen- und Pankreasgewebe mittels Immunhistochemie mit
Knockout-validierten Antikérpern untersucht. Die Gewebeproben stammten aus chirurgi-
schen Eingriffen und Kérperspenden. Zur Quantifizierung der Farbeintensitat wurde, wenn
anwendbar, ein softwaregestitztes Scoring-System verwendet. Zusammenfassend liefern
die hier prasentierten Studien neue Erkenntnisse bezuglich der Proteinexpressionsmuster
von TRPC-Kanalen und ihrer potenziellen Relevanz in endokrinen Geweben und sollen
unser Verstandnis ihrer gewebespezifischen Verteilung verbessern.

Die erste Studie untersucht die Expressionsmuster von TRPC3/6-Kanalen in gesundem
sowie mit primarem Hyperparathyreoidismus erkranktem Nebenschilddrisengewebe. Es
konnte die Proteinexpression von TRPC3/6 in der menschlichen Nebenschilddrise nach-
gewiesen werden, insbesondere in Haupt- und oxyphilen Zellen. Auffallig war, dass der
TRPC3-Farbescore in erkranktem Gewebe statistisch signifikant niedriger war als in gesun-
dem Gewebe.

Die zweite Studie analysiert die Verteilung der TRPC3/6-Kanale in der gesunden mensch-
lichen Schilddrise. Die Immunfarbung von TRPC3/6 in Thyreozyten zeigte unregelmalige
Muster, bei denen einige Zellen eine intensive Farbung aufwiesen, wahrend andere keine
Farbung zeigten. Der Vergleich von Calcitonin- und TRPC3/6-immungefarbten Schnitten
deutete stark auf eine Expression von TRPC3/6 in C-Zellen hin.

Die dritte Studie fokussiert sich auf die immunhistochemischen Untersuchungen von
TRPC3/6 im endokrinen und exokrinen Pankreasgewebe. Die TRPC3/6-Proteine konnten
in verschiedenen Strukturen des Pankreas nachgewiesen werden, darunter Azinus-Zellen
sowie Epithelzellen der Schalt-, intralobularen und interlobularen Gange. Endokrine
Langerhans-Inseln wurden eindeutig und homogen durch Anti-TRPC3- und Anti-TRPCG6-
Antikérper markiert.

Die Ergebnisse tragen zu einem besseren Verstandnis der Verteilung und Funktion von

TRPC3/6 in ausgewahlten endokrinen Geweben bei.



1.Einleitung und Motivation

1.1 Hintergrund und Relevanz von TRPC-Kanalen

Die Familie der transienten Rezeptor-Potenzial-Kanale (TRP-Kanale) stellt eine heterogene
Gruppe von lonenkanalen dar, die die Funktion zellularer Sensoren ausiben und auf di-
verse physikalische und chemische Reize reagieren. Sie sind fur ihre Rolle in verschiedens-
ten sensorischen Prozessen bekannt, wie der Wahrnehmung von Temperatur, Schmerz,
Geruch und mechanischen Reizen.'® Erstmalig wurden sie 1969 in Forschungen an der
Fruchtfliege Drosophila melanogaster beschrieben, die eine Mutante identifizieren konnten,
deren Photorezeptoren auf Lichtreize nur transient mit einem Potential reagierten.®’ Der
Begriff ,transient receptor potential“ (TRP) leitet sich hier her ab.” In der Folge gelang es,
die Sequenz des dafur verantwortlichen TRP-Proteins zu bestimmen und es zeigte sich,
dass es sich bei dem TRP-Protein um einen Ca?*-permeablen lonenkanal in den Rezepto-
ren von Drosophila melanogaster handelt. Dies fUhrte zu einer Identifizierung einer ganzen
Familie von TRP-Kanalen, darunter die kanonischen (TRPC), die Melastatin- (TRPM), die
Vanilloid- (TRPV), die Mucolipin- (TRPML), die Polycystin- (TRPP), die Ankyrin- (TRPA) und
die ,no mechanoreceptor potential C* (TRPN)-Unterfamilien (s. Abbildung 1).”#%° Sie kom-
men zahlreich in Organismen, einschlieRlich des Menschen, vor und spielen eine zentrale
Rolle in einer Vielzahl physiologischer und pathophysiologischer Prozesse. "% Jeder
Unterfamilie sind spezifische biochemische Aktivierungsmechanismen und physiologische
Prozesse zugeordnet, was die Vielfalt dieser TRP-Kanal-Superfamilie unterstreicht.®* Allen
Gruppen der TRP-Kanal-Superfamilie ist die Ausbildung einer Kanalpore zwischen der funf-
ten und sechsten Transmembrandomane gemein.'® Im Fokus dieser Arbeit steht die Un-
terfamilie der TRPC-Kanale. Als Ca?*-permeable, nichtselektive Kationenkanale' ermégli-
chen sie den Einstrom von Ca?" und anderen Kationen und tragen somit entscheidend zur

zellularen Ca?*-Homdostase und -Signalweiterleitung bei.

Abbildung 1: Familie der TRP-Kanéle.
Die Abbildung stellt eine strukturelle Darstellung der sieben Hauptfamilien der TRP-Kanéle dar. Jede
Unterfamilie ist weiter in Subgruppen unterteilt, die die spezifischen Mitglieder der jeweiligen Familie

auffihren. (Darstellung auf folgender Seite)
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Struktur und Funktion der TRPC-Kanile

Die TRPC-Unterfamilie umfasst sieben Mitglieder (TRPC1-7), die sich in ihrer Gewebever-
teilung und Funktion unterscheiden." Die Bezeichnung ,c* steht fir ,kanonisch®, bezie-
hungsweise ,klassisch®, in Anlehnung an ihre Ahnlichkeit zu den entdecken Kanalen in der
Drosophila melanogaster. Die TRPC-Unterfamilie wird in die Subgruppen TRPC1, TRPC2,
TRPC 3/6/7 und TRPC 4/5 untergliedert.””® In humanem Gewebe kommen sechs der sie-
ben Subtypen vor. TRPC2 liegt hier als Pseudogen vor und codiert fiir kein funktionsfahiges
Protein.®® TRPC-Kanale sind nicht-selektive Kationenkanale mit unterschiedlich ausgeprag-
ter Ca?*-Permeabilitat.’®" Strukturell sind TRPC-Kanale als Tetramere aufgebaut, wobei je-
des Monomer aus sechs Transmembran-Domanen, den alpha-Helices, besteht (s. Abbil-
dung 2).*° Die ersten vier transmembranen alpha-Helices (S1-S4) bilden eine spannungs-
sensorahnliche Doméane. Die Ca?*-Permeabilitat wird durch eine Pore gewahrleistet, die
mitunter von der fiinften und sechsten Transmembran-Doméne (S5-S6) gebildet wird.™"
Die sieben TRPC-Kanéle weisen eine konservierte Sequenz im C-terminalen Bereich auf.
Daruber hinaus besitzen sie 3-4 ankyrinartige Wiederholungen am NH2-terminalen
Ende."" Wichtig zu erwahnen ist, dass TRPC3 und TRPC6, zusammen mit TRPC7, eine
eng verwandte Unterfamilie bilden, die sich durch eine hohe Aminosaureidentitat von 70—
80 %% sowie gemeinsame funktionelle, regulatorische und pharmakologische Eigenschaf-
ten auszeichnet. Ein einzigartiges Merkmal der TRPC3- und TRPC6-Kanale ist ihre verlan-
gerte extrazellulare S3-Helix®, die eine potenzielle Rolle in der Adressierung kleiner Mole-
kille spielen konnte."®" Zudem erlaubt ihre Architektur eine feine Regulation der Kanale
durch unterschiedliche Stimuli, sei es durch rezeptor- oder speicherbetriebene Mechanis-

men."3*
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Abbildung 2: Das TRPC-Protein.

a: Schematische Darstellung der Transmembran-Doméanen des TRPC-Kanals. Der Kanal besteht
aus sechs transmembranen Helices (S1-S6), wobei die flinfte und sechste die Pore des Kanals bil-
den. Die Lange und Aminosauresequenz der C- oder N-Termini variiert je nach TRPC-Unterform.

b: Tetramere Struktur des TRPC-Kanals. Der funktionelle Kanal wird durch die Assemblierung von

vier Untereinheiten gebildet, die symmetrisch um eine zentrale Pore angeordnet sind.

TRPC-Kanile und Ca®*-Signalwege

Die TRPC-Kanale werden durch komplexe Signalkaskaden aktiviert, die die Phospholipase
C (PLC) sowie deren sekundare Botenstoffe Inositoltriphosphat (IPs) und Diacylglycerol
(DAG) umfassen (s. Abbildung 3). Wahrend DAG einige in der Plasmamembran liegende
TRPC-Kanéle direkt aktiviert und dadurch rezeptorgesteuerte Ca**-Einstromwege vermit-
telt, sorgt IP; fir eine Entleerung intrazellularer Ca?*-Speicher, insbesondere des endoplas-
matischen Retikulums (ER). Dies fiihrt zur Aktivierung speicherbetriebene Kanale. Eine Tet-
ramerisierung des Ca?*-Sensors ,stromal interacting molecule 1¢ (STIM1) im ER, bei er-
schopften Ca?* Speicher, begiinstigt die Stimulation von ORAI-Kanalen (calcium release-
activated calcium channels) in der Plasmamembran, sowie von Mitgliedern der TRP-Fami-
lie, insbesondere der TRPC-Unterfamilie.***%% Beide Signalwege — sowohl die rezeptorge-
steuerten als auch die speicherbetriebene Ca?*-Einstromwege — tragen zu einem schnellen
und transienten Anstieg der freien zytosolischen Ca**-Konzentration bei.

Diese dualen Aktivierungsmechanismen illustrieren die Vielseitigkeit der TRPC-Kanéle in
der Regulation intrazelluldrer Ca®*-Konzentrationen. Ca®" ist als universeller sekundérer
Botenstoff an der Koordination zahlreiche zellulare Prozesse wie Exozytose, Genexpres-

sion und Zellproliferation beteiligt.'>"%%°
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Abbildung 3: Die Ca2*-Signaltransduktion.
Die Abbildung veranschaulicht die Aktivierung der TRPC-Kanale durch Signalkaskaden, die die

Phospholipase C (PLC) aktivieren. Die hydrolytische Spaltung von Phosphatidylinositol-4,5-bisphos-
phat (PIP2) durch PLC fihrt zur Bildung von Inositol-1,4,5-trisphosphat (IP3) und Diacylglycerol
(DAG). DAG aktiviert direkt TRPC3 und TRPC6, was einen Ca?*-Einstrom aus dem extrazellularen
Raum bewirkt. IP3 bindet an IP3-Rezeptoren (IP3R) im endoplasmatischen Retikulum (ER) und I6st
die Freisetzung von gespeicherten Ca?* aus. Die Erschopfung der Ca?*-Speicher wird durch das
»Stromal Interaction Molecule 1“ (STIM1) detektiert, was daraufhin Orai-Kanale in der Plasmamemb-

ran aktiviert.

Innerhalb der TRPC-Kanale haben insbesondere auch TRPC3 und TRPC6 aufgrund ihrer
zentralen Rolle bei der Ca?*-Signaltransduktion wissenschaftliche Aufmerksamkeit erfah-

44454 \was ihr funktionelles

ren. Diese Kanale neigen zur Bildung heteromerer Komplexe
Repertoire erweitert und differenzierte Antworten auf physiologische Anforderungen ermég-
licht. Zusammen mit TRPC7 gehéren TRPC3 und TRPC6 zu den TRPC-Kanalen, die durch

Diacylglycerol (DAG) und damit auf diese Weise direkt aktiviert werden kdnnen.>*

Physiologische und pathophysiologische Bedeutung

Die Verteilung und Relevanz der TRPC-Kanale erstreckt sich auf eine Vielzahl von Organ-
systemen. lhre Rolle bei der Sinneswahrnehmung®®, der renalen Ca?*-Resorption®!, der
kardiovaskularen” und der pulmonalen®” Regulation verdeutlicht ihre physiologische Be-
deutung. Dartber hinaus wird eine Dysregulation der TRPC-Kanale mit pathologischen Zu-
stdnden wie kardialer Hypertrophie, Onkogenese und neurodegenerativen Erkrankungen

t55

in Verbindung gebracht.>™ Da sich diese Untersuchung spezifisch auf die TRPC3 und

TRPCG6 Kanéle der TRP-Superfamilie konzentriert, soll im Folgenden ein kurzer Uberblick



uber das Vorkommen und die Bedeutung dieser beiden im Zusammenhang mit physiologi-

schen und pathophysiologischen Prozessen gegeben werden.

TRPC3 weist eine breite gewebespezifische Verteilung auf und ist in zahlreichen Organen
und Zelltypen exprimiert, darunter Gehirn®®, Herz'%?, Lunge®, Nieren?', Nerven-*3 sowie im
Immunsystem?. Besonders ausgepragt ist seine Expression in den Purkinje-Zellen des
Kleinhirns sowie im Hypothalamus.*"® Auch in myokardialem und glattem Muskelgewebe
lasst sich TRPC3 nachweisen.**3” Funktionell ist TRPC3 eng mit der zelluldren Ca®*-Ho-
moostase verkniipft. Es ermdglicht den Ca?*-Einstrom in die Zelle und ibernimmt dadurch
eine zentrale Rolle bei Prozessen wie Muskelkontraktion, neuronaler Signallibertragung,
Zellproliferation und synaptische Plastizitat — insbesondere im zentralen Nervensystem.'®4°
In der Niere ist TRPC3 vor allem in den proximalen und distalen Tubuli sowie im Sammel-
rohr lokalisiert und tragt dort zur transzelluldren Ca?*-Reabsorption und luminalen Ca?*-
Homdostase bei.?"! Aus pathophysiologischer Sicht spielt TRPC3 eine wesentliche Rolle
bei der Entstehung und Progression kardiovaskularer und neurodegenerativer Erkrankun-
gen.? Bei kardialer Hypertrophie vermittelt TRPC3 iber den verstarkten Ca2*-Einstrom die
Aktivierung des Transkriptionsfaktors nuclear factor of activated T-cells (NFAT), der fir die
Expression hypertrophieassoziierter Gene verantwortlich ist. In Tiermodellen konnte ge-
zeigt werden, dass die genetische Deletion von TRPC3 eine protektive Wirkung gegen sol-
che Umbauprozesse hat.”# Auch in der Niere deuten veranderte TRPC3-Expressionmus-
ter bei Hyperkalzurie und Nephrokalzinose auf eine pathophysiologische relevante Rolle
hin, wobei eine verminderte Kanalaktivitdt mit einer gestorten Caz"-Resorption in Zusam-
menhang gebracht wird.? Zur therapeutischen Modulation von TRPC3 wurde der selektive
Antagonist Pyr3 entwickelt. In praklinischen Studien wies dieser vielversprechende Effekte
bei der Behandlung von hypertrophen Herzverdnderungen und neurodegenerativen Er-

krankungen auf.'”®°

TRPCS6 ist vor allem in Plazenta, Herz, Lunge, Niere und im Gehirn exprimiert.'®?? Innerhalb
der Niere kommt TRPC6 vermehrt in den Glomeruli aber auch im Tubulussystem vor®?,
wahrend es im zentralen Nervensystem vor allem im Hippocampus und in der Grof3hirn-
rinde exprimiert wird.*"'% Physiologisch ibernimmt TRPC6 eine zentrale Rolle in der Re-
gulation des vaskularen Tonus und der glomerularen Filtration. Wie TRPC3 vermittelt es
den Ca?*-Einstrom in die Zellen und beeinflusst dadurch vielfaltige zellulare Funktionen.?>?
Pathologisch ist TRPC6 unter anderem an der Entstehung pulmonaler Hypertonie beteiligt.
Seine Uberexpression in glatten GefaRmuskelzellen fiihrt zu verstarktem Ca?*-Einstrom,
was eine lUibermaRige Vasokonstriktion zur Folge hat.'® In der Niere flihren Mutationen im
TRPC6-Gen zu einer Uberaktivierung des Kanals, was die Integritat des podozytéaren Zyto-

skeletts beeintrachtigt und eine familiare fokale segmentale Glomerulosklerose (FSGS)
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begiinstigt.”? Dariiber hinaus wird TRPC6 bei verschiedenen Tumorarten (iberexprimiert
und férdert dort die Zellproliferation, Migration und Angiogenese.? Zur gezielten Hemmung
von TRPC6 wurde der Antagonist SAR7334 entwickelt, der in Tiermodellen bereits vielver-
sprechende Effekte bei der Behandlung von Bluthochdruck und glomerularen Erkrankun-
gen zeigte.®®

Aufgrund ihrer breiten Beteiligung an krankheitsrelevanten Signalwegen stellt sich die
Frage, ob und inwieweit TRPC3 und TRPC6 auch in hormonbildenden Organen eine Rolle
spielen. Da gerade in endokrinen Geweben Ca?*-Signalen eine Schliisselrolle fiir die Hor-
monsekretion und Zellfunktion zukommt?°38, ist das Verstandnis der TRPC-vermittelten Me-
chanismen entscheidend, um potenzielle Einflisse auf endokrine Regulation und patholo-
gische Veranderungen dieser Organe besser zu verstehen. In hormonproduzierenden Ge-
weben wie der Hypophyse, der Nebennierenrinde, der Schilddriise oder den Inselzellen des
Pankreas ist die feine Regulation intrazellularer Ca?*-Spiegel essenziell fur die Steuerung
der Hormonfreisetzung, Zelldifferenzierung und Zellproliferation.®”3%"9? Eine Dysregulation
der TRPC-Kanalaktivitat konnte demnach direkte Auswirkungen auf hormonelle Signal-

wege haben und zur Entstehung endokriner Stérungen beitragen.
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1.2 Endokrine Organe und deren funktionelle Bedeutung

Die drei endokrinen Organe und ihre Funktionen

Die Nebenschilddrise, Schilddrise und das Pankreas sind zentrale Organe des endokrinen
Systems. Sie spielen eine wesentliche Rolle bei der Regulation von Stoffwechselprozes-
sen, der Homdostase und der Signallbertragung im Kérper. Ihre Funktion basiert in hohem
MaRe auf einer prazisen Ca?*-Signalweiterleitung, was TRPC-Kanale zu potenziell wichti-
gen Akteuren in diesen Organen macht. Im Folgenden sollen die anatomischen, histologi-

schen und physiologischen Funktionen dieser einzelnen Organe kurz dargestellt werden.

Nebenschilddriise

Die Nebenschilddriisen oder Glandulae parathyroideae sind kleine, in der Regel vier, vor-
handene Drusen, die dorsolateral der Schilddrise liegen. Anatomisch befinden sich die
oberen Nebenschilddrisen in der Nahe des Ringknorpels, wahrend die unteren Neben-
schilddrusen in Hohe des dritten bis vierten Trachealrings lokalisiert sind. Diese Drusen
sind meist in das Gewebe der Schilddriise eingebettet und durch eine diinne Kapsel von
dieser abgegrenzt (s. Abbildung 4a).”

Histologisch bestehen die Nebenschilddriisen aus zwei Hauptzelltypen: den Hauptzellen
und den oxyphilen Zellen (s. Abbildung 4b). Die Hauptzellen sind fur die Produktion des
Parathormons (PTH) verantwortlich und erscheinen in histologischen Schnitten relativ hell
und mit wenig Zytoplasma. Im Gegensatz dazu sind die oxyphilen Zellen gréRer und ent-

halten mehr Zytoplasma, wobei ihre genaue Funktion noch nicht vollstandig geklart ist."®

Schilddrise
/ \ ( \ o Hauptzelle

Blutkapillare

\x/-/\

. Oxyphile Zelle
Nebenschilddrisen

Abbildung 4: Anatomie und Histologie der Nebenschilddriise.

a: Eine Darstellung der anatomischen Lage der Nebenschilddriisen. Oberes und unteres Parathyreo-
ideapaar an der dorsalen Schilddrisenflache.

b: Histologische Schemazeichnung der Nebenschilddriise. Dicht aneinander gelagerte Hauptzellen

umgeben von einem feinen Kapillarbett. Vereinzelt finden sich gruppiert Oxyphile Zellen.
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Das Hormon PTH spielt eine zentrale Rolle in der Regulierung des Ca®'- und Phosphat-
haushalts im Korper. Die Freisetzung von PTH wird primar durch den Ca?*-Spiegel im Blut
reguliert. Ein niedriger extrazellularer Ca?*-Spiegel reduziert die Aktivierung des calcium-
sensitiven Rezeptors (CaSR) auf den Hauptzellen der Nebenschilddrise. Die daraus resul-
tierende Abnahme des intrazellularen Ca®*-Spiegels stimuliert die Exozytose von PTH."
Ein hoher extrazellularer Ca**-Spiegel hingegen hemmt durch verstarkte CaSR-Aktivierung
die Freisetzung von PTH (iber einen Anstieg des intrazelluldaren Ca**-Spiegels."® Damit un-
terscheiden sich die Hauptzellen der Nebenschilddriise von anderen endokrine Zellen, in
denen der Anstieg von Ca?* typischerweise die Hormonfreisetzung férdert.”® PTH wirkt auf
verschiedene Organe, um den Ca®*-Spiegel im Blut zu erhéhen. In den Knochen aktiviert
PTH Osteoklasten, die den Knochenabbau anregen und dabei Ca?* freisetzen. In den Nie-
ren fordert PTH die Ca**-Resorption und steigert die Bildung von aktivem Vitamin D, wel-
ches wiederum die Ca?*-Aufnahme im Darm erhoht.>” Uber diese Mechanismen tragt PTH
dazu bei, den Ca?*-Spiegel im Blut auf einem konstanten Niveau zu halten.'®*" Zusatzlich
zur direkten Wirkung auf Ca®* reguliert Parathormon auch den Phosphatstoffwechsel, in-
dem es die Phosphatausscheidung tiber die Nieren fordert.%” Das Zusammenspiel von Pa-
rathormon, Calcitonin und Vitamin D3 erméglicht eine feine Abstimmung des Ca?*- und
Phosphatgleichgewichts im Kdrper. Ein Ungleichgewicht in der Funktion der Nebenschild-
drisen, etwa durch eine Uber- oder Unterproduktion von PTH, kann zu Erkrankungen wie
Hyperparathyreoidismus oder Hypoparathyreoidismus fihren. Diese Stérungen wirken sich
direkt auf den Ca**-Stoffwechsel aus und kénnen zu schweren gesundheitlichen Problemen

fihren, wie etwa Knochenabbau, Nierensteinen oder Muskelkrampfen.5”"°

Schilddrise

Die Schilddruse ist eine endokrine Drise, die im anterioren Halsbereich, direkt inferior des
Kehlkopfs, lokalisiert ist. Sie besteht aus zwei symmetrischen Lappen, die durch einen
schmalen Gewebestreifen, den Isthmus, miteinander verbunden sind (s. Abbildung 5a).%
Die Schilddruse ist von einer zweischichtigen Kapsel umgeben, wobei die innere Schicht
mit dem DrUsengewebe verwachsen ist. Auf der dorsalen Seite der Schilddrise befinden
sich die vorher besprochenen Nebenschilddriisen.?

Histologisch betrachtet besteht die Schilddriise vor allem aus Follikeln, die von einer ein-
schichtigen Epithelzellschicht, den Thyreozyten, umgeben sind (s. Abbildung 5b). Diese
Follikel enthalten Kolloid, eine viskose Substanz, die die Vorstufen der Schilddriisenhor-
mone Tetraiodthyronin (T4) und Triiodthyronin (T3) speichert.’ Zwischen den Follikeln fin-
den sich die parafollikularen Zellen oder C-Zellen, die das Hormon Calcitonin produzieren
(s. Abbildung 5b). Calcitonin spielt eine Rolle bei der Regulierung des Ca®*-Spiegels im
Blut, indem es die Ca®"-Konzentration im Blut senkt, jedoch ist die genaue physiologische
Bedeutung von Calcitonin beim Menschen nicht vollstandig geklart.*
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Abbildung 5: Anatomie und Histologie der Schilddrise.
a: Eine Darstellung der anatomischen Lage der Schilddriise mit beiden symmetrischen Schilddri-

senlappen.
b: Histologische Schemazeichnung der Schilddriise. Eine einschichtige Follikelzellschicht, die Thy-
reozyten, die groRflachig das Kolloid umgibt. Calcitonin-produzierende C-Zellen finden sich verein-

zelt parafollikular. Die Follikel sind umgeben von einem Kapillarbett.

Die Hauptfunktion der Schilddriise besteht in der Produktion und Sekretion der Schilddri-
senhormone T3 und T4. T3 und T4 werden in den Follikeln synthetisiert.’ Diese Hormone
regulieren den Stoffwechsel, indem sie nahezu alle Koérperzellen erreichen und deren Akti-
vitat steigern.® T3 ist das biologisch aktivere Hormon, wahrend T4 als Vorstufe fungiert und
nach der Sekretion in T3 umgewandelt wird." Die Synthese dieser Hormone wird durch das
Thyreotropin (TSH) aus der Hypophyse reguliert, das seinerseits durch das Thyreotropin-
Releasing-Hormon (TRH) des Hypothalamus gesteuert wird.*® Ein Riickkopplungsmecha-
nismus gewahrleistet, dass der Spiegel von T3 und T4 im Blut konstant bleibt. Ein hoher
Hormonspiegel hemmt die Freisetzung von TRH und TSH, wahrend ein niedriger Hormon-

spiegel die Produktion von TSH anregt.?’

Pankreas

Das Pankreas ist eine retroperitoneal gelegene Drise, die sich quer Uber die hintere Bauch-
wand erstreckt und sich auf Hohe der Lendenwirbel 1 und 2 befindet.®? Anatomisch gliedert
sich das Pankreas in drei Hauptabschnitte: den Kopf, den Kérper und den Schwanz. Der
Pankreaskopf liegt eingebettet in der C-férmigen Krimmung des Duodenums, wahrend der
Schwanz in die Milz hineinragt. Der Ductus pancreaticus, der Hauptausfihrungsgang des
Pankreas, verlauft vom Schwanz bis zum Kopf und mindet gemeinsam mit dem Gallen-

gang in das Duodenum (s. Abbildung 6a).?*
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Histologisch setzt sich das Pankreas aus zwei funktionell unterschiedlichen Anteilen zu-
sammen: dem exokrinen und dem endokrinen Anteil. Der exokrine Anteil bildet den Groliteil
des Pankreasgewebes und besteht aus Azinus-Zellen, die in kleinen Drisenlappchen or-
ganisiert sind.®? Diese Azini produzieren Verdauungsenzyme wie Amylase, Lipase und Pro-
teasen.'® Uber ein verzweigtes Gangsystem werden diese Enzyme in den Ductus pancre-
aticus abgegeben und schlieRlich in das Duodenum transportiert.*> Zwischen den Azini lie-
gen die Langerhans-Inseln (s. Abbildung 6b).

Die Langerhans-Inseln beinhalten verschiedene hormonproduzierende Zelltypen, die zent-
rale Rollen unter anderem bei der Blutzuckerregulation ibernehmen.' Die a-Zellen sezer-
nieren Glukagon, ein Hormon, das die Freisetzung von Glukose aus der Leber stimuliert
und so den Blutzuckerspiegel erhoht.*® Die p-Zellen produzieren Insulin, das die Glukose-
aufnahme in die Kérperzellen férdert und den Blutzuckerspiegel senkt.® 5-Zellen geben So-
matostatin ab, das sowohl die Insulin- als auch die Glukagonsekretion hemmt und so zur

t-93

Regulation der Blutzuckerregulation beitragt.” Die y-Zellen bilden pankreatisches Polypep-

tid, das vermutlich an der Regulation der Verdauungsprozesse beteiligt ist, dessen genaue

Rolle jedoch noch nicht vollstandig geklart ist.®

Blutkapillare
B-Zelle
et y-Zelle
oy @
L&
@ G = )
, RN %0 Y
~———Pankreas /Q g P e
Ductus \
pancreaticus 5-Zelle / Azinus
a-Zelle
a b.

Abbildung 6: Anatomie und Histologie des Pankreas.

a: Eine anatomische Darstellung des Pankreas mit Ductus pancreaticus eingebettet in die C-férmige
Krimmung des Duodenums.

b: Histologische Darstellung einer Langerhans-Insel umgeben von Azini mit den insulinproduzieren-
den B-zellen, den eher randstandig gelegenen o-Zellen, sowie 3- und y-Zellen, umgeben von einem

Kapillarbett.
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1.3 Aktueller Forschungsstand zu TRPC-Kanalen in endokri-
nen Organen

TRPC-Kanale, insbesondere TRPC3 und TRPCB, scheinen eine zentrale Rolle bei der Re-
gulierung von Ca*-Signalen zu spielen, die fiir die hormonelle Funktion der endokrinen
Organe von entscheidender Bedeutung sind. In endokrinen Organen gewinnen TRPC-Ka-
nale zunehmend an Bedeutung als kritische Regulatoren der Hormonausschuttung und der
zellularen Homdostase. Allerdings sind detaillierte Untersuchungen zu ihrer spezifischen
Funktion und Verteilung in endokrinen Geweben, v.a. in der Schild- und Nebenschilddrise,

jedoch noch limitiert.

TRPC-Kanile in der Nebenschilddriise

Die Funktion von TRPC-Kanalen in der Nebenschilddrise ist bislang nur unzureichend er-
forscht. Insbesondere zu TRPC3 und TRPC6 liegen nur wenige spezifische Daten vor. Den-
noch deuten einige Studien darauf hin, dass bestimmte Vertreter der TRPC-Familie eine
potenzielle physiologische Relevanz in der Regulation der PTH-Sekretion haben kdnnten.
TRPC1 scheint hierbei eine besondere Rolle einzunehmen. Es wird angenommen, dass
TRPC1 als Teil eines Ca?*-abhangigen Regelkreises agiert, der die PTH-Freisetzung mo-
duliert. Onopiuk et al. beschreiben, dass bei erhdhtem extrazellularem Ca?*-Spiegel der
Calcium-sensing receptor (CaSR) TRPC1-Kanale aktiviert, was zu einem Anstieg des int-
razellularen Ca?* flihrt und paradoxerweise die PTH-Sekretion hemmt.'®’® Umgekehrt
wirde ein Herunterregulieren von TRPC1 mit einer verminderten Sekretionshemmung ver-
bunden sein, wie es im Fall des Krankheitsbilds des primaren Hyperparathyreoidismus
(pPHPT) beschrieben wird.”® Auch wenn TRPC3/6 in der vorliegenden Studie nicht unter-
sucht wurden, liefern andere Arbeiten Hinweise auf dessen mdgliche Relevanz: Ibeh et al.
beschreiben, dass TRPC3 als Effektormolekil des CaSR dienen kdnnte. Die Beobachtung
liegt nahe, dass TRPC3 ebenfalls in die Regulation des intrazelluldren Ca?* und damit direkt
in die Kontrolle der PTH-Sekretion involviert sein kdnnte. '

Weitere Hinweise auf die Expression und Funktion von TRPC-Kanalen in der Nebenschild-
drise liefert eine Studie von Lu et al. In dieser wurden in normalen und adenomatdsen
Nebenschilddrisengeweben Transkripte der messenger-Ribonukleinsdure (MRNA) von
TRPC1, TRPC4, TRPC6, Orai1 und STIM1 nachgewiesen, nicht jedoch von TRPCS3,
TRPC5 und TRPC7.%* Dazu unterstiitzen Daten aus dem Human Protein Atlas (HPA) die
Expression von TRPC3- und TRPC6-RNA-Transkripten in der humanen Nebenschild-

driise. 85
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TRPC-Kanile in der Schilddruse

Die Datenlage zur Expression und physiologischen Bedeutung von TRPC3- und TRPC6-
Kanalen in der Schilddrise ist bislang ebenfalls begrenzt. Nur wenige Studien liefern Hin-
weise auf eine potenzielle Beteiligung dieser Kanéle an den biochemischen Prozessen des
Schilddrisengewebes.

Laut den Datensatzen des HPA lassen sich TRPC3- und TRPC6-RNA-Transkripte in Schild-
driisengewebe nachweisen*®®2, Funktionelle Aussagen lassen sich aus diesen Daten je-
doch nicht direkt ableiten. Eine experimentelle Studie von Asghar et al. liefert weiterflh-
rende Erkenntnisse: Die Autoren konnten mittels qualitativer End-Point-Polymeraseketten-
reaktion (PCR) sowohl TRPC3 als auch TRPC6 in gesundem menschlichem Schilddriisen-
gewebe nachweisen. Daruber hinaus identifizieren sie weitere TRPC-Kanale, wie TRPC1,
TRPC4 und TRPC5.” Ein besonderes Augenmerk galt wiederrum TRPC1, dessen Beteili-
gung am rezeptorgesteuerten Ca**-Einstrom in thyreoidalen Zellen verdeutlicht wurde.” Die
Bedeutung dieser Kanale konnte auch durch Zellinien-Versuche unterstrichen werden: In
Schilddrisenzelllinien der Ratte, die ausschlieRlich TRPC2 exprimieren, wurde eine ver-
gleichbare Funktion fir den TRPC-Kanal beobachtet.** Zudem konnten Asghar et al. zei-
gen, dass TRPC1 auch in der Pathophysiologie der Schilddriise eine Rolle spielen konnte.
In von Schilddrisenkrebs entspringenden Zelllinien fUhrte eine Herunterregulation von
TRPC1 zu einer signifikanten Reduktion der Zellmigration und Proliferation, was auf eine

Beteiligung von TRPC1 an tumorrelevanten Signalwegen hindeutet.’

TRPC-Kanile im Pankreas

Im Vergleich zu den beiden vorherigen Kapiteln, sind die TRPC3- und TRPC6-Kanale relativ
gutim Pankreas erforscht und erfillen entscheidende Rollen sowohl in seiner exokrinen als
auch endokrinen Funktion.

Im exokrinen Anteil des Pankreas konnten TRPC3-Kanale als ein essenzieller Baustein bei
der Ca?*-Regulation in Azinus-Zellen identifiziert werden: Kim et al. konnten zeigen, dass
TRPC3 wesentlich an der Regulation des intrazellularen Ca?*-Spiegels beteiligt ist und
dadurch die Exozytose von Verdauungsenzymen steuert.’®*® Die Relevanz von TRPC3
zeigte sich zudem auch in pathophysiologischen Modellen: Eine Deletion des Kanals fihrte
zu einer Reduktion des krankhaften, anhaltenden Ansteigens des zytosolischen Ca?*-Spie-
gels, verminderte die intrazellulare Aktivierung von Trypsin und schwéchte die Schwere ei-
ner akuten Pankreatitis ab.>® Auch TRPC6 wurde in pankreatischen Azinus-Zellen nachge-
wiesen und Ubernimmt dort ahnliche Funktionen wie TRPC3. Kim et al. identifizierten
TRPCB6 in pankreatischen Azinus-Zellen von Mausen und beschrieben seine Beteiligung an
der Ca®*-Regulation und Enzymfreisetzung.®® In einer weiterfiihrenden Studie identifizierten
Du et al. eine regulatorische Rolle von Mikro-RNA-26a (miR-26a), die TRPC3 und TRPC6
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herunterreguliert.?” Im endokrinen Anteil des Pankreas ist die Rolle von TRPC3 weniger
eindeutig. Einige Studien berichten, dass TRPC3 nicht in pankreatischen 3-Zellen expri-
miert wird.®”®¢ Eine andere Studie hingegen zeigte eine TRPC3-abhanige Erhdhung des
zytosolischen Ca?*-Spiegels und eine damit verbundene Stimulation der Insulinsekretion in
Ratten-B-Zellen.'™ Eine weitere Studie wies die Expression von TRPC3 sowohl in B- wie
auch in a-Zellen nach.®® TRPC6 hingegen wurde insbesondere zusammen mit TRPC3 mit
der Proliferation von a- und 3-Zellen in Verbindung gebracht, wobei eine direkte Beteiligung
dieses Kanals an der Insulinsekretion bisher nicht eindeutig nachgewiesen werden
konnte.*? Nach den Datensatzen des HPA sowie konsolidierter Transkriptionsanalysen las-
sen sich TRPC6-RNA-Transkripte im Pankreasgewebe nachweisen®, TRPC3-RNA-Tran-

skripte *" im Gegensatz zu oben erwahnten Studien jedoch nicht.
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1.4 Zielsetzung der Dissertation und Forschungsfragen

Die Zielsetzung dieser Arbeit besteht in der systematischen Charakterisierung der Expres-
sion der TRPC-Kanale TRPC3 und TRPC6 in den endokrinen Organen Nebenschilddrise,
Schilddruse und Pankreas des Menschen. Im Fokus steht dabei die Detektion und Lokali-
sation der Proteinexpression der Kanale innerhalb dieser Gewebe, um ein genaueres Ver-
standnis fir die potenzielle physiologische Bedeutung der Kanale im Kontext hormoneller
Regulation zu erméglichen. Besonders relevant ist dabei die Untersuchung im humanen
Gewebe, da viele bisherige Daten zu TRPC-Kanalen aus Tiermodellen stammen und die
Ubertragbarkeit auf den Menschen nicht selbstverstandlich ist. Die Untersuchungen tragen
dazu bei, bislang unzureichend erforschte Aspekte der TRPC-Kanalverteilung in hormon-
produzierenden Organen zu beleuchten und einen Beitrag fir weiterfihrende Studien zu

ihrer Rolle im endokrinen System zu leisten.

Die vorliegende kumulative Promotionsarbeit orientiert sich an der folgenden tbergeordne-

ten Forschungsfrage:

Werden die TRPC-Kanéle 3 und 6 in der menschlichen Nebenschilddrise, Schilddriise

und Pankreas exprimiert?
Daraus ergeben sich die folgenden erkenntnisleitenden Unterfragen:

(1) Lassen sich spezifisch immunhistochemisch die Proteine TRPC3 und TRPCG6 in die-
sen Organen nachweisen?

(2) Sind die Proteine TRPC3 und TRPCG6 in bestimmten Zelltypen oder Regionen der
Organe bevorzugt lokalisiert?

(3) Gibt es Unterschiede in der Expression von TRPC3 und TRPC6 innerhalb der un-

tersuchten Organe?

Zusatzlich wurde in Publikation 1 das Expressionsmuster von TRPC3 und TRPC6 an pa-

thologischem Gewebe untersucht, wodurch sich eine zusatzliche Forschungsfrage ergab:

(4) Unterscheiden sich die Expressionsmuster von TRPC3 und TRPC6 in gesunden
Nebenschilddriisen im Vergleich zu Nebenschilddriisen von Patienten mit primarem

Hyperparathyreoidismus?
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2. Methodik der Studien

Alle drei Studien beruhen auf der gleichen grundlegenden Methode der Immunhistochemie,
um die Expressionsmuster von TRPC3- und TRPC6-Proteinen zu untersuchen. Die detail-
lierten methodischen Vorgehensweisen und die verwendeten Materialien sind in den Pub-
likationen 1-3 (s. Seiten 21-52) hinterlegt. Die verwendeten Gewebeproben stammen alle
aus menschlichem Gewebe, entweder von Korperspendern des Anatomischen Instituts der
Universitat des Saarlandes oder von Patienten, denen Gewebeproben im Rahmen chirur-
gischer Eingriffe entnommen und am Institut fir Allgemeine und Spezielle Pathologie des
Universitatsklinikums des Saarlandes untersucht wurden. Bis auf gezielt zu Vergleichszwe-
cken verwendete Proben aus pathologischem Gewebe wurden alle Gewebeproben als ge-
sund und altersentsprechend eingestuft. Alle Untersuchungen wurden anonym durchge-
fiihrt, von der Ethikkommission der Arztekammer des Saarlandes (163/20, 130/21) geneh-
migt und in Ubereinstimmung mit den Richtlinien der Deklaration von Helsinki durchgefihrt.

Das Einverstandnis der Patienten und der Korperspender wurde vorab eingeholt.
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3.Uberblick Uber die Publikationen

3.1

Publikation 1: “TRPC3 is Downregulated in Primary Hy-

perparathyroidism”
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Abstract: Transient receptor potential canonical sub-family channel 3 (TRPC3) is considered to play a
critical role in calcium homeostasis. However, there are no established findings in this respect with
regard to TRPC6. Although the parathyroid gland is a crucial organ in calcium household regulation,
little is known about the protein distribution of TRPC channels—especially TRPC3 and TRPC6—in
this organ. Our aim was therefore to investigate the protein expression profile of TRPC3 and TRPC6
in healthy and diseased human parathyroid glands. Surgery samples from patients with healthy
parathyroid glands and from patients suffering from primary hyperparathyroidism (pHPT) were
investigated by immunohistochemistry using knockout-validated antibodies against TRPC3 and
TRPC6. A software-based analysis similar to an H-score was performed. For the first time, to our
knowledge, TRPC3 and TRPC6 protein expression is described here in the parathyroid glands. It is
found in both chief and oxyphilic cells. Furthermore, the TRPC3 staining score in diseased tissue
(pHPT) was statistically significantly lower than that in healthy tissue. In conclusion, TRPC3 and
TRPC6 proteins are expressed in the human parathyroid gland. Furthermore, there is strong evidence
indicating that TRPC3 plays a role in pHPT and subsequently in parathyroid hormone secretion
regulation. These findings ultimately require further research in order to not only confirm our results
but also to further investigate the relevance of these channels and, in particular, that of TRPC3 in the
aforementioned physiological functions and pathophysiological conditions.

Keywords: TRPC3; TRPC6; CaSR; parathyroid gland; primary hyperparathyroidism; human;
immunohistochemistry

1. Introduction

The parathyroid gland is an endocrine organ that is allocated fourfold to the posterior
surface of the thyroid gland [1]. Its main function is to synthetize and secrete parathyroid
hormone, a task which is fulfilled by so-called chief cells [1]. Parathyroid hormone is an
important effector in calcium homeostasis, which is basically responsible for increasing
serum calcium levels when these are low [1]. Its secretion is dependent upon meticulous
serum calcium sensing, ultimately forming a negative feedback loop [2,3]. In addition to the
calcium-sensing receptor (CaSR), a homodimeric family C G protein-coupled receptor [4],
there is evidence of further molecular players of critical interest in this context. For instance,
transient receptor potential canonical subfamily channel 1 (TRPC1) has been demonstrated
to be critical for parathyroid hormone release [2,5]. The hypothesis is that increased serum
calcium levels activate the CaSR, directly, receptor-operated, or indirectly, store-operated,
activating TRPC1 and thus enhancing inhibitory Ca®* influx [2]. Parathyroid chief cells
are indeed rather unique in view of the fact that, in most cell types, increased intracellular
calcium levels do not inhibit but, on the contrary, actually trigger exocytosis [6]. However,
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the exact pathway of regulation of parathyroid hormone release remains unknown [3]. In
addition to chief cells, so-called oxyphilic cells also exist, although their exact function
remains unclarified [7].

The second most frequent endocrinological disease after diabetes mellitus remains
primary hyperparathyroidism (pHPT) [8]. Briefly, it is defined by increased serum calcium
and parathyroid hormone levels with unknown cause, often found in combination with
parathyroid adenomas [9]. Increased calcium levels may have a negative impact on several
systems, including the kidneys and bones, and can therefore promote chronic kidney
disease [10]. While mild pHPT might not manifest itself clinically for some time, severe
pHPT can frequently lead to symptoms such as nausea, dehydration, muscle weakness,
cognitive dysfunction, etc. [4].

Although the exact pathophysiology of pHPT is not clear [4,9], there is evidence that
TRP channels from the canonical subfamily (TRPC1-7) might be involved [2,5]. They are
tetramers, with each monomer being composed of six transmembrane segments and two
cytoplasmic domains. The loop between the fifth and sixth transmembrane segments of
each monomer contributes to ion pore formation, which is permeable to mono- and bivalent
cations [11]. Being finely regulable, TRPC channels, including TRPC3 and TRPCS6, are
known to act in certain conditions as store- or receptor-operated channels (SOC or ROC) [12].
In the context of calcium homeostasis, TRPC3 has already been shown to play a critical
role in renal calcium resorption. For instance, proximal tubular TRPC3 was demonstrated
to be nephroprotective in experimental designs of hypercalciuria and nephrolithiasis, as
reviewed by Englisch et al. [13]. In this context, we recently presented evidence of the
tubular expression of TRPC3 in human specimens [14]. This calcium crosslink between both
the kidney and the parathyroid gland [15], and the known potential of TRPC3 to mediate
SOC- or ROC-based calcium entry, prompted our interest to investigate TRPC3 protein
expression in human parathyroid glands. Indeed, a search in the online library “PubMed”
with the keywords “parathyroid” and “TRPC” only provided less than ten results (March
2024), with none of these publications addressing TRPC3 or TRPC6 protein expression
in the human parathyroid gland. As a matter of fact TRPC6 possesses abundant protein
sequence analogies with TRPC3 [16,17] and displays wide disease implications [13,18];
thus, we aimed to investigate the presence of both TRPC3 and TRPC6 proteins in healthy
and diseased human parathyroid tissues. In conclusion, the TRPC3 and TRPC6 proteins are
expressed in both chief and oxyphilic cells of the healthy parathyroid gland. Our results
further indicate a TRPC3 downregulation in pHPT, ultimately suggesting a critical role for
TRPC3 in parathyroid gland physiology and pHPT pathophysiology.

2. Materials and Methods
2.1. Samples

Parathyroid gland tissue was obtained from surgery specimens, with informed consent
provided by human adults who had either been operated due to pHPT (1 = 4) or due to
another cause not affecting the parathyroid gland (n = 4). Patient demographics are
presented in Table 1. Samples from the pHPT group displayed histologically secured
hyperplasia or adenoma and clinically indicated pHPT. The healthy samples displayed no
pathologies and were age appropriate as evaluated and labeled by trained pathologists.
Three of the samples of healthy parathyroid tissue were obtained from female patients and
one from a male patient. The mean age was 48.3 with an SD of 18.9 years at the surgery time
point. Samples with pHPT were obtained from four female patients with no known genetic
phenotypes of pHPT. The mean age was 52.8 with an SD of 6.3 years at the surgery time
point. The research was conducted anonymously, approved by the Ethics Committee of the
Saarland Medical Association (130/21), and performed in accordance with the guidelines
of the Declaration of Helsinki.
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Table 1. Overview of patient demographics. Tissue type (healthy or from primary hyperparathy-
roidism [pHPT]), age, sex, and surgery indication/pathology are listed for each tissue sample.

Tissue Age Sex Surgery Indication/Pathology

Healthy 23 Female Hashimoto Thyroiditis (Lymphofollicular Hyperplasia)
Healthy 68 Female Struma Nodosa (Follicular Lymphocytic Thyroiditis)
Healthy 37 Female Unspecified Thyroid Pathology

Healthy 65 Male Struma Multinodosa

pHPT 48 Female Nodular Hyperplasia of Parathyroid Gland
pHPT 47 Female Mild diffuse Hyperplasia of Parathyroid Gland
pHPT 63 Female Parathyroid Adenoma

pHPT 53 Female Nodular Hyperplasia of Parathyroid Gland

2.2. Tissue Treatment

After surgical removal, the parathyroid gland samples were immediately fixed in 4%
formalin, where they were kept for 24 hat4 °C. They were then switched to phosphate-
buffered saline for 24 h at 4 °C, exposed to flowing water for 3 h, and incubated in 70%
isopropanol for the same period (Otto Fischar GmbH & Co., Saarbriicken, Germany). After-
wards, the following incubation steps were conducted using a mechanical tissue embedder
(SLEE medical GmbH, Mainz, Germany): 70% isopropanol (3 h), 80% isopropanol (90 min),
90% isopropanol (90 min), 100% isopropanol (2 x 90 min), methyl benzoate (3 x 90 min;
Thermo Fisher Scientific Inc., Waltham, MA, USA), and liquid paraffine (2 x 2 h; Carl Roth
GmbH & Co., KG, Karlsruhe, Germany). Later, the samples were sectioned at a thickness
of 4 um and mounted on glass slides.

2.3. Histology

Standard hematoxylin and eosin-stained sections were prepared (H&E). Briefly, sam-
ples were serially rehydrated through incubation in 100% xylol (15 min; VWR International,
Fontenay-sous-Bois, France), followed by decreasing concentrations of isopropanol so-
lutions (100% [10 min], 90% [5 min], 80% [5 min]; Central Chemical Storage, Saarland
University, Saarbrucken, Germany), and stained with Ehrlich’s hematoxylin (8 min; Carl
Roth GmbH & Co., KG, Karlsruhe, Germany). After washing in distillated water and bluing
in fluent water for 12 min, staining with 0.1% eosin (210 s; Central Chemical Storage, Saar-
land University, Saarbrucken, Germany) was performed and adjusted in 90% isopropanol.
Finally, the samples were dehydrated using 100% isopropanol (10 min) and 100% xylol
(15 min).

For immunohistochemical staining of TRPC3, TRPC6, and CaSR, the paraffin was
removed, and antigen recovery was performed through citrate buffer incubation for 60 min
at 95 °C. The samples were incubated with the primary antibody overnight and at room
temperature (polyclonal rabbit anti-TRPC3, lyophilized, ACC-016, 1:50, Alomone Labs,
Jerusalem BioPark, Jerusalem Israel; polyclonal rabbit anti-TRPC6, lyophilized, ACC-017,
1:50, Alomone Labs, Jerusalem BioPark, Israel; polyclonal rabbit anti-CaSR, lyophilized,
ACR-004, 1:100, Alomone Labs, Jerusalem BioPark, Israel). Instead of the primary anti-
body, 1:500 diluted rabbit serum was used for the negative control. A peroxidase-labeled
secondary antibody (HRP, horseradish peroxidase, anti-rabbit goat, A10547; Invitrogen
AG, Carlsbad, CA, USA) and diaminobenzidine tetrahydrochloride as chromogen (DAB;
incubation time = 3 min for TRPC3 and 6, incubation time = 4 min for CaSR; SK-4103
Vector Laboratories, Burlingame CA, USA) were added to trace the primary antibody.
Nuclear counterstaining with hematoxylin followed (C. Roth, Karlsruhe, Germany). The
anti-TRPC3, anti-TRPC6, and anti-CaSR antibodies were designed to detect the corre-
sponding channels in mouse, rat, and human tissues, as annotated by the manufacturer
(Alomone Labs, Jerusalem BioPark, Israel). Moreover, the anti-TRPC3 antibody (Peptide
HKLSEKLNPSVLRC) was designed to detect the amino acid residues 822-835 at the in-
tracellular COOH-terminus of mouse TRPC3, whereas the anti-TRPC6 antibody (Peptide
[CIRRNESQDYLLMDELG) detected the amino acid residues 24-38 of the intracelluar
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N-terminus of mouse TRPC6 (Alomone Labs, Jerusalem BioPark, Jerusalem Israel). The
anti-CaSR antibody (Peptide [C]IDDYGRPGIEKFREE) recognized the amino acid residues
216-229 at the extracellular N-terminus of human CaSR. The molecular structures of TRPC3
and TRPCé as well as CaSR are described elsewhere [19,20]. The anti-TRPC antibodies
were knockout-validated, as indicated by the manufacturer [21-25].

2.4. Evaluation

The Nano Zoomer S210 (Hamamatsu, Japan) was used to digitize the slides. Mi-
crophotographs were captured using NDP.view2 image viewing software from Hama-
matsu (U12388-01, Hamamatsu, Japan). A semiquantitative analysis of the DAB staining
was conducted using Visiopharm image analysis software (version 01.2023, Visiopharm,
Denmark). Each slide had a manually annotated region of interest (ROI) with no marginal
artefacts. To ensure accurate recognition of histological structures, literature descriptions
such as in [1] were consulted and control examinations conducted by trained anatomists.

A threshold system was established to classify the DAB-positive areas within the
ROL whereby the detection of these DAB-positive areas was facilitated by the DAB filter
incorporated in Visiopharm software. The threshold value was divided into three sections:
between the darkest brown staining (20) and the lightest visible staining (160). Areas
with the darkest DAB stain (values between 20-80) were designated as +3, mid-range
values (between 81-120) as +2, and the lightest DAB-stained areas (between 121-160) as
+1. Furthermore, connective, or fatty tissue was excluded by assigning an extra section
(between 0 and 200) with a value of 0-1. These areas, along with hematoxylin staining,
were considered DAB-negative. Weighted DAB-positive areas per slide were calculated
by multiplying the DAB-positive areas by their respective attributed value (1, 2, or 3) and
summing up all values. This value was normalized to the measured tissue area (sum of
DAB-negative and DAB-positive areas), resulting in a normalized weighted DAB area
score between 0 and 3, akin to a pixelwise H-score (Figure 1) [26]. The positive proportion
presented the sum of all DAB-positive areas in relation to the measured tissue area (sum of
DAB-positive areas and DAB-negative areas).

Figure 1. Immunohistochemical staining with an anti-TRPC3 antibody of the human parathyroid
gland with and without image analysis. The upper two panels (A,B) illustrate microphotographs
from healthy human parathyroid tissue. The lower two panels (C,D) present microphotographs from
human parathyroid tissue from a patient with primary hyperparathyroidism (pHPT). Panels (A,C) are
without image analysis and panels (B,D) are with image analysis. Panels (B,D) show semiquantitative
diaminobenzidine tetrahydrochloride (DAB) color scoring. The color red represents a DAB score of 3,
orange a DAB score of 2, and yellow a DAB score of 1. The color green represents subtracted connective
and fatty tissues. The color blue shows the subtracted hematoxylin area. Both were attributed as
DAB-negative. Panels (A-D) have 40 x software magnification and a scale bar of 50 wm.
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2.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (version 10.1.0).
Descriptive statistics were provided using the mean value and the standard deviation
(mean £ SD). The Mann-Whitney U test was used for comparisons between two indepen-
dent cohorts. p-values (p) are two-sided and were considered significant when <0.05.

3. Results

Representative H&E staining of healthy parathyroid tissue as well as tissue from pHPT
patients is shown in Figure 2. It displays the morphology of chief and oxyphilic cells in
both healthy and pHPT tissues. In the description below, the positive proportion (%) is
given first followed by the normalized weighted DAB area score, as detailed in Section 2.4.

Figure 2. Hematoxylin and eosin staining of human parathyroid tissue. The left column (A,C,E)
displays microphotographs from healthy parathyroid tissue and the right column (B,D,F) shows
tissue from patients with primary hyperparathyroidism (pHPT). Panel (A) features an overview of
healthy parathyroid tissue with a pool of chief cells on the right side and a pool of oxyphilic cells
on the left side of the demarcation (scale bar: 100 m). Panels (C,E) display respectively chief (black
arrow) and oxyphilic (white arrow) cells at higher magnification (scale bar: 50 pm). Panel (B) displays
an overview of human parathyroid tissue from a patient with pHPT (scale bar: 100 pm). Panels (D,F)
display respectively chief (black arrow) and oxyphilic (white arrow) cells at higher magnification
(scale bar: 50 um).

Human parathyroid gland tissue displayed immunostaining in all samples after
incubation with the anti-TRPC3, anti-TRPCé, and anti-CaSR antibodies. However, obvious
contrasts can be described. Healthy parathyroid gland tissue featured anti-TRPC3 staining
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inboth chief and oxyphilic cellsin all samples (68 £ 5%; 1.12 £ 0.17; Figure 3A,C). Oxyphilic
cells, in particular, revealed pronounced immunoreactivity (Figure 3C). By contrast, all of
the samples from pHPT patients presented much weaker immunoreactivity to the ant-
TRPC3 antibody (37 £ 7%, p = 0.03; 0.44 £ 0.11, p = 0.03; Figure 3B,D). Interestingly, one
pHPT sample exhibited a somewhat stronger staining pattern than the other three. Only in
this sample, oxyphilic cells were detectable, although immunoreactivity to the anti-TRPC3
antibody was still weaker than in healthy parathyroid tissue. Negative controls upon
TRPC3 staining displayed no immunoreactivity in both one healthy (4%; 0.04; Figure 3E
and one diseased sample (2%; 0.02; Figure 3F).

. $.'ik

SRR

Figure 3. Inmunohistochemical staining with an anti-TRPC3 antibody of the human parathyroid
gland. The left column (A,C,E) illustrates microphotographs from healthy human parathyroid tissue.
The right column (B, D,F) presents microphotographs from human parathyroid tissue from patients
with primary hyperparathyroidism (pHPT). Panel (A) displays an overview of healthy parathyroid
tissue with a pool of chief cells on the right side and a pool of oxyphilic cells on the left side of the
demarcation (scale bar: 100 pm). Panel (C) displays both chief (black arrow) and oxyphilic (white
arrow) cells at higher magnification (scale bar: 50 pm). Panel (B) displays an overview of human
parathyroid tissue from a patient with pHPT (scale bar: 100 wm). Panel (D) displays chief cells (black
arrow) at higher magnification (scale bar: 50 pm). Panel (E) displays an overview of the negative
control staining of healthy parathyroid tissue. Chief (black arrow), oxyphilic (white arrow), and fat
cells (asterisk) are displayed (scale bar: 100 pm). Panel (F) displays an overview of the negative
control staining of parathyroid tissue from a patient with pHPT (scale bar: 100 pum).

On the other hand, anti-TRPC6 staining was similar in healthy (73 £ 3%; 1.59 4= 0.23;
Figure 4A,C) and diseased tissues from pHPT patients (68 £ 6%, p=0.2;1.36 £ 0.30,p =0.3;
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Figure 4B,D). Negative controls upon TRPCé staining displayed no immunoreactivity in
both one healthy (3%; 0.03; Figure 4E) and one diseased sample (2%; 0.02; Figure 4F).

S seaal I

Figure 4. Inmunohistochemical staining with an anti-TRPC6 antibody of the human parathyroid
gland. The left column (A,C,E) illustrates microphotographs from healthy human parathyroid tissue.
The right column (B,D,F) presents microphotographs from human parathyroid tissue from patients
with primary hyperparathyroidism (pHPT). Panel (A) displays an overview of healthy parathyroid
tissue with a pool of chief cells on the right upper side and a pool of oxyphilic cells on the left lower
side of the demarcation (scale bar: 100 pm). Panel (C) displays both chief (black arrow) and oxyphilic
(white arrow) cells at higher magnification (scale bar: 50 pm). Panel (B) displays an overview of
human parathyroid tissue from a patient with pHPT (scale bar: 100 um). Panel (D) displays chief cells
(black arrow) at higher magnification (scale bar: 50 pm). Panel (E) displays an overview of negative
control staining of healthy parathyroid tissue (scale bar: 100 um). Panel (F) displays an overview of
negative control staining of parathyroid tissue from a patient with pHPT (scale bar: 100 um).

Additionally, CaSR immunoreactivity was featured in both healthy (Figure 5A,C) and
diseased tissues from pHPT patients (Figure 5B,D). Healthy parathyroid tissue showed
positive, yet inhomogeneous, immunoreactivity to the anti-CaSR antibody in all samples
(45 4 14%; 0.65 £ 0.32). In contrast, tissue from patients with pHPT demonstrated weaker,
yet inhomogeneous, immunoreactivity to the anti-CaSR antibody compared to healthy
analogous tissue (21 £ 12%, p = 0.03; 0.23 £ 0.13, p = 0.03). Negative controls displayed no
immunoreactivity in both one healthy (6%; 0.07; Figure 5E) and one diseased sample (3%;
0.03; Figure 5E).
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Figure 5. Inmunohistochemical staining with an anti-CaSR antibody of the human parathyroid
gland. The left column (A,C,E) illustrates microphotographs from healthy human parathyroid tissue.
The right column (B, D,F) presents microphotographs from human parathyroid tissue from patients
with primary hyperparathyroidism (pHPT). Panel (A) displays an overview of healthy parathyroid
tissue with a pool of chief cells on the right side and a pool of oxyphilic cells on the left side of the
demarcation (scale bar: 100 pm). Panel (C) displays both chief (black arrow) and oxyphilic (white
arrow) cells at higher magnification (scale bar: 50 .um). Panel (B) displays an overview of human
parathyroid tissue from a patient with pHPT (scale bar: 100 pm). Panel (D) displays chief cells (black
arrow) at higher magnification (scale bar: 50 pm). Panel (E) displays an overview of the negative
control staining of healthy parathyroid tissue. Chief (black arrow) and oxyphilic (white arrow) cells
are displayed (scale bar: 100 um). Panel (F) displays an overview of the negative control staining of
parathyroid tissue from a patient with pHPT (scale bar: 100 pum).

4. Discussion

To the best of our knowledge, these findings present—for the first ime—evidence
indicating wide TRPC3 and TRPCé protein expression in the human parathyroid gland.
This includes both main and oxyphilic cells. We further observed that anti-TRPC3 and
anti-CaSR—however not anti-TRPCé6—immunolabeling were notably decreased in pHPT-
diseased tissue. These findings ultimately suggest that TRPC3 plays a critical role in
parathyroid hormone and calcium homeostasis next to the CaSR.

The sample-associated study limitations include the small group size and the re-
spective age and sex variations, factors which possibly restrict the generalizability of our
conclusions. Also, protein expression in healthy parathyroid tissue might have been af-
fected by adjacent benign diseased thyroid tissue, although the tissue had been labeled as
healthy and age appropriate by trained pathologists.
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Immunohistochemistry is a highly specific method that not only enables protein
identification but also a detailed histological description of its distribution [27]. However,
western blot analysis, which can be restricted in use due to high premises toward the
sample’s nature and quality [28,29], could serve to further substantiate the precision of our
data. Nevertheless, although immunohistochemistry cannot be quantified and is primarily
a qualifying method, tools do exist to perform a semiquantitative analysis [26]. Moreover,
such semiquantitative staining analyses are often correlated with western blot data, as
observed previously [30,31].

One of the limitations of such a semiquantitative analysis, which could nevertheless af-
fect the evaluation, is variation in sample size. However, there were only minor differences
that did not relevantly distort the overall picture. The semiquantitative analysis is intended
to be supportive, as, for example, in the case of the H-score, which presents a staining
pattern which may correlate with antigen presence but cannot be equated with it [26]. Also,
it does not provide any indication of the activity and integrity of the detected protein.

Interestingly, oxyphilic cells exhibited stronger staining than chief cells, possibly
contributing to weaker global staining of diseased tissue given that oxyphilic cells were
absent in three of the four pHPT samples. However, chief cells still showed weaker
immunolabeling in diseased tissue compared to healthy tissue, making the difference clearly
not only attributable to the mismatch in oxyphilic cell presence between the two groups.

In the study presented by Lu et al,, reverse transcription polymerase chain reaction
(RT-PCR) indicated that trpc3 complementary deoxyribonucleic acid (<(DNA)/messenger
ribonucleic acid (mRNA) is not expressed in human parathyroid cells [5]. However, ac-
cording to the HPA and consensus datasets from the Human Protein Atlas, TRPC3 RNA
transcripts can be detected in the parathyroid gland [32,33]. Instead, Lu et al. detected
an increase in TRPC1, 4, and 6 mRNA expression in adenomatous compared to healthy
parathyroid tissue [5]. A critical limitation of these considerations was a relevant dis-
balance in cohort size [5]. In this context, it is insightful to observe that, in our study,
anti-TRPCé6-protein immunolabeling was similar in pHPT tissue in comparison to healthy
parathyroid tissue. In contrast, anti-TRPC3 protein immunolabeling was significantly
weaker in pHPT tissue compared to healthy tissue. In three of the four pHPT samples,
staining seemed almost negative to the human eye, while in the fourth, it was slightly
recognizable. Interestingly, anti-TRPC6 immunolabeling was also increased in this sam-
ple. This might be attributable to different factors, including artefacts. Following the
hypothesis that increased immunostaining is correlated with increased antigen presence,
our results would indicate a significant downregulation of TRPC3 protein expression in
pHPT. Similar conclusions from immunohistochemistry have been drawn before, but with
CaSR [34-36]. To our knowledge this has not been described before, all the more in view of
the fact that, as previously mentioned, TRPC3 protein expression in the parathyroid gland
was unclear. Considering that TRPC3 can act both as SOC and ROC, combined with its
relevance in calcium homeostasis, as suggested in the kidney [13,14], a potential role in
parathyroid hormone secretion or rather secretion regulation becomes conceivable. The
study by Onopiuk et al. did not address TRPC3 but demonstrated that TRPC1 is such a
molecular player downstream of CaSR that contributes to the suppression of parathyroid
hormone secretion in response to increased serum calcium levels [2]. Inversely, TRPC1
downregulation would be associated with decreased secretion inhibition, as suggested in
pHPT. A similar picture emerges from our investigations of human tissue with respect
to TRPC3 protein. Moreover, TRPC3 is known to act as a downstream effector of CaSR,
as summarized by Englisch et al. [13]. This is further supported by our results that also
indicated CaSR downregulation in tissue from pHPT patients. This ultimately suggests an
association between the downregulation of TRPC3 and of CaSR, which further underlines
the potential relevance of TRPC3, not only in parathyroid physiology but also in pHPT
pathophysiology. However, it remains unclear as to whether TRPC3 downregulation is
involved in the emergence of pHPT or is only a manifestation of it. It thus becomes even
more obvious that, in order to understand the molecular disease dynamics, the impact of
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serum calcium and parathyroid hormone levels on protein expression, and the function of
TRPC3 in the parathyroid gland, further experimental studies are required, which can, for
example, include the use of calcimimetics [37].

Overall, further studies with higher case numbers are needed to confirm our results.
In addition to the abovementioned experimental investigations, prospective clinical studies
with a broad assessment covering a variety of biochemical and clinical data could shed
light on the clinical relevance of TRPC3 expression regulation, as already carried out on
CaSR [35]. Looking ahead, further differentiating studies are needed on genetic phenotypes
and pathological presentations, such as, for example, parathyroid hyperplasia, adenoma,
or carcinoma [36].

5. Conclusions

The studies by Lu et al. and Onopiuk et al. suggest that there is a clear need for research
on the TRPC channels in the parathyroid gland [2,5]. The results we have presented here
provide strong evidence for TRPC3 and TRPC6 protein expression in human parathyroid
tissue. We describe weaker protein expression of TRPC3—together with CaSR—in tissue
from pHPT samples, which suggests a critical function of TRPC3 in pHPT. Further studies
are necessary to confirm our findings and to address them both experimentally and in
clinical follow-up studies. Ultimately, TRPC3 might become a new target in the prevention
or treatment of pHPT.
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ARTICLE INFO ABSTRACT

Keywords: Background: Little is known about the protein expression of the transient receptor potential canonical (TRPC)
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channels 1, 3, and 6 in the thyroid. Research in human tissue is insufficient. Our aim was to investigate the
distribution of TRPC1, 3, and 6 in the healthy human thyroid.

Methods: Healthy samples were collected from seven nitrite pickling salt-ethanol-polyethylene glycol-fixed ca-
davers and from one patient who had undergone neck surgery (5 males, 3 females; median  81.0, interquartile
range 6.5 years). The protein expression profiles of TRPC1, 3, and 6 were assessed using immunohisto-
chemistry with knockout-validated antibodies. A monoclonal calcitonin antibody was used to detect calcitonin-
producing C-cells.

Results: All samples were labeled as healthy, displaying age-appropriate signs of degeneration. TRPC1, 3, and 6
immunolabeling in thyrocytes showed irregular staining patterns leaving selected cells with intense staining,
some without. The comparison of calcitonin- and TRPC1-, 3-, and 6-immunolabeled slides strongly suggested
TRPC1, 3, and 6 expression in C-cells. Connective tissue showed no immunoreactivity.

Conclusions: This is, to the authors’ knowledge, the first detailed description of the distribution of these channels
in the human thyroid. We conclude that TRPC1, 3, and 6 are expressed in thyrocytes and C-cells of the human
thyroid. Further studies are necessary to confirm these small-case-number results and to explore the relevance of
these versatile channels in thyroidal health and disease.

1. Introduction

The family of transient receptor potential (TRP) channels constitutes
a group of cellular, membrane-bound, non-selective ion channels,
distributed across various tissues and cell types in both animal and
human organisms [1]. These channels play a pivotal role in physiolog-
ical processes, acting as essential mediators of sensory signals, signaling
pathways, and contibuting to various pathophysiological conditions.
Notably, they are implicated in the pathogenesis of diseases affecting the
cardiovascular, skeletal, renal, and nervous systems [2-4]. Currently,
the mammalian TRP-channel family is subclassified into the canonical
(TRPC), the melastatin (TRPM), the vanilloid (TRPV), the mucolipin
(TRPML), the polycystin (TRPP), the ankyrin (TRPA), and the “no
mechanoreceptor potential C” (TRPN) subfamilies [5,6]. The TRPC
subfamily comprises seven members (TRPC1-7) of non-selective vastly

Ca® *-permeable cation channels [5]. They display a tetrameric struc-
ture, in which each monomer or subunit is composed of six trans-
membrane segments (S1-S6) with variably assembled cytoplasmic
domains at each terminus. The S5 and S6 wansmembrane segments of
each monomer form the Ca2+»permeable cation-pore [2], emphasizing
the crucial role of TRPC channels in cellular Ca?*-household and
-signaling. They are manifoldly expressed in human organs, influencing
a multitude of cellular processes such as transcription factor activation,
apoptosis, and cell proliferation [7-10]. TRPC channels can function as
receptor-operated Ca®*-entry (ROCE) and/or store-operated Ca®*-entry
(SOCE) channels. Activation of the G protein-coupled receptor Gg, pro-
motes phospholipase C (PLC)-mediated release of inositol-wiphosphate
(IP3) and diacylglycerol (DAG). DAG can initiate ROCE by stimulating
TRPC channels resulting in an increase in cytosolic Ca"-concentration.
IP3 in turn rather triggers the SOCE pathway by releasing Ca?* from
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intracellular stores, such as the endoplasmic reticulum, ultimately
activating store-operated channels (SOCs) in the plasma membrane
resulting in Ca?*-influx reinforcement [11,12]

Ca?"-signaling also plays an essential role in the thyroid. In addition
to the classical thyroid stimulating hormone (TSH)-evoked cyclic
adenosine monophosphate (cAMP) pathway, TSH induces Ca®*-
signaling through PLC-IP; pathways [13]. Of note, also thyroidal cell
proliferation and desoxyribonucleic acid (DNA)-synthesis are dependent
upon Ca®*-signaling [14,15]. Furthermore, regulation of TSH-receptor
and thyroglobulin expression and synthesis are intricately linked to
changes in intracellular Ca®"-levels [16,17]. Previous studies have
detected ribonucleic acid (RNA) sequences encoding selected TRPC
channels in the human thyroid, and provided evidence suggesting their
involvement in thyroidal Ca>*-signaling pathways [18,19]. However, a
comprehensive histological description of the respective protein
expression and distribution is missing. With this in mind, a short sum-
mary of the physiology and anatomy of the thyroid is necessary.

Situated in the lower neck, the thyroid is an endocrine gland
comprising two lobes connected by an isthmus [20]. It is located ante-
rior to the trachea and inferior to the cricoid cartilage [21] (Fig. 1). The
thyroid is critical in following functions [22]. First, the hormone pro-
duction (triiodothyronine, T3; and tetraiodothyronine, T4) by the thy-
roid follicular epithelial cells (i.e., thyrocytes), that constitute a major
portion of the thyroid tissue. These hormones act on various organs
including the heart, lungs, and skeletal muscle [23]. Second, the secre-
tion of the peptide hormone calcitonin by so-called C-cells as a response
to increased serum Ca>*-concentration [24]. Aforementioned thyro-
cytes form a single-layered epithelial layer lining the follicullar colloid
in which T3 and T4 are stored (Fig. 1). In contrast, the C-cells, also
known as parafollicular cells, constitute a minority. These cells are
isolated or grouped within a common basal lamina with the follicular
epithelial cells even though without connection to the follicular colloid
(Fig. 1). [24]

Asghar and colleagues investigated expression of TRPC RNA in
healthy and diseased thyroids using polymerase chain reaction (PCR).
Their results suggest a significant involvement of Ca®*-signaling
including TRPC channel activity in the progression of thyroid cancer
[13,18]. However, the authors had a focus on TRPC1 [18], ultimately
disregarding players like TRPC3 and TRPC6 which are nevertheless also
attributed a number of roles in various pathophysiological processes [3,
4,26]. Moreover, TRPC1 is suggested to form complexes with TRPC3
[27], which in turn is known to build heteromers with TRPC6 [28,20].
This is critical since heteromerization substantially enlarges the spec-
trum of functions that TRPC tetramers can obtain - in health and disease

Hyoid bone

Pathology - Research and Practice 266 (2025) 155796

[30]. In summary, there is need for a more detailed exploration of TRPC
channel protein expression in the human thyroid to support further
research on potential pharmacological targets [25]. Therefore, the aim
of this study was to comprehensively investigate the TRPC1, 3, and 6
protein expression and distribution in the healthy human thyroid.

2. Methods and materials
2.1. Specimens

Thyroid samples were obtained from human adults who decided to
donate their bodies to education and science after death and from one
who had undergone neck surgery (Table 1). Five of the human tissue
samples were obtained from male specimens, three from female. Median
age at death or surgery was 81.0 with an interquartile range of 6.5 years.

Body donors had been fixed within 72 hours postmortem by retro-
grade perfusion with nitrite pickling salt-ethanol polyethylene glycol
fixation (NEP) through the femoral artery according to Weigner’s pro-
tocol [31]. Afterwards, immersion fixation was applied by placing the
bodies in 3 % formalin and NEP-solution for up to 3 months until
completion of the fixation process. Thyroid samples were obtained from
the right and left lobe using punch biopsies during dissection courses at
the anatomical institute.

The surgery sample had been obtained from the right lobe in the
context of parathyroid adenoma surgery. Fixation was performed within
the surgical schedule using 4 % phosphate-buffered formalin.

The fixated tissue samples were then embedded in paraffin as
described before [32]. From that, 4 ¢an thick sections were prepared
using a microtome and drawn onto microscopic slides.

Table 1
Overview of the samples (age [at death or surgery], sex, diagnosis/cause of
death, tissue origin).

Number Age  Sex Diagnosis/Cause of death Tissue
Origin

1 81 Male Parathyroid adenoma Surgery

2 76 Female  Embolism Body donor

3 75 Male Septic shock, pneumonia Body donor

4 82 Male Kidney failure, metastatic prostate Body donor

cancer

5 83 Female  Cardiogenic shock Body donor

6 81 Female  Cardiopulmonary insufficiency Body donor

7 90 Male Cardioembolic event Body donor

8 81 Male Multiple organ failure Body donor

Thyroid cartilage
Cricoid cartilage

["Right lobe —/L‘ {

Thyroid
gland

= — Colloid
/ Follicular cell
% Blood capillary

——Thyroid follicle

Parafollicular
cell (C cell)

Fig. 1. Anatomy and histology of the thyroid. Follicular cells (i.e., thyrocytes) make the largest part of the tissue lining the thyroidal follicle. Calcitonin-producing
parafollicular or C-cells are isolated or grouped around the follicles. Follicles are surrounded by tissue and close-meshed capillary network. Created with BioRender

(Agreement number: WU267U400D).
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All investigations were performed anonymously and in accordance
with the guidelines of the Declaration of Helsinki. This study was
approved by the Ethics Committee of the Saarland Medical Association
(vote numbers: 163/20, and 130/21). Informed consent was obtained
from the patient and the body donors.

2.2. Hematoxylin & eosin staining

Hematoxylin & eosin (H&E) staining was performed using stan-
dardized techniques [33]. Briefly summarized, samples were depar-
affinized in 100 % Xylol for 15 min and rehydrated in decreasing
concentrated ethanol solutions (2 x 100 %, 1 x 90 %, and 1 x 80 %,
5 min each). After 8-min-long staining in Ehrlich hematoxylin (C. Roth,
Karlsruhe, Germany), the samples were washed in distillated water and
blued in fluent tap water for 12 min. Staining in 0.1 % eosin followed
(Central Chemical Storage, Saarland University, Saarbriicken, Ger-
many). Finally, the samples were dehydrated using increasing ethanol
concentration series (1 x 90 % and 2 x 100 % ethanol, and 3 x 100 %
Xylol, 5 min each).

2.3. Immunohistochemistry

The polyclonal knockout-validated rabbit TRPC1 (ACC-010, Alo-
mone Labs, Jerusalem, Israel), TRPC3 (ACC-016, Alomone Labs, Jeru-
salem, Israel)) and TRPC6 antibodies (ACC-017, Alomone Labs,
Jerusalem, Israel) were used.

Samples were incubated in citrate buffer in a heating incubator at
95°C for 60 min. Then, the primary antibody which was diluted 1:50 in
phosphate-buffered saline was applied. For negative controls, a 1:500
diluted rabbit serum was used. After overnight incubation, a secondary
antibody (horseradish peroxidase, goat anti-rabbit, A10547, Invitrogen
AG, Carlsbad, CA, USA) and a chromogen (diaminobenzidine tetra-
chloride [DAB], SK-4103, Vector Laboratories, Burlingame, CA, USA)
were applied. DAB incubation time was set at 5 min. Nuclear counter-
staining with Ehrlich hematoxylin followed (C. Roth, Karlsruhe,
Germany).

According to the manufacturer’s information, the TRPC1, 3, and 6
antibodies are knockout-validated and generated to recognize the cor-
responding channels in mouse, rat, and human tissues [34-37]. In detail,
the TRPC1 antibody detects the amino acid residues 557-571 of human
TRPC1 (Peptide QLYDKGYTSKEQKDC), the TRPC3 antibody the resi-
dues 822-835 of murine TRPC3 (Peptide HKLSEKLNPSVLRC), and the
TRPC6 antibody the residues 24-38 of murine TRPC6 (Peptide [C]
RRNESQDYLLMDELG).

Additionally, immunohistochemistry was performed using a mono-
clonal rabbit calcitonin antibody generated to recognize the human
calcitonin 1-32 peptide (SP17, Invitrogen, Thermo Fisher Scientific,
MA, USA). Inmunchistochemistry was performed as aforementioned for
TRPC1, 3, and 6 except for a longer DAB incubation time of 12 min.

2.3.1. Histological identification of C-cells

Distinguishing C-cells from thyrocytes can be challenging [38]. The
designation "C-cells" is derived from the term "clear cells," which refers
to their low affinity for certain histological staining methods. Thyrocytes
line the thyroidal follicle. Their size depends on their activity fluctuating
from flat or inactive over cuboidal to columnar or highly active [39]. In
an H&E stain normal C-cells cannot be delineated with complete cer-
tainty. Depending on cutting direction, they can appear like thyrocytes.
C-cells can be round, polygonal or spindle shaped with a larger and
lightened nucleus, in comparison to thyrocytes. The name “paraf-
ollicular cells” was introduced 1932 and widely used since, which can be
misleading considering that less than 1 % of human C-cells are paraf-
ollicular [38]. As aforementioned, they often occur in the cellular lining
of the follicles, though remaining separated by thyrocytes from the
follicular content also called colloid [39].

Pathology - Research and Practice 266 (2025) 155796
2.4. Visudlization

Histological slides were digitalized using the Nano Zoomer S210
(Hamamatsu, Japan). Microphotographs were taken using the image
viewing software NDP.view2 from Hamamatsu (U12388-01, Hama-
matsu, Japan). Representative microphotographs for the cohort were
mostly obtained from the surgical specimen to enhance quality of
illustration.

3. Results
3.1. Overview

All samples were tumor free and age-appropriate, as evaluated and
labeled by trained pathologists. All cadaveric samples showed varying
degree of autolysis but mostly intact tissue. The following description
refers to all samples, unless differently mentioned.

H&E staining displayed a physiological lobar parenchymatous ar-
chitecture and subarchitecture (Fig. 2). Thyrocytes and C-cells were
identified according to the aforementioned criteria (Fig. 2C and D).

Immunchistochemical calcitonin staining displayed a sparse pattern
of isolated and grouped calcitonin-produding C-cells (Fig. 3A and B).
Follicular epithelial cells and connective tissue were immunolabeling-
deficient. Negative control of the calcitonin antibody displayed no
DAB-specific coloration (Fig. 3C).

3.1.1. TRPC1

TRPC1 immunoreactivity was detected in thyrocytes (Fig. 4).
Throughout all samples, thyrocyte staining was heterogenous with
respect to coloration intensity (Fig. 4). Few thyrocytes displayed no
staining at all (Fig. 4B). C-cells displayed a homogenous immunoreac-
tivity consistent with TRPC1 protein expression (Fig. 4C). In contrast,
connective tissue was not immunolabeled. Negative control of the
TRPC1 antibody displayed no DAB-specific coloration (Fig. 3D).

3.1.2. TRPC3

TRPC3 immunoreactivity was detected in thyrocytes (Fig. 5).
Throughout all samples, thyrocyte staining was heterogenous with
respect to coloration intensity (Fig. 5). Few thyrocytes displayed no
staining at all (Fig. 5B). C-cells displayed a homogenous immunoreac-
tive signal consistent with TRPC3 protein expression (Fig. 5C). In
contrast, connective tissue was not immunolabeled. Negative control of
the TRPC3 antibody displayed no DAB-specific coloration (Fig. 3E).

3.1.3. TRPC6

TRPC6 immunoreactivity was detected in thyrocytes (Fig. 6).
Throughout all samples, thyrocyte staining was heterogenous with
respect to coloration intensity (Fig. 6). Few thyrocytes displayed no
staining at all (Fig. 6B and C). C-cells displayed a homogenous immu-
noreactive signal consistent with TRPC6 protein expression (Fig. 6C and
D). In contrast, connective tissue was not immunolabeled. Negative
control of the TRPC6 antibody displayed no DAB-specific coloration
(Fig. 3F).

4. Discussion
4.1. Overview

The aim of this study was to investigate protein expression and dis-
tribution of TRPC1, 3, and 6 in the healthy human thyroid. All analyzed
tissue samples exhibited extensive TRPC1, 3, and 6 protein expression.
Immunohistochemistry revealed heterogenous staining of thyrocytes
that was comparable in all specimens. Protein expression was also
detected in C-cells.
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Fig. 2. Hematoxylin & eosin staining of the thyroid. NMumerous colloid structures enclosed by thyrocytes and thyroid stroma (A; 10 x software magnification).
Thyrocytes in higher magnification (B, C, and D; 40 x magnification). Grouped and isolated G-cells (C and D; 40 x magnification). Thyrocytes (1), C-cells (2).

4.2. TRPC1, 3, and 6 in thyrocytes

Whereas the relevance of TRPC1, 3, and 6 in thyroidal physiology
and pathophysiology is not yet elucidated, the importance of Ca®*-
signaling is accepted [13,14,16,17]. TRPC1, 3, and 6 are integral in
Ca®*-signaling, which governs essential cancer-related processes such as
migration, invasion, and proliferation [13,25]. The RNA of TRPC1, 3,
and 6 is expressed in normal thyroid tissue [18]. The ability of these
channels to regulate intracellular Ca2*-levels makes them promising
candidates for targeted therapies aimed at controlling thyroid cancer
progression. Concretely, Asghar et al. demonstrated a significant role for
TRPC1 in invasion, migration, and proliferation in human thyroid can-
cer cells [18]. Nevertheless, TRPC3 and 6 are important modulators of
these cellular activities [25]. For instance, TRPC6 is known to play a
central role in migration and invasion [410-43], whereas TRPC3 has been
shown to influence cancer cells in several tissues through its role in
calcium signaling and its interactions with other signaling pathways
[44,45].

In experiments with rat thyroid cells exclusively expressing the
TRPC2, a crucial role of this channel in various physiological processes
was observed [15,46,47]. However, the TRPC2 protein is not expressed
in humans, Trpc2 being a pseudogene [48]. Still, to the authors’
knowledge, a histological analysis of the expression of the remaining
TRPC channels in human thyroid tissue has not been part of previous
investigations. Asghar et al. presented in their publication a character-
ization of TRPC channels using molecular genetic methods [ 18]. Though
it must be considered, as also mentioned by themselves, that the tissue
might contain other cells expressing TRPC channels apart of thyrocytes
[18]. Also, the detection of nucleic acids doesn’t necessarily signify
corresponding protein expression [49,50]. With our investigations we
provide clear evidence that thyrocytes express the TRPC1, 3, and 6
proteins. Notably, TRPC channels have been implicated in other endo-
crine organs [51-53]. For instance, we recently provided evidence

showing TRPC3 and TRPC6 protein expression in the human pancreas
and parathyroid glands [54,55]. Summarizing, for the first time the
TRPC1, 3, and 6 protein expression in human thyroidal tissue was evi-
denced. Further translational research is warranted to study the
involvement of these channels in the cellular function of healthy and
diseased thyrocytes, which is yet unclear.

4.3. TRPC1, 3, and 6 in C-cells

In contrast to thyrocytes, there are no studies published describing
the expression of TRPC chamnels in C-cells to the authors’ knowledge.
This study provides evidence suggesting the protein expression of
TRPC1, 3, and 6 in C-cells. As aforementioned identification of C-cells in
light microscopy can be challenging due to their rarity [38] and uneven
distribution [56]. To confirm our morphological C-cell identification,
we performed calcitonin immunolabeling. Here, several stained cells, i.
e., calcitonin producing C-cells, were detected. Although sections were
sequentially prepared, no subcellular match was found with the TRPC1,
3, and 6 staining. Nevertheless, the morphology of
calcitonin-immunostained cells supports the validity of our C-cell
identification based on aforementioned descriptions in the TRPCI1, 3,
and 6 immunolabeled slides. Since studies have shown that the calci-
tonin peptide content displayed a strong cormrelation with the
morphology of calcitonin-producing cells in the normal thyroid [57], it
can be assumed that the calcitonin immunoreactive cells likely were
active C-cells.

However, it must be considered that our samples were from older
patients and that the number of calcitonin immunoreactive cells in
elderly can greatly vary [58]. Therefore, the presented results cannot be
translated one-to-one to younger specimens.

Altogether, these results warrant further research with larger case
numbers also involving younger individuals. Nevertheless our in-
vestigations strongly indicate TRPC1, 3, and 6 protein expression in C-
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Fig. 3. Calcitonin expression in the human thyroid (A and B). Inmunostaining with the calcitonin antibody in C-cells. Thyrocytes (1) and C-cells (2) are displayed (A
and B; 40 x magnification). Negative control staining of the calcitonin (C; 40 x magnification), TRPC1 (D; 40 x magnification), TRPC3 (E; 40 x magnification), and

TRPC6 (F; 40 x magnification) antibodies showed no DAB coloration.

cells. Considering that significant pathologies such as medullary thyroid
carcinoma originate from C-cells [38] and that TRPC channels are
involved in the development of cancer [25] further investigations could
yield interesting results. In this context, targeted therapies hitting
medullary thyroid carcinoma drivers such as the tyrosine kinase re-
ceptors VEGFR (vascular endothelial growth factor receptor), EGFR
(epidermal growth factor receptor), and MET (mesenchymal-epithelial
transition factor) yield promising results [59,60]. As a matter of fact, in
the context of renal cell carcinoma a link between TRPC6 and MET has
been observed as summarized in [4], foregrounding the increasing
translational interest in studying TRPC channels and their potential
involvement in Ca”"-signaling-linked tumorigenesis and/or tumor
progression.

4.4. Methodology and limitations

Immunohistochemistry is a highly specific method [61]. It can detect

small amounts of protein. In connection with the histological evaluation,
itnot only allows for evaluation of corresponding protein expression but
also protein distribution in a histological context. For this purpose, its
superiority to molecular genetic methods is obvious [62]. A serious
drawback is the lacking option of protein quantification. Furthermore,
immunohistochemistry doesn’t provide any information about the
channels integrity or activity. Besides, it must be addressed that the
method of immunochistochemistry is a multi-stage process and vari-
ability can be introduced at any stage leading to a more difficult
reproducibility of results. Tissue handling from body donors that were
fixated postmortem can show, for example, protein degradation [63] or
tissue liquification [64]. Importantdy, the surgical sample showed
similar results, ultimately indicating the transferability of the findings
[65]. Furthermore, tissue processing can lead to loss of information of its
natural state. While formalin as fixative method is widely used,
cross-linking of proteins as significant characteristic can interfere with
the antigens’ ability to react with the primary antibody [66,67]. In the
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0L 10 20 %

Fig. 4. TRPC1 protein expression in the human thyroid. Overview (A; 20 x magnification) and higher magnification microphotographs (B, C, and D; 40 x
magnification). Immunostaining-positive thyrocytes (1), C-cells (2), and immunostaining-deficient thyrocytes (3) are displayed.

Fig. 5. TRPC3 protein expression in the human thyroid. Overview (A; 20 x magnification) and higher magnification microphotographs (B, C, and D; 40 x
magnification). Immunostaining-positive thyrocytes (1), C-cells (2), and immunostaining-deficient thyrocytes (3) are displayed.
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Fig. 6. TRPC6 protein expression in the human thyroid. Overview (A; 20 x magnification) and higher magnification microphotographs (B, C, and D; 40 x
magnification). Immunostaining-positive thyrocytes (1), C-cells (2), and immunostaining-deficient thyrocytes (3) are displayed.

process of antigen retrieval, the conditions of heating and the pH of the
buffer solution during the heating process can influence the effective-
ness of the antigen retrieval [62]. Even though, our antigen retrieval was
performed using standardized techniques, one cannot exclude the pos-
sibility of undetected antigens. Moreover, no studies showing knockout
validation for the used monoclonal calcitonin antibody exist (SP17,
Invitrogen, Thermo Fisher Scientific, MA, USA). Uncertainty with regard
to potential lack in specificity is therefore given, although the staining
pattern was very plausible to reflect the C-cell distribution.

The heterogenous staining pattern described in TRPC1, 3, and 6
immunohistochemistry could be due to the above-described limitations.
With regard to the surgery sample, one cannot exclude the possibility
that neighbored thyroid tissue could have been affected on a biochem-
ical level from abnormal changes due to parathyroid adenoma, even
though the risk remains small as illustrated by previous studies, that
investigated TRPC channels using tumor nephrectomy tissue [36,68]. As
aforementioned, form and structure of thyrocytes can vary depending on
the state of activity. A correlation between thyrocyte activity and
staining intensity is possible [69,70]. As a matter of fact, highly pris-
matic and columnar cellular shape frequently corresponded to increased
staining intensity in all immunoreactive stainings with TRPC1, 3 and 6
antibodies, leaving this open for further interpretation. Finally, it also
needs to be kept in mind that staining intensity doesn’t necessarily
correlate with protein expression level.

This study analyzed a small case number. Thus, inter- and intra-
individual variances could have been missed. Additionally, all samples
were obtained from older patients. The results described in this study do
not mirror the conditions in younger specimens. Further investigations
are necessary to determine the translationability of our results.

5. Conclusions

The TRPC1, 3 and 6 proteins are expressed in thyrocytes and C-cells

of the human thyroid. Further studies are needed to investigate the
physiological function of these channels in thyrocytes and C-cells, and to
assess their involvement in cell-derived pathologies.
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ARTICLE INFO ABSTRACT

Keywords: Background: Expression and function of TRPC3 and TRPC6 in the pancreas is a controversial topic. Investigation
TRPC3 in human tissue is seldom. We aimed to provide here a detailed description of the distribution of TRPC3 and
TRPC6 TRPC6 in the human exocrine and endocrine pancreas.

g::]“cl::as Methods: We collected healthy samples from cadavers (n = 4) and visceral surgery (n = 4) to investigate the
Beta cell respective expression profiles using immunohistochemical tracing with knockout-validated antibodies.

Acinar cell Results: TRPC3- and TRPC6-proteins were detected in different pancreatic structures including acinar cells, as
Ductal cell well as epithelial ductal cells from intercalate, intralobular, and interlobular ducts. Respective connective tissue

layers appeared unstained. Endocrine islets of Langerhans were clearly and homogenously immunolabeled by the
anti-TRPC3 and anti-TRPC6 antibodies. Insular «, £, y, and § cells were conclusively stained, although no secure
differentiation of cell types was performed.

Conclusions: Due to aforementioned antibody specificity verification, protein expression in the immunolabeled
localizations can be accepted. Our study in human tissue supports previous investigations especially with respect
to acinar and insular o and p cells, while other localizations are here reported for the first time to express TRPC3

Immunohistochemistry

and TRPC6, ultimately warranting further research.

1. Introduction

The pancreas is an exocrine and endocrine gland of the gastrointes-
tinal tract that is critically involved in digestion and blood sugar ho-
meostasis [30]. The exocrine system relies on the acinar backbone that
comprises approximatively 80 % of the total pancreatic volume [4]. The
corresponding serous acinar cells produce the pancreatic juice — an
enzymatic cocktail containing representatives of the a-amylase, lipase,
and protease (e.g., trypsinogen and chymotrypsinogen) families [30].
Human adult specimens physiologically produce one to two liters of
pancreatic juice daily [30]. Importantly, the ductal cells modify the
pancreatic juice by abundant secretion of sodium bicarbonate
(~140 mmol HCOg3/liter) [28] to buffer the strong acidity of the im-
ported gastric juice [30]. In contrary, the endocrine pancreas is wide-
spread in form of so-called islets of Langerhans throughout the exocrine
background. Each islet of Langerhans is built up of several different
endocrine cell types including «, B, vy, and & cells, that respectively

secrete glucagon — a catabolic blood sugar-increasing hormone, insulin —
its anabolic blood sugar-reducing pendant, pancreatic polypeptide, and
somatostatin (Fig. 1) [30]. Meticulously regulated intracellular calcium
concentration oscillations have been suggested to be mandatory for both
exocrine and endocrine function with respect to acinar and f cells [21,
36]. Store-operated channels (SOC), that are activated by increased
cytosolic calcium levels subsequent to inositol 1,4,5-triphosphate
(IP3)-triggered endoplasmic reticulum calcium release, prolong the
signaling response of initially receptor-stimulated calcium increase thus
enabling various cellular functions including sustained exocytosis [21,
35]. In this context, Kim et al. found out that TRPC3 is critically involved
as SOC in calcium entry responsible for secretory function in acinar cells
[21]. TRPC3 belongs to a subset of tetrameric non-selective cation
channels referred to as transient receptor potential canonical (TRPC)
channels - a subfamily of the transient receptor potential (TRP) family
that accounts next to the canonical variation, also so-called melastatin,
vanilloid, polycystin, mucolipin, no mechanoreceptor potential C, and
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Fig. 1. The endocrine pancreas or the islet of Langerhans. About 80% of
insular cells are insulin-producing p cells. They are rather gathered at the islet's
centre, while glucagon-secreting « cells are rather described to accumulate at
the islets border. y (pancreatic polypeptide) and & (somatostatin) cells are also
displayed. Created with BioRender.com (Agreement number: BF25ZPS83F;
Toronto, Canada).

Pancreas

ankyrin subfamilies [34]. TRPC channels are expressed in different
human tissues where they are suggested to be involved in a wide range
of physiological functions (e.g, hearing [12], renal tubular calcium
reabsorption [10]) and pathophysiological conditions (e.g., oncogenesis
[10], cardiac hypertrophy [9]). As a matter of fact, their suggested
involvement also extends to endocrine organs other than the pancreas
such as the thyroid [3] or the parathyroid [23] gland for instance. Due to
extended sequence homologies [34], TRPC6 — an interesting close sub-
family member of TRPC3, has been reported to heteropolymerise with
TRPC3 to ultimately increase the functional diversity of TRPC channels
[24,48]. Especially TRPC3 has recently been suggested to be involved in
insulin secretion in pancreatic p cells [36]. However, contradictory
molecular investigations didn’t support TRPC3-expression in § cells [32,
37], ultimately foregrounding the need to further investigate TRPC3 in
the endocrine pancreas, as indicated by Rached et al. [36]. Another
relevant aspect represents the aforementioned human exocrine
pancreas, which has not been entirely submitted to TRPC
channel-focused research yet, although a few studies investigating its
serous acini appeared in the past.

To this end, and essentially inspired by Rached et al [36] we
investigated here in detail the expression of the non-selective cation
channels TRPC3 and TRPC6 in rarely available healthy human pancre-
atic tissue. Finally, we support TRPC3- and TRPC6-protein expression in
previously suggested localizations such as «, §, and acinar cells. Addi-
tionally, we provide clear evidence for the expression of these channels
in different ductal epithelia, and also suggest their localization in y and &
cells.

2. Materials and methods
2.1. Samples

Pancreas tissue was either obtained from human adults that decided
to donate their bodies to education and science after death (n = 4) or
from adult patients that had undergone visceral surgery (n = 4). All
investigations were conducted in an anonymous manner, approved by
the Ethics Committee of the Saarland Medical Association (163/20,
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130/21 respectively), and performed in accordance with the guidelines
of the Declaration of Helsinki. Informed consent was obtained from all
involved patients. Body donors had been fixed within 72 hours post-
mortem by injection of nitrite pickling salt-ethanol polyethylene glycol
fixation (NEP) through the femoral artery [26]. The corresponding
pancreatic samples had been removed by punch biopsy during dissec-
tion courses at the anatomical institute. Half of the body donors were
female, half male. The mean age was 79 with a standard deviation of 3.5
years. The samples obtained by surgery had been fixed within the sur-
gical schedule using 4 % buffered formalin. These pancreatic samples
had been extracted in the context of three Whipple pan-
creaticoduodenectomies and one Traverso-longmire pylorus-preserving
pancreaticoduodenectomy. Three of the patients were female, one male.
The mean age was 68.5 with a standard deviation of 1.1 year at the
surgery time-point. The patients were respectively operated because of
an adenocarcinoma of ductal type, a neuroendocrine pancreas tumor, an
adenocarcinoma of the distal choledochal duct, and a sessile tubular
duodenal adenoma. The here considered samples were tumor free and
age-appropriate, as evaluated and labeled by trained pathologists.

2.2. Tissue treatment and histology

Fixed samples were embedded in paraffin, sectioned at a thickness of
4 g, and mounted on glass slides. Hematoxylin & Eosin (H&E)-stained
sections were generated using routine techniques [5]. Briefly, samples
were serially rehydrated by incubation in 100 % xylol (15 min; VWR
International, Fontenay-sous-Bois, France) followed by decreasingly
concentrated ethanol solutions (100 % [10 min], 90 % [5 min], 80 %
[5 min]; Central Chemical Storage, Saarland University, Saarbrucken,
Germany), stained in Ehrlich hematoxylin (8 min; Carl Roth GmbH &
Co, KG, Karlsruhe, Germany), washed in distillated water and blued in
fluent water (12 min). Staining in 0.1 % eosin (210 s; Central Chemical
Storage, Saarland University, Saarbrucken, Germany) was adjusted in
90 % isopropanol, followed by final serial dehydration using 100 %
isopropanol (10 min) and 100 % xylol (15min). For immunohisto-
chemical staining of TRPC3 and TRPC6 paraffin was removed, and an-
tigen recovery was performed using citrate buffer (60 min, 95 °C). The
primary antibody (polyclonal anti-TRPC3, lyophilized, ACC-016, 1:50,
Alomone Labs, Jerusalem BioPark, Israel; polyclonal anti-TRPC6,
lyophilized, ACC-017, 1:50, Alomone Labs, Jerusalem BioPark, Israel)
was applied overnight and at room temperature. Instead of the primary
antibody, 1:500 diluted rabbit serum that was kindly donated by Dr.
Martin Jung was used for negative controls. A peroxidase labeled sec-
ondary antibody (HRP, Horseradish Peroxidase, anti-rabbit goat,
A10547; Invitrogen AG, Carlsbad, CA, USA) and diaminobenzidine
(DAB; incubation time = 5min) tetrahydrochloride as chromogen
(SK-4103 Vector Laboratories, Burlingame CA, USA) were added to
detect the primary antibody. Nuclear counterstaining with hematoxylin
(C. Roth, Karlsruhe, Germany) followed. According to the manufac-
turer’s (Alomone Labs, Jerusalem BioPark, Israel) information, the
anti-TRPC3 and anti-TRPC6 antibodies are knockout-validated and
designed to detect the corresponding channels in mouse, rat, and human
tissue. More specifically the anti-TRPC3 antibody (Peptide
HKLSEKLNPSVLRC) detects the amino acid residues 822-835 of mouse
TRPC3 that is localized to the intracellular COOH (carboxy-)terminus
and the anti-TRPC6 antibody (Peptide [CJRRNESQDYLLMDELG) rec-
ognizes the amino acid residues 24-38 of the mouse TRPC6 channel that
are localized to the intracellular N-terminus of the first transmembrane
segment. Detailed description of the molecular structure of these chan-
nels is provided elsewhere [43]. Knockout-validation of each of these
antibodies was also provided in other previously published reports,
making the here presented results trustable [13,15,50].

2.3. Evaluation

Finally, the slides were digitalized using the Nano Zoomer S210
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(Hamamatsu, Japan). Microphotographs were taken using the image
viewing software NDP.view2 from Hamamatsu (U12388-01, Hama-
matsu, Japan). No digital image editing applied.

3. Results

The cadaveric samples we first investigated featured advanced
autolysis impeding islet of Langerhans identification. Therefore, healthy
samples from visceral surgery were apprehended. The H&E staining
(Fig. 2) displayed peripancreatic fat tissue, hemorrhages (following
surgery), a lobar archi- and lobular parenchymatous subarchitecture
(not shown). Higher magnification allows clear recognition of the
parenchymatous structure involving serous acini (I'ig. 2A), their drain-
ing “intercalate” ducts (Fig. 2B and C), as well as larger intralobular
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(Fig. 2C, D, and E), and interlobular ducts (Fig. 2F). The major
pancreatic duct was unfortunately not displayed. Islets of Langerhans, in
turn, are well recognizable (Fig. 2G and H). Nevertheless, tissue quality
was different among the samples. We show here microphotographs
(Figs. 2,3, and 4) from the sample with less advanced autolysis - if at all
- that was surgically obtained due to a sessile tubular duodenal ade-
noma. The following description includes all samples, unless differently
mentioned.

Anti-TRPC3 immunohistochemical staining was detected in exocrine
acini (Fig. 3A and B) and in corresponding intercalate ducts (Fig. 3C). In
most cases, the entire acinar cells (plasma membrane and cytoplasm) of
the section plane were labeled by the chromogen, although intracellular
staining intensity was variable. Certain acinar cells featured indeed
stronger intracellular staining loci mimicking cell organelles (Fig. 3B).

Fig. 2. Hematoxylin & Eosin staining of the pancreas. Exocrine acinous tissue (A). Intercalate duct surrounded by acini (B). An intercalate duct flows into an
intralobular analogue (C). Intralobular duct surrounded by acini (D, E). Interlobular duct (F). Islet of Langerhans surrounded by acini (G). Islet of Langerhans

surrounded by acini (higher magnification; H).
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Fig. 3. TRPC3-protein expression in the human pancreas. Pyramid-shaped serous acinar cells (A). Pyramid-shaped serous acinar cells with increased isolated
intracellular staining (B). Intercalate duct (arrow) surrounded by acini. Two different lobules are distinguishable (C). Intralobular duct surrounded by acinous tissue
as observed in microphotograph B. Inner arrow indicates the ductal epithelium. Outer arrow represents the connective tissue layer (D, E). Interlobular duct. Ductal
epithelium is recognizable inside the demarcation, and connective tissue layer outside (F). Islets of Langerhans in lower (G) and higher (H) magnification.

The respective appearances were largely neighbored. However, this
staining pattern was essentially observed in the here depicted sample,
which may be attributable to varying autolysis in the three remaining
samples, that was howsoever noticeably less than in cadaveric tissue
(not shown). Intralobular ducts feature highly prismatic epithelial cells
that were immunoreactive suggesting TRPC3-protein expression
(Fig. 3D and E). In contrast, the surrounding connective tissue layer was
immunolabeling-deficient (Fig. 3D and E). Interlobular ducts were
seldom, but similarly to intralobular analogues stained with respect to
the luminal epithelium (Fig. 3F). The islets of Langerhans were immu-
noreactive and featured a homogenic signal distribution, thus not indi-
cating clear contrasts among the insular cells with respect to TRPC3-
expression. Insular capillaries were distinguished but remained

unstained (Fig. 3G and H). Negative controls did not display any DAB-
specific brown coloration (not shown).

As amatter of fact, a similar staining distribution was observed when
using the anti-TRPC6 antibody (Fig. 4). Indeed, exocrine acini were
stained. Again, in most cases the entire acinar cells (plasma membrane
and cytoplasm) of the section plane were labeled by the chromogen
(Fig. 4A and B). Interestingly, the anti-TRPC3-staining pattern
mimicking cell organelles, was not observed with anti-TRPC6-staining in
the same sample. The cuboidal cells of the intercalate ducts appeared
clearly stained (Fig. 4C). Highly prismatic epithelia of intralobular
(Fig. 4D and E) and interlobular (Fig. 4F) ducts were similarly stained,
whereas their connective tissue layers were mostly lacking immuno-
labeling. The endocrine islets of Langerhans were homogenously stained
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Fig. 4. TRPC6-protein expression in the human pancreas. Pyramid-shaped serous acinar cells in lower (A) and higher magnification (B). The demarcations delimit
the acinar cells in the plane. Centroacinar cells are recognizable (B). Intercalate duct (arrow) surrounded by acini (C). Intralobular duct (oblique sectioned plane: D;
transversal sectioned plane: E) surrounded by acinous tissue. Inner arrow indicates the ductal epithelium. Outer arrow represents the connective tissue layer (D, E).
Interlobular duct. Ductal epithelium is recognizable inside the demarcation, and connective tissue layer outside (F). Islets of Langerhans in lower (G) and higher (H)

magnification.

and seemed to tower above the exocrine backbone with respect to
staining intensity. Again, unstained insular capillaries were detected
(Fig. 4G and H). Negative controls did not display any DAB-specific
brown coloration (not shown).

4, Discussion

We provide here evidence that suggests TRPC3- and TRPC6-
expression in both the human exocrine and endocrine pancreas.
Immunohistochemical protein detection is highly sensitive and can
detect small channel amounts. Besides, it enables cellular and subcel-
lular localization of the protein in contrary to other detection methods.

Importantly, the use of knockout-validated antibodies as in the present
study is a critical factor for results trustability. Such immunohisto-
chemical investigations on the human pancreas, as performed here, are
rare, since commonly available pancreatic tissue from cadavers is often
impaired in quality. Manifestations such as tissue liquefaction, protein
degradation, and other artefacts are known to occur [17,52]. Instead,
samples need to be gained from visceral surgery, as previously done
[36], which is concomitant with further discussions concerning the
integrity and healthiness of the considered tissue. As mentioned above
the tissue was quality-checked by trained pathologists and labeled as
physiological and age-appropriate. Of course, pancreas tissue from older
patients cannot reflect conditions in younger specimens, which restricts
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the generalizability of any conclusions. Further, tumors, especially
malignant entities can affect protein expression in neighbored healthy
tissue. However, since not all of our samples were obtained from
cancer-affected organs, and similar patterns were observed indepen-
dently of the surgery indication, we assumed a good translationability of
our results. Also, similar approaches have been chosen previously to
investigate protein expression not only in pancreatic islets of Langerhans
[36], but also in other organs such as the kidneys for instance [7,11,25].
When interpretating the findings, it has to be kept in mind that our small
case number can lead to missing detection of potential variances in the
pancreatic protein expression profile. Thus, further studies involving
higher case numbers will be needed to verify the here presented results.

We detected TRPC3- and TRPC6-immunostaining throughout all
pancreatic samples. The exocrine tissue was widely stained, although
certain lobules or lobular segments of the best-preserved sample tended
to display noticeable intracellular signals following anti-TRPC3-
staining. Indeed, staining of both proteins was in most cases detected
in different cellular sublocalizations that included the plasma membrane
and the cytoplasm. As a matter of fact, conventional light microscopy
does not allow differentiation of cell organelles other than the nucleus
[19]. It is however conceivable, that organelles responsible for mem-
brane proteins (e.g., TRPC3 and TRPC6) synthetization, sorting, and
trafficking such as the endoplasmic reticulum and the Golgi apparatus
conditioned the observed cytoplasmic immunoreaction [39]. Kokubun
et al. discussed similar staining sources after having described TRPV1
and 2 channel-associated immunoreactivity that was rather localized to
the cytoplasm than to the plasma membrane [27]. In addition, further
studies reported the cytoplasmic localization of TRP channels in asso-
ciation with their functional mode [1,14,41]. That the anti-TRPC3
immunohistochemical signals were accentuated in certain lobules or
lobular segments could be ascribed to differing oxygen supplies that
ultimately dictate cellular metabolism [44]. Hepatocytes, for instance,
are known to display an alterable metabolism and thus a protein
expression depending on oxygen supply [49]. Why this phenomenon
was only observed with respect to TRPC3- and not TRPC6-staining is
unclear, although TRPC6-distribution was previously suggested not to
be affected by altered oxygen supply in the liver [47/]. This pattern was
essentially observed in the best-preserved sample, which can be ascribed
to in relation advanced autolysis in the other samples that renders such
cellular or subcellular considerations mechanistically impossible. Of
course, fixation artefacts as reason for differing representations cannot
be excluded either. Evidently, this rather mimics a case-report, and
further studies will be needed to address verification of these findings.

The relevance of these channels in acinar cells was established by
Kim et al. who first revealed acinar expression of the TRPC3- and TRPC6-
proteins in the murine pancreas [20]. Later, they demonstrated TRPC3
to be relevant for physiological exocytosis of pancreatic digestive en-
zymes by regulating the frequency of physiological cytosolic caleium
level oscillations [21]. TRPC3-deletion, that was employed in this study,
also reduced stimulated-pathological sustained cytosolic calcium levels,
decreased intracellular trypsin activation, and subsequently pancreatitis
severity [21]. Beyond, tools including TRPC3-knockout and pharmaco-
logical inhibition (TRPC3-inhibitor pyrazole 3 [Pyr3]) were later used in
experimentally-induced acute pancreatitis, to suggest that TRPC3 is a
critical influx-player in calcium-mediated toxicity and that its inhibition
can attenuate the SOC-associated pancreatitis [22]. The study from Du
et al. supported the relevance of TRPC3 and TRPC6 in acute pancreatitis,
by showing that microRNA-26a (miR-26a) targets the SOCs TRPC3 and
TRPC6, thus alleviating aforementioned physiological calcium oscilla-
tions and pathological sustained calcium elevations in acinar cells [8].
On one hand, miR-26a-deletion, led to increased SOC-expression, ulti-
mately exacerbating acute pancreatitis, while on the other hand
miR-26a-upregulation remarkably attenuated the histopathological
manifestations [8]. Together with our detailed histological studies in
human pancreas tissue, there is clear morphological and experimental
evidence for the benefit of TRPC3- and possibly TRPC6-inhibition as
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therapeutic tool in patients suffering from pancreatitis.

Investigations of pancreatic duct cells with respect to TRPC3- or
TRPC6-expression are significantly less compared to acinar cell studies,
and probably even not existent to the authors knowledge. Since, we
detected immunohistochemical signals in diverse pancreatic ducts,
questions arise concerning their function in these localizations. In tissue
analogy, functional TRPC3 was detected in salivary ductal cells [6].
Again, morphological and experimental studies will be needed to verify
our results by higher case numbers and to explore the role of TRPC3 but
also of TRPC6 in these eagerly bicarbonate-secreting cells. Besides the
aforementioned exocrine, endocrine, and ductal cells, pancreatic stellate
cells represent approximatively 7 % of all pancreatic cells, and have
been shown to be implied in pancreas pathologies [18]. These stellate
cells are commonly detected using specific immunohistochemical tar-
gets (e.g., vimentin, desmin, neural growth factor) [2,18], which has not
been performed here. However, there are studies that suggest relevance
of TRPC3 and TRPC6 in these cells. For instance, TRPC6 was shown to
modulate the hypoxia-response [33], while TRPC3 was recognized to be
relevant for cell migration especially promoting tissue fibrosis and thus
disease progression in the context of pancreatic ductal adenocarcinoma,
in which the channel was upregulated [31,40].

As mentioned above TRPC3-expression is less than clear in the
endocrine pancreas. While certain studies didn’t identify TRPC3 in
human pancreatic f cells [32,37], others observed that TRPC3-blockade
neither altered basal nor stimulated-insulin secretion in rat insulinoma
cell lines INS-1E [38]. In the same time period, however, both TRPC3
and TRPC6 were proven to be involved in « and B cell proliferation [16],
while only TRPC3 was shown to be implicated in PLC (phospholipase
C)/PKC (protein kinase C)/GPR40 (G protein-coupled receptor 40)
pathways resulting in cytosolic [Ca®*]-elevation leading to insulin
secretion in rat B cells [51]. Recenty, Rached et al. demonstrated
through immunofluorescence colocalization of TRPC3 and insulin in
human pancreatic islets, ultimately suggesting TRPC3-expression in
human f cells [36]. Similar patterns were observed in mice. Since
anti-TRPC3-signature was also detected at the islet’s borders,
TRPC3-expression was indicated in human o cells, as supported by our
study [36]. Functional relevance in these cells was also conceivable,
since glucagon secretion is similarly calcium-dependent, although
differently regulated than insulin secretion in B cells [45]. In this
context, Takatani et al. provided evidence supporting the involvement of
trpc3 gene in insulin-induced and IRS1 (insulin receptor substrate
1)-mediated glucagon regulation in « cells [42]. Morphological aspects
such as the respective islet localization of o and p cells and the centrif-
ugal insular blood flow play here an essential role [29,30]. Beside pre-
senting morphological findings, that are deepened by our results,
Rached et al. further identified TRPC3 to be essentially involved in
glucose-stimulated insulin secretion [36], which contrasts the afore-
mentioned results from Sabourin et al. [38]. Rached et al. [36] wied to
explain these discrepancies by use of suboptimal pharmacological in-
hibition and cell line in the reported publication [38]. Altogether, these
experimental studies highlight the relevance of TRPC3 and/or TRPC6 in
the endocrine system as well as its interest as therapeutic target. How-
ever, some of these studies didn’t refer to protein detection, and only few
were based on human tissue. From this point of view, our study in
human tissue supports most of the corresponding studies suggesting
TRPC3- and TRPC6-expression in islets of Langerhans. As a matter of
fact, no relevant staining differences were observed among the insular
cells in our study, suggesting a wide expression quite certainly involving
o and f cells due to their high insular proportion and possibly also y and
3 cells, in which these cation channels haven’t been investigated yet to
our best knowledge.

In conclusion, we verified here the wide expression pattern of TRPC3
and TRPC6 in the human pancreas, after their relevance was suggested
in different compartments including exocrine acinar, as well as endo-
crine o and B cells. Distinet localizations that include pancreatic ductal
cells, as well as possibly endocrine y and & cells warrant experimental
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research with respect to TRPC channel function.

Ultimately our study supports the concept of therapeutical TRPC3
and/or TRPC6 channel activation/modulation/inhibition [46] in
exocrine (e.g., pancreatitis) and endocrine (e.g., diabetes mellitus)
pancreatic conditions, that nevertheless needs to be further investigated.
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4.Synthese und Diskussion

4.1 Zusammenfassung der wichtigsten Erkenntnisse

Die drei Studien liefern neue Erkenntnisse Uber die Verteilung und von TRPC-Kanélen in
hormonproduzierenden Organen des menschlichen Kérpers.

Die Untersuchung der Expression von TRPC3 in der Nebenschilddrise zeigt, dass dieses
Protein bei Patienten mit pHPT signifikant herunterreguliert ist, wadhrend TRPCG6 in diesem
Zusammenhang keine Veranderungen aufweist.®’ Dies deutet darauf hin, dass TRPC3 eine
spezifische regulatorische Rolle bei der Sekretion von PTH spielen kénnte, was fiir die Er-
forschung von Stérungen des Ca?*-Stoffwechsels von besonderem Interesse ist.

Die Untersuchung der Expression von TRPC3 und TRPC6 in der menschlichen Schilddruse
zeigt, dass diese Kanale sowohl in Thyreozyten als auch in C-Zellen exprimiert werden.®°
Die heterogene Expression in Schilddrisenzellen deutet darauf hin, dass TRPC-Kanale
eine selektive regulatorische Funktion bei der Produktion und Freisetzung von Schilddru-
senhormonen haben kdnnten. Daruber hinaus kénnte ihr Vorkommen in C-Zellen, die fur
die Calcitonin-Sekretion verantwortlich sind, auf eine Beteiligung an der Ca**-Homdostase
hindeuten.

Die Untersuchung der Expression von TRPC3 und TRPC6 im exokrinen und endokrinen
Pankreas zeigt, dass beide Proteine in azinaren Zellen, Gangepithelzellen und Langerhans-
Inseln exprimiert werden.*® Dies weist auf eine mégliche Funktion sowohl in der exokrinen
Sekretion als auch in der Regulation der Insulinfreisetzung im Menschen hin, die vorab

experimentell angedeutet wurde.

4.2 Beitrag zur Forschung uber TRPC-Kanale

Zusammenfassend tragen diese Studien wesentlich zum Verstandnis der Verteilung und
potenziellen Funktion von TRPC-Kanalen im endokrinen System im Menschen bei. Wah-
rend die Herunterregulation von TRPC3 in der Nebenschilddrise eine neue pathophysiolo-
gische Perspektive fur pHPT eroéffnet, unterstreicht die weitreichende Expression von
TRPC3 und TRPC6 im Pankreas und in der Schilddrise ihre potenzielle Rolle in hormonel-
len Regulationsmechanismen. Diese Erkenntnisse bilden die Grundlage fur weiterfiUhrende
Untersuchungen zur funktionellen Bedeutung von TRPC-Kanalen in der endokrinen Physi-
ologie und mdglichen therapeutischen Zielstrukturen fir assoziierte endokrine Erkrankun-

gen.
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