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1 Introduction 

“Urinary tract infection (UTI) is some of the most com-

mon human bacterial infections” (Nickel 2019; Jhang 

and Kuo 2017; Wagenlehner et al. 2012; Werneburg et 

al. 2024) in urological clinics. UTI can be caused by 

bacteria in any part of the urinary system and ascend all 

the way up to the kidneys, or they may result in infertility 

(Stammler et al. 2015; Michel et al. 2015). The annual 

incidence of male patients is 3%, while the incidence in 

female patients is 12.6% (Jhang and Kuo 2017). The 

causes of the infection are numerous and varied (Jhang 

and Kuo 2017). The discrepancy in etiology between 

male and female cases can be attributed, among other 

factors, to the differing lengths of the routes of entry. To 

date, antibiotics remain the preferred treatment option 

(Nickel 2019; Wagenlehner et al. 2012; Nickel 2005). In 

female patients, antibiotic therapy is typically sufficient 

to achieve cure. However, the underlying pathology in 

males can be severe and is typically considered com-

plex due to the high likelihood of progression to the 

kidneys. Consequently, some cases may necessitate 

surgical intervention.  
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The primary physiological functions of the epididymis 

have been identified as maturation, storage, and 

transport of spermatozoa (Elfgen et al. 2018; Mietens et 

al. 2014). However, the epididymis also plays a role in 

detecting and expelling foreign bodies, such as viruses 

or bacteria, in order to prevent ascending infections 

(Michel et al. 2015; Schütz et al. 2015). 

The ductus epididymis of a mouse is approximately 1 m 

in length, whereas that of a  human is 6 m (Hinton et al. 

2011). It is composed of 10 segments (Jelinsky et al. 

2007), which form the caput (segments 1-5), corpus (6-

7), and cauda (8-10) of the epididymis (Jelinsky et al. 

2007). It is covered by a pseudostratified cylindrical 

epithelium. The main cell types currently identified in the 

epididymis are as follows:  

a) Principal cells (65-80%) (Trasler et al. 1988),  

b) Basal cells (10-20%) (Trasler et al. 1988),  

c) Apical cells (Robaire et al. 2015),  

d) Narrow cells (Robaire et al. 2015),  

e) Clear cells (3-10%) (Trasler et al. 1988), 

f) Halo cells (3-10%) (Trasler et al. 1988).  
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Basal cells are present in all segments of the epididymis 

(Robaire and Hinton 2002; Trasler et al. 1988), and it is 

generally accepted that they do not reach the lumen. 

However, recent observations have indicated that some 

basal cells in the epididymal duct also reach the lumen, 

where they may function as luminal sensors (Shum et 

al. 2008).  

Hinton posits that once the development of the epididy-

mis is complete, there is no further proliferation. Hinton 

hypothesizes that this may be the reason for extremely 

low incidence of cancer in the epididymis (Hinton 

Speech 23 Nov. 2023 in Gießen).  

In many organs, including the tongue (Avau et al. 2015; 

Schütz et al. 2015), trachea and lung (Krasteva et al. 

2011), antrum, fundus, duodenum, and colon (Avau et 

al. 2015; Schütz et al. 2015), urethra (Deckmann et al. 

2014), and testis (Xu et al. 2013), taste and taste-like 

receptors, e.g., Tas2r38 (for bitter sensing in human), 

Tas2r105, and particularly Tas2r108 (Wu et al. 2005; 

Avau et al. 2015), were identified. Among others, they 

contain a Tas2r108 receptor (Wu et al. 2005; Deckmann 
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et al. 2014; Avau et al. 2015), which reacts on ligands 

such as denatonium benzoate (Chandrashekar et al. 

2000; Xu et al. 2013). The cells that express Tas2r108 

may also have a Trpm5 cation channel (Hofmann et al. 

2003), which is necessary for the transduction of bitter 

sensing (Clapp et al. 2001; Pérez et al. 2002; Zhang et 

al. 2003; Banik et al. 2018).  

In other organs, bacteria trigger the aforementioned 

gustatory receptor-mediated signaling cascade, which 

may result in muscle contractions and ultimately serve 

as a protective mechanism (Deckmann et al. 2014; 

Krasteva-Christ et al. 2015; Deckmann et al. 2018). In 

2017, Carrey et al. (2017) demonstrated that the “prod-

uct(s) secreted by B. cereus induced nitric oxide (NO) 

production and increased ciliary beat frequency (CBF). 

The response exhibited notable inter-individual variabil-

ity and involved two crucial components of bitter taste 

signaling, phospholipase C isoform β-2 and the transient 

receptor potential melastatin isoform 5 ion channel 

(Trpm5).” (Carey et al. 2017). 
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The data revealed by the mouse model of ascending 

infections (Stammler et al. 2015) allow for the presump-

tion that bacteria in the lumen of the epididymal duct 

could affect the contractility of the smooth muscle layers 

surrounding the epithelium.  

The present research, aimed to investigate the pres-

ence of taste receptor components of the gustatory 

signaling cascade in the epithelium of the epididymal 

duct and to determine whether signaling by the corre-

sponding ligands such as denatonium benzoate triggers 

contraction of smooth muscle cells. 

In her doctoral thesis, Ludmilla Dorscht demonstrated 

that Tas2r108 receptors are present in the epididymis 

and that Trpm5 ion channels are found in the epithelium 

but not in the smooth muscle layer (Dorscht 2020) 

(Figure 2-1). 

The objective of this research is to identify cells in the 

epididymal duct that not only detect the invasion of 

foreign bodies but also trigger the contraction of smooth 

muscles to squeeze out invaders. This could potentially 
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prevent ascending infections and infertility and, thereby 

protect human evolution and species diversity. 

1.1 Epididymis 

 Anatomy 1.1.1

The epididymis (derived from the Greek words epi, 

meaning “on top“ and didymos, meaning “double“, 

“twin“) (Figure 1-1) is a male genital organ that is con-

nected dorsal to each of the two testes via the ducti 

efferentes testis. It primarily comprises a ductus epidi-

dymidis, which is approximately 6 m long in the human 

body. For comparison, the length of the ductus epidi-

dymidis of a mouse is approximately 1 m comprising 10 

segments (Figure 1-3; Aumüller and Wurzinger 2010; 

Schünke et al. 2015). The twisted organ’s physiological 

length of the human epididymis is approximately 6 cm, 

whereas the epididymis of a mouse is approximately 5 

mm in long. The epididymis is comprised of three prima-

ry sections (Figure 1-2 and Figure 1-3): caput, corpus, 

and cauda. The latter is connected to the ductus def-

erens. The tunica vaginalis testis provides cover for the 

epididymis. The two sheets, the outer periorchium and 

https://de.wikipedia.org/wiki/Griechische_Sprache
https://de.wikipedia.org/wiki/Processus_vaginalis
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the inner epiorchium, are connected to each other and 

together form the cavitas peritonealis scroti. The A. 

testicularis, the A. ductus deferentis, and the plexus 

pampiniformis are responsible for vascularization and 

sympathetic innervation (Ricker 1998). Lymphatic drain-

age is the responsibility of the NII. Lumbales and NII. 

Iliaci interni (Aumüller and Wurzinger 2010; Schünke et 

al. 2015). The ductus epididymis primarily houses im-

mature (caput and corpus) and mature (cauda) sperma-

tozoa, as well as essential hormones (e.g., androgen, 

estrogen, progesterone) (Leung et al. 1998), proteins 

(e.g., growth factors), and various cells that regulate the 

physiological environment (e.g., adjusting the pH value 

and temperature) in order to mature the spermatozoa’s 

ability to fertilize ova. Furthermore, the ductus epididy-

mis contains residual epithelial cells, macrophages, and 

fluid derived from the testis.  
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Figure 1-1: Photograph of a dissected epididymis 

Source: Photograph taken by Haas. 

 

Figure 1-2: Raw structure of the epididymis 

1 Epididymis, 2 Caput of epididymis, 3 Lobules of epidi-
dymis, 4 Corpus of epididymis, 5 Cauda of epididymis,  

6 Duct of epididymis, 7 Deferent duct (also known as 
the ductus deferens and as the vas deferens) 

Source: US Government 2006 
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Figure 1-3: Segmental structure of the epididymis of a 
mouse 

Segments 1-5 constitute the caput, including the initial 
segment,  

6-7 the corpus, and  

8-10 the cauda epididymidis.  

The initial segment is defined by the first two segments 
(Domeniconi et al. 2016).  

Source: Jelinsky et al. 2007  

 

 Function 1.1.2

The primary physiological functions of the epididymis 

are maturation (Bedford 1967), storage, and transport of 

spermatozoa (Mietens et al. 2014; Elfgen et al. 2018). 
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These are produced in the testis and reach the initial 

segment at the caput via the ductus efferentes. As 

immature spermatozoa are unable to move inde-

pendently, the ductuli efferentes possess kinocilia on 

their epithelial surface and exhibit spontaneous contrac-

tions of the underlying smooth muscle layer to facilitate 

sperm transport. The microvilli on the epithelium’s sur-

face promote the resorption of fluid with an estimated 

87% of the fluid being absorbed, thereby increasing the 

concentration of spermatozoa (Jones and Clulow 1987). 

The cauda is merged with the ductus deferens, which is 

connected to the urethra (Aumüller and Wurzinger 2010; 

Schünke et al. 2015). The ductus deferens, which is 

lined with a thick layer of smooth muscles, is responsi-

ble for transporting the mature spermatozoa during 

ejaculation. The total maturation and storage period in 

the distal part of the human epididymis is approximately 

12 days on average (Bedford 1994). Men with high 

production rates have a transit time of approximately 2 

days and a maturation time in caput and corpus of less 

than 2 days (Amann and Howards 1980). The total time 

required for the production of spermatozoa in the testis 
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and their subsequent transit through the epididymis is 

approximately 80 days (Schünke et al. 2015). The 

ductus epididymis and the ductus efferentes are deriva-

tives of the Wolffian body (Robaire et al. 2015). Sympa-

thetic innervation of the ductus deferens is maintained 

via the plexus testicularis, the plexus hypogastricus 

inferior, and the plexus deferentialis. The latter is re-

sponsible for the contraction of the ductus deferens, 

facilitating the transport of spermatozoa to a more distal 

location. The nervi splanchnici pelvici provide parasym-

pathetic innervation (Schünke et al. 2015; Aumüller and 

Wurzinger 2010). The smooth muscles of the epididymis 

exhibit spontaneous contractions (Figure 3-2).  

The pattern of spontaneous contractions demonstrates 

a decline in frequency from caput to cauda (Mewe et al. 

2006a) (Figure 1-4).  
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Figure 1-4: Spontaneous contractions of the epididymis 

without manipulation 

Source: Modified after Mewe et al. 2006 

 

Figure 1-4 demonstrates the inhibitory effect of adding 

8-Br-cGMP in all three segments. The inhibitory effect 

on the smooth muscle contraction of the caput is less 

pronounced in comparison to the other two segments.  

Following the removal of the epithelium  (Figure 1-5), 

the number of spontaneous contractions is significantly 

reduced (Mewe et al. 2006a). The introduction of nora-
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drenaline (NE) has been observed to result in an in-

crease frequency of contractions. Following the admin-

istration of 8-Br-cGMP, a reduction in frequency was 

observed (Figure 1-5).  

 

 

Figure 1-5: Spontaneous contraction following the re-
moval of the epithelium “X”  

Source: modified after Mewe et al. 2006a 
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Additionally, an experiment (Figure 1-6) demonstrated 

that the removal of all luminal content affects smooth 

muscle contraction and consequently the cGMP path-

way components (Mewe et al. 2006a).  

 

Figure 1-6: Spontaneous contraction in the absence of 

any lumen content “X”  

Source: modified after Mewe et al. 2006b 

 

The aforementioned experiments (Mewe et al. 2006a) 

and studies on the function of the eNOS (Mewe et al. 

2006a) led to the conclusion that epithelial factors must 

have an effect on smooth muscle contraction (Mewe et 

al. 2006a; Mewe et al. 2006b; Mietens et al. 2014). 
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 Histology 1.1.3

The ductus epididymidis is covered by a pseudostrati-

fied cylindrical epithelium. The main cells in the epidi-

dymis, known today as illustrated in Figure 1-7 (Robaire 

et al. 2015), are: 

a) Principal cells which represent 65-80% of the total 

cells in the epididymis, have a columnar shape 

with stereocilia on their apical side. They consti-

tute the majority of all epithelial cells throughout 

the epididymis and are situated on the basal cells 

(Trasler et al. 1988; Robaire and Hinton 2002; 

Leung et al. 2004). Principal cells are the primary 

columnar cells of the epididymis and are responsi-

ble for protein secretion and endocytosis. Principal 

cells contain proton pumps that regulate the acidi-

ty of the surrounding environment. At this stage, 

the spermatozoa require an acidic environment to 

prevent premature activation and maintain a 

dormant state during storage in the proximal re-

gion (Robaire et al. 2015). In an acidic environ-

ment, spermatozoa are unable to move (Welsch 
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and Deller 2011). Principal cell sub-clusters reflect 

the anatomical segmentation (Rinaldi et al. 2020). 

b) Basal cells (10-20%) are pyramid-shaped cells 

that sit on the basal lamina. It was believed that 

they do not reach the lumen. They are present in 

all segments (Trasler et al. 1988; Robaire and 

Hinton 2002). However, recent observations have 

indicated that some basal cells in the epididymal 

duct also reach the lumen, where they act as lu-

minal sensors (Shum et al. 2008). Basal cells ap-

pear to play a pivotal role in maintaining the blood-

epididymis barrier, and they may serve as stem 

cells for the epididymal epithelium (Mandon et al. 

2015). It is evident that there are various types of 

basal cells, yet the precise functions they serve 

remain uncertain (Rinaldi et al. 2020).  

With regard to basal cells, “it is not clear whether 

all basal cells within taste buds represent a com-

mon undifferentiated class of cells. Unambiguous 

markers for these cells have not been identified, 

and the exact significance of basal cells as a cell 
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population remains to be elucidated” (Chaudhari 

and Roper 2010). 

There are 3 times more basal cells in the caput 

than in the corpus and cauda (Shi et al. 2021). 

c) Clear cells (3-10%) are found in the caput, corpus, 

and cauda. They are responsible for maintaining a 

physiological pH value (Carr and Acott 1984; 

Trasler et al. 1988; Shum et al. 2008) through their 

vacuolar ATPase, which is an ATP-driven proton 

pump (Shum et al. 2011; Breton and Brown 2013; 

Robaire et al. 2015). Three distinct subtypes of 

clear cells have been identified. Two of these cell 

types are found throughout the epididymis, while 

the third is found exclusively in the caput and cor-

pus of the epididymis (Rinaldi et al. 2020).  

d) Apical cells lack connections to the basement 

membrane. Their primary function appears to be 

endocytosis (Robaire and Hinton 2002). They are 

found in the initial segment (Rinaldi et al. 2020). 

e) Narrow cells are present in the initial segment and 

intermediate zone only (Trasler et al. 1988; 
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Robaire and Hinton 2002; Cornwall 2009; Robaire 

et al. 2015). 

f) Halo cells (3-10%) may have immunological func-

tions (Trasler et al. 1988; Cornwall 2009; Robaire 

et al. 2015).  

g) Other cells, such as fibroblasts, smooth muscle 

cells, macrophages, and other immune cells 

(Bedford 1967; Rinaldi et al. 2020). 

 

 

Figure 1-7: Epididymis: main cell types in cross-section 
observed by light microscopy 

Source: Robaire et al. 2015 
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The epithelium is covered by a layer of smooth muscles 

that contract spontaneously (Figure 1-4, Figure 3-2) in 

order to transport the spermatozoa towards the cauda 

(Mewe et al. 2006a). Following the removal of the epi-

thelium, the number of spontaneous contractions is 

significantly reduced (Mewe et al. 2006a).  

Subsequently, the spermatozoa are transported from 

the cauda distally to the ductus deferens.  

The lumen size and smooth muscle layer thickness 

increase towards the cauda (Figure 1-8) while epitheli-

um height decreases towards the cauda. 
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Figure 1-8: Transport path of spermatozoa: comparison 
of the structures 

1: ductus efferentes, 2: ductus epididymidis, 3:  ductus 

deferens 

Source: modified after Aumüller and Wurzinger 2010 

A study reported the discovery of “a novel phenotype of 

conjunctival epithelial cells, i.e. a cholinergic cell with 

chemosensory traits. In analogy to recently described 

epithelial cholinergic chemosensory cells (CCC) in the 

thymic medulla, we propose the term “conjunctival CCC” 

for this entity. A unifying feature of these thymic and 

conjunctival CCC with cells of similar morphology and 

phenotype located in respiratory, gastrointestinal, and 

urethral mucosal surfaces is the expression of compo-

nents of the canonical bitter and umami taste transduc-

tion cascade, such as Gα-gustducin, PLCβ2, and 

Trpm5” (Wiederhold et al. 2015). 
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 T2R signaling cascade 1.1.4

“In mammals, the sense of taste helps in the evaluation 

and consumption of nutrients and in avoiding toxic sub-

stances and indigestible materials. Distinct cell types 

expressing unique receptors detect each of the five 

basic tastes: salty, sour, bitter, sweet, and umami. The 

latter three tastes are detected by two distinct families of 

G protein-coupled receptors, i.e. T1Rs and T2Rs. Inter-

estingly, these taste receptors have been found in tis-

sues other than the tongue, such as the digestive sys-

tem, respiratory system, brain, testis, and spermatozoa. 

The functional implications of taste receptors distributed 

throughout the body are unknown” (Li 2013). “Although 

taste receptors for sweet and umami (T1R), bitter (T2R), 

and salty (ENaC) are known, we know little about their 

across-species variations, and sour taste and ENaC-

independent salt taste are still poorly understood.” 

(Bachmanov et al. 2014). 
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Figure 1-9: Overview of the 5 taste transduction cas-
cades 

1) salty, 2) sweet, 3) umami, 4) bitter, 5) sour 

Source: Kanehisa et al. 2022 
ttps://www.genome.jp/pathway/hsa04742# 
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The taste transduction pathways are associated with the 

primary 5 taste characteristics (Figure 1-9). Tas2r re-

ceptors are integral to the bitter taste pathway 

(Kanehisa Laboratory in Kyoto University 2022).  

Tas2r108, also referred to as Tas2r8, seems to play a 

significant role in the lower gastrointestinal tract, facili-

tating a defensive response (Lu et al. 2017) and a 

mechanism to eliminate noxious irritants (Kaji et al. 

2009)., Tas2r108 and its downstream signaling mole-

cules, which connect to it, have been identified in the 

smooth muscle of the mouse gut. These molecules 

have been demonstrated to react with denatonium 

benzoate (Avau et al. 2015). The DNT”-induced contrac-

tion was further characterized in fundic muscle strips 

and was shown to be muscle-specific, since blockade of 

neurotransmission with tetrodotoxin (3 μ M) did not 

influence the contraction” (Avau et al. 2015).  

Figure 1-10 illustrates the interaction of gustducin het-

erotrimers (alpha-gustducin/Gbeta1/Ggamma13) (Fehr 

et al. 2007), which are activated by taste cell mem-

branes in the presence of the bitter compound dena-
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tonium benzoate (McLaughlin et al. 1993; Huang et al. 

1999; Xu et al. 2013). 

T2R receptors play a significant role in the defensive 

mechanism of the trachea. As illustrated in Figure 1-10, 

motile cilia utilize the T2R transduction pathway to fulfill 

a mechanical function (Shah et al. 2009).  

 

Figure 1-10: Tas2r108 receptor signaling cascade acti-
vated by denatonium 

Source: modified after Guinamard et al. 2011 
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T2R-agonists (e.g., denatonium benzoate) bind at the 

Tas2r108 Gq-protein receptors. The α-subunit of the G-

protein gustducin serves to activate the phospholipase 

C (PLC).  

The βγ-subunit of gustducin is responsible for the hy-

droxylation of the second messengers inositoltripsphos-

phate (IP3) and diacylglycerol (DAG) (Liman 2007b). 

These second messengers facilitate the opening of ion 

channels within the endoplasmic reticulum (ER), result-

ing in the release of calcium. This, in turn, activates the 

Trpm5 cation channel. Subsequently, monovalent ions 

(e.g., Na+) can enter the cell, resulting in its depolariza-

tion. This depolarization results in opening of voltage-

gated ion channels, thereby allowing the influx of extra-

cellular calcium (Liu and Liman 2003). Consequently, 

choline acetyltransferase (ChAT) facilitates the contrac-

tion of smooth muscles through intra- and/or extracellu-

lar effects. The latter is not clear yet. 

Taste signaling proteins, such as GNAT3 and Trpm5 

have been found in the gastrointestinal tract of mice 

(Bezençon et al. 2007). 
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Trpm5 has been identified as a taste transducer 

(Guinamard et al. 2011; Zhang et al. 2003). 

 

 Denatonium benzoate 1.1.5

Denatonium (National Center of Biotechnology Infor-

mation 2020), also known as denatonium benzoate 

(under various trade names such as BITTER+PLUS, 

Bitrex, or Aversion), is the most bitter chemical com-

pound known, with bitterness thresholds of 0.05 ppm for 

the benzoate and 0.01 ppm for the saccharide (US 

Consumer Product Safety Commission 1992). Its dis-

covery was first reported in 1958 by MacFarlan Smith of 

Edinburgh, Scotland, during research on local anesthet-

ics. It was subsequently registered under the trademark 

Bitrex (matthey.com 2017). 

Even at concentrations, as low as 10 ppm, denatonium 

benzoate is unpalatable and perceived as unbearably 

bitter. Denatonium benzoate is employed as an aversive 

agent to forestall the inadvertent ingestion of assorted 

substances, including denatured alcohol, antifreeze, 

preventive nail biting preparations, respirator mask fit-
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testing, liquid soaps, and shampoos (Pulce and 

Descotes 1996). No long-term health risks have been 

identified (matthey.com 2017).  

Tas2r38 (Meyerhof et al. 2010), a bitter taste receptor in 

the human body, and Tas2r108, a known bitter receptor 

in mice, react to denatonium benzoate (Avau et al. 

2015; Chandrashekar et al. 2000; Bachmanov et al. 

2014; Wu et al. 2005).  

The effect of denatonium benzoate is transmitted along 

the G-protein cascade (Figure 1-9, Ogura et al. 1997). 

 

 Trpm5 ion channels 1.1.6

Transient receptor potential (subfamily M melastatin-

like, number 5) cation channels (human gene nomencla-

ture 2019) are proteins that connect guanosintriphos-

phat-binding proteins to a transmembrane receptor in 

the cell membranes of certain cells (Figure 1-9, Figure 

1-10, Clapham et al. 2005, Abramowitz et al. 2007). 

From an evolutionary standpoint, Trpm5 cation channels 

represent an ancient gene in yeast. The subfamily of 
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TRPM channels was designated as such in reference to 

its inaugural identified member, Melastatin-1 (now des-

ignated Trpm1). 

The discovery of TRP channels dates back to the 

1960s, with the initial publication describing “Clock 

Mutants of Drosophila melanogaster” (Konopka and 

Benzer 1971). Subsequent studies have identified the 

presence of TRP channels in a multitude of organs 

(Garcia and Schilling 1997). In the mutants of the fly, the 

photoreceptors responded to light stimuli or depolariza-

tion only with a transient, i.e. rapidly inactivating mem-

brane current. In contrast, in the wild type (WT), the 

current persisted as long as light was incident on the 

photoreceptor or the depolarization was sustained. 

The Trpm5 receptor is an integral membrane protein 

comprising six membrane-spanning domains (Liman 

2007a; Banik et al. 2018). The N- and C-termini are 

intracellular. It is a monovalent-specific, non-selective 

cation channel for ions such as Na+, K+, and Cs+ 

(Prawitt et al. 2003; Hofmann et al. 2003).  
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The precise signaling transduction pathway remains 

uncertain to date. Nevertheless, it is evident that they 

are voltage-modulated and Ca2+-activated ion channels. 

They exhibit a response to transient Ca2+ changes in 

concentrations of 0.3-1 µM (Prawitt et al. 2003). Higher 

concentrations are reported to have an inhibitory effect 

(Prawitt et al. 2003). Trpm5 channels have been ob-

served to be active at temperatures between 15°C and 

35°C (Talavera et al. 2005).  

Trpm5 plays a role in the transduction of taste, mediat-

ing  the perception of bitter, sweet, and umami (Zhang 

et al. 2003; Damak et al. 2006; Talavera et al. 2008) as 

well as fat (Liu et al. 2011). 

Dorscht (2020) identified the Trpm5 protein in the epi-

thelium of the mouse epididymis. Additionally, Trpm5 

has been identified in tuft cells which are also known as 

brush or brush-cell like cells (Kaske et al. 2007) and 

other chemosensory cells (Deckmann et al. 2014; 

Deckmann and Kummer 2016).  

In 2017, Carey et al. demonstrated that “product(s) 

secreted by B. cereus induced NO production and in-
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creased ciliary beat frequency (CBF). The response 

varied markedly between individual patients and in-

volved two important components of bitter taste signal-

ing, phospholipase C isoform β-2 and the transient 

receptor potential melastatin isoform 5 ion channel 

(Trpm5).”  

In other organs, bacteria trigger the gustatory receptor-

mediated signaling cascade, which ultimately results in 

muscle contraction and serves as a protective mecha-

nism (Deckmann and Kummer 2016; Deckmann et al. 

2018). In the olfactory system, the absence of Trpm5 

cells with their microvilli has been demonstrated to play 

an important protective role (Lemons et al. 2017).  

A deficiency of Trpm5 channels may be contributing 

factor in the development of type 2 diabetes mellitus 

(Philippaert and Vennekens 2015; Vennekens et al. 

2018).  

It has been demonstrated that the Trpm5 cation channel 

is a critical component of the bitter taste transduction 

cascade. It has been demonstrated that wild type mice 

exhibit a response to denatonium benzoate, whereas 
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Trpm5 KO mice do not react to this substance (Banik et 

al. 2018). 

 

 Clinical relevance 1.1.7

Urinary tract infections (UTI) represent a significant 

clinical burden, with a high prevalence in urological 

clinics (Nickel 2019; Wagenlehner et al. 2012; Jhang 

and Kuo 2017). In most cases, these infections are 

caused by bacteria and are treated with antibiotics. 

However, in some cases, these infections can be partic-

ularly severe and may necessitate surgical intervention. 

Epididymitis is characterized by an increase in organ 

volume and severe pain. In rare cases, benign tumors 

such as adenocystoma or adenomatoid tumors may be 

observed (Hoffmann et al. 2000; Schütz and Waldner 

2018).  

It is evident that the loss of development or malfunction 

of the initial segment, which consists of segments 1 and 

2 in mice, is responsible for infertility as the epididymis 

plays a pivotal role in sperm maturation (Domeniconi et 

al. 2016). 
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It is noteworthy that Trpm5 cation channels have been 

identified as a potential contributor to lung cancer 

(Hantute-Ghesquier et al. 2018).  

Nevertheless, the aforementioned diseases of the epidi-

dymis have not yet been linked to malfunctions in the 

Trpm5 cation channels. 
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2 Objective of this research 

The objective of this research is to compare the contrac-

tion characteristics of the smooth muscles of the epidi-

dymis between wild type- and Trpm5 KO mice. This is 

done in order to verify the hypothesis that the gustatory 

signal cascade, specifically the epithelium-specific ion 

channels, namely the Trpm5 cation channels, are key 

for contraction and hence, the defense mechanism of 

the epididymis.  

The null hypothesis is that there will be no statistically 

significant impact of denatonium benzoate on the 

contraction pattern of the Trpm5 KO mice while the 

alternative hypothesis is expected to show a statistical-

ly significant variation in the contraction pattern of the 

smooth muscles of the epididymis of wild type mice. 

That means that it can be anticipated that no statistically 

significant results will be observed with regard to the 

frequency of smooth muscle contractions resulting from 

the absence of the Trpm5 cation channel. 

Dorscht (2020) demonstrated in her doctoral thesis that 

a) Tas2r108 receptors are present in the epididymis 
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(data not shown) and that b) Trpm5 ion channels are 

located in the epithelium but not in the smooth muscle 

layer (Dorscht 2020; Figure 2-1).  

 

 

Figure 2-1: Trpm5 ion channels located in the epithelium 

of the epididymis 

Trpm5 ion channels (red) 

Source: Dorscht 2020  

 

The taste receptor Tas2r108 (Avau et al. 2015; 

Deckmann et al. 2014; Avau et al. 2015) reacts on 

ligands such as denatonium benzoate (Chandrashekar 

et al. 2000; Xu et al. 2013). Cells expressing Tas2r108 
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may contain a Trpm5 cation channel (Hofmann et al. 

2003), which is essential for transducing bitter sensing 

(Clapp et al. 2001; Pérez et al. 2002; Zhang et al. 2003; 

Banik et al. 2018).  

The initial objective is to identify basal cells that reach 

the lumen (Shum et al. 2008) through immunohistologi-

cal techniques using keratin5 as marker for basal cells 

and in order to confirm the existence of these brush 

cells or brush-cell like cells (Shum et al. 2008) use 

Dclk1 as marker for the brush-cells.  

The objective is also to confirm coexistence of with 

basal cells with parts of the signal transduction cascade 

by using GNAT3 as marker for the taste proteins. 

Secondly, time-lapse imaging, which constitutes the 

primary component of this study, will investigate wheth-

er there are statistically significant differences in the 

contraction patterns of the epididymal duct when trig-

gered by denatonium benzoate in Trpm5 KO- and wild 

type-mice.  
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3 Material and methods 

3.1 Material  

 Origin of the research material  3.1.1

For this study, wild type C57BL/6N mice, also referred 

to as “black 6”, for positive control from the Jackson 

Laboratory, as well as the transient receptor potential 

cation channel subfamily M member 5 (Trpm5) knockout 

mice (Trpm5 KO mouse), were used. The latter’s ge-

nome has a deletion of the 174nt in the area of the 14th 

exon corresponding to the second transmembrane 

domain, as well as the introduction of a “Neo-LacZ 

cassette at the site of the deletion” (Riera et al. 2009).  

All animals were housed under standard laboratory 

conditions and killed by inhalation of an overdose of 

isoflurane (Abbott) and exsanguination in accordance 

with § 4 Abs. 3 of the Protection of Animal Act which 

permits the killing of vertebrates for scientific purposes.  
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The experiments were approved by the local authorities 

(Regierungspräsidium) and registered under the follow-

ing numbers: 

 Trpm5 KO mouse:   573_M 

 Wild type mouse (C57BL/6):  571_M 

The tissue used in our research was obtained from 15 

wild type (15 caput and 13 cauda) wild type and 13 

Trpm5 KO mice (13 caput and 10 cauda). 

The tissues of the epididymis, which were used for the 

primary experiment, and other organs, which served as 

controls, were obtained from non-perfused mice.  

Following the harvesting of the organs, they were per-

fused with PFA (4% paraformaldehyde in 0.1 M phos-

phate buffer at a pH of 7.4) and fixed with Zamboni or 

Bouin, then post-fixed overnight.  

Some organs were promptly frozen (without fixation) in 

liquid nitrogen for RT-PCR or cryostat cutting.  

The remaining organs were maintained in minimal es-

sential medium (MEM; Gibco, Invitrogen, Karlsruhe, 
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Germany) at 4°C until preparation within the subsequent 

one to two hours.  

 

 Software, equipment, consumables, solu-3.1.2

tions, kits 

Table 3-1: Software 

Name, Version Producer 

ImageJ 1.5x/ Fiji http://imagej.net/ 

Motic Images Plus 2.0 Motic Germany GmbH, 
Wetzlar 

Motic Images Plus 3.0 Motic Germany GmbH, 
Wetzlar 

GraphPad Prism 10.2 GraphPad Software, Inc., La 
Jolla 

Axiov. Rel 4.8 Zeiss, München 

Source: Own compilation 
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Table 3-2: Equipment 

Product Producer 

Agarose Gel Electro-
phoresis Chamber  

PeqLab, Erlangen 

Culture Dish Micro-
Observation Tempera-
ture Control System- 
and dish warmer 
T5NODR (8251-12-09) 

Biotechs, California 

Fluorescent micro-
scope, Axioskop 2plus  

Zeiss, München 

Gel-Documentation 
system  

Phase, Lübeck 

Kryostat, CM1900  Leica, Wetzlar 

Leica microscope MS5  Leica, Wetzlar 

MasterCycler Gradient  Eppendorf, Hamburg 

Nanodrop 2000 Spec-
trophometer  

Thermo Scientific, Waltham, 
USA 

Motic microscope Motic Germany GmbH, 
Wetzlar 

MoticCam 3.0 MP+ Motic Germany GmbH, 
Wetzlar 



Material and methods 

40 

MoticCam 3.0 MP Motic Germany GmbH, 
Wetzlar 

Motic Bi-okkular SMZ-
171 

Motic Germany GmbH, 
Wetzlar 

Source: Own compilation 

 

Table 3-3: Consumables  

Product Producer 

Cover glasses  Langenbrick, Em-
mendingen 

Delta T Dish Biotechs, California  

Eppendorf Tubes 
(0,5ml/1,5ml/2ml) 

Eppendorf, Hamburg 

Pipette tips 
(2,5/10/20/100/1000µl) 

Eppendorf, Hamburg 

Superfrost® Plus object 
holder 

R. Langenbrinck, Em-
mendingen 

Source: Own compilation 
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Table 3-4: Solutions 

Solution Producer 

I-Chloro-2,2,2Trifluoroethl-
Difluoromethylether (Isoflu-
ran) 

Abbott, Wiesbaden 

4‘6-diamidino-2-
Phenylindol (DAPI)  

Sigma-Aldrich, Stein-
heim 

β-Mercaptoethanol  Sigma-Aldrich, Stein-
heim 

Agarose  PeqLab, Erlangen 

Bovine serum albumin 
(BSA)  

Sigma-Aldrich, Stein-
heim 

DMEM/F-12 (1:1) Gibco®, Invitrogen, 
Grand Island, USA 

Denatonium benzoate
  

Molecula GmbH, Mün-
chen 

Acetic acid  Merck, Darmstadt 

Ethanol  Riedel de Haen, Seel-
ze 

Ethidium bromide Roth, Karlsruhe 

Formaldehyde solution Roth, Karlsruhe 

Glycerol  Roth, Karlsruhe 

Hepes Sigma-Aldrich, Stein-
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heim 

Isopropanol  Sigma-Aldrich, Stein-
heim 

Methanol  Fluka, Buchs, Switzer-
land 

Minimum Essential Medi-
um (MEM) 

Gibco® by life technol-
ogiesTM,, Grand, USA 

Natriumazid (NaN3) Sigma-Aldrich, Stein-
heim 

Natrium-Chlorid (NaCl)  Roth, Karlsruhe 

di-
Natriumhydrogenphos-
phat-Dihydrat (Na2HPO4) 

Roth, Karlsruhe 

Natriumdihydrogenphos-
phat-Monohydrat 
(NaH2PO4) 

Merck, Darmstadt 

Sodium hydroxide (NaOH)  Merck, Darmstadt 

Noradrenaline (Norepi-
nephrin)  

Sigma-Aldrich, Stein-
heim 

Normal horse serum Abcam plc, Cambridge 

Normal goat serum  Sigma-Aldrich, Stein-
heim 

Orang-G  Sigma-Aldrich, Stein-
heim 
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Paraformaldehyd  Roth, Karlsruhe 

Picric acid Fluka, Buchs 

Saccharose Roth, Karlsruhe 

Tissue-Tek O.C.T.  Sakura, Zoeterwoude, 
Netherlands 

Tris Roth, Karlsruhe 

Xylol Roth, Karlsruhe 

Source: Own compilation  



Material and methods 

44 

3.2 Methods  

 Immunostaining  3.2.1

For immunostaining, PFA and Zamboni fixed organs 

were washed overnight in 0.1 M phosphate buffer and 

run consecutively through a series of different sugar 

solutions (10%, 20%, 40% sucrose – each one sepa-

rately overnight) before freezing in nitrogen by using 2-

methylbutan. Additionally, Bouin-fixed tissues were 

paraffin-embedded. For immunofluorescence staining of 

cryo tissues, frozen specimens were cut into 10 µm 

sections and transferred to slides. The sections were 

then allowed to dry at room temperature. Paraffin-

embedded tissues were sectioned at a thickness of 5 

µm using the RM Leica 225, transferred to slides, and 

subsequently air-dried at 40°C in an incubator overnight. 

Following deparaffinization (xylol 3x5 minutes, ethanol 

(100%, 96%, 70%), aqua dest., PBS each 5 minutes), 

all sections (same protocol for paraffin and cryo) were 

washed in PBS and for blocking of unspecific protein 

binding sites treated with 2% normal horse (or normal 
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goat subject to the primary antibody) serum for 1h at 

room temperature.  

Subsequently, the specimens were incubated with pri-

mary antibodies (see table 3.2.1.1.1) overnight at 4°C in 

a humid chamber.  

The control samples were not incubated with primary 

antibodies.  

Subsequently, the slides were washed with PBS 

(2x10min.), stained with secondary antibodies (see table 

3.2.1.1.2), and 4’6-diamidino-2-phenyl-indole (DAPI) at 

room temperature for 1h in the dark. Finally, the cells 

were washed (2x10 min.) with PBS, followed by fixation 

with PFA and washed again (2x10 min.).  

All incubations were conducted in a “humid chamber”.  

Subsequently, the cuts were sealed with PBS+Glycerol 

(1:3) and stored at 4°C. 

Images were captured using the Zeiss Axioskop 2 Plus 

microscope. 
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The protocol can be found in the appendix on page 138 

(Figure 8-1). 

 

 Antibodies  3.2.1.1

3.2.1.1.1 Primary antibodies of the immunostain-

ing  

 

Table 3-5: Primary antibodies used for immunohisto-
chemistry 

Anti-

gen 
Abrev. 

Sup-

plier 

Sourc

e 

Dilu-

tion 

Func-

tion 

Cy-
tokerat
in 5 

Kera-
tin5 

Spring 
Biosci-
sci-
ence 
(Pleas
anton, 
USA) 

Rabbit 1:200 Basal 
cell 
mark-
er 

Cy-
tokerat
in 5 

Kera-
tin5 

Spring 
Biosci-
sci-
ence 
(Pleas
anton, 
USA) 

Chick-
en 

1:400 Basal 
cell 
mark-
er 

Cy- COX-1 Ca- Rabbit 1:200 Mark-
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cloox-
ygen-
ase 1 

yman 
Che-
mical 
(Ann 
Arbor, 
MI, 
USA) 

er for 
basal 
cells 
(Leun
g et al. 
2004)  

Gua-
nine 
nucle-
otide-
bind-
ing 
protein 
G(t) 
subu-
nit 
alpha-
3,  
also 
gustdu
cin 
alpha-
3 
chain 

GNAT
3 

Coava
lab 

Goat 1:800 
 

Enter-
oendo
do-
crine 
cells, 
immu-
nore-
activity 
(rat 
duode
de-
num), 
taste 
cell 
related 
mark-
er 
(Suth-
erland 
et al. 
2007; 
Höfer 
et al. 
1996) 

Double
ble-
cortin 
like 

Dclk1 abcam 
(Cam-
bridge, 
Eng-

Rab
bit 

1:1000 Enter-
oendo
do-
crine 
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kinase 
1 

land) cells, 
high-
lights 
micro-
tubule 
(Gerbe 
et al. 
2011) 

3.2.1.1.2 Secondary antibodies of the Im-

munostaining 

Table 3-6: Secondary antibodies used for immunohisto-
chemistry 

Name Supplier 
Dilution 
in PBS 

Alexa, 488  
Goat-anti-Rabbit-IgG 

Life technologies- 
Invitrogen  
(Darmstadt, Ger-
many) 

1:400 

Alexa, 546  
Donkey-anti-Goat-IgG 

Life technologies- 
Invitrogen  
(Darmstadt, Ger-
many) 

1:400 

Alexa, Cy3 
Goat-anti-Rabbit-IgG 

Life technologies- 
Invitrogen  
(Darmstadt, Ger-
many) 

1:400 

Cy311 
Donkey-anti-Rabbit-
IgG 

Merck Millipore  
(Schwalbach, 
Germany) 

1:400 
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FITC  
Donkey-anti-Chicken-
IgG 

Jackson Immuno 
Research (Diano-
va)  
(Hamburg, Ger-
many) 

1:800 

Sources: All tables in section 3 have been compiled by 

Haas  
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 Time-lapse imaging 3.2.2

In order to visualize the contraction of the epididymal 

duct, parts of the epididymal duct of the wild type and 

Trpm5 KO mouse were isolated by careful dissection 

under direct observation with a binocular microscope. 

Comparable segments were excised from the caput 

(segment 2) and cauda (segment 8) of the epididymal 

duct (Figure 3-1) from the tissue of each of the two 

mouse types. This signifies that a series of 4 distinct 

experiments was conducted.  

 

Figure 3-1: Mouse epididymis caput and cauda in differ-
ent magnifications 
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A collagen stock solution was prepared using collagen 

fibers isolated from four rat tails, which were conserved 

at -20°C. The rat tails were allowed to thaw in a solution 

of 70% ethanol, after which connective tissue was re-

moved. The collagen fibers were extracted from the 

tissue and soaked in 70% ethanol for 15 to 20 minutes. 

After drying, fibers were agitated at 4°C in 250 ml of 

0.1% acetic acid for 48 hours. The resulting viscous 

collagen suspension was subjected to centrifugation at 

4°C at 24,000 rpm under sterile conditions. The trans-

parent supernatant was subsequently stored at 4°C.  

One gram of collagen was combined with 150 ml of 

106DMEM/ F12 (Gibco, Invitrogen, Karlsruhe, Germa-

ny), 30 ml glacial acetic acid, 42 ml 0.5 M NaOH and 

22.5 ml HEPES with vortexing after the addition of each 

component. Upon the addition of NaOH, the solution 

undergoes a color change from pale yellow to pink and 

then back to yellow upon the addition of HEPES.  

Immediately upon pipetting at the bottom of the micros-

copy dish, the collagen began to undergo polymeriza-

tion.  
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The epididymal duct segment of each mouse was posi-

tioned in the center of the solution, and care was taken 

to ensure that the duct segment was fully covered with 

the collagen to prevent desiccation.  

Following a 30 minutes polymerization period at 37°C in 

an incubator, the dishes were covered with 1 ml of MEM 

to protect the samples and prevent tissue deterioration.  

Just prior to commencing data acquisition, 330 µl MEM 

was added to maintain liquid balance within the dish 

throughout the experiment.  

The dishes containing the epididymal duct segments 

were maintained at 34°C with images captured at one-

second intervals.  

The duct segment was monitored under transmitted light 

with a magnification of 25 using a Motic microscope with 

the Motic Cam 3.0.  

The movies were analyzed using ImageJ 1.5x (public 

domain software, NIH, USA, downloadable at 

http://rsb.info.nih.gov/ij).  

http://rsb.info.nih.gov/ij).
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Spontaneous muscle contractions were recorded in four 

phases; 1) no treatment (spontaneous contraction), 2) 

and 3) addition of denatonium benzoate (DNT), a bitter 

compound, at two different concentrations, 10 µM and 

100 µM, respectively. In the final phase, noradrenaline 

was administered to assess the viability of the tissue.  

The duration of the treatment period was 8 min for each 

of the 4 phases.  

To facilitate visualization of the contractions, time-lapse 

images were captured at a rate of one frame per second 

by creating a virtual section through the wall of the 

epididymal duct.  

When necessary, contrast enhancement was employed 

for enhanced visualization of minor peaks. The twitches 

were enumerated within a defined time frame of 300 

seconds to ascertain the frequency of contractions, 

ensuring comparability. Counting started 60 seconds 

after the application. 

Isolated segments of the epididymal duct from a wild 

type mouse (caput) and Trpm5 KO mouse (cauda) are 
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used for time lapse imaging (Figure 3-1, Figure 4-4, 

Figure 4-5).  

Figure 3-2A provides a representative snapshot of the 

movie, which depicts the caput segment 2 of the epidid-

ymal duct of wild type mouse. Figure 3-2B shows the 

time stack, a series of images captured over time, in a 

movie of the caput of a Trpm5 KO mouse.  

The reslices (Figure 3-2A and B), which represent the 

visual contractility derived from virtual sections through 

the corresponding time stacks at the outset (“no treat-

ment”) and following each treatment with 10 µM and 100 

µM denatonium benzoate for the respective duct seg-

ment, comprise the basis for the statistical analysis. 

These reslices reflect the spontaneous muscle contrac-

tion and the effects of the treatments.  
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Figure 3-2: Example of time-lapse imaging 

 

Raw data of caput and cauda for WT and Trpm5 KO 

mice epididymis is provided in the appendix (page 140). 
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The application of drugs is indicated by the colored 

frames (Figure 3-2A and B) illustrate the effects of sub-

stances in question. The small peaks observed at the 

reslice (Figure 3-2A and B) represent muscle contrac-

tions. 

As observed in the wild type mouse, the frequency of 

contraction increased in this example, whereas the 

Trpm5 KO tissue appeared unaltered following the 

application of denatonium benzoate.  

For purposes of enhanced visual clarity, the illustration 

does not depict the contractility resulting from noradren-

aline donation. This was solely a confirmation of the 

tissue’s vitality at the end of each experiment.  

 

 Statistical analysis 3.2.2.1

3.2.2.1.1 Data capturing and basic calculations 

The data for the time-lapse imaging was captured in 

Microsoft Excel spreadsheets, which are attached in 

section 8.6 of the appendix for reference (Table 8-1, 

Table 8-2). 
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3.2.2.1.2 Statistical methods 

A repeated measures (RM) one-way ANOVA 

(Ostertagova and Ostertag 2013) was performed using 

GraphPad Prism software for the statistical analysis. A 

one-way ANOVA hypothesis test follows a step-wise 

procedure by first stating the null hypothesis H0 and 

alternative hypothesis, then in step 2 decides on the 

significance level, α which is α = 0.05 followed by step 3 

computing the p-value. 

The experimental design was constructed in a manner 

that allows for the assumption of a Gaussian distribution 

of the date represented in each row. With regard to the 

issue of sphericity, the Geisser-Greenhouse correction 

was selected in accordance with the recommendation 

set forth in the literature (GraphPad 2023).  

A repeated-measures ANOVA was employed to com-

pare the mean of each column with the mean of every 

other column.  

To compute the P value, which represents the level of 

significance, the Tukey test (Lee and Lee 2018; 

GraphPad 2020) was employed as the multiple compar-
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isons test and the “correct for multiple comparisons 

using statistical hypothesis testing” option was selected, 

as recommended. The option was selected to report a 

multiplicity-adjusted P value for each comparison. Each 

P-value is adjusted to account for multiple comparisons. 

A 95% confidence interval was selected. If the Tukey 

test does not cross the 0, the result is statistically signif-

icant. GraphPad reports a q-value to compare Prism's 

results with texts or other statistical programs. Note that 

this use of the variable q is distinct from the use of q 

when using the FDR approach. 

Additionally, the F-value, which is the ratio between the 

variance within groups and the variance between 

groups, is displayed. A high F-value indicates that the 

variance between groups is greater than the variance 

within groups. This indicates that there is a statistically 

significant difference between the group means. 

The Tukey test is similar to the t-test, but has the special 

property that it keeps the error level constant at around 

5%. With the t-test, the probability of error would be 

beyond 40%. As mentioned above, the t-test is not 
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possible as this experiment consists of more than two 

random samples. 

The data were subjected to a normality test, namely the 

“omnibus K2” D’Agostino & Pearson test, which is a 

versatile and powerful tool for this purpose (D'Agostino 

1973). Moreover, normality was assessed using the 

Anderson-Darling, the Shapiro-Wilk and the Kolmogo-

rov-Smirnov tests (GraphPad 2020).  

Outliers were identified using the ROUT method at both 

the 1% and 10%, levels. ROUT set at 1% would be 

sufficient. However, to be more conservative, ROUT 

was set to 10%. 

The statistical analysis was discussed and agreed upon 

with the working group “Stochastics” of the Mathemati-

cal Institute at Justus-Liebig-University, Gießen.  

The results are presented in section 4.2.1 “Repeated-

measures one-way ANOVA” at a glance.  

The underlying data are presented in the appendix 

(page 140). Statistical terms are explained in the ap-

pendix (page 148). 
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4 Results  

Based on the objective of this research, the results are 

based on two pillars to characterize and compare the 

contractile patterns of the smooth muscle of the epidi-

dymis of wild type and Trpm5 KO mice:  

 

First (4.1 Immunohistology), immunohistological studies 

of mouse epididymis have been performed to detect and 

analyze basal cells and its subpopulation with slender 

processes towards the lumen. Keratin5 antibodies were 

used to visualize these basal cells. GNAT3 antibodies 

were used to detect proteins of the taste transduction 

cascade and Dclk1 antibodies as marker for tuft cells. 

 

Second (4.2 Time-lapse: Impact of Trpm5 ion channel 

on DNT induced contraction), after application of dena-

tonium benzoate it is hypothesized that there will be a 

statistically significant difference in the contractile pat-

tern of the smooth muscle of the epididymis of wild type 

mice, whereas there will be no statistically significant 

effect of the contractile pattern of the Trpm5 KO mice.  
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4.1 Immunohistology 

 Basal cells and their subpopulation with 4.1.1

cytoplasmic slender processes 

To search for keratin5-positive basal cells with slender 

processes towards the lumen, segments 2 (caput) and 8 

(cauda) of the paraffin-embedded tissue of the epididy-

mis of wild type mice were analyzed.   

 

In caput of segment 2 (Figure 4-1) shows segment 2 of 

wild type mouse epididymis stained with keratin5. The 

majority of cells represent basal cells with a wide body 

at the basal membrane. Also, there are several cells 

with similar shape but slender processes towards the 

lumen, i.e. a subpopulation of basal cells. The number 

of these cells is much smaller than the number of regu-

lar basal cells. In very few cases the slender process of 

this subpopulation reaches the lumen (Figure 4-3A; 

arrowhead ➤).  

The dashed line serves to visualize the transition from 

epithelium to lumen. 
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Figure 4-1: Wild type mouse epididymis caput basal 
cells immunostaining 

keratin5 with a subpopulation of basal 
cells with slender processes  

(arrowhead ➤) towards the lumen (---

dashed line) 

 

 Co-expression of basal cell and taste 4.1.2

transduction markers 

In a next step, double staining of a paraffin-embedded 

wild type mouse epididymis caput with keratin5 and 

GNAT3 confirms the presence of basal cells in the caput 
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that are reaching towards the lumen (Figure 4-1 and 

Figure 4-2A; green).  

 

There are also a few cells which are GNAT3 positive, 

i.e. contain proteins of the taste transduction cascade 

(Figure 4-2B; red). As outlined above, the taste trans-

duction cascade also contains a Trpm5 cation channel, 

which seems to be responsible for the contraction of the 

smooth muscles of the epididymal duct (see Figure 

1-10). 

 

Finally, a co-expression of both antibodies, keratin5 and 

GNAT3, could be found in wild type mice epididymis 

(Figure 4-2C). This demonstrates the co-existence of 

the taste transduction cascade in keratin5-positive basal 

cells and thus the relationship to smooth muscle con-

traction.  
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Figure 4-2: Double staining of WT ms epididymis with 
antibodies against keratin5 (green) and GNAT3 (red)  
and co-expression of keratin5 and GNAT3 (merge) of a 
subpopulation of basal cells with slender processes 

(arrowhead ➤) towards the lumen  

(---dashed line) 
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 Co-expression of basal cell and tuft cell 4.1.3

markers 

Double staining of a paraffin-embedded wild type mouse 

epididymis with keratin5 (Figure 4-3A, green) confirmed 

the characterization as a subpopulation of basal cells 

with a wide basis and an apical slender process into the 

lumen (arrowhead ➤), and Dclk1 (Figure 4-3B, red) as 

marker for tuft cells in keratin5-positive basal cells, i.e. 

represents the chemosensory function of the cells. 

The co-expression of both antibodies can be visualized 

(Figure 4-3C).  

This is a proof that the subpopulations of basal cells 

which contain chemosensory function reach the lumen 

of the epididymal duct in order to protect the organism 

against UTI.  
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Figure 4-3: Double staining of WT ms epididymis with 
antibodies against keratin5 (green) and Dclk1 (red)  
and co-expression of keratin5 and Dclk1 (merge) of a 
subpopulation of basal cells with slender processes 

(arrowhead ➤) reaching the lumen  

(---dashed line).   
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4.2 Time-lapse: Impact of Trpm5 ion channel on 

DNT induced contraction 

The dissected tissue (caput – segment 2 and cauda 

segment 8) of the epididymis of wild type and Trpm5 KO 

mice (Figure 4-4, Figure 4-5) was used to measure and 

analyze statistical significances in regard to smooth 

muscle contraction for both types of mice. The wild type 

mice contain a Trpm5 cation channel whereas the 

Trpm5 KO mice do not contain the Trpm5 cation chan-

nel. 
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Figure 4-4: WT and Trpm5 epididymis caput snapshots 
Dissected tissue of mouse epididymis segment 2 of 
caput for A wild type and B Trpm5 KO mouse. The red 
line marks the region of the tissue where the contraction 
was registered for the reslices (see Figure 4-6) 
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This study comprises 4 time-lapse experiments as out-

lined in section 3.2.2 with the objective of evaluating or 

confirming the hypothesis presented in section 2.  

In order to visualize the contraction of the epididymal 

duct, parts of the epididymal duct of the wild type and 

Trpm5 KO mouse were isolated by careful dissection 

under direct observation with a binocular microscope. 

Comparable segments (Figure 4-4A and B, Figure 4-5A 

and B) were excised from the caput (segment 2) and 

cauda (segment 8) of the epididymal duct from the 

tissue of each of the two mouse types. A series of 4 

distinct time-lapse experiments was conducted:  

1) Wild type caput and 2) Trpm5 KO caput (Figure 4-6),  

3) Wild type cauda and 4) Trpm5 KO cauda (Figure 

4-7).  
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Figure 4-5: WT and Trpm5 epididymis cauda snapshots 

Dissected tissue of mouse epididymis segment 8 of 
cauda for wild type (A) and Trpm5 KO mouse (B). The 
red line marks the region of the tissue where the con-
traction was registered for the reslices (see Figure 4-7) 
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60 photos per minute were taken (Figure 4-6A and B, 

Figure 4-7A and B), using a Motic microscope with the 

Motic Cam 3.0, and analyzed using ImageJ 1.5x (public 

domain software, NIH, USA, downloadable at 

http://rsb.info.nih.gov/ij) over a period of 8 minutes for 

each of the 4 phases generating a reslice (Figure 4-6A 

and B as well as Figure 4-7A):  

1) spontaneous contraction without any treatment, 2) 

application of denatonium benzoate (DNT) 10 µM, 3) 

application of denatonium benzoate (DNT) 100, 4) ap-

plication of noradrenaline to assess the viability of the 

tissue (not shown in the reslice) (Figure 4-6A and B, 

Figure 4-7A and B). 

The twitches were enumerated within a defined time 

frame of 300 seconds, start counting 60 seconds after 

the application, to ascertain the frequency of contrac-

tions and ensuring comparability (Figure 4-6A and B, 

Figure 4-7A and B). The amplitude remained un-

changed within each of the four experiments.  

However, as for wild type mice epididymis caput and 

cauda a change in frequency could be observed (Figure 

http://rsb.info.nih.gov/ij)%20over%20a%20period%20of%208%20minutes%20for%20each%20of%20the%204%20phases.
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4-6A, Figure 4-7A) from a stable spontaneous contrac-

tion pattern to a higher frequency after the application of 

DNT (10µM and 100µM). 

In Trpm5 KO epididymis caput and cauda, the frequen-

cy remained stable throughout the entire experiment 

(Figure 4-6B, Figure 4-7B), from spontaneous contrac-

tion to the application of 10µM DNT and 100µM DNT, 

respectively.  
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Figure 4-6: Time-lapse imaging WT and Trpm5 epidi-
dymis caput  

Reslice of mouse epididymis segment 2 of caput of wild 
type (A) and Trpm5 KO mouse (B). The image sections 
show the recording 60seconds after start of the experi-
ment and 60 seconds after each application: No treat-
ment (spontaneous contraction, green frame), after 
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application of 10µM (yellow frame) and 100µM (red 
frame) denatonium. 
 

A visual assessment of the resliced data, devoid of any 

scientific rigor, reveals a striking consistency in contrac-

tion patterns throughout the entire experiment (Figure 

4-6B, Figure 4-7B) for Trpm5 KO caput as well as cau-

da. As outlined in the summary of Table 4-8, the statisti-

cal result is “ns” (no significance) for both the Trpm5 

caput and the Trpm5 cauda. This confirms the visual 

impression noted here. 
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Figure 4-7: Time-lapse imaging WT and Trpm5 epidi-
dymis cauda  

Reslice of mouse epididymis segment 8 of cauda of wild 
type (A) and Trpm5 KO mouse (B). The image sections 
show the recording 60seconds after start of the experi-
ment and 60 seconds after each application: No treat-
ment (spontaneous contraction, green frame), after 
application of 10µM (yellow frame) and 100µM (red 
frame) denatonium. 
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As for the WT mice epididymis caput and cauda, the 

reslice (Figure 4-6A, Figure 4-7A) demonstrates the 

increase in contraction frequency. Finally, after data 

collection, a repeated-measures (RM) one-way analysis 

of variance (ANOVA) was employed to statistically 

assess the null hypothesis that the Trpm5 cation chan-

nel plays a significant role in the contraction of the epi-

didymal duct of the mouse (4.2.1 “Repeated-measures 

one-way ANOVA) and hence, no statistical significant 

results for the Trpm5 KO mice caput and cauda (Table 

4-9). Statistical significant results could be expected 

for the wild type mice epididymis contraction patterns for 

caput and cauda (Table 4-9) in order to confirm the 

aforementioned alternative hypothesis.   
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 “Repeated-measures one-way ANOVA” at a 4.2.1

glance 

As this experiment consists of more than two random 

samples, repeated-measures (RM) one-way ANOVA 

(Ostertagova and Ostertag 2013) had to be conducted 

in order to compute the p-values for the 4 time-lapse 

experiments. The significance level α was set to α=0.05 

as usual for similar scientific research projects.  

 

Data was normal distributed (Table 8-3, Figure 4-8D, 

Figure 4-9D, Figure 4-10D, Figure 4-11D).  

There were no outliers (Table 4-5).  

The matching for all 4 experiments is effective demon-

strating significant match (Table 4-7). 

 

Statistically significant results (Table 4-8,Table 4-9) 

could be observed for wild type mouse epididymis caput 

(Figure 4-8) and cauda (Figure 4-9) as shown in the 

graphical summaries below. There were no statistical-

ly significant results (Table 4-8,Table 4-9) for Trpm5 
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KO mice in either caput (Figure 4-10) or cauda (Figure 

4-11). 

Explanations of the statistical terms are provided in the 

supplement (page 148 Explanation of the statistical 

terms). 

 

 RM one-way ANOVA for WT mouse epidi-4.2.1.1

dymis caput 

The one-way ANOVA for WT mouse epididymis caput 

showed a significant effect of DNT on the frequency of 

smooth muscle contraction: F (1.578, 22.09) = 9.985,  

p < 0.05 (Table 8-4).  
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Figure 4-8: Wild type mouse epididymis caput - graphs 

In further detail, the RM one-way ANOVA results for the 

caput of the wild type mice (Table 4-9; Figure 4-8A, 

Table 4-1) revealed statistically significant differences 

between the ‘no treatment’ (spontaneous contraction) 

and the treatment phases. The application of ‘10 µM 

DNT’ yielded in a p-value of 0.0033, while the compari-

son between the ‘no treatment’ and ‘100 µM DNT’ 

phases yielded in a p-value of 0.0051.  

The comparison under the 95% confidence interval 

(Tukey) between the 10 µM DNT and 100 µM DNT did 

not yield a statistically significant difference  
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(p = 0.3361). However, the Tukey test is only 0.00663 

above 0 (numbers not shown, Figure 4-8B, Table 4-1). 

The differences plot (Figure 4-8C) shows a wider range 

as expected compared to the Trpm5 KO mice. 

The QQ plot confirms homoscedasticity, i.e. it shows 

that the scatter of the points around the straight line in 

the vertical direction is constant. The simultaneous 

display of both lines indicates that both the predictive 

relationship between the variables (auxiliary line - red) 

and the strength and direction of the correlation (correla-

tion line - black) are emphasized in the graph. As both 

lines are very similar, it  supports the assumption of a 

strong linear relationship. That indicates a normal distri-

bution as computed with the normal distribution tests 

(Figure 4-8D, Table 8-3). 

In summary of the first set of experiments of WT epidi-

dymis caput the statistical analysis resulted in the fol-

lowing data sets (Table 4-1): 
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Table 4-1: Tukey’s multiple comparison test: WT mouse 
epididymis caput 

 R
e

p
e

at
e

d
 m

e
as

u
re

s 
o

n
e

-w
ay

 A
N

O
V

A
 -

 M
u

lt
i c

o
m

p
ar

is
o

n
s

W
T 

m
s 

e
p

id
id

ym
is

 c
ap

u
t 

- 
D

at
a

In
p

u
t

N
u

m
b

e
r 

o
f 

fa
m

il
ie

s
1

N
u

m
b

e
r 

o
f 

co
m

p
ar

is
o

n
s 

p
e

r 
fa

m
il

y
3

A
lp

h
a

0,
05

O
u

tp
u

t

Tu
ke

y'
s 

m
u

lt
ip

le
 c

o
m

p
ar

is
o

n
s 

te
st

M
e

an
 D

if
f,

95
,0

0%
 C

I o
f 

d
if

f,
B

e
lo

w
 t

h
re

sh
o

ld
?

Su
m

m
ar

y
A

d
ju

st
e

d
 P

 V
al

u
e

0 
vs

. 1
0 

µ
M

-0
,0

15
1

-0
,0

24
93

 t
o

 -
0,

00
52

95
Ye

s
**

0,
00

33
A

-B

0 
vs

. 1
00

 µ
M

-0
,0

23
6

-0
,0

39
77

 t
o

 -
0,

00
73

53
Ye

s
**

0,
00

51
A

-C

10
 µ

M
 v

s.
 1

00
 µ

M
-0

,0
08

4
-0

,0
23

53
 t

o
 0

,0
06

63
3

N
o

n
s

0,
33

61
B

-C

Te
st

 d
e

ta
il

s
M

e
an

 1
M

e
an

 2
M

e
an

 D
if

f,
SE

 o
f 

d
if

f,
n

1
n

2
q

D
F

0 
vs

. 1
0 

µ
M

0,
07

98
0,

09
49

-0
,0

15
1

0,
00

38
15

15
5,

69
70

14

0 
vs

. 1
00

 µ
M

0,
07

98
0,

10
33

-0
,0

23
6

0,
00

62
15

15
5,

38
10

14

10
 µ

M
 v

s.
 1

00
 µ

M
0,

09
49

0,
10

33
-0

,0
08

4
0,

00
58

15
15

2,
07

30
14



Results 

82 

Input: The “number of families” equals the WT mouse 

caput (=1), the number of comparisons contains the 3 

different levels of measurement (spontaneous contrac-

tion, 10µM and 100µM DNT application), alpha was set 

at a p-value benchmark at α = 0,05. 

Output: The Tukey’s multi comparison test shows the 

results of the RM one-way ANOVA for the 3 different 

phases of the experiment, namely O (spontaneous 

contraction) vs. 10µM DNT (adjusted p-value p=0.0033) 

and vs. 100µM DNT (p=0.0051) respectively as well as 

10µM vs. 100µM DNT (p=0.3361).  

Also, the statistical test details (“mean difference”, 95% 

confidence interval of difference, if the result is below 

the threshold (i.e. 0,05), a statistical summary (with * 

highlighting statistical significance), the label of the 

effects (A = no treatment, B = 10µM DNT, C = 100µM 

DNT), mean1 and 2, difference of means, SE (standard 

error) of difference between the means, n1 and n2 (the 

number of subjects, i.e. mice), q and DF (degree of 

freedom = the number of subjects-1) are provided for 

the computation of the RM one-way ANOVA with a q-

value to compare it with other statistical computations. 
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It is evident that the caput can already be stimulated by 

a low dose of DNT without any further effects being 

observed at higher concentrations (i.e., ‘no treatment’ 

vs. 10 µM DNT). However, between 10µM and 100µM 

the effect is statistically not significant.  

 

 RM one-way ANOVA for WT mouse epidi-4.2.1.2

dymis cauda 

The one-way ANOVA for WT mouse epididymis cauda 

showed a significant effect of DNT on the frequency of 

smooth muscle contraction: F (1.702, 20.43) = 8.069,  

p < 0.05 (Table 8-5). 
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Figure 4-9: Wild type mouse epididymis cauda - graphs 

 

With regard to the cauda of the wild type mice epididy-

mis (Table 4-9 and Figure 4-9A, Table 4-2), the results 

are as follows: “No significant” difference was ob-

served between the ‘no treatment and 10 µM DNT 

phases (p = 0.9659).  

With regard to the cauda, a “significant” difference was 

observed in the following cases: The comparison be-

tween the ‘no treatment’ and ‘100 µM DNT’ yielded a p-

value of 0.0055, while the comparison between the ’10 
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µM DNT’ and the ‘100 µM DNT’ phases yielded in a p-

value of 0.0375. 

This suggests that the cauda may require a higher dose 

of DNT to increase its frequency compared to the caput.  

Being within the 95% confidence interval, the auxiliary 

and the correlation lines are very similar confirming the 

normal distribution of data (Figure 4-9D, Figure 4 7, 

Figure 4 8, Table 8 3). 

The differences plot (Figure 4-9C) and 95% confidence 

intervals (Tukey) show results which are expected with 

the wild type mice epididymis caput and comparable to 

the WT mice caput.  
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Table 4-2: Tukey’s multiple comparison test: WT mouse 
epididymis cauda 

 

The Tukey tests for the wild type mice caput and cauda 

(Figure 4-8B, Figure 4-9B, Table 4-1, Table 4-2,Table 

8-3) illustrate the statistically significant results for the 

wild type mice epididymis caput and cauda thus con-

firming the alternative hypothesis.  

 

 

  

Repeated measures one-way ANOVA - Multi comparisons

WT ms epididymis cauda- Data

Input

Number of families 1

Number of comparisons per family 3

Alpha 0,05

Output

Tukey's multiple comparisons test Mean Diff, 95,00% CI of diff, Below threshold? Summary Adjusted P Value

0 vs. 10 µM -0,0008 -0,009022 to 0,007469No ns 0,9659 A-B

0 vs. 100 µM -0,0128 -0,02159 to -0,004068 Yes ** 0,0055 A-C

10 µM vs. 100 µM -0,0121 -0,02342 to -0,0006902Yes * 0,0375 B-C

Test details Mean 1 Mean 2 Mean Diff, SE of diff, n1 n2 q DF

0 vs. 10 µM 0,0328 0,0336 -0,0008 0,0031 13 13 0,3555 12

0 vs. 100 µM 0,0328 0,0457 -0,0128 0,0033 13 13 5,5250 12

10 µM vs. 100 µM 0,0336 0,0457 -0,0121 0,0043 13 13 4,0020 12
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 RM one-way ANOVA for Trpm5 KO 4.2.1.3

mouse epididymis caput 

The one-way ANOVA for Trpm5 KO mouse epididymis 

caput showed no significant effect of DNT on the fre-

quency of smooth muscle contraction: F (1.368, 16.42) 

= 1.405, p > 0.05 (Table 8-6). 

 

 

Figure 4-10: Trpm5 KO mouse epididymis caput – 
graphs 
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Graph B demonstrates that all column means cross the 

zero value of the x-axis and thus indicating statistically 

not significant results. The data of Tukey’s multiple 

comparison test (Table 4-3) confirms that there is no 

statistically significant outcome for Trpm5 KO mouse 

epididymis caput. 

The differences plot (Figure 4-10C) shows very little 

volatility as expected around the x-axis. 

Being within the 95% confidence interval, the QQ plot 

confirms the normal distribution of data (Figure 4-10D). 
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Table 4-3: Tukey’s multiple comparison test: Trpm5 KO 
mouse epididymis caput 

 

 

 RM one-way ANOVA for Trpm5 KO 4.2.1.4

mouse epididymis cauda 

The one-way ANOVA for Trpm5 KO mouse epididymis 

cauda showed no significant effect of DNT on the 

frequency of smooth muscle contraction: F (1,531, 

13,78) = 2,844, p > 0.05 (Table 8-7). 

 

Repeated measures one-way ANOVA - Multi comparisons

Trpm5 KO ms epididymis caput - Data

Input

Number of families 1

Number of comparisons per family 3

Alpha 0,05

Output

Tukey's multiple comparisons test Mean Diff, 95,00% CI of diff, Below threshold? Summary Adjusted P Value

0 vs. 10 µM -0,0072 -0,02411 to 0,009758 No ns 0,5145 A-B

0 vs. 100 µM -0,0092 -0,02781 to 0,009383 No ns 0,4105 A-C

10 µM vs. 100 µM -0,0020 -0,01097 to 0,006890 No ns 0,8180 B-C

Test details Mean 1 Mean 2 Mean Diff, SE of diff, n1 n2 q DF

0 vs. 10 µM 0,0921 0,0993 -0,0072 0,0063 13 13 1,5990 12

0 vs. 100 µM 0,0921 0,1013 -0,0092 0,0070 13 13 1,8690 12

10 µM vs. 100 µM 0,0993 0,1013 -0,0020 0,0033 13 13 0,8614 12
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Figure 4-11: Trpm5 KO mouse epididymis cauda – 
graphs 

 

The differences plot (Figure 4-11C) shows very little 

volatility around the x-axis and is similar to the differ-

ences plot of the Trpm5 KO caput. The Normal QQ plot 

confirms normal distributed data (Figure 4-11D). 
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Table 4-4: Tukey’s multiple comparison test: Trpm5 KO 
mouse epididymis cauda 

 

 

The Tukey tests for the Trpm5 KO mice -given a 95% 

confidence interval- demonstrate that there are no 

statistically significant results for the Trpm5 KO mice 

caput and cauda (Figure 4-10A and B, Figure 4-11A and 

B).  

The results of the RM one-way ANOVA computations 

confirm the null hypothesis, namely that the Trpm5 

cation channel plays a pivotal role in smooth muscle 

contraction. That means that DNT does not statistical-

ly significant influence the frequency of smooth muscle 

contractions in Trpm5 knock-out mice epididymis.  

  

Repeated measures one-way ANOVA - Multi comparisons

Trpm5 KO ms epididymis cauda - Data

Input

Number of families 1

Number of comparisons per family 3

Alpha 0,05

Output

Tukey's multiple comparisons test Mean Diff, 95,00% CI of diff, Below threshold? Summary Adjusted P Value

0 vs. 10 µM -0,0043 -0,01733 to 0,008690 No ns 0,6378 A-B

0 vs. 100 µM -0,0100 -0,02344 to 0,003476 No ns 0,1512 A-C

10 µM vs. 100 µM -0,0057 -0,01351 to 0,002191 No ns 0,1647 B-C

Test details Mean 1 Mean 2 Mean Diff, SE of diff, n1 n2 q DF

0 vs. 10 µM 0,0460 0,0503 -0,0043 0,0047 10 10 1,3110 9

0 vs. 100 µM 0,0460 0,0560 -0,0100 0,0048 10 10 2,9290 9

10 µM vs. 100 µM 0,0503 0,0560 -0,0057 0,0028 10 10 2,8470 9
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 Data testing and outliers 4.2.2

As demonstrated in Table 8-3, all 4 experiments exhibit-

ed normal distribution (D’Agostino & Pearson test “om-

nibus K2 test“ (D'Agostino 1973). 

All 4 experiments demonstrated the absence of outliners 

as per the ROUT (Q=1% and 10%, respectively) method 

as illustrated in Table 4-5, which was generated using 

Prism GraphPad. 

 

Table 4-5: Outliers set at ROUT 10% 

 

 

 

WT caput Number of points 0 10 µM 100 µM

# Y values analyzed 15 15 15

Outliers 0 0 0

Trpm5 KO caput Number of points 0 10 µM 100 µM

# Y values analyzed 13 13 13

Outliers 0 0 0

WT cauda Number of points 0 10 µM 100 µM

# Y values analyzed 13 13 13

Outliers 0 0 0

Trpm5 KO cauda Number of points 0 10 µM 100 µM

# Y values analyzed 10 10 10

Outliers 0 0 0
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Table 4-6: Data summary 

 

 

As the data summary (Table 4-6) demonstrates, there 

were no missing values that could have had an adverse 

impact on the statistical calculations.  

  

Data summary
WT

caput

Trpm5 KO

caput

WT

cauda

Trpm5 KO

cauda

Number of treatments (columns) 3 3 3 3

Number of subjects (rows) 15 13 13 10

Number of missing values 0 0 0 0
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 Effective matching of experiments 4.2.3

If the matching is effective, the repeated-measures test 

will yield a smaller P value than an ordinary ANOVA. 

The repeated-measures test is a very powerful statisti-

cal tool as it allows for the separation of between-

subject variability from within-subject variability. 

 

Table 4-7: Effective matching of experiments 

 

 

The matching for all 4 experiments is effective demon-

strating significant match (Table 4-7) 

 

 Normal distribution tests 4.2.4

Normal distribution of the underlying data was tested 

using three different standard methods. All three con-

Was the matching effective?
WT

caput

Trpm5 KO

caput

WT

cauda

Trpm5 KO

cauda

F 19,3400 6,6850 14,6000 53,9000

P value <0,0001 <0,0001 <0,0001 <0,0001

P value summary **** **** **** ****

Is there significant matching (P < 0.05)? Yes Yes Yes Yes

R squared 0,8495 0,7495 0,8136 0,9534
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firmed normal distribution of the underlying data (Table 

8-3). 

 

 Overview: Statistical significance 4.2.5

As per recommendation by GraphPad, sphericity had 

not been assumed, as the variances differ between 

columns. Therefore, the Geisser-Greenhouse’s epsilon 

was computed. In summary, the Geisser-Greenhouse’s 

epsilon leads to a higher P-value, thereby introducing a 

degree of statistical protection into the calculations. This 

allows a conservative interpretation of the p-values and 

thus, supports a robust statement about the results. 

Furthermore, the statistical significance is corroborated 

by a comparison of the F-ratios, which take a 5% confi-

dence interval into account (Table 4-8) with Fcrit < F-ratio 

for the wild type mice. Fcrit is derived from the table 

shown in Figure 8-3. 

The overall results of the 4 RM one-way ANOVA for the 

four groups (Table 4-8) indicate that there is no signifi-

cant P value for both the Trpm5 KO mice  caput and 
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cauda, respectively. However, the results for the WT 

mice caput and cauda are statistically significant 

 

Table 4-8: RM one-way ANOVA result: Summary 

 

 

As the F-ratio exceeds Fcrit for WT ms epididymis caput 

and cauda, the null hypothesis can be rejected and it 

can be concluded that the differences in group means 

are statistically significant (Table 4-8). 

 

It is evident that the absence of the Trpm5-cation chan-

nel was the cause of the lack of significant variances in 

the responses of the smooth muscles to denatonium 

benzoate, In other words, the contraction patterns of the 

Trpm5 KO mice were not significantly affected by 

Trpm5 KO

caput

Trpm5 KO

cauda

WT

caput

WT

cauda

Repeated measures ANOVA summary

Assume sphericity? No No No No

F-ratio 1,4050 2,8440 9,9850 8,0690

Fcrit 3,5900 3,7400 3,4400 3,4700

Statistically significant (5% conf. interval)? No No Yes Yes

P value 0,2645 0,1022 0,0016 0,0037

P value summary ns ns ** **

Statistically significant (P < 0.05)? No No Yes Yes

Geisser-Greenhouse's epsilon 0,6840 0,7656 0,7888 0,8512
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denatonium benzoate (Table 4-9, Figure 4-10, Figure 

4-11, Table 8-6, Table 8-7). In contrast, the wild type 

mice exhibited statistically significant frequency 

changes in their denatonium benzoate-stimulated con-

traction patterns (Table 4-9, Figure 4-8, Figure 4-9, 

Table 8-4, Table 8-5).  

The Geisser-Greenhouse’s epsilon allows evaluating 

the violation of the assumption of sphericity. The values 

(Table 4-8) show for Trpm5 KO mice caput a value of 

0.6840 which indicates a moderate violation of the sphe-

ricity. The value of 0.7656 for Trpm5 KO mice cauda 

indicates a moderate violation. The values of 0.7888 

and 0.8512 for WT mice epididymis caput and cauda 

indicate almost no violation. That means that the differ-

ence for the latter is minimal and should not have an 

impact on the results of the study.  

 

Details are illustrated in Tukey’s multiple comparison 

test (Table 4-9) and in the previous sections with details 

for each of the 4 experiments (Table 4-1, Table 4-2, 

Table 4-3, Table 4-4, Table 8-4, Table 8-5, Table 8-6, 

Table 8-7). 
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The differences plots (Figure 4-8C, Figure 4-9C, Figure 

4-10C, Figure 4-11C) show higher differences in the 

contraction patterns for the wild type mice caput and 

cauda compared to the much smaller differences for the 

Trpm5 KO mice caput and cauda. This is in line with the 

expectation confirming the alternative hypothesis that 

the Trpm5 ion channel is relevant for the contraction 

pattern of the smooth muscles of the mouse epididymis 

and thus, higher changes in contraction frequencies of 

wild type mice epididymis smooth muscles.  
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Table 4-9: Summary of Tukey's multiple comparison 
tests 
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5 Discussion  

The present study describes a group of epithelial cells in 

the mouse epididymis appear to constitute a subpopula-

tion of basal cells with tiny cytoplasmatic projections 

directed towards the lumen (see Figure 4-1) and some 

reaching the lumen (see Figure 4-3). Moreover, they 

exhibit chemosensory attributes, expressing compo-

nents of the taste transduction cascade (Huang et al. 

1999; Shum et al. 2008). A screening of mouse epidi-

dymis sections revealed that only a small number of 

basal cells reach the lumen. Additionally, Shum et al. 

(2008) characterized these basal cells as dynamic 

properties subject to a local regulation in different re-

gions of the epididymis. In other words, this slender 

cytoplasmatic projection is developed when necessary. 

It has been previously described that basal cells initially 

emerge in the basal region of the duct epithelium during 

postnatal development. However, over time they can be 

found in the upper sections as well (Seiler et al. 1998). 

In the rat epididymis, the first observation of a basal cell 

with a luminal projection was made after postnatal week 

8 (Shum et al. 2013). This capacity of basal cells to 
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reach the lumen is described as a property that varies 

across different regions of the epididymis (Shum et al. 

2013). Tuft cells, which are also known as brush cells, 

have been described as differentiated basal cell popula-

tion in other organs, such as the tracheal epithelium 

(Saunders et al. 2013). Additionally, they have been 

observed to co-express Trpm5, ChAT and Gα-

gustducin, also known as GNAT3 (Saunders et al. 

2013). Moreover, Dorscht (2020) identified the 

chemosensory characterization of the non-neuronal-

cholinergic cells of the epididymal epithelium by detect-

ing components of the taste transduction cascade. 

These brush cells have been repeatedly documented in 

many other organs, including the respiratory and gastro-

intestinal tracts, as well as the urethra (Krasteva et al. 

2011; Deckmann et al. 2014; Schütz et al. 2015).  

The present study confirms the existence of basal cells 

with slender cytoplasmic projections extending to the 

lumen (see Figure 4-1) and in rare cases until the lumen 

(see Figure 4-3).  

The presence of numerous components of the taste 

cascade, including the taste receptor Tas2r108, Plcb, 
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and the Trpm5 cation channel, has been observed in 

the epididymis (Dorscht 2020). The latter facilitates the 

influx of Na+, which depolarizes a calcium channel, 

allowing the influx of Ca2+ and ultimately leading to 

smooth muscle contraction. 

Denatonium benzoate, a bitter compound, has been 

demonstrated to bind to the taste receptor (Huang et al. 

1999), predominantly on the Tas2r108 (Chandrashekar 

et al. 2000; Foster et al. 2014). It affects the spontane-

ous contractility of the epididymal duct’s smooth muscle 

cells (see Table 4-9, Figure 4-8, Figure 4-9). The 

smooth muscle cells of the epididymis are responsible 

for the transport of spermatozoa, which could be influ-

enced by different drugs (Mewe et al. 2006a; Mietens et 

al. 2014). During this research, the described denatoni-

um benzoate effect was observed at an absolute con-

centration of 10 µM and resulting in a significant fre-

quency change of the spontaneous contraction of the 

epididymal duct (see Table 4-9, Figure 4-8, Figure 4-9) 

in wild type mice. It is likely that this effect is dependent 

on the epididymal brush cells, which appear to activate 

the smooth muscle layer that surrounds the epithelium.  
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Additionally, brush cells in other organs, such as the 

trachea and urethra have been shown to influence the 

contraction of smooth muscle cells (Krasteva et al. 

2011; Deckmann et al. 2014) and the epithelial defense 

program (Perniss et al. 2023). 

A comparable frequency change was not observed in 

the Trpm5 KO mouse epididymal duct (see Table 4-9, 

Figure 4-10, Figure 4-11).  

These findings align with those of Damak et al. (2006), 

who observed a diminished response to bitter com-

pounds in the tongues of Trpm5 KO mice (Damak et al. 

2006; Banik et al. 2018).  

The co-expression of Trpm5 and Tas2r has been previ-

ously demonstrated (Zhang et al. 2003). The Trpm5 

cation channel has been confirmed in the epididymis 

(Dorscht 2020). 

It has been demonstrated that Tas2r bitter receptors are 

co-expressed with Gα- gustducin and that they can 

activate this G protein in vitro (Chandrashekar et al. 

2000). Additionally, Tas2r108 has been demonstrated to 
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function as an agonist of denatonium benzoate eliciting 

a robust Ca2+ response (Foster et al. 2014).  

 

5.1 Impact by material and methods 

 Critical evaluation of this research project 5.1.1

 Immunohistology: Strengths and limita-5.1.1.1

tions 

The immunohistochemistry technique is a valuable tool 

for identifying cell or tissue antigens, which can be 

specific to a range of amino acids, proteins, and cells. 

However, it is not without limitations. 

The analysis of the tissue is conducted in two steps:  

1. Preparation of the slides including the stages 

involved in the reaction, and  

2. Interpretation and quantification of the ob-

tained expression.  

“The acquisition, handling, fixation, specimen delivery to 

the laboratory and antigen retrieval are all critical fac-

tors.” (Matos et al. 2010).  
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In the present study, 6 µm thick tissue slices and the 

aforementioned protocol were used by our research 

group during the past couple of years. Consequently, 

the primary constraints are attributable to deficiencies in 

the handling process. Keratin5 proved highly effective in 

identifying basal cells. Also, as previously described 

(Shum et al. 2008), there are several cells with slender 

processes towards the lumen, i.e. a subpopulation of 

basal cells. In searching for cells where the cytoplasmic 

projection reaches the lumen, it is possible that the 

number of aforementioned cells reaching the lumen may 

be greater than observed, as the sample may have 

been cut prior to reaching that area. The shape of the 

basal cells is similar to a pyramid. When cutting 6µm 

sections visualizing the wide basis is much more likely 

compared to the slender apical part of these cells in the 

same sample.  

The co-expression was observed between keratin5 and 

COX1 (not shown), keratin5 and GNAT3 (see Figure 

4-2) as well as keratin5 and Dclk1 (see Figure 4-3).  

The aforementioned marker proteins for tuft cells and 

their co-expression were previously shown in other 
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organs: It has been suggested that cells expressing 

Trpm5, which are believed to be tuft cells, were previ-

ously shown to express the cyclooxygenase 1 and 2 

(COX1 and COX2) enzymes (Bezençon et al. 2008). 

Additionally, recent findings indicate that the expression 

of the Dclk1 protein serves as a specific marker for tuft 

cells (Gerbe et al. 2011). 

This research can be compared with a study about the 

intestinal epithelial cells. It has been suggested that 

Dclk1 plays a critical functional role in the epithelial 

restorative response (May et al. 2014). Furthermore, it 

has been established that Dclk1-expressing tuft cells 

influence the regulation of the entire intestinal epithelial 

cell population following injury through a paracrine 

mechanism. These findings imply that intestinal tuft cells 

are important in regulating the ATM (ataxia-

telangiectasia mutated) mediated DNA damage re-

sponse, contributing to epithelial cell survival and self-

renewal via a Dclk1-dependent process. These mecha-

nisms are considered essential for restitution and proper 

function following severe radiation-induced injury 

(Chandrakesan et al. 2016). 
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Tuft cells, which express Dclk, form a distinct intestinal 

epithelial lineage separate from enterocytes, Paneth 

cells, goblet cells, and enteroendocrine cells. These 

cells are characterized by the expression of taste-

related receptors, specific transcription factors, and their 

close interactions with the enteric nervous system, 

hinting at their role in chemosensation. Recent studies 

have also highlighted their interaction with immune 

system cells, suggesting they play a critical part in regu-

lating responses to intestinal parasites. Furthermore, the 

removal of tuft cells significantly hinders epithelial prolif-

eration and tissue regeneration after injury, indicating 

their involvement in modulating epithelial stem and 

progenitor functions. Additionally, tuft cells expand in 

conditions of chronic inflammation and in preneoplastic 

tissues, suggesting they might play an early role in 

inflammation-driven tumorigenesis. The evidence points 

to tuft cells as essential regulators within the intricate 

network of the intestinal microenvironment (Middelhoff 

et al. 2017). 
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 Time-lapse imaging: Strengths and limita-5.1.1.2

tions 

Time-lapse imaging offers a valuable approach for 

systematically evaluating and studying contraction pat-

terns of smooth muscles in diverse organs over extend-

ed periods. 

 The frequency of spontaneous smooth muscle contrac-

tions in the epididymal duct could be visualized by creat-

ing a reslice using ImageJ (see Figure 3-2A and B, 

Table 3-1). The reslice may be employed for the pur-

pose of computing the contraction frequency. However, 

merely observing the video without creating a reslice 

does not yield reliable data regarding the contraction 

pattern and frequency.  

As demonstrated by the findings of our research group, 

time-lapse imaging is a reliable tool for both shorter 

(minimum of 5 minutes) and longer observation periods 

(Mietens et al. 2014, Kügler et al. 2018).  

Collagen serves to fix the prepared tissue sample with-

out restricting its movement. The application of heating 

electrodes ensures that the temperature of the sur-
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rounding environment is within physiological range. In 

comparison to organ bath studies, there is no necessity 

to:  

1. Clamp the tissue between two clamps, and  

2. Establish a pretension following the clamping 

of the tissue.  

Both procedures have the potential to alter the tissue 

and consequently, its function. Nevertheless, organ bath 

studies offer certain advantages over time-lapse imag-

ing. These include the possibility of parallel analysis of 

several tissue samples, the directly measurable ampli-

tude, and the simple inflow and outflow of administered 

substances. It has repeatedly been mentioned that the 

tissue sample from the caput is too fragile to be 

clamped in an organ bath different to the cauda. Accord-

ingly, time-lapse imaging was selected as the optimal 

methodology. 

Two different Trpm5 KO mice (designated as S and Y) 

did not show any contraction over the observation peri-

od for the cauda (segment 8), while the caput (segment 

2) of the epididymis demonstrated a normal, i.e. ex-
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pected, contractility pattern for both animals. However, 

all four tissues exhibited normal physiological responses 

at the conclusion of each experiment following the ad-

ministration of noradrenaline. As the tissue was meticu-

lously dissected, it can be definitely stated that the very 

distal part, i.e., the most distal part of the cauda epidi-

dymis (segment 10), which does not exhibit spontane-

ous contractions, was not inadvertently utilized.  

To eliminate potential bias, all conducted experiments, 

including those involving the aforementioned two differ-

ent mice (cauda of animal S and Y), were included in 

the analysis (see Table 8-1). It can be reasonably as-

sumed that the cauda of mice S and Y should also 

possess a Tas2r108 receptor and/or the Trpm5 cation 

channel, given that the caput of both mice (S and Y), 

exhibited normal contraction patterns after application of 

DNT. It appears that the observed contraction frequen-

cies in both mice were prolonged, exceeding the time of 

the experimental setup. However, this is in contrast with 

the expectation that the contraction frequency of the 

cauda should be lower compared to the caput (see 

Figure 1-4) and cannot be explained. 
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 Different experimental setups 5.1.2

As there are no contraction studies on mouse epididy-

mis with bitter substances and taste transduction cas-

cade, it is challenging to directly compare the results of 

this study with existing literature. 

Nevertheless, to reach a conclusion, it is possible to 

compare the results to experiments that examine the 

same species with analogous genes (wild type, Trpm5 

KO) but different organs, comparable taste transduction 

cascades, and which use bitter compounds such as 

denatonium benzoate. In their respective studies Zhang 

et al.(2003) and Banik et al.(2018) utilized the tongues 

of wild type and Trpm5 KO mice, employing denatonium 

benzoate as their experimental agent.  

 Different biochemical and physiological 5.1.3

aspects 

It was demonstrated that only with a double knockout of 

Trpm4 and Trpm5, the sensitivity to denatonium benzo-

ate was eliminated completely (Banik et al. 2018). This 

may confirm the observation in this thesis that some 
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Trpm5 KO mice exhibit a minimal –but not statistically 

significant- response to denatonium benzoate (Damak 

et al. 2006) following its administration (see Figure 4-10, 

Figure 4-11, Table 8-1).  

Tas2r108, a known bitter receptor has been observed to 

elicit a response in mice to denatonium benzoate (Avau 

et al. 2015; Chandrashekar et al. 2000; Gulbransen et 

al. 2008). Nevertheless, other researchers have ques-

tioned the potency of denatonium on the Tas2r108 

receptor, while maintaining that it may still exert an 

effect in general (Lossow et al. 2016).  

This study demonstrates that denatonium benzoate has 

an effect when applied (see Figure 4-6, Figure 4-7, 

Figure 4-8, Figure 4-9, Table 4-1, Table 4-2 , Table 4-8, 

Table 4-9,Table 8-3) to tissue of wild type mouse epidi-

dymis. 

 Different concentrations 5.1.4

As demonstrated by Zhang et al. (2003), the knockout of 

the Trpm5 ion channel results in a statistically significant 

reduction in the response to bitter stimuli when dena-
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tonium benzoate is used. Also Banik et al. (2018) 

demonstrated that denatonium benzoate can serve as 

an activator of the Trpm5 cation channel. It was demon-

strated that mice lacking the Trpm5 ion channel retained 

some sensitivity to bitter taste qualities when exposed to 

concentrations above 1 mM (Banik et al. 2018).  

The concentrations utilized in this study are 10 µM and 

100 µM, respectively, on mouse epididymis tissue (see 

Table 8-1 and Table 8-2) and thus are well below the 

aforementioned concentrations.  

However, direct comparison of the concentrations is not 

possible, as different organs and tissues may require 

different triggers. Furthermore, other experiments em-

ploy licking tests or Ca-imaging experiments which 

introduce additional variables.  

The aforementioned experiments did not yield sufficient 

evidence to confirm whether  higher concentrations 

exert an inhibitory effect (Prawitt et al. 2003).  

In the present study, even a concentration of 1 mM 

(data not shown) demonstrated increased frequencies, 
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typically reaching such high amounts which could not be 

quantified. 

 Comparison of results with available litera-5.1.5

ture 

A review of the literature indicates that no similar statis-

tical analysis had been conducted on the epididymis of 

a mouse yet. Thus, the presence of the Trpm5 cation 

channel (see Figure 2-1) in the epididymis of a mouse 

has been previously demonstrated (Dorscht 2020). To 

the best of my knowledge, no comparable statistical 

analysis and results have been published on the influ-

ence of the Trpm5 cation channel on smooth muscle 

contraction in the epididymis.  

Following the removal of the epithelium from the duct of 

the mouse epididymis, the number of spontaneous 

contractions is significantly reduced (Mewe et al. 

2006a). This suggests the existence of epithelial factors 

influencing smooth muscle contraction.  

Additionally, experimental evidence indicates that the 

removal of all luminal content from the epididymis af-
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fects smooth muscle contraction, specifically the cGMP 

pathway (Mewe et al. 2006a).  

The signaling transduction of Trpm5 cation channels 

remains unclear (Balemans et al. 2017). However, 

chemosensory cells in the urethra (Deckmann and 

Kummer 2016) and other organs, as previously men-

tioned, have been identified. Additionally, taste recep-

tors such as Tas2r108 have also been studied (Wu et 

al. 2005; Avau et al. 2015).  

Taste receptors such as Tas2r108 can be triggered by 

denatonium benzoate (Chandrashekar et al. 2000; Xu et 

al. 2013; Bachmanov et al. 2014). The respective 

Tas2r108-expressing cells may also contain a Trpm5 

cation channel (Hofmann et al. 2003), which is neces-

sary for the transduction of bitter sensing (Clapp et al. 

2001; Pérez et al. 2002; Zhang et al. 2003; Banik et al. 

2018; Kanehisa Laboratory in Kyoto University 2022). 

Moreover, to the best of my knowledge, no study has 

yet examined the effect of denatonium benzoate on the 

contraction of the epididymis in wild type and Trpm5 KO 

mice in order to demonstrate the statistical significance.  
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However, Silva Júnior da, E. D. et al. (2014) demon-

strated in vitro and in vivo contraction effects utilizing 

clonidine in the distal cauda epididymis. The administra-

tion of clonidine was observed to increase the frequency 

of contraction (Silva Júnior da, E. D. et al. 2014).  

The signal transduction of the bitter receptor in mam-

mals has been the subject of several studies (Huang et 

al. 1999). Nevertheless, such research has yet to be 

conducted in regard to the epididymis.   

The present study demonstrated that the signal trans-

duction appears to be analogous to the bitter taste 

receptor Tas2r108 in the tongue. Therefore, it can be 

postulated that the contraction of smooth muscle cells in 

response to bacterial, viral, or other stimuli (such as 

denatonium benzoate) may serve to protect the body 

against ascending infection. The presence of basal 

cells, which reach the lumen (see Figure 4-1), as well as 

positive results on various markers (keratin5) accompa-

nied by positive immunohistological studies using Dclk1 

(see Figure 4-3) and GNAT3 (see Figure 4-2) antibodies 

lead to the conclusion that the epithelium of the mouse 

epididymis contains brush cells or brush cell-like cells.  
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5.2 Statistical results 

The results of the RM one-way ANOVAs corroborate the 

hypothesis that the Trpm5 cation channel plays a pivotal 

role in smooth muscle contraction, thereby safeguarding 

the organism against foreign bodies. In light of the 

aforementioned results, it can be postulated that Trpm5 

cation channels represent a category of epithelial fac-

tors that exert influence over smooth muscle contrac-

tions within the epididymis of a mouse. This conclusion 

can be derived from the statistically significant results 

for the wild type mouse (see Table 4-8, Table 4-9, Fig-

ure 4-8, Figure 4-9) and as expected the (not statisti-

cally significant) results of the Trpm5 KO mouse (see 

Figure 4-10, Figure 4-11).  

Potential explanations are: 

• Caput (segment 2): The caput of the wild type 

mouse exhibits a statistically significant disparity 

between spontaneous contraction and contraction 

subsequent to the administration of denatonium 

benzoate, even at a low dose of 10 µM. This could 

be attributed to the reduced muscular mass and/or 
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augmented receptor density observed in this region 

(see Figure 4-8). 

• Cauda (segment 8): It could be possible that the 

thicker layer and higher muscle mass necessitates 

a greater dosage of denatonium benzoate to 

achieve a statistically significant change in the 

contraction frequency of WT mice epididymis. Sta-

tistically significant differences were observed 

between spontaneous contraction and higher con-

centrations (10 µM vs. 100 µM) of denatonium ben-

zoate, respectively (see Figure 4-9). 

• Additionally, it is noteworthy that the caput exhibits 

3 times the number of basal cells compared to the 

corpus and cauda (Shi et al. 2021). 

It is evident that the absence of the Trpm5-cation chan-

nel was the cause of the lack of significant variation in 

responses by the smooth muscle cells upon the applica-

tion of denatonium benzoate (Table 4-8: RM one-way 

ANOVA result: Summary,Table 4-9: Summary of Tuk-

ey's multiple comparison tests). 

The presence of the Trpm5 cation channel may serve 

as a protective mechanism for an essential organ such 
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as the epididymis, which is crucial for sperm maturation 

(Hollenhorst and Krasteva-Christ 2023; Krasteva et al. 

2012; Perniss et al. 2020).  

This chemosensory ability of cells was recently de-

scribed as a bacterial sensing mechanism that enables 

the detection of pathogens and harmful substances in 

the environment (Perniss et al. 2020). Irritants such as 

acyl–homoserine lactone bacterial quorum-sensing 

molecules for Gram-negative bacteria appear to utilize 

the same pathway as bitter compounds via the taste 

transduction cascade (Tizzano et al. 2010; Finger et al. 

2003; Saunders et al. 2014).  

As investigated by our working group previously, the 

epididymal duct responds to bacterial infection in a 

segmental manner by tightening the segment directly 

apical to the ascending bacterial-infected segment 

(Stammler et al. 2015). This may be the result of smooth 

muscle contraction initiated by Trpm5 cation channels or 

ChAT-expressing cells detecting harmful luminal fluid. 

The aforementioned brush cell-like basal cells, which 

were identified in the epithelium exhibit analogous de-
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fensive mechanism characteristics to those observed in 

other chemosensory cells located in the tongue, respira-

tory and gastrointestinal tracts, as well as the urethra 

(Shum et al. 2008; Schütz et al. 2015; Deckmann and 

Kummer 2016; Kummer and Deckmann 2017).  

Nevertheless, the precise signal transduction mecha-

nism by which the basal cell interacts with the Trpm5 

cation channel to regulate smooth muscle function 

remains unclear.  

The results of this study may lead to the formulation of 

two hypotheses regarding the smooth muscle contrac-

tion of the isolated parts of the epididymal duct in the 

experimantal setup (without contact to the central nerv-

ous system):  

 The calcium efflux may trigger the motoric unit 

of the smooth muscle cells.  

 In light of the aforementioned research find-

ings, it can be postulated that the signal trans-

duction in the mouse epididymis to the smooth 

muscle cells may occur via direct transmission 



Discussion 

121 

by acetylcholine or the eNOS pathway or via 

an yet unknown pathway. 

 

In approximately 3% of men, the defense mechanism of 

the epididymis is ineffective resulting in ascending UTI. 

It is currently unclear whether there is a relationship 

between the Tas2r108 receptor and the Trpm5 cation 

channel in the brush cell-like basal cells. If there is a 

failure in these receptors, it may result in a lack of con-

traction and subsequent inability to expel foreign bodies. 

The results presented above suggest that the contrac-

tions of the epididymal duct’s smooth muscles are de-

pendent on the functionality of the Trpm5 cation channel 

(Table 4-8: RM one-way ANOVA result: Summary,Table 

4-9: Summary of Tukey's multiple comparison tests). 

It can be posited that the Trpm5 receptor is present 

exclusively in the epithelium of the epididymis and not in 

the smooth muscle layer itself (Dorscht 2020).  

The results of the present work indicate that the Trpm5 

receptor is a crucial factor in smooth muscle contraction 
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and plays a pivotal role in the defense mechanism of the 

mouse epididymis.  

It may be worthwhile to investigate whether male hu-

mans who have experienced a urinary tract infection 

(UTI) possess an intact ability to perceive bitter tastes. 

This is due to a potential correlation between the mal-

function of the Trpm5 cation channel and/or the human 

Tas receptor, T2R38, and the vulnerability by ascending 

infections.  

Consequently, further research in these areas may 

facilitate a more comprehensive understanding of the 

underlying causes of UTI. 



Summary 

123 

6 Summary 

The primary objective of this research is to compare the 

contraction characteristics of the smooth muscles of the 

epididymis between wild type and Trpm5 KO mice. This 

is done in order to verify the hypothesis that the gustato-

ry signal cascade, specifically the epithelium-specific ion 

channels, namely the Trpm5 cation channels, is essen-

tial for contraction and therefore plays a crucial role in 

the defense mechanism of the epididymis.  

The null hypothesis is that there will be no statistically 

significant impact of denatonium benzoate on the 

contraction pattern of Trpm5 KO mice, while it is ex-

pected that there will be a statistically significant 

increase in the contraction pattern of the smooth mus-

cles of the epididymis of wild type mice. 

In approximately 3% of men, the defense mechanism 

fails, resulting in the development of ascending UTI. It is 

currently unclear whether there is a relationship be-

tween the Tas2r108 (or Tas2r38 in humans) receptor 

and the Trpm5 cation channel of the brush cell-like 

basal cells. If such a relationship exists, it would explain 
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why contraction is not triggered to squeeze out foreign 

bodies with a defect Trpm5 cation channel.  

6.1 Methods 

By immunohistological double staining, the co-

expression of elements of the transduction signaling 

cascade could be demonstrated for basal cells with 

Dclk1 and GNAT3, respectively (see Figure 4-2, Figure 

4-3). 

The results of the time-lapse imaging experiments 

demonstrated a statistically significant effect on the 

contraction pattern of wild type mice, while no signifi-

cant effect was observed in Trpm5 KO mice.  

6.2 Statistical results 

The statistical results based on the time-lapse imaging 

suggest that the contractions of the epididymal duct’s 

smooth muscles are dependent on a functioning Trpm5 

cation channel (see Table 4-8: RM one-way ANOVA 

result: Summary,Table 4-9: Summary of Tukey's multi-

ple comparison tests). 
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6.3 Conclusion 

The increased contractility of the epididymal duct of WT 

epididymis caput and cauda triggered by higher concen-

tration of the bitter compound denatonium benzoate is 

dependent on the presence of a functioning Trpm5 

cation channel. This finding is significant in terms of the 

defense system of the epididymal duct against foreign 

bodies, and thus in the context of ascending UTI.  
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7 Zusammenfassung 

Das Hauptziel dieser Untersuchung ist der Vergleich der 

Kontraktionseigenschaften der glatten Muskulatur des 

Nebenhodens zwischen Wildtyp- und Trpm5-KO-

Mäusen, um unsere Erwartung zu überprüfen, dass die 

gustatorische Signalkaskade, d.h. die epithelspezifi-

schen Ionenkanäle, nämlich die Trpm5-Kationenkanäle, 

der Schlüssel zur Kontraktion und damit zum Abwehr-

mechanismus des Nebenhodens sind.  

Als Hypothese wird erwartet, dass das Kontraktions-

muster der glatten Muskeln der Nebenhoden keine 

statistisch signifikante Auswirkung von Denatoniumben-

zoat auf das Kontraktionsmuster der Trpm5-KO-Mäuse 

gibt von während es bei Wildtyp-Mäusen signifikant 

ansteigt.  

Bei etwa 3 % der Männer versagt der Abwehrmecha-

nismus, so dass sie an einer ständig wiederkehrenden 

Harnwegsinfektion leiden. Es ist nicht bekannt, ob ein 

Zusammenhang mit dem Tas2r108-Rezeptor (bzw. 

entsprechend Tas2r38 im Menschen)  

oder dem Trpm5-Kationenkanal der bürstenzellartigen 
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Basalzellen besteht, so dass die Kontraktion nicht aus-

gelöst wird, um Fremdkörper herauszudrücken bei 

defektem Trpm5-Kationenkanal. 

7.1 Methoden 

Durch immunhistologische Doppelfärbung konnte die 

Koexpression von Elementen der Transduktionssignal-

kaskade für Basalzellen mit Dclk1 bzw. GNAT3 nach-

gewiesen werden (siehe Figure 4-2, Figure 4-3). 

Mit Time-Lapse-Imaging-Experimenten konnte nachge-

wiesen werden, dass es einen signifikanten Effekt auf 

das Kontraktionsmuster von Wildtyp-Mäusen gibt, aber 

der Effekt statistisch nicht signifikant für Trpm5 KO-

Mäusen ist. 

 

7.2 Statistische Ergebnisse 

Die statistischen Ergebnisse auf der Grundlage der 

Zeitrafferaufnahmen deuten darauf hin, dass die Kon-

traktionen der glatten Muskulatur des Nebenhodenka-

nals von einem funktionierenden Trpm5-Kationenkanal 

abhängig sind (siehe Table 4-8: RM one-way ANOVA 
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result: Summary,Table 4-9: Summary of Tukey's multip-

le comparison tests). 

 

7.3 Schlussfolgerung 

Die Erhöhung der Kontraktilität des Nebenhodenganges 

(Caput und Cauda) durch den Bitterstoff Denatonium-

benzoat ist abhängig vom Vorhandensein des funktio-

nierenden Trpm5-Kationenkanals. Dies dürfte für das 

Abwehrsystem des Nebenhodenganges gegen Fremd-

körper und damit aufsteigende Harnwegsinfekte von 

Bedeutung sein. 
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8 Appendix 

8.1 List of Abbreviations 

8-Br-cGMP   8-Bromoguanosine 3′,5′-cyclic 

monophosphate 

ANOVA   Analysis of Variance 

ATP   Adenosine triphosphate 

ATPase   Adenosine triphosphatase 

C57BL/6N   C57 black substain 6 mouse 

Ca
2+

   Calcium ion 

CBF   Ciliary beat frequency 

CCC   cholinergic chemosensory cells 

cGMP   Guanosine 3′,5′-cyclic 

monophosphate 

ChAT   Choline acetyltransferase 

COX-1   Cyclooxygenase 1 

Cs
+
   Cesium ion 

DAG   Diacylgycerol 

DAPI   4′,6-Diamidine-2′-phenylindole 

dihydrochloride 
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DCLK1   Doublecortin like kinase 1 

DMEM   Dulbecco's Modified Eagle's 

Medium 

DNT   Denatonium benzoate, Denatonium 

benzoate, Denatonium benzoate 

eNOS   endothelial nitrogen monoxide 

synthase 

ER   Endoplasmic reticulum 

FDR   False Discovery Rate 

Gbeta1   Guanine nucleotide-binding protein 

G subunit beta-1 

Ggamma13   Guanine nucleotide-binding protein 

G subunit gamma-13 

GNAT3   Guanine nucleo-tide-binding 

protein G(t) subunit alpha-3 

Gq   Phospholipase C-coupled G-protein 

HEPES   4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

IP3  Inositoltripsphosphat 

K
+
   Kalium ion 
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Keratin5   Cytokeratin5 

KO   knock-out 

MEM   Minimal essential medium 

ms   mouse 

Na   Natrium 

Na
+
   Natrium ion 

NaOH   Natriumhydroxide 

NE   Noraderenaline 

NO   Nitrogen monoxide 

nt   Nucleotid 

PBS   Phosphate Buffered Saline: 0,136M 

NaCl and 0,05M Na2HPO4 with HCl 

set at pH 7,4 

PFA   Paraformaldehyde 

PLC   Phospholipase C 

ppm   parts per million 

RM   Repeated Measures 

ROUT   Robust regression and outlier 

removal method 

RT-PCR   Reverse transcriptase-PCR 
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sec   seconds 

T1R   Taste receptor type 1 

T2R   Taste receptor type 2 

T2R108   Taste receptor type 2 member 108 

TRPM5   Transient receptor potential 

melastin isoform 5 ion channel 

UTI   Urinary tract infection 

WT   wild type 
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8.4 Protocol immunostaining - example 

 

Figure 8-1: Protocol immunostaining 

Source: AG Middendorff  
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8.5 Protocol “Time-lapse imaging” 

 

Figure 8-2: Protocol template "time-lapse imaging" 
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8.6 Raw data “Time-lapse imaging” 
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8.7 Normal distribution tests 
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Intentionally left blank 

  



Appendix 

146 

8.8 Data: ANOVA results 

 

Table 8-4: ANOVA results WT ms caput 

 

 

Table 8-5: ANOVA results WT ms cauda 

 

 

Table 8-6: ANOVA results Trpm5 KO ms caput 

 

 

 

Repeated measures one-way ANOVA - ANOVA results

WT ms epididymis caput - Data

ANOVA table SS DF MS F (DFn, DFd) P value

Treatment (between columns) 0,0043 2 0,002137 F (1,578, 22,09) = 9,985 P=0,0016

Individual (between rows) 0,0579 14 0,004139 F (14, 28) = 19,34 P<0,0001

Residual (random) 0,0060 28 0,000214

Total 0,0682 44

Repeated measures one-way ANOVA - ANOVA results

WT ms epididymis cauda - Data

ANOVA table SS DF MS F (DFn, DFd) P value

Treatment (between columns) 0,0013 2 0,000673 F (1,702, 20,43) = 8,069 P=0,0037

Individual (between rows) 0,0146 12 0,001218 F (12, 24) = 14,60 P<0,0001

Residual (random) 0,0020 24 0,000083

Total 0,0180 38

Repeated measures one-way ANOVA - ANOVA results

Trpm5 KO ms epididymis caput - Data

ANOVA table SS DF MS F (DFn, DFd) P value

Treatment (between columns) 0,0006 2 0,000305 F (1,368, 16,42) = 1,405 P=0,2645

Individual (between rows) 0,0174 12 0,001450 F (12, 24) = 6,685 P<0,0001

Residual (random) 0,0052 24 0,000217

Total 0,0232 38
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Table 8-7: ANOVA results Trpm5 KO ms cauda 

 

  

Repeated measures one-way ANOVA - ANOVA results

Trpm5 KO ms epididymis cauda - Data

ANOVA table SS DF MS F (DFn, DFd) P value

Treatment (between columns) 0,0005 2 0,000251 F (1,531, 13,78) = 2,844 P=0,1022

Individual (between rows) 0,0427 9 0,004747 F (9, 18) = 53,90 P<0,0001

Residual (random) 0,0016 18 0,000088

Total 0,0448 29
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8.9 Critical values of F for the 0.05 significance 

level 

 

Figure 8-3; Critical values of F for the 0.05 significance 

level 
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Source:https://www.google.com/url?sa=t&source=web&

rct=j&opi=89978449&url=http://users.sussex.ac.uk/~gra

hamh/RM1web/F-

ra-

tio%2520table%25202005.pdf&ved=2ahUKEwiYgd6v3b

6KAxW977sIHSQyGR8QFnoECBcQAQ&usg=AOvVaw

18imAGfwIFXfmKc5qW1thq 

 

8.10 Explanation of the statistical terms 

ANOVA: 

An ANOVA (Analysis of Variance) has to be used if 3 or 

more effects (comparison of spontaneous contraction 

with application of 10µM and 100µM denatonium) 

should be analyzed whereas a t-test can only be used 

for up to two effects. If a t-test would be applied, the 

probability of error would be beyond 40%. As mentioned 

above, the t-test is not possible as this experiment con-

sists of more than two random samples. The ANOVA 

computes the differences in the means of each group of 

effects. It also computes the effect of the mean within 

the groups. That means that the ANOVA checks wheth-
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er there are statistical differences between the mean 

values of a factor (e.g. wild type mice epididymis caput) 

with more than two levels, i.e. effects (comparison of 

spontaneous contraction with application of 10µM and 

100µM denatonium). 

Repeated measures: 

In general, experimental designs with repeated meas-

urements are considered a very efficient type of re-

search. In such designs, the same test subjects are 

usually measured several times. The idea behind this is 

simple: by keeping the subjects the same, the variance 

can be better estimated (as the error variance is mini-

mized using the same subject) and attribute possible 

effects (comparison of spontaneous contraction with 

application of 10µM and 100µM denatonium). In other 

words, the subjects are their own “control group”. As a 

result, repeated measures designs also generally have 

higher statistical power.  
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One-way  

That means that only one effect is analyzed. In this 

study, the analysis focuses on the effect of denatonium 

(DNT) on the contraction pattern of smooth muscles.  

The repeated measures one-way ANOVA has to fulfil 

the following minimum requirements in order to be 

meaningful: 

1. Data has to be correlated, i.e. been collected 

from the same subject (e.g. wild type mouse A 

caput). 

2. The dependent variable is at least interval 

scaled i.e. frequency of contractions of the 

smooth muscles. 

3. Data has to measure at least 3 effects (com-

parison of spontaneous contraction with appli-

cation of 10µM and 100µM denatonium). 

4. Data has to be normal distributed. All data of 

this research is normal distributed. 

5. Data should not have any outliers. There are 

no outliers within the data. 
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6. Sphericity should be given if there are no vari-

ances between columns. As per recommenda-

tion by GraphPad, sphericity had not been as-

sumed, as the variances differ between col-

umns. That means that there should always be 

a violation of as the variances always differ be-

tween columns. Therefore, the Geisser-

Greenhouse’s epsilon was computed. In 

summary, the Geisser-Greenhouse’s epsilon 

leads to a higher P-value, thereby introducing 

a degree of statistical protection into the calcu-

lations. This allows a conservative interpreta-

tion of the p-values and thus, supports a ro-

bust statement about the results. 

Specially, for the WT mouse, the Geisser-

Greenhouse’s epsilon demonstrates almost no 

violation which supports the results of this 

study. 

 

Furthermore, the statistical significance is corroborated 

by a comparison of the F-ratios, which take a 5% confi-

dence interval into account (see Table 4-8) with Fcrit < F-
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ratio for the wild type mice. Fcrit is derived from the table 

shown in Figure 8-3. 

Additionally, the F-value, which is the ratio between the 

variance within groups and the variance between 

groups, is displayed. A high F-value indicates that the 

variance be-tween groups is greater than the variance 

within groups. This indicates that there is a statistically 

significant difference between the group means. 

 

Interpretation of graphs (e.g. Figure 4-8) 

Graph A shows the p-values of each level/effect. 

Graph B shows the “column means” of the 95% confi-

dence interval (Tukey test). If a line strikes the x = 0 line, 

the effect is not statistically significant. 

Graph C shows the “Differences” of within each lev-

el/effect. It allows only a rough estimate how homoge-

nous the effects are. 

Graph D shows the QQ Plot which confirms homosce-

dasticity (variance is similar between data points), i.e. 

shows that the scatter of the points around the straight 
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line in the vertical direction is constant. That indicates a 

normal distribution as computed with the normal distri-

bution tests (see Table 8-3). In all cases the normal 

distribution of the data is confirmed (very similar auxilia-

ry and correlation lines).  
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8.11 List of agreements 

Below are the agreements/permissions to use figures 

from other sources: 

 

1.  Figure 1-2: This work is in the public domain 

in the United States because it was prepared 

by employees of the United States Federal 

Government or one of its agencies in the per-

formance of their official duties and is there-

fore a work of the United States Government 

under Title 17, Chapter 1, Section 105 of the 

United States Code.   

2. Figure 1-3: permission by email, date 

11.11.2024 

3. Figure 1-7: permission by email, date 

13.11.2024 

4. Figure 1-9: permission by email, date 
13.11.2024 
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