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1. Introduction 

1.1. Aims of the study and short overview 

Connexin43 (Cx43) is a gap junction (GJ) protein, which plays an essential role in 

murine spermatogenesis by allowing for direct cytoplasmic communication between 

neighboring testicular cells. Through the use of transgenic mice and the Cre-LoxP 

recombination system, a mouse line was developed in which only Sertoli cells (SC) 

are deficient of the Gja1 gene (also known as gap junction protein, alpha 1). This 

gene codes for the protein Cx43. One group defined this transgenic mouse line as 

the Sertoli cell specific connexin43 knockout (SCCx43KO, as used in this manuscript) 

mouse line (BREHM et al. 2007), while another group defined it as the Sertoli cell-

specific Cx43 knockout (SC-Cx43 KO) (SRIDHARAN et al. 2007). Within the 

seminiferous tubules, the SC aid in spermatogenesis by nurturing germ cells (GC) 

during their proliferation and help them to mature (SHARPE et al. 2003; BREHM and 

STEGER 2005). Due to the lack of Cx43 within the SC, the knockout (KO) mice have 

an arrest of spermatogenesis at the level of spermatogonia resulting in infertility. 

Additionally, the size of the KO testes is dramatically reduced and histology also 

revealed a SC-only syndrome (seminiferous tubules containing only SC) and 

intratubular SC clusters. Through multigenerational breeding it is possible to achieve 

50 % wild type (WT) and 50 % SCCx43KO (KO) littermates (BREHM et al. 2007; 

SRIDHARAN et al. 2007; WEIDER et al. 2011a; WEIDER et al. 2011b; GERBER et 

al. 2014). The question arises, what unique role does Cx43 play within the SC and 

seminiferous epithelium and how does its loss negatively influence 

spermatogenesis? 

Adult SC are supposed to be post-mitotic somatic cells, which stretch from the basal 

lamina to the lumen of the seminiferous epithelium. They also divide the tubules into 

a basal and an adluminal compartment through the formation of the blood-testis 

barrier (BTB). The BTB is located at the basal third of the seminiferous tubule and is 

formed through tight junctions (TJ) between two adjacent SC. At the BTB there are 
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also GJ present, containing Cx43. TJ proteins specifically prevent the diffusion of 

substances/molecules through intercellular spaces and in the testis are essential for 

establishing a unique adluminal compartment for haploid GC development 

(BERGMANN et al. 1989; CHENG and MRUK 2002; MRUK and CHENG 2004; 

BERGMANN 2006; CHENG and MRUK 2012). Hence, the permeability of the BTB in 

the SCCx43KO mice was analyzed, since the KO mice exhibited an arrest of 

spermatogenesis at the level of spermatogonia. The study from CARETTE et al. 

(2010) discovered that the SCCx43KO mice contain an intact BTB, but with altered 

expressions of TJ and adherens junctions (AJ). For example, the TJ protein occludin, 

considered to initiate BTB formation at the beginning of spermatogenesis (NAGANO 

and SUZUKI 1976; CYR et al. 1999), was significantly upregulated in the adult KO 

mice (CARETTE et al. 2010). 

This lead to the questions for the first part of this thesis (data published in GERBER 

et al. 2014): What affect does the absence of Cx43 within the SC have on occludin 

expression during initial BTB formation and the initiation of spermatogenesis? What 

other possible BTB proteins might be affected? 

One result of GERBER et al. 2014 showed that the claudin11 messenger ribonucleic 

acid (mRNA; gene Cldn11) was also significantly upregulated in adult KO mice. In 

this context, it has been shown that a KO of Cldn11 in mice caused infertility (GOW 

et al. 1999). In men with carcinoma in situ (CIS), claudin11 is overexpressed (FINK et 

al. 2009) concurrently with a downregulation of Cx43 (BREHM et al. 2002; BREHM et 

al. 2006). Moreover, Cx43 has been downregulated in human seminiferous tubules 

with spermatogonial arrest (STEGER et al. 1999a; BREHM et al. 2002). Through 

freeze fracture it was determined that TJ could not be detected between SC in 

Cldn11-KO mice indicating a possible key role of claudin11 in BTB formation (GOW 

et al. 1999). Furthermore CARETTE et al. (2010) analyzed a rat SerW3 SC line with 

Cx43 specific small interfering ribonucleic acid (siRNA) and also detected altered 

regulations of the TJ and AJ proteins between adjacent SC. 

As of today no successful in vitro SC culture from SCCx43KO mice has been 

published. As of 2004 a total of 17 different SC lines have been generated/published 
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from mice, rats and sheep, with most being immortalized via the Simian virus 40 

(ROBERTS 2004). Two additional human SC lines have also been published in the 

past few years (SCHUMACHER et al. 2008; CHUI et al. 2011). Recently, one adult 

mouse SC line was established through a starvation method (SATO et al. 2013). The 

most common SC line, TM4, stems from 1980, indicating that SC have been in 

attention for the past few decades (MATHER 1980). However, a complete in vitro KO 

of Cx43 in SC may provide beneficial mechanistic data/results in understanding the 

roles of Cx43 in SC for normal spermatogenesis in various species, including men. 

Thus, the second part of this thesis focused on the establishment and functional 

characterization of SCCx43KO and WT primary cell cultures, while specifically 

focusing on SC-SC junctional proteins. The study analyzed the TJ protein claudin11 

within the cell cultures as well as from adult testes homogenate. A cell culture in vitro 

model, comparing SC from the SCCx43KO and WT mice littermates, could provide a 

useful basis for studying Cx43 and its mechanistic roles within the SC and testis. 

The overall objective of this thesis was to analyze TJ expression of occludin and 

claudin11 within the SC of the SCCx43KO and WT mice. The first part is an ex vivo 

investigation of occludin and Cx43 within pubertal WT and SCCx43KO mice testes 

using quantitative real time polymerase chain reaction (qRT-PCR), 

immunohistochemistry (IHC) and Western blot (WB). The second part is an in vitro 

investigation pertaining to the establishment and characterization of a primary SC 

line from SCCx43KO and WT mice while analyzing claudin11 and Cx43 protein 

expression. The ultimate fundamental goal would be to provide the scientific 

community with a WT and a SCCx43KO cell line, which may serve as a tool to study 

the role of Cx43 in male infertility, testicular cancer and to develop for example new 

potential male contraceptives in the near future. 

1.2. Male reproduction in today’s society 

As teenagers and young adults begin to mature, one of the important goals in their 

lives is family planning. Due to genetics, medications, environmental or other issues 
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their desire to have children cannot be fulfilled. As of 2010, there are approximately 

48.5 million infertile couples worldwide (MASCARENHAS et al. 2012). The Merriam-

Webster dictionary defines infertile as “incapable of or unsuccessful in achieving 

pregnancy over a considerable period of time (as a year) in spite of determined 

attempts by heterosexual intercourse without contraception.” From these infertile 

couples approximately 39 % are due to female impediments, 20 % are linked to male 

impediments, 26 % stem from couple incompatibility and the remaining 15 % is 

unknown (NIESCHLAG 2009). Approximately 1/3 of infertile men are diagnosed with 

idiopathic infertility (SCHATZL and SCHMIDBAUER 2009), leaving open the question 

of what is causing this (Figure 1). In this context, the SCCx43KO mice might provide 

an insight into unveiling new possible causes for human male infertility. 

 

 

Figure 1: Male infertility 

Shown is a pie chart for the causes of male based infertility. The remaining factors include: 
malignant illness (6.5 %); dysfunction of sperm deposits (5.9 %); immunological causes 
(4.5 %); general illness (3.1 %); obstruction (1.7 %); gynecomastia (1.1 %); testicular tumor 
(0.3 %); rest (5.5 %). Figure is based on data published by SCHATZL and SCHMIDBAUER 2009. 
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In addition, amongst condoms and the male vasectomy, the female oral 

contraceptive is one of the most popular methods used in family planning. Many 

female contraceptive types have been developed since the 1950s and made publicly 

available. However, no male pharmaceutical drug has been as successful as the 

female counterpart, so far (POSTON and BOUVIER 2010). Recent reviews state the 

importance for developing a male contraceptive and indicate the BTB as a key 

structure for male contraceptive development (CHENG and MRUK 2002; CHENG 

and MRUK 2012). The SCCx43KO model has linked Cx43 as an important regulator 

of BTB assembly and function (CARETTE et al. 2010; GERBER et al. 2014). Thus, 

through the use of in vitro SCCx43KO and WT cell culture models, it would be 

interesting to test various pharmacons and to analyze their effects on the interactions 

between SC and the BTB with and without Cx43. 

An additional potential reproductive issue which young males are confronted with is 

testicular cancer, where in Europe the incidence is 63/100,000 in a year. The 

incidence of this cancer is doubling every 20 years (SCHMOLL et al. 2010). Possible 

precursors of testicular tumors are known as CIS or testicular intraepithelial 

neoplasia, which lead to GC tumors (SKAKKEBAEK 1972; SKAKKEBAEK et al. 

1987; JØRGENSEN et al. 1995; DIECKMANN and SKAKKEBAEK 1999; SCHMOLL 

et al. 2010). Additionally, it has been shown that Cx43 is downregulated in human 

seminiferous tubules exhibiting CIS or an arrest of spermatogenesis at the level of 

spermatogonia (STEGER et al. 1999a; BREHM et al. 2002; BREHM et al. 2006). 

Even though to date no occurrence of testicular cancer has been detected within 

SCCx43KO mice, this model might still be ideal to reveal regulations of Cx43 within 

the life cycles of SC and GC. Studies have also stated that a lack of Cx43 has an 

effect on SC proliferation and maturation (SRIDHARAN et al. 2007; WEIDER et al. 

2011b). 
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1.3. Male reproductive system 

The male reproductive system consists of external and internal organs. Amongst the 

external organs are the penis and the scrotum (containing the testes), while the 

internal organs contain the ampullary glands, bulbourethral glands, ejaculatory ducts, 

epididymides, prostate gland, seminal vesicles, urethra and vas deferens. The testes 

are the male gonads and are mainly responsible for testosterone production and the 

development and maturation of GC into spermatozoa in a process known as 

spermatogenesis (JONES and DECHERNEY 2002; WEINBAUER et al. 2009). 

1.3.1. Spermatogenesis 

Spermatogenesis (Figure 2) is known as the process by which spermatogonia 

mature and ripen into spermatozoa. This process takes place within the seminiferous 

tubules of the testes (Figure 3) and begins at puberty. CLERMONT (1972) breaks 

this process down into three distinct phases: (1) the proliferation and preservation of 

spermatogonia and maturation of the primary spermatocytes; (2) the meiotic division 

of primary and secondary spermatocytes to form haploid spermatids; (3) the ripping 

and maturation of the spermatids into spermatozoa. 

As seen in Figure 2, the first phase of spermatogenesis begins when a type A 

spermatogonium, a stem cell diploid (2n2c; where 2n = ploidy number and 

2c = chromatid number), undergoes mitosis to form two spermatogonia. This process 

occurs near the basal lamina of the seminiferous tubules and creates another type A 

(with an oval chromatic nucleus) and a new type B (with a round chromatic nucleus) 

spermatogonia. Type A cells are responsible for the renewal of the stem cell 

population, while the type B cells differentiate and undergo meiosis for GC 

maturation. These type B cells also undergo additional mitotic division to produce 

more type B cells. Incomplete cytokinesis occurs during the final mitotic division, 

which allows for intercellular bridges and a synchronal GC maturation (BERGMANN 

2006). With the loss of contact to the basal lamina, these type B spermatogonia cells 

will mature into diploid primary spermatocytes (2n4c) with a double number of 



─ 7 ─ 

chromatids. This initiates the second phase of spermatogenesis, in which each 

primary spermatocyte undergoes the first meiotic division to split into two haploid 

secondary spermatocytes (1n2c). The cells split again, form four round spermatids 

(1n1c) and complete the second meiotic division. The third phase (spermiogenesis) 

of spermatogenesis occurs when the round spermatids mature into elongated 

spermatids. As spermiogenesis occurs the spermatids continue migrating towards 

the adluminal compartment and are eventually released into the lumen in a process 

known as spermiation. Once this occurs the cells are considered mature 

spermatozoa. This completes the process known as spermatogenesis (JONES and 

DECHERNEY 2002; BREHM and STEGER 2005; BERGMANN 2006; HESS and 

RENATO DE FRANCA 2008; WEINBAUER et al. 2009; LIEBICH et al. 2010). 
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Figure 2: Spermatogenesis 

Spermatogenesis is the maturation of male germ cells into spermatozoa and takes place within 
the seminiferous tubules of the adult testes. The seminiferous tubule is separated by the 
blood-testis barrier (BTB) into a basal and adluminal compartment. Spermatogenesis begins in 
the basal compartment and ends with the release of the elongated spermatids into the lumen of 
the tubule. To begin, the type A spermatogonium undergoes mitosis to produce two daughter 
cells: another type A spermatogonium and a type B spermatogonium. The type B cell can 
undergo further mitosis and eventually matures into a primary spermatocyte, diploid with 
double the number of chromatids. These then continue on with meiosis I to produce two 
haploid secondary spermatocytes which then continue with meiosis II to produce two round 
haploid spermatids. These cells continue in the spermiogenesis maturation process into 
elongated spermatids. Finally, these cells will be released (spermiation) as elongated 
spermatids into the lumen of the seminiferous tubules. c = chromatid number; n = ploidy 
number (modified from BERGMANN 2006). 
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1.3.2. Histology of the testis 

Each testis has an outer membranous layer known as the tunica albuginea which 

contains the two major tissue structures of the testis: the seminiferous tubules and 

the interstitial compartment which surrounds these tubules (Figure 3). Within the 

testes are four major cell types: Leydig cells (LC), peritubular cells (PC), SC and GC 

(WEINBAUER et al. 2009). The LC, PC and SC (mesenchymal cells) can be 

visualized via vimentin IHC as depicted in WEIDER et al. 2011b. A LC specific 

marker is Hsd3b6 (also known as 3β-hydroxysteroid dehydrogenase VI) (BAKER et 

al. 1999; O'SHAUGHNESSY et al. 2002). PC produce Acta2 (also known as smooth 

muscle actin alpha 2) (HOFMANN et al. 2003; COOL et al. 2008). Through the 

protein Sox9 (also known as sex determining region Y-HMG-box 9) and the 

maturation marker AMH (also known as anti-Müllerian hormone) it is possible to 

differentiate SC from the other somatic testicular cells (KENT et al. 1996; GRAVES 

1998; FRÖJDMAN et al. 2000; HEMENDINGER et al. 2002; WEINBAUER et al. 

2009). These markers are used to characterize cell types via polymerase chain 

reaction (PCR) or IHC. 
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Figure 3: Histology of adult mouse testis 

Shown are hematoxylin and eosin stainings of an adult mouse testis at 10x, 20x and 40x 
magnifications (image [a], [b] and [c], respectively). Image [a] shows seminiferous tubules (*) 
and the interstitial compartment (°) which surrounds the individual tubules. Image [b] shows a 
single seminiferous tubule (*) surrounded by the interstitial compartment (°). Image [c] shows 
Leydig cells (LC) which are located in the interstitial compartment (°). Image [c] also shows a 
peritubular cell (PC) which surrounds the seminiferous tubule (*). Depicted within the 
seminiferous tubules of image [c] are Sertoli cells nuclei (SC) and germ cells (GC). The scale 
bars represent 100 µm. 

1.3.2.1. Interstitial compartment 

The interstitial compartment contains LC which are mainly responsible for the 

production of testosterone. Additionally, connective tissue, blood vessels, immune 

cells, lymphatic vessels and nerves are also present within the interstitial 

compartment (DYM and FENG 2004; BREHM and STEGER 2005; WEINBAUER et 

al. 2009). 

1.3.2.2. Seminiferous tubules 

The seminiferous tubules are surrounded by a PC layer which aids as a structural 

support and helps to establish the basal lamina. The seminiferous tubules form a 

tube like shape with an inner lumen. Within the tubules are the GC and SC (JONES 

and DECHERNEY 2002; DYM and FENG 2004; BREHM and STEGER 2005; 

BERGMANN 2006; WEINBAUER et al. 2009). 
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1.3.2.3. Sertoli cell (SC) 

Adult somatic SC (Figure 4) within the seminiferous tubules are sustentacular. They 

provide an extreme cytoplasmic ramification by stretching from the basal lamina to 

the lumen of the seminiferous tubules while surrounding the neighboring GC 

(BERGMANN 2006). Since the GC are not motile by themselves, the SC aid in GC 

migration towards the lumen in which the elongated spermatids are released. During 

pubertal development the SC are responsible for the development of the BTB 

(located at the basal third of the SC), which divides the seminiferous tubules into the 

basal and the adluminal compartment. Here neighboring SC form junctional 

complexes with each other, which create a protective barrier for the haploid GC. This 

barrier is required to create a unique adluminal environment for spermatogenesis to 

occur and to protect haploid GC from the immune system (RISLEY et al. 1992; CYR 

et al. 1999; STEGER et al. 1999a; BATIAS et al. 2000; BRAVO-MORENO et al. 

2001; BREHM et al. 2002; BREHM and STEGER 2005; BERGMANN 2006; FIJAK et 

al. 2011). 
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Figure 4: Adult Sertoli cell (SC) and germ cell (GC) population 

A schematic is shown of an adult SC with GC in various developmental stages of 
spermatogenesis. The SC sits on the basal lamina (BL) and stretches into the lumen of the 
seminiferous tubules. The blood-testis barrier (BTB) separates the seminiferous tubule into a 
basal and adluminal compartment. The SC surrounds GC with its cell membrane and aid in GC 
nourishment and migration towards the lumen. The ripen GC, also known as spermatids (SP), 
are released into the lumen in a process known as spermiation. N = Nucleus of the SC; 
P = pachytene spermatocyte PL = preleptotene spermatocyte; SG = spermatogonium (modified 
from CLERMONT 1993). 
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1.3.2.3.1. Prepubertal Sertoli cell (SC) 

Adult SC are supposed to be post-mitotic cells, whose final total cell number is 

dependent upon two proliferation periods (CORTES et al. 1987; SHARPE et al. 2003; 

BREHM and STEGER 2005). However in SCCx43KO mice occasional adult SC have 

shown proliferation (SRIDHARAN et al. 2007). In mice, these initial proliferation time 

points include the fetal and neonatal period and the peripubertal period (CORTES et 

al. 1987; SHARPE et al. 2003; BREHM and STEGER 2005). However little is known 

about the factors which constitute the final SC number, but the number is believed to 

be regulated by genes and hormones. In particular follicle-stimulating hormone (FSH) 

is known to stimulate SC proliferation (JÉGOU and SHARPE 1993; BREHM and 

STEGER 2005). Additionally, the SC themselves are responsible for sex 

determination during testicular development. This is performed through AMH and 

Sox9 (WEINBAUER et al. 2009). In particular, AMH inhibits the development of the 

Müllerian ducts during early stages of testicular development (GOODFELLOW and 

LOVELL-BADGE 1993; JOSSO et al. 1993; STEGER et al. 1996; STEGER et al 

1999b; MACKAY 2000; JOSSO et al. 2001; BREHM and STEGER 2005). Sox9 is a 

SC specific nuclear transcription factor (KENT et al. 1996; GRAVES 1998; 

FRÖJDMAN et al. 2000; HEMENDINGER et al. 2002). 

1.3.2.3.2. Sertoli cell (SC) at puberty 

The maturation and differentiation of a pre-SC into a SC is called “functional 

maturation” (SHARPE et al. 2003). During puberty the somatic SC transitions from an 

undifferentiated immature cell to a differentiated and functional adult cell. However, it 

is unclear if the functional maturation of the SC involves a rapid switch or gradual 

change over an extended period of time. The initiation of spermatogenesis is a 

possible cause for “final” functional maturation, but it is not vital. It has been shown in 

both animals and men that the absence of GC does not necessarily cease SC 

maturation (SHARPE et al. 2003; BREHM and STEGER 2005). Nevertheless, the 

absence of meiotic and post meiotic GC have created functional alterations of mature 

SC, which resemble those of pre-SC (JÉGOU and SHARPE 1993; SHARPE et al. 

1993; BOUJRAD et al. 1995; GUITTON et al. 2000; BREHM and STEGER 2005).  
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BREHM and STEGER (2005) state numerous characteristics and functional changes 

which occur during the functional maturation process of the SC: (1) cell growth and 

formation of cytoplasmic extensions surrounding GC, (2) alterations in the nuclear 

morphology into a tripartite form and nuclear envelope infoldings, (3) development of 

organelles such as the smooth endoplasmic reticulum, (4) growth and development 

of the cell cytoskeleton which stretches from the basal lamina to the lumen of the 

seminiferous tubule, (5) cessation of proliferation and development into post-mitotic 

cells, (6) loss of maturation marker expression (example given (e.g.) AMH) and (7) 

formation of the BTB and SC-GC junctional complexes. This thesis will mainly focus 

on the SC junctional complexes and their role in tubular cell to cell communication. 

1.4. Sertoli cell (SC) communication 

Spermatogenesis is dependent upon the complex communication between SC and 

GC, and also adjacent SC. It is believed that the communication between SC and 

SC-GC via junctions is vital for spermatogenesis (MRUK and CHENG 2004; BREHM 

et al. 2007; SRIDHARAN et al. 2007; CHENG and MRUK 2012). It has been proven 

in numerous publications, that a lack of even a single junctional protein (e.g. 

claudin11 or Cx43) causes infertility (GOW et al. 1999; BREHM et al. 2002; BREHM 

et al. 2006; BREHM et al. 2007; SRIDHARAN et al. 2007; CARETTE et al. 2010; 

TRIPATHI and TRIPATHI 2010; WEIDER et al. 2011a; WEIDER et al. 2011b; GIESE 

et al. 2012; GERBER et al. 2014). The types of junctional complexes within the 

testes have been simplified and limited to three: TJ, AJ and GJ (CHENG and MRUK 

2002; MRUK and CHENG 2004; BREHM and STEGER 2005; CHENG and MRUK 

2012). 

1.4.1. Interaction Sertoli cell (SC) to Sertoli cell (SC) 
and the blood-testis barrier (BTB) 

The development of the BTB begins during puberty concomitant with the first GC 

undergoing meiosis. This is thought to coincide with the termination of SC 
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proliferation and maturation. The BTB is located close to the basal lamina of the SC 

(MRUK and CHENG 2004). Specifically, TJ proteins located between SC at the 

height of the BTB (between spermatogonia and primary spermatocytes) prevent the 

diffusion of substances/molecules through the intercellular space. They are essential 

for establishing a unique adluminal compartment for GC development during 

spermatogenesis (BERGMANN 2006). These junctions also provide a protective 

immunological barrier (BYERS et al. 1993; FIJAK et al. 2011). The TJ protein 

occludin is believed to be the initiator for BTB formation (DYM and FAWCETT 1970; 

DYM 1973; VITALE et al. 1973; DYM 1974; CYR et al. 1999; GERBER et al. 2014). 

In other “epithelial cells”, other than SC, AJ and TJ proteins are localized towards the 

apical region and not towards the basolateral region of the cell (CYR et al. 1999; 

CHENG and MRUK 2002; SIU and CHENG 2004; BREHM and STEGER 2005). 

Also localized to the BTB are GJ, which allow for the direct communication between 

two adjacent SC. The most predominant GJ protein within the testis is Cx43 

(PELLETIER 1995; CYR et al. 1999; BREHM et al. 2002; MRUK and CHENG 2004; 

BREHM and STEGER 2005; BREHM et al. 2006; BERGMANN 2006; BREHM et al. 

2007; SRIDHARAN et al. 2007; CARETTE et al. 2010; TRIPATHI and TRIPATHI 

2010; WEIDER et al. 2011a; GERBER et al. 2014). 

During spermatogenesis, the BTB must open (and then close) to allow preleptotene 

spermatocytes to pass and enter the adluminal compartment to continue 

spermatogenesis. Yet the actual dynamic restructuring of the BTB is still unclear 

(RUSSELL 1977; CHENG and MRUK 2002; MRUK and CHENG 2004; SIU and 

CHENG 2004; BREHM and STEGER 2005). 

1.4.2. Interaction of Sertoli cells (SC) and germ cells 
(GC) 

SC are not only responsible for BTB formation, but also for nurturing and aiding GC 

in their proliferation and maturation. This is evident since the GC themselves lack 

specific architectural characteristics of migrating cells, such as fibroblasts (DE 
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KRETSER and KERR 1988; GRISWOLD 1995; CHENG and MRUK 2002; MRUK 

and CHENG 2004; BREHM and STEGER 2005). Additionally, the BTB seals the GC 

located in the adluminal compartment from the nutritional supply of the blood stream 

and also serves as an immunological barrier. Thus, these GC are metabolically 

dependent upon the SC supply of nutrition which is mediated by complex interactions 

(GONDOS and BERNDSTON 1993; SCHULZE and HOLSTEIN 1993; GRISWOLD 

1995; GURAYA 1998; CHENG and MRUK 2002; SHARPE et al. 2003; MRUK and 

CHENG 2004; BREHM and STEGER 2005; CHENG and MRUK 2012). The majority 

of the interactions between SC-GC are pertained to AJ and GJ, which allow for 

adhesion and direct intercellular communication (CHENG and MRUK 2002; MRUK 

and CHENG 2004). 

1.5. Junctional proteins 

The cell-cell interactions within the testes are mainly dependent upon three types of 

junctions: AJ (e.g. cadherin), TJ (e.g. occludin and claudins), and GJ (e.g. connexins 

(Cx)). All of these junction types have been identified and located in/between the SC 

(PELLETIER 1995; CYR et al. 1999; MRUK and CHENG 2004; BREHM et al. 2007; 

SRIDHARAN et al. 2007; CARETTE et al. 2010; TRIPATHI and TRIPATHI 2010; 

WEIDER et al. 2011a; CHENG and MRUK 2012; GERBER et al. 2014). 

1.5.1. Adherens junctions (AJ) 

AJ are also known as anchoring junctions, since they anchor the cytoskeleton of one 

cell to that of a neighboring cell. This helps to maintain tissue integrity and aids the 

sustentacular function of the SC within the seminiferous epithelium. Grouped within 

the AJ are the cadherins, which are calcium dependent transmembrane proteins. The 

catenins, another protein type of AJ, are responsible for linking the cadherins to the 

actin cytoskeleton (CHENG and MRUK 2002; MRUK and CHENG 2004). These 

junctions have been detected between two SC and between SC and GC (CHENG 

and MRUK 2002; JOHNSON and BOEKELHEIDE 2002; LEE et al. 2004; MRUK and 
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CHENG 2004; CARETTE et al. 2010) In the present context, N-cadherin (also known 

as cadherin 2; gene: Cdh2) and β-catenin proteins were found upregulated in SC 

deficient of Cx43, which indicates the potential importance of Cx43 in maintaining SC 

morphology and adhesion (CARETTE et al. 2010). 

1.5.2. Tight junctions (TJ) 

The formation of TJ allows for an impermeable intercellular barrier between two 

neighboring cells (NAGANO and SUZUKI 1976; BERGMANN et al. 1989; 

CEREIJIDO and ANDERSON 2001; BREHM and STEGER 2005; BERGMANN 

2006; CARETTE et al. 2010). These TJ are typically present in epithelial cells and 

create cell polarity with a basal and apical side (FANNING et al. 1999). In the 

seminiferous tubules, this is particularly evident between two SC at the level of the 

BTB (BYERS et al. 1993; CHENG and MRUK 2002; MRUK and CHENG 2004; 

BREHM and STEGER 2005; BERGMANN 2006; FIJAK et al. 2011; CHENG and 

MRUK 2012). For example, researchers used electron opaque tracers (e.g. 

lanthanum tracer) to verify a functional BTB. These tracers coming from blood 

vessels/interstitial compartment could not penetrate the TJ complexes and 

transverse into the lumen of the seminiferous tubule (DYM and FAWCETT 1970; 

DYM 1973; VITALE et al. 1973; DYM 1974). TJ proteins can be categorized into two 

separate groups: TJ-integral membrane proteins and TJ-associated proteins. The 

latter (e.g. zonula occludens 1 (ZO-1)) is located intracellularly and is responsible for 

anchoring the TJ-integral membrane proteins to the actin cytoskeleton. The former 

can be categorized into three major groups: occludin, claudins and junctional 

adhesion molecules (JAMs) (FANNING et al. 1999; CHENG and MRUK 2002; PARIS 

et al. 2008). However, JAM-A or JAM-C proteins are not sufficient by themselves for 

TJ formation, unlike occludin and claudins (MORRIS et al. 2006). 

1.5.2.1. Occludin 

Occludin (gene: Ocln) is a four transmembrane protein (~ 65 kDa) with two 

extracellular loops, one intracellular loop and its C- and N-termini ends internalized, 
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Figure 5 (FURUSE et al. 1993). In 1973 FAWCETT considered the detection of 

occludin junctions in the rat to be the initial formation of the BTB using electron 

microscopy. VITALE et al. (1973) showed that the formation of the BTB during day 

16 and 19 postpartum (p.p.) in pubertal rats is timely correlated to the initiation of 

spermatogenesis. Additionally, in 1976 NAGANO and SUZUKI used occludin as the 

specific indicator for the initial formation of the BTB at day 16 in pubertal mice, and 

this was later confirmed in 1999 (CYR et al.). In the first four weeks p.p., occludin 

expression gradually increased at the base of seminiferous epithelium and then 

decreased in mice testes (MOROI et al. 1998). However, the formations of TJ are not 

solely built upon occludin and indicate a more complex function (SAITOU et al. 1998; 

SAITOU et al. 2000; SCHULZKE et al. 2005). In the present context, occludin was 

initially found upregulated in SC deficient of Cx43, indicating a regulatory function of 

Cx43 during BTB formation and/or for occludin expression (CARETTE et al. 2010). 

1.5.2.2. Claudins 

As of 2011 (MINETA et al.), the claudin family has grown to 23 different claudin 

genes with more still expected to be discovered. Additionally, various claudin types 

are considered to be seal or barrier specific (GÜNZEL and YU 2013; VAN ITALLIE 

and ANDERSON 2013), and claudin3 (MENG et al. 2005), claudin5 (MORROW et al. 

2009) and claudin11 (GOW et al. 1999) contribute to murine BTB formation 

(MORROW et al. 2010). Like occludin, claudin is also a four transmembrane protein 

with two extracellular loops, one intracellular loop and the C- and N-termini 

internalized (Figure 5) (MORROW et al. 2010). However, due to a lack of sequence 

homology, occludin is not categorized within the claudin family (FURUSE et al. 

1998). It was determined in testis that claudin11 mRNA expression peaks between 

days 6 and 15 p.p. which is around the time when BTB formation occurs (HELLANI et 

al. 2000). It is not until day 13 p.p. that claudin11 is detected using IHC (MAZAUD-

GUITTOT et al. 2010), and it is thereafter present at all stages of the murine 

seminiferous epithelial cycle (MORROW et al. 2010). So far, claudin11 has only been 

detected within SC and not in GC (MORROW et al. 2010). Functions of claudin11 

may include the mediation of SC cell cycle regulation (MAZAUD-GUITTOT et al. 
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2010) and the modulation of cell migration and invasion (AGARWAL et al. 2009; 

MORROW et al. 2010). 

 

Figure 5: Occludin and claudin protein structures 

Shown is a comparative drawing of the tight junction structures of occludin and claudin. Both 
junctional proteins have two extracellular loops, one intracellular loop and internalized C- and 
N-termini. COOH = C-terminal; NH2 = N-terminal (modified from MORROW et al. 2010). 

1.5.3. Gap junctions (GJ) 

In general, GJ channels allow for direct cytoplasmic connection between two 

adjacent cells and have been found in most animal cell types. A GJ channel is 

composed of two hemichannels called connexons which are responsible for direct 

intercellular communication between adjacent cells (Figure 6). Each cell contains one 

connexon composed of six Cx proteins. A Cx is a four transmembrane protein with 

two extracellular loops, one intracellular loop and both N- and C-terminal ends 

located intracellularly (KUMAR and GILULA 1996; KIDDER and MHAWI 2002; 
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MAEDA et al. 2009; TRIPATHI and TRIPATHI 2010). These channels can transport 

small molecules and ions (< 1 kDa) (LOEWENSTEIN 1981; KUMAR and GILULA 

1996). They specifically transport peptides, second messengers and nucleotides 

which mediate metabolic coupling and synchronized responses to hormones 

(RISLEY 2000; BREHM and STEGER 2005). Over the past couple of years 

additional functions have been discovered for GJ and Cx: a dynamic cell modulation 

of the cytoskeletal structure as well as extrinsic guidance to promote cell-cell 

adhesion (ITOH et al. 1997; HUANG et al. 1998; GIEPMANS et al. 2001; STOUT et 

al. 2004; HARTSOCK and NELSON 2008; GIESE et al. 2012; KAMERITSCH et al. 

2012). Individual connexons might regulate physiological roles by controlling 

adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (NAD+) and Ca2+ 

wave signaling (STOUT et al. 2004; SPRAY et al. 2006; POINTIS et al. 2010). GJ 

channels also regulate cellular growth and differentiation (WARNER et al. 1984; 

MEHTA et al. 1991; LEE et al. 1992a; BRUZZONE et al. 1996; KUMAR and GILULA 

1996). Twenty different Cx genes coding for GJ in mice have been discovered since 

2004 (SÖHL and WILLECKE). 

1.5.3.1. Gap junctions (GJ) in the seminiferous epithelium 

Gja1 codes for Cx43, which is one of the most researched GJ proteins, and Cx43 is 

the most predominant GJ protein within the testis. In the seminiferous epithelium 

Cx43 is located between adjacent SC and between SC and GC, where it is involved 

in testicular development, GC and SC differentiation and spermatogenesis (BRAVO-

MORENO et al. 2001; DECROUY et al. 2004; BREHM et al. 2007; SRIDHARAN et 

al. 2007; BREHM et al. 2009; CARETTE et al. 2010; WEIDER et al. 2011a; WEIDER 

et al. 2011b; GIESE et al. 2012; GÜNTHER et al. 2013; GERBER et al. 2014). 



─ 21 ─ 

 

Figure 6: Connexin (Cx) and gap junction (GJ) channels 

Cx is a four transmembrane protein. Six of those molecules make up one connexon. Two 
connexons make up a GJ channel. A GJ channel is established between two cells when each 
cell contributes one connexon. GJ channels aggregate together to form a GJ plaque. These 
channels allow for direct cytoplasmic communication in the open stage and prevent it in the 
closed stage. COOH = C-terminal; NH2 = N-terminal (modified from KIDDER and MHAWI 2002). 

1.5.3.2. Connexin43 (Cx43) and Sertoli cells (SC) 

Within the SC numerous Cx-proteins have been identified so far: Cx26, Cx32, Cx33 

and Cx43, in which Cx43 appears to be the most dominant GJ protein within the 

seminiferous epithelium (RISLEY et al. 1992; PELLETIER 1995; TAN et al. 1996; 

BATIAS et al. 1999; STEGER et al. 1999b; BATIAS et al. 2000; CHENG and MRUK 

2002; BRAVO-MORENO et al. 2001; PÉREZ-ARMENDARIZ et al. 2001; 

SEGRETAIN et al. 2003; FIORINI et al. 2004; MRUK and CHENG 2004; BREHM 

and STEGER 2005; BREHM et al. 2007; SRIDHARAN et al. 2007; BREHM et al. 

2009; CARETTE et al. 2010; WEIDER et al. 2011a; WEIDER et al. 2011b; CHENG 

and MRUK 2012; GIESE et al. 2012; GERBER et al. 2014). Like all Cx, Cx43’s name 

originates from its molecular weight of 43 kDa as can be seen in a WB (BEYER et al. 

1990). The SC is considered to be the main mediator for communication within the 

seminiferous tubule/epithelium (BYERS et al. 1993; ENDERS et al. 1993; JÉGOU 

1993; RUSSELL 1993; SHARPE 1993; RISLEY et al. 2002; BREHM and STEGER 
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2005). The importance of Cx43 within SC has become particularly evident in men 

with impaired spermatogenesis (e.g. arrest of spermatogenesis at the level of 

spermatogonia) and testicular CIS. In both instances it was shown that there was a 

significant downregulation of Cx43 within the SC or tubule (STEGER et al. 1999a; 

BREHM et al. 2002; DEFAMIE et al. 2003; BREHM and STEGER et al. 2005; 

BREHM et al. 2006; TRIPATHI and TRIPATHI 2010; CHENG and MRUK 2012). 

Thus, the central role of the SC within the testis, in particular the seminiferous 

epithelium, is as evident as the importance of Cx43 within the SC. 

1.6. Development of a global connexin43 
(Cx43) mouse knockout (KO) 

Initially a global KO of the Gja1 gene was performed to study the importance and 

function of Cx43 within mice. Yet, this global KO was not suitable for spermatogenic 

studies p.p., since the KO-mice died at birth due to an obstruction of the right 

ventricular outflow tract of the heart (REAUME et al. 1995). Interestingly, already at 

birth it was noticed that the gonad sizes of both sexes were unusually small. Thus, 

the absence of Cx43 seems to affect the number of GC that populate the fetal 

gonads (JUNEJA et al. 1999). 

1.6.1. Knockin (KI) mouse models 

Since Cx43 is vital for life in mice, two knockin (KI) mouse lines were developed 

using Cx32 and Cx40, Cx43KI32 and Cx43KI40 to replace Cx43 (PLUM et al. 2000). 

Both KI strains overcame death at birth, which indicates that Cx32 and Cx40 can 

replace Cx43 for mice vitality. Noteworthy, both mice types still indicated increased 

ventricular vulnerability. In addition, the male KI mice were all sterile, indicating that 

these KI were not sufficient for fertility, hence further indicating the unique importance 

of Cx43 (PLUM et al. 2000). Similar results were achieved using a Cx43KI26 mouse 

line: these mice were viable, but the males were still infertile (WINTERHAGER et al. 

2007). 



─ 23 ─ 

1.7. Development of a Sertoli cell specific 
connexin43 knockout (SCCx43KO) mouse 
line 

In 2007, two independent research groups developed SCCx43KO mice strains, 

lacking Cx43 only in SC, using the Cre-LoxP recombination system (BREHM et al. 

2007; SRIDHARAN et al. 2007). A conditional SC-specific KO of the Gja1 gene 

revealed that Cx43 expression in SC is an absolute requirement for normal testicular 

development and initiation of spermatogenesis in mice (BREHM et al. 2007; 

SRIDHARAN et al. 2007). However and in contrast, a GC-specific KO of the Gja1 

gene (GCCx43KO) did not indicate the importance of Cx43 within the GC, since 

these mice were still fertile. This indicates that Cx43 expressed in nurturing SC is 

probably vital for directional cross talk between SC to GC. Contrary, in GC to SC 

communication, this path might be substituted by other Cx expressed in GC 

(GÜNTHER et al. 2013). 

The SCCx43KO mice stem from crossing transgenic AMH-Cre mice (LÉCUREUIL et 

al. 2002) with transgenic Cx43flox-LacZ mice (THEIS et al. 2000; THEIS et al. 2001). 

In general, the crossing of a Cre and a flox mouse is also known as the Cre-LoxP 

recombination system, which allows for cell and tissue specific conditional KO of 

single genes (STERNBERG et al. 1981; ABREMSKI and HOESS 1984; HAMILTON 

and ABREMSKI 1984; NAGY 2000; BREHM and STEGER 2005). Cre is an enzyme 

which stems from the P1 bacteriophage and specifically cleaves deoxyribonucleic 

acid (DNA) sequences with two 34 base pairs (bp) LoxP-sequences (HAMILTON and 

ABREMSKI 1984). These LoxP-sequences are composed of an 8 bp core region 

surrounded by 13 bp inverted repeats on both sides (HOESS et al. 1982; HAMILTON 

and ABREMSKI 1984). The Cre enzyme targets the inverted repeats of a LoxP-

sequence and is oriented by the core region. When the LoxP-sequence surrounds a 

specific gene, the gene is then considered to be a floxed gene and can be cut out of 

the genome via Cre (STERNBERG et al. 1981; HOESS et al. 1982; ABREMSKI and 

HOESS 1984; HAMILTON and ABREMSKI 1984; NAGY 2000). Through the use of a 

cell specific promoter, the Cre enzyme can be activated in certain cells only, which 
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allows for the cell specific gene deletion (Figure 7) (NAGY 2000; BREHM and 

STEGER 2005; BREHM et al. 2007; SRIDHARAN et al. 2007). 

 

 

Figure 7: Cre-LoxP recombination system 

Crossing a floxed mouse (two LoxP-sequences around a target gene) with a cell specific Cre 
mouse allows for offspring with cell specific deletion of the target gene. Cre is an enzyme that 
cleaves out the floxed gene (from BREHM and STEGER 2005). 

In particular, in the SCCx43KO mice, the expression of the Cre enzyme is regulated 

under the control of an Amh promoter, specific to SC. The enzyme then cleaves the 

targeted flox gene Gja1, encoding for Cx43 (BREHM et al. 2007; SRIDHARAN et al. 

2007). A unique feature of the used Cx43flox-LacZ mouse is the encoded silent 

LacZ-reporter gene (coding for β-galactosidase) which is only activated once the 

floxed-gene (Gja1) has been deleted (THEIS et al. 2000; THEIS et al. 2001). Hence, 

only in SC lacking Cx43, β-galactosidase is detectable and is used as one validation 

of a successful Gja1 gene deletion. The pairing of these two mouse strains 
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developed a unique new mouse named SCCx43KO. Through multigenerational 

breeding it is possible to achieve 50 % of the male offspring to be WT and the other 

50 % to be SCCx43KO (BREHM et al. 2007; SRIDHARAN et al. 2007). In the past 

seven years numerous publications regarding the SCCx43KO mice and their WT 

littermates have been published: BREHM et al. 2007; SRIDHARAN et al. 2007; 

CARETTE et al. 2010; WEIDER et al. 2011a; WEIDER et al. 2011b; CHOJNACKA et 

al. 2012; GIESE et al. 2012; GERBER et al. 2014. 

1.7.1. Discoveries using the Sertoli cell specific 
connexin43 knockout (SCCx43KO) mouse line 

Macroscopically, adult SCCx43KO mice (no alleles code for Cx43 in SC) showed 

normal testis descent, but testis size and weight were drastically lower when 

compared with heterozygous (one allele still codes for Cx43 in SC) and WT (both 

alleles code for Cx43 in SC) littermates (Figure 8). Histological analysis (Figure 9) 

revealed that SC specific deletion of Cx43 mostly resulted in (1) an arrest of 

spermatogenesis at the level of spermatogonia, (2) SC-only syndrome, (3) 

intratubular SC cell clusters, (4) abnormal SC cytoplasmic vacuoles and (5) 

increased SC numbers per seminiferous tubule and a reduced number of 

spermatogonia per seminiferous tubule (BREHM et al. 2007; SRIDHARAN et al. 

2007). Furthermore, adult SC deficient of Cx43 were found to be still proliferating in 

adult mice (SRIDHARAN et al. 2007). It was postulated that the lack of Cx43 

expression in SC caused these somatic cells to remain in an apparently intermediate 

and permanent proliferative state. These results emphasize the critical contribution of 

Cx43 to the normal maturational progression of SC, which normally results in the 

cessation of SC mitogenesis during the pubertal period (WEIDER et al. 2011b). 
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WT Heterozygous KO 

 

Figure 8: Macroscopic comparison of adult wild type (WT), heterozygous and Sertoli cell 
specific connexin43 knockout (SCCx43KO) mice 

Shown is the (uro)genital system from WT, heterozygous and SCCx43KO knockout (KO) mice. 
Image [a] depicts the WT. Image [b] depicts the heterozygous mutant. Image [c] depicts a KO 
mouse. Notice that the testes (t) of the KO mice exhibit a dramatic reduction in size, while the 
remaining genital system is not altered in comparison to WT and heterozygous mice. 
dd = ductus deferens; e = epididymis; sv = seminal vesicles. The scale bar represents 1 cm 
(modified from BREHM et al. 2007). 
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WT Heterozygous KO 

 

Figure 9: Microscopic comparison of adult wild type (WT), heterozygous and Sertoli cell 
specific connexin43 knockout (SCCx43KO) mice 

The histological pictures compare hematoxylin and eosin staining from the WT, heterozygous 
and SCCx43KO mice. Image [a] depicts the WT. Image [b] depicts the heterozygous mutant. 
Image [c] depicts the histology of a knockout (KO) testis. Notice that the testes of the KO mice 
exhibit an altered seminiferous tubular formation and a lack of spermatogenesis in comparison 
to WT and heterozygous mice. Additionally, the KO tubules contain Sertoli cell cluster (arrow), 
vacuoles (box). Also note a possible Leydig cell hyperplasia (*). The scale bar represents 
50 µm (modified from WEIDER et al. 2011a). 

Additionally, to these qualitative and histological differences, a total of 658 genes 

exhibited an altered regulation (135 upregulated and 523 downregulated) in a 

microarray study at day 8 p.p. when comparing the WT and SCCx43KO mice. The 

majority of the downregulated genes were essential for spermatogenesis (GIESE et 

al. 2012). Recently, TJ regulation due to an absence of Cx43 in SC has come into 

focus. CARETTE et al. (2010) demonstrated that the synthesis of Cx43 was 

significantly reduced in adult SCCx43KO mice using semi-quantitative WB analysis 

and immunofluorescence (IF). Additionally, it was shown that adult SCCx43KO mice 

still maintained an intact BTB using electron opaque tracers as well as a hypertonic 

fixation solution. Furthermore, functional compensation of Cx43 could not be 

detected in adult SCCx43KO seminiferous tubular fragments using fluorescence 

recovery after photo bleaching (FRAP). In this method the SC of both genotypes 

were injected with a fluorescent cell dye (calcein-AM), which is capable of passing 

through GJ channels. The dye within a single SC of each genotype was then 
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bleached using a laser. The bleached WT SC recovered fluorescent after several 

minutes of incubation due to the diffusion of the dye from the unbleached neighboring 

SC. In this case diffusion likely occurred through the GJ channel Cx43. Unlike in the 

WT, the recovery of fluorescence was not detected in the bleached SCCx43KO SC. 

Through the FRAP experiment it was evident that the GJ Cx43 was not compensated 

by another GJ (e.g. Cx32) within the SC of SCCx43KO mice. Via semi-quantitative 

WB, IF and electron microscope analysis, it was determined that numerous junctional 

proteins (N-cadherin, β-catenin and occludin) were upregulated in the adult 

SCCx43KO mice. Conversely, ZO-1 was shown to be downregulated in both WB and 

IF. Additionally, using a SerW3 rat SC line and Cx43 specific siRNA, functional 

compensation of the GJ protein (channel) Cx43 was analyzed through FRAP. In this 

experiment the transient knockdown within SerW3 SC was also not functionally 

compensated by another Cx protein (channel; e.g. Cx32). This shows again that 

Cx43 is vital for direct cytoplasmic communication between neighboring SC. A 

comparison of the junctional protein expression levels (N-cadherin, β-catenin and 

occludin) also revealed significant increases in the transient knockdown SerW3 

cultures. Only the junction associated protein ZO-1 was unaltered. Concluding, Cx43 

is not crucial for establishing a functional BTB, but seems to interfere with barrier 

dynamics (assembly/disassembly) (CARETTE et al. 2010). 

1.8. Project overview 

Literature describes that Cx43 is downregulated within the seminiferous tubules of 

men expressing CIS or impaired spermatogenesis (STEGER et al. 1999a; BREHM et 

al. 2002; BREHM et al. 2006). However it is unclear how Cx43 is regulated in these 

instances. It is well known that the SC carry a central role in spermatogenesis and 

requires Cx43, as seen in the SCCx43KO mice (BREHM et al. 2007; as used in this 

manuscript) or additionally known as SC-Cx43 KO mice (SRIDHARAN et al. 2007; 

not used in this manuscript). Thus the SCCx43KO mouse model is ideal to study the 

effects of an absence of Cx43 within the SC. In particular, Cx43 has been located to 

the SC and is vital for communication at the BTB. Additionally, this model in an in 
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vitro environment might also serve to study potential Cx43 male contraceptive targets 

for regulating spermatogenesis. As described before, this dissertation pertains to the 

following main questions: 

(1) How is the expression of the TJ protein occludin affected at the BTB during 

puberty in comparing SCCx43KO mice and WT littermates? 

For this purpose, the established SCCx43KO mouse line and WT littermates were 

investigated for occludin expression using qRT-PCR, IHC and semi-quantitative WB 

analysis. 

(2) Are there differences when culturing SC from SCCx43KO mice and their WT 

littermates? How is the expression of the TJ protein (specifically claudin11) affected 

when comparing the SCCx43KO and WT primary SC cultures? 

For this study, the SCCx43KO and WT SC were isolated from fresh tissue samples 

and brought into culture. These cultures were characterized and compared via 

microscopic comparison, IHC, IF, PCR, semi-quantitative WB, cell viability assays 

(via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)) and cell 

monolayer integrity (via Transepithelial electrical resistance (TEER)). 
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2. Materials and methods 

2.1. Overview of the methods 

The present study investigates SCCx43KO mice and their WT littermates. The effect 

of the loss of Cx43 within the SC and spermatogenesis is analyzed in an ex vivo and 

in vitro aspect. Figure 10 and Table 1 give an overview of the performed experiments 

and the number of mice used for each experiment. 

For the developmental ex vivo BTB study a total of 81 mice were used: 48 for IHC, 6 

for qRT-PCR and 27 for WB analysis. An additional 83 mice were used in an in vitro 

study for the characterization of the primary cell cultures. In order to establish the 

primary cell culture a total of 60 mice were used. Note that this number includes mice 

used in preliminary testing. A total of 24 adolescent (age: 17-19 days p.p.) and 36 

adult mice were brought into cell culture. While 16 isolations of the adult mice were 

unsuccessful, all other adult cultures were used for establishing various protocols. 

Due to the viability difficulties in the adult cultures, the focus shifted towards 

adolescent ages, since many publications used a similar age bracket (HADLEY et al. 

1985; ONODA et al. 1990; MONSEES et al. 1996; NENICU et al. 2007). In the cell 

culture study additional ex vivo experiments were performed (IHC (n = 17 mice) and 

testes homogenate for WB (n = 6 mice)) to support the in vitro results and to develop 

antibody (AB) protocols. Note that some of these IHC tissue sections and WB protein 

samples stem from mice which were also used in the ex vivo BTB study. 



 
─
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Figure 10: Overview of experiments 

Illustrated is a schematic overview of the experiments done as part of this thesis and the respective origin of each sample. HE = 
hematoxylin and eosin staining; IF = immunofluorescence; IHC = immunohistochemistry; mRNA = messenger ribonucleic acid; MTT = 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (cell viability assay); PCR = polymerase chain reaction; qRT-PCR = 
quantitative real time PCR; SCCx43KO = Sertoli cell specific connexin43 knockout; TEER = transepithelial electrical resistance (cell 
monolayer integrity assay); WB = Western blot; WT = wild type. 
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Table 1: Overview of experiments and animals used 

Listed is an overview of experiments and the number of animals used. Adult is older than 35 
days postpartum (p.p.). HE = hematoxylin and eosin staining; IF = immunofluorescence; IHC = 
immunohistochemistry; KO = knockout (Sertoli cell specific connexin43 KO (SCCx43KO)); MTT 
= 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (cell viability assay); PCR = 
polymerase chain reaction; qRT-PCR quantitative real time PCR; TEER = transepithelial 
electrical resistance (cell monolayer integrity assay); WB = Western blot; WT = wild type. 

 Experiment Gene/Protein Age Days p.p. Number per KO Number per WT 

E
x
 v

iv
o

 

IHC 

β-galactosidase 
2, 7, 8, 10, 11,12, 13, 
14, 15,17, 23, Adult 

2 2 

Claudin11 
Between 17-19 8 7 

Adult 1 1 

Connexin43 

Between 17-19 8 7 

2, 7, 8, 10, 12, 14, 
15, 17, 23, Adult 

2 2 

Occludin 
2, 7, 8, 10, 11, 12, 

13, 14, 15, 23, Adult 
2 2 

Sox9 
Between 17-19 8 7 

Adult 1 1 

Vimentin 
Between 17-19 8 7 

Adult 1 1 

HE -- 
Between 17-19 8 7 

Adult 1 1 

qRT-PCR 

Actb Adult 3 3 

Cdh2 Adult 3 3 

Cldn11 Adult 3 3 

Gja1 Adult 3 3 

Hsp90aa1 Adult 3 3 

Ocln Adult 3 3 

Tjp1 Adult 3 3 

WB 

α-tubulin 12, 15, Adult 3 3 

Occludin 8, 10, 14 2 2 

Occludin 
semi-quantitative 

12, 15, Adult 3 3 

Claudin11 
semi-quantitative 

Between 17-19, Adult 3 3 

Connexin43 Between 17-19, Adult 3 3 

In
 v

it
ro

 

IHC 
Sox9 

Between 17-19 3 3 

Adult 1 1 

Vimentin 
Between 17-19 3 3 

Adult 1 1 

IF Sox9 Between 17-19 1 1 

PCR Digest  
Supernatant 

Acta2 Between 17-19 1 1 

Actb Between 17-19 1 1 

Hsd3b6 Between 17-19 1 1 

Sox9 Between 17-19 1 1 

PCR 
Cell Culture 

Acta2 Between 17-19 3 3 

Actb Between 17-19 3 3 

Amh Between 17-19 3 3 

Cldn11 Between 17-19 3 3 

Gja1 Between 17-19 3 3 

Hsd3b6 Between 17-19 3 3 

Hsp90aa1 Between 17-19 3 3 

Ocln Between 17-19 3 3 

Tjp1 Between 17-19 3 3 

Sox9 Between 17-19 3 3 

WB 
α-tubulin Between 17-19 3 3 

Claudin11 Between 17-19 3 3 

Connexin43 Between 17-19 3 3 

MTT -- Between 17-19 4 6 

TEER -- Between 17-19 4 6 
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2.2. Generation of the Sertoli cell specific 
connexin43 knockout (SCCx43KO) mouse 
line 

The SCCx43KO mice basically stem from crossing AMH-Cre transgenic mice 

(LÉCUREUIL et al. 2002) with Cx43flox-LacZ transgenic mice (THEIS et al. 2000; 

THEIS et al. 2001). Mice were maintained as stated in the propositions, which were 

approved by the animal rights committee at the regional commission of Giessen, 

Germany (decision V54-19c 20/15 c GI 18/1) and then the regional commission of 

Hannover, Germany (decision 33.9-425-05-11A120). 

To generate the SCCx43KO mice (Figure 11), initially a homozygous-AMH-Cre 

mouse is crossed with a homozygous-Cx43flox-LacZ mouse (Gja1-flox). Figure 11 is 

seen from “the perspective of the SC”. Note that all females are WT regardless of 

their genotype, since they contain no SC in which Cx43 is knocked out. The filial 1 

(F1) generation, heterozygous-AMH-Cre-heterozygous-Cx43flox-LacZ, are then back 

crossed with a homozygous-Cx43flox-LacZ mouse to produce the filial 2 (F2) 

generation. Even though the F2 generation already contains the required genotype, 

another cross was desired to achieve a more offspring efficient mouse line. To 

generate the filial 3 (F3) generation a homozygous-Cx43flox-LacZ male mouse was 

crossed with a heteroygous-AMH-Cre-homozygous-Cx43flox-LacZ female mouse, 

which results in a 50/50 chance of a male offspring being a WT or SCCx43KO 

mouse. 
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AMH-Cre Mice: CCff (♂) & CCff (♀) 
Cx43flox-LacZ Mice: ccFF (♂) & ccFF (♀) 

 
Parent Generation 

ccFF (♀) x CCff (♂) or ccFF (♂) x CCff (♀) = F1 
 

F1 Generation 
 Cf 

cF 
CcFf 
(WT) 

 
F1 x Cx43flox-LacZ = CcFf (♀) x ccFF (♂) or CcFf (♂) x ccFF (♀) = F2 

 
F2 Generation 

 CF Cf cF cf 

cF 
CcFF 

(♂ SCCx43KO) 
(♀ WT) 

CcFf 
(WT) 

ccFF 
(WT) 

ccFf 
(WT) 

 
F2 (♀) x Cx43flox-LacZ (♂) = CcFF (♀) x ccFF (♂) = F3 

 
F3 Generation 

 CF cF 

cF 
CcFF 

(♂ SCCx43KO) 
(♀ WT) 

ccFF 
(WT) 

 
 

♀ WT → both alleles contain the gene Gja1 coding for Cx43 
(♀ WT = CCFF, CCFf, CCff, CcFF, CcFf, Ccff, ccFF, ccFf, ccff) 

 
♂ WT → in SC both alleles contain the gene Gja1 coding for Cx43 

(♂ WT = CCff, Ccff, ccFF, ccFf, ccff) 
 

♂ Heterozygous → in SC one allele contains the gene Gja1 coding for Cx43 
(♂ Heterozygous = CCFf, CcFf); phenotype is WT 

 
♂ SCCx43KO → in SC no alleles have the gene Gja1 coding for Cx43 

(♂ SCCx43KO = CcFF, CCFF) 
 

Figure 11: Generation of a Sertoli cell specific connexin43 knockout (SCCx43KO) mouse line 
from the Sertoli cell (SC) perspective 

Shown is how to cross an AMH-Cre mouse and a Cx43flox-LacZ to generate the SCCx43KO 
mice and their wild type (WT) littermates using Punnett squares. Note that all females (♀) are 
WT regardless of their genotype, since they contain no SC in which connexin43 is knocked out. 
Only male (♂) CcFF and CCFF genotypes are SCCx43KO and are infertile. C = Cre positive; 
c = Cre negative; F = Gja1 floxed; f = Gja1 not floxed; F1 = Filial 1; F2 = Filial 2; F3 = Filial 3. 
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These WT and SCCx43KO mice are produced through the use of the SC specific 

Amh promoter. Only in the SC of male mice, the AMH-Cre recombinase enzyme 

starts expression during early embryonic development and terminates at puberty 

(LÉCUREUIL et al. 2002). Once expressed, Cre actively removes the Gja1-floxed 

genomic DNA section. The Cx43-LacZ transgenic mice contain two LoxP sites 

(floxed), one in front and one behind exon 2 of Gja1, coding for Cx43. Hence, when 

Cre was present and both alleles contain a floxed Gja1 gene, a KO mouse lacking 

Cx43 in SC was developed (see Figure 11; WT = in SC both alleles contain the gene 

Gja1 coding for Cx43; Heterozygous = in SC one allele still contains the gene Gja1 

coding for Cx43; Homozygous (SCCx43KO) = in SC no alleles have the gene Gja1 

coding for Cx43) (BREHM et al. 2007; SRIDHARAN et al. 2007). The LacZ coding 

region allowed for an immunohistochemical verification of the KO through a β-

galactosidase staining as described later in section 2.4.3. 

All mice ages are considered to be days p.p. and are considered adult after the age 

of 35 days p.p. (VERGOUWEN et al. 1993). 

2.2.1. Genotyping 

The mice were genotyped from approximately 3 mm long tail biopsies. To further 

identify the mice at later ages, ear markings were used. Each litter received a 

consecutive number, while each mouse within the litter received a consecutive 

alphabetical letter. For genotyping, the tail biopsy was then incubated for 4-8 h at 

55 °C in 200 µl DirectPCR-Tail reagent and 20 µl proteinase K (according to the 

vendor protocol supplied with the reagent). This mixture helped to extract and 

stabilize the DNA. The samples were then incubated for 45 min at 85 °C and then 

centrifuged. The supernatant was then transferred to a new test tube; the sample 

was stored at −20 °C. 

Two PCR were required to adequately genotype the mice as described by BREHM et 

al. 2007. The first PCR tested the presence of Cre (positive or negative) and the 
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second PCR tested to see which alleles were floxed or not. The primers for 

genotyping are listed in Table 2 together with the respective PCR product lengths. 

2.2.1.1. Polymerase chain reaction (PCR) for Cre detection 

PCR mixture for Cre 

Nuclease free water      15 µl 

Green GoTaq® flexi buffer (5x)    5 µl 

MgCl2 (25 mM)      2 µl 

Deoxyribonucleotide (dNTP) mix (10 mM)  0.5 µl 

Cre forward primer (10 pmol)    0.5 µl 

Cre reverse primer (10 pmol)    0.5 µl 

GoTaq® flexi DNA polymerase (5 U/µl)   0.5 µl 

DNA from the biopsied mouse tail    1 µl 

PCR thermocycler protocol for Cre 

Heat Lid 99 °C   During the entire process 

2 min at 95 °C   Initial denaturation of the DNA 

Loop 40x 

30 s at 95 °C   Denaturation of the DNA 

30 s at 58 °C   Annealing of the primers 

30 s at 72 °C   DNA amplification and elongation 

7 min at 72 °C   Final DNA amplification and elongation 

Infinity at 4 °C   Cooling and storage 
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2.2.1.2. Polymerase chain reaction (PCR) for Gja1-flox 

detection 

PCR mixture for Gja1-flox 

Nuclease free water      15.35 µl 

Green GoTaq® flexi buffer (5x)    5 µl 

MgCl2 (25 mM)      2 µl 

dNTP mix (10 mM)      0.5 µl 

Gja1 forward primer (10 pmol)    0.5 µl 

Gja1 reverse primer (10 pmol)    0.5 µl 

GoTaq® flexi DNA polymerase (5 U/µl)   0.15 µl 

DNA from the biopsied mouse tail    1 µl 

PCR thermocycler protocol for Gja1-flox 

Heat Lid 99 °C   During the entire process 

2 min at 95 °C   Initial denaturation of the DNA 

Loop 40x 

45 s at 95 °C   Denaturation of the DNA 

45 s at 64 °C   Annealing of the primers 

90 s at 72 °C   DNA amplification and elongation 

5 min at 72 °C   Final DNA amplification and elongation 

Infinity at 4 °C   Cooling and storage 
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Table 2: Genotyping primers 

Listed are the primers used to genotype the Sertoli cell specific connexin43 knockout mice. 
bp = base pairs. 

Gene Direction Primer Sequences 
Annealing 

Temperature 

Length 

(bp) 
Source 

Cre 

Forward CCTGGAAAATGCTTCTGTCCG 

58 °C 1914 

LÉCUREUIL 

et al. 2002; 

BREHM et 

al. 2007 Reverse GCAGGCGCAGGAGCTGGTGC 

Gja1 

Forward TCATGCCCGGCACAAGTGAGAC 

64 °C 

1100 

(floxed) 
THEIS et al. 

2001; 

BREHM et 

al. 2007 Reverse TCACCCCAAGCTGACTCAACCG 
987 

(not floxed) 

 

2.2.1.3. Gel electrophoresis 

PCR products were separated via an agarose gel using a PerfectBlue™ Gelsystem 

and visualized using Gelred™. To begin, agarose was dissolved in 30 ml TBE-buffer 

(in which TBE = Tris-borate-EDTA; Tris = 2-amino-2-hydroxymethyl-propane-1,3-diol; 

EDTA = ethylenediaminetetraacetic acid) through microwave cooking. Next, 3 µl of 

GelRed™ was added to the dissolved agarose and was then poured. The wells were 

loaded with 12 µl of the Cre PCR sample (sample was first diluted in 20 µl of water) 

and 12 µl of the Gja1 PCR sample on to a 0.8 % and 1 % (respectively) agarose gel. 

Additionally, 3 µl of the 1kb DNA ladder was loaded as a marker. Then, the gel was 

run at 100 V in TBE-buffer for 60 min in case of a Cre PCR or 90 min for a Gja1 PCR. 

The gel was photographed on a Bio 1D. 

2.3. Sample collection 

Genotyped mice were first anaesthetized with CO2 and then sacrificed via cervical 

dislocation. The testes were removed aseptically and placed into Bouin’s fixation 

solution or into a test tube. Samples in the test tube were either snap frozen using 
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liquid nitrogen or used directly for TRIzol® isolation. All primary cell culture isolations 

stem from fresh tissue. The isolated testes were then used for ex vivo or in vitro 

experimentation. The ex vivo experiments included IHC, qRT-PCR and WB analysis. 

All in vitro experiments pertained to the primary cell cultures, which were 

characterized via microscopy, IHC, IF, PCR, WB, cell monolayer integrity assay 

(TEER) and cell viability assay (MTT). 

2.4. Ex vivo experimentation 

All testes used for IHC were fixated with Bouin’s solution and embedded into paraffin. 

All other testes used for ex vivo experimentation were subjected to TRIzol® isolation. 

2.4.1. Paraffin tissue sections 

2.4.1.1. Fixation in Bouin’s solution 

The testicular tissue samples used for IHC and hematoxylin and eosin (HE) were 

fixated using Bouin’s solution. The testes were fixated for approximately 24 h and 

then rinsed regularly for at least 3 days in 70 % ethanol until the excess reagent was 

removed. These samples were ready for dehydration and paraffin embedding. 

2.4.1.2. Dehydration and paraffin embedding 

The fixated samples were then dehydrated via an increasing alcohol gradient using 

the ASP300S tissue processor. Once dehydrated the samples were treated with 

xylene as a clearing agent which prepared them for the liquid paraffin embedding. 
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ASP300S tissue processor 

70 % ethanol      2 h 

80 % ethanol      2 h 

96 % ethanol      2 h 

100 % ethanol     3 h 

100 % ethanol     3 h 

100 % isopropanol     3 h 

Xylene      1 h 

Xylene      45 min 

Xylene      45 min 

Paraffin at 59 °C     40 min 

Paraffin at 59 °C     40 min 

Paraffin at 59 °C     40 min 

The samples were embedded using the EG1150 C tissue embedding station. The 

tissue paraffin blocks could then be cut using a microtome. 

2.4.1.3. Microtome 

The tissue paraffin blocks had been stored at 4 °C overnight and were cut using a 

microtome. Approximately 4 µm thick consecutive tissue sections were prepared; this 

was performed by thermal expansion of the tissue blocks as they slowly warmed to 

room temperature (RT) and not by the mechanical ratcheting of the microtome. Once 

cut, the sections were stretched using a water bath at approximately 37 °C, mounted 

onto microscope slides and dried overnight at 60 °C in a drying cabinet. Afterwards 

these sections were then subjected to HE staining or IHC. 

2.4.2. Hematoxylin and eosin (HE) staining 

HE staining was performed to view the general morphological structures of the testis 

and the individual mitotic stages of the SC. Hematoxylin stains the nucleic acids of 

the DNA, while eosin stains the eosinophilic structures typically located in the 

cytoplasm. The sections were mounted with Eukitt®. Photographs were taken using 

the Zeiss Axioskop microscope and the DP70 digital camera. 
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Deparaffinization and rehydration 

Xylene       2x 5 min 

Isopropanol       2 min 

100 % ethanol      2 min 

80 % ethanol       2 min 

70 % ethanol       2 min 

Distilled water      2 min 

Staining and counter staining 

Haematoxylin      8 min 

0.1 % HCl (in distilled water)    4x Dip 

Running faucet water     15 min 

1 % Eosin (plus 3 or 4 drops acetic acid)   5 min 

Distilled water      1x Dip 

Dehydration 

70 % ethanol       1 min 

80 % ethanol       1 min 

100 % ethanol      2 min 

Isopropanol       2 min 

Xylene       2x 5 min 

2.4.3. Immunohistochemistry (IHC) 

After the sections were cut and dried, they were suitable for IHC and the identification 

of specific proteins (antigens) expressed in the tissue sections. Various primary AB 

(Table 3) were used and visualized using two different methods: (1) EnVision™+Kit 

HRP Rabbit DAB+ and/or (2) Vectastain® Elite ABC Kit Standard. 

The EnVision™ method (2.4.3.1) uses an anti-rabbit secondary AB conjugated with a 

horseradish peroxidase (HRP) polymer. The peroxidase reacts with the chromogen 

3,3' Diaminobenzidine (DAB) and creates an undissolvable brown precipitate. This 

visualizes the location of the primary AB/antigen. 



─ 42 ─ 

The Vectastain® ABC method (2.4.3.2) uses an avidin-biotin complex (ABC) affinity 

reaction to visualize the primary AB, in which a biotinylated secondary AB is used. 

The ABC interacts with Peroxidase Substrate Kit 3-amino-9-ethyl-carbazole (AEC) 

and causes visualization. 

For each AB a negative control was performed by omitting the primary AB from the 

AB dilution buffer. Any reactions in the negative control could then be linked to the 

unspecific binding of the secondary AB. For better visualization of the nuclei (DNA), 

some of the tissue sections were also counterstained with hemalum. 

Table 3: Antibodies (AB) used for tissue immunohistochemistry (IHC) 

Listed are the AB and dilutions for IHC. The EnVision™+kit-HRP rabbit DAB+ system contains 
the secondary AB and is implemented according to the vendor’s protocol. The Vectastain® 
method used a biotinylated secondary goat-anti-rabbit AB from BioLogo (ZU101) in a dilution 
of 1:200. 

AB Name Host Application Dilution Company Catalog # 

β-galactosidase Rabbit EnVision™ 1:5,000 Abcam AB616 

Claudin11 Rabbit EnVision™ 1:2,000 Abcam AB53041 

Connexin43 Rabbit 
EnVision™ 1:500 

New England 

Biolabs 
3512 

Vectastain® 1:100 

Occludin Rabbit EnVision™ 1:300 Invitrogen 71-1500 

Sox9 Rabbit EnVision™ 1:800 Millipore AB5535 

Vimentin Rabbit EnVision™ 1:200 Santa Cruz SC-7557-R 

 

2.4.3.1. EnVision™ method 

The following proteins were detected using the EnVision™ method: β-galactosidase 

(Figure 14), claudin11 (Figure 21), Cx43 (Figure 21), occludin (Figure 17), Sox9 

(Figure 20 and Figure 21) and vimentin (Figure 19 and Figure 21). The following 

protocol was used: 
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Day 1 

Deparaffinization and rehydration 

Xylene      2x 5 min 

Isopropanol      2 min 

100 % ethanol     2 min 

80 % ethanol + 3 % H2O2    30 min 

70 % ethanol      2 min 

Phosphate buffered saline (PBS)   3x 5 min 

Unmasking 

Citrate buffer      20 min at 96-99 °C 

PBS       5 min (after cooling to 50 °C) 

Blocking 

3 % Bovine serum albumin (BSA) in PBS 20 min 

Primary antibody 

Primary AB in AB dilution solution (Table 3) Overnight at 4 °C 

Day 2: 

Washing 

PBS       3x 5 min 

Secondary antibody 

EnVision™ rabbit HRP conjugate   45 min 

Color reaction with DAB and counterstaining (no counterstaining for 

claudin11 and occludin was performed) 

PBS       3x 5 min 

DAB       5 min 

PBS       5 min 

Running faucet water    10 min 

Haematoxylin     5-10 s 

Running faucet water    10 min 
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Dehydration 

70 % ethanol      1 min 

80 % ethanol      1 min 

100 % ethanol     2 min 

Isopropanol      2 min 

Xylene      2x 5 min 

The sections were mounted with Eukitt®. 

2.4.3.2. Vectastain® ABC method 

The protein Cx43 was detected using the Vectastain® ABC method (specifically in 

Figure 16). Note that this method requires a biotinylated secondary AB; for this the 

goat-anti-rabbit AB from BioLogo (ZU101) in a dilution of 1:200 was used. 

Day 1 

Deparaffinization and rehydration 

Xylene      2x 5 min 

Isopropanol      2 min 

100 % ethanol     2 min 

96 % ethanol      5 min 

80 % ethanol + 3 % H2O2    30 min 

70 % ethanol      2 min 

50 % ethanol      5 min 

PBS       3x 5 min 

Unmasking 

Citrate buffer      20 min at 96-99 °C 

PBS       5 min (after cooling to 50 °C) 

Blocking 

3 % BSA in PBS     20 min 

Primary antibody 

Primary AB in AB dilution solution (Table 3) Overnight at 4 °C 
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Day 2 

Washing 

PBS       3x 5 min 

Secondary antibody 

Biotinylated secondary AB in PBS (Table 3) 30 min 

PBS       3x 5 min 

Avidin-biotin complex formation 

ABC Solution (Vectastain®)   60 min 

Color reaction with AEC and counterstaining 

PBS       3x 5 min 

AEC       5 min 

PBS       5 min 

Running faucet water    10 min 

Haematoxylin     5-10 s 

Running faucet water    10 min 

The sections were mounted with Kaiser's glycerol gelatin. 

2.4.4. Messenger ribonucleic acid (mRNA) and protein 
extraction 

Through the use of TRIzol® it is possible to isolate mRNA, DNA and protein from 

fresh tissue, frozen tissue or cell culture samples (according to the company’s 

protocol). The TRIzol® isolations from testis homogenates were used in multiple 

experiments to characterize the SCCx43KO mouse line. These include protein 

synthesis through WB and semi-quantitative WB, as well as mRNA expression 

through qRT-PCR or PCR. 
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2.4.4.1. Sample homogenization 

For every 100 mg of testes tissue 1 ml of TRIzol® was added. The samples were 

homogenized using an UltraTurrax® at 30,000 revolutions per minute (rpm) for 45 s 

with a S10N-5G adapter. The sample adapter was washed between samples by 

running the UltraTurrax® at 30,000 rpm for 15 s in each of the following solutions: 

4 M NaOH, 75 % ethanol and twice in diethylpyrocarbonate (DEPC) water. 

2.4.4.2. Phase separation 

After homogenization the mixture was incubated at RT for 5 min. For every 1 ml of 

TRIzol® 200 µl of chloroform was added to the sample; the sample was vortexed for 

15 s and incubated at RT for 3 min. Next, the test tube was centrifuged at 12,000x g 

for 15 min at 4 °C which separated the mixture into three phases. The upper aqueous 

phase contained ribonucleic acid (RNA), the interphase contained DNA and the 

organic phenol phase contained protein. The upper aqueous RNA phase was 

removed and placed into a new test tube. 

2.4.4.3. Ribonucleic acid (RNA) isolation 

The RNA needed to be precipitated, washed and finally resuspended. 

2.4.4.3.1. Ribonucleic acid (RNA) precipitation 

RNase-Away® was always used to prevent RNA digestion until the samples were 

transcribed into complementary deoxyribonucleic acid (cDNA). For every 1 ml of 

TRIzol® 500 µl of 100 % isopropanol was added and the sample was incubated for 

10 min at RT. Afterwards, the test tube was centrifuged at 12,000x g for 10 min at 

4 °C. This precipitated the RNA as a pellet. 

2.4.4.3.2. Ribonucleic acid (RNA) wash 

The supernatant was discarded, and the pellet was washed with 1 ml of 75 % ethanol 

for every 1 ml TRIzol®. The sample was vortexed and then centrifuged at 7,500x g for 
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5 min at 4 °C. The supernatant was discarded, and the pellet was air dried for 

10 min. 

2.4.4.3.3. Ribonucleic acid (RNA) resuspension 

The RNA pellet was then resuspended in 30 µl of DEPC water. To dissolve the pellet 

the mixture was incubated for 15 min at 60 °C, and the mRNA was stored at −80 °C 

for later use. 

2.4.4.4. Deoxyribonucleic acid (DNA) isolation 

The DNA was isolated from the interphase. First 300 µl of 100 % ethanol per 1 ml of 

TRIzol® was added and the tube was inverted several times. The sample was 

incubated for 3 min at RT and then centrifuged at 2,000x g for 5 min at 4 °C. The 

supernatant, the phenol-ethanol phase, was removed and placed into a new test tube 

for protein isolation. The DNA pellet was no longer processed since genomic 

deoxyribonucleic acid (gDNA) was not necessary for further experiments. 

2.4.4.5. Protein isolation 

Like the RNA, the protein was precipitated, washed and then resuspended. 

2.4.4.5.1. Protein precipitation 

First, 1.5 ml of 100 % isopropanol was added to the phenol-ethanol phase per 1 ml of 

TRIzol®, and the sample was incubated for 10 min at RT. The test tube was then 

centrifuged at 12,000x g for 10 min at 4 °C to pellet the protein. The supernatant was 

discarded. 

2.4.4.5.2. Protein wash 

The pellet was washed with 2 ml of protein wash solution per 1 ml of TRIzol® and 

was incubated for 20 min at RT. The sample was then centrifuged at 7,500x g for 

5 min at 4 °C, and the supernatant was discarded. This wash was repeated two 
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additional times. Afterwards, the pellet was incubated with 2 ml of 100 % ethanol for 

20 min at RT. Again the sample was centrifuged at 7,500x g for 5 min at 4 °C, and 

the supernatant was discarded. The pellet was then air dried for 10 min. 

2.4.4.5.3. Protein resuspension 

The pellet was resuspended in 200 µl of 1 % sodium lauryl sulfate (SDS) at 50 °C for 

20 min. Once resuspended, the sample was centrifuged at 10,000x g for 10 min at 

4 °C, and the supernatant was then transferred to a new test tube. The protein 

mixture was stored at −20 °C for later use. 

2.4.5. Quantitative real time polymerase chain (qRT-
PCR) reaction 

To perform a qRT-PCR, mRNA samples needed to be adjusted and subjected to a 

deoxyribonuclease (DNase) digest. 

2.4.5.1. Messenger ribonucleic acid (mRNA) concentration 
adjustment 

In order to quantify the mRNA expression levels via qRT-PCR, each sample needed 

to be adjusted to ensure equal amounts of mRNA are present. This was performed 

using a spectrophotometer at a wavelength of 260 nm, and the sample purity could 

also be determined using the wavelength of 280 nm. More specifically, the extinction 

coefficient (E260) was determined for the respective wavelength, and the optical 

density (OD) was determined based on the formula: 1.0 OD260 nm = 40 µg RNA/ml. 

The mRNA purity was determined through the ratio E260/E280, which is ideal between 

1.65 and 2.0. If the sample was outside of this range then it likely contained a 

contamination consisting of proteins or phenol. All mRNA samples were then 

adjusted to 200 ng/µl using DEPC water to a volume of 30 µl. 
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The samples were measured using disposable plastic cuvettes in which 69 µl of Tris-

HCl buffer and 1 µl of RNA were added. The spectrophotometer was initially blanked 

with 69 µl of Tris-HCl buffer. 

2.4.5.2. Deoxyribonuclease (DNase) digestion 

To ensure that no gDNA was present, a DNase digest was performed. 

DNase digest mixture 

PCR Gold buffer (10x)    1 µl 

MgCl2 (25 mM)     1 µl 

RNase inhibitor (40 U/µl)    0.25 µl 

DNase I, RNase free    1 µl 

Adjusted mRNA     6.65 µl 

DNase digest thermocycler protocol 

Heat Lid 99 °C     During the entire process 

10 min at 37 °C     Digest gDNA 

5 min at 75 °C     Stop DNase digest 

2.4.5.3. Complementary deoxyribonucleic acid (cDNA) 
synthesis 

The purified mRNA samples were then transcribed into cDNA using reverse 

transcription polymerase chain reaction (RT-PCR) according to the TaqMan® Gold 

RT-PCR kit. 

RT-PCR mixture 

PCR Gold buffer (10x)    1 µl 

MgCl2 (25 mM)     2 µl 

dNTP mix (10 mM)     4 µl 

Random hexamers (50 µM)   0.5 µl 

RNase inhibitor (20 U/µl)    0.5 µl 

MultiScribe reverse™ transcriptase (50 U/µl) 0.5 µl 

RNA sample      1.5 µl 
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RT-PCR thermocycler protocol 

Heat Lid 99 °C   During the entire process 

8 min at 21 °C   Annealing of random hexamers 

15 min at 42 °C   Transcription from mRNA to cDNA 

5 min at 99 °C   Digest of the reverse transcriptase 

Infinity at 4 °C   Cooling and storage 

These samples were then stored at −20 °C until a PCR analysis was performed. 

2.4.5.4. Primer testing 

Before the qRT-PCR was performed, the primers were tested via PCR. The protocol 

for the primer testing can be found in section 2.2.1.1. In this protocol the primers 

were replaced by those in Table 4, and the annealing temperature was set to 60 °C. 

The samples were then visualized on an agarose gel; for details see section 2.2.1.3. 
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Table 4: Primers used for testes homogenate 

Listed are the primers used for quantitative real time polymerase chain reaction. 
bp = base pairs (modified from GERBER et al. 2014). 

Gene Direction Primer Sequences 
Length 

(bp) 

Efficiencies 

(%) 
Source 

Actb 
Forward TTCCTTCTTGGGCATGGAGT 

90 88.2 
WEIDER et 

al. 2011b 
Reverse TACAGGTCTTTGCGGATGTC 

Cldn11 
Forward CGTCATGGCCACTGGTCTCT 

82 69.2 
GIESE et 

al. 2012 
Reverse GGCTCTACAAGCCTGCACGTA 

Gja1 

Forward ACAGCGGTTGAGTCAGCTTG 

106 103.9 
GIESE et 

al. 2012 
Reverse GAGAGATGGGGAAGGACTTGT 

Hsp90aa1 

Forward AAGAGAGCAAGGCAAAGTTTGAG 

120 87.6 
WEIDER et 

al. 2011b 
Reverse TGGTCACAATGCAGCAAGGT 

Cdh2 

Forward TGGCAATCAAGTGGAGAACC 

157 96.4 
GIESE et 

al. 2012 
Reverse ATCCGCATCAATGGCAGTG 

Ocln 
Forward ATCCTGTCTATGCTCATTATTGTG 

205 97.1 
GIESE et 

al. 2012 
Reverse CTGCTCTTGGGTCTGTATATCC 

Tjp1 
Forward CCCTACCAACCTCGGCCTT 

97 89.5 
GIESE et 

al. 2012 
Reverse AACGCTGGAAATAACCTCGTTC 

 

2.4.5.5. Quantitative real time polymerase chain reaction (qRT-
PCR) experimental settings 

After the mRNA was transcribed into cDNA, the samples were analyzed using the 

CFX96™ real-time PCR detection system. All of the primer efficiencies and melting 

curve analyses were determined using the same system and a serial dilution of 

cDNA from WT testes homogenate (1:10, 1:100 and 1:1,000; diluted in nuclease free 

water). The qRT-PCR were all performed in triplicates to compensate for pipetting 

errors. 
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qRT-PCR mixture 

Nuclease free water     7.8 µl 

iQ™SYBR® green supermix (2x)   10 µl 

Forward primer (10 pmol)    0.6 µl 

Reverse primer (10 pmol)    0.6 µl 

cDNA       1 µl 

qRT-PCR thermocycler protocol 

3 min at 95 °C    Initial denaturation of the DNA 

Loop 40x 

10 s at 95 °C    Denaturation of the DNA 

1 min at 60 °C   Annealing of the primers 

Detection of fluorescence 

10 s at 95 °C     Melt curve analysis from 65−95 °C 

(0.5 °C increment/s) 

2.4.5.6. Statistical analysis of quantitative real time polymerase 
chain (qRT-PCR) reaction 

The results were calculated using Pfaffl’s formula (PFAFFL et al. 2001) in Microsoft 

Excel 2003. The delta-delta-Ct values were statistically analyzed using a One-way 

ANOVA test through the software SPSS version 15.0. A significant p-value was 

defined as *p< 0.05 and **p < 0.01. 

2.4.6. Semi-quantitative Western blot (WB) 

In order to determine differences in protein synthesis between SCCx43KO and WT 

mice a semi-quantitative WB analysis was required. After protein isolation, the 

concentration of the samples were determined and then adjusted. Afterwards they 

were separated on a SDS-polyacrylamide gel electrophoresis (PAGE). They were 

then blotted onto a nitrocellulose membrane and protein detection occurred with a 

specific AB and chemiluminescence. To quantify the protein expression a 

comparison to the loading control α-tubulin was performed. 



─ 53 ─ 

2.4.6.1. Protein concentration 

In order to adjust the proteins to equal concentrations, the isolated sample 

concentrations were determined using the DC Protein Assay Kit II, a microplate 

reader LB940 and a 700 nm absorbance filter. A standard curve was performed 

using a 2 mg/ml BSA solution diluted in 1 % SDS with each well receiving 0 µl, 1 µl, 

2 µl, 3 µl and 4 µl of the BSA solution. Next, 2 µl of the isolated proteins were 

pipetted into each well; this was performed in duplicate to compensate for pipetting 

errors. Afterwards each well received 25 µl of Protein Solution A and 200 µl of 

Reagent B from the DC Protein Assay. The mixture was then incubated in the 

microplate reader for 10 min and the absorbance was measured. Based on the 

standard curve, the samples were then adjusted with 4x SDS sample buffer and 

1 % SDS. Protein samples were adjusted to 30 µg/35 µl and incubated at 96 °C for 

5 min. They were then centrifuged at 10,000x g for 3 min and stored at −20 °C for 

later use. 

2.4.6.2. Protein separation 

The adjusted protein samples were incubated at 95 °C for 3 min and briefly spun 

down. The samples were then loaded in equal amounts on to a SDS-PAGE. This gel 

is composed of an upper gel (stacking gel) and a lower gel (resolving gel). The upper 

gel ensures that all of the loaded proteins start separation at approximately the same 

time, while the resolving gel is responsible for the separation of the various proteins 

according to their molecular weight. A 10 % resolving gel was used when separating 

higher molecular weight proteins (e.g. occludin and Cx43); while a 12 % gel was 

used for lower molecular weight proteins (e.g. claudin11). The gels were poured and 

run using the PerfectBlue™ dual gel electrophoresis system and SDS running buffer. 

The gels were run for 20 min at 100 V using a power supply for the stacking process, 

and then the voltage was increased to 150 V for approximately 1.5 h for the 

separation process. 
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2.4.6.3. Semi-dry blot 

The proteins were transferred from the gel onto a nitrocellulose membrane using a 

blotting buffer and a semi-dry blotter. This was done at 1 mA/cm² for 1 h using a 

power supply. The blot was setup from bottom to top: 3x filter paper (1 mm thick), 

nitrocellulose membrane, SDS resolving gel, 3x filter paper. This allowed the proteins 

to transfer from the cathode to the anode and be blotted on to the membrane. 

2.4.6.4. Detection of specific proteins 

Protein visualization was performed through immunological detection using specific 

AB and chemiluminescence. First, the membrane was blocked for 45 min using 

powdered milk. Next, the membrane was incubated overnight at 4 °C with the 

primary AB (Table 5) diluted in Tris buffered saline tween (TBST) for specific protein 

detection. For the negative control the primary AB was omitted from the TBST. The 

next day the membrane was washed four times for 5 min using TBST at RT. 

Afterwards the secondary anti-rabbit AB (Table 5), diluted 1:5,000 in TBST, was 

added for 1 h. The membrane was washed again three times with TBST and once 

with Tris buffered saline (TBS) for 5 min each at RT. Finally, the proteins were 

visualized through chemiluminescence using 1 ml SuperSignal® solution for 3 min at 

RT. The membrane was photographed on a Fusion SL chemiluminescence system 

using the respective software. 
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Table 5: Western blot (WB) antibodies (AB) and dilutions 

Listed are the primary AB used for WB. The secondary AB for WB was always goat-anti-rabbit 
(SC-2004) from the company Santa Cruz in a dilution of 1:5,000. 

AB Name Host Dilution Company Catalog # 

α-tubulin Rabbit 1:1,000 New England Biolabs 2125 

Claudin11 Rabbit 1:500 Abcam AB53041 

Cx43 Rabbit 1:1,000 New England Biolabs 3512 

Occludin Rabbit 1:250 Invitrogen 71-1500 

 

2.4.6.5. Detection of loading control α-tubulin 

In order to quantify differences between SCCx43KO and WT proteins a loading 

control, α-tubulin, was used. After visualization of the proteins of interest (claudin11, 

Cx43 or occludin), the membrane was stripped. First, the membrane was washed 

twice in TBS for 5 min, twice in stripping buffer for 30 min and four times in TBST for 

5 min. Afterwards the membrane was blocked, treated and detected with the α-

tubulin AB as previously described (2.4.6.4). The loading control and the protein of 

interest were compared using the Bio1D-Software through densitometric analysis. 

This allowed for a semi-quantitative WB. 

2.5. In vitro experiments 

All testes for in vitro experimentation were isolated according to a slightly modified 3-

step enzymatic digestion (HADLEY et al. 1985; ONODA et al. 1990; MONSEES et al. 

1996; NENICU et al. 2007). The mice used in the in vitro experiments were either 

from 17-19 day old p.p. (adolescent) or adult (age > 35 days p.p.) mice. The primary 

cell cultures were plated out at approximately 50,000 cell/cm2 and incubated for three 

days. On the third day, a hypotonic shock was performed to remove any remaining 

GC, as is described by GALDIERI et al. (1981). The primary cell culture was then 
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allowed to recover for one day before further experimentation occurred. These 

experiments included IHC, IF, PCR, WB, TEER and MTT cell viability. 

2.5.1. Isolation of cells 

After the mice were sacrificed, the testes were immediately removed and placed 

directly into a test tube. Each testis was treated individually in the following 3-step 

enzymatic digestion, a protocol slightly modified from NENICU et al. (2007). The 

steps occurred under a laminar flow hood; Figure 12 shows an overview of the 3-step 

enzymatic digestion. The freshly isolated testis was dipped into 15 ml of 

70 % ethanol, then into 15 ml of cell culture PBS and then into a new 2 ml test tube 

containing Dulbecco's modified Eagle medium (DMEM)/Ham’sF12 medium. The 

testis was then washed two additional times with 2 ml medium. Afterwards, the tunica 

albuginea was removed using a surgical knife. The parenchyma was then placed into 

a new 2 ml test tube containing digestive medium 1 (Table 6). The sample was 

pipetted, vortexed vigorously and then incubated at 37 °C at 750 rpm for 30 min in a 

thermoshaker. The tube was then incubated for 7 min at RT to allow for gravitational 

sedimentation, and the supernatant was removed for further analysis (supernatant 1) 

or discarded. Digestive medium 2 (Table 6) was added to the pellet, and the sample 

was vortexed vigorously and then incubated at 37 °C at 750 rpm for 15 min. Cells 

were sedimentated via centrifugation at 50x g for 1 min at RT. The supernatant was 

removed for further analysis (supernatant 2) or discarded. Digestive medium 3 (Table 

6) was added to the pellet. The tube was vortexed vigorously and then incubated at 

37 °C at 750 rpm for 20 min. Afterwards sedimentation occurred via centrifugation at 

100x g for 1 min at RT. The supernatant was then saved for further analysis 

(supernatant 3) or discarded, while the cells were washed three times with following 

incubation medium: 2 ml of DMEM/Ham’sF12 + 10 % fetal bovine serum (FBS) + 1x 

Penicillin/Streptomycin + 3 mM L-glutamine. The solution was then sieved through a 

cell strainer with a 70 µm pore size. The cells were counted, seeded out at 

50,000 cells/cm2 and incubated in incubation medium at 37 °C and 5 % CO2 for three 

days. After three days, the cells formed a monolayer and a hypotonic shock was 
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performed. The medium was removed, the cell culture was washed with 1x PBS and 

then subjected to a hypotonic shock using 20 mM Tris-HCl at a pH 7.5 for 5 min at 

RT. The solution was removed and the cells were incubated in medium for an 

additional day before further experimentation occurred. The three supernatants (1-3) 

have been used to evaluate the 3-step enzymatic digestion (2.5.4). 
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8

 ─
 

 

Figure 12: Method overview for primary cell culture isolation from the testes of Sertoli cell specific connexin43 knockout (SCCx43KO) 
and wild type (WT) mice 

Shown is a schematic overview of the primary cell culture isolation with its 3-step enzymatic digestion and hypotonic shock from 
SCCx43KO and WT mice testes. The polymerase chain reaction (PCR) of the supernatants after each digestion step can be seen in 
Figure 22. The PCR from the primary cell culture can be seen in Figure 23. DMEM = Dulbecco's modified Eagle medium; 
DNase = deoxyribonuclease; FBS = fetal bovine serum; KO = knockout; PEN = penicillin; RT = room temperature; STREP = streptomycin; 
Tris = 2-amino-2-hydroxymethyl-propane-1,3-diol. 

Results: 
Figure 22: image [a] 

Results: 
Figure 22: image [b] 

Results: 
Figure 22: image [c] 

Results: 
Figure 23 
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Table 6: Medium for 3-step enzymatic digestion 

Listed are the digestive media used for the 3-step enzymatic digestion per single testis. 
DMEM = Dulbecco's modified Eagle medium; DNase = Deoxyribonuclease. 

Digestive Medium DMEM/Ham’sF12 Collagenase DNase Hyaluronidase 

1 1.25 ml 1 mg/ml 20 µg/ml -- 

2 1.25 ml 2 mg/ml 20 µg/ml 2 mg/ml 

3 1.25 ml 2 mg/ml 20 µg/ml 2 mg/ml 

 

2.5.2. Microscopy, phase contrast, 
immunohistochemistry (IHC) and 
immunofluorescence (IF) 

Initial characterization and success of the primary WT and SCCx43KO cell cultures 

were visually assessed through SC morphology via phase contrast microscopy. 

Images were taken using the phase contrast microscope CK 2. 

For IHC and IF of cell cultures, the cells were not plated directly into the well, but 

onto glass cover slides (22 mm diameter and 1.5 mm thick). These cover slides were 

prepared and sterilized by incubating them in 1 M HCl and shaking them for 30 min 

at RT. They were then washed twice with distilled water and then rinsed in 

100 % ethanol. Afterwards, under the laminar flow, they were allowed to dry and then 

placed into a sterile petri dish for storage. 

Before the cells could be seeded out on to these glass cover slides, the slides were 

incubated for at least 30 min in a 24-well plate with 500 µl incubation medium at 

37 °C and at 5 % CO2. This ensured that the slides could optimally adhere to the 

bottom of the wells. 
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2.5.2.1. Immunohistochemistry (IHC) and immunofluorescence 
(IF) overview 

To determine the success and the purity of the isolated SC in the primary cell culture, 

IHC and IF were performed. Initially, as described by NENICU et al. in 2007, vimentin 

was used to characterize the SC in culture. Vimentin is an intermediate filament. 

Vimentin staining was also used to compare the morphological characteristics of the 

primary SC culture. However, vimentin is expressed in all mesenchymal derived 

cells, thus another SC marker was required. Hence, Sox9, a SC specific nuclear 

transcription factor, was used to characterize the primary SCCx43KO and WT cell 

cultures. Additionally, a Sox9 and nucleic acid double staining was done. This 

allowed for a better visual differentiation of SC and to determine the purity of SC cells 

from other testicular cells, such as LC and PC. 

The primary cell cultures were seeded out at 50,000 cells/cm2 to ensure a monolayer 

formation, and they were incubated for 3 days. On the third day a hypotonic shock 

was performed. These cells were given at least 1 day for recovery from the shock. 

The medium was then removed and the cells were washed twice with TBS. 

Afterwards the cells were fixated with 1 ml methanol/well for 10 min at RT. The 

methanol was removed and the cells were air dried for an additional 8 min. Next the 

cells were washed in TBST for 5 min at RT and then blocked with 5 % powdered milk 

for 45 min at RT on a shaker. The cells were then incubated overnight at 4 °C on a 

shaker in 150 µl containing the primary AB (Table 7) diluted in TBS. Note that 

negative controls were performed by omitting the primary AB and incubating the cell 

cultures in TBS only. 
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Table 7: Antibodies (AB) for the primary cell culture immunohistochemistry (IHC) and 
immunoflurescence (IF) 

Listed are the AB used for IHC and IF of primary cell cultures. IF uses the secondary AB Alexa 
Fluor® 488 goat-anti-rabbit from Invitrogen GmbH (A11008) with a 1:5,000 dilution. IHC uses 
the EnVision™+kit-HRP rabbit DAB+ system as a secondary AB according to the company’s 
protocol. 

AB Name Host Method Dilution Company Catalog # 

Sox9 Rabbit 

IHC 1:250 

Millipore AB5535 
IF 1:400 

Vimentin Rabbit IHC 1:250 Santa Cruz SC-7557-R 

 

2.5.2.1.1. Immunohistochemistry (IHC) 

Next, the primary AB (against Sox9 or vimentin) was discarded, and the cultures 

were washed three times with TBS for 10 min at RT on a shaker. The cultures were 

then incubated with 150 µl of the EnVision™ rabbit HRP conjugate (from the 

EnVision™+kit -HRP rabbit DAB+ system) for 20 min and then washed again three 

times with TBS for 5 min. Next, 200 µl of DAB mixture solution (mixed according to 

the company’s protocol) was incubated for approximately 5 min for vimentin and 

10 min for Sox9. Afterwards, the samples were washed twice for 5 min with TBS, and 

the cultures were rinsed with distilled water. To visualize the nucleus in the vimentin 

immunostaining, cultured cells were counterstained with hematoxylin for 20 s and 

then rinsed ten times with faucet water. 

2.5.2.1.2. Immunofluorescence (IF) 

Next, the primary AB (Sox9) was discarded, and the cultures were washed three 

times with TBS for 10 min at RT on a shaker. The cultures were then incubated with 

150 µl of Alexa Fluor® 488 (1:5,000 in TBS; Table 7) for 45 min at RT and then 

washed again three times with TBS for 5 min. Afterwards, 150 µl of Hoechst 33342 

(1:8,000 in TBS) was added for 5 min at RT. This was then discarded and washed 

twice for 5 min with TBS. Afterwards, the cultures were rinsed with distilled water. 
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2.5.2.1.3. Visualization of the immunohistochemistry (IHC) and 
immunofluorescence (IF) 

All slides used for IHC and IF were coated with one drop of gelatin in order to mount 

them on the microscope slides. These slides were then stored overnight in the dark 

and then visualized the next day. IHC was photographed using the Zeiss Axioskop 

microscope and a DP70 Digital Camera. IF was visualized using the Zeiss Axiovert 

200M fluorescence microscope. 

2.5.3. Sertoli cell (SC) culture purities 

The SC were counted using the Sox9 stained sections (see 2.5.2.1.1) from 3 WT and 

3 KO cultures. A total of 5 separate 1,000 µm2 areas were counted from each IHC. 

This resulted in more than 1,000 cells per mouse. The Sox9 nuclear stained cells 

were considered to be SC and all other cells were considered to be impurities (e.g. 

PC). 

2.5.4. Characterization via messenger ribonucleic acid 
(mRNA) expression 

mRNA expression was characterized to determine the effectiveness of the 3-step 

enzymatic digestion (see Figure 12). After each digestion step the mRNA from the 

supernatant was analyzed to determine which cells had mainly been removed. 

Additionally, mRNA was analyzed one day after hypotonic shock to determine any 

impurities within the primary cell culture or any differences in gene expression 

between SCCx43KO and WT cell cultures. 

Initially, TRIzol® RNA isolation for cell cultures were attempted, yet failed to yield 

adequate amounts of RNA. Hence, the cell culture RNA was isolated according to 

the PureLink™ RNA Mini Kit protocol. All cells used for mRNA isolation were plated 

out at 50,000 cell/cm2. RNase-Away® was always used regularly to prevent RNA 

digestion until the samples were transcribed into cDNA. 
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2.5.4.1. Cell detachment 

One day after the hypotonic shock, the cells were washed with PBS. The cells were 

detached using 2 ml trypsin-EDTA for 5 min at 37 °C and a cell scraper. Then, 10 ml 

of DMEM/Ham’s F12 medium was added. The detached cells were transferred to a 

15 ml test tube. The cells were pelleted through centrifugation at 2,000x g for 5 min, 

and the supernatant was removed afterwards. The pellet was incubated with 600 µl 

lysis buffer mixture and vortexed. 

2.5.4.2. Supernatant pelleting 

The three supernatants were collected as described in section 2.5.1 and were 

analyzed after each digestion step. These samples were pelleted at 2,000x g for 

5 min. The supernatant was removed and then incubated with 600 µl lysis buffer 

mixture and vortexed. 

2.5.4.3. Sample homogenization 

The suspensions in lysis buffer (from 2.5.4.1 and 2.5.4.2) were transferred to a new 

test tube and were homogenized using an UltraTurrax® with the S10N-5G adaptor at 

30,000 rpm for 45 s. In between samples the adapter was washed by running an 

UltraTurrax® at 30,000 rpm for 15 s in each of the following solutions: 4 M NaOH, 

75 % ethanol and twice in DEPC water. The samples were then centrifuged at 

21,000x g for 5 min, and the supernatant was transferred to a new tube. 

2.5.4.4. Ribonucleic acid (RNA) purification and deoxyribonuclease 
(DNase) digestion 

The samples were vortexed with 600 µl of 70 % ethanol and were then transferred to 

a collection tube. Next, they were subjected to centrifugation at 12,000x g for 15 s 

and the flow through was discarded. The collection tube was then washed with wash 

buffer I and centrifuged under the same conditions. At this point a DNA digest was 

performed using the 80 µl PureLink™ DNase and incubated for 15 min. The samples 

were then centrifuged at 12,000x g for 15 s, and the flow through was discarded. 
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They were then washed twice with 500 µl of wash buffer II, centrifuged at 12,000x g 

for 15 s and the flow through was discarded after each step. The mRNA was 

released from the collection tube through the addition of 30 µl DEPC water and was 

incubated for 1 min at RT. The samples were then centrifuged at 12,000x g for 2 min. 

The RNA was then stored at −80 °C until transcription occurred. 

2.5.4.5. Complementary deoxyribonucleic acid (cDNA) 
synthesis 

The purified mRNA samples were then transcribed into cDNA using a RT-PCR 

according to the TaqMan® Gold RT-PCR kit. 

PCR mixture 

DEPC water       7.9 µl 

PCR Gold buffer (10x)     4 µl 

MgCl2 (25 mM)      8.8 µl 

dNTP mix (10 mM)      8 µl 

Random hexamers (50 µM)    2 µl 

RNase inhibitor (20 U/µl)     0.8 µl 

MultiScribe reverse™ transcriptase (50 U/µl)  2.5 µl 

RNA sample       6 µl 

PCR thermocycler protocol 

Heat Lid 99 °C   During the entire process 

8 min at 21 °C   Annealing of random hexamers 

15 min at 42 °C   Transcription from mRNA to cDNA 

5 min at 99 °C   Digest of the reverse transcriptase 

Infinity at 4 °C   Cooling and storage 

These samples were then stored at −20 °C until a PCR analysis was performed. 

2.5.4.6. Polymerase chain reaction (PCR) 

After the mRNA was transcribed into cDNA, the samples were subjected to PCR. The 

genes summarized in Table 8 were analyzed using specific primers. 
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PCR mixture 

Nuclease free water      13.5 µl 

Green GoTaq® flexi buffer (5x)    5 µl 

MgCl2 (25 mM)      2 µl 

dNTP mix (10 mM)      0.5 µl 

Forward primer (10 pmol)     0.5 µl 

Reverse primer (10 pmol)     0.5 µl 

GoTaq® flexi DNA polymerase (5 U/µl)   0.5 µl 

cDNA        2.5 µl 

PCR thermocycler protocol 

Heat Lid 99 °C   During the entire process 

30 s at 95 °C    Initial denaturation of the DNA 

Loop 40x 

30 s at 95 °C   Denaturation of the DNA 

30 s at (Table 8)  Annealing of the primers 

30 s at 72 °C   DNA amplification and elongation 

7 min at 72 °C   Final DNA amplification and elongation 

Infinity at 4 °C   Cooling and storage 
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Table 8: Primers used for primary cell culture 

The primers listed were used to determine messenger ribonucleic acid expression (via 
polymerase chain reaction) of various tight junction genes and to characterize the primary cell 
culture. The self-design primer amplicons were sequenced to ensure primer accuracy. bp = 
base pairs. 

Gene Direction Primer Sequences 
Length 

(bp) 

Annealing 

Temperature 
Source 

Acta2 

Forward AATGAGATGGCCACGGCCGC 

107 60 °C Self-design 

Reverse GTCTCTGGGCAGCGGAAGCG 

Actb 

Forward TTCCTTCTTGGGCATGGAGT 

90 60 °C 
WEIDER 

et al. 2011b 
Reverse TACAGGTCTTTGCGGATGTC 

Amh 

Forward CCAACGACTCCCGCAGCTC 

93 60 °C 
WEIDER 

et al. 2011b 
Reverse CTTCCCGCCCATGCCACTC 

Cldn11 

Forward CGTCATGGCCACTGGTCTCT 

82 60 °C 
GIESE 

et al. 2012 
Reverse GGCTCTACAAGCCTGCACGTA 

Gja1 
Forward ACAGCGGTTGAGTCAGCTTG 

106 60 °C 
GIESE 

et al. 2012 
Reverse GAGAGATGGGGAAGGACTTGT 

Hsd3b6 
Forward GTGCTGGCTTTGCTTCCCCCTC 

333 67 °C Self-design 

Reverse GCTCCACCCAGGCATGGTCAAC 

Hsp90aa1 
Forward AAGAGAGCAAGGCAAAGTTTGAG 

120 60 °C 
WEIDER 

et al. 2011b 
Reverse TGGTCACAATGCAGCAAGGT 

Ocln 
Forward ATCCTGTCTATGCTCATTATTGTG 

205 60 °C 
GIESE 

et al. 2012 
Reverse CTGCTCTTGGGTCTGTATATCC 

Sox9 

Forward CGGAGGAAGTCGGTGAAGA 

201 60 °C 
BARRIONUEVO 

et al. 2006 
Reverse GTCGGTTTTGGGAGTGGTG 

Tjp1 

Forward CCCTACCAACCTCGGCCTT 

97 60 °C 
GIESE 

et al. 2012 
Reverse AACGCTGGAAATAACCTCGTTC 
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The PCR products were then separated via agarose gels (~ 2 %), which were run 

and prepared as described in the section 2.2.1.3. 

2.5.5. Cell viability assay via 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) 

After successfully characterizing the primary SC culture via IHC, IF and PCR, the 

viability of the primary cell culture was assessed. This assay was performed to 

determine if there were any differences between WT and SCCx43KO cell numbers 

one day after the hypotonic shock. This was determined via the MTT cell viability 

assay. 

The cells from one mouse from each genotype were seeded out in triplicate onto a 

96-well plates at a concentration of 50,000 cells/cm2. One day after the hypotonic 

shock was performed, the incubation medium was removed and 100 µl of MTT 

solution was added and incubated at 37 °C in 5 % CO2 for 1 h. After incubation, the 

solution was removed, and the same volume of dimethylsulfoxide (DMSO) was 

added and shaken for 15 min at RT. Measurements were taken using a Multiskan EX 

and the respective Ascent Software. The differences between 550 nm and 690 nm 

measurements were then calculated and statically analyzed via a one-way ANOVA 

test using the software SPSS version 15.0. A p-value of < 0.05 was defined as 

significant with *p < 0.05. 

2.5.6. Measurements of cell monolayer integrity via 
transepithelial electrical resistance (TEER) 

Due to the known link between Cx43 and TJ expression in SCCx43KO mice 

(CARETTE et al. 2010), an analysis of cell monolayer integrity (also known as TEER) 

allowed quantification of differences in TJ expression between primary SC cultures 

from WT and SCCx43KO mice. The cells were seeded out at 50,000 cell/cm2 onto a 

0.4 µm ThinCert™ membrane and incubated in a well of a 12-well plate. 
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The insert contained 0.5 ml and the well 1.5 ml of incubation medium. TEER 

measurements were taken using an EVOM voltmeter with a STX2 electrode. To 

ensure cell recovery, measurements began 1 day after the hypotonic shock (day 4 

after seeding the cells out) and were performed in triplicate each day over at least a 

five day period. Medium was changed every two days. On the days when medium 

change occurred, measurements were taken after a minimum incubation time of 

30 min at 37 °C in 5 % CO2 to eliminate possible temperature dependent fluctuations. 

All measurements were normalized to a blank well containing a ThinCert™ 

membrane and incubation medium. The measurements were then multiplied by the 

cell growth area. Statistical analysis was performed via a one-way ANOVA test using 

the software SPSS version 15.0. A p-value of < 0.05 was defined as significant with 

*p < 0.05. 

2.5.7. Messenger ribonucleic acid (mRNA) and protein 
extraction 

As previously stated (2.4.4), through the use of TRIzol® it is possible to isolate 

mRNA, DNA and protein from fresh tissue, frozen tissue or cell culture samples. 

From the TRIzol® cell culture isolations, multiple experiments were performed for 

characterization of the SCCx43KO mice and WT littermates. This includes WB and 

semi-quantitative WB. 

In order to further characterize and determine differences between protein synthesis 

of GJ and TJ proteins via semi-quantitative WB analysis, the proteins from primary 

cell cultures needed to be isolated. The cells were harvested on day 4 of culture, and 

the protein was isolated according to the TRIzol® manufacture’s protocol (2.4.4). Note 

that only proteins could be successfully isolated from the primary cell culture via 

TRIzol®. All attempts of mRNA isolation unfortunately failed with this method (for 

unknown reasons) and are not further listed. Hence, for mRNA isolation the 

PureLink™ RNA Mini Kit was used (2.5.4). 
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2.5.7.1. Harvesting the primary cell culture 

All cells were seeded out at 50,000 cells/cm2. One day after hypotonic shock, the 

medium was removed and 1 ml for every 10 cm² of TRIzol® was added to the culture. 

Cell lysis and detachment occurred via vigorous pipetting. The sample was then 

transferred to a new test tube and incubated for 5 min. The rest of the isolation 

protocol is described in section 2.4.4 starting at section 2.4.4.2. 

2.5.7.2. Protein analysis 

In order to characterize and determine different protein synthesis between 

SCCx43KO and WT primary cell cultures WB were performed. The primary cell 

cultures were analyzed for Cx43 and claudin11 protein synthesis. The methods for 

determining protein concentration, SDS-PAGE, semi-dry blotting of protein, 

immunological detection of specific proteins and immunological detection of loading 

control α-tubulin are described in section 2.4.6. The AB used for the WB and the 

respective dilutions are described in Table 5 above. 
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3. Results 

3.1. Overview of the methods 

This thesis discusses differences between SCCx43KO and WT littermates. The 

genotyping PCR, histological and immunohistochemical characterizations are 

covered at the beginning of the results section. The work is split into two parts: an ex 

vivo and in vitro part. In the former study the following experiments were conducted: 

IHC, qRT-PCR and WB. The latter study pertains to all material gathered from the 

primary cell cultures and includes: characterization via morphology, IHC, IF and PCR. 

Analyses of functional differences have been evaluated via MTT and TEER. 

Analyses of TJ expressions were carried out via PCR and WB. 

3.2. Genotyping and characterization 

This section presents PCR genotyping results of SCCx43KO and WT mice. It also 

describes the results of the β-galactosidase IHC showing the Gja1 deletion only 

within the SC through the LacZ-reporter gene. 

3.2.1. Genotyping 

To verify the genotype of the mice, a PCR of the gDNA was done from the tail 

biopsy. To achieve a male KO mouse, both Gja1 alleles must be floxed and the 

mouse must contain a Cre recombinase enzyme under the control of the Amh 

promoter. Two PCR are required for genotyping the mice (Figure 13). The first PCR 

detects the presence or absence of Cre, and the second PCR detects which alleles 

have been floxed (deleted). 
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Figure 13: Representative Cre and Gja1-flox polymerase chain reaction (PCR) used for 
genotyping 

Image [a] is the Cre PCR which determines the absence (-) or presence (+) (1914 base pairs 
(bp)) of Cre. Image [b] is the Gja1-flox PCR which analyzes which alleles are not floxed (987 bp; 
wild type (WT)) and which are floxed (1100 bp; homoflox). Three Gja1-flox genotypes are 
possible: WT, heteroflox and homoflox. 

3.2.2. β-galactosidase immunohistochemistry (IHC) 
for knockout (KO) confirmation 

In order to validate that the KO of Cx43 in SC was successful, the occurrence of β-

galactosidase was evaluated. In our mice, this unique feature of the Cx43flox-LacZ 

(THEIS et al. 2000; THEIS et al. 2001) mouse stems from the encoded silent LacZ-

reporter gene (coding for β-galactosidase). This reporter gene is only activated once 

a floxed-gene (Gja1) has been deleted. β-galactosidase is only detectable in SC with 

at least one allele lacking Cx43. This is used as a validation tool for a successful 

Gja1 gene deletion (Figure 14) (GERBER et al. 2014). 
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WT KO 

  

Figure 14: β-galactosidase immunohistochemistry (IHC) of adult Sertoli cell specific 
connexin43 knockout (SCCx43KO) and wild type (WT) mice 

“Shown are representative images of β-galactosidase IHC (brown) of adult WT and knockout 
(KO) SCCx43KO mice tissue sections. Image [a] depicts the WT genotype which indicates no 
nuclear staining of the SC. Image [b] shows the KO genotype and the brown immunostaining 
restricted to SC nuclei. This serves as a confirmation for the successful Cx43 deletion. The 
scale bar represents 50 µm” (modified from GERBER et al. 2014). 

3.3. Ex vivo 

These experiments pertain to the analysis of TJ synthesis (qRT-PCR and WB) and 

the spatio-temporal expression of Cx43 and occludin within pre- and peripubertal 

SCCx43KO and WT mice. Additional ex vivo immunohistochemical experiments were 

performed for AB verification for later use in in vitro experiments. 

3.3.1. Quantitative real time polymerase chain 
reaction (qRT-PCR) 

The absence of Cx43 within the SC caused an altered TJ protein expression within 

the adult SCCx43KO mice (CARETTE et al. 2010). To determine additional altered 

TJ regulations, a qRT-PCR was performed comparing adult SCCx43KO and WT 

mice. The genes Cldn11, Gja1 and Ocln indicated highly significant alterations while 

the genes Cdh2 and Tjp1 (also known as tight junction protein 1; coding for ZO-1) 

were not significantly changed (Figure 15). In particular Cldn11 and Ocln were 
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upregulated in the SCCx43KO, and as expected Gja1 was downregulated in the 

SCCx43KO mice (GERBER et al. 2014). 

 

 

 

Figure 15: Quantitative real time polymerase chain reaction (qRT-PCR) analysis of adult 
Sertoli cell specific connexin43 knockout (SCCx43KO) and wild type (WT) mice 

“The graph compares the analyzed qRT-PCR between adult WT (n = 3) and SCCx43KO 
knockout (KO; n = 3) mice. Each mouse qRT-PCR was performed in triplicate. The delta-delta-
Ct data was calculated using the Pfaffl’s formula (PFAFFL 2001) and was normalized to the 
housekeeper genes Actb and Hsp90aa1. The genes Cldn11 and Ocln indicate a highly 
significantly increased expression in the KO mice in comparison to the WT littermates. As 
expected, the gene Gja1 depicts a highly significant decrease in the KO mice in comparison to 
the WT littermates. No significant changes in the genes Cdh2 and Tjp1 could be determined 
(**p < 0.01)” (modified from GERBER et al. 2014). 

3.3.2. Connexin43 (Cx43) immunohistochemistry (IHC) 

An immunohistochemical time study of Cx43 was performed to determine the spatio-

temporal changes that occur during puberty of SCCx43KO and WT mice (Figure 16). 

As expected, Cx43 was not detected at any age point in seminiferous tubules of the 

SCCx43KO mice, while the epididymis (positive control) depicted normal staining 
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patterns (Figure 16, inset image [a] and [b]). Cx43 was detected at all age points in 

the WT littermates. “At ages 2 and 7 days p.p. (images [a] and [c]), Cx43 is present in 

the cytoplasm of SC in seminiferous cords. Images [e] and [g], ages 8 and 10 p.p., 

show a weakened cytoplasmic Cx43 immunolocalization in comparison to the 

younger mice, yet some Cx43 signaling is detectable at the BTB area. Images [i], [k] 

and [m], ages 12, 14 and 15 p.p., demonstrate a predominant strengthening of Cx43 

immunolocalization towards the basal third of the SC, whose nuclei begin to migrate 

towards the outer edge of the cord. Images [o], [q] and [s], ages 17, 23 p.p. and adult 

reveal the tubular and lumen formation. Additionally, the localization of Cx43 has 

reached its definite BTB position between SC and between SC and GC. Cx43 is 

occasionally found adluminally in SC, as here the GJ formation between SC and GC 

additionally takes place” (GERBER et al. 2014). 
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Figure 16: Connexin43 (Cx43) immunohistochemistry (IHC) of Sertoli cell specific connexin43 
knockout (SCCx43KO) and wild type (WT) mice 
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(Description for the Figure 16 on the previous pages) “Shown is the IHC (using the Vectastain® 
method) of testicular Cx43 (red) from WT and SCCx43KO knockout (KO) mice. The postpartum 
ages in days can be seen in the left column. All sections were counterstained with 
hematoxylin. The epididymis from the same tissue sections as from images [a] and [b] were 
used as positive controls for the detection of Cx43 (inset in images [a], [b]); they show the 
characteristic epididymal Cx43 staining pattern. Cx43 immunostaining is not detectable within 
the seminiferous cords and tubules of KO mice. Images [a] and [c] show seminiferous cords of 
WT mice with a cytoplasmic immunolocalization for Cx43 in Sertoli cell (SC). Images [e] and [g] 
depict seminiferous cords, show a weakened cytoplasmic Cx43 immunoreactivity and an initial 
shift of Cx43 towards the blood-testis barrier (BTB) ([g], arrows). Images [i], [k] and [m] show 
seminiferous cords and tubules of WT mice in which Cx43 is now mainly localized at the BTB 
region ([i], [k], arrows). Images [o], [q] and [s] show typical intratubular Cx43 immunoreactivity. 
Cx43 is predominantly localized at the basal third of the seminiferous epithelium. In addition, 
Cx43 can also be seen adluminally in SC-germ cells (example given spermatocytes) contacts. 
The scale bar represents 50 µm.” A = Adult (modified from GERBER et al. 2014). 

3.3.3. Occludin immunohistochemistry (IHC) 

To analyze upregulation of the occludin protein (as described in CARETTE et al. 

2010) and gene expression within the testes of the SCCx43KO and WT mice 

littermates (see Figure 15), an immunohistochemical time study for occludin was 

performed (Figure 17). “Between days 2 and 8 p.p. (Figure 17 images [a]-[f]) there 

appears to be no specific (functional) localization of this TJ protein in the 

seminiferous cords of either the SCCx43KO or WT mice. At age 10 p.p. in some of 

the cords of the WT mice (image [g]) an initial shift of occludin localization to the BTB 

can be seen, while in the SCCx43KO (image [h]) occludin distribution still remains 

diffuse. One day later, the majority of seminiferous cords and tubules in WT mice 

displays a distinct wavy like band of occludin immunostaining at the BTB region 

(image [i]), whereas only single cords in the SCCx43KO littermates show this 

occludin distribution pattern (image [j]). Here it is evident that the SCCx43KO 

occludin expression is delayed by at least 1 day (from day 10-11 p.p.) in comparison 

to the WT littermates. At age 11 (images [i] and [j]), the seminiferous cords begin 

developing into tubules with the formation of a lumen. In the SCCx43KO mice, 

initiation of spermatogenesis is drastically altered. After day 12 p.p., the WT (images 

[k], [m], [o], [q], [s] and [u]) and the SCCx43KO (images [l], [n], [p], [r], [t] and [v]) mice 

exhibit a comparable tubular morphology and occludin can be mainly localized to the 

BTB, yet the seminiferous tubules of the SCCx43KO mice tend to be smaller in 

diameter” (GERBER et al. 2014). 
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Figure 17: Occludin immunohistochemistry (IHC) of Sertoli cell specific connexin43 knockout 
(SCCx43KO) and wild type (WT) mice 

“Occludin IHC (brown) from WT and SCCx43KO knockout (KO) littermates are shown. The 
postpartum development in days can be seen in the left column. The epididymis from the same 
tissue sections as from images [a] and [b] were used as positive controls for the detection of 
occludin (inset in images [a], [b]) and shows the characteristic epididymal occludin staining 
pattern. Images [a], [b], [c] and [d] depict seminiferous cords of WT and KO mice which show a 
weak and diffuse cytoplasmic occludin immunoreaction. Images [e] and [f] show a stronger 
occludin immunoreactivity, but it is still cytoplasmic and diffuse. Image [g] depicts an initial 
shift of occludin to the basal third of Sertoli cell (SC) which is visible in seminiferous cords of 
WT mice (arrows). Image [h] shows seminiferous cords of KO mice which still exhibit a diffuse 
and cytoplasmic occludin immunolocalization. Image [i] depicts initial seminiferous tubule 
formation. Image [g] and the following WT images depict seminiferous cords and tubules with 
an occludin localization at the blood-testis barrier (BTB) region (arrows). Image [j] shows the 
initial seminiferous tubule formation, and only single cords and tubules show an occludin 
immunoreactivity at the BTB region in KO mice (arrows). After age 11 all KO seminiferous 
cords and tubules express occludin localization at the BTB region (image [j], arrows). The 
scale bar represents 50 µm.” A = Adult (modified from GERBER et al. 2014). 

3.3.4. Occludin Western blot (WB) 

An occludin WB analysis (Figure 18) was performed to further confirm/analyze the 

altered occludin protein expression patterns observed using IHC (see Figure 17) from 

testes of adolescent SCCx43KO and WT mice. “Figure 18 image [a] depicts a 

representative qualitative occludin WB from WT and SCCx43KO mice (n = 2 

mice/genotype and age). Here various adolescent ages (day 8, 10, 12, 14 and 15 

p.p.), around the time of BTB formation, are analyzed with a focus on the pubertal 

time range, as well as an adult comparison (control). A specific band for occludin can 

be detected in all samples at ~ 65 kDa. At day 8 and day 10 p.p. there appear to be 

no obvious differences in occludin protein expression between WT and SCCx43KO. 

However starting at the ages of 12, 14 and 15 p.p. the WB tends to indicate a 
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stronger expression in the SCCx43KO mice compared to WT mice. In adult 

SCCx43KO mice, a much stronger band for occludin can be seen as compared to 

WT littermates. To further analyze this visual difference, semi-quantitative WB 

(images [b] and [d]) were performed for ages 12, 15 days p.p. and adults (n = 3 

mice/genotype and age). Each mouse was blotted three times and the expression of 

occludin was quantified according to the loading control α-tubulin (images [c] and [e]). 

It can be seen that occludin is only significantly upregulated in adult SCCx43KO 

males (image [c]), whereas the adolescent ages do not show significant differences 

(image [e])” (GERBER et al. 2014). 
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Figure 18: Occludin Western blot (WB) analysis of Sertoli cell specific connexin43 knockout 
(SCCx43KO) and wild type (WT) mice 

“Image [a] represents a qualitative WB from SCCx43KO and WT littermates depicting occludin 
(~ 65 kDa) at postpartal ages and adult of SCCx43KO knockout (KO) and WT mice (n = 2 
mice/genotype and age). Image [b] shows a semi-quantitative WB of occludin and α-tubulin 
(~ 52 kDa) from adult KO and WT mice (n = 3 mice/genotype and age). Image [c] depicts the 
statistical analysis from WB with adult mice using α-tubulin as a loading control. Significance 
between adult KO and WT was determined (*p < 0.05). Image [d] shows a representative semi-
quantitative WB of occludin and α-tubulin from postpartum days 12 and 15 in KO and WT mice 
(n = 3 mice/genotype and age). Image [e] shows no statistical difference in WB of 12 and 15 day 
old mice using α-tubulin as a loading control” (from GERBER et al. 2014). 
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3.3.5. Histology and immunohistochemistry (IHC) of 
testicular tissue of adolescent and adult mice 

To determine a more promising age group (other than adult) for SC isolation, HE 

stained testicular sections were analyzed for unique features (e.g. proliferation). This 

was performed in parallel to the immunohistochemical time study of Cx43 (3.3.2) and 

occludin (3.3.3) on consecutive tissue sections. Within the HE stained sections, 

mitotic SC were sporadically identified between day 17-19 p.p. (adolescent mice) and 

were verified with SC specific proteins vimentin (Figure 19) and Sox9 (Figure 20). 

These mitotic cells, the adult like location of Cx43 (Figure 16) within the seminiferous 

tubules and data from literature made this age group (17-19 days p.p.) an interesting 

starting point for comparative SC cultures. Additionally, adolescent WT mice exhibit 

the beginning “waves” of spermatogenesis up to spermatocytes. 
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Figure 19: Hematoxylin and eosin (HE) staining and vimentin immunohistochemistry (IHC) of 
Sertoli cell specific connexin43 knockout (SCCx43KO) and wild type (WT) mice using 
consecutive tissue sections 

Representative adolescent (17-19 day old postpartum) histological testicular tissue sections of 
WT (19 day old) and SCCx43KO knockout (KO; 18 day old) mice are shown. Images [a] and [c] 
are HE stained. Images [b] and [d] are the consecutive tissue sections stained for vimentin 
(brown). The boxes represent mitotic Sertoli cells in the HE section and the vimentin stained 
intermediate filaments of SC from the consecutive sections. The scale bar represents 50 µm. 
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Figure 20: Hematoxylin and eosin (HE) staining and Sox9 immunohistochemistry (IHC) of 
Sertoli cell specific connexin43 knockout (SCCx43KO) and wild type (WT) mice using 
consecutive tissue sections 

Representative adolescent (17-19 day old postpartum) histological testicular tissue sections of 
WT (19 day old) and SCCx43KO knockout (KO; 18 day old) mice are shown. Images [a] and [c] 
are HE stained. Images [b] and [d] are the consecutive tissue section stained for Sox9 (brown). 
The boxes represent mitotic Sertoli cells in the HE section and Sox9 nuclear stained SC of the 
consecutive section. The scale bar represents 50 µm. 
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The AB (claudin11, Cx43, Sox9 and vimentin) protocols for IHC were first established 

using testicular tissue sections from adolescent mice (ages 17-19 day old p.p.) and 

adult SCCx43KO and WT mice (Figure 21). These protocols were then used for 

establishing IHC and IF procedures for the cell culture samples. The histological 

study in adolescent and adult WT mice exhibited normal spermatogenesis, while the 

SCCx43KO mice revealed the typical impaired spermatogenesis. Specifically, the 

adolescent WT mice show the beginning “waves” of spermatogenesis up to 

spermatocytes. Nuclear Sox9 immunostaining in the adolescent and adult KO mice 

depict SC rich tubules with little to no GC, while the adolescent and adult WT mice 

exhibit several SC with more GC per tubule than in the SCCx43KO model (images 

[a], [b], [e] and [f]). The intermediate filament vimentin is evident in SC, LC and PC of 

both adolescent and adult SCCx43KO and WT mice (images [c], [d], [g] and [h]). 

Note that for some unknown reason the vimentin AB also stained nuclei of round 

spermatids in the adult WT mice (image [h]); this immunoreaction should be 

considered as nonspecific. Cx43 immunostaining is located at the height of the BTB 

in the WT of both adolescent and adult mice and is absent in SCCx43KO males 

(images [i], [j], [m] and [n]). Claudin11 (without counterstaining) forms a diffuse band 

during the adolescent ages and localizes towards the BTB at the adult age in both 

genotypes (images [k], [l], [o] and [p]). Unfortunately, due to problems with the 

occludin AB, the new lots no longer were capable of detection, it was not possible to 

further study this TJ protein. Hence, the focus shifted towards claudin11. 
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Figure 21: Immunohistochemistry (IHC) of claudin11, connexin43 (Cx43), Sox9 and vimentin from adolecent and adult Sertoli cell 
specific connexin43 knockout (SCCx43KO) and wild type (WT) mice 
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(Description for the Figure 21 on the previous page) Representative IHC (using the EnVision™ 
method: Sox9, vimentin, Cx43 and claudin11) from adolescent (17-19 day postpartum) and 
adult SCCx43KO knockout (KO) and WT testes are shown. A total of n = 8 KO and n = 7 WT 
adolescent mice were investigated prior to cell culture experiments, and at least one KO and 
one WT adult mouse was used as a control for the adolescent samples. The scale bars 
represent 50 µm. Sox9 is a Sertoli cell (SC) specific nuclear marker and is indicated by the 
arrows in images [a], [b], [e] and [f]. Vimentin is a cytoplasmic SC, Leydig cell and peritubular 
cell marker and is indicated by the arrows in images [c], [d], [g] and [h]. Note that the adult 
testes express an unspecific binding of the vimentin antibody in the nuclei of round 
spermatids in some tubules. Cx43 is located at the height of the blood-testis barrier between 
two SC and between SC and germ cells and is indicated by the arrows in images [j] and [n]. The 
KO testes express no Cx43 in the images [i] and [m]. Claudin11 (without counterstaining) is 
located between two SC and is indicated by the arrows in images [k], [l], [o] and [p]. 

3.4. In vitro 

Experiments have been performed to characterize the primary SC lines of 

SCCx43KO and WT mice. This was done via PCR analysis, IHC and IF. The primary 

cell cultures were also subjected to cell viability assays (using MTT) and 

measurements of cell monolayer integrity (using TEER). Additionally, differences in 

GJ and TJ synthesis were analyzed using PCR analysis and WB. 

3.4.1. Analysis of the 3-step enzymatic digestion 

The RNA of the supernatant after sedimentation was purified and transcribed into 

cDNA in order to determine the effectiveness of the 3-step enzymatic digestion 

(Figure 12). The cDNA from cells in the supernatant were then characterized (Table 

8). Figure 22 image [a] shows the removal of PC (Acta2), SC (Sox9) and LC 

(Hsd3b6) after the first digestive step. Images [b] and [c] show the removal of PC and 

SC after the second and third digestive step (respectively), while LC are no longer 

detectable. In conclusion, the first digestive step removed mainly LC, whilst the 

second and third purified a few more PC from the primary cell culture isolations. 

Supernatant cDNA from WT and SCCx43KO mice showed no differences. 
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Figure 22: Polymerase chain reaction (PCR) analysis of each enzymatic digestive step for the 
isolation of Sertoli cells (SC) from the Sertoli cell specific connexin43 knockout (SCCx43KO) 
and wild type (WT) mice 

Shown are representative gel electrophoreses from supernatants removed after each of the 3-
digestive steps (images [a]-[c], 1

st
, 2

nd
 and 3

rd
, respectively). No difference between SCCx43KO 

knockout (KO) and WT genotypes could be determined (images stem from a KO mouse). Actb 
was used as a housekeeper gene for images [a]-[c]. Image [a] shows the first discarded 
supernatant which contained peritubular cells (PC; Acta2), SC (Sox9) and Leydig cells 
(Hsd3b6). Image [b] depicts the second discarded supernatant which contained PC (Acta2) and 
SC (Sox9). Image [c] shows the third discarded supernatant which contained PC (Acta2) and 
SC (Sox9). n = 1 for KO; n = 1 for WT; bp = base pairs. 

3.4.2. Polymerase chain reaction (PCR) 
characterization of the primary cell culture 

RNA (transcribed into cDNA) was characterized from the primary cell culture one day 

after the hypotonic shock from adolescent SCCx43KO and WT mice. This shock 

produced a selective removal of GC which had no effect on the SC viability 

(GALDIERI et al. 1981). It is evident that both WT and SCCx43KO cultures contain 

RNA from PC and SC, yet no LC (Figure 23). The SC marker Amh was used as an 

additional control. The PCR characterization of the final primary cell culture depicts a 

mixture of SC and PC. 
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Figure 23: Polymerase chain reaction (PCR) analysis of the primary Sertoli cell specific 
connexin43 knockout (SCCx43KO) and wild type (WT) cell cultures after the 3-step enzymatic 
digestion and hypotonic shock 

Shown are representative gel electrophoreses from the WT and SCCx43KO knockout (KO) 
primary cell cultures 1 day after hypotonic shock (images [a] = WT and [b] = KO). Actb was 
used as a housekeeper gene. Both WT and KO primary cell cultures contained traces of 
peritubular cells (Acta2) and Sertoli cell (Amh and Sox9), yet no traces of Leydig cells (Hsd3b6) 
(n = 3 KO; n = 3 WT). bp = base pairs. 

3.4.3. Visualization of the primary cell culture 

Phase contrast, IHC and IF were performed to further analyze and validate the PCR 

results of the primary cell cultures. The proteins vimentin and Sox9 were analyzed to 

determine SC purity of the primary cell cultures. 

3.4.3.1. Adult primary cell culture 

The adult primary SCCx43KO and WT cell cultures were characterized through the 

use of vimentin and Sox9 IHC (Figure 24). In 2007, NENICU et al. described the 

characterization of SC via vimentin, but this protein was found to be also expressed 

in LC and PC (see Figure 19 and Figure 21). Since it was evident that the primary 

cell cultures contain both SC and PC (Figure 23), a SC specific marker (Sox9) was 

required to determine the purity of these cultures. It is possible to establish primary 

adult SC cultures, but these cultures were not as viable as ones from adolescent 

ages. As previously stated, approximately half of the adult isolations were viable in 

cell culture. 
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Figure 24: Immunohistochemistry (IHC) for vimentin and Sox9 of primary cell cultures derived 
from the testes of adult Sertoli cell specific connexin43 knockout (SCCx43KO) and wild type 
(WT) mice 

Shown are representative images of primary cell cultures from SCCx43KO knockout (KO) and 
WT adult mice testes. These images stem from an 11 month old KO mouse, and no obvious 
difference could be determined between WT and KO. Images [a] and [c] show vimentin, a 
Sertoli Cell (SC) and peritubular cell cytoplasmic marker. Images [b] and [d] depict Sox9, a SC 
specific nuclear marker. The insets are the respective negative controls without the primary 
antibody. The scale bar represents 100 µm (images [a] and [b]), 50 µm (images [c] and [d]) and 
200 µm in the insets. 
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3.4.3.2. Adolescent primary cell culture 

The primary adolescent cell cultures were photographed one day after the hypotonic 

shock via phase contrast microscopy (Figure 25 images [a] and [b]). These images 

show the characteristic structures of SC in culture with their typical elongated 

cytoplasmic extensions and the distinctive nucleus located in the center of the cells. 

This spindle shape is particularly evident in image [b]. The intermediate filament 

vimentin was used to characterize mesenchymal cells in the culture (Figure 25 

images [c] and [d]). All cultured cells were stained positive for vimentin, which is 

located throughout the cytoplasm. Since the purity of SC in the primary cell culture 

could not be determined only through vimentin, SC specific Sox9 was used (Figure 

25 images [e] and [f]). Similar to the adult cultures (Figure 24) the vast majority of 

cells appeared immunopositive. Through the use of IF it was additionally possible to 

determine the purity of the primary SC culture (Figure 25 images [g]–[i]). The cell 

nuclei were stained blue via Hoechst 33342, and the nuclei of the SC were stained 

green for Sox9 using Alexa Fluor® 488 (images [g] and [h]; respectively). The overlay 

of both images indicated a high purity of SC in the primary cell culture (image [i]). No 

differences between the WT and SCCx43KO genotypes could be determined in any 

of the staining processes. All of the insets in Figure 25 depict the successful negative 

controls of each primary AB. 
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Figure 25: Adolescent Sertoli cell specific connexin43 knockout (SCCx43KO) and wild type 
(WT) cells in culture and vimentin and Sox9 staining 

Shown are representative microscopic pictures of the primary Sertoli cell (SC) cultures from 
adolescent (17–19 day postpartum) WT and SCCx43KO knockout (KO) mice. Image [a] and [b] 
are phase contrast microscopy representative images (scale bar: 100 µm and 1 µm, 
respectively). Image [a] stems from a KO mouse and image [b] from a WT mouse. Images [c]–[i] 
are representative images of both WT and KO (images stem from WT mice). Image [c] and [d] 
(n = 3 KO; n = 3 WT) show immunohistochemistry (IHC) of vimentin (brown), cytoplasmic 
intermediate filament detection of mesenchymal derived cells and counterstained with 
hemalum (scale bar: 1,000 µm and 100 µm, respectively). Inset [d] is the negative control of 
vimentin and is counterstained with hemalum (scale bar: 50 µm). Image [e] and [f] (n = 3 KO; 
n = 3 WT) show the IHC of the SC specific transcription factor Sox9 (brown; scale bar: 1,000 µm 
and 100 µm, respectively). Inset [f] is the negative control of Sox9 and is counterstained with 
hemalum (scale bar: 50 µm). Image [g]–[i] (n = 1 KO; n = 1 WT) is the immunofluorescence of 
Sox9 (scale bar: 50 µm). Image [g] is the Hoechst 33342 staining (blue) nucleic acid detection. 
Image [h] shows Sox9 staining (green). Image [i] depicts the merged image of images [g] and 
[h]. Insets [g]-[i] are the negative control of Sox9 (scale bar: 50 µm). 
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3.4.4. Counting the Sertoli cells (SC) 

In order to quantify the purity seen in the IHC and IF experiments of the primary cell 

cultures (Figure 25), a total of 3 WT and 3 SCCx43KO cultures stained with Sox9 

were counted (Figure 26). At least 1,000 cells were counted per mouse. The purity in 

the WT cultures was around 99 % and that of the SCCx43KO cultures was around 

98 %. This indicates that the described 3-step enzymatic digestion procedure is 

suitable for creating a highly pure SC culture from adolescent mice. 

 

 

Figure 26: Purity of the primary Sertoli Cell (SC) cultures 

The representative image depicts the results of a Sox9 immunohistochemistry (image stems 
from a wild type culture). The arrowhead depicts a SC nucleus immunopositive for Sox9, while 
the arrow depicts a non-SC nucleus (scale bar: 100 µm). 
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3.4.5. Functionality study of primary cell culture via 
cell viability assay 

To determine possible differences between WT and SCCx43KO cell numbers of 

primary cell cultures of adolescent mice, the viability of these cultures was measured 

one day after the hypotonic shock. It is evident from Figure 27 that there is no 

significant difference between the measured MTT survival rates of WT and 

SCCx43KO primary cell cultures between seeding out and day four of culture. This is 

evident since both cultures were seeded out at 50,000 cells/cm2 and no difference in 

the number of viable cells could be determined on day 4. Thus the cell numbers on 

day four are not significantly different when comparing WT and SCCx43KO primary 

cell cultures. 

 

Figure 27: Cell viability assay (via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT)) results from the primary cell cultures from Sertoli cell specific connexin43 knockout 
(SCCx43KO) and wild type (WT) mice 

Shown is a statistical analysis from cell viability assay from the primary cell cultures of 
adolescent WT and SCCx43KO knockout (KO) mice. For each mouse three separate cultures 
were seeded out at 50,000 cell/cm

2
 and were measured and averaged for their optical density at 

690 nm and 550 nm. No significant difference could be determined. (n = 6 WT mice; n = 4 KO 
mice). 
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3.4.6. Functionality study of primary cell cultures via 
measurements of cell monolayer integrity 

To determine the cell monolayer integrity of adolescent SCCx43KO and WT mice, 

the primary cell cultures were measured for TEER once a day in triplicate for at least 

a five day period. The measurements began one day after hypotonic shock (day four 

after seeding the cells out). These measurements indicate a significant increase in 

cell monolayer integrity of SCCx43KO cultures in comparison to the WT cultures 

(Figure 28). The resistance corresponds to the TJ-barrier function, which is recorded 

in Ω subtracted from a blank and then multiplied by the cell growth surface area 

(Ω x cm2). This value is known as TEER (MRUK and CHENG 2011). 

 

 

Figure 28: Cell monolayer integrity (Transepithelial electrical resistance (TEER)) results from 
the primary testicular cell cultures from Sertoli cell specific connexin43 knockout (SCCx43KO) 
and wild type (WT) mice 

Shown is a statistical analysis of TEER from WT and SCCx43KO knockout (KO) mice. TEER 
measurements (Ω x cm

2
) stem from adolescent primary cell cultures which were seeded out at 

50,000 cell/cm
2
. Measurements began one day after hypotonic shock (fourth day of the culture) 

and were taken in triplicate daily over a minimum of 5 days. Image [a] shows an average of the 
daily measurements, while image [b] is an average over the 5 day period. All resistance 
measurements were subtracted from a blank well containing the same insert, medium and 
volume of medium. This value was multiplied by the insert cell growth area (*p < 0.05, n = 6 WT 
mice; n = 4 KO mice). 
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3.4.7. Messenger ribonucleic acid (mRNA) junctional 
expression 

After determining a significant higher electrical resistance level in the SCCx43KO 

compared to the WT primary cell cultures (Figure 28), an investigation of the mRNA 

expression of the junctional proteins Cldn11 (claudin11), Gja1 (Cx43), Ocln 

(occludin) and Tjp1 (ZO-1) was performed using PCR (Figure 29). All results stem 

from primary cell cultures of adolescent SCCx43KO and WT mice one day after 

hypotonic shock. Amh (AMH) was used as a SC marker. The housekeepers Actb 

(also known as β-actin) and Hsp90aa1 (also known as heat shock protein 90kDa 

alpha) were used as a control. The SCCx43KO cultures expressed a much weaker 

band of Gja1. Additionally, it is evident that both SCCx43KO and WT cultures 

synthesize Cldn11, Ocln and Tjp1 mRNA, indicating that they likely also produce 

these junctional proteins. The mRNA was extracted one day after the hypotonic 

shock (on day 4 of culture). 

 

 

Figure 29: Polymerase chain reaction (PCR) from the primary cell culture of the Sertoli cell 
specific connexin43 knockout (SCCx43KO) and wild type (WT) mice 

Shown are representative gel electrophoreses. The samples stem from the WT and SCCx43KO 
knockout (KO) adolescent primary cell cultures 1 day after hypotonic shock (images [a] = KO 
and [b] = WT). Actb and Hsp90aa1 were used as housekeeper controls for images [a] and [b]. 
The following gene expressions were detected: Sertoli cell marker (Amh), claudin11 (Cldn11), 
Cx43 (Gja1), occludin (Ocln) and ZO-1 (Tjp1) (n = 3 KO; n = 3 WT). bp = base pairs. 
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3.4.8. Western blot (WB) analysis 

To further investigate occludin and claudin11 at the protein level and to validate the 

results of the TEER (Figure 28), PCR (Figure 29) and qRT-PCR (Figure 15) 

experiments, a WB of the TJ protein claudin11 was performed (Figure 30 image [a]). 

All results stem from primary cell cultures of adolescent SCCx43KO and WT mice. 

The loading control α-tubulin was used to ensure that equal amounts of protein were 

loaded into each well. A semi-quantitative analysis (data not shown) determined no 

significant difference of claudin11 between SCCx43KO and WT cell culture samples, 

yet a trend appeared that the SCCx43KO mice synthesized more TJ than their WT 

littermates. Nevertheless, adult mice revealed a significant testicular increase in 

claudin11 synthesis of SCCx43KO mice compared to their WT littermates (images [a] 

and [b]). 

Unfortunately, Cx43 protein synthesis on day 4 of the primary cell cultures could not 

be detected in either SCCx43KO or WT (so far). Adult SCCx43KO and WT testes 

were used as a negative and positive control, respectively (Figure 30 image [c]). 

Again α-tubulin was used as a loading control. 
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Figure 30: Claudin11 and connexin43 (Cx43) semi-quantitative Western blot (WB) analysis 
from the primary adolescent cell culture of the Sertoli cell specific connexin43 knockout 
(SCCx43KO) and wild type (WT) mice 

Shown are representative WB of claudin11 and Cx43 proteins from primary cell cultures of WT 
and SCCx43KO knockout (KO) mice 1 day after hypotonic shock (day 4 of culture) as well as 
adult testes homogenate (images [a] = claudin11 and [c] = Cx43). α-tubulin (52 kDa) was used 
as loading control for all blots. Image [a] indicates that claudin11 (22 kDa) is expressed in the 
primary cultures and adult testes homogenate. Image [b] is the respective semi-quantitative 
WB analysis for claudin11 synthesis in adult testes homogenate which shows a significantly 
higher synthesis of claudin11 in KO testes (*p < 0.05). Image [c] indicates that no Cx43 (43 kDa) 
is detected in the primary cell cultures on day 4 of culture. Adult KO and WT testes were used 
as a negative and positive controls for Cx43, respectively (n = 3 KO; n = 3 WT for cell culture 
and testes samples). 
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4. Discussion 

Within the testes, GJ are vital in providing cross-talks between SC and also between 

SC and GC. These GJ channels can coordinate the function and localization of 

multiple junctions (like TJ and AJ) at the BTB (CHENG et al. 2010; MOK et al. 2011). 

The main objective of this dissertation was to investigate the effects of a SC specific 

deletion of Cx43 on TJ synthesis and expression. This analysis was performed using 

SCCx43KO mice and WT littermates in ex vivo and in vitro experimental settings. 

The objectives of the ex vivo study were to investigate the effects of a SC specific 

deletion of Cx43 on occludin mRNA levels, occludin protein synthesis and its 

immunolocalization within the testis during initial BTB formation (as published in 

GERBER et al. 2014). Due to problems with the occludin AB, the in vitro study had to 

focus on the TJ protein claudin11. The primary cell cultures were characterized via 

IHC, IF, cell viability assay (MTT) and PCR; while their TJ synthesis was analyzed via 

monolayer integrity assay (TEER), PCR and WB. 

It is well known that TJ and GJ proteins can co-localize. Additionally, both junctional 

proteins are bound by intracellular scaffolding proteins such as ZO-1. Hence, their 

expression is likely dependent upon and regulated by each other (GIEPMANS and 

MOOLENAAR 1998; TOYOFUKU et al. 1998; CYR et al. 1999; KOJIMA et al. 1999; 

CHENG and MRUK 2002; MRUK and CHENG 2004; GILLERON et al. 2008; LI et al. 

2009; CARETTE et al. 2010; MORROW et al. 2010; PELLETIER 2011; CHENG and 

MRUK 2012). 

“Using qRT-PCR (Figure 15), altered gene regulations were detected between adult 

WT and SCCx43KO mice. In particular, Ocln, Cldn11 and Gja1 showed these 

changes. The mRNA of occludin and claudin11 were significantly upregulated in the 

SCCx43KO mice, while Cx43 mRNA was downregulated due to the transgenic Cre-

LoxP recombination system. In this context, recent publications showed that 

claudin11 mRNA has been upregulated in human seminiferous tubules with testicular 

CIS, while Cx43 was transcriptionally downregulated (BREHM et al. 2002; BREHM et 

al. 2006; FINK et al. 2009)” (GERBER et al. 2014). Furthermore, CARETTE et al. 
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(2010) had shown that occludin synthesis is upregulated in SC due to a dysfunctional 

Cx43 GJ channel. “The present study further revealed that the specific deletion of 

Cx43 in SC did not result in significant changes of Cdh2 and Tjp1 mRNA levels in 

adult mice” (GERBER et al. 2014). 

“The comparative immunohistochemical time study for Cx43 (Figure 16) and occludin 

(Figure 17) focused on the peripubertal distribution pattern of these two proteins. As 

expected, Cx43 was only expressed in the WT mice and not in the seminiferous 

epithelium of the SCCx43KO animals. Similar to the results from BRAVO-MORENO 

et al. (2001), Cx43 protein was expressed throughout the cytoplasm at days 2 and 7 

p.p., and not until days 8 and 10 p.p. does Cx43 begin to localize towards the basal 

third of the SC. BTB localization of Cx43 strengthens at ages 12, 14 and 15 days 

p.p., which coincides with the initiation of a functional BTB assembly, tubular lumen 

formation and SC polarization (JÉGOU 1993). Additionally, small intratubular cell 

clusters could first be seen in SCCx43KO mice starting from day 12 p.p. in 

agreement with results from WEIDER et al. (2011b). By days 17 and 23 p.p., Cx43 in 

the seminiferous tubules forms a wavy-like localization at the BTB region. In adult 

mice a stage-specific expression of Cx43 is detectable as already demonstrated in 

previous studies (RISLEY et al. 1992; BATIAS et al. 1999)” (GERBER et al. 2014). 

“The diffuse cytoplasmic distribution pattern of occludin within the seminiferous 

epithelium of WT mice at days 2 and 7 p.p. (Figure 17) confirms the findings of 

MOROI et al. (1998) and CYR et al. (1999). This is comparable to the SCCx43KO 

seminiferous cords on the corresponding days. At day 8 p.p., a more intense occludin 

immunoreaction is visible throughout the cytoplasm of SC in both WT and 

SCCx43KO mice. Thus, expression of occludin at day 2, 7 and 8 p.p. seems not to 

be affected by the absence of Cx43. In WT cords of 10 day old male mice and 

concomitant with initial barrier formation, occludin localization begins to shift towards 

the BTB region. However, SC in 10 day old SCCx43KO mice still exhibit a similar 

diffuse cytoplasmic expression pattern as seen at day 8. Yet by day 11 p.p. SC in the 

SCCx43KO cords show movement of occludin immunostaining towards the BTB in 

single cords, which is delayed by at least 1 day in comparison to the respective WT 
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littermates. At day 11 p.p. almost all of the WT cords show the typical basal 

localization of occludin. This localization is then comparable to that of day 12 p.p. in 

the SCCx43KO mice. Approximately on day 12 p.p., initial lumen formation begins in 

both WT and SCCx43KO mice. Interestingly, KLUIN et al. (1984) determined that SC 

proliferation terminates at the age of 12 days p.p., thus the localization of occludin 

(and Cx43) to the BTB region could be a possible signaling factor for SC to become 

post-mitotic. The localization of occludin at day 12 and 13 p.p. coincides with the 

development and formation of the BTB (NAGANO and SUZUKI 1976; HELLANI et al. 

2000; CHENG and MRUK 2002; HOSOI et al. 2002). CYR et al. (1999) stated slightly 

different results, as their IF revealed that the discontinuous expression of occludin 

within SC ceased at the age of 14 p.p. These differences might be explained by the 

fact that these authors’ time study jumps from day 7-14, while the present study 

analyzed the p.p. days 7, 8 and 10-15. Interestingly, ST-PIERRE et al. (2003) 

showed that an altered localization of Cx43 protein during puberty resulted in a delay 

of the “normal basal occludin shift” in rat SC, which was accompanied by an 

extended cytoplasmic distribution of occludin” (GERBER et al. 2014). 

“Initial qualitative WB results (Figure 18 image [a]) indicated an increase of occludin 

protein at ages 12, 14, 15 p.p. and in adult SCCx43KO mice. To further investigate 

these results testicular proteins from ages 12 p.p., 15 p.p. and adult mice were 

compared using semi-quantitative WB with respect to the loading control α-tubulin 

(Figure 18 images [b]-[e]). These additional WB revealed that occludin protein was 

significantly upregulated only in adult SCCx43KO mice. The WB data is supported by 

CARETTE et al. (2010), who demonstrated that a rat SC line (subjected to Cx43-

siRNA) and adult SCCx43KO mice depicted an increase of occludin when Cx43 was 

absent” (GERBER et al. 2014). 

“When comparing occludin protein from the adolescent mice, no significant difference 

could be detected (Figure 18 images [d] and [e]). However, SCCx43KO mice 

exhibited a greater increase of occludin protein from day 12-15 p.p. compared to their 

WT littermates. This might be an interesting result as data from a microarray study 

(SHIMA et al. 2004) and data obtained from the “Mammalian Reproductive Genetics” 
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(mrgd.org) demonstrated that normally a dramatic decrease of Ocln expression 

occurs in mice after day 10 p.p. Thus it could be possible that SCCx43KO mice are 

not able to regulate (decrease) their testicular occludin expression. This 

misregulation may then result in the significant difference of occludin protein found 

when comparing adult SCCx43KO with their WT littermates. The significant 

upregulation of occludin within SCCx43KO mice was also seen by CARETTE et al. 

(2010)” (GERBER et al. 2014). 

“Data from IHC (Figure 17) and WB (Figure 18) are supported by a previous study (LI 

et al. 2010). There it was demonstrated that Cx43 is crucial for TJ 

assembly/reassembly at the BTB during its normal cyclic restructuring (LI et al. 

2010). Loss of Cx43 in SC might lead to an accumulation of occludin protein in the 

cytoplasm of SC and/or the delay in its specific shift to the basal compartment of the 

seminiferous epithelium. They also showed in vitro that SC with a Cx43 knockdown 

express fewer junction proteins at the cell-cell interface. This illustrates a disruption in 

the kinetics of junction re-assembly. LI et al. (2010) concluded that this specific GJ 

protein is necessary to maintain the “dynamic” aspect of the BTB but not its “static” 

function” (GERBER et al. 2014). 

To further study the SC-SC communication, specifically the BTB formation, primary 

SC cultures from the SCCx43KO and WT mice were analyzed. However before the 

effect of the presence or absence of Cx43 could be studied, a successful and 

reproducible method for isolating SC was required. The basis of this isolation stems 

from a slightly modified 3-step enzymatic digestion protocol (NENICU et al. 2007). 

Initially, SC cultures were attempted using adult testes in order to study the 

communication of functionally mature SC. This was of importance since it is well 

known that only functionally mature and differentiated SC support spermatogenesis 

(SHARPE et al. 2003; BREHM and STEGER 2005). Some adult cultures were 

successfully characterized using the SC markers vimentin and Sox9 (Figure 24). 

After 36 attempted adult SC isolations, roughly half of them could be successfully 

sustained in culture, and they were difficult in handling. Due to these viability issues, 

adolescent 17-19 day old mice were then chosen, since many publications used a 
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similar age bracket for successful SC cultures in rats and mice (HADLEY et al. 1985; 

ONODA et al. 1990; MONSEES et al. 1996; NENICU et al. 2007). Additionally, based 

on the ex vivo data (Figure 16, Figure 17 and Figure 21) this age bracket contains 

SC which resemble those of adult and functionally mature cells. These “younger 

cells” are more viable than the older adult cells. Hence, all further experiments were 

performed on these adolescent primary cell cultures. Additionally, during the IHC 

time study of occludin and Cx43, occasional seminiferous tubules were found to 

contain mitotic figures in mice ages 17-19 p.p. After an additional analysis of 

consecutive tissue staining of SC markers, vimentin (Figure 19) and Sox9 (Figure 20) 

identified occasional SC proliferation. KLUIN et al. state that the proliferation of SC 

after day 12 p.p. decline to insignificant levels in mice (1984), hence it is proposed 

that these SC are likely the last remaining ones. Nevertheless, it is well known that 

once SC proliferation terminates the cell numbers per testis remain constant 

(STEINBERGER and STEINBERGER 1977; KLUIN et al. 1984). 

Before any characterization occurred, preliminary testing was performed using 

testicular tissue via IHC for Sox9, vimentin, Cx43 and claudin11 from both adolescent 

and adult SCCx43KO and WT mice (Figure 21). This aided in the establishment of 

AB protocols, which could later be used, in a slightly modified form, in characterizing 

the primary cell culture from the SCCx43KO mice. Coinciding with previous studies 

from the SCCx43KO and WT mice (BREHM et al. 2007; SRIDHARAN et al. 2007; 

CARETTE et al. 2010; WEIDER et al. 2011a; WEIDER et al. 2011b; GIESE et al. 

2012; GERBER et al. 2014), the SCCx43KO mice show SC-only tubules and 

seminiferous tubules with occasional GC, while the WT mice depict a normal 

distribution of SC and GC within the seminiferous tubules. As described in WEIDER 

et al. (2011a, see Figure 9) other traits such as SC cell clusters (Figure 21 image [e]), 

LC hyperplasia (Figure 21 image [e], [g] and [m]) and vacuole formation (Figure 21 

image [e], [g] and [m]) can be seen within the testes of SCCx43KO mice. The 

intermediate filament vimentin stained the cytoplasms of PC, LC and SC (Figure 21 

image [c], [d], [g] and [h]). The SC specific nuclear transcription factor, Sox9, stained 

the nucleus of the SC in both SCCx43KO and WT adolescent and adult mice (Figure 

21 image [a], [b], [e], and [f]). As expected, the SCCx43KO mice did not express any 
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Cx43 unlike their WT littermates, who showed a distinct localization of Cx43 at the 

height of the BTB in both adolescent and adult mice (Figure 21 image [i], [j], [m] and 

[n]). Claudin11 appeared to form a more diffuse distribution pattern at the height of 

the BTB during adolescent ages, which in return forms distinct wavy bands at the 

BTB in seminiferous tubules of adult mice (Figure 21 image [k], [l], [o] and [p]). 

After successfully establishing SC markers ex vivo and the identification of a viable 

adolescent age bracket, it was vital to characterize the primary cell culture to first 

ensure a high purity of SC. Morphological differences could not be determined 

between primary SCCx43KO and WT cell cultures via phase contrast microscopy, 

PCR, IHC or IF. The cells showed the typical SC morphological spindle shaped 

structure (Figure 25 images [a] and [b]), which has been described in numerous 

publications (MATHER and SATO 1979; HOFMANN et al. 2003; NENICU et al. 

2007). Thus to ensure that these cells were SC, an analysis of the 3-step enzymatic 

digestion was performed (see Figure 12 for an overview). After each step the cDNA 

of the supernatant was analyzed using PCR (Figure 22), and it was established that 

the LC (Hsd3b6) were successfully removed after the 1st digestion step (Figure 22 

image [a]). The 2nd and 3rd digestion steps primarily purified the SC isolation from PC 

(Acta2) (Figure 22 image [b] and [c]). The mRNA expression of the final primary cell 

cultures in WT and SCCx43KO mice did not indicate any differences (Figure 23). 

Amh was expressed in both cultures. Similar data was shown by WEIDER et al. 

(2011b), in which AMH was still detected via IHC in both WT and SCCx43KO of 15 

day p.p. mice. Additionally, WEIDER et al. (2011b) state that the SCCx43KO tended 

to show a prolonged AMH expression in comparison to the WT. Both WT and 

SCCx43KO cultures contained SC and PC while no LC could be detected. The 

culture development, isolation and characterization of LC and PC after each digestive 

step have been described by NENICU et al. (2007). The additional hypotonic shock 

successfully removed remaining GC (GALDIERI et al. 1981). This protocol for SC 

isolation has been modified over the past four decades (MATHER and SATO 1979; 

RICH et al. 1983; HADLEY et al. 1985; ONODA et al. 1990; MONSEES et al. 1996; 

NENICU et al. 2007) and was successful in achieving a pure primary SC culture (at 

least 95 % in literature; in this manuscript > 98 % purity was achieved). 
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As performed by NENICU et al. (2007), the purity of the primary cell cultures was 

determined through vimentin staining for the mesenchymal cells (PC, LC and SC). All 

cells were immunopositive for vimentin (Figure 25 images [c] and [d]), yet it could not 

be concluded that all the cultured cells were SC. Thus a SC specific marker was 

required (Figure 25 images [e]-[i]). Sox9 represents a SC specific nuclear 

transcription factor in postnatal rats and mice (KENT et al. 1996; GRAVES 1998; 

FRÖJDMAN et al. 2000; HEMENDINGER et al. 2002). This factor is critical for SC 

and male differentiation and actually precedes Amh expression, which was used as a 

prepubertal SC marker (MORAIS DA SILVA et al. 1996; OREAL et al. 1998). Amh 

mRNA has also been detected in rodent animals at adult ages (LEE et al. 1992b; 

GROOTEGOED et al. 1994). It can be concluded that the primary cultures contained 

almost solely SC: as Sox9 mRNA was expressed (Figure 23), Sox9 protein was 

detected in IHC (Figure 25 images [e] and [f]) and IF (Figure 25 images [g]-[i]). 

Furthermore, LC of 18 day old mice express the marker Hsd3b6 (BAKER et al. 1999; 

O'SHAUGHNESSY et al. 2002), while PC produce Acta2 (HOFMANN et al. 2003; 

COOL et al. 2008). cDNA from LC (Hsd3b6) was not detected in primary SC culture, 

yet the cDNA expression of Acta2 (Figure 23) indicated the presence of some PC. 

Nevertheless, in the primary cell culture an extremely high purity of SC could be 

determined via IHC (Figure 25 images [e]-[f]) and IF (Figure 25 images [g]-[i]). This 

was then confirmed through a ~ 98 % SC purity in the primary cell culture via cell 

counting. This purity corresponds to data found in literature (HADLEY et al. 1985; 

MONSEES et al. 1996; LEE et al. 2003; LEE et al. 2004; NENICU et al. 2007; MRUK 

and CHENG 2011). The ~ 2 % cell impurities were not further analyzed, and it was 

assumed that they were mainly PC as indicated by the Acta2 mRNA seen in Figure 

23. Additionally, it can safely be assumed that all GC are removed from the primary 

cell cultures through the hypotonic shock, as described by GALDIERI et al. (1981). In 

conclusion, the characterization via: PCR, phase contrast microscopy, IHC and IF 

indicated no obvious differences between the SCCx43KO and WT primary SC 

cultures. Both genotypes yielded cell cultures containing predominantly SC. 

After the successful characterization of the pure primary SCCx43KO and WT SC 

cultures, an assessment of the survival rate was determined in vitro. Initially it was 
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hypothesized (based on ex vivo data from BREHM et al. 2007 and SRIDHARAN et 

al. 2007) that SC from SCCx43KO mice could potentially proliferate at a different rate 

through the lack of Cx43. This theory was based on the fact that the absence of Cx43 

caused a lack of communication between adjacent cells. This caused the cells to 

potentially proliferate more and longer. Hence, a different cell number (survival rate) 

would be detected one day after hypotonic shock, which would potentially cause 

functional differences between WT and SCCx43KO cultures. Nevertheless, Figure 27 

indicates that there were no significant differences between the SCCx43KO and WT 

survival rates at day 17-19 p.p., and that both cell cultures contain approximately the 

same number of cells on day four of culture. This makes them further suitable for 

additional comparative experiments, like: TEER, PCR, qRT-PCR and WB, at day four 

of culture. 

In a microarray study, a total of 658 genes were significantly and differently regulated 

in testes of 8 day old SCCx43KO mice when compared to their WT littermates 

(GIESE et al. 2012). It has been well established that there is an evident correlation 

between testicular GJ and TJ expression (SEGRETAIN et al. 2004; FINK et al. 2006; 

CARETTE et al. 2010; TRIPATHI and TRIPATHI 2010; MOK et al. 2011; CHENG 

and MRUK 2012; GIESE et al. 2012; GERBER et al. 2014). Studies from CARETTE 

et al. (2010) showed that the use of siRNA for Cx43 in a SerW3 rat SC line resulted 

in a significantly increased occludin protein synthesis in these cultures in comparison 

to those without Cx43-siRNA. CARETTE et al. (2010) also analysed testes of adult 

SCCx43KO and WT mice where it was shown that SCCx43KO mice synthesized 

significantly more occludin. Additional IF studies indicated that these changes were 

particularly evident at the BTB (CARETTE et al. 2010). The qRT-PCR analysis 

(Figure 15) of adult SCCx43KO mice revealed an increased expression of occludin 

and claudin11 mRNA, yet no change in ZO-1 mRNA was determined. IHC revealed 

an altered spatio-temporal expression pattern of occludin in prepubertal SCCx43KO 

mice (Figure 17). Specifically, the lack of Cx43 seemed to have caused a delay of the 

shift of occludin towards the BTB region at the ages of 10-12 p.p. 
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These results led to the TEER analysis (Figure 28), where SC cultures from 

SCCx43KO mice exhibited a significantly higher resistance (~ 17 Ω x cm2) than the 

WT cells, most likely due to more TJ. This implies that Cx43 also might exert an 

important influence on TJ assembly in vitro. Numerous groups (CHUNG and CHENG 

2001; KAITU’U-LINO et al. 2007; ZHANG et al. 2008; SIU et al. 2009a; SIU et al 

2009b; MRUK and CHENG 2011; QIU et al. 2013; LI et al. 2014) studying rodent 

primary SC cultures have obtained similar low TEER values to those in Figure 28, 

which indicates that these values seem to be typical for a SC monolayer 4 days after 

plating the cells. It is also well known that primary SC require approximately 3-4 days 

of incubation before establishing a TJ-barrier. These typical TEER values range 

between ~ 50-80 Ω x cm2 (as seen in Figure 28) which remain relative constant 

thereafter (CHUNG and CHENG 2001; KAITU’U-LINO et al. 2007; ZHANG et al. 

2008; SIU et al. 2009a; SIU et al 2009b; MRUK and CHENG 2011; QIU et al. 2013; 

LI et al. 2014). TEER measurements were not performed in the SCCx43KO cultures 

during the first three days of culture, since they were extremely sensitive during this 

attachment phase. Furthermore, numerous studies have relied on TEER 

measurements for determining disruptions in barrier permeability through the use of 

various substances: cadmium chloride (CHUNG and CHENG 2001), mono-2-

ethxylhexyl phthalate and mono-n-butyl phthalate (ZHANG et al. 2008), focal 

adhesion kinase siRNA (SIU et al. 2009a), CdCl2 (SIU et al. 2009b), Perfluorooctane 

sulfonate (QIU et al. 2013) and Sertolin siRNA (LI et al. 2014). In these studies 

decrease in TEER measurements of ~ 10-40 Ω x cm2 (e.g. a decrease of 20 Ω x cm2
 

in cells treated with 20 µm of Perfluorooctane sulfonate) were detected, and the 

magnitude of change depends on the concentration of the substances administered. 

On the other hand, KAITU’U-LINO et al. (2007) depicted increases of up to 

200 Ω x cm2 when testosterone and FSH were administered to the SC cultures. This 

leads to the idea that SC cultures from SCCx43KO and WT mice are suitable to 

study BTB based male pharmacons involved in male contraception or infertility. 

The values obtained in TEER assays of SC are lower when compared to literary 

values obtained in cultures with other cell types such as Madin-Darby canine kidney 

(MDCK)-I cells, > 2,000 Ω x cm2. Interestingly, it was shown in the same study that a 
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different cell line, MDCK-II cells, resulted in much lower TEER values, < 150 Ω x cm2 

(WEGENER et al. 1996). Thus, a comparison of TEER values between various cell 

line types might not be advisable. 

Additionally, it has been shown that an increase in seeding cell density leads to an 

increase in TEER values, vice versa. In a day 5 primary SC culture study it was 

determined that a 3 times more densely seeded culture had a TEER value of 

~ 75 Ω x cm2, while the less dense culture had a value of ~ 40 Ω x cm2. It was 

concluded that the increases in TEER were dependent upon the cell density, which 

was likely caused by an increase in TJ formation (ONODA et al. 1990). Due to the 

MTT cell viability assay (Figure 27) it could be concluded that the primary SC cultures 

(on day 4) do not express significant differences in cell numbers. Thus it is possible 

that cell density is not the effect of the increase in SCCx43KO TEER values (Figure 

28), and that it is likely due to an increase in TJ synthesis. Furthermore, an 

assumption can be made that the WT and SCCx43KO primary SC cultures likely do 

not proliferate between days 4 and 8, since the analysed TEER values remained 

relatively constant (Figure 28 image [a]). 

An evaluation of TJ mRNA expression was performed (Figure 29) to further analyse 

the TEER results (Figure 28). The mRNA of the TJ proteins claudin11, occludin and 

ZO-1 were detected in both SCCx43KO and WT primary SC cultures. Interestingly, 

the SCCx43KO primary cell culture still produced little mRNA coding for Cx43, 

although the band was qualitatively weaker than in the WT. This might be explained 

by the presence of some PC within the primary cell culture as seen in Figure 23. The 

synthesis of Cx43 in rodent PC has been described by RISLEY et al. (1992). 

To further study these possible altered TJ expressions on a protein level, WB were 

performed. Due to spatio-temporal regulation of occludin in SCCx43KO mice (Figure 

17) and altered regulation in the adult testis in vitro (Figure 18), the TJ occludin 

protein was of keen interest. However, new lots of the same occludin AB (as used in 

Figure 17 and Figure 18) were no longer capable of occludin detection in IHC and 

WB. Occludin AB of other companies were tested, but were also not capable of 



─ 110 ─ 

─
 1

1
0

 ─
 

─
 1

1
0

 ─
 

detection. Thus, the opportunity to logically continue an occludin (TJ) study in vitro 

was not possible, and the focus shifted onto claudin11. 

Preliminary data show, that localization of claudin11 in adolescent and adult mice 

(Figure 21) is comparable to occludin (Figure 17). Occludin’s distinct localization 

towards the BTB begins earlier, at around day 10 p.p. in WT and day 11 p.p. in 

SCCx43KO mice (Figure 17; GERBER et al. 2014). While claudin11 expression is 

assumed to first occur in mice at day 13 p.p. (MAZAUD-GUITTOT et al. 2010) Note 

that the time study from MAZAUD-GUITTOT et al. (2010) begins at day 13 p.p. and 

continues on with days 20, 28 and 60 p.p. This distribution pattern of claudin11 is 

supported by HELLANI et al. (2000) in 20 day old mice. Interestingly, occludin KO 

(SAITOU et al. 2000) and claudin11 KO mice also develop male sterility (GOW et al. 

1999; SAITOU et al. 2000; MAZAUD-GUITTOT et al. 2010; MORROW et al. 2010), 

coinciding with infertility known from adult SCCx43KO mice (BREHM et al. 2007; 

SRIDHARAN et al. 2007). Even though the male occludin KO mice were infertile, 

normal spermatogenesis and no histological abnormalities were found within the first 

6 weeks of testicular development. However, after 40-60 weeks the seminiferous 

tubules only contained SC (SAITOU et al. 2000). Thus it appears that occludin may 

not be as vital for BTB development and the initiation of spermatogenesis as initially 

proposed. Unlike the SCCx43KO mice which contain an intact BTB (CARETTE et al. 

2010), the BTB of the claudin11 KO mice is no longer intact (GOW et al. 1999; 

MAZAUD-GUITTOT et al. 2010; MORROW et al. 2010). These results show that the 

TJ protein claudin11 is vital for murine BTB formation and is likely a key towards 

infertile male claudin11 KO mice (and eventually also the SCCx43KO mice). The 

results further emphasize the importance of SC, Cx43 and claudin11 in 

spermatogenesis, and provided an interesting aspect for analyzing claudin11 

synthesis in the primary SCCx43KO SC cultures. 

WB analysis of claudin11 indicated a trend to a slight increase in SCCx43KO SC 

cultures when compared to WT cultures (Figure 30 image [a]). For the first time it has 

been shown that claudin11 protein is significantly increased in adult SCCx43KO mice 

(Figure 30 images [a] and [b]), which coincides with an upregulation of Cldn11 mRNA 
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in adult KO mice (Figure 15). So far, claudin11 has only been detected within SC and 

not in GC (MORROW et al. 2010), thus this increase in the adult testis is likely 

contributed by the SC. In addition to the observed trend that claudin11 is elevated in 

cell cultures derived from SCCx43KO mice (Figure 30 image [a]), further analyses of 

other TJ proteins (e.g. claudin3 and claudin5) may provide a greater insight into why 

SCCx43KO mice exhibit a significantly higher TEER measurement (Figure 28). It is 

possible that different or multiple TJ proteins are elevated in SCCx43KO cultures 

causing this TEER increase. This increase in TJ (claudin11 and occludin) of Cx43 

deficient SC has been previously reported by CARETTE et al. (2010) and are also 

seen in Figure 15 and Figure 18. 

It was noticed that SC of claudin11 KO mice lack a functional BTB, lose their polarity, 

detach from the basement membrane and proliferate while still expressing 

differentiation markers (e.g. vimentin) (MAZAUD-GUITTOT et al. 2010). 

Investigations in human testes have shown that seminiferous tubules of men with 

testicular CIS also show an upregulation and dislocation of claudin11 (FINK et al. 

2006; FINK et al. 2009). These results have been confirmed by recent studies 

investigating testes of infertile men with primary seminiferous tubule failure (CHIBA et 

al. 2012; HAVERFIELD et al. 2013). CHIBA et al. (2012) detected increased 

claudin11 mRNA expression and a dislocation of claudin11 protein in the 

seminiferous tubules of men with impaired spermatogenesis. HAVERFIELD et al. 

(2013) additionally determined that claudin11 and Cx43 both exhibit altered 

expression within the SC of men with impaired spermatogenesis. It was suggested 

that the disorganization of claudin11 and Cx43 alters the junctional complex causing 

the possible loss of the BTB. This loss might be the cause of the impaired 

spermatogenesis for these men (CHIBA et al. 2012; HAVERFIELD et al. 2013). CIS 

has further been associated with a downregulation of Cx43 (BREHM et al. 2002; 

BREHM et al. 2006) and an impaired status of SC differentiation (RAJPERT-DE 

MEYTS and SKAKKEBAEK 1993; SKAKKEBAEK et al. 1998). Hence, an 

immunohistochemical time study of claudin11, such as the one of occludin in Figure 

17, would provide further insight into the spatio-temporal expression in SCCx43KO 
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and WT mice. This might provide additional information on the effects of claudin11 

and Cx43 on impaired spermatogenesis and CIS in men. 

The WB analysis revealed that both SCCx43KO and WT primary cell cultures did not 

express a detectable amount of Cx43 (Figure 30 image [c]). As predicted the 

SCCx43KO primary SC cultures did not synthesize Cx43 due to the KO model. 

However, it was interesting that the WT primary cell culture likely did not synthesize a 

detectable amount of Cx43, unlike the positive control from the adult WT testis 

homogenate. Experiments using testicular tissue (Figure 21 image [j]) detected 

positive Cx43 seminiferous tubules of adolescent WT mice. At this point there are 

four possible explanations why Cx43 protein is not present in the WB of WT primary 

cell cultures (on day 4): (1) the WT primary cell culture does not produce a detectable 

amount of Cx43; (2) the WT cultures cease to produce Cx43 sometime between 

isolation and day 4 of culture; (3) the primary cell culture does not express Cx43 one 

day after hypotonic shock and may require more time for synthesis to occur; or (4) 

the WT cultures do not synthesize Cx43 at all. Although the fourth explanation is 

unlikely since these cultures already produce Cx43 mRNA (Figure 29 image [b]). The 

absence of Cx43 in WT primary cell cultures is a concerning aspect, which definitely 

requires further in vitro investigation. 

Furthermore, in a study it was shown that the mRNA expression of Cx33 increased 

overtime within the primary SC cultures of rats. In this experiment SC were treated 

with a hypotonic shock 36 h after being seeded out and cultured for an additional 

7 days. A detectable amount of Cx33 mRNA could be seen between days 4-5 after 

hypotonic shock (on days 5-7 after seeding out) (CHUNG et al. 1999). Hence, it is 

possible that there is a delayed Cx43 protein expression in the WT primary SC 

culture. It can be assumed that this delay is shortly after day 4 of culture, since the 

WT culture already synthesizes Cx43 mRNA (Figure 29). 

“Results from the immunohistochemical time study (Figure 16 and Figure 17) and 

another study by BRAVO-MORENO et al. (2001) showed that Cx43 (and occludin) 

localization is modulated during the prepubertal period. A change in the Cx43 spatial 

distribution of SC to their basal domain seems to be correlated in time with the 
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differentiation from a non-polarized to a polarized epithelium (VERGOUWEN et al. 

1991; BRAVO-MORENO et al. 2001). These changes occur in parallel with: (1) the 

maturation and first migration of GC within the SC; (2) the functional BTB formation; 

(3) the first wave of spermatogenesis. Therefore the possibility exists that loss of 

Cx43 and the consequent loss of direct transfer of molecules via Cx43 GJ from SC to 

GC at this developmental time period might have significantly contributed to the 

observed impaired spermatogenesis in adult SCCx43KO males” (GERBER et al. 

2014). 

The role of SC within the seminiferous tubule and the functional nurturing of GC 

appears as important as the role of Cx43 within the SC and the functional regulation 

of the BTB. “Within the life cycle of a somatic SC, puberty represents the most 

important time period as this cell type develops from an immature into a mature, 

morphologic and functional adult SC supporting spermatogenesis (SHARPE et al. 

2003)” (GERBER et al. 2014). At this time point, age 12 p.p. in mice, the SC ceases 

to proliferate (KLUIN et al. 1984) and maybe regulated by the timely assembly of the 

junctional complex at the BTB. This timely assembly appears to be controlled by 

Cx43 (Figure 17). “In this context, the observed spatio-temporal alteration of occludin 

expression in SCCx43KO mice might be interpreted as a sign for an impaired SC 

maturation process and/or an abnormal intermediate SC phenotype as hypothesized 

by previous studies (SRIDHARAN et al. 2007; WEIDER et al. 2011b)” (GERBER et 

al. 2014). This delay could potentially also alter a timely SC polarity, which might lead 

to the formation of SC clusters within the tubules. MAZAUD-GUITTOT et al. found 

similar results in which the KO of claudin11 created a loss of SC polarity causing 

them to detach from the basal lamina and enter the lumen of the tubules (2010). 

Additionally, lumen formation requires the presence of functional TJ proteins, and this 

results in vectorial transport of GC across the epithelium towards the lumen (ST-

PIERRE et al. 2003). Hence, a timely altered occludin expression or lumen formation 

may prevent the initiation of spermatogenesis. “It is well known that (1) functional SC 

are a prerequisite for normal spermatogenesis and that (2) there exists a reciprocal 

regulation of SC and GC maturation (GRISWOLD 1995; SHARPE et al. 2003); 

therefore it is possible that the failure to initiate spermatogenesis in SCCx43KO mice 
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around days 8-12 p.p. could have been caused by this altered state of SC 

maturation. It was further speculated that GC (preleptotene and leptotene 

spermatocytes) represent the source of the stimulus that regulates TJ (e.g. occludin) 

dynamics (CHENG and MRUK 2002). Consequently, it is possible that the loss of 

these GC populations in SCCx43KO males could also have led to the observed 

spatio-temporal alteration, misregulation of occludin expression and to the altered 

state of SC maturation” (GERBER et al. 2014). 

In summary, ex vivo results show: “(1) an alteration in the spatio-temporal expression 

pattern of occludin in SCCx43KO mice during the peripubertal time period; (2) a 

delayed shift of occludin immunoreaction to the BTB region in SCCx43KO mice 

between day 10-12 p.p.; (3) a significant increase of Ocln and Cldn11 mRNA 

expression in adult KO mice and a decrease of Gja1;” (GERBER et al. 2014) (4) a 

significant increase of TJ protein claudin11 was seen in testes of adult KO mice. 

In summary, in vitro results show (5) that a slightly modified 3-step enzymatic 

digestion procedure achieved pure (98 %) primary SC cultures from SCCx43KO and 

WT mice; (6) no obvious morphological differences between the SCCx43KO and WT 

cell cultures were determined at day 4 of culture; (7) no difference in survival rates 

were determined between WT and SCCx43KO (between seeding out and day 4 of 

culture); (8) a significant increase in the level of TEER in the SCCx43KO cell culture 

was determined; and finally (9) no significant differences in claudin11 protein 

synthesis of the primary cell cultures could be determined so far, but a trend still 

indicates a slight increase of claudin11 protein in SCCx43KO cell cultures. 

Taken together these findings support that Cx43 might represent an important 

regulator for SC-SC communication and BTB formation and function. 
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5. Open questions and outlook 

However this work has also led to numerous new questions, which still remain open 

regarding the SCCx43KO mice. (1) At what age does the BTB form in SCCx43KO 

and WT mice? (2) At what age does the synthesis of occludin and claudin11 proteins 

differ as seen between the adult WT and SCCx43KO mice? (3) How is the spatio-

temporal expression pattern of claudin11 in pubertal SCCx43KO and WT mice? (4) 

What other junctional proteins might be altered when comparing WT and SCCx43KO 

mice? (5) When is Cx43 protein detectable in primary cell culture of WT mice? (6) 

What is causing the difference in TEER measurements between WT and SCCx43KO 

cells? (7) What other TJ proteins might have altered regulations between the WT and 

SCCx43KO cell cultures? (8) Which other genes might be differently regulated 

between WT and SCCx43KO cell cultures? 

Even though it is believed that occludin initiates murine BTB (NAGANO and SUZUKI 

1976; HELLANI et al. 2000; CHENG and MRUK 2002; HOSOI et al. 2002), it might 

be possible that another TJ protein (e.g. claudin11) could potentially form the initial 

BTB. Hence, it would be of interest to determine at which age the BTB truly forms in 

the SCCx43KO and WT mice. Perfusion with a hypertonic fixation solution (e.g. 

10 % glucose) would only lead to shrinkage of the spermatogonia when the BTB is 

functionally intact (CARETTE et al. 2010; WEIDER et al. 2011a); this in return could 

confirm the formation of the BTB. Additional immunohistochemical time studies and 

semi-quantitative WB might also indicate an altered spatio-temporal regulation and 

synthesis of additional TJ proteins (e.g. claudin3, claudin5 and claudin11) within the 

SCCx43KO mice. 

Even though the WT and SCCx43KO primary SC cultures have been successfully 

isolated via the 3-step enzymatic digestion as well as characterized, some important 

experiments are still open. The most important aspect (shortcoming) would be to 

focus on the synthesis of Cx43 within the WT primary cell culture. It is vital and of 

utmost importance to determine if and when the WT cultures do produce a detectable 

amount of Cx43 (Figure 30). Note that Figure 29 indicates the presence of Gja1 
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mRNA on day 4 of culture. A time study from the beginning of isolation to day 4 

would be ideal to determine if (when) Cx43 is lost. While an extended study past day 

4 could conclude if synthesis is delayed. The following samples should be tested in a 

WB (or Cx43 IHC): (1) the three supernatants from the digestion steps; (2) day 0 

when the cells have been isolated but not seeded out; (3) day 0 when the cells have 

been isolated but not seeded out and subjected to a hypotonic shock (4) day 1 of 

culture; (5) day 1 culture and subjected to a hypotonic shock; (6) day 2 of culture; (7) 

day 2 culture and subjected to a hypotonic shock; (8) day 3 of culture; (9) day 3 

culture and subjected to a hypotonic shock; (10) day 4 of culture, but no hypotonic 

shock on day 3; (11) day 8 of culture with hypotonic shock on day 3 to determine if 

Cx43 requires more time for synthesis; (12) day 8 of culture, but no hypotonic shock 

on day 3. See Figure 31 for an illustration of these proposed samples. These WB 

studies shall/may be supported through the use of IHC/IF of the primary SC cultures 

of SCCx43KO and WT mice. 
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Figure 31: Outlook for connexin43 (Cx43) Western blot (WB) detection in the primary cell cultures of Sertoli cell specific connexin43 
knockout (SCCx43KO) and wild type (WT) mice 

Shown are the samples which will be analyzed for Cx43 in a WB. This is of essence to determine if the WT cultures synthesize Cx43 or if 
there is a delay in its production. The supernatants stem from the enzymatic digestions. Samples from day 0 are analyzed before the 
cells are seeded out. Day 1, 2, 3, 4 and 8 samples are analyzed on the respective days. Note that the hypotonic shock for sample days 4 
and 8 will occur on day 3, like in all other experiments performed in this manuscript. LC = Leydig cells; PC = peritubular cells; SC = 
Sertoli cell. 
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Besides the lack of Cx43 within the WT cell culture, it could be of interest what 

happens with TEER in the first 3 days of culture. As described in literature, it can be 

assumed that at day 0 the TEER value is minimal (~ 0 Ω x cm2) since the cells have 

not yet attached, and that over the 3 day period as the cells attach and form a 

monolayer the TEER values increase to those of day 4 (CHUNG and CHENG 2001; 

KAITU’U-LINO et al. 2007; ZHANG et al. 2008; SIU et al. 2009a; SIU et al 2009b; 

MRUK and CHENG 2011; QIU et al. 2013; LI et al. 2014). 

To further study if the cells potentially proliferate, a time study for cell counting could 

be performed (e.g. day 4, 6 and 8 of culture). 

If these open questions are successfully solved, SCCx43KO and WT mice littermates 

might ideally be suitable to further understand the important role of Cx43 within the 

SC, the seminiferous epithelium and testis. Further studies with the SCCx43KO mice 

may provide insights into impaired spermatogenesis of men. Through the use of 

immortalized SC lines from SCCx43KO and WT mice, it would be possible to reduce 

the number of animals as well as to provide more mechanistic experimental 

opportunities. Assuming that the WT cultures synthesize Cx43, these cultures could 

also serve as an in vitro tool in the development of a male contraceptive. This could 

be performed through testing pharmacons in which the Cx43 GJ communication in 

WT is inhibited. This inhibition could cause these WT cultures to convert to the 

characteristics of the SCCx43KO cultures. On the other hand to study male Cx43-

based infertility, a KI of Cx43 of SCCx43KO cultures (or a pharmacon treatment of 

these cultures) could revert it to the characteristics of a WT culture. In conclusion, the 

SC role within the testes and Cx43 role within the SC is an interesting field, which still 

contains numerous unknowns and has come into focus over the past couple of 

decades. 
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6. Summary 

6.1. English summary 

GERBER, J (2015): Investigation of the Junctional Complex at the Blood-Testis 

Barrier in SCCx43KO mice and Establishment and Functional Characterization of a 

Murine Sertoli Cell Line Deficient of Connexin43 

The Sertoli cell specific connexin43 knockout (SCCx43KO) is a transgenic mouse 

line in which the gene Gja1, coding for connexin43 (Cx43) is knocked out only in the 

Sertoli cells (SC). The protein Cx43 forms a gap junction (GJ) channel. All GJ 

channels are composed of two connexons from neighboring cells, with each 

connexon being composed of six connexins (Cx). A Cx is a four transmembrane 

protein with two extracellular loops, while an additional loop and both N- and C-

terminal domains are located intracellularly. Within the testes, the GJ channel Cx43 is 

located between SC and between SC and germ cells (GC). These channels allow for 

direct cytoplasmic communication between the adjacent cells. Cx43 is present at the 

blood-testis barrier (BTB) between two neighboring SC and is believed to aid in the 

dynamic regulation of this barrier. Nevertheless, these GJ proteins are structures 

whose function and dynamic regulation is still poorly understood. The BTB is vital for 

spermatogenesis; its formation separates the seminiferous tubules into a basal and 

adluminal compartment. This creates a unique lumen milieu (for haploid GC) which is 

protected from the immune system. While being localized between the SC and GC, 

Cx43 is believed to nurture and aid the GC (spermatogonia and spermatocytes) in 

their proliferation and maturation process during spermatogenesis. 

Recent studies have begun linking regulations between GJ and tight junction (TJ) 

proteins. These TJ proteins create the BTB between SC, which initiates formation at 

the beginning of pubertal development. In particular a lack of Cx43 within the SC 

causes an upregulation of the numerous TJ proteins (e.g. occludin and claudin11). 

Hence, the SCCx43KO mouse is an ideal model to study the link between Cx43 and 

TJ expression and assembly. It has been well established that Cx43 is the key GJ in 
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the SC. Its absence has led to infertility of the male SCCx43KO mice. Additionally, 

Cx43 has been shown to be significantly downregulated in some men expressing 

seminiferous tubules with spermatogonial arrest or carcinoma in situ (CIS). Recent 

publications have stated that the BTB is an ideal target for studying male 

contraceptives. In particular, reversible alterations made to the BTB’s junctional 

complex may act as a switch for turning spermatogenesis on or off. Through 

establishment of two SC cultures from wild type (WT) and SCCx43KO mice, 

researchers could have access to a larger experimental field, not be limited by 

breeding constraints and the high cost of maintaining a mouse line. The regulation of 

TJ compared in mice and primary SC cultures with and without Cx43 is the basis for 

the two studies described in this thesis: (1) How is the expression of the TJ protein 

occludin affected at the BTB during puberty in comparing SCCx43KO and WT 

littermates? (2) Are there differences when culturing SC from SCCx43KO mice and 

their WT littermates? How is the expression of the TJ protein (specifically claudin11) 

affected when comparing the SCCx43KO and WT primary SC cultures? 

In the first part of the study, the expression pattern of the testicular TJ protein 

occludin was analyzed in SC. This was performed using immunohistochemistry 

(IHC), semi-quantitative Western blot (WB) analysis and quantitative real time 

polymerase chain reaction (qRT-PCR) using the established transgenic SCCx43KO 

mice and their WT littermates. Both adolescent to adult SCCx43KO and WT males 

were compared. The goal was to elucidate a possible role of Cx43 on the expression 

pattern and regulation of occludin. The qRT-PCR indicates an increase in occludin 

and claudin11 messenger ribonucleic acid (mRNA) in adult SCCx43KO mice testes, 

while Cx43 was significantly downregulated. These results correspond to testicular 

occludin and claudin11 protein synthesis of adult mice. Yet, no significant difference 

of occludin protein synthesis between WT and SCCx43KO were determined between 

day 8 and 15 postpartum (p.p.) testes using semi-quantitative WB. Still, during 

puberty a one day delayed shift of occludin immunoreaction to the BTB region 

occurred in SCCx43KO males between day 10-12 p.p. This study demonstrates 

spatio-temporal alterations in occludin, indicating that Cx43 might act as a regulator 
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for BTB formation and function. This first study was been published in GERBER et al. 

2014. 

In the second part of the study, the SCCx43KO mouse line seems ideal to gain 

further insight into the mechanistic GJ (and TJ) formation in SC and the seminiferous 

epithelium; however experiments in the past were limited to an in vivo model. A 

slightly modified method for developing primary SC cultures was established, 

validated and successfully characterized via polymerase chain reaction (PCR), IHC 

and Immunofluorescence (IF). It was evident that both SCCx43KO and WT primary 

cell cultures were similar in morphology and contained ~ 98 % SC. These highly pure 

SC cultures were then subjected to cell viability assays, yet no differences in the 

survival rate were determined between WT and SCCx43KO cell cultures on day 4 of 

culture. Additional measurements of transepithelial electrical resistance (TEER) were 

performed, which indicate significant increases in TEER values of the SCCx43KO 

cells. Using semi-quantitative WB, the TJ protein claudin11 was found to be elevated 

in SCCx43KO cell cultures and significantly increased in testes homogenate of adult 

SCCx43KO mice. Thus a SC line deficient of Cx43 may provide a valuable in vitro 

tool for a better understanding of the mechanistic role of Cx43 in spermatogenesis 

and BTB assembly, and this model might aid in finding treatment schemes of male 

infertility due to impaired spermatogenesis. 

Thus, the use of SCCx43KO in ex vivo studies can provide supplementary 

information on the regulation of other TJ proteins of the BTB. On the other hand the 

development of SCCx43KO and WT immortalized cell lines (or primary cell cultures) 

can additionally provide further insights into the complex junctional communications 

between SC (with and without Cx43). The ultimate goal is to answer the question: 

what role Cx43 plays within the SC and which role might Cx43 play in impaired 

spermatogenesis. The SCCx43KO mouse model might be suitable to elucidate the 

cause of Cx43 downregulation in men with either impaired spermatogenesis or CIS. 

Finally, it could also be used to study Cx43 as a potential male contraceptive target 

for the reversible regulation of spermatogenesis. 
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6.2. German summary 

GERBER, J (2015): Untersuchungen zur murinen Blut-Hoden-Schranke in 

SCCx43KO-Mäusen sowie Etablierung und funktionelle Charakterisierung einer 

murinen Sertolizelllinie ohne Connexin43 

In der SCCx43KO (Sertolizell-spezifischer-Connexin43-Knockout) Mauslinie fehlt das 

Gen Gja1, das für das Protein Connexin43 (Cx43) codiert, sodass dies in der 

Sertolizelle (SZ) der Knockout-Maus nicht exprimiert wird. Connexine (Cx) sind die 

Proteinbestandteile der Gap-Junction-(GJ)-Kanäle. Alle GJ-Kanäle werden von 

jeweils zwei Connexonen benachbarter Zellen gebildet, die wiederum aus jeweils 

sechs Cx zusammengesetzt sind. Ein Cx ist ein Viertransmembranprotein mit zwei 

extrazellulären Schleifen, einer intrazellulären Schleife und intrazellulär lokalisierten 

N- und C-terminalen Enden. Innerhalb des Keimepithels befinden sich aus Cx43 

aufgebaute GJ-Kanäle zwischen benachbarten SZ und zwischen SZ und Keimzellen. 

Diese Kanäle ermöglichen die direkte Kommunikation zwischen benachbarten 

Zellen. So ist Cx43 am Aufbau der Blut-Hoden-Schranke (BHS) zwischen 

benachbarten SZ beteiligt und es wird angenommen, dass Cx43 die dynamische 

Regulierung dieser Barriere unterstützt. Dennoch sind die Funktionen dieser 

Junction-Proteine und die dynamische Regulierung der BHS noch nicht eindeutig 

erklärt. Eine funktionelle BHS ist essentiell für die Spermatogenese und sie unterteilt 

das Keimepithel in ein basales und ein adluminales Kompartiment. So entsteht im 

adluminalen Kompartiment, das die haploiden Keimzellen enthält, ein spezielles 

Milieu, in dem die Zellen vom körpereigenen Immunsystem geschützt sind. Es wird 

außerdem angenommen, dass Cx43 die Reifung der Keimzellen während der 

Spermatogenese durch ihre GJ-Kanäle mit den SZ unterstützt. 

Neue Studien zeigen eine Verknüpfung zwischen GJ- und Tight-Junction (TJ)-

Proteinen. Die TJ etablieren sich zu Beginn der Pubertät und bilden die Grundlage 

der BHS zwischen benachbarten SZ. Insbesondere das Fehlen von Cx43 in SZ 

bewirkt eine Hochregulation zahlreicher TJ-Proteine (zum Beispiel Occludin und 

Claudin11). Daher ist die SCCx43KO-Mauslinie ein ideales Modell für die 

Untersuchung der Zusammenhänge zwischen Cx43 und TJ an der BHS im 
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männlichen Keimepithel. Den männlichen SCCx43KO-Mäusen fehlt das Cx43 in den 

SZ und sie sind infertil, während die SCCx43KO-Weibchen fertil sind. Darüber hinaus 

ist bekannt, dass sowohl einige Männer mit testikulären Carcinoma in situ (CIS) als 

auch Männer mit gestörter Spermatogenese eine Herunterregulation des GJ-Proteins 

Cx43 in den SZ und den Keimtubuli aufweisen. Dieses Protein ist ein wichtiger 

Bestandteil der BHS und kann möglicherweise eine Rolle bei der Entwicklung eines 

männlichen Verhütungsmittels spielen. Hierbei könnte die Funktion der GJ-Kanäle 

durch Pharmaka reversibel gehemmt werden und somit als Schalter dienen, um die 

Spermatogenese reversibel an- oder auszuschalten. 

In der vorliegenden Arbeit wird die Regulation der TJ-Proteine in An- oder 

Abwesenheit des Proteins Cx43 untersucht, wobei folgende Fragen beantwortet 

werden sollen: (1) Wie und wo ist das TJ-Protein Occludin in SCCx43KO und Wildtyp 

(WT)-Mäusen während der Pubertät an der BHS exprimiert und lokalisiert? (2) 

Welche Unterschiede gibt es zwischen primären SCCx43KO und WT SZ-Kulturen? 

Wie wird die Expression des TJ-Proteins Claudin11 in zuvor etablierten und 

charakterisierten primären SZ-Kulturen (SCCx43KO und WT) reguliert? 

Im ersten Teil der vorliegenden Arbeit wurde mittels Immunhistochemie (IHC), semi-

quantitativer Western Blot (WB)-Analyse und Real-Time-quantitativer-Polymerase-

Kettenreaktion (qRT-PCR) das Expressionsmuster von Occludin in der SZ 

untersucht. Dazu wurden sowohl prä- und peripubertäre sowie adulte SCCx43KO- 

und WT-Männchen der etablierten transgenen Mauslinie miteinander verglichen. Ziel 

war es, den möglichen Einfluss von Cx43 auf das Expressionsmuster und die 

Regulierung von Occludin zu untersuchen. Das Gen Gja1, welches für Cx43 codiert, 

fehlt nur in der SZ dieser KO-Mäuse, was zu einer gestörten Spermatogenese führt. 

Die qRT-PCR zeigt einen mRNA-Anstieg von Occludin in adulten SCCx43KO-

Mäusen. Diese Ergebnisse entsprechen der gesteigerten Occludin-Proteinsynthese 

im Hoden von erwachsenen SCCx43KO-Mäusen. Zusätzlich wurde mittels IHC eine 

während der Pubertät um einen Tag verzögerte Expression von Occludin in der BHS 

bei SCCx43KO-Mäusen zwischen Tag 10-12 postpartum (p.p.) nachgewiesen. 

Außerdem konnte ein signifikanter Anstieg der Genexpression von Occludin und 
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Claudin11 in adulten männlichen SCCx43KO festgestellt werden. Diese Studie zeigt 

sowohl zeitliche als auch räumliche Veränderungen in der Proteinexpression von 

Occludin, was darauf hinweist, dass Cx43 möglicherweise als Regulator für die 

Occludin-BHS-Bildung dient und für deren Funktion verantwortlich ist. 

Die SCCx43KO und WT-Mäuse sind darüber hinaus ein ideales Modell, um weitere 

Einblicke in die mechanistische GJ-Bildung in der SZ zu gewinnen. Es wurde mit 

Hilfe von PCR, IHC und Immunfluoreszenz (IF) erfolgreich eine modifizierte Methode 

für die Entwicklung von primären SZ-Kulturen etabliert und validiert. Primäre 

SCCx43KO- und WT-Zellkulturen waren morphologisch vergleichbar und zeigten 

eine ~ 98 %ige Reinheit. Diese hochreinen SZ-Kulturen wurden daraufhin an Tag 4 

der Kultur auf Lebensfähigkeit untersucht, wobei keine Unterschiede zwischen WT- 

und SCCx43KO-Kulturen festgestellt wurden. Zusätzlich wurde der transepitheliale 

elektrische Widerstand (TEER) gemessen. Die Ergebnisse deuten auf eine Zunahme 

der TJ in den SCCx43KO-Kulturen von SZ hin. Mittels semi-quantitativem WB wurde 

ein Trend zur Erhöhung des TJ-Proteins Claudin11 in SCCx43KO-Zellkulturen und 

eine signifikante Erhöhung im Hodenhomogenat erwachsener SCCx43KO-Mäuse im 

Vergleich zum WT festgestellt. So kann künftig eine defiziente Cx43 SZ-Zelllinie als 

wertvolles in vitro Werkzeug eingesetzt werden, um nicht nur ein besseres 

Verständnis der Rolle von Cx43 während der Spermatogenese und im Auf- und 

Abbau der BHS zu erlangen, sondern auch um Informationen für die Behandlung 

männlicher Unfruchtbarkeit, verursacht durch eine eingeschränkte Spermatogenese, 

zu erhalten. 

Es können einerseits durch die Verwendung der SCCx43KO und WT-Mäuse und 

durch zusätzliche ex vivo Studien weitere Informationen über die Regulierung der 

BHS durch andere TJ-Proteine in An- oder Abwesenheit von Cx43 erarbeitet werden. 

Andererseits kann die Entwicklung einer immortalisierten Zelllinie von SCCx43KO 

und WT Mäuse zusätzlich weitere Einblicke in die komplexe Kommunikation 

zwischen SZ geben. Diese Modelle sind außerdem für weitere Studien zur 

männlichen Infertilität, zu Hodentumoren und zu männlichen Kontrazeptiva geeignet. 
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8. Supplemental data 

8.1. Buffer recipes 

 

ABC solution (Vectastain®) 
Solution A      1 drop 
Solution B      1 drop 
PBS       2.5 ml 

Blotting buffer (pH 8.3): 
TG (Tris glycine) buffer (10x)   100 ml 
Methanol      200 ml 
Distilled water     fill to 1 l 

Bouin's solution: 
Picric acid solution (saturated)   3 l 
Formaldehyde     1 l 
Shortly before use add 5 ml 100 % acetic acid per 100 ml 

Citrate buffer (0.01 M; pH 6.0): 

Stock solution A: 0.1 M citric acid 
Citric acid -monohydrate (C6H8O7 x H2O) 21 g 
Distilled water     fill to 1 l 

Stock solution B: 0.1 M trisodium citrate 
Trisodium citrate (C6H5O7Na3 x H2O)  29.41 g 
Distilled water     fill to 1 l 

Solution mixture: 
Stock solution A     18 ml 
Stock solution B     82 ml 
Distilled water     fill to 1 l 

Eosin (1 % solution): 

Eosin G      5 g 
Distilled water     fill to 500 ml 
For use add 250 ml into a cuvette and add 3-4 drops of acetic acid 

Ethanol (70 %): 

Ethanol 100 %     700 ml 
Nuclease free water     300 ml 
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Ethanol (75 %): 
Ethanol 100 %     750 ml 
DEPC water      250 ml 

H2O2 solution (3 %): 

30 % H2O2      6 ml 
TBS I (1x)      fill to 60 ml 

Haematoxylin (Delafield): 

Solution A: 
Haematoxylin     4 g 
100 % ethanol     25 ml 

Solution B: 
Ammonium aluminum sulfate   40 g 
Distilled water     fill to 400 ml 

Solution mixture: 
Solution A      25 ml 
Solution B      400 ml 
Allow the solution to ripen to light for 3-4 days 
Filtrate the solution 

Filtrate mixture: 
Filtrate      425 ml 
Glycerin      100 ml 
Methanol      100 ml 
Filter the solution again after several days of incubation 

Lower Tris buffer (pH 8.8, with HCl): 

Tris       90.86 g 
SDS       2 g 
Distilled water     fill to 500 ml 

Lysis buffer mixture: 
Lysis buffer (PureLink™ RNA mini kit)  1 ml 
2-mercaptoethanol     10 µl 

MTT solution: 

MTT       0.5 mg 
PBS       100 µl 
DMEM/Ham’s F12 medium   900 µl 

PBS buffer (1x; pH 7.2 with NaOH): 

Monosodium phosphate monohydrate  7.8 g 
NaCl       40 g 
Distilled water     fill to 5 l 
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Powdered milk (5 %) in TBST: 
Powdered milk     1.25 g 
TBST       25 ml 

Protein solution A: 

Reagent A from DC protein assay   1 ml 
Reagent S from DC protein assay   20 µl 

Protein wash solution: 
Carbamimidoylazanium chloride   7.16 g 
Ethanol 95 %      250 ml 

Proteinase K - stock solution (4 µg/µl): 

Proteinase K      4 mg 
PBS buffer (1x)     1 ml 

SDS resolving gel 10 %: 
Distilled water     3 ml 
Lower Tris buffer     2 ml 
ABA (Acrylamide/Bisacrylamide)   2.5 ml 
APS (Ammonium persulfate)   75 µl 
Tetramethylethylenediamine (TEMED)  5 µl 

SDS resolving gel 12 %: 
Distilled water     2.4 ml 
Lower Tris buffer     3.1 ml 
ABA       2 ml 
APS       75 µl 
TEMED      5 µl 

SDS running buffer: 
TG 10x      100 ml 
SDS 10 %      10 ml 
Distilled water     fill to 1 l 

SDS sample buffer 4x (Laemmli buffer): 

SDS       2 g 
Glycerin      10 ml 
Upper Tris       6.25 ml 
Bromophenol blue (5 mg/ml)   600 µl 
Distilled water     fill to 20 ml 
Before use add 2-mercaptoethanol (10 %) 

SDS solution (1 %): 
SDS       0.5 g 
Distilled water     50 ml 
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SDS solution (10 %): 
SDS       5 g 
Distilled water     50 ml 

SDS stacking gel: 

Distilled water     2.7 ml 
Upper Tris buffer     500 µl 
ABA       670 µl 
APS       40 µl 
TEMED      8 µl 

Stripping buffer (pH 2.0 with HCl): 

Glycine      15.014 g 
20 % tween-20     2.5 ml 
SDS       10 g 
Distilled water     fill to 1 l 

SuperSignal® solution 
Solution A      500 µl 
Solution B      500 µl 

TBE buffer (1x): 

TBE buffer (10x)     100 ml 
Distilled water     fill to 1 l 

TBE buffer (10x): 
Tris       108 g 
Boric acid      55 g 
EDTA       7.4 g 
Distilled water     fill to 1 l 

TBS buffer I (1x) - IHC: 
TBS buffer I (10x)     100 ml 
Distilled water     fill to 1 l 
Triton X (20 %)     1.25 ml 

TBS buffer I (10x) (pH 7.4 with HCl) - IHC: 
Tris       121.1 g 
NaCl       58.4 g 
Distilled water     fill to 1 l 

TBS buffer II (1x) - WB: 
TBS buffer II (10x)     100 ml 
Distilled water     fill to 1 l 
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TBS buffer II (10x) (pH 7.4 with HCl) - WB: 
Tris       60.55 g 
NaCl       90 g 
Distilled water     fill to 1 l 

TBST buffer (1x): 
TBS buffer II (10x)     100 ml 
20 % Tween-20     2.5 ml 
Distilled water     fill to 1 l 

TG buffer (10x): 
Tris       30.3 g 
Glycine      144 g 
Distilled water     fill to 1 l 

Tris-HCl buffer (pH 7.3 with HCl): 
Tris-HCl      1.2 g 
Nuclease free water     100 ml 

Triton X solution (20 %): 

Triton X       10 ml 
Distilled water     50 ml 

Tween-20 solution (20 %): 
Tween-20      10 ml 
Distilled water     50 ml 

Upper Tris buffer (pH 6.8 with NaOH): 

Tris-HCl      39.4 g 
SDS       2 g 
Distilled water     500 ml 

8.2. Chemicals and solvents 

 

2-mercaptoethanol     Carl Roth GmbH + Co.KG, Karlsruhe 

Acetic acid      Merck KGaA, Darmstadt 

Agarose (molecular grade)    Bioline, Luckenwalde 

Ammonium aluminum sulfate   AppliChem GmbH, Darmstadt 

Ammonium persulfate    Carl Roth GmbH + Co.KG, Karlsruhe 

Antibody dilution solution Cell Marque Corporation, Rocklin, 

CA, USA 
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Boric acid Riedel-de Häen AG, Seelze 

Hannover 

Bromophenol blue sodium salt   Carl Roth GmbH + Co.KG, Karlsruhe 

BSA Sigma Aldrich Chemie GmbH, 

Munich 

Carbamimidoylazanium chloride   Merck KGaA, Darmstadt 

Chloroform      Merck KGaA, Darmstadt 

Citric acid-monohydrate    Merck KGaA, Darmstadt 

Collagenase (C0130) Sigma-Aldrich Chemie GmbH, 

Munich 

DEPC water      Carl Roth GmbH + Co.KG, Karlsruhe 

Dimethylsulfoxide     Carl Roth GmbH + Co.KG, Karlsruhe 

DirectPCR tail Peqlab Biotechnologie GmbH, 

Erlangen 

DMEM/Ham’s F12 medium   PAA Laboratories GmbH, Pasching 

DNase (DN25) Sigma-Aldrich Chemie GmbH, 

Munich 

DNase I, RNase free (10 U/µl) Roche Deutschland Holding GmbH, 

Mannheim 

dNTP mix (10 mM)     Applied Biosystems, Darmstadt 

EDTA disodium salt dihydrate   Carl Roth GmbH + Co.KG, Karlsruhe 

Eosin G      Merck KGaA, Darmstadt 

Ethanol 99 %, completely denatured SAV Liquid Production GmbH, 

Flintsbach 

Ethanol absolutely denatured, EMSURE® Merck KGaA, Darmstadt 

Eukitt®      O. Kindler GmbH, Freiburg 

FBS       PAA Laboratories GmbH, Pasching 

Fermentas 1 kb DNA ladder SM0314  Fermentas GmbH, St. Leon-Rot 

Formaldehyde Sigma-Aldrich Chemie GmbH, 

Munich 

GelRed      Biotium Inc., Hayward, CA (USA) 
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Glycerin gelatin     Merck KGaA, Darmstadt 

Glycerol, glycerin     Merck KGaA, Darmstadt 

Glycine pufferan     Carl Roth GmbH + Co.KG, Karlsruhe 

GoTaq® flexi DNA polymerase (5 U/µl)  Promega GmbH, Mannheim 

Green GoTaq® flexi buffer 5x   Promega GmbH, Mannheim 

Haematoxylin     Merck KGaA, Darmstadt 

Hoechst 33342     Invitrogen GmbH, Karlsruhe 

Hyaluronidase (H3506) Sigma-Aldrich Chemie GmbH, 

Munich 

Hydrochloric acid 37 %    Merck KGaA, Darmstadt 

Hydrogen peroxide (H2O2) 30 %   Merck KGaA, Darmstadt 

iQ™SYBR® green supermix   Bio-Rad Laboratories GmbH, Munich 

Isopropanol SAV Liquid Production GmbH, 

Flintsbach 

Kaiser's glycerol gelatin    Millipore, Darmstadt 

L-Glutamine      PAA Laboratories GmbH, Pasching 

Liquid nitrogen Air Liquide Medical GmbH, 

Düsseldorf 

Marker protein PageRuler™   Fermentas GmbH, St. Leon-Rot 

Methanol SAV Liquid Production GmbH, 

Flintsbach 

MgCl2 solution (25 mM)    Applied Biosystems, Darmstadt 

Milk powder blotting grade    Carl Roth GmbH + Co.KG, Karlsruhe 

Monosodium phosphate monohydrate  Merck KGaA, Darmstadt 

MTT       Invitrogen GmbH, Karlsruhe 

MultiScribe™ reverse transcriptase (50 U/µl) Invitrogen GmbH, Karlsruhe 

Nuclease free water     Carl Roth GmbH + Co.KG, Karlsruhe 

Paraclear      Merck KGaA, Darmstadt 

Paraffin      Vogel GmbH & Co. KG, Giessen 

PBS cell culture     PAA Laboratories GmbH, Pasching 

PCR Gold buffer 10x TaqMan®   Applied Biosystems, Darmstadt 
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Penicillin/Streptomycin    PAA Laboratories GmbH, Pasching 

Peroxidase-substrate AEC    Biologo, Kronshagen 

Picric acid Fluka Feinchemikalien GmbH, Neu-

Ulm 

Primer       Eurofins MWG GmbH, Ebersberg 

Proteinase K Sigma Aldrich Chemie GmbH, 

Munich 

Random hexamers (50 µM)   Applied Biosystems, Darmstadt 

RNase inhibitor (20 U/µl)    Applied Biosystems, Darmstadt 

RNase inhibitor (40 U/µl)    Applied Biosystems, Darmstadt 

RNase-AWAY®     Invitrogen GmbH, Karlsruhe 

Rotiphorese® Gel 30    Carl Roth GmbH + Co.KG, Karlsruhe 

SDS pellets      Carl Roth GmbH + Co.KG, Karlsruhe 

Sodium chloride Sigma-Aldrich Chemie GmbH, 

Munich 

Sodium hydroxide (1 M)    Merck KGaA, Darmstadt 

Technovit® 7100 Thermo Fisher Scientific GmbH, 

Dreieich 

TEMED      Carl Roth GmbH + Co.KG, Karlsruhe 

Tris pufferan®     Carl Roth GmbH + Co.KG, Karlsruhe 

Tris-HCl pufferan®     Carl Roth GmbH + Co.KG, Karlsruhe  

Trisodium citrate dihydrate Riedel-de-Häen AG, Seelze 

Hannover 

Triton X 100      Carl Roth GmbH + Co.KG, Karlsruhe 

TRIzol® reagent     Invitrogen GmbH, Karlsruhe 

Trypsin-EDTA     PAA Laboratories GmbH, Pasching 

Tween®20      Carl Roth GmbH + Co.KG, Karlsruhe 

Xylene SAV Liquid Production GmbH, 

Flintsbach 
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8.3. Equipment and software 

 

Various glassware, test tubes, pipette tips, cell culture plates and miscellaneous 

labware (e.g. refrigerators and freezers) were used, but are not listed. 

 

ASP300S tissue processor    Leica Microsystems GmbH, Wetzlar 

Autoclave 2540EL Tuttnauer, Breda, The Netherlands 

Bio 1D Vilber Lourmat Deutschland GmbH, 

Eberhardzell 

Cell incubator Heraeus Thermo Fisher Scientific GmbH, 

Dreieich 

Cell strainer 70 µm pore size   BD Biosciences, Heidelberg 

Centrifuge Fresco 21 Heraeus Thermo Fisher Scientific GmbH, 

Dreieich 

Centrifuge Heraeus LaborFuge400R Thermo Fisher Scientific GmbH, 

Dreieich 

CFX96TM Real-Time PCR detection system Bio-Rad Laboratories GmbH, Munich 

CO2       Linde AG, Munich 

Disposable plastic cuvettes UVette®  Eppendorf AG, Hamburg 

DP70 digital camera Olympus Deutschland GmbH, 

Hamburg 

Drying cabinet Heraeus 85050E Thermo Fisher Scientific GmbH, 

Dreieich 

EG1150 C tissue embedding station  Leica Microsystems GmbH, Wetzlar 

EVOM voltmeter and STX2 electrode World Precision Instruments 

Germany GmbH, Berlin 

Fluorescence microscope    Carl Zeiss AG, Oberkochen 

Fusion SL chemiluminescence 

system + software     Vilber Lourmat Deutschland GmbH, 

Eberhardzell 
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Gel blot paper GB003 Sigma Aldrich Chemie GmbH, 

Munich 

Incubation Shaker Innova 4230 N.B.S.  Eppendorf, Hamburg 

Incubator B5060 EK/CO2 Heraeus Thermo Fisher Scientific GmbH, 

Dreieich 

Laminar flow hood TCA 48    Gelaire Flow Laboratories, Sydney 

Microplate reader 

LB940 + 700 nm absorbance filter  Berthold Technologies, Bad Wildbad 

Microsoft Excel 2003    Microsoft, Redmond, USA 

Microtome rotation 1512    Leica Microsystems GmbH, Wetzlar 

Microtome rotation LKB 2218   Hi Tech Zang, Herzogenrath 

Microtome rotation Ultracut E   Reichert Jung, Heidelberg 

Microtome sledge Jung AG   Reichert Jung, Heidelberg 

Mixer IKA RH basic 2 IKA®-Werke GmbH & CO. KG, 

Staufen 

Mixer IKA Vibrax VXR + VX1 IKA®-Werke GmbH & CO. KG, 

Staufen 

Multiskan EX and Ascent software Thermo Fisher Scientific GmbH, 

Dreieich 

Nitrocellulose membrane pore size 0.45 µm Whatman GmbH, Dassel 

PerfectBlue™ dual gel electrophoresis Peqlab Biotechnologie GmbH, 

Erlangen 

PerfectBlue™ gel system Peqlab Biotechnologie GmbH, 

Erlangen 

PerfectBlue™ semi-dry electro blotter Peqlab Biotechnologie GmbH, 

Erlangen 

Phase contrast microscopy CK 2 Olympus Deutschland GmbH, 

Hamburg 

pH-Elektrode Inlab     Mettler Toledo, Giessen 

pH-Meter 765 Calimatic    Knick, Berlin 
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Power supply EV241 Peqlab Biotechnologie GmbH, 

Erlangen 

Power supply EV243 Peqlab Biotechnologie GmbH, 

Erlangen 

S10N-5G adapter IKA®-Werke GmbH & CO. KG, 

Staufen 

Scale 1265 MP     Sartorius AG, Goettingen 

Scale BP310s     Sartorius AG, Goettingen 

Scale MC 210P     Sartorius AG, Goettingen 

Scale TE412      Sartorius AG, Goettingen 

Shaker, Titramax 100    Heidolph, Schwabach 

Spectrophotometer, BioPhotometer  Eppendorf, Hamburg 

SPSS version 15.0 software   IBM SPSS Statistics, Ehningen 

T 10 basic UltraTurrax® IKA®-Werke GmbH & CO. KG, 

Staufen 

Thermocycler 96 universal gradient Peqstar Peqlab Biotechnologie GmbH, 

Erlangen 

Thermocycler Primus 25 Peqlab Biotechnologie GmbH, 

Erlangen 

Thermoshaker, Thriller Peqlab Biotechnologie GmbH, 

Erlangen 

ThinCerts® 0.4 µm     Greiner Bio-One, Frickenhausen 

Vortexer      VWR, Darmstadt 

Vortexer, Juergens     Heidolph, Schwabach 

Vortexer, Relax top     Heidolph, Schwabach 

Water baths Memmert Memmert GmbH + Co. KG, 

Schwabach 

Water paraffin stretch bath1052   GFL mbH, Burgwedel 

Zeiss Axioskop microscope   Carl Zeiss AG, Oberkochen 

Zeiss Axiovert 200M    Carl Zeiss AG, Oberkochen 
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8.4. Antibodies (AB) 

 

Alexa Fluor® 488 (A11008)   Invitrogen GmbH, Karlsruhe 

Anti-Rabbit (ZU101)     BioLogo, Kronshagen 

Claudin11 (AB53041)    Abcam plc, Cambridge 

Cx43 (3512) New England Biolabs GmbH, 

Frankfurt 

Occludin (71-1500)     Invitrogen GmbH, Karlsruhe 

Sox9 (AB5535)     Millipore, Darmstadt 

Vimentin (SC-7557-R)    Santa Cruz, Heidelberg 

α-tubulin (2125) New England Biolabs GmbH, 

Frankfurt 

β-galactosidase (AB616)    Abcam plc, Cambridge 

8.5. Kits 

 

DC protein assay kit II    Bio-Rad Laboratories GmbH, Munich 

EnVision™+kit -HRP rabbit DAB+   Dako GmbH, Hamburg 

GeneJET™ gel extraction kit   Fermentas GmbH, St. Leon-Rot 

PureLink™ DNase set    Invitrogen GmbH, Karlsruhe 

PureLink™ RNA mini kit    Invitrogen GmbH, Karlsruhe 

SuperSignal® West Dura extended 

duration substrate     Thermo Fisher Scientific GmbH, 

       Dreieich 

TaqMan® Gold RT-PCR kit   Applied Biosystems, Darmstadt 

Vectastain® elite ABC standard kit  Vector Laboratories Inc, Burlingame, 

USA 



─ 159 ─ 

─
 1

5
9

 ─
 

─
 1

5
9

 ─
 

Declaration 

 

Hiermit erkläre ich, Jonathan Gerber, dass ich die Dissertation 

Investigation of the Junctional Complex at the Blood-Testis Barrier in 

SCCx43KO mice and Establishment and Functional Characterization of a 

Murine Sertoli Cell Line Deficient of Connexin43 

selbstständig verfasst habe. Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. 

Beratungsdiensten (Promotionsberater oder anderer Personen) in Anspruch 

genommen. Niemand hat von mir unmittelbar oder mittelbar entgeltliche Leistungen 

für Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der vorgelegten 

Dissertation stehen. Ich habe die Dissertation an folgendem Institut angefertigt: 

Tierärztliche Hochschule Hannover 

Anatomisches Institut. 

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen 

ähnlichen Zweck zur Beurteilung eingereicht. Die Dissertation ist nicht in einer 

auswärtigen Institution angefertigt worden. Ich versichere, dass ich die vorstehenden 

Angaben nach bestem Wissen vollständig und der Wahrheit entsprechend gemacht 

habe. 

 

 

……………………………………………………………………………………………..…… 

Hannover den 7. Januar 2015 



─ 160 ─ 

─
 1

6
0

 ─
 

─
 1

6
0

 ─
 

Acknowledgements 

I would like to thank my Doctoral father, Prof. Dr. R. Brehm, for providing and 

entrusting me with the opportunity of this thesis. His outstanding mentoring, 

especially his open door policy, allowed for an ideal communication to develop new 

hypothesis and experimental ideas. Through the very friendly cooperation, excellent 

advice and optimism, it has been a great pleasure to work in his labs. 

With the great leadership came also an excellent team, and I would especially like to 

thank the AG-Brehm for their support. In particular the “Gassi-Gang” (Fine, Hanna, 

Joanna, Karola, Krissi, Lia and Nuggi) and our superb after lunch walks. I would also 

like to thank Dr. N. Hambruch for her excellent advice and statistical knowledge and 

Dr. J. Häger for his innovative advice. Additionally, I would like to thank Doris Walter 

and Nadine Schnepel for their help in the lab. I also thank the rest of the Anatomical 

Institute for the kind environment and excellent teamwork. 

I would like to give a special thanks to Marion Gähle, not only for her great advice 

and knowledge, but for her excellent support in the IHC of all ex vivo samples. She is 

a true master when it comes to using a microtome and IHC. 

I would like to additionally thank Prof. Dr. P. Steinberg, for mentoring and reviewing 

my doctoral thesis and his excellent leadership in the Dr. rer. nat. Commission. A 

thanks goes to all other members of this commission for their cooperation, and all 

candidates in the Dr. rer. nat. program for the excellent exchange of ideas during our 

meetings. 

I would also like to thank Prof. Dr. K. Steger for taking his time and reviewing my 

doctoral thesis. 

I would like to thank the Konrad-Adenauer-Stiftung (Bonn) for providing me with a 

scholarship over the past three years and allowing for insight into various topics 

(outside of my thesis) with their seminars. This truly alleviated my financial need and 

made these past three years an enjoyable one. An additional thanks goes to the 



─ 161 ─ 

─
 1

6
1

 ─
 

─
 1

6
1

 ─
 

“Hessische Landes-Offensive zur Entwicklung Wissenschaftlich-ökonomischer 

Exzellenz (LOEWE)-Schwerpunkt Männliche Infertilität bei Infektion & Entzündung 

(MIBIE), Gießen und Marburg” for partially funding my research projects. 

Last but not least I would like to thank my family for their constant encouraging 

words. In particular I would like to thank my parents, Dr. Martin Gerber and Christiane 

Pottmeyer-Gerber, for providing me not only emotional support but also financial 

support throughout my life. I would also like to thank my girlfriend, Julia Schimansky, 

for always standing by me over the past three and half years. Last but not the least, a 

thanks goes to my three lovely younger sisters, Sophie Gerber, MD, Claire Gerber 

and Lena Gerber, who were always there for me and challenged me to strive for 

success. 


