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In ET-1 transgenic mammary glands, markedly enlarged lobules are composed of epithelial 

cells featuring a vacuolated cytoplasm and nuclei with prominent nucleoli. SMA immunostain-

ing clearly demonstrated that ET-1 transgenic mammary glands have non neoplastic tissue 

architecture with the presence of myoepithelial cells surrounding these alveoli. Following the 

lactation period, ET-1 transgenic mice were analysed for the presence of benign tumours at 

the involution day 14. Throughout the involution no proliferative lesions were detected (Fig-

ure 33). 

  

 

Figure 33: Histological features of the mammary gland at the 14th day of involution. The tissue sections 
were stained with hematoxylin and eosin of wild type (left) and ET-1 transgenic mammary glands 
(right) (x 50 magnification). Both mammary glands showed same histological patterns of involution 
with the adipocytes and rudimentary epithelium. No hyperproliferative lesion or any type of irregularity 
was detected in both animal groups. 

Taken together, these findings are indicative of lactational hyperplasia, a reversible and be-

nign breast lesion found only in pregnancy and lactation (Jones, et al., 2004), (Sabate, et al., 

2007). The morphological analysis of the mammary glands in ET-1 transgenic mice revealed 

the following key findings: No morphological changes exhibited in virgin and pregnant ani-

mals. Following the parturition, the presence of CLDs in alveoli and the reduced alveolar di-

ameters are indicating a defect on secretion or postpartum proliferation. Furthermore, the 

structural changes at lactation day 3 are pointing to precocious involution and, in addition, at 

lactation day 14, the ET-1 transgenic mice exhibited lactational hyperplasia. Therefore, the 

analyses of the mammary glands concentrated on the biochemical and molecular characteri-

sation of these histological changes. 

3.4 Molecular characterization of the secretory activation in ET-1 
transgenic animals 

The secretory activation occurs after parturition and converts the inactive lobuloalveoli to 

active milk secretion. This process is controlled by a drop in the level of progesterone and an 

augmented prolactin signalling (Anderson, et al., 2007), (Naylor, et al., 2005). These hormo-
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nal changes are characterized by the activation of a number of functionally important genes 

(Rudolph, et al., 2007) in order to maintain milk production and promote secretory activation 

of the mammary gland. 

At pregnancy day 18, the histological analysis of the wild type mice and ET-1 transgenic 

mammary glands revealed no differences. However at the lactation day 3, striking differ-

ences had been exposed. Therefore, the following experiments were concentrated by em-

ploying real time PCR to evaluate the expression of genes known to be involved in secretory 

activation and milk production  

3.4.1 Expression of milk proteins 

Lactation is defined as the copious production of milk. By gaining secretory capacity, the ex-

pression of milk protein genes is increased in order to support the growth of the newborn. 

(Neville, et al., 2002). Therefore, monitoring the expression of milk proteins could reflect the 

functional differentiation of the mammary gland on the molecular level. In this sense the most 

prominent milk proteins, WAP, Beta-casein and Alpha-lactalbumin gene expression were 

analysed by real time PCR. 

A significant downregulation of WAP (to about 10%) and Beta-casein (to about 50%) could 

be detected in ET-1 transgenic mammary glands (Figure 34), demonstrating a lactational 

incompetence on the molecular level. However, Alpha-lactalbumin levels remained un-

changed (Figure 34). 

 

Figure 34: Analysis of WAP, Beta-casein and Alpha-lactalbumin expression at lactation day 3. The 
relative expression levels were compared to wild type mice expression level, which was set to 1 (dot-
ted line). (*):  Pair Wise Fixed Reallocation Randomisation Test (Pfaffl, et al., 2002) P<0,05 n=5 mice 
for each group.  

Gene expression of milk proteins is coordinated in a well defined pattern, whereby Beta-

casein is expressed during early pregnancy. In contrast, WAP and Alpha-lactalbumin ex-
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pression is initiated only late in pregnancy (Robinson, et al., 1995), (Naylor, et al., 2005). On 

lactation day 3 a significant downregulation of WAP and Beta-casein gene expression was 

detected. Therefore these down regulated genes were analyzed at pregnancy day 18. Simi-

lar to lactation day 3 expression of WAP was found to be significantly down regulated in late 

pregnancy compared to wild type mammary glands. However, Beta-casein RNA expression 

level was not different at pregnancy day 18 from the wild type counterpart (Figure 35). 

 

Figure 35: Analysis of WAP and Beta-casein expression at pregnancy day 18. The relative expression 
levels were compared to wild type mice expression level, which was set to 1 (dotted line). (*): Pair 
Wise Fixed Reallocation Randomisation Test (Pfaffl, et al., 2002) P<0,05 n=5 mice for each group. 

3.4.2 Expression of other secretory activation markers 

Milk production and secretion is mediated by a diverse and complex array of transport and 

secretory processes that are regulated by developmental and physiological factors. A possi-

ble damage in the regulation of tight junction proteins or synthesis and transport processes of 

glucose and lipids in the mammary gland can lead rapidly to a phenotype (Neville, et al., 

1990).  It’s known that the substantial regulation of these processes occurs at the level of 

mRNA expression (Rudolph, et al., 2007)). Therefore, to further characterize the assumed 

developmental defects in mammary glands of ET-1 transgenic mice, Claudin-8, GLUT-1 and 

SREBF-1 mRNA expression levels were studied by real time PCR on day 3 of the lactation 

period, since these genes are known to play an important role in lactation and lipid synthesis 

in the mammary gland (Blackman, et al., 2005), (Seagroves, et al., 2003), (Camps, et al., 

1994), (Rudolph, et al., 2007).  

Whereas the mRNA expression levels of Claudin-8 and GLUT-1 remained unchanged, 

SREBF-1 expression was significantly up-regulated in ET-1 transgenic mammary glands in 
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comparison to wild type animals (Figure 36). SREBF-1 is a member of a transcription factor 

family which is recognized as regulating fatty acid and cholesterol biosynthesis. It has been 

noted that SREBF-1 is a critical regulator of secretory activation regarding to lipid biosynthe-

sis, in response to AKT activation (McManaman; Neville, 2003). 

 

Figure 36: Analysis of the expression of claudin-8, GLUT-1 and SREBF-1 from the transgenic glands 
in ET-1 transgenic group compared to wild type group at lactation day 3. The relative expression lev-
els were compared to wild type mice expression level, which was set to 1 (dotted line). (*):  Pair Wise 
Fixed Reallocation Randomisation Test (Pfaffl, et al., 2002)P<0,05 n=5 mice for each group.  

To further determine the effect of the ET-1 overexpression on the upregulation of SREBF-1, 

pregnancy day 18 was also analyzed. However, SREBF-1 mRNA expression did not differ 

when compared to wild type at pregnancy day 18 (Figure 37). 
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Figure 37: Analysis of the expression of SREBF-1 in ET-1 transgenic mice at pregnancy day 18.  The 
relative expression levels were compared to wild type mice expression level, which was set to 1 (dot-
ted line). (*):  Pair Wise Fixed Reallocation Randomisation Test (Pfaffl, et al., 2002), n=5 mice for each 
group no significant difference was observed.  
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3.4.3 STAT5 activation 

Among the factors which influences the mammary gland development is the transcription 

factor STAT5 which is essential for prolactin induced terminal differentiation of mouse mam-

mary epithelial cells during pregnancy and lactation (Naylor, et al., 2005). Binding of prolactin 

to its receptor activates STAT5 which in turn controls the alveolar expansion as well as WAP 

gene expression (Liu, et al., 1997). Therefore, activity of STAT5 in wild type and ET-1 mice 

were compared to identify whether STAT5 signaling contributes to the downregulation of 

WAP and histological alteration in ET-1 transgenic mice. 

The STAT5 activity is monitored by the relative phosphorylation level of the STAT5 protein 

using immunoblot techniques and densitometric analyses. However, no significant differ-

ences could be found in the activation of STAT5, neither at pregnancy day 18 nor at lactation 

day 3 (Figure 38, 39). 

 
A

B

 

Figure 38: Protein expression and phosphorylation of STAT5 protein were determined by western 
blotting. Beta-actin served as control for loading. 25µg protein extract was loaded for each sample. A 
phosphospecific (Y634) STAT5 antibody and a STAT5 antibody were used to monitor activated 
STAT5. Blot A: 18th day of pregnancy, blot B: 3rd day of lactation. 
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Figure 39: A representative densitometric analysis of relative STAT5 phosphorylation in wild type and 
ET-1 transgenic mice at 18th day of pregnancy and at 3rd day of periods shows no statistical signifi-
cance for ET-1 transgenic mice in comparison to wild type counterparts (n=4) females for each group 
no significant difference was observed.  

3.4.4 AKT activation  

AKT is involved in the functional differentiation of the secretory epithelium during pregnancy 

(Maroulakou, et al., 2008) and plays a role in the metabolic pathways that regulate milk syn-

thesis during lactation (Schwertfeger, et al., 2001). It has been noted that increased AKT 

activity resulted in increased lipid biosynthesis and glucose transport (Schwertfeger, et al., 

2001). In addition to these functional and metabolic importances, AKT acts as a survival fac-

tor for secretory epithelial cells. Accordingly, its expression decreases rapidly with the onset 

of involution (Maroulakou, et al., 2008). 

Therefore, the analysis of AKT activity and protein expression in wild type and ET-1 trans-

genic mice might highlight some of the molecular differences being at work in these two 

groups. As shown in Figures 40 and 41 there is no statistical difference between the two 

groups in relative phosphorylation status of AKT in each developmental stage of the mam-

mary gland.  
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Figure 40: Protein expression and phosphorylation of AKT protein were determined by western blot-
ting. Beta-actin served as control for loading. 25µg protein extract was loaded for each sample. A 
phosphospecific (Y334) AKT antibody and AKT antibody were used to monitor activated AKT. Blot A: 
18th day of pregnancy, blot B: 3rd  day of lactation. 
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Figure 41: A representative densitometric analysis of relative AKT phosphorylation in wild type and 
ET-1 transgenic mice at 18th day of pregnancy and at 3rd day of lactation periods shows no statistical 
significance for ET-1 transgenic mice in comparison to wild type counterparts (n=4 for each group) . 
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3.4.4.1 AKT protein expression  

As mentioned before, AKT acts as a survival factor for secretory epithelial cells Therefore 

AKT is critical for the suppression of involution during lactation (Maroulakou, et al., 2008). 

In addition to the analysis of AKT activation, the protein expression level of AKT was also 

analyzed. Figure 42 shows a densitometric analysis of AKT on the protein expression during 

lactation day 3. ET-1 transgenic mice exhibited a significant decrease of AKT on the protein 

level compared to the wild type group.  

 

Figure 42: A representative densitometric analysis of the protein expression of AKT in wild type and 
ET-1 transgenic mice at the 3rd day of lactation shows a significant downregulation in ET-1 transgenic 
mice in comparison to wild type counterparts (n=4 mice for each group; (*) P<0.05 Student´s T-test). 

3.5 Molecular characterization of precocious involution 

Mammary gland involution is defined as a transition of the lactating gland to the non-lactating 

stage in preparation for a subsequent pregnancy. The involution is a two steps process ac-

cording to its reversibility (Lund, et al., 2000). Generally, the involution process elicits after 

cessation of milking, sudden weaning of the offspring or gradual decrease in suckling.  Dur-

ing involution, the milk producing lobuloalveolar structures regress to a simple ductal tree. 

In addition to an increased amount of adipocytes and focal collapsed alveoli in ET-1 mam-

mary gland histology, a decrease of AKT protein expression is supporting evidence of a pre-

cocious involution at lactation day 3. However, involution is a multistep process which is con-

trolled by many factors and genes. Therefore STAT3 activation is analyzed as a critical 
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molecule for the initiation of involution. In parallel, to the STAT 3 activation LIF and IL6 genes 

were also analyzed for the molecular validation of the observed involution process in ET-1 

transgenic mice at lactation day 3.  

3.5.1 STAT3 activation  

STAT3 signaling is a key mediator of apoptosis during mammary gland involution (Kritikou, et 

al., 2003). The histological features detected in the ET-1 transgenic mammary glands exhib-

ited signs of precocious involution, suggesting an increase of STAT3 activity in ET-1 trans-

genic glands.  

Therefore, the relative phosphorylation of STAT3 was analyzed in both, pregnancy and lacta-

tion periods.  As shown in Figure 43 A at pregnancy day 18 STAT3 is inactive in both groups. 

As expected, Figure 43B demonstrates STAT3 signaling activity at the onset of lactation in 

ET-1 transgenic mice. Densitometric analysis showed that this increase in activity is statisti-

cally significant (Figure 44).  

 

Figure 43: Protein expression and phosphorylation of STAT3 protein was determined by western blot-
ting. Beta-actin served as control for loading. 25µg protein extract was loaded for each sample. A 
phosphospecific (Y705) STAT3 antibody and a STAT3 antibody has been used to monitor activated 
STAT3. Blot A: 18th day of pregnancy, blot B: 3rd day of lactation. 
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Figure 44: A representative densitometric analysis of relative STAT3 phosphorylation in wild type and 
ET-1 transgenic mice at 18th day of pregnancy and at 3rd day of lactation periods shows a significant 
increase in ET-1 transgenic mice in comparison to wild type counterparts at  lactation day 3 (n=4 mice 
for each group; (*) P<0.05 Student´s T-test). 

3.5.2 Expression of involution markers 

It has been reported that a huge number of factors could trigger the involution process. Fur-

thermore, over 500 transcripts are dramatically upregulated in the first 12 h of involution and 

declining immediately thereafter (Clarkson, et al., 2004). Therefore, it was of importance to 

analyse molecules known to be involved in the initiation of involution via the STAT3 pathway. 

IL-6 and LIF are cytokines that are involved in the activation of STAT3 in various tissues 

(Akira, et al., 1994) and STAT3 activation was reported to play a crucial role in involution 

(Kritikou, et al., 2003). Therefore, expression of these genes was assessed using quantita-

tive real time PCR. IL-6 expression in ET-1 transgenic mammary glands compared to wild 

type glands remained unchanged, whereas LIF expression was found to be significantly up-

regulated not only at lactation day 3 (Figure 45) but also at pregnancy day 18 (Figure 46) in 

the ET-1 transgenic mice.  
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Figure 45: Analysis of the relative expression of IL-6 and LIF at lactation day 3. The relative expres-
sion levels were compared to wild type mice expression level, which was set to 1 (dotted line). (*): Pair 
Wise Fixed Reallocation Randomisation Test (Pfaffl, et al., 2002). P<0,05 n=5 mice for each group. 

 

Figure 46: Analysis of the relative expression of LIF at pregnancy day 18. The relative expression level 
was compared to wild type mice expression level, which was set to 1 (dotted line). (*):  Pair Wise Fixed 
Reallocation Randomisation Test (Pfaffl, et al., 2002). P<0,05 n=5 mice for each group.  

3.6 Molecular characterization of lactational hyperplasia 

ET-1 transgenic mice displayed focal and intense lobular proliferation in various grades. This 

unusual histological formation was characterised by markedly enlarged lobules with in-

creased cytoplasmic volume and enlarged nuclei. Further, alveolar organization was lost in 

parts of these areas. These histological observations pointed to focal lactational hyperplasia 

in ET-1 transgenic mammary glands during the middle of the lactation period. A possible 

causative effect of ET-1 overexpression on the development of lactational hyperplasia might 

have been mediated by the interaction of its GPCRs with the EGFRs, since ET-1 is known to 

possess growth regulatory properties (Battistini, et al., 1993); (Cazaubon, et al., 1994). 

Therefore, to further characterize the assumed signaling network in ET-1 transgenic mam-
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mary glands, EGFR activation and expression of its major ligands (EGF, TGFa, HB-EGF and 

amphiregulin) were analyzed at lactation day 14.  

As described before ET-1 transgenic mammary glands exhibited precocious involution during 

early lactation. However, ET-1 transgenic mothers continued to serve milk to their pups. This 

observation is suggesting a postponement of on going involution. It has been noted that in-

creased ERK activity could suppress the apoptosis (Iwasawa, et al., 2009). Moreover, the 

ERK signaling pathway is a key down stream pathway molecule for ET-1 induced EGFR 

transactivation (Cramer, et al., 2001) which might be related to lactational hyperplasia and 

postponement of involution. Therefore, activities of ERKs were analysed not only at lactation 

day 3 but also at pregnancy day 18 in order to demonstrate the effect of ET-1 overexpression 

on ERK activation in vivo situations. 

3.6.1 EGFR activation  

EGFR activation has an important role in mammary ductal outgrowth and branching (Fowler, 

et al., 1995), (Xie, et al., 1997). Additionally deregulation of the activity of this receptor has a 

strong correlation with tumour progression (Tsujioka, et al., 2010). Lactational hyperplasia 

(see 3.4.4) could be related to EGFR activation due to its central role on tumourigenesis. 

Therefore EGFR phosphorylation was analyzed at lactation day 14 using immunoprecipita-

tion techniques. As demonstrated in figures 47 and 48 an increased phosphorylation at resi-

due Y845 of the EGFR was observed in ET-1 transgenic mice compared to wild type.  

 

Figure 47: Analysis of the EGFR phosphorylation at lactation day 14 was determined by immunopre-
cipitation. ~400 µg protein lysate for each sample has been used for immunoprecipitation with an 
EGFR specific antibody (withY1005), activation of EGFR has been monitored by phosphor specific 
antibody Y845 and Y1005 served as loading control. 
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Figure 48: A representative densitometric analysis of relative EGFR phosphorylation in wild type and 
ET-1 transgenic mice on the 14th day of lactation. ET-1 transgenic mammary glands exhibited signifi-
cantly more phosphorylated EGFR than the wild type counterparts (n=4 mice for each group; (*) 
P<0.05 Student´s T-test). 

3.6.2 Expression of EGFR ligands 

In order to identify ligands potentially involved in the observed activation of the EGFR, the 

expression of EGF, TGFa, HB-EGF and amphiregulin was quantified at the transcript level. 

As shown in figure 49, expression analyses on the 14th day of lactation demonstrated only a 

significant increase for the amphiregulin level in ET-1 transgenic compared to wild type mice, 

whereas the expression level of other ligands remained unchanged.  

 

Figure 49: Relative expression of EGFR and its prominent ligands at lactation day 14. The relative 
expression levels were compared to wild type mice expression levels, which was set to 1 (dotted line). 
(*): Pair Wise Fixed Reallocation Randomisation Test (Pfaffl, et al., 2002) P<0,05 n=5 mice for each 
group. 
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Due to its functional role on ductal development of the mammary gland, amphiregulin ex-

pression was found to be increased during pregnancy but after parturition its transcription 

dramatically decreased (D'Cruz, et al., 2002), (Schroeder; Lee, 1998). To demonstrate the 

effect of ET-1 overexpression on amphiregulin expression, RNA levels of amphiregulin were 

analyzed at pregnancy day 18. As depicted in Figure 50 amphiregulin is also significantly 

upregulated at pregnancy day 18.  

 

Figure 50: Relative expression of amphiregulin at pregnancy day 18. The relative expression levels 
were compared to wild type mice expression levels, which was set to 1 (dotted line) (Pfaffl, et al., 
2002) P<0,05, n=5 mice for each group.  

3.6.3 ERK activation 

The most well defined signalling pathway from the cell membrane to ERK 1 and ERK 2 is 

that mediated by the EGFR (Hunter, et al., 1997), (Joslin, et al., 2007). ET-1 stimulates ERK 

1 and ERK 2 through cognate GPCR receptors (Cramer, et al., 2001) by transactivation of 

the EGFR in various cell types and tissues (Hua, et al., 2003), (Kodama, et al., 2002). Additi-

onally, increased ERK activation is documented in tubular hyperplasia as a result of ET-1 

induction (Chu, et al., 2007). Therefore, ERKs represent key down stream molecules for ET-

1 induced EGFR transactivation and might therefore be related to postponement of involution 

and initiation of lactational hyperplasia. Hence, ERK activation was analyzed at pregnancy 

day 18 and lactation day 3 (Figure 51; blot A and blot B and Figure 52). During pregnancy 

day 18, as well as during lactation day 3 a pronounced activation of ERK 1 and ERK2 signal-

ing could be detected in the mammary glands of ET-1 transgenic mice when compared to 

wild type mice (Figure 51 and 52).  
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Figure 51: Protein expression and phosphorylation of ERK 1 (44kDa) and ERK 2 (42 kDa) protein 
were determined by western blotting. Beta-actin served as control for loading. 25µg protein extract 
was loaded for each sample. A phosphospecific ERK1/2 antibody and an ERK1/2 antibody has been 
used to monitor activated ERK 1 and ERK 2. Blot A: 18th day of pregnancy, blot B: 3rd day of lactation. 

 

Figure 52: A representative densitometric analysis of relative ERK1 and ERK2 phosphorylation in wild 
type and ET-1 transgenic mice at 18th day of pregnancy and at 3rd day of lactation. The ET-1 trans-
genic group exhibited significantly more phosphorylated ERK1 and ERK2 than wild type counterparts 
at both physiological stage (n=4 for each group; (*) P<0.05 Student´s T-test). 
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3.7 Cell culture 

ET-1 transgenic mice developed precocious involution and lactational hyperplasia during the 

lactation period. There is no lactating cell culture model available to confirm these in vivo 

results. However, cell culture studies could be considered as useful tools for the disclosure of 

possible cellular signalling pathways in response to ET-1 induction. Thus the mammary 

epithelial cell lines MCF7 and MDA MB 231 have been employed to verify some of the re-

sults which were obtained in in vivo experiments. As depicted in Figure 53 these cell lines 

have different endothelin receptor properties. MCF7 cells possess only ETAR receptors while 

MDA MB 231 cells possess both endothelin receptors, ETAR and ETBR, respectively. 

 

Figure 53: Expression analysis of endothelin receptors in MCF7 and MDA MB 231 cells. MCF7 cells 
expressed only receptor A, on the other hand MDA MB 231 cells expressed both endothelin receptors. 
Any possible genomic DNA contamination in samples has been controlled by (RT-) PCR. HPRT, a 
housekeeping gene, was employed for loading control.  

3.7.1 cAMP assay 

This assay technically measures cAMP which is produced in cells in response to the effect of 

an agonist such as ET-1. Active ET-1 has a very short half life of ca. 20 min (Levin, 1995). Its 

activity is affected by several factors, such as media composition, light, O2 and pH level. The 

cAMP test monitorizes in real time the response of the cells to ET-1 treatment. For all in vitro 

experiment, the concentration of ET-1 being used and its incubation time was according to 

(Boerner, et al., 2005). Cells were starved of serum overnight and left untreated or ET-1 

treated (10-6 M), for 10 min at 37°C. These concentrations of agonist were found to be opti-

mal for the detection of the EGFR complex and phosphorylation of Y845 (Boerner, et al., 

2005). 

Forskolin is a known activator molecule of adenylate cyclase and is thus used as a positive 

control (Insel; Ostrom, 2003). Luminescence is inversely proportional to cAMP levels. Thus, 

the higher the cAMP concentration, the lower should be the luminescence measurement. In 

this sense ETAR should decrease the luminescence because of its Gαs activity. In contrast 
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ETBR should increase the luminescence because of its Gαi activity. (Takigawa, et al., 1995), 

(Goldsmith; Dhanasekaran, 2007) 

A concentration of 10-6 M ET-1 was used to treat the cells. At this concentration, MCF7 cells 

responded with an increase in cAMP levels, whereas MDA MB 231 cells responded with de-

creased cAMP. This could be explained by the fact that MDA MB 231 cells express both en-

dothelin receptors. Addition of ETAR blocker (BQ 123) to the medium enhanced the de-

crease of cAMP level. Addition of ETBR blocker (BQ 788) resulted in increased cAMP level.  

These data clearly proof that the ET-1 employed in these tests is active, as it can exert bio-

logical effects within the cells (Figure 54 and 55). 

 

Figure 54: Analyses of cAMP assay in MCF7 cells. Luminescence is inversely proportional to cAMP 
production. Forskolin was used as positive control for the cAMP assay, which increases the cAMP 
production.  ET-1 treated cells produced significantly more cAMP than nontreated cells or a 
combination of ET-1 and the ETAR blocker BQ123. (n= 3 for each group; (*) P<0.05 Student´s T-test). 

 

Figure 55: Analyses of cAMP assay in MDA MB 231 cells. Luminescence is inversely proportional to 
cAMP. Forskolin was used as positive control for the cAMP assay which increases the cAMP 
production. ET-1 treated cells produced significantly less cAMP than nontreated cells or a combination 
of ET-1 receptor blockers (BQ123 or BQ788) and a coctail of its receptor blockers BQ123 + BQ788. In 
the digram the ETAR blocker provacated the decrease of cAMP level in MDA MB 231 cells on the 
other hand ETBR blocker increased the cAMP level  (n= 3 for each group; (*) P<0.05 Student´s T-test). 
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3.7.2 In vitro RNA analysis  

WAP, LIF and amphiregulin genes in ET-1 transgenic mammary glands were differently ex-

pressed compared to wild type mammary glands. WAP, LIF and amphiregulin expressions 

were altered in both pregnancy and lactation periods, respectively, suggesting that ET-1 has 

links to the regulation of these genes. To determine, whether the observations made in 

transgenic animals could be reproduced in vitro, cells were treated with 10-6 M ET-1 and in-

cubated at 37 °C for 1h. To analyse the expression of LIF and amphiregulin, real-time PCR 

was employed. Although the breast cancer cells originated from mammary epithelial cells, 

they do not express the WAP gene (Lubon; Hennighausen, 1987). Further, Nukumi and co-

workers reported that WAP treatment in vitro reduced the progression of human breast can-

cer cells by inhibiting the proliferation (Nukumi, et al., 2007). Therefore WAP expression 

analysis was omitted from the in vitro studies. As shown in Figure 56, gene expressions did 

not differ between ET-1 treated and control cells in both, MCF7 and MDA MB 231cells.  

 

0

1

2

LIF Amph iregulin

R
el

at
iv

e 
ex

pr
es

si
on

s

MCF 7

MDA M B 231

 

Figure 56: Analyses of LIF and amphiregulin gene expression in vitro. The relative expression levels 
MCF 7 (dark grey) and MDA MB 231 (light grey) were compared to non treated cells which was set to 
1 (dotted line). No significant difference was obtained in ET-1 treated cells.(Pair Wise Fixed Realloca-
tion Randomisation Test has been performed for statistical analysis (Pfaffl, et al., 2002) no significant 
difference was observed n=5 for each group. 

3.7.3 Proliferation assays 

In order to evaluate the functional effect of ET-1 on cellular behaviours such as proliferation 

or apoptosis in vitro, MCF-7 and MDA MB 231 cells were employed. The proliferation rate of 

the cell cultures were measured by employing two commercially available cell viability tests. 

The colorimetric MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), 

(Figure 57) and the colorimetric BrDU (5 bromdeoxyuridin) incorporation assay (Figure 58). 

Cells were cultured in 96-well plates. After 24 h incubation, the medium was refreshed with 

FCS-free Dulbelco medium (DMEM) containing different concentrations of active human por-

cin ET-1 (10-6 M, 10-8 M and 10-10 M) and the addition of 10% FCS served as positive control. 
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The cell cultures were treated with ET-1 for 24 h. After 24 h, colorimetric proliferation assays 

were performed.  

As demonstrated Figure 57 and 58 respectively, none of these two proliferation assays could 

demonstrate such an effect mediated by ET-1. ET-1 does not have a mitogenic effect on 

MCF-7 and MDA MB 231 breast cancer cell lines. 

 

Figure 57: Analyses of cell viability by employing the MTT assay. Growth of MCF 7 cells were illus-
trated with light grey columns and MDA MB 231 cells were illustrated with dark grey columns. Cells 
were incubated 24 h with different concentrations of ET-1. 10% FCS containing medium was used as 
positive control for this viability test. (n=3, Student´s T-test, P<0.05; (*) MCF 7, (**) MDA MB 231). 

 

Figure 58: Analyses of cell viability by employing the BrDU assay. Growth of MCF 7 cells were illus-
trated with light grey columns and MDA MB 231 cells were illustrated with dark grey columns. Cells 
were incubated 24 h with different concentrations of ET-1. 10% FCS containing medium was used as 
positive control for this viability test. . (n=3, Student´s T-test, P<0.05; (*) MCF 7, (**) MDA MB 231) 
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4 Discussions 

4.1 Identification of ET-1 expression in mammary glands 

Like many peptide and growth factors, the presence of ET-1 in milk has suggested a physio-

logical role for the lactating mother and the suckling neonate (Lam, et al., 1990). The gene 

expression of ET-1 has been reported particularly during the pregnancy and lactation period 

(Kozakai, et al., 2002). Moreover, the gene expression of ET-1 is strongly enhanced by 

prolactin (Baley, et al., 1990). 

 The present study was proposed to elucidate the possible functional roles of ET-1 in mam-

mary gland development employing ET-1 transgenic mice. These animals express a ge-

nomic human ET-1 transgene comprising 8 kb of 5´ upstream sequences and 1 kb of 3´ se-

quences. Indeed, ET-1 transgenic mice have been extensively characterized for their 

cardiovascular and renal phenotypes (Hocher, et al., 1997). However, ET-1 transgene ex-

pression in the mammary gland and its influence on development and physiology has not 

been studied yet. Therefore, gene expression of ET-1 in the mammary glands was assessed 

by RT-PCR using special primers designed to either specifically amplify the human trans-

gene or both, the human and the endogenous mouse transcript. 

Study groups for the gene expression analysis of ET-1 are arranged by physiological and 

functional stages of the mammary gland. Therefore, 4 different developmental stages of the 

mammary gland were taken which were further divided into the 6 developmental phases; 8 

weeks old virgin mice, 10th day of pregnancy (middle of pregnancy), 18th day of pregnancy 

(late phase of pregnancy), 3rd day of lactation (early phase of lactation), 14th day of lactation 

(middle of lactation), 14th day of involution (late phase of involution) (Figure 17)   

According to PCR analyses, the expression pattern of the endogenous ET-1 gene differed 

from the ET-1 transgene. Whereas the mouse ET-1 gene was found to be expressed already 

in 8 weeks old adult virgin mice in both genetic groups (Figure 18B), the human transgene 

ET-1 was only detected during pregnancy and lactation periods (Figure 18 A). This discrep-

ancy could be explained by the fact that the genomic ET-1 clone is still missing important 

regulatory sequences located either 5´or 3´, respectively, for mimicking the endogenous ET-

1 expression pattern. Hence a developmental specific expression of the transgene was not 

achieved. 

 The human ET-1 gene expression was only detected in mammary glands of pregnant and 

lactating transgenic females (Figure 18A), demonstrating that expression of the transgene 

was restricted to these two developmental stages. The expression level of total ET-1 in the 

mammary glands of those groups of animals was assessed by real-time PCR. As shown in 
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Figure 19, total ET-1 expression was increased to about 6 fold in the mammary glands of 

transgenic mice compared to wild type mice mammary glands during pregnancy as well as 

lactation, demonstrating a prominent overexpression of ET-1 at these two developmental 

stages (Figure 19), and this provides the basis for analysing the biological consequences of 

this enhanced expression of such a developmentally important gene.  

ET-1 exerts its effect by binding to two distinct GPCRs, the ETAR and ETBR. The expression 

level of both endothelin receptors was determined using real-time PCR and western blotting 

(Figure 20, 21) and no difference could be detected between wild type and transgenic ani-

mals, suggesting that the increase in expression of ET-1 is not influencing the expression of 

its receptors in this biological system.  

4.2 Impaired lactational competence in ET-1 transgenic mothers 

ET-1 transgenic mice exhibited a developmental phenotype defined as lactational incompe-

tence. This defect is revealed when the ET-1 transgenic females gave birth to newborns 

when it was noted that some of the newborns died very soon after birth and many litters 

thrived poorly. A detailed analysis of the numbers of newborns, successfully raised mice and 

animals reaching adulthood was recorded and a significant increase in the proportion of pups 

that died shortly after birth was observed (Table 13). A possible explanation for this finding 

might be the fact that ET-1  a well known vasoconstrictor peptide, is also upregulated in the 

uterus during the parturition and able to increase myometrial smooth muscle tone (Uchide, et 

al., 2001), (Olgun, et al., 2008) thereby preventing a controlled delivery of the fetuses during 

the important phase of parturition.  Hence an increased myometrial contraction in ET-1 

transgenic mice during the parturition could be the reason for an increased death rate ob-

served in ET-1 transgenic mothers (5,6 %) compared to (0.2%)  in wild type mothers (Table 

13).   

Besides this increase in the number of pups that died shortly after birth, mortality during the 

lactation period was elevated as well. Macroscopically, an absence of milk in the stomach 

was found in several pubs, indicating a lactational deficit. To validate this observation, mor-

tality and growth rate of the newborns were monitored. To sustain an equal nourishment of 

lactation each ET-1 transgenic mother (n=17) and wild type mother (n=10) was limited to 

nourish only 7 newborn. The entire litters (189 pups) were weighed at birth and during lacta-

tion (Figure 22).  When assessing the weight gain of the offspring, it was noted that pups 

suckled by transgenic mice gained significantly less weight than those suckled by wild type 

females. However the initial body weight at birth did not differ between the two genetic 

groups. There might still be an effect of the genotype of the pups. The only way to address 

this would be an appropriate foster experiment which has not been performed. However, the 

genotype of the pups seems not to be a determining factor for the presented phenotype of 
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the mammary gland morphology and it appears more plausible that these alterations are 

responsible for the observed effects on weight gain of the pups. 

Pups suckled by transgenic mothers displayed a significantly lower weight gain during the 

first 11 days of lactation.  In addition an increased neonatal death was revealed during the 

first 11 days of lactation, and characterised by the fact that these newborns had no milk in 

their wombs. Especially, there was no difference in handling of mothers and suckling pups 

between the groups that could account for any difference in neonate survival. This first 11 

days of lactation are recognized as the critical phase for weight gaining of the pups which is 

mostly depending on performance of the mother. Furthermore in addition to milk, the pups 

start to consume solid food after 12 days of age (Ramanathan, et al., 2007). Indeed, the 

weight gain slope of transgenic animals became comparable to the wild type counterpart 

after the lactation day 11 suggesting that the provision of solid food possibly sustained the 

weight gain of pups. However it has been reported that the increased demand for milk from 

growing pups forge ahead to milk production throughout lactation. For example, it has been 

observed that WAP depleted mice demonstrate a reduced weight gain of the pups in the 

second half of the lactation period. Measurements of weight gain or loss is important in as-

sessing the nursing ability. Reduced weight gain and increased neonatal death are common 

phenomenon for a lactational defect which is mostly exhibited in genetically engineered mice 

(Palmer, et al., 2006). 

4.2.1 Analysis of lactation defects in transgenic mice 

Genetically modified animal models have been widely used to elucidate the functional as-

pects of the mammary gland development and lactation and the involvement of certain 

genes. Depending on their role and importance in the biology of mammary gland develop-

ment, these experimental approaches resulted in lactational incompetence as a result of im-

paired alveolar differentiation, deficient synthesis or secretion of milk components, or deficits 

in milk letdown, respectively (Palmer, et al., 2006).  

As listed in table 14, genetic modifications, such as overexpression or knock out of a specific 

gene were found to cause various types of defects. Histological and molecular differences in 

these animal models delineate the role of these specific genes which are involved in various 

cellular and molecular processes of mammary gland development and lactation. The histo-

logical analysis of the mouse mammary glands from the various models revealed cardinal 

features of lactational incompetence such as reduced ductal outgrowth, collapsed alveoli, 

increased adiposites, reduced alveolar expansion and persistence of CLDs during lactation. 

All these histological changes are exhibited as common features (stereotype) of the experi-

mental models despite of their individual role of genes in mammary gland development and 

lactation.  
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In fact, lactational defects rarely occur naturally.  Histological changes only take place when 

metabolic or secretory pathways are damaged due to altered regulation of a specific gene. 

Those damages can affect the expression of milk proteins, transport mechanisms, tight junc-

tion functionality, lipid metabolism or cellular fate which are related with the function of that 

specific gene. Therefore, in line with the obtained results from the ET-1 transgenic mouse 

model presented in this work, the effects of ET-1 transgene expression on lactational defects 

are compared at the cellular and molecular level with other animal models. 

Table  14: Phenotype of genetically engineered mouse models of lactation.  

Gene Modification Phenotype Reference 

Prolactin ko Failure to lactate; defective mammary gland de-
velopment 

(Ormandy, et al., 1997) 

STAT5 ko Failure to lactate; lobuloalveolar defects (Liu, et al., 1997) 

STAT5 Transgene Enhanced growth of pups delayed involution (Iavnilovitch, et al., 2002) 

Jak2 ko Failure to lactate; impaired alveologenesis (Wagner, et al., 2004) 

oxytocin ko Secretory defect, focal precocious involution (Wagner, et al., 1997) 

oxytocin Transgene Secretory defect (Ho; Murphy, 1997) 

EGFR ko Impaired maternal lactation (Fowler, et al., 1995) 

TGFβ-1 Transgene Failure to lactate; lobuloalveolar defects, reduced 
expression of milk proteins 

(Jhappan, et al., 1993) 

Amphiregulin ko Impaired lactation due to reduced ductal out-
growth and alveolar differentiation 

(Luetteke, et al., 1999) 

LIF ko Delayed involution (Kritikou, et al., 2003) 

c src Transgene Hyperplasia (Webster, et al., 1995) 

c src ko Failure to lactate; secretory defect (Watkin, et al., 2008) 

PKN-1 Transgene Secretory defect, precocious involution (Fischer, et al., 2007) 

WAP ko Pups fail to thrive during second half of lactation (Triplett, et al., 2005) 

WAP Transgene Impaired alveolar development (Burdon, et al., 1991) 

Beta-casein ko Reduced pup growth secretory defect (Kumar, et al., 1994) 

Alpha-

lactalbumin 
ko Secretory defect, reduced pup growth (Stinnakre, et al., 1994) 

AKT Transgene Reduced pup growth, secretory defect (Schwertfeger, et al., 2001) 

HIF1 Transgene Reduced pup growth, secretory defect (Seagroves, et al., 2003) 

ProteinC Transgene Lactation failure of alveoli to expand (Palmer, et al., 2003) 

 

4.3 ET-1 transgenic mice exhibited a secretory activation defect 

ET-1 transgenic mice exhibited a normal pregnancy with well developed ductal branching 

and lobuloalveolar architecture. However these animals exhibited a lactational incompetence 

suggesting that ET-1 overexpression can affect the functionality of the mammary glands.  

The primary function of the mammary gland is to supply a balanced mixture of nutrients for 

neonatal growth. This functional differentiation of the mammary gland is termed lactogenesis 
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and distinguished in two stages; secretory differentiation and secretory activation (Pang; 

Hartmann, 2007). Cellular differentiation for secretion begins at the middle of the pregnancy 

with an increased expression of milk protein genes. Characteristic features of the late phase 

of pregnancy indicating secretory differentiation are cytoplasmic lipid droplets (CLD) 

(Anderson, et al., 2007), (Richert, et al., 2000). These were found in both wild type and ET-1 

transgenic mammary glands at the late stage of pregnancy. The distribution of the epithelial 

cells within the fat pad and density of the epithelial cells did not differ between both genetic 

groups (Figure 23, 24, 25, 26). Hence, differentiation of the mammary epithelium was not 

affected in transgenic animals at this developmental stage.  

The secretory activation occurs after parturition and expression of milk protein genes (WAP, 

Beta-casein, and Alpha-lactalbumin) increases further (Rudolph, et al., 2007). Tight junc-

tions, sealing the alveoli become impermeable and CLDs and casein micelles move to the 

alveolar lumen. With the suckling stimuli the first milk containing CLDs are secreted and dis-

appear from the mammary gland in the first 2 days of lactation (McManaman; Neville, 2003). 

At this time point, the histology of the mammary gland is generally characterised by the pres-

ence of fully expanded lumens surrounded by a densely stained layer of epithelial cells 

(Richert, et al., 2000). With the suckling stimuli stored milk is removed from the alveoli and 

alveolar epithelium expansion is synchronized by equally changes in other tissue compart-

ments, while adipocytes lose their cellular contents (Oakes, et al., 2006). In wild-type mice, 

due to the pressure of accumulated milk in the alveoli a flattened appearance of the epithe-

lium is observed. Although, ductal and alveolar structures developed normal during preg-

nancy (Figure 28, 31), the ET-1 transgenic glands displayed focal areas with collapsed alve-

oli and persistence of intracellular lipid droplets within the alveoli at the 3rd day of lactation. 

Trapping of these lipid droplets within the epithelial cells suggest a secretory activation de-

fect. Therefore, nutrition of ET-1 transgenic pups was poor during the first half of lactation.  

Removal of milk from alveoli is elicited by the suckling or milking stimulus. This process is 

accomplished by contraction of the myoepithelial cells surrounding the alveoli and ducts. 

Oxytocin which is released in response to the suckling stimulus from the mammary nipple 

causes the contraction of the myoepithelial cells surrounding alveoli and ducts.  

ET-1 is known as a vasoactive substance that regulates the vascular tone by inducing con-

traction of myoepithelial cells (Yanagisawa, et al., 1988). This functional similarity between 

ET-1 and oxytocin suggests that the ET-1 may have a potential role on milk removal. Indeed, 

the presence of large CLDs post-partum was also noted in oxytocin transgenic bovine mam-

mary glands exhibiting a similar phenotype as the ET-1 transgenic mammary glands 

(Anderson, et al., 2007), (Ho; Murphy, 1997). It was demonstrated that large doses of oxyto-

cin treatment can lead to changes in the milk composition consistent with increased tight 
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junction permeability (Nguyen; Neville, 1998). Further increased tight junction permeability 

was associated with a decrease in milk secretion (Stelwagen, et al., 1997). Therefore, ac-

cording to the phenotypical and functional similarities to oxytocin, a conjectural role of ET-1 

on tight junction permeability was analysed. 

During pregnancy, the tight junction complex is permeable for entry of the substrates into the 

alveolar lumen. Following the parturition the tight junction system mediates sealing of the 

alveolar epithelium to avoid milk leaking from the alveolar lumen to the basal area. 

(McManaman; Neville, 2003). The family of claudin proteins is involved in the regulation of 

the tight junction composition (Furuse, et al., 2002). As the claudin proteins are implicated in 

tight junction strand regulation (Furuse, et al., 2002) it was noted that claudin 8 expression 

increases as the mammary gland progresses from mid-pregnancy to functional lactation 

(Seagroves, et al., 2003). Further, a decreased claudin 8 expression was implicated in an 

increased tight junction permeability resulting in a secretory defect in the mammary gland 

(Seagroves, et al., 2003). Therefore, claudin 8 gene was specifically chosen here to analyse 

its expression on the RNA level.  

As reported in results 3.4.2, no significant difference was obtained for claudin 8 gene expres-

sion in transgenic mammary glands compared to wild type counter part, neither during preg-

nancy nor during lactation. Therefore, ET-1 overexpression may not have an influence on 

claudin 8 expression and thereby also might not have an effect on the tight junction perme-

ability which is in contrast to oxytocin. However, a secretory defect mediated by an increase 

of tight junction permeability has been demonstrated in other genetically modified animal 

models. Hence, other proteins involved in tight junction functionality such as other claudin 

family members might be involved in the mediation of the observed phenotype. Following 

this, future investigations should analyse if ET-1 overexpression can induce alterations in the 

structural components of tight junction architecture.   

4.3.1 Differentiation of mammary gland cells and alveolar expansion in ET-1 trans-
genic mammary glands  

The acquisition of the secretory capacity begins around the middle of the pregnancy with 

increased expression of milk protein genes (Naylor, et al., 2005). In mice, milk protein gene 

expression occurs in a programmed pattern such that Beta-casein is expressed during the 

middle of the pregnancy and later near the end of gestation WAP and Alpha-lactalbumin are 

expressed (Neville, et al., 2002).  

It has been reported that WAP is a dispensable protease inhibitor to maintain the stability of 

secretory proteins in the milk (Triplett, et al., 2005) and in addition WAP was considered as a 

marker for terminal differentiation of the mammary secretory phenotype (Robinson, et al., 
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1995). However, the expression of the WAP gene is not required for the functional differen-

tiation of the alveoli (Triplett, et al., 2005).  

In ET-1 transgenic mice WAP expression was found to be reduced to around 10% of its nor-

mal level (Results 3.4.1). Similarly to ET-1 transgenic mice, the mammary glands of WAP 

knockout mice exhibited well differentiated secretory acini during pregnancy. Following the 

parturition both animal model showed relatively smaller alveoli than their wild type counter-

parts (Triplett, et al., 2005). As discussed before, the first 11 days of lactation represent a 

critical phase for the weight gain of the pups which is mostly depending on the performance 

of the mother (Ramanathan, et al., 2007). Indeed, a reduced weight gain of suckling pups 

was observed during the first 11 days of lactation in the ET-1 transgenic model. Contrarily, 

pups were normally nourished during the first 10 days in WAP knockout mice. And these 

females exhibited a lactational incompetence, in particular during the second half of lactation. 

This observation suggests that WAP expression may be essential for the adequate nourish-

ment of the growing young (Triplett, et al., 2005).  

In ET-1 transgenic mice WAP is strongly downregulated in both, pregnancy and lactation 

periods, indicating that the overexpression of ET-1 may have an influence on the WAP gene 

expression. To address the question whether the reduction of WAP gene expression is a 

direct consequence of ET-1 overexpression or rather reflects an indirect effect, the employ-

ment of an in vitro experimental model would be preferential. However, there is no potential 

cell culture model available that could mimic lactational switches in vitro. In fact, it has been 

extensively proved that the WAP gene is specifically expressed in mammary tissues and is 

maximally induced by lactogenic hormones at mid pregnancy and lactation (Hobbs; Rosen, 

1982), (Liu, et al., 1997). Breast cancer cells are of mammary origin but they do not express 

the WAP gene (Lubon; Hennighausen, 1987). Therefore, the WAP gene expression analysis 

was omitted from the in vitro studies. 

In addition to the downregulation of WAP, ET-1 transgenic mice exhibited also downregula-

tion of Beta-casein expression during the lactation period. Caseins play an important role in 

cell uptake of physiologically important ions such as calcium and phosphate through forma-

tion of soluble ingredients (Sokolovski, et al., 2008). Further Beta-casein knockout animals 

demonstrated a secretory defect with reduced weight gain of suckling pups (Kumar, et al., 

1994). It has been reported that WAP has no effect on Beta-casein and Alpha-lactalbumin 

mRNA expression (Triplett, et al., 2005). Therefore the reduced WAP and Beta-casein ex-

pression together induced the development of lactational incompetence with a stronger phe-

notype in ET-1 transgenic mice than in WAP knockout mice.   

It has been noted that STAT5 transgenic mice showed elevated levels of caseins with in-

creased weight gain of suckling pups (Iavnilovitch, et al., 2002). STAT5 is known as a critical 
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regulator for transcriptional activation of the milk protein genes such as WAP and Beta-

casein (Liu, et al., 1997), (Iavnilovitch, et al., 2002). Activation of the STAT5 pathway by 

prolactin, GH, EGF and amphiregulin (Boutinaud; Jammes, 2004), (Miyoshi, et al., 2001), 

(David, et al., 1996) transduces signals to the secretory cells for functional differentiation and 

alveolar expansion. Activity of STAT5 is increased after parturition and throughout lactation 

(Liu, et al., 1997). Pointing to the importance of STAT5 activity, STAT5 depleted mice fail to 

lactate and exhibited disorganized epithelial architecture (Liu, et al., 1997), (Miyoshi, et al., 

2001). In total, initiation of the alveolar expansion is controlled by the STAT5 pathway 

(Jaroenporn, et al., 2009). 

Similarly, the ET-1 transgenic mice exhibited a decreased alveolar expansion as a result of 

the defect in secretory activation. Therefore, activation of STAT5 was analysed by measuring 

the relative phosphorylation level of STAT5 in both late pregnancy and early lactation. How-

ever, no significant differences were observed in the phosphorylation level of transgenic 

mammary glands compared to wild type mammary glands implicating that the ET-1 trans-

gene has no influence on the activation of STAT5.  

The STAT5 activity has been considered as a marker for secretory differentiation and alveo-

lar expansion. As defined before, the milk proteins were regulated in response to STAT5 

activity. However, in ET-1 transgenic mice STAT5 activity did not differ compared to wild type 

at lactation day 3, but WAP and Beta-casein gene expressions were found to be down regu-

lated. Based on these findings it can be concluded that the overexpression of ET-1 can influ-

ence the WAP gene expression independently from STAT5 activity.  Indeed, it has been re-

ported that the regulation of WAP gene expression is determined by the cooperative 

interaction of a number of transcription factors with several binding sites in the promoter 

which is arbitrarily divided in two DNA binding regions (Ozturk-Winder, et al., 2002). 

In line with the obtained results the reduced weight gain of suckling pups in the first half of 

lactation could be related with a downregulation of Beta-casein but not WAP expression.  

Indeed it was noted that removal of the pups resulted in a rapid downregulation of Beta-

casein levels in the mammary cells (Iavnilovitch, et al., 2002), (Kumar, et al., 1994). While 

STAT5 activity is normal, a fall of Beta-casein expression suggests that some other parame-

ters could also affect the Beta-casein expression in addition to STAT5 activity.  However, 

gene expression of Beta-casein was not effected by the ET-1 transgene expression during 

pregnancy. This suggests that the downregulation of Beta-casein during lactation should be 

a consequence of the lactational defect but not vice versa.  
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4.3.2 Regulation of the synthesis of other nutritional compounds in ET-1 transgenic 
mammary glands 

Lactation is defined as copious production of milk to support the nutritional needs of the 

suckling pups. The milk contains 12% proteins (WAP, caseins, Alpha-lactalbumin etc), 30% 

lipid and 5% lactose (Anderson, et al., 2007). Lactose, a disaccharide that is unique to milk is 

not detected in the mouse mammary gland until the day before parturition.  

With the onset of lactation the transfer of sugars from the blood to the milk is blocked by the 

closure of the tight junctions. During lactation the secretory cells produce the lactose by a 

unique synthesis process. Therefore, the factors involved in lactose synthesis could be con-

sidered as markers for secretory activation. Prior studies indicated that the regulation of lac-

tose and lipid synthesis in the mammary gland occurs at the level of mRNA expression 

(Rudolph, et al., 2007). Therefore, expression of some of the key genes was analyzed on the 

mRNA level. A large proportion of the fatty acid as well as lactose is synthesized from glu-

cose. It was shown that the glucose level in the alveoli increased with the onset of secretory 

activation and decreased gradual with onset of weaning (Neville, et al., 1990). The process 

of glucose uptake is mediated by the glucose transporters in mammary gland. 

GLUT1 is the major and the most extensively studied glucose transporter in the basal mem-

brane of the alveoli (Anderson, et al., 2007). Its expression increases throughout late preg-

nancy and peaks during lactation, upon demand for lactose or fatty acid synthesis (Nemeth, 

et al., 2000). Consequently, GLUT-1 expression was analyzed in ET-1 transgenic mammary 

glands compared to wild type.  However no significant difference was obtained in the expres-

sion level of GLUT-1 between the two genetic groups.  

Another critical factor for lactose synthesis is the well known milk protein Alpha- lactalbumin 

which in combination with galactosyl transferase acts as lactose syntase in the synthesis of 

lactose in the mammary gland. Thereby, Alpha-lactalbumin represents the essential cofactor 

and is the limiting factor for lactose synthesis (Rudolph, et al., 2007). The very low expres-

sion of Alpha-lactalbumin to prevent inappropriate lactose synthesis during pregnancy is in-

creased after the parturition and throughout the lactation period (Rudolph, et al., 2007). Al-

pha-lactalbumin knockout mice were found to be unable to nourish their pups and this defect 

is mediated by milk stasis due to the inability of the gland to eject highly viscous and fatty 

milk (Stinnakre, et al., 1994).  

Gene expression of Alpha-lactalbumin is not altered in ET-1 transgenic mice, neither during 

pregnancy nor during the lactation period. In total, the real-time PCR analyses showed that 

the overexpression of ET-1 had no influence on the expression level of the major glucose 

transporter GLUT-1 and on Alpha-lactalbumin, a critical factor in lactose synthesis (see 

3.4.2).  
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Milk contains around 30% lipids which are derived from a glycerol backbone and esterified 

fatty acids. These lipid precursors are supplied either with the diet, from adipose tissue 

stores, or synthesized de novo in the mammary gland.  Further, desaturation and elongation 

of fatty acids are processed predominantly in the mammary gland (Anderson, et al., 2007). 

To support the synthesis of milk lipids as well as lactose there must be a significant pro-

gramming in the physiology of alveolar epithelial cells to direct metabolic precursors to the 

synthesis of these two compounds.  

Regarding the secretory activation defect in the ET-1 transgenic mice, this represents an-

other model of lactational deficiency (Table 14) by exhibiting a persistence of CLDs in the 

alveoli during lactation. Therefore, lipid biosynthesis in mammary glands could be recognized 

as another limiting factor for milk production (Anderson, et al., 2007) It was noted that the 

SREBF family of transcription factors are critical regulators of fatty acid and cholesterol bio-

synthesis (Anderson, et al., 2007). Consequently, regulation of lipid synthesis occurs at the 

level of mRNA expression (Rudolph, et al., 2007) and therefore SREBF-1 gene expression 

was analyzed to monitor the levels of lipid biosynthesis in the mammary glands.  

In ET-1 transgenic mice SREBF-1 gene expression was found to be upregulated about 9 

times compared to wild type mice at lactation day 3 (see 3.4.2). This result could suggest 

that highly viscous and fatty milk is causing the observed histological alteration in ET-1 

transgenic mammary glands. However, SREBF-1 gene expression was found to be normal 

at pregnancy day 18, indicating that overexpression of ET-1 has no direct influence on 

SREBF-1 expression at this developmental stage. Nevertheless, as pointed out SREBF-1 

was significantly upregulated during lactation reflecting the histological alterations of secre-

tory defect with persistence of CLDs. It has been noted that regulation of SREBF-1 is con-

trolled by AKT (Schwertfeger, et al., 2001). Similar to ET-1 transgenic mice, constitutively 

active AKT transgenic mice exhibited a secretory activation defect with persistence of CLDs 

in alveoli and upregulation of SREBF-1 expression (Anderson, et al., 2007), (Schwertfeger, 

et al., 2001). 

AKT1 is a unique member of the AKT family that is upregulated in the mammary gland during 

pregnancy and lactation (Creamer, et al., 2001). AKT plays a central role in regulating glu-

cose transport, glucose uptake and GLUT-1 expression for milk producing cells (Barthel, et 

al., 1999). Further, AKT explicitly controls the lipid metabolism by regulating SREBF-1 gene 

expression in the mammary gland during lactation (Schwertfeger, et al., 2001). Therefore 

AKT activation was analysed in ET-1 transgenic mice during both periods, pregnancy and 

lactation. Activation of AKT was monitored by the analysis of its phosphorylation status. How-

ever no differences were found in the activation of AKT between ET-1 transgenic and wild 

type mammary glands at both developmental stages.  



 

 

95

In line with the obtained results, ET-1 overexpression had no influence on AKT function and 

GLUT-1 expression which is under the control of AKT. In addition, as described before 

SREBF-1 was found to be increased about 9 times at lactation day 3.  In fact, SREBF-1 is 

thought to be stabilized at secretory activation by AKT (Schwertfeger, et al., 2001). Probably 

this contrariety at lactation day 3 is derived from samples which were obtained from ho-

mogenized ET-1 mammary glands containing large amounts of adipocytes which were found 

in histology and thereby influencing the SREBF-1 expression level. Taken together, the 

cause of an increased SREBF-1 expression might be artificially influenced in the ET-1 trans-

genic mice.  

In fact, an increase of adipocytes in mammary glands during the lactation period indicates 

precocious involution. It is known that AKT plays a central role in promoting survival of the 

mammary epithelial cells during lactation. Therefore AKT expression is high during lactation. 

With the onset of involution AKT expression and activation is decreased (Schwertfeger, et 

al., 2001). The ET-1 transgenic mice displayed a downregulation of AKT expression on the 

protein level at lactation day 3 but not at pregnancy day 18, suggesting that the initiation of 

precocious involution could be the reason for the downregulation of AKT.  

4.3.3 ET-1 transgenic mice exhibited precocious involution 

Involution is defined as a transition of the mammary gland from the lactating stage to the 

non-lactating stage in preparation for a subsequent pregnancy. However, already at an early 

stage of lactation, ET-1 transgenic mammary glands histologically exhibited focal precocious 

involution. Involution of the mammary gland is a two steps process because of its reversibility 

(Lund, et al., 2000). The first phase is reversible and characterised by the accumulation of 

local factors. At this stage pro-apoptotic factors are upregulated while survival factors are 

reduced. Through the re-suckling stimuli, the involution process is reversed. In contrast, the 

next phase is not reversible and widespread apoptosis and tissue remodelling takes place 

(Stein, et al., 2007). Several possible mechanisms can trigger involution. The involution elic-

its after cessation of milking and sudden weaning of the offspring or gradual decrease in 

suckling. Consequently, absence of suckling stimuli or milk stasis (Green; Streuli, 2004), 

(Watson, 2006) results in rapid alteration of gene expression which modulates key proteins 

involved in the involution process of the mammary gland (Sutherland, et al., 2007). These 

molecular changes in the epithelial cells of the mammary gland lead to activation of STAT3 

which is critical for the initiation of involution (Chapman, et al., 1999), (Kritikou, et al., 2003). 

In response to STAT3 activation the nucleus and cytoplasm condense, the chromatin be-

comes fragmented and apoptotic cells are scattered into the alveolar lumen (Strange, et al., 

1992). 
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Remarkably, the ductal tree formation of lactating ET-1 transgenic mammary glands was 

similar to that of a pregnant transgenic gland, although some alveolar structures persist in 

whole mount slides (see 3.3.3). Further, histology of these sections displayed focal collapsed 

alveoli into clusters of epithelial cells and increased amount of adipocytes that appeared to 

be refilling the rest of the area. These histological alterations points to a process of preco-

cious involution taken place in the mammary glands of ET-1 transgenic mice. Consequently, 

the activation of STAT3 was analyzed at pregnancy day 18 and at lactation day 3. At preg-

nancy day 18 STAT3 activity was not detected in both groups (see3.5.1). However, the rela-

tive phosphorylation level of STAT3 was found to be significantly increased at lactation day 

3, demonstrating that this critical factor for the initiation of involution exhibited a higher activ-

ity in the ET-1 transgenic mammary glands compared to wild type mammary glands.  

As a consequence of the defective secretion, the ET-1 transgenic mammary glands are 

characterised by precocious involution which is triggered by the STAT3 activation.  STAT3 is 

activated in response to a number of cytokines including members of the cytokine family 

such as IL-6 and LIF (Zhao, et al., 2004), (Akira, et al., 1994). Consequently, the expression 

of IL-6 and LIF genes was assessed using quantitative real time PCR. LIF expression was 

found to be significantly upregulated in ET-1 transgenic mice whereas IL-6 expression re-

mains unchanged at the 3rd day of lactation (see 3.5.2).  

LIF is known as the principal physiological activator factor for both, STAT3 activation and the 

subsequent involution process in the mammary gland (Kritikou, et al., 2003), (Zhao, et al., 

2004). LIF is expressed at low but detectable levels in post pubertal, adult virgin, and preg-

nant mouse mammary glands. Following the parturition, the LIF expression drops and be-

come almost undetectable in lactating glands. Shortly after weaning LIF expression shows a 

steep increase which is maintained for the following 3 days (Schere-Levy, et al., 2003) and 

thereby inducing involution of the mammary gland.  It was noted that milk stasis induces the 

expression of LIF resulting in precocious involution (Green; Streuli, 2004), (Watson, 2006). 

Hence, it comes not as a surprise to detect increased LIF expression in ET-1 transgenic 

mammary gland.  

Interestingly, LIF expression was not only upregulated at lactation day 3 but also at preg-

nancy day 18 in ET-1 transgenic mammary glands (see 3.5.2). This finding implies that over-

expression of ET-1 has an influence on upregulation of LIF expression during both develop-

mental stages, which might render the mammary gland to an even more pronounced 

phenotype. This finding has led to the further in vitro analyses of the ET-1 induced regulation 

of LIF which could also provide some insights into the regulation of these molecular proc-

esses.  Therefore, two cell culture models, MCF7 cells and MDA MB 231 cells, respectively, 

were treated with 10mM active ET-1 for 10 min. However, no significant differences were 

obtained for the activation of LIF expression when compared to non treated cells (see 3.5.2). 
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However, limitations of the in vitro models, e.g. both cell lines are of adenocarcinoma origin, 

may be responsible for these negative results used to demonstrate this interaction. Therefore 

the type of cells and their origin determines their physiological responses. As displayed be-

fore LIF gene expression was upregulated in both pregnancy and lactation periods. Interest-

ingly, the increased levels of LIF expression did not effect the STAT3 phosphorylation at 

pregnancy day 18. Apparently, LIF alone is not sufficient to activate STAT3 during preg-

nancy.  This finding suggests that LIF functions different in lactation and pregnancy in virtue 

of different physiological conditions and hormonal regulations. It has been noted that LIF 

mediates its function in reciprocal succession through ERK1/2 activation; therefore STAT3 

activation is initiated by distinct pathways in different development stages of the normal 

mammary gland (Kritikou, et al., 2003). For example, LIF induces mammary gland involution 

during lactation (Kritikou, et al., 2003) while LIF mediates branching morphogenesis during 

early mammary development (Zhao, et al., 2004) and induces cellular proliferation in breast 

carcinomas (Levy, 1997). Probably this functional switch of LIF could prevent the inappropri-

ate induction of apoptosis during pregnancy.  

As described, ET-1 transgenic mice share similar histological patterns with other transgenic 

models due to a defect on secretory activation. Despite suckling and the presence of sys-

temic lactogenic hormones, ET-1 transgenic mice exhibited focal precocious involution at the 

3rd day of lactation.  

Mothers continued to nourish their pups throughout the lactation period. Meanwhile, the invo-

lution process continues slowly and affects either parts of the mammary gland or the entire 

mammy gland. As already mentioned the reversible phase of involution can be suppressed 

or elongated by various survival signal pathways like AKT and STAT5 (Schwertfeger, et al., 

2001), (Fata, et al., 2001). Indeed, ET-1 transgenic mice demonstrated a normal STAT5 and 

AKT activity during lactation. Possibly these survival factors could sustain the delay of involu-

tion through the lactation period. In fact, constitutively activated AKT transgenic mice demon-

strated a delay in post-lactational involution (Schwertfeger, et al., 2001). However this trans-

genic model exhibited a lactation defect accompanying persistence of CLDs in alveoli which 

results in a 50% decrease in litter weight over the first 9 days of lactation, although ductal 

structures and alveolar units developed normally during pregnancy (Schwertfeger, et al., 

2001).   

With that respect initiation of precocious involution is caused by a defective secretion which 

was described in stereotypical alterations in genetically modified animals. However, the 

causative effect of the ET-1 transgene on LIF gene expression and functional consequence 

of this interaction should be further analyzed.  
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4.4 ET-1 transgenic mice developed lactational hyperplasia 

ET-1 transgenic mice represent impaired lactational incompetence by virtue of a secretory 

activation defect.  At the middle of lactation, ET-1 transgenic mammary glands showed an 

increase in adipose tissue, in which collapsed secretory alveoli were found (see 3.3.3 Figure 

28). In fact, these histological changes were reminiscent of the morphology seen during invo-

lution of the mammary gland (Richert, et al., 2000). 

Besides the delineated similarities in the molecular and histological characteristics between 

the ET-1 transgenic females and the other genetically modified mouse models outlined in 

Table 14, all ET-1 transgenic mammary glands displayed focal and intense lobular prolifera-

tion in various grades which was not found in wild type mammary glands. This unusual histo-

logical formation was characterised by markedly enlarged lobules with increased cytoplasm 

volume and enlarged nuclei. Further, alveolar organization was lost in parts of these areas, 

which is referred to an abnormality of development and indicative of an early neoplastic 

process. However, no definite signs of dysplasia were found (see 3.3.4, Figure 31).  

It is known that neoplastic progression is characterized by the loss of normal tissue architec-

ture, including polarity. Generally primary breast carcinomas show a dramatic increase in the 

ratio of luminal to myoepithelial cells, and many invasive breast carcinomas essentially lack 

myoepithelial cells entirely (Gusterson, et al., 2005).  

An immunocytochemical method for the detection of myoepithelial and epithelial cells was 

employed to distinguish the normal mammary from the neoplastic mammary gland 

(Gusterson, et al., 1982), (Gusterson, et al., 2005). Indeed, routine histopathological evalua-

tions of mammary glands use the retention of the myoepithelial layer as a critical diagnostic 

criterion to distinguish from mammary carcinoma (Jones, et al., 2004). Therefore, immuno-

histostaining of smooth muscle actin (SMA) was employed in order to rule out an underlying 

malignant transformation. SMA immunostaining in ET-1 transgenic mammary glands clearly 

manifests the non neoplastic structure with the presence of myoepithelial cells surrounding 

alveoli (figure 32). Taken together, these findings are indicative of lactational hyperplasia.  

Lactational hyperplasia is known to be a benign breast lesion that regresses spontaneously 

after lactation and no malignant potential has been ascribed to this tissue lesion (Saglam; 

Can, 2005). The regression of lactational hyperplasia is maintained by apoptosis (Sabate, et 

al., 2007). Indeed, lactational hyperplasia was not detected during involution in ET-1 trans-

genic mammary glands (see 3.3.4, Figure 33). 

Moreover, detailed histological analyses of mammary glands from ET-1 transgenic females 

which had undergone several rounds of pregnancy and lactation were performed in order to 

analyse if the multiple inductions of the ET-1 transgene expression during these develop-
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mental stages can induce any neoplastic transformation in the mammary epithelial cells. 

However, due to the lactational defects observed in the mammary glands of the transgenic 

females and the increase of these abnormalities with the increasing number of pregnancies 

this analysis could not be performed successfully (data not shown). 

It was noted that lactational hyperplasia is characteristically thought to have undergone cer-

tain histological changes owing to the physiologic state (Sabate, et al., 2007). However, this 

study demonstrated that all ET-1 transgenic mice are prone to develop lactational hyperpla-

sia in various sizes at lactation day 14.  

ET-1 has also been associated with a wide range of biological activities including mitogenic 

and proliferative responses in vascular smooth muscle cells and other cell types (Bagnato, et 

al., 1997). Besides its contribution to developmental processes (Kurihara, et al., 1994) aug-

mented ET-1 expression has been demonstrated in a variety of solid tumours thereby pro-

moting growth and inhibiting apoptosis in breast cancer while decreasing tumour cell differ-

entiation (Alanen, et al., 2000); (Bagnato, et al., 2001). It has been noted that some cancer 

cells secrete ET-1 in vitro and that ET-1 also promotes tumour cell growth (Pfab, et al., 

2004). Therefore in order to evaluate the effect of ET-1 on breast cancer cells in vitro, the 

cells were stimulated with ET-1. However, ET-1 treatment did not exert any proliferative ef-

fect on the two breast tumour cell lines in vitro. Meanwhile, another identical study has been 

published by Hagemann demonstrating similar results about the effect of ET-1 treatment on 

cellular behaviour of breast cancer cell lines. Additionally, this study represented that the 

level of ET-1 expression by tumour cells correlates with their invasiveness (Hagemann, et al., 

2005). However, a causative effect of upregulated ET-1 gene expression on the induction of 

proliferative lesions such as lactational hyperplasia has not been reported in vivo.  

ET-1 exerts its effect by binding to two distinct G Protein Coupled Receptors (GPCR), the 

Endothelin A (ETAR) and B Receptor (ETBR).  Although, both receptors are highly homolo-

gous on the DNA level, they exhibit functional differences in tissue distribution and coupling 

to G proteins (Levin, 1995). For example, the ETAR can stimulate cAMP through Gs, 

whereas the ETBR inhibits forskolin-induced cAMP by interaction with Gi (Takagi, et al., 

1995). Furthermore, ETAR predominantly mediates vasoconstriction in vascular smooth 

muscle cells (Marsault, et al., 1993) whereas, ETBR activation results in vasodilatation in 

vascular endothelial cells (Yanagisawa; Masaki, 1989). Hence, endothelin receptors are able 

to stimulate multiple signaling systems by differential coupling to G proteins. However it re-

mains to be established which of the two endothelin receptors, and how these receptors are 

involved in inducing the mammary gland phenotype in the ET-1 transgenic mice.  

Endothelin receptors exert their effect by the recruitment of second messenger systems lead-

ing to the subsequent phosphorylation of the target proteins including ERK and AKT activa-
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tion, (Kasuya, et al., 1994), (Taurin, et al., 2007) which are responsible for the activation of 

mitogenic and survival signals (Rozengurt, 2007). In response to activated GPCR pathways 

these mitogenic signaling activities are also strongly implicated in tumour processes 

(Rozengurt, 2007). 

Indeed, ET-1 transgenic mice were found to exhibit a significant increase in ERK1/2 activities 

in both, pregnancy and lactation periods. An increased ERK1 activity was found to suppress 

apoptosis (Iwasawa, et al., 2009). Hence, this enhanced ERK1 activation could be a possible 

factor for an extension of the first reversible phase of involution which was demonstrated to 

be initiated during early lactation. In addition, changes in the regulation of ERK activity can 

guide the cells to undergo tumourigenic transformation as was demonstrated in renal cell 

carcinoma (Oka, et al., 1995) and breast cancer (Sivaraman, et al., 1997) 

Endothelin receptors are also able to communicate with structurally unrelated receptors such 

as the EGFR (Cazaubon, et al., 1994) resulting in EGFR characteristic intracellular signals. 

The EGFR mediated signaling pathway is positioned to affect duct formation as well as the 

outgrowth and branching of the mammary gland during pregnancy (Wiesen, et al., 1999), 

(Hynes; Watson, 2010).  Daub and co-workers recognized the engagement of GPCRs and 

EGFR as an essential signaling network for mitogenesis (Daub, et al., 1996). Further EGFR 

transactivation or receptor crosstalk was found to be important during morphogenesis and 

organogenesis. Indeed, recent studies reported that morphogenesis of the mammary gland 

requires paracrine activation of the EGFR via metalloprotease dependent shedding of am-

phiregulin (Zhang, et al., 2006), (Ciarloni, et al., 2007). 

Transactivation of the EGFR is regulated by various cellular responses such as overexpres-

sion, amplification or mutation of critical pathway elements with variable functional outcomes 

which are frequently linked to hyperproliferative diseases. For example GPCR induced 

EGFR transactivation was found to mediate cell proliferation in breast cancer cells (Greco, et 

al., 2003), (Muscella, et al., 2003) and an increase of tumourigenicity in ovarian cancer cells 

(Rosano, et al., 2007).  

Therefore, a growing interest in the analysis of the receptor crosstalk and functional conse-

quences of EGFR activation on proliferative diseases evoke to the analyses of in vivo as-

pects of EGFR transactivation. These aforementioned findings could be related with the de-

velopment of lactational hyperplasia seen in the ET-1 transgenic mammary glands. 

As mentioned before, EGFR activation is crucial for ductal branching during the pregnancy 

(Fowler, et al., 1995), (Xie, et al., 1997). Further, immunoblot analysis had demonstrated 

high levels of EGFR during puberty, pregnancy and involution as well as during sexual ma-

turity, and low levels throughout lactation (Darcy, et al., 1999). Indeed, initial western blot 

studies performed with mammary glands derived from ET-1 transgenic mice were not able to 
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detect an EGFR signal during the lactation period. Therefore immunoprecipitation was em-

ployed to detect total EGFR and phospho EGFR. Structurally, EGFR contains multi phos-

phorylation sites in intracellular domains, and several tyrosine (Y) phosphorylation domains 

(Y845, Y998 and Y1068) were analyzed during initial studies on EGFR activation (data not 

shown). In addition, it has been reported that various GPCR agonists including ET-1 could 

stimulate the phosphorylation of Y845 in the EGFR in vitro (Boerner, et al., 2005). 

Finally,  densitometric analyses revealed that the Y845 residue of the EGFR was more 

phosphorylated in ET-1 transgenic mammary glands in comparison to wild type mammary 

glands at lactation day 14 (see results 3.6.1).  Activation of EGFR affects a wide range of 

cellular responses, depending on the coordinate expression of the cognate ligand (Peles; 

Yarden, 1993). Up to now, eight EGF like ligands that directly activate the EGFR have been 

identified: EGF, TGFα, heparin binding-EGF (HB-EGF), amphiregulin, betacellulin, 

epiregulin, epigen and cripto. (Cohen, 1986), (Luetteke; Lee, 1990), (Higashiyama, et al., 

1992), (Shoyab, et al., 1988), (Riese, et al., 1998), (Strachan, et al., 2001), (Salomon, et al., 

1999). Each of these molecules activates receptors of the HER family of tyrosine kinase re-

ceptor by autocrine or paracrine stimulation. Further, upregulation of these ligands is be-

lieved to be important for tumour growth (Troyer; Lee, 2001). Therefore, the most widely ex-

pressed ligands TGFa, EGF, HB-EGF and amphiregulin, involved in the activation of the 

EGFR, were analyzed using real-time PCR. As presented in the result section (results 3.6.2), 

amphiregulin expression was significantly upregulated in ET-1 transgenic mice at lactation 

day 14. None of the three other ligands did exhibit significant differences in their expression 

level.  

It was demonstrated that amphiregulin is a unique EGFR ligand for ductal branching and 

ductal outgrowth (Jackson, et al., 2003), (Luetteke, et al., 1999). Moreover, knockout of EGF, 

TGFa, HB-EGF and betacellulin alone or in various combinations neither affect ductal out-

growth nor lactation (Luetteke, et al., 1999). Due to its function on ductal development of the 

mammary gland, amphiregulin expression is increased during pregnancy and decreased 

dramatically after parturition (D'Cruz, et al., 2002), (Schroeder; Lee, 1998). Amphiregulin 

gene expression is upregulated in ET-1 transgenic mice both during pregnancy and during 

lactation periods (results 3.6.2) which is suggesting that the regulation of amphiregulin is 

influenced by the ET-1 overexpression. Nevertheless, this finding was not supported by in 

vitro studies. Considering the complexity of the functional and developmental stages of the 

mammary gland and its hormonal regulation, there is not a single in vitro model which can 

mimic the structural and physiological function of the mammary gland such as pregnancy, 

lactation and involution. Therefore any causative effect of ET-1 expression on amphiregulin 

gene expression should be further investigated in ET-1 transgenic mice.   
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Amphiregulin expression is not only critical for mammary gland development but also 

strongly related with breast carcinomas and neoplastic progression (Sternlicht; Sunnarborg, 

2008), (McBryan, et al., 2008). Amphiregulin appears to be the most abundant EGFR agonist 

which is breast cancer associated and expressed by these cells (Gilmore, et al., 2008). Sev-

eral studies reported an increased amphiregulin expression in parallel to breast cancer. 

Therefore, amphiregulin was chosen as an pharmacological target for breast cancer treat-

ment (Normanno, et al., 1995), (Willmarth; Ethier, 2008). As already mentioned an ET-1 

upregulation was found in a variety of tumours (Alanen, et al., 2000), (Bagnato, et al., 2001), 

(Hagemann, et al., 2005). Hence, the ET-1 axis becomes an interesting new therapeutic tar-

get for advanced tumour diseases in clinical trials (Herrmann, et al., 2006). However, a 

causative effect of increased ET-1 expression on tumour induction and development is still 

not clear. In this study, the ET-1 transgenic mice exhibited a type of benign tumour defined 

as lactational hyperplasia during the middle of lactation. In order to understand the mecha-

nism of hyperplastic progression the EGFR activity was analysed. It was reported that ET-1 

can activate tyrosine kinase receptors such as EGFR by receptor transactivation (Daub, et 

al., 1996); (Boerner, et al., 2005). The mechanism of ET-1 induced EGFR transactivation 

might provide a molecular explanation how overexpression of ET-1 could regulate the prolif-

erative behaviour of tumour cells. Indeed, ET-1 transgenic mice were found with an in-

creased EGFR activation in their mammary glands during lactation. Moreover, EGFR activa-

tion is maintained by an increased amphiregulin expression (Gschwind, et al., 2003) which 

again might be regulated by the observed ET-1 overexpression. However no neoplastic 

transformation was detected in the mammary glands of the ET-1 transgenic females. 

This study therefore highlights again the multiple roles of ET-1 which originally was found as 

a potent vasoconstrictive peptide and then was identified to contribute significantly to various 

other important developmental processes. As demonstrated this small peptide contributes 

prominently to the function of the mammary gland during pregnancy and lactation. 

4.5 Perspectives 

The involvement of the endothelin axis in tumourigenicity has been described in several re-

ports (Alanen, et al., 2000), (Bagnato, et al., 2001), (Hagemann, et al., 2005). However none 

of these reports described the causative effect of ET-1 on inducing hyperproliferative lesions. 

In this study, ET-1 transgenic mice demonstrated a type of benign hyperplasia in the mam-

mary gland. However, insights into underlying molecular mechanisms, direct experimental 

proofs, as well as validation are needed to clarify whether an ET-1 overexpression can con-

tribute to mammary tumourigenicity.  

Giving the significance of ET-1 in essential physiological functions and its potential role in 

inducing pathophysiological abnormalities in the mammary gland, future studies will have to 



 

 

103

focus on mechanistic details of two ET-1 receptor signaling targets using therapeutic antago-

nists in vivo. Within this context molecular entities of the ET-1 axis in lactation pathophysiol-

ogy could discerns coordinately regulated gene expression pathways and provides informa-

tion about comparative histological changes. In addition to animal studies, a whole mount 

mammary gland organ culture method (Brandt, et al., 2000) can be considered for the analy-

sis of the endothelin axis. This experimental model will ease to understand on a cellular and 

molecular level the contribution of various treatment regimens. 

In order to address the transformation potency of ET-1 from a benign character to cell inva-

sive character, cloning and transfection of the ET-1 gene into the non-cancerous breast cell 

lines (MCF10A, MCF12A) will be a useful strategy to identify signal specificity and signaling 

elements that link both endothelin receptors to these molecular processes. 
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