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ABSTRACT 

The process of spermatogenesis involves a coordinated series of developmental events to 

form a mature spermatozoon capable of fertilisation from an immature spermatogonium. 

These maturation steps occur within the seminiferous tubules of the testis, in close 

communication with the supportive Sertoli cells and surrounding interstitium, and then in 

the epididymal ducts. This process has been well characterised with respect to androgens 

and gonadotrophins. Oestrogens were also recognised to be synthesised in many of these 

reproductive structures. Although abnormal levels of oestrogens at various stages of 

development were shown to result in abnormalities in spermatogenesis, suggesting the 

testis was a possible oestrogenic site of action, the exact role of oestrogen remained 

unclear. A specific and direct role for oestrogen was not unreasonable given that both 

oestrogen receptors, predominantly ER~, and aromatase were localised in the testis. 

Through gene targeting technology, models have been designed to elucidate oestrogen 

action, with the significance of this 'female' hormone in the process of male fertility now 

beginning to be realised. The model described in these studies is the aromatase knockout 

(ArKO) mouse. The ArKO mouse lacks a functional aromatase cytochrome P450 enzyme, 

thus is unable to catalyse the conversion of C 19 steroids (androgens) to CI 8 steroids 

(oestrogens). 

Initial investigations found that withdrawing endogenous oestrogens resulted in severe 

disruptions to spermatogenesis between I 8 weeks and I year of age. Quantitation of germ 

cell numbers indicated that spermatogonia and spermatocyte numbers were unchanged, 

however there were significantly fewer round and elongated spermatids, some animals 

showing complete spermiogenic arrest. This occurred with no change in Sertoli cell 

number. In addition, abnormalities were observed in early acrosome development and 

Leydig cell hypertrophy. This specific lesion in germ cell development, resulting in a 

significant decline in germ cell number by I year of age, was suggested to be due to an 

increase in germ cell apoptosis. This was characterised by an increase in the expression of 



ii 

apoptotic genes, particularly the Bcl-2 family at I 8 weeks and the FAS pathway at 1 year 

of age. Given that the role for oestrogen as a cell survival factor, these findings were not 

surprising. 

Due to these abnormalities in developmental spermatogenesis, the mature spermatozoa 

contained in the epididymis were severely reduced in concentration and presented with 

abnormalities in their functional motility. As such they were unable to fertilize oocytes in 

vitro, resulting in a marked reduction in the ability to sire litters. As the ArKO mice also 

have impairments in their sexual behaviour, failing to mount receptive females, the 

reduced fertility may also be a consequence of behavioural abnormalities. Male mice are 

considered sexually mature by 6-7 weeks of age, however the onset of the spermatogenic 

disruptions occurred between 18 weeks and 1 year of age. This was puzzling, with one 

hypothesis being that the consumption of dietary soy by these mice was providing them 

with an alternative exogenous oestrogen source able to maintain spermatogenesis. The 

removal of the dietary soy severely exacerbated the phenotype of the ArKO mice, 

suggesting that the phytoestrogenic constituents of soy were exerting agonistic effects to 

prevent the severity of the phenotype arising. As animals on the soy free diet presented 

with the disruption to spermatogenesis no earlier than 14 weeks, it is possible that the soy 

partially contributed to the late onset phenotype, however other factors such as androgens 

and growth factors could appear to be important. The ArKO mice on the diet containing no 

soy represented a completely oestrogen free model, and as such, all ArKO mice are 

currently raised on this diet. 

In conclusion, disruption of the aromatase Cypl 9 gene leads to a progressive disruption to 

spermatogenesis. Oestrogen appears to have a direct effect on the development and 

survival of the germ cells, with male mice have severely reduced fertility in its absence. As 

both ERP and aromatase co-exist in the germ cells where the lesion is observed, it is 

postulated that the actions of oestrogen are a result of paracrine and/or intracrine 

interactions within the cells of the seminiferous epithelium. Thus, the ArKO mice have 

brought to our attention the hitherto unsuspected role of oestrogen as a crucial male 

hormone. 
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Chapter 1 Literature Review 

1.1 INTRODUCTION 

For decades oestrogens were defined as 'female' hormones and androgens as 'male' 

hormones. Each had well classified functions in male and female reproductive physiology, 

including the maturation of secondary sexual organs and the onset and maintenance of 

spermatogenesis and folliculogenesis. Although it was recognised almost 70 years ago that 

the testes displayed oestrogenic activity (Zondek 1934 ), it has only been in the last few 

years that oestrogen was considered to have an essential function in male reproduction 

(Sharpe 1997; Sharpe 1998). Subsequent studies indicated a possible role for oestrogen in 

the function of male reproductive structures, with the administration of this hormone 

during crucial developmental periods causing abnormalities such as epididymal cysts, 

microphallus, cryptorchidism, and testicular hypoplasia in adulthood (Mclachlan et al. 

1975; Gill et al. 1979; Stillman 1982; Bullock et al. 1988). There was also concern that 

environmental factors, believed to have oestrogenic action, were contributing to the onset 

of reproductive abnormalities such as testicular carcinomas, decreases in sperm counts and 

infertility (Colborn et al. 1993; London 1993; Sharpe & Skakkebaek 1993). 

Despite these findings, it wasn't until 1993, with the generation of the oestrogen receptor

alpha (ERa) knockout mouse (Lubahn et al. 1993), that a specific role for oestrogen in 

male fertility was elucidated. The classification of oestrogen as only a 'female' acting sex 

hormone was now finally obliterated. Oestrogen, acting through its ERa, was found to be 

important for male fertility, although this was an indirect effect via the reabsorption of the 

luminal fluid required to optimise the testicular environment (Eddy et al. 1996; Hess et al. 

1997a). A direct effect on the developing germ cells was not found. The discovery of two 

adult men who possessed mutations in their aromatase gene (Morishima et al. 1995; Carani 

et al. 1997), thus were unable to synthesise oestrogens, and a single man who had a 

mutation in his ERa gene (Smith et al. 1994), highlighted the importance of oestrogen in 

bone physiology and cardiovascular maintenance. Nonetheless, a role for oestrogen in 

fertility remained largely unanswered. 
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By the late l 990's, a local and specific role for oestrogen in male reproduction had not yet 

been defined. As aromatase and the ERa and J3 are localised to the male reproductive 

structures, in particular the seminiferous epithelium, it was highly probable that oestrogen 

did have a direct role in spermatogenesis (Hess et al. 1995; Carreau et al. 1999; Carreau 

2000). To investigate this, we generated an aromatase knockout (ArKO) mouse, through 

targeted disruption of exon IX of the Cyp 19 gene, in which oestrogen synthesis was 

abolished (Fisher et al. 1998). Preliminarily characterisation of the male ArKO mice found 

that they became progressively infertile, but the cause of this infertility was unknown. 

The studies presented in this thesis investigate the effect of abolishing oestrogen on 

spermatogenesis and other related reproductive functions, providing evidence that 

oestrogen have a hitherto unknown local action on the seminiferous epithelium specifically 

in the maturation and survival of germ cells. This review will first provide an overview of 

the structure and function of aromatase and the oestrogen receptors, then of oestrogen 

biosynthesis in the testis. It will continue to investigate the cellular structure and associated 

function of the testis, including the process of spermatogenesis. Following this will be a 

description of the localisation of both aromatase and the ER in the testis. Then an overview 

of the importance of cell cycle progression and apoptosis in the testis and finally a 

description of the oestrogen receptor knockout models and the humans with mutations in 

both the ER and aromatase. 
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1.2 OESTROGEN SYNTHESIS AND ACTION 

Oestrogen biosynthesis involves the irreversible conversion of androgens into oestrogens 

by the action of the enzyme aromatase P450. Oestrogens then act in an autocrine, paracine 

or endocrine mediated fashion to influence the growth, development and homeostasis of 

specific reproductive process, and other physiological systems such as cardiovascular, 

bone, brain and liver. Part of the steroid hormone superfamily, oestrogens are lipophilic 

transcription factors, consequently able to diffuse in and out of cells, however are retained 

with high affinity in specific target cells that possess an intracellular oestrogen receptor 

(ER). 

1.21 Aromatase 

1. 211 Structure and function 

Aromatase is a member of a superfamily of hemoproteins known as cytochrome P450. 

These enzymes are iron containing electron transfer proteins, located in the smooth 

endoplasmic reticulum. They play an important role in the metabolism of exogenous 

substances, such as pollutants and drugs, and endogenous substances, converting them to 

steroid hormones, cholesterol and fatty acids (for review see Guengerich 1992; Slaughter 

& Edwards 1995; Chang & Kam 1999). However, further studies have suggested these 

enzymes are also involved in homeostatic mechanisms such as hypertension (Makita et al. 

1996). As of 1995, the P450 superfamily consisted of 74 gene families, with a total of 481 

gene members (Nelson et al. 1996). 

Steroid hormones, including oestrogen, progesterone, testosterone, aldosterone and 

cortisol, are all derived from the precursor molecule cholesterol. Aromatase cytochrome 

P450 is a member of the gene family CYP 19, designated this as the C 19 methyl group of 

the cholesterol molecule is the site of attack by oxygen (Figure 1.211), located in region 

15q21.1 on human chromosome 15. Its primary role is to bind to the C 19 androgen 



Figure 1.211 The Aromatase Reaction 

The conversion of C 19 androgens into C 18 oestrogens by P450aromatase occurs in 2 main 

reactions. The first involves oxidization of the C 19 methyl group by 2 hydroxylation 

reactions, forming 19-hydroxy androstenedione then 19-oxo androstenedione. The C 19-

oxo group is then peroxidatively attacked resulting in the release of the C 19 group as 

formic acid, removal of a proton from the C 1 position and the aromatisation of the A ring. 
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substrate and catalyze the series of reactions required to irreversibly produce C 18 

oestrogens (for review see Simpson et al. 1997). The proposed mechanism involves 3 steps 

(Figure 1.211). Firstly, the heme group, common to all cytochrome P450 enzymes, 

interacts with NADPH to incorporate a single oxygen molecule into the androgen 

substrate. This occurs in two hydroxylation reactions of the C 19 methyl group, the first 

forming 19-hydroxy-androstenedione, which is closely followed by a second reaction 

forming 19-oxo androstenedione, with water released as a by-product. The second 

aromatisation reaction occurs quickly, involving a peroxidative attack on the C 19 methyl 

group that then converts it to formic acid and its subsequent removal. At the same time, a 

proton is removed from the C 1 position causing the unique reaction that results in the 

aromatisation of the A ring to form the structure associated with oestrogens. 

The P450aromatase enzyme has been localised to numerous tissues in the human such as 

adipose tissue, bone, certain areas of the brain, ovary, foetal liver, placenta and testis, 

whereas in the rodent it is in the brain, adipose tissue and gonads (for review see Simpson 

et al. 1997). The human CYP 19 gene spans at least 70kb and is comprised of 10 exons, 

from I to X (Figure 1.212), with the coding region spanning from exon II to X (Means et 

al. 1989; Toda et al. 1990; Harada et al. 1990). The heme group common to all 

cytochrome P450 enzymes is located on exon X. To date, exon I consists of 9 distinct first 

exons; exon I. 1, 1.2, 1.3, 1.4, 1.5, 1.6, 11, 2a and If, each driven by their own specific 

promoter (Simpson et al. 1993). This allows for tissue specific expression of aromatase. 

For instance, aromatase expression in adipose tissue is driven by promoter 1.4 and 

regulated by glucocorticoids and class one cytokines (Mahendroo et al. 1993 ). Each 

untranslated exon I is spliced into the aromatase transcript, resulting in the differing 

sequence and length of the 5' terminus of the transcript. In contrast, as the coding region is 

always the same, this results in a structurally identical enzyme in different tissues. 
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Figure 1.212 The structure of the human CYP19 gene 

The aromatase CYPI 9 gene consists of 10 exons, exon II to X forming the coding region of approximately 35kb in length (blue). The 

heme binding region (HBR) is located in exon X, as are two alternative polyadenylation signals. There are 9 alternative exon I (I.5, 

I. I, 2a, I.4, I.f, I.2, 1.6, I.3 and II), each containing their own specific promoter to allow for tissue specific expression (not all have 

been identified). For example, in the placenta, promoter I. I drives aromatase expression, whereas aromatase expression in adipose 

tissue is driven by promoter 1.4 and regulated by glucocorticoids and class one cytokines. Whereas in the gonads, expression is 

regulated by gonadotrophins via cAMP and promoter II. 

Reproduced from Simpson et al (1997), Carreau et al (1999) 
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1.212 Expression of aromatase in the male gonads 

Aromatase expression is driven by the proximal promoter II (PII) in all major cell types in 

the male gonad, and is regulated by gonadotrophins and cAMP (Figure 1.213) (Lanzino et 

al. 2001; Jenkins et al. 1993; Bulun et al. 1994). Gonadotrophins are well recognized to 

regulate oestrogen expression in the testes. In foetal and immature rats, it is the Sertoli 

cells that possess high levels of aromatase expression under the stimulation of FSH 

(Levallet & Carreau 1997). Whereas in adult testes, the Leydig cells take over this role and 

aromatase expression is stimulated by LH (Section 1.4) (Valladares & Payne 1979b; 

Papadopoulos et al. 1986; Genissel et al. 200 I). Many studies have been conducted in the 

ovary and the testis to characterise the role of gonadotrophins in stimulating aromatase 

expression. Following the binding of FSH to its seven transmembrane receptor, protein 

kinase A is activated via the elevation of intracellular cAMP (Figure 1.213). This in turn 

activates transcription factors such as cAMP response element binding protein (CREB) and 

steroidogenic factor- I (SF-1 ), which stimulate aromatase gene expression though binding 

to their response elements located in the proximal promoter region of exon II (Bulun et al. 

1994; Michael et al. 1995; Michael et al. 1997; Young & McPhaul 1998). The activation 

of these response elements has been found to be crucial for aromatase activity in the testes 

(Young & McPhaul 1997). 

The testes have also been reported to express abundant levels of a newly discovered first 

exon, exon 1.6 (Shozu et al. 1998). It has been hypothesized that promoter 1.6 is regulated 

by an Activator Protein-I (AP- I) binding site, suggesting that other important regulatory 

factors may be influencing testicular aromatase transcription in a manner independent of 

gonadotrophin induced cAMP (Papadopoulos et al. 1987; Carreau et al. 1988; Rigaudiere 

et al. 1989). 

In summary, aromatase expression in the male gonads appears to be positively regulated 

by gonadotrophins, androgens and oestrogens via PII. However, it is hypothesised that the 

CYP 19 gene may also contain motifs for negative regulation through growth factors and 
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Figure 1.213 Schematic diagram depicting the regulation of aromatase expression in 

the testes 

FSH binds to its membrane receptor and via G protein activation increases cAMP. This 

activates protein kinase A (PK-A), by the binding of the regulatory (R) elements with the 

catalytic elements (C), which then promotes the binding of CREB (cAMP response 

element binding protein) to the cAMP response element in promoter II of the aromatase 

gene. SF-1 may also play role. 

Adapted from Simpson et al (1997) 
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cytokines, such as TGF-J3 and TNF-a, released from the seminiferous epithelium (Genissel 

et al. 2001 ). 

1.22 Oestrogen receptors 

Oestrogen receptors belong to a nuclear receptor superfamily of ligand-inducible 

transcription factors, consisting of over 150 members (Evans 1988; Mangelsdorf et al. 

1995). The existence of a receptor that bound 17J3-oestradiol was first reported in the 

1960's (Jensen & Jacobson 1962), then characterised in the early 1970's (Jensen & 

DeSombre 1973) and cloned in 1986 (Green et al. 1986; Greene et al. 1986). For many 

years following, it was believed that all of the biological actions of oestrogens occurred 

through this single ER, until a second ER was cloned from rat (Kuiper et al. 1996) and 

human (Mosselman et al. 1996) in 1996, and mouse in 1997 (Tremblay et al. 1997). The 

original ER was then redefined as ERa and the new ER as ERJ3. Each subtype does not 

arise through differential splicing, but from two separate genes located on chromosome 6 

and 14 (Enmark et al. 1997). The discovery of this new ER indicated that the oestrogen 

signalling is far more complex than predicted. 

1.221 Structure 

The two ERs have a similar overall structure (Figure 1.221), with almost identical DNA 

binding domains, showing 97% amino acid homology. Therefore, as expected both ERa 

and J3 interact with the same DNA response elements (Kuiper et al. 1997). However, they 

are only moderately conserved in their ligand-binding domain with 55% similarity 

(Tremblay et al. 1997). The ERJ3 product not only has only 17% homology with the ERa 

A/8 domain, but is shorter than the ERa by 114 amino acids (599 vs 485) (Tremblay et al. 

1997). Due to this, the ERJ3 does not contain a strong AF- I domain (Hall & McDonnell 

1999). 
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AF-1 AF-2 

A/B C D E F 
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N-terminal Domain Ligand-Binding Domain 
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ERP 
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Figure 1.221 Comparison of the structure and percentage amino acid identity 

between human ERa and ERP 

The expression of both ERa and ERP appears to be distinct to particular tissues ( for review 

see Couse & Korach 1999)). ERa appears to be predominantly expressed in the kidney, 

liver, heart, skeletal muscle, mammary gland and the reproductive tissues- vagina, uterus, 

and testis (Section 1.4). In addition to kidney and testis, ERJ3 is found also in the spleen, 

small intestine, colon, bladder, prostate, ovary, bone and lung (Couse et al. 1997). 

Differential expression is also found in the brain, with ER a localised to the pituitary, 

whereas ERJ3 is found in the hypothalamus, limbic system, cerebral cortex and cerebellum 

(Couse et al. 1997; Shughrue & Merchenthaler 2000). Therefore ER~ may function as a 

sole ER, or interact with ERa to alter its function within specific cells. 

1.222 Activation of the ER 

i Ligand dependant activation 

Following binding of a specific ligand to the receptor, inhibitory complexes are removed 

(Pratt & Toft 1997) and the receptor undergoes a ligand induced conformational change 

enabling it to interact with varying co-activators and co-repressors (for review see Shibata 
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et al. 1997; McKenna et al. 1999; Katzenellenbogen et al. 2000). For instance, if an 

agonist binds (such as E2, DES), the ERs highly conserved helix 12 is repositioned over 

the ligand-binding pocket forming a lid (Brzozowski et al. 1997), exposing the AF-2 

activation domain of the receptor that will interact with the LXXLL motif of a particular 

co-activator (Onate et al. 1995; Shiau et al. 1998). In comparison, the binding of an 

antagonist (such as raloxifene, 4-0H-tamoxifen), prevents the movement of helix 12 over 

the ligand-binding pocket (Brzozowski et al. 1997), thus the AF-2 domain remains inactive 

and co-activator recruitment fails to occur (Shiau et al. 1998). This particular conformation 

also inhibits receptor activity through the binding of specific co-repressors (for review see 

McKenna et al. 1999). 

This ability for specific factors to inhibit either AF- I or AF-2 leads to the introduction of 

the term SERMs (selective ER modulators) (for review see McDonnell 1999; Dutertre & 

Smith 2000). As both ERa and f3 differ in their conformational change following the 

binding of an agonist or antagonist, particularly with respect to helix 12, their ability to 

recruit specific co-activators is varied (Kraichely et al. 2000). 

Once the ER complex has altered its conformation it is activated through one of its five 

phosphorylation sites (Smith I 998). It is then capable of binding to its specific oestrogen 

response element (ERE) in the regulatory region of target genes to transcriptionally 

activate the downstream gene by activating the general transcriptional apparatus (Orti et al. 

1992). Not only can the ER bind to their consensus ERE on target genes, but there is also 

evidence that they can interact with other DNA bound transcription factors, such as AP-1 

(Sukovich et al. 1994; Webb et al. 1995). 

ERa and ERf3 are not only able to form homodimers, but there is evidence suggesting that 

they preferentially form heterodimers (Cowley et al. 1997). Irrespective of what ligand is 

binding, both ERa and ERf3 can have opposite actions in a cell, suggesting possible 

opposing effects in a particular cell type. It is also proposed that if both subtypes are 
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expressed in a cell, it is the ratio of ERa and ERP that will determine oestrogen 

responsiveness (Ogawa et al. 1998a; Hanstein et al. 1999). 

When the structural differences between ERa and p were analysed, it was specifically the 

LBD that differed substantially in its degree of homology. However, the area of the LBD 

specifically involved in ligand binding was quite similar, with the low homology in other 

areas of this domain leading to the different relatively affinities for various synthetic or 

naturally occurring ligands. For instance, the phytoestrogens (genistein and coumesterol) 

and the xenoestrogens (methoxychlor and bisphenol) bind to the ERP with higher affinity 

(Kuiper et al. 1998). However, once bound, ERP has significantly lower transcriptional 

activity when compared to ERa (Barkhem et al. 1998) (for review see Pettersson & 

Gustafsson 200 I). The affinity for the natural ligand oestrogen did not differ between 

receptor isoforms, however ERP required a higher concentration for maximal activity. 

ii Alternative ligands 

It had been realised for almost 50 years that androgens can have estrogen-like effects in 

female reproductive organs (see Kuiper et al. 1997). Those originally observed to 

successfully compete with oestradiol for the ER included 5a-androstane-3P, I 7P-diol and 

5-androstene-3p, I 7P-diol (Garcia & Rochefort 1979). Then in 1997, Kuiper et al studied 

the binding affinity of various compounds for ERa and p, confirming these original results 

with both 5a-androstane-3P, 17P-diol and 5-androstene-3p, 17P-diol binding with relative 

high affinity to both ERs but particularly ERP (Figure 1.222). Other studies have also 

shown this (Boccuzzi et al. 1992; Le Bail et al. 1998; Maggiolini et al. 1999). In contrast, 

testosterone and DHT are poor activators of either ER. This brings to our attention the 

complexity of receptor activation (Figure 1.222). 
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Figure 1.222 A simplified pathway highlighting (bold) the androgens 

capable of ER activation. 

iii Ligand independent activation 

Alternative ligand pathways also exist, whereby the receptor is activated in a ligand 

independent means (Figure 1.223) (for review see O'Malley et al. 1995). Growth factors, 

such as insulin-like growth factor (IGF) (Aronica & Katzenellenbogen I 993) and 

epidermal growth factor (EGF) (lgnar-Trowbridge et al. 1992), are able to activate a 

signalling cascade that leads to the downstream activation of MAPK (intracellular mitogen 

activated protein kinase) able to then phosphorylate and thus activate both ERs (Kato et al. 

1998; Tremblay et al. 1999; Kato 2001 ). Other factors can also activate the ER 

independent of oestrogen, including forskolin (Cho & Katzenellenbogen 1993), cell cycle 

proteins (Neuman et al. 1997; Zwijsen et al. 1997; Trowbridge et al. 1997) and 

neurotransmitters (Power et al. 1991 ). 



Figure 1.223 llluS'tration of the complexity of oestrogen action and ER activation within a cell. 

The effects of oestradiol (E2) can be mediated in the following ways. (1) Firstly, by the classical ligand-dependent manner, 

whereby oestradiol bind to its intra-cytoplasmic receptor (ER) to activate target genes via its oestrogen response element (ERE). (2) 

Secondly, growth factors (GF) via the activation of an intracellular phosphory~ation (P) signaling pathway, can phosphorylate the 

ER, activating it in a ligand-independent manner. (3) Thirdly, the ER-oestradiol complex can bind to other DNA bound 

transcription factors, such as AP-I, via jun (J) and fos (F), to activate target genes. ( 4) Oestradiol can also bind to its cell membrane 

oestrogen receptor (R), and in a non-genomic manner activate signal transduction pathways to result in specific tissue responses (ie. 

cAMP elevations, Ca2
+ influxes). (5) And finally, alternative ligands (AL), such as androgens, can bind to and activate the ER. 

Adapted from Hall et al (2001 ). 
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These alternative phosphorylation pathways initiated from the plasma membrane may have 

synergistic actions when oestrogen levels are low, sensitise the receptor to allow it to 

respond optimally to these low concentrations, or even take the role of oestrogen in the 

absence of hormones. 

iv Non-genomic actions of steroids 

Almost 50 years ago steroid hormones were found to have cellular effects that could not be 

explained by the classical ligand-receptor interaction; including rapid effects (milliseconds 

to a few minutes), responses in cells incapable of gene transcription and stimulation by 

steroids incapable of targeting the nucleus. This mechanism of action is suggested to be 

non-genomic (Figure 1.223) (for review see Moss et al. 1997; Wehling 1997; Revelli et al. 

1998; Watson & Gametchu 1999). 

Oestrogen has been shown to bind to a cell membrane ERa and J3 with the same affinity as 

the nuclear receptor (Razandi et al. 1999). It is suggested that this membrane ER is not just 

similar in structure to the classic nuclear ER (Hardy & Valverde 1994; Pappas et al. 1995; 

Karthikeyan & Thampan 1996), but actually derived from the same transcript (Razandi et 

al. 1999). However, functionally disrupting the nuclear ER does not appear to affect the 

functioning of the membrane receptor (Gu et al. 1999). Once oestrogen has bound, the 

receptor complex activates signal transduction pathways (Razandi et al. 1999) to stimulate 

the cell via calcium influxes (Morley et al. 1992) and cAMP elevations (Minami et al. 

1990). These intracellular responses have been found to be particularly important in 

neuronal cells involved in membrane depolarisations and neurotransmitter release, and also 

in non neural cells leading to calcium influx in uterine, endometrial, myometrial cells and 

spermatozoa cells, smooth muscle relaxation, pituitary activity and cell proliferation (Moss 

et al. 1997; Wehling 1997; Razandi et al. 1999). In this respect, oestradiol can activate 

both receptor types, the cell surface and the classical receptor, with crosstalk between this 

pathway and the genomic pathway believed to exist. 
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Nongenomic actions of oestrogens are important as they allow oestrogen to exert a 

physiological affect in the absence of a functional nuclear oestrogen receptor. This may be 

important when investigating the physiological consequences of removing functional ERs. 

1.3 THE TESTIS 

The testes are responsible for both the production and storage of viable spermatozoa and 

the manufacture and secretion of steroid hormones. The process of sperm development, or 

spermatogenesis, involves a coordinated series of developmental events to form a mature 

spermatozoon capable of fertilization from an immature spermatogonium. These 

maturation steps occur within the seminiferous tubules of the testis, in close 

communication with the supportive Sertoli cells and surrounding interstitium. Following 

maturation, the sperm make their transition through the rete testis and the efferent ductules, 

to finally reside in the epididymis until ejaculation. This section of the review will explore 

this process of spermatogenesis and its hormonal regulation by androgens and 

gonadotrophins. Oestrogen will be discussed in Section 1.4. (For further reviews see 

Weinbauer & Nieschlag 1993; Spiteri-Grech & Nieschlag 1993; Setchell et al. 1994a; 

McLachlan et al. 2001 ). 

1.31 Foetal testicular development 

During early foetal development, the urogenital ridge is composed of three sections; the 

pronephros that will form the adrenal, the metanephros that will form the kidney and the 

mesonephros, also known as the genital ridge, which will differentiate into the male ductal 

system, or Wolfiaan duct as it is later known (Figure 1.311) (for review see Setchell et al. 

1994a; Capel 2000). In the mouse, the Mtillerian ducts also form from an invagination of 

the mesenephros epithelium between day 11.5 and 12.Sdpc, and if allowed to develop will 

form the female reproductive tract. The primordial germ cells (PGC's), originate in the 



d 

Figure 1.311 Gonadal development 

(a) The structures that surround the urogenital ridge in the developing foetus . (b) The structures of the bipotential gonad, 

indicating the migration of the primordial genn cells from the hindgut. ( c) The structure of the developing testis as sex determination 

and differentiation occur. The Mullarian duct forms by an invagination of the coelomic epithelium in the mesenephros. The 

supporting cells then organize into testicular cords, which contain the Sertoli cells and gonocytes . The interstitium that surrounds 

these cords contains the Leydig cells. 

Reproduced from Parker et al (1999) 
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yolk sac and migrate through the hindgut wall to the genital ridge (Gardner et al. 1985). 

The gonads appear on the surface of the mesenephros epithelium between days 10.5 and 

l l .5dpc, however at this stage the ovaries and testes are indistinguishable and thus the 

gonad is classed as bi potential. 

It has been established that the presence of a Y chromosome ultimately determines whether 

a bi potential gonad will develop into a testis or ovary. The specific gene responsible for 

testis development was found to be SRY (Sex-determining Region of Y gene), expressed 

in the gonad at 11.5 dpc (Figure 1.312) (Sinclair et al. 1990) (reviewed in Goodfellow & 

Lovell-Badge 1993; Parker et al. 1999). However, the exact role of SRY is currently 

undefined. Other factors have been identified that play crucial roles in this process (Figure 

1.312) (Parker et al. 1999), such as SF- I (Steroidogenic Factor- I) (Luo et al. 1994 ), which 

begins to be expressed from 9dpc in both males and females, but by I 2.5dpc is only 

expressed in males (Ikeda et al. 1993). Wtl (Wilms' tumour suppressor gene) (Hastie 

1994) which is also expressed from day 9 in the developing mouse (Pelletier et al. 1991) 

and Sox9 (Wagner et al. I 994; Foster et al. 1994) which is highly expressed in males at 

day 11.5 (Morais et al. 1996). Recently evidence has begun to emerge that also suggests 

the presence of a factor able to promote ovarian development (Bardoni et al. 1994 ). This 

region is known as DSS (Dosage Sensitive Sex reversal) and contains such genes as DAX 1 

(Muscatelli et al. 1994 ). 

Once these factors are expressed, the precursor Sertoli cells, which are believed to develop 

from the undifferentiated mesenchymal cells in the developing mesenephros, migrate into 

the indifferent gonad and begin proliferating, forming cell aggregates by day 11.5 in the 

mouse (Russell 1993c; Lovell-Badge & Hacker 1995; Hughes et al. 1999; Capel 2000). 

The germ cells, which have also migrated through the dorsal mesentery of the hindgut at 

11.5 dpc, divide mitotically on arrival and are then organised into these aggregates. The 

Sertoli cells and germ cells are then arranged into elongated testicular cords, with the 

gonocytes remaining quiescent until between puberty (Vergouwen et al. 1991 ). The Sertoli 
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The series of developmental events from an undifferentiated gonad to either a testis or 

ovary, with the genes believed to be important for this process indicated. 

Adapted from Parker et al ( 1999) 
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cells are crucial for gonocyte survival, with those not arranged in the cords undergoing cell 

death (Byskov 1986). 

The Sertoli cells then have two major roles, firstly they begin to secrete anti-Milllerian 

hormone (MIS) to cause the regression of the Miillerian ducts, and secondly they signal the 

interstitial cells to differentiate into Leydig cells, to allow them to now secrete the high 

levels of testosterone crucial for the completion of male differentiation (Lejeune et al. 

1998). The Leydig cells are also believed to originate from undifferentiated mesenchymal 

cells in the developing mesenephros (Lejeune et al. 1998). 

After birth ( day I 9 in the mouse), the testis remains hormonally active as it descends from 

the abdomen into the scrotum. The relocation of the testes from the urogenital ridge to the 

inguinal abdominal wall (transabdominal descent) and the subsequent migration into the 

scrotum (inguinoscrotal descent) is a hormonally regulated process (Hutson & Donahoe 

1986; Setchell et al. 1994a). It has been shown that androgens are crucial to testis 

migration, particularly in the development of the genital-inguinal ligament or 

gubemaculum that moves the testis from the internal inguinal ring to the scrotum capsule 

(Rajfer & Walsh 1977; van der 1992). Exogenous oestrogens administered in utero have 

also been shown to inhibit this process, increasing the incidence of intra-abdominal testes 

(for review see Hutson et al. 1997; McLachlan et al. 1998), however it was believed that 

this was an indirect oestrogenic effect via reducing LH levels and therefore androgens 

In the neonatal testis, the Wolfiaan ducts will differentiate into the male associated ductal 

structures such as the efferent ducts, epididymis and vas deferens. Whereas the gonad is 

organised into two major compartments; the testicular cords, containing the immature 

Sertoli cells and the primordial germ cells, surrounded by the immature interstitial Leydig 

cells. The testes have two major functions in the mature animal, the production and storage 

of viable spermatozoa, and the manufacture and secretion of steroid hormones. 
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1.32 Spermatogenesis 

The testis is surrounded by the tunica albuginea capsule and consists primarily of 

convoluted seminiferous tubules (Figure 1.321) (Berne & Levy I 993; Setchell et al. 

1994a). The primary cell types within these tubules are the Sertoli cells and developing 

germ cells. Both these cells play interconnecting roles in the process of spermatogenesis, 

with the multifunctional epithelial Sertoli cells crucial in the coordinated maturation of 

immature spermatogonia through to mature elongated spermatids (Section 1.33) (Russell 

I 993a). The other major cell type in the testis are the Leydig cells, located in the 

surrounding interstitium and primarily responsible for the synthesis of steroids (Section 

1.34) (Benton et al. 1995). Macrophages are also frequently found in the interstitium. All 

cells in the testis play intertwining roles in the highly coordinated maturation of the 

developing germ cells, which can be divided into 3 distinct phases. 

1.321 Phases of spermatogenesis 

i Proliferative phase 

The germ cells first exist as primordial germ cells that appear as early as day 7 of gestation, 

populating the gonadal ridge at I I .5 dpc and then constantly proliferating until about 13.5 

dpc (Table 1.321) (Clark J et al I 975, Eddy et al 198 I, Wylie and Heasman 1993). By 19 

dpc, many primordial germ cells undergo a series of coordinated cell death to reduce 

numbers to a level able to be supported by the Sertoli cells (Section 1.532). The surviving 

pro-spermatogonia resume proliferating 6 days after birth and are now known as 

undifferentiated type A spermatogonia (McCarrey 1993). 

Type A spermatogonia can be grouped into three major groups; the renewing stem cells 

consisting of A isolated (Ais); undifferentiated consisting of A paired (Apr) and A aligned 

(Aa1); and differentisting consisting of A1 to A4 (Clermont 1972). Germ cells develop in a 

synchronous manner due to their cellular connections through cytoplasmic bridges, 

resulting from incomplete cytokinesis. By day 8, type A4 spermatogonia undergo 2 mitotic 

steps to form an intermediate spermatogonium (In) and then a type B spermatogonium 
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(a) The testis is encompassed within a capsule called the tunica albuginea. (b) It is comprised of convoluted tubules, surrounded by 

interstitial Leydig cells responsible for synthesising testosterone from an LH stimulus. ( c) Within these seminiferous tubules, the 

Sertoli cells support the development of germ cells from immature spermatogonia through to an elongated spermatid. 

Modified from Berne and Levy (1993) 



Table 1.321 The time when each germ cell type appears during pre-natal and post

natal (highlighted) development in the mouse 

Cell type Time of first appearance 

Zygote 1 dpc 
Morula 2dpc 

Pre-germ cells Inner cell mass 3 dpc 
Primitive ectoderm 4dpc 

Epiblast 6dpc 

Primordial germ cells { PGCs 7dpc 

Prespermatogenesis { 

M-Prospermatogonia 12 dpc 
T1-Prospermatogonia 14 dpc 

T2- Prospennatogonia 1 dpp 

Undifferentiat~d { 
Ais-spermatogonia 6dpp 
Apr-spermatogonia 6dpp 

spermatogoma Aa1-spermatogonia 6dpp 

Differentiat~g { 
A 1.4-spermatogonia 8 dpp 
In-spermatogonia 8 dpp 

spermatogorua B-spermatogonia 8dpp 

Pre-leptotene 10 dpp 

Meiosis Leptotene 10 dpp 

Primary spermatocytes 
Zygotene 12 dpp 
Pachytene 14 dpp 
Diplotene 17-18 dpp 
Dictyate 17-18 dpp 

Meiosis II { Secondary spermatocytes 18 dpp 

Spermiogenesis { 
Round spermatids 20dpp 

Condensing spermatids 30dpp 
Spermatozoa 35 dpp 

Reproduced from McCarrey (1993) 
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(Table 1.321). Each spermatogonium is classified by their level of chromatin, increasing 

from type A to B. These large immature germ cells lie flattened against the basement 

membrane, until day 10 when the majority of B spermatogonia move away from the 

basement membrane and enter a period of meiosis to form a pre-leptotene spermatocyte 

(Russell et al. 1990). This series of mitoses can be summarised as follows, with each arrow 

indicating a division: 

Stem Proliferative Differentiating 

ii Meiotic phase 

The first stage of meiosis in the mouse takes approximately 8 days (McCarrey 1993), with 

prophase consisting of the pre-leptotene spermatocyte transforming initially into a 

leptotene spermatocyte (Russell et al. I 990). Then pairing of the homologous 

chromosomes occurs and the resulting zygotene spermatocytes form pachytene 

spermatocytes, in which the chromosomes are completely paired. This is the longest stage, 

following which the chromosomes separate forming a diplotene spermatocyte. Each 

spermatocyte can be classified according to their morphological appearance, as their 

chromatin begins to condense, and position within the epithelium as they move towards the 

lumen (Hess 1990). At day 18 the primary pachytene spermatocyte undergoes its first 

meiotic division into two smaller secondary spermatocytes, reducing the volume of the 

germ cell by approximately 30-40%. These spermatocytes contain two sets of haploid 

chromosomes, thus then undergo a brief second meiotic division to divide for the final time 

to form the truly haploid germ ceJI at day 20. Therefore one spermatocyte gives rise to 4 

round spermatids (Russell et al. 1990). 

iii Spermiogenic phase 

The final stage of spermatogenesis occurs in I 6 distinct steps in the mouse and involves 

the differentiation of the round spermatid into an elongated spermatid with no further 
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divisions. Each step is identified by the progressive development of the acrosome (Figure 

1.322) (Russell et al. 1990). 

Step I spermatids, which are newly formed from secondary spermatocytes, are clearly 

characterised by their reduction in nuclear volume. The Golgi apparatus then produces pro

acrosomal granules contained in pro-acrosomal vesicles. These will join to form the 

acrosome, which contains various substances including hyaluronidase enzyme required for 

penetration through the cumulus cells of the oocyte at fertilization. The pro-acrosomic 

vesicles can be visualised on the nucleus at step 2 (Figure 1.322). By step 3 these granules 

have fused into one, and begin to flatten and spread out over the nucleus from step 4 to 6. 

By step 6, the acrosome covers approximately one third of the nucleus head, increasing to 

half by step 7. By step 8 the round spermatid has orientated itself so that the nucleus is 

polarised to one side of the cytoplasm (Figure 1.322), and the acrosome is facing towards 

the basement membrane. The flagellum is visible at this stage and the process of 

elongation has begun. The round spermatid is now known as an elongating spermatid. At 

step 9 the nucleus is clearly beginning to elongate and the nuclear material is undergoing 

condensation (Figure 1.322). 

As the spermatid makes its way from step IO to stage 16 the nuclear head narrows and 

further elongates as the chromatin becomes tightly packed. The flagellum fully develops 

and there is a loss of cytoplasm. The elongating spermatid is embedded deep within the 

Sertoli cell and as it matures is translocated firstly towards the basement membrane and 

then back towards the lumen. This movement is believed to be facilitated by microtubules 

(Vogl et al. 2000). Then at step 16 the mature elongated spermatid, in a process known as 

spermiation, is released from the epithelium into the lumen of the tubule, leaving behind its 

cytoplasm in the form of the residual body which is consequently phagocytosed by the 

Sertoli cell (Russell 1993b). A small droplet of cytoplasm remains attached to the base of 

the head of the spermatozoa, persisting here as the sperm travel through the rete testis and 

efferent ducts into the epididymis. The cytoplasmic droplet is then lost as the sperm 

traverse the epididymis (Hess 2000). As the spermatozoa completes this journey it 



Figure 1.322 Schematic representation of spermiogenesis, illustrating the 16 steps of 

spermatid development 

Each of the first 7 steps of spermatid maturation are defined by the spread of the acrosome 

on the round spermatid nucleus (N). Step I spermatids are smaller than secondary 

spermatocytes and have no visible acrosome. The pro-acrosomic vesicle is first observed at 

step 2-3 (highlighted in pink). The acrosome then begins to flatten and spread out over the 

nucleus from step 4 (approximately 40°) to step 5 (95°), to step 6 (120°) round spermatids. 

By step 7 the acrosome is covering half of the nucleus ( 150°). Once step I to 7 are staged, 

the other cell types can be identified as appearing in each of these stages (Figure 1.323). 

Alternatively step 8 to 16 elongating spermatids can be identified by the shape of the 

nucleus and their position in the cdl. For example, step 8 spermatids have a nucleus that 

has moved to the base of the cytoplasm (C) with the acrosome facing towards the basement 

membrane. By step 9 the nucleus has begun to elongate and at step 10 a ventral angle is 

formed . Thi continue to develop at step I I with also a dorsal angle forming. Step 12 is 

most clearly defined by the presence of secondary spermatocytes, with the spermatid 

nucleus continuing to elongate and the chromatin condense from step 13 to I 6. 

Adapted from Russell et al ( 1990) 



1 2-3 4 5 

6 7 8 9 

10 
11 12 

14 15 
16 



Chapter 1 Literature Review 18 

undergoes further maturation changes, acquiring the ability to move forward (motility) and 

fertilize oocytes by the time it reaches the cauda epididymis (Setchell et al. 1994a). 

The estimated time for the germ cell to pass through each stage of spermatogenesis 

(Oakberg 1956) is summarised in Table 1.322. 

Table 1.322 Estimation of the time to complete each stage in spermatogenesis 

STAGE DURATION (HOURS) 

Spermatogonia 

Type A Always present 

Intermediate 27.3 

Type B 29.4 

Primary spermatocytes 

Pre-leptotene 31.0 

Leptotene 31.2 

Zygotene 37.5 

Pachytene 175.3 

Diplotene 21.4 

Diakenesis + metaphase 10.4 

Secondary spermatocytes 10.4 

Spermatids 229.2 

Adapted from Oakberg ( 1956) 

1.322 Spermatogenic cycle 

Spermatogenesis is a highly coordinated series of maturation events that in the mouse 

occurs in 12 highly structured stages (I-XII) (Russell et al. 1990). Each stage represents 
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one cell association depicted in any one cross section of the seminiferous epithelium 

(Figure 1.323). The cells along the bottom are the spermatogonia and immature 

spermatocytes that lie against the basement membrane. Type A spermatogonia, not 

depicted in the Figure, are found at all 12 stages. Whereas the cells at the top are those 

found closest to the lumen. For instance, at stage I the cells which are observed are type A 

spermatogonia, pachytene spermatocytes, step I round spermatids and step 13 elongated 

spermatids. Whereas it is at stage XII that zygotene and secondary spermatocytes are 

present, alongside step 12 elongated spermatids. The development of type A 

spermatogonia to a step 16 elongated spermatid occurs over 4 and a half cycles, taking 

aproximately 5 weeks. 

1.33 Sertoli cells 

The somatic Sertoli cells form the structure of the seminiferous tubules and reside on a 

basement membrane comprised of peritubular myoid cells (Figure 1.331). These cells 

have numerous functions that pertain to the successful completion of spermatogenesis (for 

review see; de Kretser & Kerr 1988; Bardin et al. 1988; Jegou 1992; Russell 1993a). 

1.331 Development and/unction 

The pre-Sertoli cells are the first cell type to differentiate in the developing gonad from the 

mesenephros (Section 1.31) (Russell 1993c). In the rat, Sertoli cells undergo a series of 

proliferations from day 16 pc until 2 days prior to birth (Orth 1982). At birth, the 

seminiferous cords are comprised almost entirely of Sertoli cells that number 

approximately 1 million, with the few gonocytes localized centrally (Wang et al. 1989). 

The Sertoli cells then rapidly proliferate again in the first 10 days after birth in the rat 

under the stimulus of FSH, with FSH receptors appearing on the Sertoli cells at this time 

(Almiron & Chemes 1988). At day 15 they number approximately 38 million, with this 

number remaining relatively stable throughout life. and now begin to differentiate (Wang 

et al. 1989). As Sertoli cells can only support a certain number of germ cells, the immature 

germ cells undergo apoptosis to reduce their number to a level that the Sertoli cells are 



lumen 

Basement 

membrane 

I 
I 
I 
I 
I 
I 

' I 

• f 
I 

d 

Fig11re 1.323 Spermatogenic cycle of the mouse 

r 
I 
I 
I 
I 
I 
I 

' I 
I 
I 

151 

I I 
I • I l 
I I 
I • I I 
I ' I ' • • • I 
I • I I IS I I 
I I 

• 1 
I I 
I t 
t I 
t I 
t I 

I 
I 

,' I 
1 I 

Stages of Cycle 

t 
t 

• I 
I 
I 

' I I I 
I I 

• I 
I • 
• t 
t I 

' I 
I I 
• I • 
I t 
I I 
r I 
I • t I I I llt rz 
I l I 
• l I 
l I 

, I 
I 
t 
I 

vi 
t 
I 
I 
I 
I z 

JI 

The spermatogenic cycle in the mouse contains 12 stages from I to XII. Each stage represents one cell association depicted in any one 

cross s ction of the seminiferous epithelium. The cells along the bottom are the cells that lie against the basement membrane, such as 

permatogonia (ln-8) and immature spermatocytes (pre-leptotene (Pl), leptotene (L) and zygotene (Z)). As the cell mature they 

tran ition towards the lumen from pachytene (P) spermatocyte to round spermatid (step 1-8) to elongating spermatid (step 9-16). 

Reproduced from Rus ell et al ( 1990) 
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The Sertoli cells (a) depicted schematically and (b) in the seminiferous epithelium. They 

extend from the basement membrane to the lumen and are clearly characterised by their tall 

columnar structure, extension of cytoplasmic fingers and large cytoplasmic volume. Their 

nuclei are distinct in that they are irregularly shaped and contain a tripartite nucleolus. 

Adapted from Russel] et al ( 1993) 
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capable of supporting (Section 1.532). Therefore, the relationship between the germ cells 

and Sertoli cell is intimate, with the number of mature sperm reliant on the number of 

Sertoli cells (Orth et al. 1988). 

Once proliferation ceases, the lumen appears at day 15 in response to the formation of 

Sertoli cell junctional complexes (Vitale et al. 1973). These tight junctions divide the 

seminiferous epithelium into a basal compartment, which houses the immature 

spermatogonia and early spermatocytes, and an adluminal compartment, in which the more 

mature germ cells reside (Figure 1.332) (Hudson & Burger 1979; Jegou 1992)). This 

junction forms part of the blood testis barrier which allows the seminiferous epithelium to 

regulate the entry of certain factors from the circulation (de Kretser & Kerr 1988). In this 

respect, the environment surrounding the germ cells from the early spermatocyte stage 

onwards is tightly controlled by the Sertoli cells themselves. The early spermatocytes 

move through this junction into the apical compartment. This occurs by the junctional 

complexes breaking down and reforming behind the germ cell, thus retaining the integrity 

of the blood testis barrier (Figure 1.333) (Jegou 1992). The development of these 

junctional complexes may be independent of hormonal action (Chemes et al. 1979) and the 

presence of germ cells (Jegou 1992). The Sertoli cells are responsible for the movement of 

germ cells from the basement membrane to the lumen as they mature. Spermiation, or 

release of the mature spermatid, appears to be also facilitated by the Sertoli cell itself 

(Russell 1993a). 

Once the blood testis barrier has been established, the immature Sertoli cells undergo a 

series of morphological transformations, such as increasing their size, increasing their 

cytoplasmic connections to germ cells, and various intracellular alterations (de Kretser & 

Kerr 1988), until maturity is reached at day 35. The cells extend from the basement 

membrane to the lumen and are clearly characterised by their tall columnar structure, 

extension of cytoplasmic fingers and large cytoplasmic volume (Figure 1.331). Their 

nuclei are distinct in that they are irregularly shaped and contain a tripartite nucleolus. The 

nucleus and many organelles are situated close to the basement membrane, with 



Sertoli Cell junctions 

Figure 1.332 Schematic diagram illustrating the location of the Sertoli cell junctions 

Tight junctions divide the seminiferous epithelium into a basal compartment which houses 

the immature spermatogonia and early spermatocytes, and an adluminal compartment, in 

which the more mature germ cells reside. This junction forms part of the blood testis 

barrier which allows the seminiferous epithelium to regulate the entry of certain factors 

from the circulation. 

Reproduced from Hudson and Burger (1979) 



Figure 1.333 Schematic diagram illustrating the formation of the Sertoli cell junctions 

(a) The spermatogonia lie on the basement membrane. (b) As they mature and move 

upward from the basal compartment, Sertoli cell tight junctions reform beneath the cell, 

forming the apical compartment. ( c) The spermatocytes are now connected by cytoplasmic 

bridges. 

Reproduced from Jegou (1992) 
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mitochondria and smooth endoplasmic reticulum located in the apical cytoplasm towards 

the lumen (Jegou 1992). 

Not only do Sertoli cells provide an optimal environment for germ cell development, but 

they are also responsible for the secretion of fluid. This begins around day 20 after lumen 

formation is complete (Jegou et al. 1982). The composition of the fluid produced in the 

Sertoli cells differs from that found in plasma (Setchell et al. 1994a), and fluid production 

appears important in the transport of nutrients from the basal to the apical regions of the 

cell. Essential factors are contained in this fluid for germ cell maturation, allowing the 

Sertoli cells to communicate in a paracrine fashion with the germ cells, and the germ cells 

to communicate with each other. The luminal fluid also assists with the release of 

elongated spermatids into the lumen, and is then responsible for transporting the mature 

spermatids through the rete testis to the epididymis. The production of fluid is controlled in 

the immature rat by FSH, and in the adult by testosterone (Jegou et al. 1982). 

The secretion of fluid from the Sertoli cell is bi-directional, secreted either into the luminal 

space, or into the surrounding interstitial fluid and into the circulation (approximately 

20%) (Bardin et al. 1988). In this respect, proteins synthesised by the Sertoli celJs can act 

in a paracrine fashion such as androgen binding protein (ABP), believed to play a role in 

the intracellular transport of androgens. Or proteins can be secreted into the circulation to 

act in an endocrine fashion, such as inhibin, to negatively regulate FSH production at the 

level of the pituitary (Bardin et al. 1988). 

1.34 Leydig cells 

The interstitium surrounds the seminiferous tubules and encompasses approximately l /6 of 

the testis volume (Mori & Christensen 1980). It consists of macrophages, blood vessels 

and peritubular myoid cells, however the most prominent cell type are the Leydig ceJJs, 

important primarily for testosterone biosynthesis (Figure 1.341). 



Figure 1.341 The structures within the interstitial space 

The interstitial space (I) surrounds the seminiferous tubules (S) in the testis, and contains 

Leydig cell nuclei (L) surrounded by cytoplasm, blood vessels (B), peritubular myoid cells 

(P) and macrophages (not shown). 
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1.341 Morphological development 

Leydig cells undergo 2 major maturational stages of development before they reach full 

maturity (for review see Benton et al. 1995; Ge et al. 1996; Lejeune et al. 1998). 

i Foetal 

Due to the presence of testosterone, precursor Leydig cells which have developed from 

mesenchymal-like stem cells are already present in the gonad as early as l 1.5dpc 

(Merchant-Larios et al. 1993; Benton et al. 1995), and almost immediately differentiate 

into foetal-type Leydig cells (Byskov 1986). This occurs under the influence of factors 

such as IGF-1 (Rouiller-Fabre et al. 1998). The primary function of these Leydig cells is to 

synthesise androgens required for differentiation of the Wolfiaan ducts into the male 

gonads. Without these androgens, the Wolfiaan duct will regress and the Mullarian duct 

will differentiate, forming female reproductive structures. Foetal Leydig cells therefore 

play a crucial role in male development. However once the male urogenital tract is formed, 

the foetal Leydig cells are believed to regress (Habert & Picon 1982; Habert et al. 1992; 

Habert 1993), possibly by the assistance ofTGFJ3 (Gautier et al. 1994). 

ii Postnatal 

During the neonatal period, another population of Leydig cells emerge (Figure 1.342). 

These progenitor Leydig cells are not derived from the foetal Leydig cell population, but 

from peritubular 'mesenchymal-like' cells, suggesting a similar origin to foetal Leydig 

cells (Hardy et al. 1989; Vergouwen et al. 1991 ). It was believed that foetal Leydig cells 

remained in the postnatal testis, but only numbered 0.008% of the adult, therefore were 

postulated not to play a significant role in androgen production (Benton et al. 1995). 

However a recent study has found that they are the primary testosterone synthesising cell 

until day 7 of life (Ariyaratne & Chamindrani Mendis-Handagama 2000). They remain in 

the testis in the adult, producing testosterone for the continued development of the male 

reproductive system, however compared to adult-type Leydig cells are not rapidly 

proliferating (Ariyaratne & Chamindrani Mendis-Handagama 2000). During postnatal 
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Figure 1.342 Model for the proliferation and di.fferentation of Leydig cells 

Proliferation of progenitor Leydig ce ls occurs through stimulation by growth factors 

(GF) and possibly F H. These cells then differentiate into immature Leydig cells 

primarily under the influence of LH, but also by F H androgens and macrophages. 

This process can be inhibited by oestradiol and anti-mullerian hormone (AMH). 

Immature Leydig cells then undergo a single division to form an adult cell, stimulated 

again by LH also by IGF-1 TGF-a and IL-lp. This final differentiation can be 

inhibited by TGFp. 

Adapted from Benton et al (1995) and Lejeune et al (1998) 
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development these mesenchymal-like stem cells proliferate under a stimulus from 

macrophages and growth factors, until they differentiate into precursor Leydig cells, 

committed to the Leydig cell lineage at day 14 (Hardy et al. 1989; Vergouwen et al. 1991; 

Khan et al. 1992a; Moore & Morris 1993; Gaytan et al. 1994). Although they are 

immature and have little smooth endoplasmic reticulum, these precursor cells are capable 

of androgen function, expressing 3J3-hydroxysteroid dehydrogenase (3(3-HSD) and the LH 

receptor (Hardy et al. 1990; Shan & Hardy 1992). 

In the course of their maturation, precursor Leydig cells then differentiate into immature 

Leydig cells at day 28 in the rat, their shape altering from the spindle shape to form the 

round, lipid droplet filled morphology consistent with adult Leydig cells (Shan & Hardy 

1992). This occurs primarily under the stimulus of LH (Teerds et al. 1989; Teerds 1996) 

and FSH (Lejeune et al. 1998), however androgens are also believed to be important 

(Murphy et al. 1994). In contrast to this oestrogens (see Section 1.4 for further discussion), 

and anti-mullarian hormone (AMH) (Behringer et al. 1994; Mishina et al. 1996) are 

believed to inhibit this differentiation process. The immature Leydig cells with their larger 

smooth endoplasmic reticulum are increasingly steroidogenically active, however due to 

their high level of 5a-reductase, primarily produce Sa-reduced androgens such as 

androstane-3a, 17'3-diol (Adiol) and 3a-hydroxysteroid dehydrogenase (3a-HSD) (Murono 

1989; Shan et al. 1993). 

After a final single division by day 56 in the adult rat (age of sexual maturity), stimulated 

by LH and growth factors such as IGF-1, TGF-a and IL-1 '3 (Khan et al. 1992a; Khan et al. 

1992b; Baker et al. 1996), and inhibited by TGF-P, the immature Leydig cells finally form 

mature Leydig cells. This final division to form mature cells occurs alongside 

morphological transitions, such as increases in cell size, LH receptor, and the steroidogenic 

secreting capabilities of the cell, involving the enzymes 3J3-HSD, P450scc, P450c 17 and 

17(3-HSD (Shan et al. 1993). In the adult, the activity of 5a-reductase and 3a-HSD 

decline, with the primary androgen secreted in the adult now being testosterone (Shan et 
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al. 1993; Viger & Robaire 1995). Adult Leydig cells are responsible for secreting the 

testosterone required for the onset of spermatogenesis and for maintaining reproductive 

function ( de Kretser & Kerr 1988). Once the Leydig cells have reached adulthood they 

rarely proliferate, if the population is destroyed they instead self-renew from the 

mesenchymal stem cell population which have persisted in the adult (Hardy et al. 1989; 

Moore et al. 1992). 

1.342 Steroidogenesis 

The Leydig cells are believed to be the primary cell in the testis capable of synthesising 

testosterone from the cholesterol substrate (Cooke et al. 1972) (for review see Saez 1994; 

Payne & Youngblood 1995). This process is dependant on LH, released from the pituitary 

under the stimulus of the hypothalamic gonadotrophin-releasing hormone (GnRH) (Figure 

1.343). LH binds to its receptor on the surface of Leydig cells (Figure 1.344), activating 

the receptor and causing an increase in intracellular cAMP, via adenylate cyclase (for 

review see Dufau 1988; Cooke et al. 1992; Huhtaniemi & Toppari 1995). This leads to free 

cholesterol being transported to the inner mitochondrial membrane via the steroidogenic 

acute regulatory (ST AR) protein (Clark et al. 1994; Stocco & Clark 1996 ). Cholesterol 

precursors are derived from the blood in the form of circulating lipoproteins; from stores of 

free cholesterol inside the Leydig cell itself; or synthesised de novo from acetate (Payne & 

Youngblood 1995). 

The rate-limiting step in this process is the cholesterol side chain cleavage (P450scc) 

enzyme, present only in the mitochondria of the Leydig cells (Payne 1990). Once this 

enzyme has converted C27 cholesterol to C21 pregnenolone, pregnenolone then diffuses 

back across the mitochondrial membrane to the smooth endoplasmic reticulum, where the 

enzymes are present for further modification (Payne & Sha 199 I ; Greco & Payne 1994 ). 

The first step in the formation of testosterone is the conversion of pregnenolone to 

progesterone by 3P-hydroxysteroid dehydrogenase (3P-HSO), again this enzyme is only 

found in the Leydig cells (Dupont et al. 1990; Pelletier et al. 1992), suggesting that this is 
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Figure 1.343 The Hypothalamus-Pituitary-Gonadal (HPG) axis 

LH and FSH are released from the pituitary under the contro) of GnRH, and act on the 

Leydig cells and Sertoli cells, respectively. Testosterone, synthesised wider the stimulus of 

LH, is able to act in a negative feedback manner at both the pituitary and hypothalamus to 

inhibit LH secretion. Whereas, the Sertoli cells release the peptide inhibin to inhibit FSH 

secretion at the pituitary. 
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LH increases cAMP to transport free cholesterol into the inner mitochondrial membrane via the ST AR protein, where the rate 

limiting enzyme, P450 converts the cholesterol to pregnenolone. Further steps in the biosynthesis of testosterone occur in the 

smooth endoplasmic reticulum. Testosterone is then released from the Leydig cells either into the bloodstream or by diffusing 

into the seminiferous tubules, or is further metabolised in the Leydig cells via the 5a-reductase or aromatase enzymes. 

Adapted from Payne and Youngblood (1995) 
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the only cell in the testis able to convert cholesterol to progesterone. However, the 

seminiferous tubule epithelium is still capable of further modifying the steroids secreted by 

Leydig cells. After progesterone is formed (Figure 1.344), its C11 is hydroxylated by 17a

hydroxy lase, and then converted to androstenedione by the actions of C 11-20 Lyase. These 2 

enzymes can be grouped together as P450 17a. To form testosterone, the 17-ketone is 

reduced by 17-hydroxysteroid dehydrogenase type 3 (l 7P-HSD). Testosterone is then 

secreted from the Leydig cells into the bloodstream or is able to diffuse into the 

seminiferous tubules to maintain spermatogenesis. Androstenedione and testosterone can 

be converted via aromatisation into oestrone or oestradiol, respectively (Section 1.21). 

The essential enzymes required for androgen biosynthesis (P450 17a and 3P-HSD), are 

expressed as early as day 13 of foetal development in the mouse (Greco & Payne 1994 ). 

This suggests that the foetal Leydig cells have the ability to synthesize androgens from this 

early age, important in the masculinisation of the male urogenital tract. These enzymes 

function throughout life, however during aging in the rodent, testosterone levels are found 

to decrease. This is not attributable to a reduction in serum LH levels, but rather in all 

aspects of the steroidogenic pathway (Zirkin & Chen 2000). Both LH receptors and the 

intracellular signalling mechanisms involving cAMP production are decreased, as are 

levels of the ST AR protein, suggesting an impairment in cholesterol transport to the 

mitochondria, and all steroidogenic enzymes (Zirkin & Chen 2000). 

1.35 Associated ducts 

Once the mature sperm are released from the seminiferous epithelium during the process of 

spermiation, they undergo further maturational changes as they make their passage through 

the rete testis (Goyal et al. 1997). This major duct system of the testis empties into a 

collection of tubules, lined by simple cuboidal epithelial cells, which join to the initial 

segment of the epididymis through small efferent ductules (llio & Hess 1994 ). The primary 

function of these ductules is to reabsorb water, ions and proteins, studies showing they 

reabsorb 90% of the rete testis fluid. The removal of this fluid allows for more 
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concentrated sperm to enter the epididymis, ensuring a high concentration of sperm will be 

ejaculated (llio & Hess 1994; Clulow et al. 1994; Clulow et al. 1998; Hess 2000). The 

journey from the seminiferous epithelium through to the cauda epididymis also acquires 

the spermatozoa specific motility and fertilisation capabilities by the time they reach the 

cauda (tail) epididymis (Setchell et al. 1994b ). 

1.36 Hormonal regulation of spermatogenesis 

The testes are not only responsible for the production and storage of viable spermatozoa, 

but are a major endocrine organ responsible for the manufacture and secretion of steroid 

hormones. Both of these functions require stimulation by the gonadotrophins, LH and 

FSH, released from the pituitary under the control of GnRH (Figure 1.343) (for review see 

Weinbauer & Nieschlag 1993; Mclachlan et al. 1995b; Ulloa-Aguirre et al. 1995; 

McLachlan et al. 1996). LH stimulates the Leydig cells to synthesise androgens such as 

testosterone, which can then diffuse into the seminiferous epithelium, whereas FSH acts 

directly on the epithelium. It is generally believed that androgens and FSH act on receptors 

within the Sertoli cells rather than within the germ cells (Kangasniemi et al. 1990; 

Rannikki et al. 1995) (for review see Jegou 1993). 

The importance of gonadotrophins is observed through numerous studies where these 

hormones are withdrawn and spermatogenesis is detrimentally affected. Such as GnRH 

immunisation (Awoniyi et al. 1989), GnRH agonist/antagonist treatment (Matsumoto et al. 

1986; Rea et al. 1986; Huhtaniemi et al. 1986). hypophysectomy (Russell el al. 1987b) and 

suppression of intratesticular testosterone levels through exogenous testosterone (Kula 

1988). Also the hpg (hypogonadal) mouse, congenitally deficient in GnRH therefore 

lacking FSH and LH, which displays underdeveloped testes with spermatogenesis arrested 

at the early stages of germ cell development (Ebling et al. 2000). However, the specific 

importance of each hormone in spermatogenesis is only recently beginning to be 

understood. 
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In the immature animal, FSH is crucial for the proliferation and structure of the Sertoli 

cells, thus in this regard plays an important role in controlling the sperm producing 

capacity of the testis (Singh & Handelsman 1996a). Further importance for FSH in Sertoli 

cell development can be seen with specific knockout models. Mice lacking a functional 

FSH Receptor (FORKO) (Dierich et al. 1998) have underdeveloped testes and reduced 

fertility, with a reduction in the epithelial diameter presumably as a consequence of 

inhibited Sertoli cell proliferation (Krishnamurthy et al. 2000). The phenotype is similar, 

although slightly less severe, when the FSHJ3 subunit gene is functionally disrupted, with 

the males remaining fertile, how compensatory mechanisms may be a factor (Kumar et al. 

1997). FSH also plays a role in the mature rodent, particularly in the secretory capacity of 

the Sertoli cell, including factors such as inhibin (Le Gae & de Kretser 1982), transferrin 

(Skinner & Griswold 1982), plasminogen activator (Lacroix et al. 1977) and aromatase 

(Dorrington & Armstrong 1975). It is speculated that it is through Sertoli cell specific 

proteins that an intricate communicatory network exists between this cell and the germ 

cells (Jegou 1993 ). However, there is also evidence to suggest that FSH may play a direct 

role in spermatogenesis, particular in the maturation of spermatogonia and spermatocytes 

(Moudgal et al. 1997; Meachem et al. 1998) (for review see Mclachlan et al. 1996) and in 

their survival following hypophysectomy (Russell et al. l 993) and GnRH immunisation 

(Mclachlan et al. 1995a). This is further examined in the FORKO mouse, in which the 

absence of a functional FSH R leads to a significant decrease in the number of mature 

spermatids (Krishnamurthy et al. 2000). Thus, FSH appears to play an important role in 

early germ cell maturation. 

Androgen receptors are also localised to Sertoli cells and highly expressed at the mid 

stages which are believed to be androgen dependant. As mentioned, FSH is believed to be 

important for progression through mitosis and meiosis, however is unable to stimulate any 

further maturation through spermiogenesis (Bartlett et al. 1989; Singh & Handelsman 

1996b). Testosterone, on the other hand, is essential for a round spermatid to progress to an 

elongated spermatid (Sun et al. 1990), specifically step 7 to step 8 (O'Donnell et al. 1994). 

In the absence of this hormone, the round spermatids are unable to adhere to the epithelium 
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and are prematurely released, presumably as a result of a loss of testosterone dependant 

cell adhesion molecules (O'Donnell et al. 2000). Following the withdrawal of testosterone, 

step 7 spermatids are also susceptible to cell death, with the administration of testosterone 

able to increase their survival (Russell & Clermont 1977; Kerr et al. 1993). However, 

investigations into the hpg mouse suggest that testosterone may also be important for 

earlier stages of spermatogenesis, where in the absence of LH and FSH, testosterone 

replacement is sufficient to reinitiate quantitatively normal spermatogenesis (Singh et al. 

1995). FSH is, however, still required for normal levels of Sertoli cells, thus in these 

animals total spermatogenic output is decreased unless FSH is replaced (Singh & 

Handelsman 1996a). 

To date, it has been fairly well established that FSH and testosterone are two major 

hormonal players in the process of spermatogenesis. However, strong evidence is now 

emerging that indicates another player, oestrogen, as possibly having an as yet unidentified 

but crucial role in this complex process. 

1.4 LOCALISATION OF AROMA T ASE AND ER IN THE TESTIS 

Oestrogen has been recognised since the l 930's to be synthesised in the male (Zondek 

1934), however the significance of finding this 'female' hormone in the male was short 

lived as its role was considered to be of little importance to the functioning of the testis and 

as such was not well studied. In fact by the l 970's knowledge on the cell types within the 

testes responsible for oestrogen synthesis were unclear, as was where oestrogen was acting. 

In this section of the review, an overview of the expression of ERa, p, and aromatase 

localization of mRNA and protein in the testis from the foetal rodent through to adulthood 

will be presented, see Abney 1999; Carreau 2000; Carreau et al. 1999 and Hess et al. 1995 

for other reviews. 
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1.41 Foetal testis 

During foetal development in the mouse, oestrogen receptors are found in all stages of 

testicular development. In fact, immunocytochemical studies localise the ER (no 

distinction was made between ERa. and J3) as early as day 10 in the developing mouse 

foetus, when the gonad is still undifferentiated, suggesting oestrogen may have a role very 

early in the differentiation process (Greco et al. 1992). Greco and colleagues (Greco et al. 

1992) demonstrated that both the associated ducts and the gonads contained ER from day 

13 of gestation, while the interstitial Leydig cells were positive at day 15 and remained so 

until birth. At day 17 of gestation, ER was specifically localised to both Sertoli cells and 

gonocytes (Greco et al. 1992). At birth in the mouse ( day 19) ERs are found in the 

epididymis (Greco et al. 1992), and a high level of oestradiol binding sites have been 

demonstrated in the efferent ducts and initial segment, decreasing in abundance along the 

epididymis towards the cauda (Cooke et al. 1991; Greco et al. 1992). 

Studies by Nielsen et al (2000), and Jefferson et al (2000), using a specific ERa. antibody, 

readdressed the issue of ER localisation in the male reproductive structures during foetal 

development in the mouse (Table 1.4). ERa. was faintly immunolocalised to the 

undifferentiated sex ducts at day 11.5 p.c., leading Nielson et al (2000) to suggest that the 

ER detected by Greco et al ( 1992) may in fact be ERa.. At day 13.5 the gonad is 

recognizable as male (Section 1.31), with ERa. only localised to the interstitial Leydig 

cells (Nielsen et al. 2000; Jefferson et al. 2000). Although ERa. increases in the Leydig 

cells until birth, the testicular cords (the developing seminiferous tubules) remain negative 

throughout development (Nielsen et al. 2000). At day 15.5 the developing epididymis and 

efferent ductules were also immunopositive for ERa., with expression increasing in the 

efferent ductules (associated ducts) during late foetal development (Nielsen et al. 2000). 

Recently, Jefferson et al (2000) examined expression of ERa. and J3 throughout 

development in the mouse. ERJ3 mRNA was found as early as day 14 in the foetal testis, 

and ERJ3 protein was immunolocalised to the germ cells (gonocytes) at day 16. At this age, 



Table 1.4 

POET. L 

Gonad 

Gonocytes 

ertoli cells 

Leydig cells 

A sociated ducts 

EO TALI 
P BERT. 

Whole testis 

Germ cells 

Gonocytes/ 
permatogonia 

p rmatocytes 

rto/i cells 

Leydig cells 

Published studies investigating the localisation of ERa, ERP and aromatase in the rodent testis throughout development 

ERa 

+ 

R m- (Jeffer on et al. 2000) 

P m- ielsen et al. 2000; 
Jefferson et al. 2000) 
r- (Fisher et al. 1997; aunders et 
al. 1998; ar & Wei ch 2000) 
P m- iel n et al. 2000) 
r- (Fi h r et al. 1997· ar & 
Wei ch 2000) 

R m- (Jeffers n et al. 2000) 
r- (Tena- empere et al. 2000) 

P m- ielsen et al. 2000: 
Jefferson et al. 2000) 

P m- (Nielsen et al. 2000) r
(Fisher et al. 1997; 

aunders et al. 1998) 

P m- (Nielsen et al. 2000) r
(Fisher et al. 1997; 

aunders et al. 1998) 

P m- ielsen et al. 2000) 
r- (Fi her et al. 1997; 

aunders et al. 1998; ar & 
Wei ch 2000) 

P m- ielsen et al. 2000) 
r- (Fisher et al. 1997 · 

aund rs et al. 1998; Sar & 
Welsch 2000) 

ERP 

+ 

R m- (Jefferson et al. 2000) 

R r- (van Pelt et al. 1999) 
P m- (Jefferson et al. 2000) 
r- (Saunders et al. 1998; van 
Pelt et al. 1999) 
R r- (van Pelt et al. 1999) 
P r- (van Pelt et al. 1999; 
Saunders et al. 1998) 
R r- (van Pelt et al. 1999) 
P r- (van Pelt et al. 1999; 
Saunders et al. 1998) 

Pr- ( ar & Welsch 2000) 

R m- (Jefferson et al. 2000) 
r- (Tena-Sempere et al. 2000) 

R r- ( an Pelt et al. 1999) 
P m- (Jefferson et al. 2000) 
r- (van Pelt et al. 1999; 

aunders et al. 1998) 
R r- (Saunders et al. 1998) 
P m- (Jefferson et al. 2000) 
R r- (van Pelt et al. 1999) 
Pr- ( an Pelt et al. 1999; 

aunders et al. 1998) 

R r- ( an Pelt et al. 1999) 

Aromatase 

+ 

A r- (Weniger & Zeis 1987; 
Weniger & Zeis 1988) 

Ar- (Tsai-Morris et al. 1985) 

Ar- (Tsai-Morris et al. 1985; 
Rommerts et al. 1982; 
Papadopoulos et al. 1986) 

P r- (Kurosurni et al. 1985) 
A r- (Tsai-Morris et al. 1985; 

P r- (Kurosumi et 
al. 1985) 

P r- (Kurosumi et 
al. 1985) 



r- (Fisher et al. 1997; Saunders et Rommerts et al. 1982; 
al. 1998; Sar & Welsch 2000) Papadopoulos et al. 1986) 

Rete testis P r- (Fi her et al. 1997) 
Efferent ducts P m- (Nielsen et al. 2000) 

r- (Fisher et al. 1997) 
Epididymis Rm- (Jefferson et al. 2000) R m- (Jefferson et al. 2000) 

P m- (Jefferson et al. 2000; P m- (Jefferson et al. 2000) 
Nielsen et al. 2000) r- (Sar & Welsch 2000) 
r- (Fisher et al. 1997; Sar & 
Welsch 2000) 

ADULT 

Whole testis R m- (Couse et al. 1997) R m- (Rosenfeld et al. 1998) Rm- (Couse et al. 
1997) 
r- (Pelletier et al. 
2000) 

Germ cells Pr- (Fisher et al. 1997; Sar A m- (Nitta et al. 1993) P r- (Kurosumi et 
& Welsch 2000) al. 1985) 

permatogonia R r- (Pelletier et al. 2000) R r- (van Pelt et al. l 999) R r- (Shughrue et al. 
Pr- (van Pelt et al. 1999; 1998) 
Shughrue et al. 1998) Pr- (van Pelt et al. 

1999) 
permatocytes P r- (Pelletier et al. 2000) R r- (Pelletier et al. 2000) R r- (van Pelt et al. 1999; Rm- (Nitta et al. 1993) 

Shughrue et al. 1998) r- (Levallet et al. 1998a; 
Pr- (van Pelt et al. l 999; Levallet et al. 1998b; Carreau 
Saunders et al. 1998) & Levallet 1997) 

P m- (Nitta et al. 1993) 
r- (Janulis et al. 1998) 
A r- (Janulis et al. 1998) 

Round R r- (Pelletier et al. 2000) R r- (van Pelt et al. 1999) R m-(Nitta et al. 1993) 
spermatids P r- (van Pelt et al. 1999; r- (Levallet et al. 1998a; 

Saunders et al. 1998) Levallet et al. 1998b; Carreau 
& Levallet 1997) 
P m- (Nitta et al. 1993) 
r- (Janulis et al. 1998) 
A r- (Janulis et al. 1998) 

Elongated P m- (Rosenfeld et al. 1998) P r- (van Pelt et al. R r- (Levallet et al. 1998a; 
spermatids 1999; Saunders et al. Carreau & Levallet 1997) 

1998) P m- (Nitta et al. 1993) 
A (Leval let el al. 1998a) 

ertoli cells R m- (Pelletier et al. 2000) R r- (van Pelt et al. 1999· R r- (Pelletier et al. R r- (Levallet et al. 1998a; 
Pr- (Fisher et al. 1997; Sar Shughrue et al. 1998) 2000) Carreau & Levallet 1997) 
& Welsch 2000) P r- (van Pelt et al. l 999· P m- (Nitta et al. 1993) 

Saunders et al. 1998; Saunders Activity 



Leydig cells 

Rete testis 
f,ffert'llt ducts 

Epidk~rmis 

Epidi,~rmal 
Spt•rm 

(cytoplasmic 
dropletJ 

R r- (Pelletier et al. 2000) 
Pr- (Fisher et al. 1997: Sar & 
Welsch 2000: Pelletier et al. 2000) 

P r- (Fisher et al. 1997) 
R r- (Hess et al. 1997) 
Pr- (Fisher et al. 1997: Hess et al. 
1997) 
R m- (Couse et al 1997) Pr- (Fisher el al 1997) 
r- (Hess et al 1997) 
Pr- (Hess et al. 1997: Sar & 
Welsch 2000) 

et al. 1997: Pelletier et al. 
2000) 

R m- (Rosenfeld et al. 1998) 
P m- (Rosenfeld et al. 1998) 

R r- (Hess et al. 1997) 
P m- (Rosenfeld et al. 1998) 

R m-(Couse eta/. 1997; 
Rosenfeld et al. 1998) 
r- (Hess et al. 1997) 
P m- (Rosenfeld et al. 1998: 
Sar & Welsch 2000) 

R r- (van Pelt et al. 
1999) 
P r- (van Pelt et al. 
1999) 

r- (Tsai-Morris et al. 1985; 
Rommerts et al. 1982; 
Papadopoulos et al. 1986) 
R r- (Levallet et al. 1998a; 
Carreau & Levallet 1997; 
Janulis et al. 1996a) 
Pm- (Nitta et al. l 993) 
r- (Kurosumi et al. 1985; 
Janulis et al. 1998; Levallet et 
al. 1998a) 
A m- (Nitta et al. 1993) 
r- (Tsai-Morris et al. 1985; 
Rommerts et al. 1982; Levallet 
et al. 1998a; Papadopoulos et 
al. 1986; Valladares & Payne 
1979) 

P r- (Janulis et al. 1998; 
Janulis et al. 1996b) 
A r- (Janulis et al. 1998; 
Janulis et al. 1996b) 

The demonstration of either protein (P). mRNA (R) or activity (A} in either rat (r) or mouse (m) is indicated in the+ column. Organs/cell types were 
only included in the - column if a particular manuscript had specifically indicated that either the ER or aromatase was not present. Earlier studies that did 
not discriminate between ERa and ERJ3 are not included. The term ·associated ducts' in the foetus includes the Wolfiaan duct which differentiates into 
the epididymis and vas deferens. and also the efferent ductules and epididymis. Protein localisation was determined by immunocytochemistry or Western 
blot, with mRNA localisation by RNA protection assay, RT-PCR, insitus hybridisation or Northern blot. 
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ERa. mRNA was found in whole testis and epididymis, with low levels of ERP seen in the 

same tissues. 

ERa. and ERP have been localised to the foetal rat testis (Table 1.4). Both ERP protein and 

mRNA are found as early as day 16 of gestation in the gonocytes, Sertoli cells and Leydig 

cells, remaining in these cells until birth (Saunders et al. 1998; van Pelt et al. 1999; Sar & 

Welsch 2000). However, it is the gonocytes that express ERP in higher abundance than the 

other testicular cells (van Pelt et al. 1999; Saunders et al. 1998), possibly suggesting a 

direct role in gonocyte maturation. In contrast to ERP, ERa. is only found outside of the 

seminiferous epithelium (Fisher et al. 1997; Saunders et al. 1998), with both ERa. protein 

and ERP mRNA and protein localised in foetal rat Leydig cells (Fisher et al. 1997; 

Saunders et al. 1998; van Pelt et al. 1999). In fact oestrogen receptors are expressed in the 

Leydig cells at a stage in development when the androgen receptor is not yet expressed 

(Majdic et al. 1995), highlighting a role for oestrogen at this stage. There is evidence for 

both ERa. and ERP protein in the rat associated ducts, which will eventually differentiate 

into the efferent ductules and adjoining epididymis (Fisher et al. 1997; Sar & Welsch 

2000). 

The foetal rat testis also has aromatase activity (Weniger & Zeis 1987; Weniger 1990; 

Weniger 1993), and is first expressed by day 19 (Weniger & Zeis 1987). The cell type 

responsible may be the Sertoli cells, as oestrogen production by foetal testes in culture is 

stimulated by FSH (Weniger & Zeis 1988). Interestingly, this is close to the time when 

FSH receptors first appear on the Sertoli cells (see Pelliniemi et al. 1993 for review). There 

is also evidence that foetal Leydig ceJls have the capacity for LH stimulated-aromatisation 

of androgens (Tsai-Morris et al. 1986). 

1.42 Neonatal and immature testis 

After birth, the testis continues to express both ER isoforms and aromatase (Table 1.4). 

Most reports suggest that ERP protein and mRNA, rather than ERa., appears to be 
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localised to the rat seminiferous epithelium, in both Sertoli cells and developing germ cells 

(Saunders et al. 1998; van Pelt et al. 1999). In the mouse, the testis at this time also 

continues to abundantly express ERP mRNA, with immunocytochemical studies localising 

this ER to the germ cells (Jefferson et al. 2000). 

ERa expression is restricted to the cells which lie outside of the seminiferous epithelium 

(Fisher et al. 1997; Saunders et al. 1998; Nielsen et al. 2000), with ERa (Fisher et al. 

1997; Saunders et al. 1998; Jefferson et al. 2000; Sar & Welsch 2000; Nielsen et al. 2000), 

along with ERP (Saunders et al. 1998; van Pelt et al. 1999), continuing to be found in the 

Leydig cells of mice and rats during the neonatal period. ERa protein is also found in the 

rete testis (Fisher et al. 1997), efferent ductules (Fisher et al. 1997; Nielsen et al. 2000), 

and the epididymis (Fisher et al. 1997; Nielsen et al. 2000; Sar & Welsch 2000), where it 

has also remained since foetal development. In fact, ERa is expressed in much higher 

levels in the efferent ducts than the cauda epididymis (Fisher et al. 1997; Nielsen et al. 

2000). ERP is also found in the epididymis (Jefferson et al. 2000; Sar & Welsch 2000). 

At this stage of development, basal aromatase activity is found in both the immature 

Leydig cells and Sertoli cells (Rommerts et al. 1982; Tsai-Morris et al. 1985; 

Papadopoulos et al. 1986), however activity is significantly induced by FSH in the Sertoli 

cells (Papadopoulos et al. 1986). In fact at this age, Sertoli ceJls were more active in 

producing oestrogen than neonatal Leydig cells and adult Sertoli cells, suggesting that 

these cells are an important source of oestrogen in the postnatal testis (Rommerts et al. 

1982). At this age, germ cells have been reported not to contain aromatase (Tsai-Morris et 

al. 1985; Kurosumi et al. 1985) 

During days I 0-26 in the immature rat, Leydig cells and Sertoli cells are dividing and 

undergoing functional maturation (see de Kretser & Kerr 1988 for review). Again, ERa is 

absent from the seminiferous epithelium with only ERP prominent in the epithelium of the 

immature rodent (Table 1.4). Specifically in the tubules of the rat, ERP mRNA and protein 
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are weakly stained in the spermatogonia (Saunders et al. 1998; van Pelt et al. 1999) and in 

immature Sertoli cells (Saunders et al. 1998; van Pelt et al. 1999), however by day 2 I it is 

abundantly expressed in the pachytene spermatocytes (Saunders et al. 1998). Other germ 

cells did not show ERJ3 staining (van Pelt et al. 1999). By day 12 in the mouse, ERJ3 is also 

specifically immunolocalised to the spermatocytes, however its expression then decreases 

and is undetectable by day 26 (Jefferson et al. 2000). Again, rat and mouse (van Pelt et al. 

1999) Leydig cells express ERa (Fisher et al. 1997; Saunders et al. 1998; Sar & Welsch 

2000; Jefferson et al. 2000) (Table 1.4). 

During the neonatal and pubertal period of development, ERa is prominent in the rete 

testis, efferent ductules (Fisher et al. 1997) and appears to be present in the mouse 

epididymis (Jefferson et al. 2000), with low to undetectable levels in the maturing rat 

epididymis (Fisher et al. 1997). ERP mRNA and protein is also present in the epididymis 

at this time (Jefferson et al. 2000). 

Aromatase appears to have an age dependant pattern of expression. As the animal matures, 

the Leydig cells appear to take over the role of oestrogen production from the Sertoli cells 

(Tsai-Morris et al. 1985), with their basal aromatase activity increasing 3-4 fold 

(Rommerts et al. 1982) and now stimulated by LH (Papadopoulos el al. 1986). The Sertoli 

cells continue to express basal levels of aromatase (Papadopoulos et al. 1986). This 

cellular redistribution may be due to the immaturity of the Leydig cells in the neonatal 

testis, causing them to be incapable of oestrogen synthesis until they have undergone a 

series of postnatal maturation steps. 

1.43 Adult testis-germ cells 

There is now considerable evidence that germ cells contain both oestrogen receptors and 

aromatase. In the rat, both ERP and aromatase co-localise in many germ cell types, with 

some conflicting results. One study found both ERP mRNA and protein in type A 

spermatogonia (van Pelt el al. 1999), whereas another study did not (Shughrue et al. 1998). 
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There is also evidence for ERf3 in intermediate and type B spermatogonia in some studies 

(Saunders et al. 1998), but not others (van Pelt et al. 1999), and absent from leptotene, 

zygotene, and early pachytene spermatocytes (Saunders et al. 1998). ERf3 mRNA and 

protein is found in pachytene spermatocytes (Saunders et al. 1998; Shughrue et al. 1998; 

van Pelt et al. 1999), with aromatase mRNA and activity also found in these cells in rats 

and mice (Nitta et al. 1993; Shughrue et al. 1996; Carreau & Levallet 1997; Janulis et al. 

1998; Levallet et al. 1998a). 

Both ERf3 and aromatase remain in the germ cells as they further mature into round 

spermatids (Table 1.4) (Nitta et al. 1993; Carreau & Levallet 1997; Saunders et al. 1998; 

Janulis et al. 1998; Levallet et al. 1998a; Levallet et al. 1998b; van Pelt et al. 1999). While 

several reports show ERP in pachytene spermatocytes and round spermatids, see Table 

1.4, only one study in mice found it only in elongated spermatids (Rosenfeld et al. 1998), 

with another finding no expression at all in the testes of mice (Couse et al. 1997), Another 

study in rats did not find ERP in spermatocytes and spermatids, but did suggest the 

presence of ERa (Pelletier et al. 2000). Thus there is conflicting data on the localisation of 

the two receptors, presumably arising from methodological differences, although species 

differences may also have confounding effects on the interpretation of the data. 

Aromatase appears to be present in higher levels in mature spermatids of the rat than 

earlier in germ cells (Carreau & Levallet 1997; Leval let el al. 1998a). Aromatase mRNA 

and activity was higher in the germ cells of the mouse and rat when compared to Leydig 

cells (Nitta et al. 1993; Janulis el al. 1996a; Carreau & Levallet 1997), suggesting that the 

germ cells are an important source of oestrogen in the testis. Aromatase localisation is 

observed to move from the Golgi apparatus to the cytoplasm during spermatid 

development (Nitta et al. 1993). When round spermatids begin the morphological 

transformation into elongated spermatids, aromatase continues to be found in these cells 

(Janulis et al. 1996a; Carreau & Levallet I 997; Levallet el al. 1998a; Levallet el al. 1998b; 

Janulis el al. 1998; van Pelt el al. 1999). ERP is not present in the elongated spermatids in 
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the rat (Saunders et al. 1998; van Pelt et al. 1999), however there is a report that it may be 

present in mice (Rosenfeld et al. 1998). Aromatase appears to be immunolocalised to the 

flagella of the developing spermatid (Nitta et al. 1993). When elongated spermatids are 

released from the epithelium, during the process of spermiation, aromatase remains in the 

residual body that is subsequently phagocytosed by the Sertoli cell (Nitta et al. 1993; 

Janulis et al. 1996a). However, not all the cytoplasm is phagocytosed, and aromatase 

activity remains in the cytoplasmic droplet that is still attached to the flagellum as the 

sperm make their way through the epididymis (Janulis et al. 1996b; Janulis et al. 1998). 

Thus it appears as if mature sperm are able to synthesise their own oestrogen, as they 

traverse the efferent ducts (Hess et al. 1995; Janulis et al. 1998; Janulis et al. I 996b). The 

ability to synthesise oestrogen gradually decreases as the droplet slowly moves to the end 

of the tail during epididymal transit, until the droplet is finally lost (Janulis et al. 1996b ). 

This is important as it suggests that the sperm themselves could control the levels of 

oestrogen present in the luminal fluid, directly modulating functions such as the 

reabsorption of fluid from the efferent ductules (Hess et al. 1995). 

Studies in other species, such as in the cynomolgus monkeys, found ERP in spermatogonia 

and spermatids (Pelletier et al. 1999), and in spermatocytes and round spermatids in 

humans (Enmark et al. 1997). In seasonal breeders, such as the bank vole, when exposed to 

long light, ERP was found in spermatocytes and elongated spermatids (Bilinska et al. 

2000). Aromatase localisation in the bank vole was also dependant on light, with 

aromatase in spermatocytes as well as the Leydig cells with long light (Bilinska et al. 

2000). Similar to the rodent, ERa is not reported to be expressed in the seminiferous 

epithelium of the marmoset (Fisher et al. 1997), human (Enmark et al. 1997) and bank 

vole (Bilinska et al. 2000). See Carreau 2000; Carreau et al. 1999 for a more 

comprehensive review on aromatase localisation in other species. 
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1.44 Adult testis-Sertoli cells 

Through earlier stages of development, ERa has not been immunolocalised to the 

seminiferous epithelium (Table 1.4 and Section 1.41, 1.42). This continues to be the case 

in the adult with no reports of ERa in adult Sertoli cells, although there is one report of 

ERa in spermatids (Pelletier et al. 2000). However, both ERJ3 mRNA and protein have 

been localised to rat Sertoli cells from the foetus to adulthood (Table 1.4 and Section 1.41, 

1.42) (Saunders et al. 1997; Saunders et al. 1998; Shughrue et al. 1998; van Pelt et al. 

1999; Pelletier et al. 2000). These immunocytochemical studies suggest that ERJ3 is not 

stage-dependent in the rat (Saunders et al. 1997; Saunders et al. 1998). In contrast to the 

rat, there are no reports of ERJ3 in mouse Sertoli cells (Table 1.4). 

1.45 Adult testis-Leydig cells 

The presence of ERa, ERJ3 and aromatase in the adult testis has been the subject of 

numerous recent studies and there appears to be some degree of species differences 

between rat and mouse, in terms of ERa and ERf3 localisation. 

Throughout development into adulthood, ERa is expressed in both mouse and rat Leydig 

cells (Fisher et al. 1997; Pelletier et al. 2000). In the adult mouse the ERJ3 protein is also 

localised to the Leydig cells (Rosenfeld et al. 1998), but this does not seem to be the case 

in the adult rat (van Pelt et al. 1999; Pelletier et al. 2000). The observations in the rat are 

similar to those obtained from humans (Enmark et al. 1997) and cynomolgus monkeys 

(Pelletier et al. 1999) in that ERJ3 is not found in mature Leydig cells (Pelletier et al. 2000). 

By adulthood, the Leydig cells express a high level of aromatase (Kurosumi et al. 1985; 

Nitta et al. 1993; Levallet et al. 1998a; Janulis et al. 1998; Carreau et al. 1999) which is 

stimulated by LH (Valladares & Payne I 979a; Tsai-Morris et al. 1985). In fact, aromatase 

activity is higher in the adult than at any other age (Tsai-Morris et al. 1985) and is higher 

in the adult Leydig cells than in the Sertoli cells (Levallet et al. J 998a). The decrease in 
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aromatase activity during Sertoli cell maturation into the adult form (see Dorrington & 

Khan 1993 for review), may be related to the control of Sertoli cell division and adult cell 

function (Section 1.33). The Leydig cells are also the major site of oestrogen synthesis in 

species such as pigs (Raeside & Renaud 1983), sheep (Schmalz & Bilinska 1998; Bilinska 

et al. 1997) and humans (Payne et al. 1976). 

1.46 Associated ducts 

During foetal development, ERa is found in the associated ducts (Table 1.4) (Fisher et al. 

1997; Sar & Welsch 2000), which differentiate into the efferent ductules and epididymis. 

In the adult, the expression pattern remains similar, with very high expression of ERa in 

the efferent ductules of the rat (Fisher et al. 1997; Hess et al. 1997b). In fact, it has been 

found that it is the efferent ductules which possess the highest level of ERa 

immunostaining, when considering the testis, excurrent ducts and epididymis, throughout 

life (Fisher et al. 1997). In addition, the efferent ductules appear to be the first male 

reproductive structure to express the oestrogen receptor in foetal development (Cooke el 

al. 199 l ), suggesting a role for oestrogen in the development of this tissue. ERa is present 

in the rat and mouse epididymis (Couse el al. 1997; Hess el al. 1997b; Sar & Welsch 

2000), although in low levels, while another report could not detect it in rats (Fisher el al. 

1997). Again, similar to earlier ages, both ERP mRNA and protein are present from the 

efferent ducts to the epididymis of the mouse (Couse el al. 1997; Rosenfeld el al. 1998) 

and the rat (Hess el al. 1997b; Sar & Welsch 2000). 

1.47 Summary 

The high localisation of both ERa and ERP in the seminifcrous epithelium and associated 

structures suggests the testis is a direct target for the actions of oestrogen (for summary sec 

Figure 1.4). As the interstitial cells, but also the germ cells. arc actively synthesising 

oestrogen, and the caput epididymal fluid contains a concentration of oestrogen up to 25 

times higher than that in plasma and higher than that found in female scrum, a direct role 

for oestrogen is highly probable (Kumari el al. I 980) (for review see Hess 2000). Despite 



Figure 1.4 Schematic of the postulated localisation of both aromatase and the ERs in 

the rodent testis. 

Aromatase is found in the Sertoli cells in the immature animal, then the Leydig cells in the 

mature. Within the germ cells, aromatase is confined to the pachytene spermatocytes in 

low levels, then in the Golgi apparatus of round spermatids, the cytoplasm of elongated 

permatids and then remains in the cytoplasmic droplet attached to the base of the tail as 

they make their journey to the epididymis. ERa is only localised outside of the 

eminiferous epithelium in the Leydig cells and efferent ducts. In contrast, ERP is highly 

locali ed to the epithelium, specifically the spermatogonia, late pachytene spermatocytes, 

round and elongated spermatids where it co-localises with aromatase. ERP is also found in 

the efferent ducts. 



Aromata e Type A spennatogonia 

ERJ3 

Sertoli cell 
ERP 

Arom tase 

Leydig cell 

Round 
spennatid 

Elongated 
spennatid 

Spennatozoa 

Secondary 
spennatocyte 

.... 

' 
lnt-B spennatogonia 

ERJ3 ' 

Late pachytene 
spennatocyte 

Efferent ducts 

Preleptotene 
spennatocyte 

\ 

Ear1y pachytene 
spennatocyte 

Epididymis 



Chapter I Literature Review 3 7 

this, the exact role for oestrogen remains unclear. One factor hindering the elucidation of a 

specific role for oestrogen in spermatogenesis is that it has numerous roles at different 

levels of male reproduction, such as the hypothalamo-pituitary axis, Leydig cells, Sertoli 

cells and in the epididymis. Due to this, dissecting out a specific role for oestrogen in male 

fertility has been difficult. 

1.5 CELL CYCLE PROGRESSION AND APOPTOSIS DURING 

SPERMA TOGENESIS 

Both cellular division and cell death, or apoptosis, are essential factors in animal 

development. These two mechanisms work cooperatively - the removal of excess or aged 

cells through organised cell death essential for the growth and the differentiation of new 

cells born through mitosis. As excess cell proliferation and insufficient cell death can result 

in major defects in foetal development and the occurrence of cancer in adulthood, both 

cellular division and apoptosis are tightly regulated through complex cell cycle and cell 

death pathways controlled by numerous checkpoints (for reviews see Elledge 1996; Jacks 

& Weinberg 1998; King & Cidlowski 1998; Pestell et al. 1999; Hengartner 2000). 

Spermatogenesis is a constantly evolving process, involving the continuous progression of 

immature spermatogonia into mature spermatozoa under close contact and support of the 

surrounding Sertoli cells. The crucial first stage in spermatogcnesis is the stem cell 

spermatogonia undergoing a series of mitotic divisions in order to increase their numbers. 

However. this series of divisions is somewhat uncoordinated, resulting in a vast excess of 

A-type spermatogonia. As the Sertoli cells can only support a specific number of 

developing germ cells, it is crucial that the excess spermatogonia are removed through 

apoptosis (Allan et al. 1992; Bartke 1995). Apoptosis is a normal function of 

spermatogenesis. occurring in both embryonic and postnatal life, to ultimately control 

germ cell numbers (Allan et al. 1992; Billig et al. 1995b). Both cell division and cell death 
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in the testis are intrinsically controlled by mitogenic and proliferative factors such as 

growth factors and hormones, with the removal of these observed to instigate cell cycle 

arrest and apoptosis (Russell et al. 1987a; Kiess & Gallaher 1998; de Kretser et al. 1998; 

Sinha Hikim & Swerdloff 1999; Print & Loveland 2000). The actual molecular pathways 

that are activated following these insults are just beginning to be elucidated. 

1.51 The cell cycle 

The cell cycle is a progression of events that directs the cell to divide into two identical 

daughter cells. Progression through this cycle is controlled by many factors which 

ultimately decide whether a cell proliferates or withdrawals into a state of quiescence (for 

review see Pestell et al. 1999; Hengartner 2000). 

1.51 I Entry into the cell cycle 

Entry into the first gap phase (G 1) of the cell cycle is driven by extracellular mitogenic 

factors, such as hormones, growth factors and differentiation factors (Figure 1.51) (for 

review see (Pestell et al. J 999; Jones & Kazlauskas 200 I ; H ulleman & Boonstra 200 J) ). 

Hormonal stimulation involves the steroid hormone binding to its receptor to activate the 

receptor complex (Section 1.22), whereas stimulation by growth factors requires activation 

of a signalling kinase cascade to transcriptionally activate specific genes. The hormone 

pathway will be discussed in section 1.53, with the growth factor mediated pathway briefly 

discussed here (for further reviews see Kelly & Rizzino 1999; Cook et al. 2000; Hulleman 

& Boonstra 200 I; Jones & Kazlauskas 200 I). Binding of growth factors to their specific 

receptors initiates G protein coupling to begin the protein kinase cascade. The Ras protein 

is activated through the Ras exchange factor, SOS, and is now able to bind to Raf (isoform 

1-3) kinases to translocate them to the cell membrane. Active Raf then phosphorylates 

MEK 1 and 2, which in turn activate the downstream ERK (extracellular signal-regulated 

protein kinases) I and 2 kinases. ERK I and 2 can bind to and activate more than 50 

substrates, including the transcription of the D (DI, D2 and D3) type cyclins (Sherr 1995; 

Lewis et al. I 998). 



Figure 1.51 The cell cycle and its regulation 

Numerous mitogenic factors control cell cycle progression, some via intracellular kinase 

ca cades and others, eg. oestrogen, by binding to its cytoplasmic receptor. Once bound, 

oestrogen via an unknown intermediary factor, causes the transcription of early response 

genes, such as c-myc, and cyclin DI. Cyclin DI binds to its catalytic subunit, cdk4/6, to be 

activated. The primary role of the cyclin DI complex is to sequester the cdk inhibitor p2 l 

away from the cyclin E/cdk2 complex. p2 l was first determined to be an inhibitor of cdk, 

how ver once it binds to cyclin D l /cdk4/6, it further activates this complex, translocating 

it into the nucleus. Thi complex then phosphorylates the pRb, inactivating it. The removal 

of thi p2 l inhibitor activates cyclin E/cdk2, which completes this phosphorylation of pRb 

and causes it to rele se its hold of the E2F transcription factors. The free E2Fs then permit 

the transcription of specific genes required for S phase entry, such as cyclin A and DNA 

synthe is proteins. 

/\s the cell enter the phase, cyclin E is degraded , releasing cdk.2 which then forms 

complexes with cyclin , po ibly tran cribed by E2F. The role of cyclin A is to maintain 

pRb in a pho phorylated form until the cells have undergone mitosis. When the nuclei 

membrane degrade during the DNA synthesi s stage, cyclin B is able to enter the nucleus 

and complex with cdk l /cdc2, forming a complex known a the M-phase promoting factor 

(M PF). IL role i t contr I entry and exit through mito i . During anaphase cyclin B is 

then degraded, relea ing cdk I which inactivates the MPF and the cell leaves mitosis. For 

th .. cell to re-enter the cell cycle, mitogenic timulatory factors must be present, otherwise 

the cell enters a quie c nt tage known a GO. 



Gl 

oesttogen 

e 

G2 



Chapter I Literature Review 39 

The D cyclins form part of an early response to positive signals, acting as growth factor 

sensors (Winston & Pledger 1993). Once cyclin D binds to its catalytic subunit, either 

cyclin dependant kinase (cdk) 4 or 6, a holoenzyme complex is formed (Figure 1.51) (for 

review see Norbury & Nurse 1992; Reed et al. 1992; Sherr 1993; Morgan 1995). This 

complex, lead by the cyclin subunit, transverses into the nucleus where a cdk-activating 

kinase (CAK), composed of cyclin H and cdk7, phosphorylates the cdk at a conserved 

threonine residue to fully activate the cyclin D/cdk complex (Fisher & Morgan 1994). In 

the presence of mitogenic signals, cyclin D-cdk activity will increase in the middle to late 

G 1. However, if these factors, in particular ERK, are removed, the cyclin subunits are not 

able to competently bind to their cdk, suggesting that the signalling cascade are able to also 

promote the existence of the cyclin D-cdk complex (Matsushime et al. 1994). Conversely, 

if these factors are removed at a later stage of the cycle, the degradation of cyclin D has no 

effect and the cell continues to cycle (Matsushime et al. 1994 ). Therefore, both cyclin D 

transcription and complex formation with its cdk are reliant upon extracellular signals. 

Cyclin D is then responsible for progression of the cell through the restriction point, its 

importance observed in the studies where a 50% decline in cyclin DI totally inhibits cell 

cycle progression (Carroll et al. 2000). 

The critical target for cyclin D-cdk4/6 is phosphorylation of the retinoblastoma protein 

(pRb) (Figure 1.51) (for review see Ewen I 994; Weinberg I 995). The pRb is a tumour 

suppressor protein that remains in an unphosphorylated state throughout the early GI 

phase, however is phosphorylated in mid GI by two generally accepted events. Firstly, the 

cyclin D 1-cdk4/6 complex binds directly to the pRb or pRb like proteins (p 130 and p I 07), 

collectively known as pocket proteins, to phosphorylate and thus instigate the inactivation 

of pRb (reviewed by Dowdy et al. I 993~ Weinberg 1995; Taya 1997). The pRb can 

interact with approximately 50 different proteins (Mulligan & Jacks 1998), 6 of these 

belonging to a family of transcription factors known as E2F (Chellappan et al. 1991 ). 

When the E2Fs arc bound to the pRb, the Rb protein represses their ability to transcribe 

genes crucial for cell cycle progression by blocking their transcription activation domain 

(Dyson 1998). However phosphorylation of pRb by cyclin D l-cdk4/6 leads to its partial 
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inactivation, thus causing it to release its hold on some of the E2F's (Chellappan et al. 

1991 ). 

Secondly, the pRb is fully phosphorylated through to the late mitotic phase by the 

assistance of the cyclin E-cdk2 complex (Figure 1.51) (Lundberg & Weinberg 1998). It 

appears as if the pRB is required to be initially phosphorylated by cyclin D l/cdk4 in mid 

G 1, as this is suggested to unmask a second cdk phosphorylation site on the Rb protein to 

allow for cyclinE/cdk2 interaction (Ezhevsky et al. 1997). The activation of cyclinE/cdk2 

then leads to the complete release of E2Fs towards the end of G 1. These now free E2Fs, by 

an as yet unknown mechanism, permit the coordinated transcription of specific genes 

required for S phase entry, including cell cycle proteins such as cyclin E, cyclin A and 

cdk2, c-myc, and 8-myb, also DNA synthesis proteins such as DNA polymerase a. and 

thymidine kinase (for review see Helin 1998; Dyson 1998). In fact, one of the genes that 

E2F transcribes is cyclin E, which leads to a positive feedback of cell cycle progression 

(Strausfeld et al. 1996). It is at this point that cell cycle progression is no longer under the 

mitogen stimulated cyclin D stimulation, but is now under cyclin E activation and is 

progressing independently of mitogens. 

1.512 Progression through the cell cycle 

Once the cell enter the S phase, cyclin E is degraded, releasing cdk2 to allow it to form a 

complex with cyclin A. Cyclin A and cyclin B dependant kinases then act to maintain pRb 

in a phosphorylated state until the cells have undergone mitosis (Figure 1.51) (Ludlow et 

al. I 990~ Ludlow et al. 1993 ). 

There exists two A type cyclins, A I and A2, with the original cyclin A renamed A2 after 

the discovery of A I. Cyclin A2 is found in numerous tissues (Sweeney et al. 1996), 

whereas the expression of A I is restricted to the testis and certain hematopoietic progenitor 

cells (Yang et al. l 997~ Yang et al. 1999b). After progression through the S phase, cyclin 

E is degraded, releasing cdk2, which can now bind to cyclin A I to form an active complex. 
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In fact, cyclinE/cdk2 is crucial for the activation of cyclin A 1 /cdk2, also playing a crucial 

role in the transcription of cyclin A 1 through the release of free E2Fs (Xu et al. 1994; Krek 

et al. 1995). Cyclin A 1 first appears at the GO phase and rises gradually to reach elevated 

levels at the S and G2/M phases, whereas A2 appears later with a rapid increase in its 

levels, both then localising to the nucleus (Yang et al. 1999a). Both cyclin A 1 and A2 

promote S phase entry by binding to the pRb family members, p 107 and p 130 (Cao et al. 

1992; Devoto et al. 1992), thus maintaining the pRb in a phosphorylated state during the S 

phase. As cyclin A 1 / A2 do not appear until the cell is about to progress through the S 

phase (Figure 1.51), it is suggested that they are also required for the transition through the 

G2/M (Pagano et al. 1992). 

Cyclin B is first synthesised in the cytoplasm of the S phase, before it enters the nucleus 

during membrane degradation to complex with cdkl/cdc2 (Figure 1.51) (for reviews see 

Hartwell & Weinert 1989; Hunter & Pines 1994). This forms the M-phase promoting 

factor (MPF), whose primary role is to control both entry into and exit from the mitotic 

(M) phase, by maintaining the pRb in a phosphorylated state to allow for the specific 

transcription of M phase specific genes. Levels of cdk 1 /cdc2 remain constant throughout 

the cycle, whereas cyclin B increases to peak at the G2/M phase. Cyclin B is then rapidly 

degraded during anaphase, releasing cdk 1 /cdc2, which in turn inactivates the MPF and 

causes the cell to leave mitosis. 

1.513 Cell cycle inhibitors 

Cyclin-cdk activity can be inhibited by the presence of cdk-inhibitors (for review see 

Elledge & Harper 1994; Jacks & Weinberg 1998; Sherr & Roberts 1999). This family of 

structurally related cdk inhibitors inhibits cyclin D, E and A kinases, and includes 

p21CipltWaf1/CaplO/Picl/SDII (Harper el al. 1993; el Deiry el al. 1994; Xiong el al. 1993), 

p27K•pl (Polyak el al. 1994; Toyoshima & Hunter 1994) and p57K•r2 (Lee el al. 1995). 

These Cip/Kip inhibitors play an important role in passage through the restriction point, 
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with p2 l and p27 inhibiting cyclin-cdk complexes such as cyclin E-cdk2 and cyclin A

cdk2. 

In a non-cycling cell, p27 is abundant, however when the cell begins to proliferate, the 

levels of p27 decline (Sherr & Roberts 1995). In contrast, p21 levels are low in the non

cycling cell but increase during S phase. Another significant role for cyclin D, other than to 

phosphorylate the pRb, is to sequester p21 and p27 inhibitors away from the cyclin E-cdk2 

to allow its activation in the late G 1 phase (Figure 1.51) (Sherr & Roberts 1995). Once the 

cdk inhibitors have bound to cyclin D, the cyclin D-cdk-cdk inhibitor complex is not itself 

inhibited, but rather further activated, stabilising the interaction between cyclin D and 

cdk4/6 and then translocating it into the nucleus (Cheng et al. 1999). Once a certain level 

of inhibitor has been removed from the cyclin E-cdk2 by cyclin D, this complex is now 

part active and is able to complete its full activation through phosphorylating and thus 

causing the degradation of p27 (Sheaff et al. 1997). Both p2 l and p27 remain bound to the 

cyclin D-cdk for the remainder of the cell cycle (Zhang et al. 1994). However, when 

mitogenic stimulation is removed, cyclin D synthesis ceases and any residual cyclin D is 

degraded. This causes the release of the inhibitors from the cyclin D complex, allowing 

them to inhibit cyclinE-cdk2 and arrest the cell in GO. 

p2 I is not only activated by mitogenic signals, but is also a critical downstream repressor 

of cell cycle arrest in response to DNA damage. p53 is a protein not directly involved in 

the cell cycle, however plays an important role as a checkpoint controller (for reviews see 

Hinds & Weinberg 1994; Cox & Lane 1995). It recognises DNA damage to a cell's 

genome and halts the cell cycle at the G 1 phase by activating p21 through its p53 binding 

site in its promoter region (el Deiry et al. I 993). The importance of p21 in the GI 

checkpoint is observed in mice lacking a functional p2 l protein. These mice presented with 

severe deficiencies in their ability to arrest the cell in GI in response to DNA damage, 

however p53 induced apoptosis was still able to occur, suggesting the inducement of other 

factors (Deng et al. 1995). The suppression of cyclin E-cdk2 activity through p21 prevents 

the phosphorylation of pRb and the consequential activation of the E2F transcription 
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factors. This cell cycle arrest is to enable the DNA to be repaired before S phase 

replication. If the damage is severe and unable to be repaired, or if the levels of E2F 

increase even when p53 is elevated, then p53 is able to induce apoptosis (Wu & Levine 

1994 ). This occurs through the induction of pro-apoptotic proteins such as the bcl-2 family 

(Section 1.522). This family of inhibitors can also bind directly to the A type cyclins (Hall 

et al. 1995). 

A second family of inhibitors exist known as the INK4 proteins, as they are specific 

inhibitors of only cdk4 or cdk6. They are structurally related to the first Cip/Kip family 

with their activation blocking G 1 progression causing cell cycle arrest. There are 4 

subtypes based on molecular weight (p 161NK43, p 15INK4
b, p I 81NK4c, and p I 9INK4

d) (Serrano 

et al. 1993; Sherr & Roberts 1999). How these inhibitors are induced is not well 

understood, however it is known that pl5 is stimulated by TGF-P (Hannon & Beach 1994), 

p I 6 is only present in aging cells (Alcorta et al. 1996) and p 18 and p 19 are expressed only 

during foetal development (Phelps et al. 1998). Psossible hypotheses for how the INK4 

proteins are able to inhibit cell cycle progression are as follows. Once cdk4 has undergone 

folding it has formed a complex with cyclin D, the Kip/Cip inhibitors may prevent 

translocation of this complex into the nucleus and cell cycle progression. Alternatively, the 

INK4 inhibitors can bind to cdk4, which prevent its interaction with cyclin D (McConnell 

et al. 1999; Parry et al. 1999). Due to cyclin D being unable to bind to its catalytic partner 

it subsequently degrades. Thus, p2 l and p27 remain bound to cyclin E, are cyclin D is 

unable to sequester them, preventing phosphorylation of pRb and cell cycle progression. 

In summary, progression through G 1 is controlled ultimately by the phosphorylation of 

pRb, which releases E2F to promote the transcription of S phase specific genes. This can 

only occur if cyclin D, expressed via mitogenic stimulation, sequesters the cdk inhibitors 

away from the cyclin E-cdk2 complex to allow this kinase to phosphorylate pRb. Thus 

cyclin D has 2 functions, firstly to phosphorylate pRb, and secondly to sequester Cip/Kip 

inhibitors away from cyclin E-cdk2 so it can phosphorylate pRb. Once a certain level of 

inhibitor has been removed from the cyclin E-cdk2, and this complex is now active and 
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able to degrade p27, the cell cycle becomes independent of mitogens and is now 

committed to undergoing mitosis. As the cell progress through the S phase, cyclin E is 

degraded, and then Al in the G2 phase. Now the cell requires cyclin D once again for entry 

into the G 1 phase of the cell cycle. 

1.52 Apoptosis 

Apoptosis, or programmed cell death, is as essential as mitosis itself. Acting as a control 

system to remove the many genetic errors that occur during cell division, and also 

functioning to control the constant renewal of specific tissues during normal mammalian 

development. This process of cell death is not, as once believed, the uncontrolled 

destruction of a cell, but is in fact a highly ordered series of events controlled by the cell 

itself (for review see Wyllie et al. 1980; Vaux & Strasser 1996; Ameisen 1996; Guo & 

Hay 1999). Thus, in all cells, apoptosis is defined simply as a cell suicide program, 

characterised by structural changes such as cell shrinkage, blebbing of the plasma 

membrane, cytoplasmic vacuolisation and chromatin condensation (Wyllie 1993). Once 

the cell is broken down into membrane bound apoptotic bodies, they are quickly 

phagocytosed by scavenger macrophages or neighbouring cells, preventing an 

inflammatory response (for review see Savill & Fadok 2000). If a cell fails to fully die 

through the apoptosis process, then it may become necrotic. However, during this passive 

process of death the cell leaks internal contents and thus induces an undesirable 

inflammatory response (for review see Ameisen 1996; Hengartner 2000). 

Apoptosis may be stimulated by numerous factors, including reactive oxygen species, 

irradiation, imprecise DNA sequences, incorrect level of cyclins, drugs, toxins, growth 

factors, hormones or in the immune response to viral infections (for review see Vaux & 

Strasser 1996). All these stimuli will activate one of two largely independent pathways; the 

death receptor pathway, in which apoptosis is induced by extracellular signals, or the 

mitochondrial pathway, which signals cell death by sensing intracellular disruptions such 

as DNA damage. These pathways can also interact with many other signalling pathways 
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such as that involving TNF, leading to NF-kappa 8 activation (for review see Wyllie et al. 

1980; Vaux & Strasser 1996; Hengartner 2000; Schneider & Tschopp 2000). 

1.521 Death receptor pathway 

The death receptor pathway is activated by members of the death receptor superfamily 

(Figure 1.52), including CD95, TNFRl (Baker & Reddy 1998) and FAS (Watanabe

Fukunaga et al. 1992). Binding of the specific ligand, for instance F ASL, to its type II 

transmembrane receptor, FAS, induces clustering of the receptors (Figure 1.52) (Nagata & 

Golstein 1995). These form a death-induced complex that recruits FADD (FAS ~ssociated 

4eath 4omain) (Chinnaiyan et al. 1995). The formation of this complex, and thus FAS 

induced signal transduction, can be potentiated by F AF (FAS ~ssociated factor) or 

inhibited by FAP-1 (FAS ~ssociated phosphatase) (Sato et al. 1995). The FAS receptor is 

universally localised in the body, however the ligand is tissue specific, believed to be only 

expressed in immunologically privileged sites such as the eye, thyroid gland and the testis 

(Suda et al. 1993; French et al. 1996). Not only does the FAS system play an important 

role in the regulation of the immune system, including the maintenance of 8 and T cell 

tolerance and in the control of immune privileged sites (Griffith et al. 1995; Nagata & 

Golstein 1995), it also is crucial in maintaining homeostasis in organs such as the liver, 

lung and heart (Adachi et al. 1995), in the regulation of red blood cells (De Maria et al. 

1999) and in the maintenance of the intestinal epithelium (Inagaki-Ohara et al. 1997). 

This FAS membrane bound signalling complex begins the intracellular death pathway by 

recruiting procaspase-8. Caspases are cysteine proteases that are synthesised in an inactive 

form (for review see Cohen 1997). They are activated by the removal of their N-terminal 

pro-domain, enabling them to selectively cleave specific target proteins at aspartate-XXX 

sites. They can be classed into two major groups based on the length of their N terminal 

pro-domain. Those with a long pro-domain, or type I caspases, are initiator caspases. The 

simplest way to activate a caspase is to expose it to another activated one, thus type I 

caspases begin the apoptosis cascade by cleaving the pro-domain of, and thus activating, 



Figure 1.52 The two major apoptotic pathways in mammalian cells 

(1) The death receptor pathway. This pathway is initiated by extracellular signals. Binding 

of the ligand, eg. F ASL, CD95L and TRAIL (INF !:elated ~optosis induced ligand) to its 

death receptor (FAS, CD95, TRAIL RI and R2, TNFRp55) forms a complex that recruits 

adaptor molecules. For eg. FAS binds FADD (EAS ~ssociated 4eath 4omain) directly. FAS 

signal transduction can then be inhibited through F AP-I (EAS ~ssociated .Qhosphatase) or 

potentiated through FAF (EAS ~ssociated factor). The adaptor molecules recruit pro

caspase-8, which is cleaved to form active caspase-8. This begins the caspase cascade that 

eventually leads to the cleavage and inactivation of target proteins associated with cell 

survival. 

(2) The mitochondrial pathway is activated by intracellular signals such _as DNA damage. 

These lead to an activation of p53 , a tumour suppressor protein which induces apoptosis by 

activating a pro-apoptotic member of the bcl-2 family eg. bax, bak or bad. Anti-apoptotic 

members, eg. bfl I , bcl-x, bcl-w and bcl-2, are attached to intracellular membranes. If 

apoptosis is to occur, then pro-apoptotic members meet at the surface of the mitochondria 

and cause the release of cytochrome C by an unknown mechanism. Cytochrome C then 

forms a complex with Apaf-1 and pro-caspase 9 to form the apoptosome. 

The two pathways converge at the level of caspase 3. 

Reproduced from Hengartner et al (2000) 
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type II 'effector' caspases (for review see Thornberry 1997). In the cell, apoptosis begins 

with the cleavage of numerous procaspase-8, which have been recruited to the death 

receptor complex, to form caspase-8. Capase-8 is termed the initiator caspase in the death 

receptor pathway, and can be inhibited by the protein, c-FLIP (Irmler et al. 1997). 

Caspase-8 activates the 3 short pro-domain effectors caspases, 3, 6 or 7, which then begin 

the dismantling of the cell. 

Caspases can cleave approximately 100 target proteins, however these may not all be 

specific target proteins (Earnshaw et al. 1999). One of the most widely recognised signs of 

apoptosis is the DNA ladder. This is due to activation of the caspase designated caspase

activated DNase (CAD) (Enari et al. 1998). Caspase 3 cleaves the CAD inhibitory subunit 

(ICAD), which in tum releases and activates the catalytic subunit (Nagata 2000). This 

cleaves the DNA into 180-200 base pair lengths, able to be visualised by the terminal 

deoxynucleotide transferase-mediated deoxy-UTP nick end labelling (TUNEL) technique 

(King & Cidlowski 1995). Caspases are also responsible for many of the other well 

recognized characteristics of apoptosis, for instance cleavage of the nuclear membrane 

proteins, such as lamins, leading to nuclear shrinkage and budding, and cleavage of the 

major cytoskeletal proteins responsible for cell structure, such as gelsolin (Kothakota et al. 

1997; Buendia et al. 1999). 

1.522 Mitochondrial pathway 

This apoptotic pathway is activated in response to intracellular signals and damage such as 

DNA damage (Figure 1.52) (for reviews see Rich et al. 2000; Hengartner 2000). In 

response to these cues, the proto-oncogene p53 is activated. As has been described above 

(Section 1.513), p53 has been found to have 2 major roles. Firstly as a checkpoint to 

inhibit cell growth when required, for instance when the DNA is in want of repair, and 

secondly to mediate apoptosis when the DNA damage is large scale and thus unable to be 

repaired (Nelson & Kastan 1994). p53 promotes apoptosis by transcriptionally activating 
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pro-apoptotic members of the bcl-2 family of proteins through binding to its binding sites 

in their promoter regions (Miyashita et al. 1994; Miyashita & Reed 1995). 

The bcl-2 (named after the first member involved in b-cell lymphoma) family can be 

divided into 3 groups based on structural similarities; members of group I are death 

protectors, whereas group II and III promote cell death ( for review see Chao & Korsmeyer 

1998; Adams & Cory 1998; Antonsson & Martinou 2000). All members of the bcl-2 

family can homodimerise but most importantly can heterodimerize with each other (Basu 

& Haldar 1998). In this respect they are able to control each other's action. Pro-apoptotic 

members (bax, bad, bak, bim, bcl-Xs, bid, bik, hrk, bok) are free to move within the 

cytoplasm and all converge on the mitochondrial membrane, whereas anti-apoptotic 

members of this family (bcl-2, bcl-xL, bcl-w, mcl-1, Al/bfl-1) are anchored to intracellular 

membranes (for review see Adams & Cory 1998; Evan & Littlewood 1998). Both pro

and anti-apoptotic members meet at the surface of the mitochondria to oppose each other's 

action, for instance bax can directly bind to bcl-2 to neutralize its survival action (Oltvai et 

al. 1993). If the cell is to die, cytochrome c and various other pro-apoptotic factors are 

released from the mitochondria into the cytoplasm, anti-apoptotic members acting to 

inhibit this release (Kluck et al. 1997). In this respect, the mitochondria appears to play 

two major roles; firstly for cell survival in the process of glucose oxidation using 

cytochrome c as an electron carrier, and secondly in cell death through employing the same 

cytochrome c as a death molecule. It is a yet undetermined how cytochrome c manages to 

cross the mitochondrial membrane, however it does involve the assistance of the pro

apoptotic bcl-2 family possibly in the formation of membrane pores or anion channels 

(Gross et al. 1999). Once released, cytochrome c binds with the adaptor protein Apaf-1 to 

activate procaspase-9 and to form a holoenzyme known as the apoptosome (Zou et al. 

1997; Cain et al. 1999). 
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1.523 Crosstalk between the two pathways 

Both the death receptor and the mitochondrial pathways operate largely independent of 

each other, however some cross talk does exist. For instance, it has been suggested that it is 

the caspases that signal the demise of the cell, whereas others say it is the release of factors 

from the mitochondria that signals irreversible cell death. However, it has been found that 

the death receptor pathway often circumvents the mitochondrial pathway, with cytochrome 

c release the result of caspases breaking down the nuclear membrane, not the involvement 

of the bcl-2 family (Loeffler & Kroemer 2000). However, bcl-x and bcl-2 have been found 

to interact between these two pathways, inhibiting the loss of the mitochondrial membrane 

potential and thus the release of apoptotic factors induced in FAS treated cells (Boise & 

Thompson 1997) and in cells induced to undergo apoptosis by a variety of cancer therapy 

drugs (Decaudin et al. 1997). 

The two pathways can also directly converge at the level of caspase 3 (Figure 1.52), with 

the apoptosome and caspase-8 both cleaving pro-caspase-3 to form active capase-3 

(Hengartner 2000). This cleavage by the apoptosome can be inhibited by IAPs (Inhibitor of 

Apoptosis Proteins), present to prevent accidental activation of caspase-3. Therefore, to 

absolutely ensure the death of the cells, pro-apoptotic factors, other than cytochrome c, are 

released from the mitochondria. These include Smac (second mitochondria-derived

binding protein with low pl) and DIABLO (direct ]AP-binding protein with low pl), which 

are released primarily to antagonise the inhibitory capacity of the IAP proteins, thus 

allowing for the activation of caspase-3 and for cell death to proceed (for review see 

Hengartner 2000). Bcl-x also forms part of the apoptosome with Apaf- I and caspase-9 to 

promote cell death (Pan et al. 1998). They also converge upstream in the pathway, with 

caspase-8 cleaving bid, a pro-apoptotic member, which in turn further promotes 

cytochrome c release (Gross A I 999, Yin X I 999). 

Mitochondrial members, such as bcl-xL have also been found to protect ce]]s from FAS 

induced apoptosis in the immune system, specifically in B and T cells (Boise L et al 1997; 



Chapter I Literature Review 49 

Castedo M et al 1997), suggesting that the pathways are more complicated than first 

assumed. However, even though both apoptotic pathways contain some interactions, these 

can only be to fully insure that a cell will either die or live. 

1.53 Cell cycle progression and apoptosis in the testis 

The process of spermatogenesis begins with the clonal expansion of stem spermatogonia, 

then a constant series of mitosis, meiosis and differentiation. However not all germ cells 

survive, with apoptosis crucial in order to keep a regulated balance between germ cell 

number and the support capacity of the Sertoli cells (for review see Kierszenbaum 200 I). 

Constant progression through the cell cycle, and thus the prevention of apoptosis, can be 

induced via growth factors, cytokines and hormones. Hormones are particularly important 

in normal cycling, their withdrawal from hormone dependant organs of the body causing a 

massive wave of apoptosis. This has been well studied in female reproductive organs such 

as the ovary, with follicular atresia, and during the regression of the post lactational 

mammary gland (see Kiess & Gallaher 1998). But is also observed in the male, such as in 

the prostate following castration (Denmeade et al. 1996). 

1.531 Cell cycle gene expression in the testis 

For spermatogenesis to begin, stem spermatogonia must undergo a series of mitoses to 

build up the population of germ cells (Section 1.32). These cells then halve their chromatin 

within two meiosis steps to form the truly haploid germ cell. Division now halts and the 

round spermatids differentiate into the recognisable elongated spermatid. Cell cycle genes 

are thus an essential component of spermatogenic progression, with the removal of these 

severely detrimental. As would therefore be expected, all of the cyclins and their cdk 

partners are expressed in the testis in a cell specific fashion (Table 1.531) (for review see 

Wolgemuth et al. 1995). 



Table 1.531 Published studies investigating the localisation of cell cycle genes in the rodent testis 

Germ cells Spermatogonia Spermatocytes Round spermatids Elongated Sertoli cells Leydig cells 
spermatids 

CyclinAJ R m- (Liu et al. P m- (Ravnik & Wolgemuth 
1998) 1999) 

R m- (Sweeney et al. 1996) 
CyclinA2 Rm- (Ravnik & R m- (Ravnik & WoJgemuth R r- (Ge & Hardy 1997) 

Wolgemuth 1996) 1996) 
P m- (Ravnik & P m- (Ravnik & Wo]gemuth 
Wolgernuth 1996; 1996; Ravnik & Wolgemuth 
Ravnik & Wolgemuth 1999) 
1999) 

Cdc2/cdkl R m-(Rhee & Wolgemuth Rm-(Rhee& 
1995) Wolgemuth 1995) 
P r-(Godet et al. 2000) 
m- (Chapman & Wolgemuth 
1994; Ravnik & Wolgemuth 
1999) 

Cdk2 Pm- (Ravnik & Pm- (Ravnik & Wolgemuth Rm-(Rhee& 
Wolgemuth 1999) 1999) Wolgemuth 1995) 

R m-(Rhee & Wolgemuth 
1995) 

CyclinBJ R r- (Gromoll et al. 1997) Rm- {Chapman & 
P m- (Chapman & Wolgemuth 1992; 
Wolgemuth 1994) (Liu et al. Chapman & Wolgemutb 
2000) 1994) 
r- (Godet et al. 2000) r- (Gromoll et al. 1997) 

P r- (Gromoll et al. 
1997) 

CyclinB2 Rm- (Chapman & 
WoJgemuth 1993) 

P m- (Beumer et al. R m- (Ravnik et al. 
CyclinDJ 2000) 1995) 

P r-(Musaetal. 
1998) 

CycunD2 P m- (Beumer et al. P m- (Beumer et al. 2000) P m- (Beumer et al. 
2000) 2000) 

CyclinDJ P m- (Beumer et al. P r- (Kang et al. 1997) Rm- (Ravnik et al. P m- (Zhang et al. P m- (Zhang et al P m- (Zhang et al. 



2000; Zhang et al. 1999) 1995) 1999) 1999) (Beumer et 1999; Beumer et al. 
:P m- (Zhang et al. 1999) al. 2000) 2000) 

r- (Sriraman et al. 2000) 

Cdk4 P r- (Kang et al. 1997) P r- (Kang et al. 1997) Rm-(Rhee& 
Wolgemuth 1995) 

CyclinE 

P11 P m- (Saberan-Djoneidi et al. P m- (Beumer et al. Pm- (Saberan-

P r- (Musa et al. Pr- (Musa et al. 1998) 
1998) 

PRb 

Cdk5 

1998; Beumer et al. 1997) 1997) Djoneidi et al. 
1998) 

Pr- (Yan et al. 1997) R r- (Yan et al. 1997) R r- (Yan et al. 1997) R r- (Yan et al. Pr- (Yan et al. 
1997) 1997) 
Pr- (Yan et al. 
1997) 

Pr- (Musa et al. P r- (Musa et al. 1998) 
1998) 

The demonstration of either protein (P) or mRNA (R) is donated by a capital letter. The species, either mouse (m) or rat (r) are denoted by a lower 
case letter. Protein localisation was determined by immunocytochemistry or Western blot, with mRNA localisation by RNA protection assay, RT
PCR, insitus hybridisation or Northern blot. 
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i CyclinA 

Continual progression through the cell cycle is highly reliant on the later expressed cyclins, 

A and B (Section 1.512). Two cyclin A subtypes exist, both with distinct localisation in 

the testis (Sweeney et al. 1996; Ravnik & Wolgemuth 1996). For example, mouse cyclin 

A 1 mRNA and protein is present just before and during the first meiotic division, but is 

undetectable during the second meiosis stage of spermatogenesis (Sweeney et al. 1996; 

Ravnik & Wolgemuth 1999). Whereas, cyclin A2 mRNA and protein is expressed 

predominantly in earlier germ cells, the spermatogonia and preleptotene spermatocytes 

(Table 1.531) (Ravnik & Wolgemuth 1996; Ravnik & Wolgemuth 1999), and also in 

developing Leydig cells (Ge & Hardy 1997). The importance of cyclin A 1 is observed in 

mice with a targeted disruption of this gene (Liu et al. 1998). Unlike the cyclin A2 

knockout. mouse, which dies in utero, cyclin A 1 was not required for survival, but was 

essential for spermatogenic progression through meiosis. Therefore both cyclin A subtypes 

appear to play differing roles in both mitosis and meiosis. 

Cyclin A 1 partners both cdk l /cdc2 and cdk2, whereas cyclin A2 binds only cdk2 (Ravnik 

& Wolgemuth 1999). Both cdkl/cdc2 mRNA and protein are highly expressed in similar 

cell types to cyclin A I, specifically pachytene to diplotene spermatocytes in both rats and 

mice (Table 1.531) (Ravnik & Wolgemuth 1999; Godet et al. 2000), levels decreasing 

once they transitioned into round spermatids. The mRNA is also found in Sertoli cells 

(Rhee & Wolgemuth 1995). Cdk2 mRNA and protein also display similar cellular 

expression, with high levels in the spermatocytes, with lower in the spermatogonia and 

Sertoli cells (Table 1.531). 

ii Cyclin B 

Cyclin BI functions at the G2/M phase of the cell cycle, stimulating the progression into 

mitosis. In the rodent testis, cyclin B 1 mRNA was predominantly expressed in the late 

pachytene spermatocytes decreasing as they progressed into the postmeiotic round 

spermatids in rodents (Table 1.531) (Chapman & Wolgemuth 1994; Gromoll et al. 1997; 

Godet et al. 2000). The finding that the postmeiotic early round spermatids may also 
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express cyclin BI suggests that it may play an important role in spermatid differentiation 

(Gromoll et al. 1997). Cyclin BI protein expression is crucial for cell cycle progression, in 

its absence spermatogonia and early primary spermatocytes are unable to complete their 

progression through the cell cycle, resulting in arrested spermatogenesis (Kong et al. 

2000). Cyclin B2 is also most abundant in the pachytene spermatocytes (Chapman & 

Wolgemuth 1993) with levels also found in the spermatogonia (Liu et al. 2000). The MPF 

(M-Phase promoting factor) transcripts (mouse) and complex (rat), consisting of the cyclin 

BI and cdk I /cdc2, were in highest levels in spermatocytes just before the first meiotic 

division, decreasing at the end of meiosis (Rhee & Wolgemuth 1995; Godet et al. 2000). 

Knockout mice have been created who lack both cyclin B 1 and B2 (Brandeis et al. 1998). 

Mice lacking cyclin BI died in utero, whereas cyclin 82 knockout mice survived, however 

males appeared to have no detrimental abnormalities in their fertility. This may suggest 

that one of the B type cyclins may compensate for the other. 

iii Cyclin D 

The D-type cyclins, which initiate entry into the cell cycle, have all been localised to the 

testis in the mouse and rat. Specifically, cyclin DI mRNA and protein was found in the 

non-dividing Sertoli cells (Ravnik et al. 1995; Musa et al. 1998), whereas the protein has 

only been localised to spermatogonia in mice (Table 1.531) (Beumer et al. 2000a). Cyclin 

D2 has also been immunolocalised in mice to the spermatogonia, but also to the 

spermatocytes and spermatids (Beumer et al. 2000a). The importance of cyclin D2 can be 

seen when it is disrupted, with male knockout mice displaying a severe reduction in 

testicular weight and a 2-3 fold decline in spermatozoa concentration (Sicinski et al. 1996). 

It has also been observed that following neonatal testis injury, such as that inflicted by 

DEHP (di-(2-ethylhexyl) phthalate), multinucleated cells appear, Sertoli cell proliferation 

is decreased, and there is a decline in the expression of cyclin D2 (Li et al. 2000). Cyclin 

D3 mRNA was found in highest levels in the round spermatids of the mouse testis (Ravnik 

et al. 1995), however the protein was detected in almost all of the germ cells, including 

abundant levels in the spermatogonia, lower levels in the pachytene spermatocytes with the 

protein level then increasing again to reach high levels in the elongated spermatids (Zhang 
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et al. 1999; Beumer et al. 2000a). Regarding expression in the rat, there has been one 

report where the protein was detected primarily in the early spermatocytes (Kang et al. 

1997), therefore suggesting some species difference. In both rodents, cyclin D3 protein has 

been found in the proliferating and differentiated Leydig cells and in mouse Sertoli cells 

(Table 1.531). Thus, cyclin D3 appears to play its well known role during spermatogonial 

mitosis, but may also plays a role in chromatin remodelling in the non-proliferating 

spermatids, Leydig and Sertoli cells. 

The catalytic subunit of the cyclin D complex, cdk4, has been located in the spermatogonia 

and early primary spermatocytes of rats (Kang et al. 1997), with its mRNA found in the 

Sertoli cells of mice (Rhee & Wolgemuth I 995). The importance of cdk4 m 

spermatogenesis can be seen when it is removed by targeted disruption, resulting in 

hypoplastic seminiferous tubules (Tsutsui et al. 1999). 

iv Cyclin E 

The other important cyclin for progression through GI is cyclin E, also expressed in the 

adult testis. One study, using rat tissue, localised this cyclin specifically in both Sertoli and 

Leydig cell lines (Musa et al. 1998). While its catalytic partner, cdk2, was localised in 

mice to Sertoli cells, some spermatogonia and high levels in the meiotic spermatocytes 

(Table 1.531) (Rhee & Wolgemuth 1995; Ravnik & Wolgemuth 1999). 

Before progression can occur, the cdk inhibitor p2 I must be sequestered away from the 

cyclin E complex. p2 l has been localised weakly from the pachytene spermatocytes to 

early step 5 round spermatids (Beumer et al. 1997; Saberan-Djoneidi et al. 1998), and in 

the flagella of late elongated spermatids (Saberan-Djoneidi et al. 1998). Once cyclin D 1 

and E are activated, they act to phosphorylate the retinoblastoma protein to release the E2F 

family of transcription factors from the hold of pRb. The pRb mRNA has been localised to 

the germ cells, specifically from stage V spermatocytes to step 13 spermatids (Yan et al. 

1997). Whereas the protein is not transcribed until later in the cycle, observed in the 

elongated spermatids at step 14-19, the spermatogonia and Sertoli cells (Table 1.531). This 
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suggests that it may play a role in spermatogonia proliferation and in the maturation of 

spermatids. Once the E2F family of transcription factors are released, they are able to 

transcribe specific genes required for S phase entry. E2F overexpressing mice resulted in 

sterility through too much apoptosis (Holmberg et al. 1998), whereas mice lacking E2F 

experience testicular atrophy yet are fertile (Yamasaki et al. 1996). 

The localisation of the cyclins and their cyclin dependant kinases in the different testicular 

cells suggests an important role not only in the control of both mitosis and meiosis, but 

also in the differentiation of both spermatids, Sertoli and Leydig cells. 

1.532 Apoptosis in the testis 

Germ cell apoptosis during development normally occurs in two major waves. In the 

mouse, the first occurs at day 13 of gestation when the primordial germ cells have 

populated the genital ridge and have ceased proliferating (Wang et al. 1998). The second 

wave of apoptosis occurs approximately from postnatal day 10 to 13 of development, 

coinciding with the first round of spermatogenesis (Mori et al. 1997; Wang et al. 1998). At 

this stage it is primarily spermatocytes that are undergoing cell death, with apoptosis 

crucial to the normal function of the testis (Huckins 1978; Bartke 1995; Rodriguez et al. 

1997). 

During adult spermatogenesis apoptosis still occurs, with A2, A3 spermatogonia, but also 

some A4 spermatogonia, spermatocytes and round spermatids, continuously and 

spontaneously undergoing apoptosis during stage I-XII (Huckins 1978; Allan et al. 1992; 

Blanco-Rodriguez & Martinez-Garcia 1996). In fact, only between 25-75% of A 1 

spermatogonia complete the transition through to a pre-leptotene spermatocyte, this 

actually being a clear representative of normal, healthy spermatogenesis. Apoptosis in the 

adult is important as it is believed to reduce the number of germ cells to a level able to be 

supported by the Sertoli cells, possibly even initiated by these cells themselves (Rodriguez 

et al. 1997; Boekelheide et al. 2000). However, various insults, such as toxic exposure or 
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hormonal withdrawal, greatly increases the incidence of apoptosis (Billig et al. 1995a; 

Shetty et al. 1996; Blanchard et al. 1996; Nandi et al. 1999) for review see (Sinha Hikim 

& Swerdloff 1999; Richburg 2000). 

As the normal functioning of the testis is highly dependant on hormonal support, 

withdrawing androgens and pituitary gonadotrophins leads to an initiation of germ cell 

death. This is seen through hypophysectomy and GnRH antagonist treatment, both 

initiating apoptosis in pre-leptotene and pachytene spermatocytes, round and elongated 

spermatids at stage VII (Russell & Clermont 1977; Russell et al. 1987a; Tapanainen et al. 

1993; Sinha Hikim et al. 1997), possibly by damage to Sertoli cell structure (Ghosh et al. 

1992). However, removal of gonadotrophins does not cause apoptosis in the Leydig and 

Sertoli cells even though their development is dependant on these hormones (Kerr & 

Sharpe 1985; Almiron & Chemes 1988; Ghosh et al. 1992). FSH was found to be crucial 

for germ cell survival, observed when FSH was replaced following hypophysectomy and 

the number of degenerating cells significantly decreased (Tapanainen et al. 1993). 

Withdrawing testosterone, either by destroying the Leydig cells through EDS ( ethane 

dimethane sulphonate) treatment (Sharpe et al. 1990) or by testosterone and oestradiol 

implants decreasing LH secretion from the pituitary (O'Donnell et al. 1994), also induced 

cell death in the germ cells. This occurred primarily in the round spermatids as they make 

their transition from step VII to VIII, not surprising as stages VII and VIII are known to be 

highly androgen dependant (Section 1.36). 

The existence of DNA fragmentation suggested that the degeneration of the germ cells at 

different stages of the cycle, following the removal of hormonal survival factors, occurred 

almost exclusively through apoptosis (Billig et al. 1995a; Brinkworth et al. 1995). 

However, the molecular mechanisms behind apoptosis in the testis were still unclear. 

i Mitochondrial pathway apoptotic genes 

As apoptosis in the testis occurs during 2 waves of cell death, and spontaneously 

throughout maturation, the expression of the bcl-2 family are also developmentally 
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regulated. The first postnatal apoptotic wave occurs at approximately day 10 in the mouse 

when spermatogenesis is reinitiated. Regarding expression levels, it appears as if apoptosis 

may be initiated by bad, highly expressed in the spermatogonia and Sertoli cells (Meehan 

et al. 2001). The remaining germ cells may be protected by bcl-xL, also highly expressed 

in these cells. As the germ cells mature, by day 20, it is now bax and bak that may play an 

important role in reducing spermatogonial number to a level able to be supported by the 

Sertoli cells (Meehan et al. 200 I). The remaining germ cells may now be protected by bcl-

2, highly expressed in the spermatogonia and spermatocytes (Meehan et al. 200 I). In the 

adult rodents (Table 1.532), germ cell apoptosis appears to involve a down regulation of 

bcl-2 localised to the spermatogonia (Furuchi et al. 1996), spermatocytes and round 

spermatids (Beumer et al. 2000b), and bcl-xL in the spermatogonia and spermatocytes 

(Beumer et al. 2000b ). And an upregulation of bak, primarily found in the spermatogonia, 

spermatocytes (Yan et al. 2000) and round spermatids (Taylor et al. 1999). p53 is also 

elevated at the same time as bax (Table 1.532), and is important in the control of 

spontaneous germ cell apoptosis and removing defective germ cells from the 

spermatogenic cycle (Yin et al. 1998). 

When the expression of apoptotic genes was studied in rodents in response to testosterone 

withdrawal, the pro-apoptotic bax was found to be upregulated (Woolveridge et al. 1999). 

As bax is expressed in abundant levels in both spermatocytes (Table 1.532) and round 

spermatids (Rodriguez et al. 1997; Beumer et al. 2000b), its upregulation may be 

instigating the death of these cells. A concurrent increase in the pro-survival bcl-2, 

localised to spermatocytes and round spermatids (Beumer et al. 2000b ), may be in an 

attempt to protect the remaining germ cells (Woolveridge et al. 1999). However, other 

studies have found that withdrawing testosterone causes a decrease in the mRNA and 

protein expression of bcl-2 (Ohigashi et al. 1999). In the human testis, withdrawing 

androgens caused no alteration in the levels of bak, bax and p53 (Woolveridge et al. 1999). 

Therefore, hormones, such as androgens, appear to have a crucial role in the prevention of 

germ cell apoptosis by manipulation of the bcl-2 family of apoptotic proteins. 



Table 1.532 Published studies investigating the localisation of apoptotic genes in the rodent testis 

Testis Germ cells Spermatogonia Spermatocytes Round Elongated Sertoli cells Leydig cells 
spermatids spermatids 

MITOCHONDRIAL 
PATHWAY GENES 
p53 P m- (Rodriguez et P m- (Yin et al. R m- (Schwartz et 

al. 1997) Rodriguez I 1997) al. 1993), 
et al Pr- (Sjoblom & 

Lahdetie 1996; 
Fujisawa et al. 
2001) 

bcl-w P m- (Print et R m- (Print et al. R m- (Print et al. Rm- (Print et al. P m- (Ross et al. R m- (Print et al. R r- (Yan et al. 
al. 1998) 1998; Meehan et al. 1998; Meehan et 1998; Meehan et 1998) 1998) 2000) 

2001) al. 2001) al. 2001) r- (Yan et al. 2000) P r- (Taylor et al. 
r- (Yan et al. 2000) r- (Yan et al. 2000) P m- (Ross et al. 1999; Yan et al. 
Pr- (Yan et al. Pr- (Yan et al. 1998; Print et al. 2000) 
2000) 2000) 1998; Meehan et al. 
m- (Meehan et al. 2001) 
2001) r- (Yan et al. 2000) 

bc/-2 R r- (Fujisawa et al. P m- (Furuchi et al. Pm- (Beumer et P m- (Beumer et P m- (Beumer et 
2001) 1996) al. 2000) al. 2000) al. 2000) 

bok R r - (Hsu et al. 
1997) 

bcl-xL P m- (Beumer et al. R m- (Meehan et R m- (Meehan et r- (Woolveridge 
2000) al. 2001) al. 2001) et al. 2001) 

P m- (Beumer et 
al. 2000) 

bim R m- (Meehan et al. R m- (Meehan et R m- (Meehan et R m- (Meehan et R m- (Meehan et al. 
2001) al. 2001) al. 2001) al. 2001) 2001) 

bak R m- (Meehan et al. R m- (Meehan et Rm- (Meehan et R m- (Meehan et P r- (Yan et al. 2000) Pr- (Yan et al. 
2001) al. 2001) al. 2001) al. 2001) 2000; 
Pr- (Yan et al. Pr- (Yan et al. Pr- (Taylor et al. Woolveridge et 
2000) 2000) 1999) al. 2001) 

bax P m- (Rodriguez et R m- (Meehan et al. P m- (Rodriguez et P m- (Beumer et P m- (Beumer et al. P m- (Beumer et 
al. 1997) 2001) al. 1997; Beumer al. 2000) 2000) al. 2000) 

Rodriguez I et al eta/. 2000) r- (Yan et al. 2000) r- (Yan et al. 



bad 

DEATH RECEPTOR 
PATHWAY GENES 
FAS 

FASL 

FADD 

FAP 

TRAIL 

TNFRp55 

RIP 

Caspase-8 

R m- (Lee et al. 
1999; Xu et al. l 999) 
r- (Lee et al. 1997; 
Lee et al. 1999) 
P m- (Xu et al. 1999) 
r- (Boekelheide et al. 
1998) 
R m- (Lee et al. 
1999; Xu et al. 1999) 
r- (Lee et al. 1997; 
Lee et al. 1999; 
D'Alessio et al. 2001) 
P r- (Boekelheide et 
al. 1998) 
P r- (Boekelheide et 
al. 1998) 
P r- (Boekelheide et 
al. 1998) 
P r- (Boekelheide et 
al. 1998) 
P r- (Boekelheide et 
al. 1998) 
P r- (Boekelheide et 
al. 1998) 

R m- (Xu et al. 
1999) 
P m-(Xu eta!. 
1999) 
r- (Richburg et 
al. 1999) 

1997, 
P m- (Beumer et al. 
2000; Rodriguez et 
al. 1997) 
r- (Yan et al. 2000) 

P m- (Ogi et al. 
1998) 

r- (Yan et al. 2000) 

R m- (Meehan et 
al. 2001) 

R m-(Xu eta!. 
1999) P m- (Ogi et 
al. 1998) 
r- (Lee et al. 1997) 

Rm- (D'Alessio et 
al. 2001) 
r- (D'Alessio et al. 
2001) 

R m- (Meehan et 
al. 2001) 

P m- (Ogi et al. 
1998) 
r- (Li et al. 1997) 

Rm- (D'Alessio et 
al. 2001) 
r- (D'Alessio et al. 
2001) 

R r- (D'Alessio et 
al. 2001) 
Pm- (D'Alessio et 
al. 2001) 
r- (D'Alessio et al. 
2001) 

P m- (Riccioli et al. 
2000) 

R m- (Xu et al. 1999) 
(Koji et al. 2001) 
Pm- (Wang et al. 
1998) 
r- (Lee et al. 1997; 
Richburg et al. 1999) 

2000) 

R m- (Koji et al. 
2001) 

P r- (Li et al. 
1997) 

The demonstration of either protein (P), mRNA (R) is donated by a capital letter. The species, either mouse (m) or rat (r) are denoted by a 
lower case letter. Protein localisation was determined by immunocytochemistry or Western blot, with mRNA localisation by RNA protection 
assay, RT-PC~ insitu hybridisation or Northern blot. 
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Other insults, such as altering the strictly regulated temperature environment, either by 

inducing cryptorchidism in adults (Shikone et al. 1994) or incubating the testes at an 

increased temperature (Yamamoto et al. 2000), also causes the germ cells to undergo 

apoptosis. Chronic ethanol abuse also induces apoptosis in spermatogonia and 

spermatocytes, via a p53 induced mechanism (Zhu et al. 2000). This is not surprising 

considering p53 is highly abundant in both spermatogonia (Table 1.532) and zygotene

early pachytene spermatocytes at stages VIII-I (Rodriguez et al. 1997; Schwartz et al. 

1993; Sjoblom & Lahdetie 1996). Another insult, testicular irradiation, again causes DNA 

damage leading to a stimulation of apoptosis via an upregulation of both p53 (Odorisio et 

al. 1998; Sjoblom & Lahdetie 1996; Hasegawa et al. 1998), bcl-2 and bcl-xL, however 

does not appear to involve bax (Beumer et al 2000; Beumer et al. 2000b). Suggesting that 

the immature germ cells were not induced to die via a bax pathway after irradiation, even 

though p53 directly regulates bax expression (Miyashita & Reed 1995). 

The use of knockout and transgenic models has provided important information on the 

importance of the bcl-2 family members in regulating testicular apoptosis. Mice that lack 

bcl-xL die in utero as a consequence of massive apoptosis of hematopoietic and neuronal 

cells (Motoyama et al. 1995). However, primordial germ cell survival was studied during 

embryo development, showing a lack of spermatogonia. To fully examine the role of bcl

xL in the testis, this gene was specifically inactivated to create a bcl-xL hypomorphic 

mouse, or a gonad specific KO (Rucker, III et al. 2000). Mice that had two copies 

presented with severe infertility due to apoptosis of the primordial germ cells (PGC), 

suggesting that bcl-xL is required for the survival of the immature germ cells and thus the 

fertility of the adult. This is not surprising considering that bcl-xL is expressed in the 

immature spermatogonia (Table 1.532) (Beumer et al. 2000b ). 

To further analyse the possible importance of these survival factors, both bcl-2 (Furuchi et 

al. 1996) and bcl-xL (Rodriguez et al. 1997) were overexpressed. As both of these survival 

factors are expressed in spermatogonia (Table 1.532), this resulted in a massive 

accumulation of these cells, followed by a severe reduction in spermatocytes and 
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spermatids. However, there was normal proliferation of Sertoli cells and Leydig cells, 

consistent with these cells not expressing either of these factors (Table 1.532). Therefore, 

overexpressing pro-survival factors prevented the crucial wave of spermatogonial 

apoptosis, leading to an accumulation of premeiotic germ cells and an inability for 

spermatogenesis to be established. However, overexpression of these survival factors did 

not affect the sporadic apoptosis, which occurs normally in the adult spermatogonia, 

suggesting that this cell death is not affected by these apoptotic factors (Rodriguez et al. 

1997). 

Similar to this phenotype are mice that are deficient in the pro-apoptotic bax (Knudson et 

al. 1995). Bax is a heterodimeric partner of bcl-2, and is localised to the spermatogonia, 

spermatocytes and round spermatids (Rodriguez et al. 1997; Beumer et al. 2000b; Yan et 

al. 2000). However, bax is expressed only during the first postnatal wave of apoptosis, 

disappearing at maturity (Rodriguez et al. 1997). Removing bax leads to an increase in the 

numbers of premeiotic spermatocytes, with no mature round spermatids. They also showed 

multinucleated cells and disrupted seminiferous epithelium. Thus, again, removing an 

essential pro-death factor prevents the wave of apoptosis and the density regulation 

required for the progression of spermatogenesis. 

Mice deficient in bcl-2 were found to develop phenotypically normally until later in life 

when they developed disorders such as motorneuron degeneration, lymphopenia and 

polycystic kidney disease (Veis et al. 1993; Kamada et al. 1995). However the testes were 

not examined. The only bcl-2 model in which the testis phenotype has been addressed is in 

mice deficient in bcl-w, of which two exist (Ross et al. 1998; Print et al. 1998). Although 

bcl-w is expressed in adult tissues such as salivary gland, brain, colon, liver, heart, skeletal 

muscle and stomach (Gibson et al. 1996), it appears to only have an essential function in 

the testis. The localisation of the bcl-w mRNA, in rodent spermatogonia, spermatocytes, 

round spermatids, elongated spermatids and Sertoli cells (Table 1.532), is consistent with 

the localisation of the protein, specifically in the spermatogonia, spermatocytes, step 10 to 

16 elongated spermatids, Sertoli cells and Leydig cells (Ross et al. 1998; Print et al. 1998; 
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Yan et al. 2000). The bcl-w null males display infertility due to an age related degeneration 

of the testes (Ross et al. 1998). The spermatogenic phenotype is first observed in the first 

wave of spermatogenesis at day 19, with an increase in degenerating spermatocytes and an 

arrest in the formation of round spermatids. Then, as the animals' age, earlier germ cells 

are progressively lost until at 6 months of age only Sertoli cells remain. It is suggested that 

this may be a bak mediated factor (Print et al. 1998; Yan et al. 2000). 

In summary, both the apoptotic waves, spontaneous apoptosis and the cell death instigated 

by insult, all involve members of the bcl-2 family of proteins. 

ii The death receptor pathway apoptotic genes 

The death receptor pathway must also be considered when examining testicular apoptosis. 

The FAS receptor is ubiquitously expressed in the body, however the ligand is believed to 

be more tissue specific, expressed in highest levels in the immunologically privileged site 

of the testis (Table 1.532) (Suda et al. 1993; Suda et al. 1995). Due to this high level, the 

FAS signalling cascade has been implicated in germ cell apoptosis (Lee et al. 1997; 

Boekelheide et al. 1998; Richburg et al. 1999; Pentikainen et al. 1999). It is suggested that 

FAS may be important both in the apoptotic waves, particularly in the embryonic stage of 

development (Wang et al. 1998), but possibly also at the onset of the spermatogenic cycle 

in order to reduce the number of germ cells to a level able to be supported the Sertoli cells 

(Lee et al. 1997). The FAS pathway is also important in cases of hormonal deprivation and 

toxic insult and injury, where the expression of FAS and FASL increases in rodents (Ohta 

et al. 1996; Lee et al. 1997; Pentikainen et al. 1999; Lee et al. 1999). Germ cell apoptosis 

can be successfully prevented if the FAS pathway is inhibited, significantly increasing 

germ cell survival (Lee et al. 1997). 

In light of this apparent role for the FAS signalling pathway in germ cell apoptosis, two 

transgenic mice were examined who possess an inability to initiate cell death through the 

FAS pathway. The /pr (lymphoproliferation) mice express little or no FAS due to an 

inserted disruption in intron 2 (Adachi et al. 1993; Kimura & Matsuzawa 1994 ), and the 
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gld (generalised lymphoproliferative disease) and lprcg (/pr complementing gld) mice who 

have both nonfunctional FAS and F ASL due to a point mutation (Takahashi et al. 1994; 

Nagata & Suda 1995). The general phenotype of these mice was an inhibition of 

lymphocyte apoptosis, resulting in an abnormal proliferation of lymphocytes resulting in 

autoimmune disease. However, the gld mice were fertile, presenting with an increase in 

testicular weight and elongated spermatids, and actually appearing to have a small increase 

in the level of spontaneous apoptosis (Richburg et al. 2000). This and other studies (Koji et 

al. 2001 ), have suggested that the FAS pathway may not be crucial in the spontaneous 

apoptosis that occurs normally throughout spermatogenesis. 

The FAS signalling pathway has been shown to be important in regard to cell death 

initiated through other types of toxic insult. For example, when Sertoli cell injury was 

induced through exposure to the Sertoli cell toxicant MEHP (mono-(2-ethylhexyl) 

phthalate ), the gld mice were unable to remove the germ cells through apoptosis, 

suggesting the importance of FAS in this regard (Richburg et al. 2000). The application of 

the FAS pathway appeared to be dependant on the nature of the insult, with germ cell 

injury initiated through radiation exposure, causing an increase only in the FAS receptor 

(Lee et al. 1999) and normal levels of cell death (Richburg et al. 2000). As the differing 

toxic agents target certain germ cells, the role of FAS in the testis may be germ cell 

specific with it playing a role in the more mature germ cells, but not in the stem 

spermatogonia (Richburg et al. 2000). Inducing cryptorchidism also leads to infertility 

with an increase in apoptosis primarily in the spermatocytes and spermatids (Ohta et al. 

1996) which coincided with an increase in FAS mRNA. Nevertheless, the cells did not 

appear to use this pathway to die, as apoptosis still occurs in the gld and /pr mice that lack 

FAS action (Ohta et al. 1996). 

Recently there is a great deal of speculation as to the localisation of both FAS and F ASL in 

the testis. It has been generally accepted that the FAS ligand was constitutively expressed 

on rodent Sertoli cells (Table 1.532) (Lee et al. 1997; Sugihara et al. 1997; Wang et al. 

1998; Xu et al. 1999; Richburg et al. 1999; Koji et al. 2001 ), whereas FAS was localised 
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to the germ cells, particularly the spermatocytes and round spermatids (Lee et al. 1997; 

Ogi et al. 1998; Xu et al. 1999). This suggested the existence of a paracrine interaction 

between the Sertoli cells and the germ cells, whereby the individual germ cells may 

specifically target themselves for destruction by the Sertoli cells by becoming FAS 

positive. However recent studies have contradicted many of these initial publications. To 

clarify the expression distribution of both FAS and FASL in the testis, D' Alessio et al 

(2001) undertook an extensive study using Northern blot and insitu hybridization, with 

control and germ cell depleted testes. They discovered that FAS receptor mRNA was 

present on the Sertoli cells, with the FASL mRNA in fact localised to the spermatocytes, 

round and elongated spermatids. Other studies have confirmed this, immuno-localising 

F ASL to the germ cells (Pentikainen et al. 1999) and the receptor to the Sertoli cells 

(Sugihara et al. 1997; Riccioli et al. 2000), suggesting that the F AS-F ASL system may 

operate independently of the Sertoli cells. A commentary recently published in Nature by 

Restifo (2000) suggested possible reasons for these conflicting results, including RT-PCR 

performed on purified Sertoli cell cultures where it is known that they contain 

contaminating germ cells, and non specific antibodies leading to numerous false positives. 

It is suggested that the high level of FAS constitutively expressed by the testis must play 

an important role, not just in killing FAS positive infiltrating macrophages to maintain this 

immune privileged site 

In summary, the death receptor pathway also appears to play a role in the control of 

testicular apoptosis during development and also in response to injury or toxic insult. 

1.6 HUMAN MUTA TIO NS AND KNOCKOUT MICE 

Oestrogen plays well-characterised important roles in numerous physiological functions. 

Unlike the androgen receptor which contains mutations resulting in the testicular feminised 

male (Tfm) in rodents (Bullock 1986) and androgen insensitivity syndrome (AIS) in 
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humans (Patterson et al. 1994), or the thyroid (McDermott & Ridgway 1993) and 

glucocorticoid receptor (Chrousos et al. 1993) mutants which also contain structural 

defects leading to resistance against their ligands, by 1994 no mutation had been reported 

either in aromatase or in the oestrogen receptor. Therefore at this time oestrogen was 

believed to be crucial for survival. 

1.61 Human mutations 

1. 611 Oestrogen receptors 

The first human mutation in the ER was reported in 1994. A 28 year old man was 

described to possess a non-functional ERa. (Table 1.61) (Smith et al. 1994). When first 

identified he had a normal appearance, including the normal onset of puberty and genitalia 

development, but displayed persistent liner growth reaching the 95th percentile due to the 

failure of epiphyseal fusion. He presented a marked bone phenotype, including delayed 

bone age, low mineralisation and osteoporosis. Hormonal analysis found that serum 

testosterone was normal, while oestrogens and gonadotrophins were elevated. His testes 

were of normal size (20-25ml), with semen analysis showing a normal sperm count (25 x 

106 ml), although motility was reduced by half of normal. After high dose treatment with 

ethinyl oestradiol failed to lower his serum oestrogen and gonadotrophins or improve his 

bone physiology, genetic analysis discovered a homozygous mutation in exon 2 of his 

ERa.. This resulted in a premature stop codon which translated into a receptor containing 

only the N terminal domain, missing the vital DBD and LBD. His parents (cousins), both 

phenotypically normal, were heterozygous for the mutation. 

At this time, very little was known regarding oestrogen in the male, therefore this man 

provided crucial information, particularly regarding the importance of oestrogen on the 

skeleton. However, all that can be concluded regarding his fertility is that he is 

heterosexual and has normal sexual function and sperm count, although motility is below 

normal. 



Table 1.61 

Male genitalia 

Descended testes 

Testes size 

Gender identity 

FSH 

LH 

T 

DHT 

E2 
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Comparison of the reproductive phenotypes between the ER a 

and the 2 aromatase mutated adult male patients 

ERa. mutated male Aromatase mutated male Aromatase mutated male 
(Smith et al. 1994) (Morishima et al. 1995) (Carani et al. 1997) 

Normal Normal Normal 

Yes Yes Yes 

Normal Large Small 

Normal Normal Normal 

Elevated Elevated Elevated 

Elevated Elevated Normal 

Normal Elevated Normal 

Normal Elevated NID 

Elevated Undetectable Undetectable 

(N/D- not described) 

1.612 Aromatase 

There have been nine documented cases of aromatase-mutated humans; of which only 3 

are males, two adults and one infant (not described here, see Deladoey et al. 1999). 

The first adult male was characterised in 1995 (Table 1.61) (Morishima et al. 1995), and 

the second in 1997 (Carani et al. 1997). Similar to the ERa mutated male, they both 

presented with tall stature, delayed skeletal maturation, unfused epiphyses and osteopenia. 

However, one male had elevated levels of FSH, LH, DHT, T and androstenedione 

(Morishima et al. 1995), whereas the other had elevated FSH but normal levels of LH, T 

and androstenedione (Carani et al. 1997). In comparison to the ER mutated man, oestrogen 

treatment normalised the bone phenotype and serum hormonal levels. When the 

reproductive phenotype of these men was examined, both men had normal genital 

development and onset of puberty, with normal nocturnal emissions and ejaculations. The 

first male had large testes, but as no serum analysis was undertaken and at this time he was 
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a virgin, his fertility was undetermined (Morishima et al. 1995). The second man had small 

testes, severe oligospermia (20 fold decrease) with all sperm immotile. A testicular biopsy 

showed low spermatogenesis and germ cell arrest at the level of the primary 

spermatocytes, and hence he was infertile. The administration of oestrogens normalised the 

bone phenotype, however spermatogenesis was not restored. This patient's brother was 

also found to display azoospermia but did not have the aromatase mutation (Carani et al. 

1997). Therefore, the effect of abolishing oestrogen synthesis on male reproductive 

function at this stage was unknown. 

Genetic analysis found that the aromatase deficiency in both males was a consequence of 

single base pair mutations in exon IX of the CYP 19 gene, resulting in a structurally 

defunct protein with only 0.2-0.4% of normal activity. 

The human cases of natural oestrogen deficiency brought to our attention the role of 

oestrogen in many aspects of human physiology, and possibly hinted at a role for oestrogen 

in male fertility. However to fully study oestrogen action in the male, and complement the 

human studies, mouse models were generated. 

1.62 Knockout mice 

1.621 aERKO 

The oestrogen receptor knockout ( a ERK O) mouse was created in 1993, the year before the 

discovery of a human with a non functional ERa, by the insertion of a neomycin resistant 

gene into exon 2 (Lubahn et al. 1993). This mutation, in the same exon as the ERa null 

patient, was not embryo leathal, but aERKO males and females were both infertile. Only 

the male reproductive phenotypes will be briefly discussed in this review, for information 

regarding the females and other characteristics of the aERKO mice see review by Couse 

and Korach et al. ( 1999). 
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Studies performed with the aERKO mouse vastly increased our knowledge regarding the 

possible role of oestrogens in male reproduction, with the removal of a functional ERa 

resulting in age related male infertility. Prior to puberty, the testicular morphology of the 

aERKO mice appeared to be normal, however a grossly dilated seminiferous tubule lumen 

was observed as early as 20 days. By 90 days the testes in these mice were atrophic with 

major disruptions to the seminiferous epithelium. The sperm had abnormal morphology 

and severely compromised fertility, illustrated in a fertility mating study (Eddy et al. 

1996). Studies demonstrated that ERa had a crucial role in the reabsorption of luminal 

fluid in the efferent ductules, such that the aERKO mice had an excess of fluid 

accumulated in the testis. This subsequently resulted in a backpressure of fluid on the 

seminiferous tubules, adversely affecting the seminiferous epithelium and 

spermatogenesis. Therefore, it was suggested that the disruption to spermatogenesis in the 

aERKO mice was an indirect effect caused by abnormal fluid reabsorption. ERa was also 

found to play a role in the development of sexual behaviour, with aERKO mice show a 

reduction in the number of mounts and failure to ejaculate (Ogawa et al. 1997). 

As expected, oestrogen plays a negative feedback role at the level of the hypothalamo

pituitary with a slight elevation in LH (Eddy et al. 1996; Lindzey et al. 1998). The testes 

also showed evidence of Leydig cell hyperplasia (Rosenfeld et al. 1998) and increased 

serum testosterone levels (Eddy et al. 1996; Lindzey et al. 1998). Serum FSH levels did 

not alter (Eddy et al. 1996; Lindzey et al. 1998), however inhibin was not measured. The 

serum hormone levels are different from those observed in the ERa null patient. 

Examining the reproductive phenotype of the aERKO male mice highlighted the 

importance of ERa signalling in maintaining the integrity of the testis fluid environment, 

and thus the normal maturation of developing sperm, and in the development of sexual 

behaviour. 
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1.622 PERKO 

With the discovery of ERJ3, a possible second oestrogen-signalling pathway was indicated. 

To investigate the importance of this receptor subtype in oestrogen action, the ERJ3 null 

mouse (J3ERKO) was created in 1998 through insertion of a neomycin cassette into exon 3 

of the ERJ3 gene (Krege et al. 1998). This resulted in a protein with a nonfunctional first 

zinc finger, therefore inhibited receptor binding to the ERE. 

However, J3ERKO mice show no disruption to spermatogenesis and testicular morphology. 

This is surprising given the localisation of ERJ3 to many cell within the efferent ducts and 

seminiferous epithelium (Section 1.4). It was postulated that ERa may play a 

compensatory role. These mice are also fertile and show no deficits concerning their 

development of sexual behaviour. 

The two ER null mice brought to our attention the apparent contrasting roles of each ER 

subtype in the testis and in other target organs. 

1.623 afiERKO 

The crossing over of both the ERa and ERJ3 null mice generated a mouse that lacked both 

ERa and J3 ( aJ3ERKO). These mice are developmentally normal, confirming that both ER 

are not crucial to survival (Couse et al. 1999). However, they are infertile, with a severe 

reduction in the concentration and motility of spermatozoa. In fact, these mice display a 

phenotype more reminiscent of the aERKO males, demonstrating disruptions to the 

seminiferous epithelium that result in a loss of maturing germ cells (Dupont et al. 2000). 

1. 624 Limitations with the ER null models 

To create the aERKO mouse, exon 2 was disrupted by the addition of a neomycin resistant 

gene. However, this produced a truncated transcript that till contained the DBD, LBD and 

therefore still possessed transcriptional activity, although this was considerably reduced 
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when compared to the wildtype (Couse et al. 1995). Although the aERKO mice were 

deemed insensitive to oestrogen when well known uterine markers failed to be induced 

following oestrogen treatment, too fully investigate the function of the oestrogen receptors 

in the reproductive phenotype of mice, particularly with respect to their AF- I and AF-2 

transactivation domains, new null mutants were generated for ERa, ERP and ERaP 

(Dupont et al. 2000). The ERa null mutant lacked regions C to F, while the ER'3 null 

mutant lacked not only the first zinc finger of the DBD, but also exon 3, 6 and 7, in 

comparison to the '3ERKO that was only missing exon 3 (Krege et al. 1998). Similar to the 

previous aERKO and PERKO mice these mice presented with very similar if not identical 

characteristics (Dupont et al. 2000). Particularly regarding the testis and male reproductive 

tract (Table 7.1). 

It is also possible that compensatory factors come into play in the absence of a functional 

ER. These include non-genomic actions, as described in Section 1.222. Oestrogen is not 

only able to bind to its nuclear ER, but also to a cell membrane receptor, activating the cell 

via signal transduction pathways. In this respect, oestrogen may still promote a cell 

specific response in these ER null models. 

1.63 The Aromatase Knockout (ArKO) Mouse 

To fully investigate the specific role for oestrogens m males and females, the P450 

aromatase enzyme was disrupted, generating mice unable to synthesise endogenous 

oestrogens. In this regard it is the hormone itself that is removed, not the possible means of 

its action. 

1.631 Generation o/the ArKO mouse 

The strategy used for targeted disruption of the Cypl9 gene and a preliminary description 

of the phenotype have already been discussed (see Fisher et al. 1998). Briefly, exon IX of 

the mouse Cypl9 gene was selected for disruption as the coding region between the 

EcoRV (bp 1047) and Xhol (bp 1210) sites present in this exon is highly conserved 
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amongst all aromatase cDNAs reported thus far and is important for many structural 

features of the enzyme such as the K helices and the f3-sheet region (Simpson et al. 1997). 

Insertion of the targeting plasmid (pPollshort-neoPA-HSVTK), containing the neomycin 

(neo) resistant gene and 2 herpes simplex virus-thymidine kinase (HSC-TK) genes, 

between these two restriction sites in exon IX deleted 163bp of coding region (amino acid 

residues 349-403) (Figure 1.63). 

The targeting plasmid was transfected by electroporation into undifferentiated embryonic 

stem (ES) cells, and successful clones selected by neomycin resistance. As the neo gene 

also contained an EcoR 1 (E) restriction site, the DNA from these clones was analysed by 

EcoR 1 digestion and Southern blot analysis. Figure 1.63 illustrates the position of the 

probe, hybridising to the 3' end of intron IX to the 5' end of exon X. The WT gave a band 

of 7.4kb, whereas the KO allele resulted in a band of size 3.0kb (due to the neomycin 

insert containing the additional EcoRl restriction site). The successful clones were injected 

into C57BL/6 blastocysts and then transplanted into pseudopregnant ICR females, to 

produce chimeric mice with the disrupted gene. The mice that specifically transmitted the 

mutated aromatase gene into their germ line were selected (F 1 ). Breeding of mice 

heterozygote for the aromatase disruption produced F2 offspring with the normal 

Mendelian frequency; 2 heterozygote, 1 knockout and 1 wildtype (WT). Each mouse was 

genotyped by Southern procedure. Aromatase inactivation was confirmed by a tritiated 

water release assay (Ackerman et al. 1981) performed on ArKO and WT ovaries at 12 

weeks of age (Fisher et al. 1998), with no detectable aromatase activity. 

1. 632 Preliminary phenotype 

The ArKO mice were born phenotypically normal in the correct sex ratio, suggesting 

oestrogen was not crucial for sex determination (Fisher et al. 1998). Both males and 

females presented with undetectable serum oestradiol levels. A brief overview of the male 

and female phenotypes, initially examined by Fisher et al. ( I 998), is presented below. 
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Figure 1. 63 The targeting construct used to generate the Ar KO mouse 
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Schematic illustrating the (a) wildtype mouse Cyp19 gene (from exon VI to X), (b) the 

targeting vector containing the neomycin resistant gene and 2 herpes simplex virus 

thymidine kinase (TIO) genes and (c) the disrupted Cypl9 gene. Also shown are the 

EcoRV (RV), XhoI (X), Hindlll (H), EcoRI (E) sites, and the Hindlll-EcoRI fragment used 

to probe the Southern blots for genotyping analysis. 

Reproduced from Fisher et al (1998) 
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i Female 

The female ArKO mice at 12 weeks of age presented with underdeveloped uteri, ovarian 

follicles possibly up to the antral stage, however an absence of corpora lutea suggesting a 

failure to ovulate. The gonadal fat pads were significantly increased in weight. Serum 

testosterone levels were markedly elevated (10 fold) compared to WT, as were LH (2-10 

fold) and FSH (3-4 fold). Preliminarily oestradiol replacement studies were found to 

increase uterine weights to WT weight. 

ii Male 

At age 12-14 weeks male ArKO mice appeared to be phenotypically normal, however 

showed differences in the reproductive system, including an increase in the weight of their 

seminal vesicles and urinary bladder/prostate, possibly due to an accumulation of fluid. No 

difference was observed in the testicular weights, with the morphology of the testis 

structure appearing normal including the presence of mature sperm in the testis and 

epididymis. Serum testosterone and androstenedione levels were variable but a trend 

existed for an elevation in the ArKO mice. Serum LH was also increased, however FSH 

was not examined. Male ArKO mice were initially fertile (8-11 weeks), capable of siring 

normal sized litters. However fertility progressively declined with age, 2 males infertile at 

age 14-17 weeks, with another able to sire litters to age 6 months (when the paper was 

published). This cause for this decline in fertility was unknown. 

1.633 Two other ArKO mice 

Since the generation of the ArKO mouse described above by Fisher et al (1998), two 

additional Ar KO mice have been generated. Honda et al ( 1998) replaced exon I and II with 

a neomycin resistant gene. As these regions of the Cypl9 gene contain transcriptional and 

translational initiation codons these mice expressed no aromatase mRNA. The phenotype 

of these mice is similar to that described above, with testis weight not differing between 

ArKO and WT at 12-16 weeks with sperm present in the testis and epididymis. These mice 

were sub fertile, reported to be due to decreased number of mounts. The third ArKO mouse 
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was generated by Toda and Shizuta (1999), by disrupting exon IX, the same exon as Fisher 

et al (1998), by homologous recombination. The preliminary phenotype matched that 

described above, with only 20% of males reported to be fertile, however age is unknown. 

No detailed examination of the testes of either of these mice was undertaken. 

1.64 Aims 

From initial studies employing the aERKO and the ArKO mice, and the specific 

localisation of the oestrogen receptors and aromatase in the testis, it is hypothesised that 

oestrogen plays an important and possibly direct role in male reproduction; specifically at 

the level of testicular development, spermatogenesis and fertility. Hence, a comprehensive 

examination of the male ArKO mouse is warranted to elucidate the role of oestrogens in 

male reproduction. 

This thesis describes a thorough investigation into the role of oestrogens in male 

reproductive function, particularly with respect to fertility. Firstly, an initial 

characterisation of the testicular phenotype was carried out, including the effect of 

withdrawing oestrogens on testicular structure, such as seminiferous epithelial volume, 

luminal volume and tubule diameter. Then spermatogenesis was explored in young and 

mature ArKO mice, in particular the specific effect of withdrawing oestrogens in germ cell 

development. Serum gonadotrophins and testosterone levels were also measured. 

Following this, an in vitro study characterising the mature spermatozoa, with respect to 

motility and in vitro fertilization capacity, was carried out. As was the capacity for normal 

sexual behaviour, such as mounting. Following these initial characterisation studies, an 

investigation was conducted into the role that dietary phytoestrogens, which are found in 

soy, a common constituent of standard mouse chow, was playing in the ArKO phenotype. 

Finally, a more specific examination at the role of oestrogens in spermatogenesis was 

undertaken with various molecular analytical techniques. 
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2.1 GENERAL REAGENTS 

ABC complex 

Acetic acid glacial 

30% Acrylamide/Bis solution 29: 1 

Agarose LE 

Ammonium persulfate (APS) 

AMY enzyme and buffer 

Boric acid 

Bromphenol blue 

BSA 

Butanol-1 

C. therm enzyme 

Carbon 

CAS Block 

Calcium chloride (CaCb) 

Chloroform 

Citric acid 

Chapter 2 Materials and Methods 70 

Vectastain Elite;Vector Laboratories, Burlingame CA 

BDH Laboratory supplies, Poole, England 

BioRad Laboratories, Hercules, CA 

Boehringer Mannheim, Mannheim, Germany 

Sigma chemical Co, St Louis, Mo 

Boehringer Mannheim, Mannheim, Germany 

Ajax chemicals, NSW, Australia 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co. St Louis, Mo 

Roche Diagnostics, Mannheim, Germany 

Norite A, JT Baker 

Zymed, South San Francisco, CA 

Sigma chemical Co., St Louis, Mo 

BDH Laboratory supplies, Poole, England 

Sigma chemical Co., St Louis, Mo 

Dextran (leuconostoc mesentrioides) Sigma Diagnostics, St Louis, Mo 

DAB Sigma chemical Co., St Louis, Mo 

DEPC (diethyl pyrocarbonate) 

Diethyl ether 

Sigma chemical Co., St Louis, Mo 

Ajax chemicals, NSW, Australia 

Digoxigenin labelled dideoxy-dUTP Boehringer Mannheim, Mannheim, Germany 

DNA ladder ( I .5kb) GibCo BRL, Life technologies, Paisley, UK 

Dextran sulphate 

DNTPs 

DPX 

DL-DTT (dithiothreitol) 

EDTA 

Sigma chemical Co, St Louis, Mo 

Boehringer Mannheim, Mannheim, Germany 

BDH Laboratory supplies, Poole, England 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 



Ethanol 

Ethidium bromide 

Ficoll 

F ormaldeyde 

Formamide 

Forward reaction buffer (5x) 

Gluteraldehyde 
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CSR Limited, Yarraville, Vic, Australia 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

BDH Laboratory supplies, Poole, England 

Ajax chemicals, NSW, Australia 

GibCo BRL, Life technologies, Paisley, UK 

ProSciTech 

Glycerol Sigma Diagnostics, St Louis, Mo 

Glucose-6-phosphate dehydrogenase Sigma Diagnostics, St Louis, Mo 

Haemotoxylin Mayers 

Histosol 

Iodogen reagent 

Isopropanol (Propan-2-ol) 

Magnesium (Light cycler) 

Methacry late resin 

Mineral oil 

MOPS 

Normal rabbit serum 

Normal sheep serum 

PCR ( I Ox) buffer 

Periodic acid 

Picric acid 

Potassium cacodylate 

Potassium chloride 

Potassium phosphate 

Polyvinylpyrrolidone, 

Radioactive labels (32P, 35S) 

Random hexamer primer 

RNase inhibitor 

Salmon sperm 

Sigma Diagnostics, St Louis, Mo 

Australian Biostain Pty Ltd, Traralgon Vic, Australia 

Sigma Diagnostics, St Louis, Mo 

BDH Laboratory supplies, Poole, England 

Roche Diagnostics, Mannheim, Germany 

Technovit 3040 &7100, Kulzer, Wehrheim, Germany 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

Australian Lab Services 

Australian Lab Services 

Boehringer Mannheim, Mannheim, Germany 

Unilab, APS Ajax Finechem 

BDH Laboratory supplies, Poole, England 

Boehringer Mannheim, Mannheim, Germany 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

Amersham pharmacia biotech 

GibCo BRL, Life technologies, Paisley, UK 

Boehringer Mannheim, Mannheim, Germany 

GibCo BRL, Life technologies, Paisley, UK 



SDS (Lauryl sulfate) 

Schiffs reagent 

Sigmacote 

Sodium acetate 

Sodium azide (NaAz) 

Sodium cacodylic acid 

Sodium chloride (NaCl) 

Sodium citrate 

Sucrose 

SYBER green master mix 

T4 polynucleotide kinase 

Taq enzyme and PCR buffer 

TCA (trichloroacetic acid) 

TdT 

TEMED 

Terminal transferase enzyme 

Terminal transferase buffer 

Tris HCl 

Trizma base 

Triton X-114 

Trypsin 

Urea 

Xylene cyanole FF 
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Sigma chemical Co, St Louis, Mo 

Amber scientific, Belmont, Western Australia 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

Aldrich chemical Co, WI, USA 

ProSciTech 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

Roche Diagnostics, Mannheim, Germany 

GibCo BRL, Life technologies, Paisley, UK 

Boehringer Mannheim, Mannheim, Germany 

Sigma chemical Co, St Louis, Mo T-9159 

Boehringer Mannheim, Mannheim, Germany 

ICN Biomedicals Inc, Ohio 

Roche Diagnostics, Mannheim, Germany 

Roche Diagnostics, Mannheim, Germany 

Boehringer Mannheim, Mannheim, Germany 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 

GibCo BRL, Life technologies, Paisley, UK 

Sigma chemical Co, St Louis, Mo 

Sigma chemical Co, St Louis, Mo 



2.2 METHODS 

2.21 Animals 

2.211 Genotyping 
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All primers used in the following studies were designed as follows. The mRNA sequence 

of interest was retrieved through ENTREZ (NCBI nucleotide website) and the primers 

selected by DNAST AR Primer Select, having a length of between 17-25 nucleotides and a 

location of 200-400 bp. Once selected, their specificity was reaffirmed by a basic BLAST 

search (NCBI website), then their ability to form primer dimers and hairpins was analysed 

by Net Primer (Prmierbiosoft website). To genotype the ArKO colony, PCR specific 

primers were designed to anneal to both exon IX and the neomycin resistant insert of the 

Cyp19 gene (Figure 2.211, Table 2.211). Originally only exon IX primers were used, 

however the neo insert is approximately 1.5 kb and thus resulted in 2 PCR products of 

exceedingly different lengths. 

Genomic DNA was extracted from 0.5 cm of mouse tail by incubating each tail with 100 

µl K buffer (20 µl IO x PCR buffer, 1 µl Tween-20, 20 µl proteinase K (IO mg/ml) and 

sterile water to 100 µl) at 56°C for 45 min. To inactivate the proteinase K, the temperature 

was increased to 99°C for 15 min. A PCR reaction was set up, containing 0.5 µl extracted 

DNA in a 25 µl reaction. The reaction mix contained 2.5 µl IO X PCR Buffer with Mg2
+, I 

µl dNTP's (10 mM), 0.5 µl (10 pmol/µl) neo forward and reverse primers, and 0.5 µl (10 

mol/µI) exon 9 forward and reverse primers, 0.5 µl (5 units/µl) Taq polymerase and sterile 

water to 25 µI. The reaction mixes were then loaded into a PCR machine (PCR Express) 

with the following program. The first stage was a single denaturing step for 1 min at 94°C, 

followed by the second stage of 35 cycles involving the denaturing step for 15 s, the 

annealing step at 55°C for 30 sand the extension step for 45 sat 72°C. The third stage was 

a final extension step for 6 min. 
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Exon IX 

Figure 2.211 The /ocaaon of the primers (arrows) used to genotype the 

ArKOmice. 

Both exon IX forward and reverse, and neo forward and reverse primers 

generated PCR products of220bp and 180bp, respectively. 

Table 2.211 Genotyping PCR primer sequences 

Gene Forward primer Reverse primer 

Neo 5' - ate agg atg ate tgg acg aag a -3' 5' - eca eag tcg atg aat eca gaa -3 ' 

&onIX 5 ' - gtg aca gag aca taa aga tcg -3 ' 5 ' - gta aat tea ttg ggc tta ggg -3 ' 

As the two PCR products only differ in length by 40bp, a 4 % agarose gel (2% low melting 

temperature agarose, 2% LE agarose) was prepared with 5 µ1/100 ml ethidium bromide ( 4 

mg/ml), for accurate genotyping. DNA loading buffer, 4x, was then added to the PCR 

product and loaded into the gel in a BioRad sub cell with a 1.5 plus kb molecular marker. 

The gel was run for 60 min at 80 V using the Hoefer power supply in 0.5 x TBE buffer 

(lOx: 108 g Tris base, 55 g Boric acid, 40 ml 0.5M EDTA, pH 8.0, water to l L). The 

DNA was visualised with a UV transilluminator contained in a Gel Doc 2000 apparatus 

(BioRad Laboratories). 
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If a single band existed at 220 bp this ascertained the presence of two alleles containing 

neomycin inserts and thus this animal was genotyped an ArKO (Figure 2.212). If 2 bands 

occurred, these corresponded to the 2 different alleles and the mouse was pronounced a 

Heterozygote (Het), and finally if a single band occurred at 180 bp then it was pronounced 

a Wildtype (WT). 

H W K 

Figure 2.212 Genotyping 

+- 220bp 
+- 180bp 

The lane with a single band at 220 bp represents the ArKO animal (K) with the neo 

insert, the lane with 2 bands is the heterozygote (H; I of each allele) and wildtype 

with an undisrupted exon IX represented by one band at 180 bp (W). 

2.212 Husbandry 

WT, ArKO and Het mice were housed under a 12 h light/dark cycle in the Specific 

Pathogen Free (SPF) facility at Monash Medical Centre Animal House, and were fed 

mouse chow and water ad libitum. For breeding purposes, generally 2 Het animals were 

placed together, the mendelian frequency of the offspring being 50% Het, 25% ArKO and 

25% WT. Weaning occurred at 3 wks, when females and males were placed in separate 

cages. Mice were ear tagged an identification number by the routine method. All 

experiments were approved by the Animal Experimentation Ethics Committee at Monash 

Medical Centre. 
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2.213 Mouse chow constituents 

Glen Forrest Stockfeeders (Glen Forrest, Western Australia, Australia) manufactured the 

two gamma-irradiated mouse chows used in these studies. Both were standard mouse 

chows containing wheat, lupins, blood meal, fish meal, meat meal, bran, pollard, vegetable 

oil, pure amino acids and vitamin mineral premix. However, one contained the standard 

10% soya meal, and one had the soy replaced with additional protein supplements. In 

1999, I year after the ArKO mouse colony was established in Australia, 80% of the colony 

was raised on the soy free mouse chow. 

2.214 Collection of tissue 

WT and ArKO male mice were sacrificed by cervical dislocation and blood collected by 

beheading. The blood was spun at 3000 RPM for IO min to separate the serum, which was 

then snap frozen on dry ice and stored at -20°C for hormone analysis (Section 2.27). The 

testis were dissected out, the epididymis and gonadal fat removed, and all tissue weighed. 

One testis and epididymis was immediately snap frozen in liquid nitrogen for storage at -

80°C, the other was fixed (see below). 

2.215 Fixation of tissue 

Whole testes with the epididymides still attached were either placed in paraformaldehyde 

(4% paraformaldehyde in PBS) or Bouins fixative (approximately 9 g picric acid per 750 

ml water until saturated, 250 ml formaldehyde, 50 ml glacial acetic acid) for immersion 

fixation. After 4-5 h the testes were washed and stored in 70% ethanol, at 4°C. 

2.22 Fertility 

2.221 Mating study 

WT and ArKO mice were placed with WT females at age 50 days (Het females were also 

used if no WT mice were available). The number of litters, number of pups per litter and 

time until the first litter were monitored for 50 days. 
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2.222 Sexual behaviour 

WT female mice were ovariectomized and injected intra-peritoneally with IO µg oestradiol 

48 h prior to test, then 500 µg progesterone 4-7 h before test (Ogawa et al. 1998b ). All 

tests were performed during the dark phase. Male WT and ArKO mice were placed in a 

viewing cage and left for 5 min to adjust to their new surroundings before the female was 

introduced. An infra-red illuminator using 10 infra Red Light Emitting Diodes (MS

l 570B) mounted on a Perspex strip (assembled by ourselves) was used to illuminate across 

the cage. This was attached to a MOD-BW miniature video camera (Govideo N266, 

Tandy's Electronics, Perth, WA) that was used to film the mice for 20 min. For each male 

the number of mounts, their mount latency and general behaviour was recorded, the tapes 

viewed if further examination was required. If the female appeared to be unresponsive 

another replaced her in the viewing cage. 

2.223 Quantitation of epididymal spermatozoa 

Epididymides stored at -80°C (Section 2.214) were thawed to room temperature. After 

weighing, each was homogenised for 30 s in 1 ml 0.05% Triton (in PBS). As the 

chromosomes in the elongated spermatids from step I 2 onwards have condensed, the 

sperm heads are protected against rupturing, allowing spermatozoa numbers to be 

quantified. The number of spermatozoa per epididymis was quantified using a 

haemocytometer, multiplying the number counted per square by I 04 and the dilution 

factor. 

2.224 In vitro analysis of spermatozoa 

The caudae epididymides were removed from WT and ArKO males, and the spermatozoa 

allowed to swim out of a small incision made in each epididymis into 0.5 ml modified 

Tyrode's medium (MT6) under mineral oil, and capacitated for 2 h at 37°C in an 

atmosphere of 5% CO2 in air. Spermatozoa were then analysed for concentration and 

motility. Droplets of 20 µl sperm solution (2 x 106 spermatozoa/ml) under mineral oil were 

used for insemination. Oocytes were examined 6 h after insemination for fertilisation as 
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determined by the presence of 2 pronuclei and the extrusion of the second polar body, then 

every 10-14 h for development to the blastocyst stage. These experiments were carried out 

by Dr Orly Lacham-Kaplan at the Institute of Reproduction and Development. 

2.23 Histology 

Testes fixed in Bouins were sectioned into 3 segments; top, middle and bottom, and each 

of these into half again resulting in 6 sections. Epididymides and each testis segment (one 

representative from top, middle and bottom) were embedded in methacrylate resin, with 

the remaining testis segments stored in 70% ETOH to be embedded in paraffin. 

2.231 Methacrylate Resin 

i Embedding 

Each testis segment and epididymides were dehydrated in a spinning rotator (Ratek 

Instruments, Boronia, Vic, Australia), each wash of increasing alcohol concentration: 70% 

ETOH ( I h), I 00% ETOH (3 x 1 h), butanol ( I h) and butanol (3 h). After the final 

dehydration step, approximately I ml infiltration solution ( I g hardner I in I 00 ml 7 I 00 

solution; Technovit 7100, Kulzer, Wehrheim, Germany) was added to each tissue and left 

to spin slowly overnight. Each tissue was then placed in a mould and numbered on a paper 

label with pencil. Then a hardner solution (] ml hardner II in 15 ml infiltration solution; 

Technovit 7 I 00, Kulzer, Wehrheim, Germany) was pipetted into the moulds to completely 

cover the tissue and left for approximately 2 days to harden. 

The backing blocks (IO g Technovit 3040 powder and 5 ml Technovit 3040 liquid; Kulzer, 

Wehrheim, Germany) were constructed using the same moulds as above, taking 

approximately 5-10 min to set. Each block was attached to the methacrylate embedded 

tissue using a small quantity of the backing block mixture. The blocks were removed and 

stored long term with silca gel moisture indicator crystals (Chem-supply, South Australia). 
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ii Histology 

Sections, 2µm and 25µm, were cut on a supercut microtome (Leica LM 2055, Reichart) 

with a glass knife formed by the knife cutter (2078 Histo Knifemaker, Leica KB Bromma). 

Each section was placed on an uncoated slide (HD Scientific) and left for 2 h (2 µm) or 24 

h (25 µm) at 37°C to adhere. All sections, unless specified, were dipped in Periodic acid 

(1: 100 w/v in water) for 30 min, then 2 water dips. This was followed by either 1 h (2 µm) 

or 45 min (25 µm) in Schiffs reagent at room temperature, then running tap water for 10 

min to initiate the Schiff reaction, staining the carbohydrate moieties pink. To visualise the 

nuclei, the sections were counterstained with haemotoxylin (2 µm for IO min and the 25 

µm for 35 min), and Scotts tap water (I Ox; Sigma Diagnostics, St Louis, Mo) for 2-5 min 

until blue, one water dip halting the Scotts reaction. Sections were then dried at 37°C for 

either 1 h (2 µm) or overnight (25 µm). They were then mounted under glass with DPX. 

2.232 Paraffin 

WT and ArKO testes were embedded in paraffin wax (Paraplast tissue embedding 

medium; Oxford Labware, Sherwood Medical, St Lois, MO) by the standard method for 

imunocytochemistry. Either 3 µm or 5 µm sections were cut with a microtome (Lei ca 

Reicheit-Jung) and mounted on Superfrost slides (Menzel-glaser, Germany), 2 per slide. 

Each slide was dewaxed using decreasing alcohol concentrations: histosol 2 x 10 min, 

100% ETOH 2 x IO min and 70% ETOH 1 x 10 min. A wax pen (Pap pen, Zymed 

Laboratories) was used to trace around each section. 

2.24 Stereology 

Stereo logical analyses of the testes were performed on both 2 µm and 25 µm methacrylate 

embedded sections. Sections were examined under a BX-50 Olympus microscope (Tokyo). 

The image was captured by a Pulnix TMC-6 video camera (Pulnix America, Sunnyvale, 

CA) coupled to an Amiga 2000 Pentium computer, and projected onto the computer screen 

by using a Screen Machine II fast multimedia video adapter (Hamburg, Germany). The 
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computer program CASTGRID VI (Olympus, Munich) was used to generate point grids and 

unbiased counting frames 

2.241 Testicular Volumes 

To calculate the volume of the testis taken up by the lumen, interstitium and epithelium, 2 

µm sections were examined under x IO magnification. A point grid was created consisting 

of 4 major and 16 fine points (Figure 2.241). The major points were counted if they landed 

on seminiferous tubules, as most of the testicular volume is comprised of epithelium, 

whereas the number of fine points landing on lumen, interstitium and tunica were noted. 

Approximately 10-20 counting frames were chosen, where one frame directly followed the 

previous in order to determine the volume of the entire testis section. To calculate the 

volumes, the total points landing on each compartment from testis top, middle and bottom 

were calculated. The points landing on seminiferous epithelium were multiplied by 16 as 

each major point was a representative of 16 fine points. The total number of points landing 

on each compartment was divided by the total points per testis then multiplied by the testis 

weight (g) to give the volume (mm3
) of each compartment. 

2.242 Cell numbers 

The optical disector approach was used to quantitate the number of cells per testis. Germ 

cells were classified into four major groups: spermatogonia, spermatocytes, round 

spermatids and elongated spermatids (Russell et al. 1990). Two counting frames were 

constructed directly on the screen (Figure 2.242). One was 2,302 µm 2
, in which 

spermatogonia were counted as they occurred less frequently, and enclosed in this was a 

230 µm 2 frame in which the remaining germ cells were counted. The germ cells were 

counted if their nuclei came into focus on the screen when focusing in on the section to a 

depth of l Oµm. At least l 00 fields per section, selected by a systematic uniform random 

sampling scheme using a motorised stage (Wreford 1995). Sertoli cell nuclei were counted 

in a frame of 1.381 µm 2 in 150 fields per section. The cells were only counted if their 
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Figure 2.241 Calculating the volumes of the testi.cular compartments 

(a) To determine the volume of the entire testis section, approximately 10-20 counting 

frames were randomly chosen using a motorised stage, each following the other. (b) A 

point grid was created consisting of 4 major 0 and 16 fine + points. The major points 

were counted if they landed on seminif erous tubules (T), and the fine points if they landed 

on lumen (L), interstitium (I) and tunica (not shown). For example, in this figure 4 major 

points are on the tubules, 12 fine on lumen and 25 on interstitium. The total nwnber of 

points landing on each compartment was divided by the total points per testis then 

multiplied by the testis weight (g) to then give the volume (mm3
) of each compartment. 



epithelium 

Figure 2.242 The optical disector method/or quantifying germ cells 

Two counting frames were constructed directly on the computer screen, with I 00 fields per 

testis section chosen by a systematic uniform random sampling scheme. Spermatogonia 

(G) were counted if they landed within the boundaries (green) of the larger counting frame 

(2,302µm2
) as they occurred less frequently . Enclosed in this was a 230µm2 frame in 

which spermatocytes (C), round spermatids (S) and elongated spermatids (E) were 

counted. In this example, one spermatocyte and one round spermatid intersected the small 

frame, whereas 3 spermatogonia fell in the larger frame. 
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nuclei landed inside the frames or intersected the top or right boundary (Figure 2.242). If 

they intersected either the left or bottom side of the frame they were discounted. 

The total number of cells per testis were calculated by the following formula. Firstly, 

volume = 10 µm x TF x A, where TF is the total number of fields and A is the frame area. 

Then N = NC/Volume, were NC is the total number of cells. Finally Total number cells per 

testis (millions) = N x Wt x 1012, were Wt is the testis weight in grams. Whilst this was 

occurring, where the top right point (circle) of the counting frame (Figure 2.242) landed 

was also noted, for example, either interstitium or seminiferous epithelium, either in stage 

I-VII or stage VIII-XII. This allowed the composition of the seminiferous epithelium to be 

preliminarily analysed. 

2.243 Diameter of seminiferous tubules 

Cross sections of the seminiferous tubules were measured using the stereo logical system at 

x 10 magnification. Approximately I 00 tubules were measured per animal, the average 

diameter (µm) then calculated. From this, the average tubule length could also be 

calculated with the following equations. Firstly, tubule volume: TV= (PE + PL/TP) x Wt, 

where PE is the number of points landing on the seminiferous epithelium, PL the points on 

the lumen and TP being the total number of points landing on the testis, multiplied by the 

weight of the testis in mg. Then tubule area was then calculated using the following 

equation: TA= 'TT'X (d/2)2 , where d equals the average tubule diameter in µm. And finally, 

the tubule length in metres (TL) which equals: TL= TV x 10-3rr A xl0-6
. 

2.244 Hourly production rate 

The hourly production rate of each germ cell type, per testis, was calculated usmg 

published time divisors, whereby the number of sperm per testis was divided by the 

particular time in hours: 351.2 h for spermatogonia, 328.8 h for spermatocytes, 138.4 h for 

round spermatids and 212.8 h for elongated spermatids (Russell et al. 1990). This allowed 
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the hourly production rate for each germ cell type per testis to be compared between WT 

and ArKO. 

2.25 Electron microscopy 

WT and ArKO testes were immersion fixed in 0.5% glutaraldehyde in 0.1 M cacodylate 

buffer (pH 7.4). After 1 h they were removed, cut in half and replaced into the buffer for a 

further 2 h to ensure complete fixation. After fixing, the testes were removed, cut into 

1 Oths with 3 random pieces from the top middle and bottom removed and stored in 0.01 M 

cacodylate buffer only at 4°C. These were embedded in Epon araldite, then 1 µm sections 

were prepared, stained with toluidine blue, and 3-4 tubules of interest chosen when 

examined under light microscopy. Ultrathin (90nm) sections were then prepared using a 

Reichert OMU3 microtome. These were prepared for electron microscopy by incubating 

with uranyl acetate in distilled water, and stained with Reynolds lead citrate stain as per 

standard electron microscopy procedures. 

2.26 Immunocytochemistry 

2.261 3P-hydroxysteroid dehydrogenase (JP HSD) 

In order to visualise and quantify the Leydig cells, they were stained with a 3~-HSD (3~

hydroxysteroid dehydrogenase) antibody. Dewaxed 5µm paraffin sections were washed in 

PBS (0.01 M Phosphate Buffer, 0.015 M NaCl, pH 7.5). Trypsin (0.02% in 0.1% CaCh) 

was used as the antigen retrieval step, sections incubated for 40 min and the reaction 

terminated by a 10 min water wash. Endogenous peroxidase activity was removed by 

treating the sections with hydrogen peroxide (H20 2, 6% v/v) for 30 min at room 

temperature, with a wash in PBS halting this reaction. The sections were then incubated for 

20 min with CAS block containing 10% normal sheep serum (diluted in PBS), to block 

non-specific antibody binding. After removal of the serum, one section on each slide was 

immediately incubated with I :300 polyclonal rabbit anti-ovine 3~HSD antiserum (diluted 

in PBS, kindly supplied by Gail Risbridger from the Institute of Reproduction and 
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Development) and the other in I :300 normal rabbit serum (NRS, diluted in PBS) as a 

negative control, at 4°C overnight. 

After removal of the primary antibody, the secondary antibody, IgG-biotinylated sheep 

anti-rabbit (I: I 00; Silenus) was incubated with the 2 sections for I hat room temperature. 

The avidin biotinylated conjugate (ABC) was made up 30 min prior to use by following 

manufacturers instructions. After the secondary antibody was removed (2 PBS washes), 

the sections were incubated with the ABC reagent for I h. This incubation allowed the 

avidin and horseradish peroxidase (HRP) to attach to the biotin located on the secondary 

antibody, thus labelling the antibody. DAB (3,3 '-diaminobenzidine tetrahydrochloride) 

was prepared according to manufacturers instructions and incubated with the sections for 

40 s -1 min. The HRP caused the hydrogen peroxidase to react with the DAB, the Leydig 

cells visualised by the resulting brown colour reaction. Mayers haemotoxylin for 3 min, 

then Scotts tap water ( I Ox; Sigma Diagnostics, St Louis, Mo) for 40 s counterstained the 

cells, a water wash terminating these reactions. The sections were dehydrated in I x 70% 

ETOH, 2 x I 00% ETOH and 2 x histosol dips. They remained in the final histosol dip for 

15 min prior to being mounted under glass with DPX. The volume of the Leydig cells was 

determined stereo logically as described (Section 2.241 ). 

2.262 TUNEL assay 

Apoptotic cells were visualised using the terminal deoxynucleotidyl transferase-mediated 

dUTP-biotin nick end labelling (TUNEL) technique, kindly performed by Dr Sarah 

Meachem, Prince Henry's Institute of Medical Research, Clayton, Vic. Once again, 

endogenous peroxidase activity was removed by treating the 5µm sections with hydrogen 

peroxide (H202, 3%v/v in methanol) for 30 min at room temperature. A PBS wash halted 

this reaction. The reaction mix for labelling the 3' end of the fragmented DNA was as 

follows: 5 x terminal transferase buffer (potassium cacodylate, I mol/L; Tris HCL, 125 

mmol/L; BSA 1.25 mg/ml, pH 6.6 at 25°C), CoCh (25 mM), digoxigenin labelled 

dideoxy-dUTP (5 µM) and TdT (25 IU/µI). The second section on the slide was used as a 
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control, with distilled water replacing the TdT. After the reaction mix was applied, the 

sections were coverslipped and sealed using nail varnish, the reaction then proceeding for 

30 min at 37°C in a humid chamber. After removal of the coverslips the reaction was 

halted by 2 PBS washes (5 min). To block non-specific binding of the antibody, the 

sections were then incubated for 10 min at room temperature with 20% NRS (diluted in 

PBS). The incorporated DIG was detected with a sheep anti digoxigenin-peroxidase (1 :500 

in 20% NRS in PBS) at room temperature in a humidified chamber for 30 min. Sections 

were washed twice for 5 min in Tris Buffer (0.5 M Tris, 0.15 M NaCl, pH 7.5) to remove 

excess antibody. The secondary antibody applied was IgG-biotinylated rabbit anti sheep 

(I :500 in 20% NRS in Tris Buffer) for 30 min at 37°C. This reaction was terminated by 2 

washes in PBS (5 min). The sections were then incubated in a streptavidin-biotinylated 

horseradish complex (I: I 00 in Tris Buffer) at room temperature for 30 min, and then 

washed twice with Tris Buffer. The apoptotic cells were visualised with 3,3 ' -

diaminobenzidine tetrahydrochloride (DAB) for I 0-15 min according to manufacturers 

instructions, this reaction halted by a Tris Buffer wash. Sections were counterstained with 

Mayers haemotoxylin for 10 s, then dehydrated in 1 x 70% ETOH, 2 x I 00% ETOH and 2 

x histosol dips. They remained in the final histosol dip for 15 min prior to being mounted 

under glass with DPX. 

Each section, 1 per animal, were examined for the presence of TUNEL positive cells. 

Under IO x magnification using an Olympus microscope (CBH-2), each tubule was 

initially classed as being at either at the early (I-IV), mid (V-VIII) or late (X-XII) stage of 

development. Then the number of apoptotic cells per tubule and the type of cell that had 

stained brown were recorded. Also noted were the total number of tubules counted. This 

allowed the number of apoptotic cells to be calculated per tubule providing an initial 

characterisation of the tubules. 



2.27 Serum Hormone Assays 

2.271 Testosterone 
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Serum testosterone (T) was detected using a double antibody radio-immuno assay (RIA). 

The assay used an acidic citrate buffer (0.05 M citric acid, 0.01 % sodium azide, 0.02% y 

globulin, pH 5.1) to release T from its binding proteins in the serum. The tracer used was 

iodinated histamine-testosterone (10,000 cpm/ml, purchased from Clinical Biochemistry, 

Monash Medical Centre, Australia) with a rabbit anti-T primary antibody (T AS 0811 in 

1 :60 normal rabbit serum (NRS) (Sirosera, Sydney, Australia)). Each assay consisted of a 

standard curve from 333 pg/I 00µ1 to 1.3 pg/I 00µ1, against which the unknowns were 

measured. Samples, S µl, were added in duplicate to a total volume of 500 µl. After 24 h 

incubation at 4°C, the goat anti-rabbit secondary antibody (1: 10, GAR#I2; Silenus) and 

4% polyethylene glycol were added to facilitate pelleting. As a control, the same quantity 

of charcoal stripped normal mouse serum was used. All samples were measured in the 

single assay with a gamma counter (Wallac 1470, Turku, Finland). The detection limit of 

the assay was 0.4 ng/ml and the within assay variation was 4.6%. Both dose response 

curves were parallel with the stripped serum standard, with this curve repeated if new 

serum was used. The primary antibody is known to cross react with Sa dihydrotestosterone 

(DHT) 39%. 

2.272 FSH and LH 

The following assays were undertaken by Anne O'Connor from the Institute of 

Reproduction and Development, Clayton, Vic. Both LH and FSH assays were determined 

by RIA with the following iodinated preparations (iodinated using Iodogen reagent) and 

antisera: rFSH 1-8 and anti-rFSH-S-11; and rLH-1-9 and anti-rLH-S-10 rFSH 1-8 (NIDDK, 

Bethesda, MD, USA). The secondary antibody used in both RIA 's was goat anti-rabbit lgG 

(GAR #12), and the assay buffer 0.01 M PBS containing 0.5% BSA. A11 samples were 

assayed in 20 µl duplicates with 20 µI assay buffer and 20 µI antiserum. After incubating 

overnight at room temperature, 5000 cpm/20µ1 tracer was added. Following a second 
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overnight incubation, 20 µl of the second antibody was added and the total serum 

concentration in each tube equalised using normal mouse serum. The next day, 0.9 % 

saline (4°C) was added, centrifuged and pellets counted on a gamma counter (Wallac 1470, 

Turku, Finland). The data was log transformed and calculated using straight line statistics. 

Again, all samples were measured in the single assay. The sensitivity limits of the assay 

were 1.05 ng/ml (FSH) and 0.08 ng/ml (LH), whereas the within assay variations were 

5.3% (FSH) and 9.2% (LH). 

2.28 RNA isolation 

RNA was isolated from whole testes using the Ultraspec RNA isolation system (Fisher 

Biotec) according to manufacturers instructions. Briefly, each frozen testis was cut into 

half and homogenised with a hand held homogeniser in I ml Ultraspec reagent. After 

incubating on ice for 5 min, 200 µl chloroform was added, vortexed to mix, then the 

homogenate placed back on ice for a further 5 min. The samples were centrifuged at 

12,000 x g for 30 min at 4°C, following which the upper aqueous phase containing the 

RNA was removed and an equal volume of isopropanol added. The samples were inverted 

to mix and left on ice for IO min. Following centrifugation at 12,000 x g for 20 min at 4°C, 

the supernatant was discarded. The pellet was washed twice with 75% ethanol by 

vortexing, spun at 7,500 x g for 5 min at 4°C, and left to dry for IO min before dissolving 

in 50 µl DEPC water (0.1 % DEPC in sterile water, stir until dissolved and autoclave) at 

65°C for IO min. 

To obtain the final RNA concentration, 2 µI of RNA in 50 µI DEPC water was analysed 

with a spectrophotometer (Beckman, DU 530) at 2601280nm absorbance according to the 

following formula: 

[RNA]µg/ml = A26o12so x dilution factor x 40 

To visualise the extracted RNA, 100 ng was loaded into a 1 % agarose gel and run at I 00 V 

for 30 min. If the RNA was not degraded, the 28S and 18S rRNA were clearly visible with 
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the Gel Doc UV transilluminator (BioRad Laboratories, Hercules, CA). The remaining 

total RNA was snap frozen on dry ice and stored at -80°C until further use. 

2.29 Restriction fragment differential display PCR 

Differential display PCR was carried out using the displayPROFILE kit (Display Systems 

Biotech) according to manufacturers instructions. Briefly, this involved reverse 

transcribing IO µg total testis RNA, then phenol/chloroform extracting the cDNA and 

ethanol precipitating it overnight at -20°C. Gel electrophoresis (0.8%) was performed on 5 

µl of the cDNA to check the quality of the cDNA, a smear should have been visible. The 

following day the cDNA was restriction digested with Taql, a 4-base cutter which left a 5'

overhang. Then two specifically constructed DNA adaptors were ligated to the ends of the 

cDNA fragment. A 33P labelled 5 '-primer then annealed to these adaptors with 3 bases of 

the primer extending into the cDNA sequence. A total of 64 primer combinations were 

required to amplify all 3 base combinations. The differentially expressed genes in the testes 

samples were separated by 6% polyacrylamide gel electrophoresis. 

2.291 Polyacrylamide gel 

One of the two 40 x 55cm glass plates was treated with Sigmacote, then the 

polyacrylamide gel solution (35.82 g urea, 24.8 ml 30% Bis/acrylamide, 900 µl 10% APS 

and 120µ1 TEMED in 149 ml 1 x TBE) pipetted in between the two glass plate. The shark 

toothcomb was then inserted and left for approximately 1 h to set. After flushing the wells 

with 0.5 x TBE, the plates were secured into the vertical apparatus (BioRad) and 5 µI of 6 

x loading buffer (0.125 g bromophenol blue, 0.125 g xylene cyanol, 20 g sucrose and 

DEPC water to 50 ml) added into each lane. The gel was pre-run at 250 V for 45 min to 

visualise each lane and to preheat the gel to retain the samples in a denatured state. The 

samples were then loaded and the gel run until the dye had moved approximately 75% of 

the plate distance. After removal of the gel onto Whatmann paper it was vacuum dried 

(Biorad Model 483 Slab Dryer) for approximately 90 min at 80°C, then exposed overnight 
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to phosphorimager plate (Molecular Dynamics), then phosphorimager (Storm, Molecular 

Dynamics). The dried gel was also exposed for approximately 5 days to an autoradiograph 

film (Kodak Biomax) at room temperature. 

2.292 Reamplijication of genes 

Any differentially expressed genes were cut out of the gel and placed in 50µ1 sterile water. 

This was then heated at 95°C for 15 min, vortexed to mix and spun down at 12,000 x g for 

IO min. Following this, a PCR reaction was set up containing 5 µI of the fragment 

containing solution and 8 µI of the display probe, as per manufacturers instructions. The 

PCR products were then loaded into a 1.5% agarose gel and run at 100 V for 30 min. Then 

the PCR products of the appropriate size were cut out of the agarose gel and purified using 

the QIAEX II Gel Extraction Kit (QIAGEN) according to the manufacturers instructions. 

As the DNA concentration was very low, it was ethanol precipitated by adding 2.5 vol 

I 00% ethanol and I /I 0th vol sodium acetate, vortexed and incubated on dry ice for 15 min. 

The tubes were spun at 12,000 x g for 30 min at 4°C, the pellet washed with 75% cold 

ethanol and then spun for at 12,000 x g for 5 min at 4°C. The pellet was air dried then 

resuspended in 10 µI sterile water to a final concentration of I 0-40 ng/µI for sequence 

analysis. 

2.293 Northern blot analysis 

Northern blot analysis was used to confirm if these genes of interest were differentially 

expressed between WT and ArKO mice. 

i Formaldehyde gel preparation 

A 1.2% agarose-formaldehyde gel was prepared with 10 ml l O x MOPS ( 100 g MOPS, 

16.67 g sodium acetate, 24.5 ml 0.5 ml EDT A and sterile water to 1222.5 ml, filter 

sterilised and stored in the dark), 17.5 ml acid free formaldehyde and DEPC water to 50 ml 

at 60°C. This was then slowly added to the molten agarose (0.48 g of agarose in 50 ml 
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DEPC water at 60°C) and carefully poured into the RNase free (soaked in 1.0 M NaOH) 

gel tray. 

ii RNA preparation 

WT and ArKO total testis RNA, 15 µgin 5 µl, was added to 7 µl deionised formamide (5 g 

deionising resin (Biorad) /100 ml formamide shaken for 1 h then filtered), 2 µl 5 x MOPS, 

3 µl formaldehyde and 4.2 µl 6x bromophenol blue, and the reaction heated for 10 min at 

60°C. The total RNA was then loaded into the gel and run at 50 V until the samples had 

penetrated the gel, then was run at 40 V for approximately 4 h until the bromophenol blue 

had progressed 2 cm into the gel. 

iii Transfer of RNA to membrane 

Following electrophoresis, the gel was washed twice in DEPC treated water to remove the 

formaldehyde. Northern transfer was carried out using 20 x SSC (3 M NaCl, 0.3 M 

Na3citrate, pH 7.0) as the transfer buffer for 18 h, using the transfer set up as described by 

Sambrook et al (1989). The Hybond C membrane (Amersham Pharmacia Biotech) was 

carefully removed from the gel and crosslinked using a GS gene linker UV chamber 

(BioRad Laboratories) for 120 s. After washing in 2 x SSC, the blot was baked for 1-2 hat 

80°C. 

iv Pre-hybridisation 

The membrane was pre-hybridised with 25 ml of hybridisation buffer (5 x SSC, 5 x 

Denhardt's Reagent ( 1 g Ficoll 400, I g polyvinylpyrrolidone, 1 g BSA, water to 50 ml, 

then filter sterilised), 5% SOS, 50µ1 (IO mg/ml) of salmon sperm) at 65°C for a minimum 

of I h in a rotating hybridisation oven (Mini hybridisation oven, Hybaid). 

v Labelling of probe 

To use the PCR product (Section 2.292) as a probe, 25 ng was added to 45 µI of sterile 

water, then incubated at 100°C for 5 min and immediately cooled on ice. This was then 
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added to a tube containing the RTS RadPrime DNA labelling system (Gibco BRL), and 

vortexed to mix. The DNA was labelled by adding 5 µl (IO mCi/ml) a.-32P-dCTP and 

incubating at 37°C for a minimum of IO min. The reaction was halted by the addition of 5 

µl 0.5 M EDT A. Before the probe was added to the membrane, any unbound label ws 

removed using the NucTRap purification columns (Stratagene) according to manufacturers 

instructions, to remove any unbound label. Once purified the probe was denatured at I 00°C 

for 5 min, immediately cooled on ice, and added to the membrane and pre-hybridisation 

buffer. The membrane was then incubated at 65°C for 18 h. 

vi Washes 

Following hybridisation, the membrane was transferred to 500 ml of a low stringency wash 

(2 x SSC, 0.1 % SOS) and washed twice by gentle shaking for IO min at room temperature. 

This was followed by two 500 ml washes in a higher stringency wash ( I x SSC, 0.1 % 

SOS) prewarmed to 65°C for IO min, then two washes in a high stringency wash (0.1 x 

SSC, 0.1% SOS) again prewarmed to 65°C for 10 min. The stringency of the washes could 

be varied depending on the background counts. The membranes were then sealed in plastic 

and exposed to phosphorimager plates (Molecular Dynamics) overnight, and then 

autoradiograph film (Kodak Biomax) for approximately 5 days. 

2.30 Gene array 

A mouse cell cycle GEarray kit (mGEA1012010, Superarray) comprised of the following 

cell cycle genes: cyclins (cyclin A, cyclin B, cyclin C, cyclin O 1, 02, 03, cyclin E 1, E2), 

cyclin dependant kinases (cdk 1, cdk2L, cdk4, cdk6), cdk inhibitors (p 15ink4
b, p I 6ink48, p 18, 

p 19, p2 I wafl, p2iipl, p5iiP2
) and various other cell cycle specific genes (retinoblastoma 

protein, E2F 1, Skp 1 and Skp2), was used to examine the expression of cell cycle genes 

between WT and ArKO testes. The GEarray was carried out according to the 

manufacturers instructions. Briefly, total testes RNA from one WT and one ArKO at 18 

wks of age were used as a template to create two 32P labelled cONA probes. These were 
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hybridised overnight to the membranes provided, washed and exposed overnight to 

phosphoimager plate. Each membrane was analysed as described (Section 2.34). 

2.31 Real-time PCR 

2.311 Primers 

Specific primers for a selection of cell cycle regulated genes (Table 2.311) were designed 

(Section 2.211). A 20-35 bp sequence in between the two PCR primer pairs was chosen as 

a probe for Southern blotting (Table 2.312). These again were checked through a BLAST 

search. 

Table 2.311 PCR Primer sequences 

Gene Forward primer Reverse primer 

18s 5 '-egg eta cca cat cca agg aa-3' 5 '-get gga att ace gcg gct-3' 

Cyclin Al 5'-ccg tgc tag ggg tgt tga ctg aa-3' 5' -tee tct gac tgg gca tgg gtg gtg-3' 

Cyclin Bl 5'-tga ccc aaa cct ctg tag tga ata-3' 5' -tgg tgc tta gtg tac gtg ttg tta-3' 

Cyclin DJ 5' -cgc cat gac tee cca cga ttt c-3' 5 '-ggc gca ggc ttg act cca g-3' 

Cyclin E 5 '-tat ggt gtc etc get get tct gct-3' 5 '-tgc tcg ctg etc tgc ctt ctt act-3' 

p21 waft 5 '-atg tee aat cct ggt gat gt-3' 5'-tgc age agg gca gag gaa gt-3' 

p53 5'-gaa att tgt ate ccg agt ate t-3' 5 '-ggg gca gtt cag ggc aaa gga c-3' 

pRb 5 '-gca tct tta tcg cag cag tt-3' 5' -att ace agg tea tct tee ate t-3' 

E2Fl 5'-gct gca act get ttc gga gga ct-3' 5' -agg ctg ggg atg tgg agg gag gtg-3' 

2.312 Reverse transcription 

Standards, used to measure the unknown samples against in the Real-time PCR reactions, 

were constructed for each gene using I µg total testis RNA and 50 ng random hexamer 

primer in a 20 µI volume. The reaction mix contained 5 µI 5 x AMY buffer, 0.5 µI (0.1 M) 

DTT, I µI 20 nM dNTP, 0.63 µI (25 units/µ!) RNase inhibitor and I. 7 µI (40 units/µl) 
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AMV RT enzyme (Boehringer Mannheim) and DEPC water to 20 µI. A negative control 

was included with DEPC water replacing the RNA. The reactions were incubated at room 

temperature for 5 min, 42°C for 60 min, 65°C for 5 min and 95°C for 5 min. 

Table 2.312 Probe sequences 

Gene Probe 

Cyclin Al 5 '-ccc tgc ggc tgg aaa gaa ag-3' 

Cyclin Bl 5 '-eta ata cag gtt cag atg aa-3' 

Cyclin DJ 5'-ttg tgg ccc tct gtg eea ea-3' 

Cyclin E 5'-cat gga aga etc eea eaa cat eca gae cea eae ca-3' 

p21 wafl 5'-ceg ctg gag ggc aac tte gte tgg gag ege gtt eg-3' 

p53 5 '-cea cea tee act aea agt aea tgt gta ata get ee-3' 

pRb 5 '-etc tac age aaa tta gaa egg aeg tgt gaa ctt at-3' 

E2F 5 '-ttg atg ttt tee tgt gee egg agg aga gtg cag ae-3' 

2.313 PCR 

A 50 µl PCR reaction was set up, containing 2 µl cDNA (Section 2.312) and I µI of each 

forward and reverse primer (IO pmol/µ1). The reaction mix contained 5 µI I Ox PCR buffer, 

I µl 20 nM dNTP, 0.14 µI (5 units/µ)) Taq polymerase enzyme (Boehringer Mannheim) 

and sterile water to 50 µI. Two negative controls were included, one using 2 µI of the 

control reverse transcriptase (RT) reaction and another replacing the 2 µI cDNA with 

sterile water. The following program was applied to all PCR reactions in the block PCR 

machine (PCR Express, Hybaid), with only the annealing temperature varying accordingly 

(Table 2.313). The first stage was a single denaturing step for I min at 94°C, followed by 

the second stage of 35 cycles of the denaturing stage for 45 s, the annealing step for 20 s 

and the extension step for 30 s at 72°C. The 30 s extension step was based on products less 

than 500 bp. The third stage is a final extension step of I min. 
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Table 2.313 The annealing temperature for each primer pair 

Gene Size of product Annealing temperature 
(hp) (°C) 

18s 180 55 

Cyclin Al 346 60 

Cyclin Bl 357 55 

Cyclin DJ 323 60 

Cyclin E 336 65 

p21 wafl 301 55 

p53 306 55 

pRb 337 54 

E2F 335 60 

2.314 cDNA purification 

The PCR products were loaded into a standard 1 % agarose gel and run for 30 min at I 00 V 

in 1 x TBE buffer and the DNA visualised with an UV transilluminator (Gel doc, Biorad). 

The cDNA 's of the appropriate size were excised from the agarose gel and purified using 

the QIAEX II Gel Extraction Kit (QIAGEN) according to the manufacturers instructions. 

The DNA was then quantified using the spectrophotomoter (Beckman, DU530) and 5µ1 

run on a I% agarose gel to check the size and purity of the extracted product. If the band 

was faint, suggesting a low concentration of product, then the PCR was repeated. 

2.315 Reverse transcription for Real-time PCR 

For the Light cycler PCR method, the C.therm reverse transcriptasc enzyme (Roche) was 

used in place of the AMY as it was found to be more efficient when transcribing mRNA 

with secondary structures. One µg of RNA and I 00 ng random hexamer primer in a 20 µI 

volume was added to the reagents supplied in the kit: 4 µI 5 x reverse transcriptase buffer, 
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1 µI (0.1 M) OTT, 0.6 µI (100%) DMSO, 1.5 µIC.therm polymerase (4 units/µ}) enzyme, 

0.64 µI dNTP (20 nM) and DEPC water to 20 µI. The reactions were incubated at room 

temperature for 5 min, heated to 42°C for 15 min, 60°C for 60 min, 70°C for 15 min then 

95°C for 2 min. 

2.316 Optimisation of MgC/i concentrations for Real-time PCR 

As the Real Time PCR are very sensitive to the concentration of magnesium chloride, this 

was first optimised. One to five mM ofMg2
+ and 2 µI of the SYBER green master mix (IO 

x), contained in the FastStart DNA master SYPR green 1 kit (Roche), were added to 1 µI 

of the cDNA, 0.5 µI of IO pmol/µl forward and reverse primer and sterile water (to 20 µl) 

in a Light Cycler capillary (Roche). The following program (Table 2.315) was applied to 

all PCR reactions, with the annealing temperature and extension time varying accordingly 

(Table 2.314). 

Table 2.314 Light Cycler program variables 

Gene MgCl2 Annealing Extension time Read at 
(mM) temperature (°C) (s) (OC) 

18s 3 60 10 80 

Cyclin Al 3 62 14 83 

Cyclin Bl 5 58 15 80 

Cyclin DJ 4 63 15 87 

Cyclin E 3 65 13 82 

p21 wa/1 3 56 15 87 

p53 3 56 13 83 

pRb 4 54 14 78 

E2F 3 65 14 85 



Table 2.315 LightCycler Experimental Protocol. 

Denature 
Cycles 1 
Type: None Florescence Display Mode = Fil 

Segment Temperature Hold Time Slope 2° Target Step Step Delay Acquisition 
Number Target ('C) (sec) (C0/sec) Temp ('C) Size ('C) (Cycles) Mode 

1 95 600 20 0 0 0 None 

PCR 
Cycles 40 
Type: Quantification Florescence Display Mode = Fil 

Segment Temperature Hold Time Slope r Target Step Step Delay Acquisition 
Number Target ('C) (sec) (C0/sec) Temp (°C) Size (0 C) (Cycles) Mode 

1 95 600 20 0 0 0 None 
2 60 5 20 0 0 0 None 
3 72 10 20 0 0 0 None 
4 80 1 20 0 0 0 Single 

Melting Curve 
Cycles I 
Type: Melting Curves Flore cence Di play Mode = F/1 

Segment Temperature Hold Time Slope 2° Target Step Step Delay Acquisition 
Number Target (°C) (sec) (C0/sec) Temp (°C) Size (0 C) (Cycles) Mode 

l 95 0 20 0 0 0 None 
2 55 10 20 0 0 0 None 
3 95 0 0.2 0 0 0 Continuous 

Cool 
Cycles 1 
Type: None Flore cence Di play Mode = F/1 

Segment Temperature Hold Time Slope 2° Target Step Step Delay Acqui ition 
Number Target (°C) ( ec) (C°/ ec) Temp (°C) ize (°C) (Cycles) Mode 

1 40 60 20 0 0 0 None 

This protocol was used for each LightCycler PCR run, with the annealing temperature, the 

extension time and the temperature the florescence was read at (shaded in grey) varied 

accordingly (Table 2.314). 
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The first stage was a 10 min incubation at 95°C to release the Taq polymerase from an 

antibody designed to prevent non-specific amplification. The second stage was a 

denaturing step of 95°C for 0.1 s, followed by an annealing step for 5 sand the extension 

step at 72°C for approximately 40 cycles. The extension time was calculated by the product 

size divided by a factor of 25. In order to determine the melting temperature in the 

amplicons, the third stage consisted of increasing the temperature to 95°C then slowly 

cooling to 55°C in order to create a melting curve. The final stage cooled the capillaries to 

40°C for their removal. 

In each run, a standard curve was created with which to compare the unknown WT and 

ArKO samples against. For example the first 5 capillaries in the l 8S run were dilutions of 

the 18S standard (Section 2.312); 1 ng/µl, I OOpg/µl, I Opg/µl, I pg/µl and 0.1 pg/µI (these 

altered depending on the expression level of the gene), followed by 6 WT samples (2µ1 

cDNA), 6 ArKO samples and finally 2 negative controls. 

2.317 Southern blot analysis 

To confirm that the amplified cDNA was the correct product, it was run on a I% agarose 

gel in I x TBE, then transferred overnight for Southern blot analysis using the procedure 

according to Sambrook et al ( 1989). Briefly, the DNA was transferred onto a Hy bond N+ 

membrane (Amersham pharmacia biotech) using a denaturing solution ( J .5 M NaCl, 0.5 M 

NaOH) for 18 h. The membrane was UV crosslinked for 2 min, washed in 2 x SSC, and 

air-dried. 

i Hybridisation 

Each membrane was pre-hybridised with the hybridisation buffer (5 x SSC, 5 x Denhardt's 

Reagent, J % SOS, 50 µI (JO mg/ml) salmon sperm and DEPC water to 5 ml) at 42°C for J 

h in a rotating hybridisation oven (Hybaid). 
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ii Labelling of probe 

To label the oligonucleotide (Section 2.311), 5 µl 5 x forward reaction buffer, I µl T4 

polynucleotide kinase (GibCo BRL), 16 µl ddH20 and 2.5 µl (IO mCi/ml) [y-32P]A TP was 

added to 50 pmol of the oligonucleotide and incubated at 37°C for a minimum of IO min. 

Before the probe was added to the membrane, any unbound label was removed using the 

NucTrap purification columns (Stratagene ). Once purified, the probe was added to the 

membrane and hybridised in a rotating hybridisation oven (Hybaid) at 42°C for 18 h. 

iii Washes 

The membrane was transferred to 500 ml of low stringency wash (2 x SSC) and washed by 

gentle shaking for 3 x IO min at 42°C. This was followed by 3 further 500 ml washes in a 

high stringency wash (0.2 x SSC) at 42°C, each for IO min. After sealing the membranes in 

plastic, they were exposed to autoradiograph (Kodak Biomax) for approximately IO min. 

2.32 Insitu hybridisation 

2.321 0/igonucleotide labelling 

To label the 35bp sense and antisense oligonucleotides (Table 2.321 ), 4 µI 5x terminal 

transferase buffer, 1 µI terminal transferase, 3 µI CoCb (diluted I in 5), 5.5 µI ddH20 and 

5 µI (10 mCi/ml) [ a-35S]dA TP were added to 1.5 µI of the oligonucleotide (30 ng/µI) and 

incubated at 37°C for 2 h. The labelled oligonucleotide was purified using the NucTrap 

purification columns (Stratagene), according to manufacturers instructions. To quantify the 

radioactivity, I µI was added to 3 µI scintillation fluid and quantified with a liquid 

scintillation analyser (2500 TR, Packard) with a count between I 00,000 and 300,000 

cpm/µI indicating successful labelling. The probe could be stored at this time at -20°C by 

adding 1-2 µI 1 MOTT. 
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Table 2.321 Insitu probe sequences 

Gene. Probe 

p2Jwufl - sense 5'- ccg ctg gag ggc aac ttc gtc tgg gag cgc gtt cg-3' 

- antisense 5 '-cga acg cgc tee cag acg aag ttg cat cca gcg g-3' 

2.322 Hybridisations 

The slides were incubated in I x SSC for 2 min, then dehydrated in 70%, 95% and 2 x 

100% ethanol each for 3 min, then 100% histosol for 15 min followed by a final 100% 

ethanol for 3 min. The slides were then left to air dry for 2 h to overnight. A humid 

chamber was constructed consisting of a slide box (Kartell) with 4 x 15 mm petri dish at 

each corner (Figure 2.231). These were filled with buffer (12.5 ml 4 x SSC, 25 ml 50% 

formamide and DEPC water to 50 ml) to retain the chamber in a humid state for the 18 h. 

To approximately 1 ml hybridisation buffer (25 ml deionised formamide, IO ml 20 x SSC, 

4 g dextran sulphate and DEPC water to 40 ml, shaken for 2-4 h to dissolve the dextran), 

250 µl I M DTT was added. Then the labelled oligonucleotide was diluted to 3 x I 06 

cpm/ml in this buffer. Approximately 120 µI of the diluted probe was pipetted onto the 

section, covered with a coverslip and placed into the humid chamber sealed with parafilm 

(American National Can, Wi). To optimise the hybridisation conditions, slides examining 

p2 l w afl were either incubated at 42°C, 50°C or 55°C for 18 h. 

Slide box 

Petri dishes 

containing buffer 

Figure 2.231 Jnsitu Hybridisation Humid Chamber 
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After hybridisation the slides were washed in I x SSC for I min, then incubated in I x SSC 

at 55°C for 60 min, followed by another I x SSC wash for I min. This was followed by 

dehydration washes in 70%, 95% and 2 x I 00% ethanol each for 3 min. After leaving to 

dry for a minimum of 2 h at room temperature, each slide was exposed overnight to 

phosphoimager slide to indicate the time required for exposure to autoradiograph film. 

2.323 Dipping slides 

The slides were dipped in emulsion (IO ml in 10 ml distilled water at 40°C; llford 

Scientific Product) and left to dry for 2-4 h in the dark. Two blank slides were also dipped, 

one exposed straight away to light and the other used for background grain counts. Once 

dry, the slides were transferred to a light sealed slide box and stored for 3 wks at 4°C. 

2.324 Developing emulsion dipped slides 

The slides were placed in the Developer solution (diluted 1 :4 distilled water; llford 

Phenisol Xray Developer (CP4277)) for 3 min then placed directly in the Acid stop bath 

( diluted 1 :40 distilled water; II ford IN-1 Indicator Stop Bath (CP4701)) for 2 min. 

Following this, the slides were left to briefly drain before placing in the final fixative 

solution (diluted 1 :4 water) for 4 min, then rinsed with running tap water for 20-30 min. 

To stain the testis sections, the slides were placed in haematoxylin for approximately 20 s, 

followed by the following dehydration steps each for 1 min; distilled water, 50%, 70%, 

95% and 2 x I 00% ethanol, then 2 x bioclear each for 7 min. Each slide was then mounted 

directly under glass using DPX. 

2.33 RN ase protection assay 

The RNase protection assay (Becton Dickensen) was used to examine the expression of 

differentially expressed apoptotic genes. Two templates were applied, mAP0-2 containing 

the bcl-2 family of proteins (bcl-2, btl I, bcl-xS, bcl-xL, bak, bax and bad) and mAP0-3 

containing the death receptor pathway genes (Caspase-8, FASL, FAS, FADD, FAP, FAF, 
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TRAIL, TNFRp55, TRADD and RIP). Each assay also contained 2 housekeeping genes, 

L32 and GAPDH. The assay was performed according to manufacturers instructions 

(Figure 2.331 for summary) with the following amendments. For the synthesis of the 

probe, 2 µl of the template and T7 RNA polymerase was added into the reaction, along 

with 15 µl (10 mCi/ml) [a-32P]UTP as it contained a dye which lowers the T7 RNA 

polymerase efficiency. To generate the probe the reaction mix was incubated for 2 h. 

During the phenol chloroform extraction, approximately IO µl of the yeast tRNA was 

added to allow for easier visualisation of the pellet. Instead of incubating at - 70°C when 

ethanol precipitating, the tubes were placed in dry ice for 30 min. To assist in solubilising 

the pellet it was heated at 65°C for IO min prior to vortexing. To quantitate the probe, the 

tip containing I µl of probe was placed into a scintillation vial without scintillation fluid. 

Then, IO µg of RNA was used, with both the negative control (yeast tRNA) and the mouse 

positive control RNA provided. The polyacrylamide gel was prepared as described in 

section 2.291. 

2.34 Phosphorimaging analysis 

The gene array and RNase protection assays were exposed overnight to a phosphorimager 

plate (Molecular Dynamics), then phosphorimager (Storm, Molecular Dynamics). Each 

was analysed by calculating the pixels of each blot, subtracting the background and 

dividing the pixels by the area. Each value was normalised to beta actin, as GAPDH is 

believed to be regulated by factors such as oestrogen. 

2.35 Statistical analysis 

Data was analysed using SPSS 10.0 for Windows. Analyses in Chapter 3, 5 and 6 were 

performed using a one-way analysis of variance (ANOV A) to determine whether a 

significant difference existed between WT and ArKO mice. In Chapter 4, statistical 

analysis was performed using a two-way analysis of variance (ANOV A) to determine 

whether a significant difference existed between genotype and diet. If a positive result was 



Figure 2.331 Overview of Riboquant RNase protection assay method 

The cDNAs contained in the plasmid, supplied by the manufacturer, were in vitro 

transcribed with T7 polymerase and labelled with [a-32P]UTP. Following purification of 

the anti-sense probes, they were hybridised overnight to total RNA. Then the free single 

stranded RNA and any unbound probe were digested with RNase A, leaving the protected 

double stranded RNA. The protected 32P labeled probes were then run on a denaturing gel 

and quantitated by phosphorimaging. 

Reproduced from the handbook supplied by Becton Dickensen 
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obtained, least squares difference was applied to determine were this occurred. Data was 

considered statistically significant when a p value of <0.05 was achieved. 

All data are expressed mean ±SEM. Except the gene expression studies in Chapter 6 which 

are expressed in a box plot format. This format was chosen, as expressing the data as mean 

±SEM failed to illustrate the distribution of the data. Whereas a box plot (see figure below) 

clearly showed the median values, the spread (25-75%) and the overall range of the data, 

allowing a comparison between the expression of each gene at different ages and 

genotypes to be made. 
- maximum 

-75% 

t------1 _ median 

_minimum 

In Chapter 3, 5 and 6, the * notation was used to illustrate a significant difference between 

WT and ArKO mice, whereas # denoted a significant difference between ArKO and 

ArKO, and WT and WT at the two ages. In Chapter 4, the* again represented differences 

between genotypes, whereas the t denoted a change between S+ and S- diets. 



Chapter Three 

Characterisation of the Testicular 

Phenotype of the ArKO Mouse 



Chapter 3 The testicular phenotype IO I 

3.1 INTRODUCTION 

It is well known that androgens and gonadotrophins play crucial roles in spermatogenesis 

and in the development and function of the male reproductive system (Section 1.36). 

However, the role of oestrogens in male reproduction still remains to be elucidated. An 

indirect role for oestrogen in spermatogenesis was demonstrated in adult mice lacking a 

functional oestrogen receptor a isoform, aERKO (Section 1.621). The most prominent 

characteristic of the testicular phenotype in these mice was a grossly dilated seminiferous 

tubule lumen, observed as early as 20 days (Eddy et al. 1996). Subsequent studies on the 

efferent ductules of aERKO mice (Hess et al. 1997a) demonstrated that ERa played a 

crucial role in the reabsorption of luminal fluid in the efferent ductules, such that in the 

aERKO mice an excess of fluid accumulated in the testis. Therefore, it was suggested that 

the disruption to spermatogenesis in the ERKO mice was an indirect effect caused by 

abnormal fluid reabsorption (Hess et al. 1997a). 

It has been recognised that ERa is only expressed outside of the seminiferous epithelium, 

present in the Leydig cells and efferent ductules of the rat (Section 1.4, Table 1.4). 

Oestrogen receptor p (ERP), however, has been demonstrated in rat Sertoli cells, late 

spermatocytes and early round spermatids, and in mouse Leydig cells and elongated 

spermatids (Section 1.4, Table 1.4). While aromatase activity in Scrtoli cells and Leydig 

cells is well documented, although at different stages of development, aromatase has also 

been demonstrated in spermatocytes and spermatids of the mouse and rat (Section 1.4, 

Table 1.4). This localisation of ERP and aromatase within the seminiferous epithelium 

raised the possibility that oestrogen may actually play a direct role in spermatogenesis that 

was yet to be resolved. 

Spermatogenesis was therefore investigated in the male ArKO mice that lack a functional 

aromatase enzyme due to targeted disruption of the Cyp I 9 gene (Section 1.63 ). The 

testicular phenotype was evaluated using stereological techniques to quantify changes in 
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volumes of testicular compartments, and the optical disector approach used to enumerate 

Sertoli and germ cells. 

3.2 RESULTS 

3.21 General characteristics 

The ArKO mice in our colony continued to consist of the correct Mendelian frequency, 

with litter numbers no different from their WT colony mates. The ArKO males were born 

phenotypically normal and appeared to develop normally in subsequent months. 

3.22 Weight 

Wildtype (WT) and ArKO mice colony mates were killed at ages 18 weeks (WT, n=6; 

ArKO, n=5) and 1 year (WT, n=4; ArKO, n=7), then body, testis and epididymal weight 

obtained. Body weight did not change between WT and ArKO at either 18 weeks or 1 year 

of age, however both WT (p=0.031) and ArKO (p=0.001) body weights did increase as the 

animals aged (Table 3.221). The testes in the ArKO animals all appeared to have 

descended normally (personal observation). There was no change in the weight of the 

ArKO testis at 18 weeks, however by one year of age the testis was significantly reduced 

in size (p=0.021) compared to WT mice (Table 3.221 ). This alteration in testis weight may 

indicate a possible disruption to the testis morphology. 

3.23 Testis morphology 

3.231 Qualitative observations on testicular morphology 

To further examine the morphology of the testes they were immersion fixed in Bouins 

fluid, sectioned and stained (Section 2.23). 



Table 3.221 Weights of WT and ArKO males 

Body weight Testis weight Epididymis 
(g) (mg) (mg) 

WT 31.83 137.38 41.90 
18 wks ± 2.1 ± 2.9 ± 2.8 
(n=6) 

ArKO 28.40 113.38 37.88 
18 wks ± 1.6 ± 16.9 ± 2.6 
(n=5) 

WT 43.25# 134.5 40.13 
1 year ±4.5 ± 6.4 ± 2.8 
(n=4) 

ArKO 41.71# 101.54* 49.43 
1 year ±2.1 ± 8.2 ± 3.8 
(n=7) 

Both WT (#p<0.05) and ArKO (#p<0.001) males increased their body weight 

as they aged. At 1 year of age, the ArKO mice have decreased testis weight 

compared to WT (*p<0.05). The notation * represents a significant difference 

between genotypes, # a difference between age. Data expressed as mean ± 

SEM. 
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At 18 weeks of age, there were no apparent histological differences between WT and 4 out 

of the 5 ArKO testes (Figure 3.231a). Illustrated is only the WT mouse, the ArKO 

appearing identical to this. However one ArKO mouse at age 18 weeks displayed grossly 

dysmorphic seminiferous tubules and disrupted spermatogenesis with no elongated 

spermatids present, indicating spermiogenic arrest (Figure 3.231b ). 

By I year of age, all 4 WT animals showed normal testicular morphology (Figure 3.232a), 

however removing endogenous oestrogens resulted in grossly dysmorphic seminiferous 

tubules with severe abnormalities in spermatogenesis in all 7 ArKO mice. The site of the 

spermatogenic disruption appeared to be early spermiogenesis with no elongating 

spermatids present, suggesting round spermatids failed to complete elongation and 

spermiation (Figure 3.232b). Six of the seven I-year-old ArKO mice had tubules 

displaying spermiogenic arrest, but some normal tubules were also present (Figure 

3.232c), suggesting a heterogeneity in the disruption. However one I-year-old ArKO 

mouse had no elongated spermatids present in the testis, indicative of complete 

spermiogenic failure in the testes of these animals. When the germ cells were more closely 

examined, few cells more mature than step 4-5 round spermatids were observed. The 

seminiferous epithelium was frequently disrupted, with vacuoles in the epithelium (Figure 

3.232c), and degenerating often multinucleated cells in the lumen (Figure 3.232b). 

Tubules were found to exist with an entire class of germ cells absent, for instance early and 

late spermatocytes and elongated spermatids were present, but no round spermatids, or 

tubules with only elongated spermatids (Figure 3.232d), or with just round spermatids. 

Tubules with no germ cells, only Sertoli cells, were also observed. 

Further examination found specific disruptions occurring within the spermatogenic cycle. 

For instance step 1-7 spermatids were developing in a tubule with pachytene 

spermatocytes and early spermatocytes suggesting that the round spermatids should be in 

fact at a maturity stage of step I 0-11 (Figure 3.233c). This may due to oestrogen having a 

significant role in round spermatid maturation or possibly even a survival function, 

evidenced by high levels of round spermatid degeneration (Figure 3.233b ). 



Figure 3.231 Testicular morphology: 18 weeks of age 

Light microscopic analysis of 25 µm methacrylate embedded testes from WT and ArKO 

animals at 18 weeks of age. Sections were stained with periodic acid-Schiff and 

counterstained with haemotoxylin (a) All 6 WT and 4 out of the 5 ArKO males at 18 

weeks of age had testes with nonnal morphology. (b) One ArKO mouse had severe 

disruptions to spermatogenesis with no elongating spennatids present, suggesting 

spermiogenic arrest. Scale bars 20µ.m. 



Figure 3.232 Testicular morphology: 1 year of age 

Light microscopic analysis of 25µm methacrylate embedded testes from WT and ArKO 

animals at 1 year of age. Sections were stained with periodic acid-Schiff and 

counterstained with haemotoxylin. (a) All four I-year-old WT animals had testes with 

normal morphology. (b) Major disruptions were evident in the testes of I-year-old Ar KO 

mice, the site of disruption appearing to be early spermiogenesis, with no elongating 

p rmatids present. Symplasts (arrowhead) and degenerating early spermatids were visible. 

(c) Most animals also had some tubules with normal morphology (n) adjacent to tubules 

with spermiogenic arrest (s) . (d) Some tubules were missing entire classes of germ cells, 

this one displaying only elongating spermatids. Scale bars 20µm. 





Figure 3.233 Seminiferous epithelial morphology: 1 year of age 

Light microscopic analysis of 25µm methacrylate embedded testes from WT and ArKO 

animals at 1 year of age. Sections were stained with periodic acid-Schiff and 

counterstained with haemotoxylin. (a) The disrupted seminiferous epithelium of the ArKO 

mouse showing the absence of elongating spermatids and vacuoles (V) within the 

epithelium. (b) Degenerating round spermatids were often observed (arrowheads). (c) 

Round spermatids appeared to be failing to mature into elongated spermatids, seen by the 

presence of stage I-VII round spermatids (R) in this stage X-XI tubule, as determined by 

the presence of leptotene/zygotene spermatocytes (C) (Figure 1.323). Scale bars 1 Oµm. 
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Further analysis was performed on the testis sections in order to more closely examine the 

morphological structure of the testis and spermatogenesis. 

3.232 Quantitative assessment of testicular histology 

To quantify changes in the composition of the testis of ArKO mice, quantitative 

histomorphometry was performed using stereological methods (Section 2.241). No 

difference was observed in the absolute volume of the interstitium, seminiferous 

epithelium and the luminal space between WT and ArKO testes at 18 weeks (Table 

3.232). By I-year of age, the volume of seminiferous epithelium was markedly decreased 

in the I-year-old ArKO animals as compared to WT (p=0.013). No changes m 

seminiferous tubule luminal volume or interstitium were seen. The only difference in 

tubule length and diameter was observed in WT mice, whose tubule length significantly 

declined with age (p=0.05). 

3.233 Leydig cell hypertrophy 

Although there was no difference in the volume of the interstitial space, ArKO mice at 1 

year of age appeared to have an abundance of Leydig cells (Figure 3.234b). To further 

examine this, 5 µm paraffin sections from 1 year old WT and ArKO testes (the same 

animals as studied above) were incubated with a polyclonal rabbit antiovine 3~-HSD 

antibody, then counterstained with haematoxylin (Section 2.261). This allowed for the 

clear visualisation of the Leydig cells, staining brown. WT mice showed few Leydig cells 

in the interstitial space (Figure 3.234c,e). In contrast, ArKO mice clearly had an increa5e 

in the population of Leydig cells (Figure 3.234d,f). 

To quantify changes in the volume of these cells between genotypes, quantitative 

histomorphometry was performed as described (Section 2.241). The ArKO mice were 

found to have a significant increase in their volume of Leydig cells when compared to WT 

mice (p=0.049) (Table 3.233), this is shown with an increase in the volume of interstitium 

reanalysed on the paraffin sections (Table 3.232, 3.233). 



Table 3.232 Morphometric data on testicular compartments 

Volume Volume Volume Tubule Tubule 
Lumen Epithelium Interstitium Diameter Length 
(mm3

) (mm3
) (mm3

) (µm) (m) 

WT 10.24 106.10 16.64 236. l 0 2.77 
18 wks ±1.0 ±3.2 ±1.6 ±2.9 ±0.1 
(n=6) 

ArKO 8.21 85.08 15. I 9 229.12 2.44 
18wks ±1.3 ±13.3 ±3.4 ±15.8 ±0.5 
(n=5) 

WT 16.84 95.97 15.81 247.20 2.36# 
1 year ±3.7 ±5.1 ±0.7 ±6.0 ±0.2 
(n=4) 

ArKO 12.38 63.58 * 21.40 213.95 2.04 
lyear ±2.7 ±7.4 ±3.2 ±12.0 ±0.3 
(n=7) 

Quantitative histomorphometry was performed on I Oµm methacrylate sections from WT 

and ArKO testes to quantify changes in the composition of the testes. There were no 

differences in the absolute volumes of the various compartments of the testis in the 18-

week ArKO mice compared to WT. In I-year old ArKO mice the absolute volume of 

seminiferous epithelium was decreased by 34% (*p<0.05) compared to WT. The tubule 

length decreased in the WT mice as they age (#p<0.05). The notation * represents a 

difference between genotypes,# a difference between age. Data expressed as mean ±SEM. 



Figure 3.234 Leydig cell morphology 

Light microscopic analysis of 25µm methacrylate embedded testes from WT and ArKO 

animals at 1 year of age. Sections were stained with periodic acid-Schiff and 

counterstained with haemotoxylin. (a) WT animals at 1 year of age had normal appearing 

Leydig cells (L). (b) All ArKO animals showed evidence of what appeared to be Leydig 

cell hyperplasia/hypertrophy. 

, 1 Analysis of 3~HSD immunolocalisation (brown) in 5µm paraffin sections from WT and 

ArKO I year old testes. Sections were incubated with a polyclonal rabbit antiovine 3~

H D antibody, to visualise the Leydig cells, then counterstained with haemotoxylin. (c) 

WT testes had few Ley dig cells (arrowheads) residing in the interstitial space surrounding 

the seminiferous tubules. (e) WT testes at higher power. (d) In contrast, all ArKO animals 

had a vast increase in Leydig cell numbers and possibly volume. (f) ArKO testes at higher 

power. WT and ArKO sections incubated with the secondary antibody alone showed no 

taining (not shown). Scale bars 20µm. 
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Table 3.233 Leydig cell volumes 

Volume Epithelium Volume Interstitium Volume Leydig cells 
(mm3

) (mm3
) (mm3

) 

WT 124.51 6.27 3.78 
1 year (n=4) ± 8.4 ± 2.1 ± 0.2 

ArKO 72.21 * 19.72 * 7.45 * 
1 year (n=4) ± 14.1 ±5.4 ± 1.5 

Quantitative histomorphometry was performed on 5µm paraffin sections from 1 year old 

WT and ArKO testes to quantify changes in the volume of Leydig cells. In ArKO mice 

the absolute volume of the seminiferous epithelium was decreased by 58% (*p<0.01) 

with the interstitium (*p<0.05) and Leydig cell volume (*p<0.05) increased, suggesting 

that the Leydig cells are hypertrophic. Data expressed as mean ±SEM. 

3.234 Sertoli cell numbers 

Sertoli cell numbers were quantified with the optical disector (Section 2.242) to elucidate a 

possible cause for the decreased seminiferous epithelium volume in the )-year-old ArKO 

animals. The numbers were found to be unchanged between WT and ArKO animals at 

both 18 weeks and 1 year of age (Figure 3.235). Sertoli cells did also not decrease in 

number as the animals aged. 

3.235 Stage assessment 

To analyse the composition of the seminiferous epithelium, the spcrmatogenic stage of the 

epithelium was noted (Section 2.242). The I-year-old ArKO mice showed fewer tubules at 

the late stage of spermatogenesis, stage VIII-XII, when compared to younger ArKO males 

(p=0.011) (Table 3.234). Also, 5.4% of the ArKO tubules at 1 year of age contained 

tubules with no germ cells, only Sertoli cells. 
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Figure 3.235 Serto/i cell numbers 

The optical disector approach was used to quantitate Sertoli cell number (millions) per 

testis. There was no difference in cell munbers between ArKO and WT mice at 18 weeks 

and 1 year of age. There was also no age related effect, Sertoli cell numbers not decreasing 

between 18 weeks and 1 year. Data expressed as mean ±SEM. 



Table 3.234 

WT 
18 wks 
(n=6) 

ArKO 
18 wks 
(n=5) 

WT 
1 year 
(n=4) 

ArKO 
1 year 
(n=7) 

Stage of the spermatogenic cycle 

I-VII VIII-XII 

59.06 28.18 
± 2.4 ± 2.3 

56.41 28.84 
±4.5 ±2.1 

55.81 25.35 
± 2.6 ± 2.6 

48.93 20.2# 

± 5.5 ± 1.8 

Sertoli cell only 

0 

0 

0 

3.96 
± 2.4 

The proportion of the seminiferous epithelium at the beginning (stage I-VII) or 

the end of the spermatogenic cycle (VIII-XII) was determined between WT and 

ArKO through stereological analysis. The ArKO mice at 1 year of age had less 

tubules in the later stages of spermatogenesis when compared to ArKO males at 

18 weeks (#p<0.05), however no significance was observed between ArKO and 

WT and 1 year. In these I-year-old ArKO mice, 5.4% of tubules contained only 

Sertoli cells. The notation # represents significant difference between age. Data 

expressed as mean ±SEM. 
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3.236 Germ cells 

i Numbers 

When the testes were examined histologically (Section 3.231) it indicated specific 

abnormalities in the process of spermatogenesis. Therefore to further investigate this, the 

germ cells were quantified using the optical disector (Section 2.242). 

Germ cells were counted in 4 major categories: spermatogonia, spermatocytes, round 

spermatids and elongated spermatids (Section 1.32). At 18 weeks no differences existed in 

the numbers of these germ cells when compared to WT (Figure 3.236). However, by one 

year of age disruptions were clearly apparent with significantly fewer round (p=0.001) and 

elongated spermatids (p=0.004). As the animals aged, the ArKO mice also showed a 

significant decline in spermatogonia (p=0.008), and a trend for a decrease in spermatocytes 

(p=0.056) and round spermatids (p=0.065). It is pertinent to note that no differences 

existed between the numbers of round and elongated spermatids in the ArKO mice at 1 

year, suggesting that if the germ celJ was able to progress through to the round spermatid 

stage then it would continue to develop into a mature spermatozoa. 

ii Hourly production rate 

To further investigate the decline in germ cell number at the round spermatid level, the 

hourly production rate of each germ cell type was calculated (Section 2.244). As expected, 

no differences were observed at I 8 weeks (Table 3.235). However at I year of age, there 

was a significant reduction in the number of round (p=0.001) and elongated spermatids 

(p=0.004) produced per hour when compared to WT. This correlates with the decline 

observed in round and elongated spermatid numbers (Figure 3.236). Also observed were 

fewer spermatogonia being produced as the ArKO animals aged, with a significant 

reduction by 1 year of age (p=0.008). This again mirrored the decline in spermatogonia 

number (Figure 3.236). Once again there existed a trend for fewer spermatocytes 

(p=0.056) and round spermatids to be produced per hour (p=0.065). 
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Figure 3.236 Germ cell numbers 

The optical disector approach was used to quantitate germ cell number (milJjons) per testis. 

There was no difference in germ cell numbers between WT and ArKO at 18 weeks. 

However at 1 year there were significantly less round spennatids (*p<0.001) and elongated 

spermatids (*p<0.05) in the ArKO testis when compared to WT. ArKO mice at 1 year also 

had significantly fewer spennatogonia (#p<0.05) than at 18 weeks. The notation • 

represents a significant difference between genotypes, # a difference between age. Data 

expressed as mean ± SEM. 



Table 3.235 Hourly production rates 

Spermatogonia Spermatocytes Round Elongated 
Spermatids Spermatids 

WT 0.0143 0.0885 0.3618 0.2218 
18 wks ± 0.001 ± 0.008 ± 0.031 ± 0.009 
(n=6) 

ArKO 0.0154 0.0869 0.2991 0.1581 
18 wks ± 0.002 ±0.01 I ± 0.054 ± 0.039 
(n=5) 

WT 0.0115 0.0802 0.3742 0.1675 
1 year ± 0.002 ± 0.005 ± 0.020 ±0.031 
(n=4) 

ArKO 0.008# 0.0512 0.2091 * 0.0924* 
1 year ±0.001 ±0.011 ± 0.018 ±0.021 
(n=7) 

The hourly production rate of each germ cell type, per testis, was calculated using 

published time divisors (Russell et al 1990). At 18 weeks, there was no difference in the 

hourly production rate of all germ cells between WT and ArKO males. However, at 1 year 

of age, Jess round (*p<0.001) and elongated spermatids (*p<0.05) were being produced per 

hour when compared to WT. Also, fewer spermatogonia were produced per hour in the 

ArKO animals at 1 year of age compared to 18 weeks (#p<0.05). The notation • represents 

a significant difference between genotypes, # a difference between age. Data expressed as 

mean± SEM. 
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These results suggest that the germ cells were developing to the late spermatocytes/early 

round spermatid stage of development, but then ceased to complete the spermatogenic 

cycle. Further examination was conducted to decipher at what stage oestrogen is required 

to enable spermatogenesis to proceed and what possible role it could be playing. 

3. 23 7 Acrosome abnormalities 

i A crosome morphology 

One interesting feature that was often observed in the ArKO seminiferous tubules were 

acrosome abnormalities. The acrosome, which surrounds the head of the mature sperm, 

contains crucial enzymes required for penetration of the oocyte membrane during 

fertilization (Section 1.32). Further investigation reported round spermatids with 

incomplete acrosome spreading over the nuclear membrane, failure of the acrosome to 

uniformly spread, and instances were more than one acrosomal granule was visible 

(Figure 3.237a). As the level of acrosomal spread is crucial for staging, these 

abnormalities made this task increasingly difficult. 

ii Electron microscopy 

To further examine the acrosome abnormalities 4 WT and ARKO I-year-old testes were 

fixed for electron microscopy analysis (Section 2.25). Preliminarily examination with the 

I µm sections under light microscopy revealed no noticeable abnormalities, however the 

germ cells were difficult to visualise as the Toll blue staining was very faint. Further 

examination using the electron microscope by Dr Li7A O'Donnell and myself revealed 

most spermatids to possess normal developing acrosomes (Figure 3.237b,c), suggesting 

these tubules did not possess the phenotype. Further exploration was out of the scope of 

this initial characterisation study. 



Figure 3.237 Acrosome morphology 

(a) In tubule in which spermiogenic disruption was evident, there appeared to be impaired 

aero omal development. An example is shown in which spermatids with abnormal 

aero ome development are seen in a stage I Y-V tubule. Multiple acrosomal vesicles were 

noted (arrowhead ), and in some cases acrosomes failed to uniformly spread over the 

permatid nuclei (arrowhead). 

Electr n micro copy wa performed to analyse round spermatid acrosomes in WT and 

ArK animals. (b) hown i a step 5 round spermatid (st) in the ArKO illustrating the 

aero omic ve icle (av). (c), and a tep 6 round spermatid (st) with the acrosome spread 

over one third f the round spermatid nucleu . Also shown is the plasma membrane (p). No 

abnormalitie appeared to be pre ent on the 4 ArKO animals studied. WT not shown. Scale 

bar (a) I O~tm, (b) 200nm, (c) 500nm. 





3.24 Epididymis 

3.241 Morphology 
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The WT and ArKO epididymides, from the testes examined above, were fixed and 

sectioned as described (Section 2.23), to determine the presence of mature spermatozoa. 

At I year of age, the WT epididymides possessed an abundance of mature spermatozoa 

(Figure 3.241a). In contrast, the ArKO epididymides either presented with some sperm, no 

sperm (Figure 3.241b) or the presence of what appeared to be degenerating round 

spermatids (Figure 3.241c,d). These results suggested that the germ cells were 

prematurely sloughing from the seminiferous epithelium to coJlect in the epididymis. 

As the extent of spermatogenic disruption varied between ArKO animals, the sperm 

content in the epididymides of ArKO animals was examined as a comparison to germ cell 

number (Table 3.241). Almost all ArKO germ cells are reduced in number compared to 

the WT mean. When this is compared to the epididymal morphology, relationships are 

seen. For instance, the one animal (4723) that showed a significant decline in round 

spermatid number and no elongated spermatids also possessed no mature sperm in the 

epididymis. Similar reductions in mature sperm were observed if round and elongated 

spermatid number were decreased. Although one animal (4693) did have markedly reduced 

germ cell numbers but had mature spermatozoa present in the cauda cpididymis. The two 

animals ( 4 723, 53 19) that showed degenerating round spermatids in their epididymis both 

had severely reduced round spermatid number. 

3.242 Quantitation of spermatozoa 

To quantitate spermatozoa number m each epididymis. sperm were extracted from 

corresponding WT and ArKO epididymides at J year of age (Section 2.223 ). As expected, 

ArKO mice had significantly fewer sperm present in their epididymides when compared to 

WT (*p=0.023) (Table 3.242). 



Figure 3.241 Cauda epididymis morphology: 1 year of age 

Light micro copic analysis of 25µm methacrylate embedded epididymides from WT and 

ArKO animals at 1 year of age. Sections were stained with periodic acid-Schiff and 

counterstained with haemotoxylin. (a) WT cauda epididymis with an abundance of sperm. 

(b) The lumen of the ArKO mice showing an absence of sperm; 3 out of the 7 have no 

elongated spermatids visible in the cauda. (c) The ArKO animals that have undergone 

spermiogenic arrest show evidence of degenerating germ cells (arrowheads). (d) These are 

pre umably round permatids, ome obviously degenerating (drst), some having relatively 

normal morphology (rst). cale bars (a-c) 20µm, (d) I Oµm. 





Table 3.241 Epididymal sperm content in relation to germ cell number: 1 year of age 

Spermato- Spermato- Round Elongated Epididymal 
gonia cytes spermatids spermatids morphology 

WT Mean± 4.03 26.38 50.30 44.49 Sperm present 
(n=4) SEM ± 1.2 ±3.4 ±5.5 ±7.5 

ArKO 4723 4.06 34.12 12.61 0 No sperm 
(animal t J,J,J, -1,J,J,-l, Degenerating 

no.) round spermatids 

4695 2.04 6.6 12.5 9.2 No sperm 
J,-1, J,J,J, J,J,J, J,J,-1, 

4724 2.24 15.25 28.78 25.70 Sperm in 
J,J, J, ii ii approx. I% of 

epididymis 

5319 2.47 15.09 19.57 21.23 Very little sperm 
ii i iii ii Degenerating 

round spermatids 

4693 2.04 8.60 12.77 15.59 Sperm present 
ii ii iii ii 

4694 3.5 19.3 31.8 31.6 Sperm present 
i J, ii i 

4655 2.9 18.82 39.6 31.3 Sperm present 
ii J, i i 

The sperm content in the epididymides of ArKO animals was examined as a comparison to 

germ cell number (millions per testis). The arrows indicate the proportional decrease or 

increase in that particular germ cell in relation to the WT mean, 3 arrows indicating a 

substantial decline. As is clearly observed. almost all germ cells arc reduced in number 

compared to the mean WT. When this is compared to the epididymal morphology and 

sperm content, relationships can be observed. 
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Table 3.242 Quantitation of spermatozoa: }year of age 

WT ArKO 
(n=4) (n=5) 

Epididymal sperm 2.21 0.88 • 
(millions per epididymis) ±0.24 ±0.36 

Elongated spermatids were extracted from epididymides through homogenisation 

and quantified using a haemocytometer. The ArKO males at l year had significantly 

fewer mature spermatozoa present in their epididymis compared to WT (*p<0.05). 

3.25 TUNEL assay 

To determine whether the decline in round spermatid number was attributable to an 

increase in the death of these cells through apoptosis, the TUN EL assay was performed by 

Sarah Meachem (Prince Henry's Institute of Medical Research, Clayton, Vic) (Section 

2.262). Paraffin testicular sections were examined for the presence of apoptotic cells, with 

the ArKO tubules that were disrupted appearing have a marked increase in the number of 

dying cells in their seminiferous epithelium than WT (Figure 3.251b). The cells 

undergoing apoptosis were localised to the adluminal compartment, suggesting they were 

round spermatids. 

To further examine the tubules, the number of cells were quantified noting the stage of the 

cycle (early, mid or late) and the position in the epithelium in which the apoptotic cells 

appeared (Section 2.262). The only differences in the levels of apoptosis were observed in 

the one ArKO animal (4723) who presented with the complete spcrmiogcnic arrest (Table 

3.251). This animal was clearly undergoing massive cell death, with 3.327 apoptotic cells 

per tubule. The phenotype of the other ArKO mice is quite variable, with most containing 

disrupted tubules situated next to what appeared to be normal tubules. Thus, although they 

contained increased dying cells in the disrupted tubules, overall no difference was seen. 

However as the TUNEL technique only pinpoints cells in a particular stage of death there 

may be an abundance of degenerating cells past the apoptotic detection stage. 



Figure 3.251 TUNEL taining: 1 year of age 

TUNEL staining (brown) for apoptosis in 5µm testes paraffin sections from W and ArKO 

animals at 1 year of age. ections were counterstained with haernatoxylin ( ) A WT stage 

XII-I tubule with no evidence of apoptotic cells. (b) ArKO stage XIl-1 tubule with multiple 

stained germ cells in the adluminal compartment arrowheads), indicating high )eve] of 

spennatid cell death. cale bars 20µm. 



Table 3.251 Apoptotic cells present in the ArKO testes: 1 year of age 

Number of Apoptotic Cells No. of cell 
/tubule 

Animal Stage Sertoli Elongated 
no. cell only spermatids 

Early Mid Late only 

WT 18 wks 32 2a 0 4b - - 0.811 

ArKO 18 wks 58 13a, 2b 6a 4a - - 0.305 
5 7a, lb 2a la - - 0.117 

WT 1 year 5319 2b 3a, 3el 4a, 4 el lb lb 0.254 
4723 99a,2b 38a 34a - - 3.327 
4724 0 4a,5b 5a - - 0.212 
4693 0 0 0 - - 0 

ArKO 1 year 4654 I ta, 4b 0 la - - 0.254 
4664 6b la 10a,3b - - 0.244 
4656 2a 0 0 - - 0.021 

TUNEL staining in the ArKO and WT testes was analysed for number of apoptotic cells, 

their position in the epithelium (next to the basement membrane {b) or in the adluminal 

compartment (a), or are elongated spcrmatids (el)) and the stage (mid-late) in which they 

have occurred. When expressed as the total number of apoptotic cells present per tubule 

(final column), the only animal showing an increase in apoptosis is animal number 4724, 

with an average of 3.327 apoptotic cells per tubule. 
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3.26 Serum hormone levels 

To analyse hormone levels, serum hormonal assays were performed (Section 2.27). Serum 

testosterone levels in the 18 week and 1 year old animals were variable (Table 3.261), with 

no significant increase or decrease apparent. This differs from the female mice who have a 

significant increase in T levels (Section 1.632), and may suggest sexual dimorphism. FSH 

levels were unchanged in the ArKO mice compared to the WT at both age groups, 

suggesting that changes in the levels of FSH did not contribute to the spermatogenic 

disruption observed in the ArKO animals. Levels of LH were also unchanged, however 

due to limited amounts of serum these results are not conclusive (Table 3.261). Serum 

oestrogen levels were not analysed at this stage as an assay sensitive enough to detect the 

low level of oestrogen in the male was not available. 

3.3 DISCUSSION 

The findings presented here indicate a direct role for oestrogen in male germ cell 

development. The ArKO animals show a specific defect in the development of spermatids 

during spermiogenesis evident from 18 weeks of age, with all seven 1-year old ArKO mice 

showing evidence of disrupted spermatogenesis. Quantitation of eel I numbers 

demonstrated that Sertoli cell and ear!ier germ cell populations were unchanged compared 

to wildtype, whereas significant decreases were seen in round and elongated spermatid 

number in ArKO animals. In addition, ArKO animals displayed an increased frequency of 

germ cell apoptosis, some abnormalities in early acrosomc development, Lcydig cell 

hyperplasia/hypertrophy, as evidenced by an increase in the absolute volume of Leydig 

cells per testis and a marked reduction in mature epididymal spermatozoa. These findings 

suggest that oestrogen plays a hitherto unsuspected role in spermatid differentiation and 

spermatogenesis. 



Table 3.261 Serum hormone levels 

Testosterone FSH LH 
(ng/ml) (ng/ml) (ng/ml) 

WT 27.55 8.98 0.12 
18 weeks ± 22.1 ± 0.7 ± 0.0 

(n=6) (n=6) (n=6) 

ArKO 50.03 9.85 1.15 
18 weeks ± 25.9 ± 0.9 

(n=5) (n=3) (n=2) 

WT 20.95 10.41 1.49 
1 year ± 16.5 ± 0.3 

(n=3) (n=4) (n=2) 

ArKO 14.73 10.08 0.99 
1 year ± 0.8 ± 0.3 ± 0.4 

(n=6) (n=7) (n=5) 

Serum hormone levels were measured using double antibody RIAs. 

There were no significant differences in serum testosterone levels 

between WT and ArKO animals at I 8 weeks and I year of age. There 

were also no differences in FSH levels. Due to serum restraints. LH 

levels were unable to be ful)y measured in this study. however appear to 

also show no differences. Data expressed as mean± SEM. 
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The disruptions to spermatogenesis in the ArKO animals is not surprising given the 

localisation of aromatase in the seminiferous epithelium. Rodent spermatocytes, round and 

elongated spermatids, Sertoli and Leydig cells all express the aromatase enzyme (Section 

1.4). With studies by Nitta et al (1993) appearing to demonstrate that spermatids had more 

intense immunostaining and higher aromatase activity than any other testicular ceJJs. The 

localisation of aromatase within the spermatids of the rodent seminiferous epithelium are 

in line with the findings presented here, that mice deficient in aromatase show a loss of 

round and elongated spermatids. There is also good evidence to suggest that oestrogen 

receptors are present within the seminiferous epithelium. ERP has been reportedly 

localised to rodent Sertoli cells, late spermatocytes and early round spermatids, Leydig 

cells and elongated spermatids (Section 1.4). Whereas ERa. is primarily expressed outside 

of the seminiferous epithelium, observed in the Leydig cells but not the germ cells 

(Section 1.4). I, and others (Nitta et al. J 993) hypothesised that oestrogen may be 

synthesised by germ cells which may act in a paracrine fashion on Sertoli cells causing 

them to release factors to specifically regulate germ cell development. Aromatase activity 

in the Leydig cells could also contribute to this (Nitta et al. 1993; Janulis et al. 1996a). 

Alternatively, oestrogen could be synthesized by the germ cells and act in an 'intracrine' 

fashion, providing a local source of oestrogen involved in controlling the complex process 

of spermatogenesis. The increase in cell death and degenerating spermatids present in the 

cauda epididymis of ArKO animals also reaffirms oestrogens role as a cell survival factor, 

however this needs to be further investigated. 

The finding that ArKO animals show disruptions to spermiogenesis is further supported in 

studies were oestrogen synthesis was inhibited. For instance, significant reductions in 

round and elongated spermatid populations. but not earlier germ cells, were observed in 

adult male bonnet monkeys administered an aromatase inhibitor for J 50 days (Shetty et al. 

1998). Furthermore, disruptions to spermatogenesis were also noted in adult male rats 

administered an aromatase inhibitor for J 9 weeks (Turner et al. 2000b). Also, adult rats 

injected with a partially purified ovarian protein, that was isolated due to its ability to 

inhibit granulosa cell aromatase activity, showed a reduction in elongated spermatid 
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number and round spermatid degeneration (Tsutsumi et al. 1987a; Tsutsumi et al. 1987b ). 

These studies all lend further support to the observed ArKO phenotype. 

The phenotype of the male ArKO mouse differs from that of the aERKO (ERa knockout) 

mouse in which infertility is evident from the onset of puberty (Section 1.621) (Hess et al. 

1997a; Eddy et al. 1996). Moreover, in the aERKO mouse, the lumina of the seminiferous 

tubules are extremely dilated, in contrast to the ArKO mouse in which the luminal volume 

is unchanged. In ArKO animals there was no evidence of abnormal fluid reabsorption by 

the efferent ductules. It is interesting to note that Hess and colleagues demonstrated that 

wildtype isolated efferent ducts treated with an antagonist of both ERa and ~ did not swell 

like tissues isolated from aERKO animals (Hess et al. 1997a). Since the antagonism of 

ERa and ~ in wildtype tissues could be considered analogous to the absence of oestrogen 

in ArKO animals, this observation is consistent with the apparent lack of an effect on fluid 

reabsorption in ArKO mice. 

ArKO animals showed evidence of Leydig cell hyperplasia/hypertrophy, which may be 

attributed to increased circulating LH levels, as has been noted in previous studies in rats 

(Mendis-Handagama et al. 1998). Due to serum restrictions. the LH levels were unable to 

be conclusively measured in the ArKO mice, however in the preliminary examination of 

the ArKO mice by Fisher et al (1998), LH levels were elevated. Since Leydig cells have 

high levels of aromatase which may be important for Leydig cell function (Levallet et al. 

1998a; Mendis-Handagama et al. 1998). it is possible that the Leydig cells in ArKO 

animals may over- or under-express factors which contribute to the disruption of 

spermatogenesis. Therefore, the spermatogenic disruption in ArKO mice may be due to a 

deficiency of aromatase in the Leydig cell, the seminiferous epithelium, or both. The 

disruption to spermatogenesis in ArKO animals is not believed to be a direct consequence 

of high LH/testosterone or LH-induced Leydig cell hyperplasia. Previous studies have 

shown that mice given a 5a-reductase inhibitor for 83 weeks (Prahalada et al. J 994) have 

similar Leydig cell hypertrophy/hyperplasia, and similar serum LH and testosterone levels 
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to ArKO animals. However the 5a-reductase inhibitor treated animals showed normal 

seminiferous epithelial morphology and spermatogenesis. These observations support the 

contention that spermatogenic disruption in ArKO animals is not directly due to increased 

androgens or hypertrophic Leydig cells. 

In the ArKO mice evidence of abnormal acrosomal development was also observed, such 

as multiple acrosomal vesicles and uneven spreading over the nuclear surface. It is 

interesting to note that immunocytochemical localisation of aromatase P450 shows strong 

positive labelling of early round spermatids, particularly in the Golgi (Nitta et al. 1993). 

Therefore local aromatase expression could be important for proper acrosomal formation, 

however this requires further investigation. 

Two other aromatase knockout mice have also been described (Section 1.633) (Honda et 

al. 1998; Toda et al. 2001 a). These ArKO mice were initially sub-fertile and had sperm 

present in their epididymis, however exhibited modified sexual behaviour. No behavioural 

abnormalities were noted in 12 week old male ArKO mice generated by our group (Fisher 

et al. 1998), however a full characterisation has yet to occur. The phenotypes of the ArKO 

mice appear similar, such as the late onset infertility. however only a complete 

testicular/spermatogenic characterisation has been completed on our ArKO mice. Recently 

the phenotype of the ERP knockout (PERKO) mouse was reported (Krege el al. 1998). 

Fertility of males was assessed between 6 and 12 weeks of age and no changes in breeding 

rates were seen (Ogawa et al. 1999). As indicated previously (Fisher et al. 1998), there is 

no change in testicular morphology in ArKO mice at this age. Given the distribution of 

ERP in the seminiferous epithelium. it was believed that some parallels between the ERP 

and the ArKO testicular phenotype would exist. However the PERKO mice show no 

abnormalities related to their reproductive morphology and function up to 18 months of 

age. Initial evaluation of the fertility of the double KO ( af3ERKO) animals indicated that 

they may have a phenotype similar to that of the aERKO mice (Couse el al. ) 999), 

however further examination is awaited. 



Chapter 3 The testicular phenotype 114 

It was unknown why the disruption to spermiogenesis in the ArK O testes took months to 

develop, or why all tubules were not affected. With regards to the latter, heterogeneity in 

spermatogenic disruption is apparent in other knockout models (Eddy et al. 1996; Print et 

al. 1998). Furthermore, this variability of response following administration of an 

aromatase inhibitor, has also been noted (Turner et al. 2000a). The progressive nature of 

the phenotype may be intrinsic to the mechanisms of action of oestrogen in the adult 

seminiferous epithelium. It is interesting to note that female ArKO mice also show a 

progressive phenotype (Britt et al. 2000). Alternative endogenous ligands, which may bind 

to and activate the oestrogen receptor could also be important in the delayed phenotype 

(Section 1.222). In addition, alternative ligands for ERs could contribute to the difference 

in the phenotype between ArKO and ERaKO mice. It is believed that growth factors, such 

as epidermal growth factor (EGF), can activate the ER, thus participating in 'cross talk' 

between the growth factor signalling pathways and steroid receptors (Smith 1998). An 

alternative hypothesis to explain the delayed phenotype is that the diet of the mice in this 

study may contribute sufficient exogenous oestrogens to maintain normal spermatogenesis 

in young animals. Standard mouse chow contains as much as 10% of soy meal, and thus 

contains significant quantities of isoflavones, phytoestrogens with potential oestrogenic 

activity. Mice are currently being raised on a soy free diet to investigate whether this 

potential source of phytoestrogens is a contributory factor in the slow onset and variability 

of the phenotype. 

In conclusion, disruption of the Cyp/9 gene leads to a progressive disruption of 

spermatogenesis. The lesion in spermatogenesis appears to be due to a direct effect on 

germ cell development, rather than an indirect effect as is the case in the aERKO mouse 

(Hess et al. 1997a). Since aromatase and oestrogen receptor-P co-exist in the seminiferous 

epithelium, it is suggested that the actions of oestrogen on male germ cell development are 

a consequence of paracrine and indeed 'intracrine' interactions. These results highlight the 

hitherto unsuspected role of oestrogen as a locaJJy-acting male hormone. 
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4.1 INTRODUCTION 

The importance of oestrogen in the adult testis was highlighted by the testicular phenotype 

of the ArKO mouse (Chapter 3), where the inhibition of oestrogen biosynthesis resulted in 

severe spermatogenic abnormalities. The mice are initially fertile, but at around 18 weeks 

of age showed a specific postmeiotic defect in early spermiogenesis coinciding with an 

elevation in apoptosis and a reduction in fertility (Robertson et al. 1999). 

As the oestrogen receptors are expressed in the developing reproductive tract from foetal 

life through to adulthood, and ER~ is predominant in the seminiferous epithelium (Section 

1.4), oestrogen may act directly on the seminiferous tubules to mediate spermatogenesis. 

The foetal development of the male reproductive tract is clearly under strict endocrine 

control, and thus compounds that are potentially able to disrupt this hormonal homeostasis 

are of increasing concern. Included are numerous environmental compounds that are 

postulated to possess oestrogenic-like biological activity (Degen & Bolt 2000), including 

agricultural and industrial by-products, organochlorine pesticides and insecticides, and 

phytoestrogens (Turner & Sharpe 1997). Although many of these have a low potency, it 

has been hypothesized that prolonged environmental exposure may result in severe 

malformations in reproductive systems and subsequent decreased fertility (Jensen et al. 

1995; Cummings 1997; Harrison et al. 1997). 

Phytoestrogens are weakly oestrogenic plant derived non-steroidal compounds, comprised 

of three classes, the isoflavonoids, coumestans and lignans (Murkies 1998; Tham et al. 

1998; Davis et al. 1999). As many of these environmental oestrogens are significantly less 

potent than other oestrogenic substances, exposure to them has been regarded as non

harm ful, even beneficial (Whitten & Naftolin 1998). For instance, isoflavones, such a<i 

genistein, occur in high quantities in beans such a<i the soy bean, and it is the ingestion of 

this soy meal. the staple diet of many Asian communities, that has been suggested by 

numerous epidemiological and experimental studies to cause a protective effect against 
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hormone dependent cancers, such as breast and prostate in these populations (for review 

see Adlercreutz 1990; Tham et al. 1998; Setchell & Cassidy 1999). 

Limited studies completed in the male have suggested a role for these compounds in male 

reproductive processes (Santti et al. 1998; Whitten & Naftolin 1998; Jefferson & Newbold 

2000). The phytoestrogens, particularly genistein and coumesterol, are able to bind to 

oestrogen receptors in an agonistic form with high affinity, in particular to ERJ3 (Kuiper et 

al. 1998; Brzezinski & Debi 1999). Given that both ER isoforms, but particularly ERJ3, are 

localized at sites important for male reproduction (Carreau et al. 1999; O'Donnell et al. 

2001 ), it is reasonable to speculate that these agonistic ligands may have direct effects on 

male reproductive function. It has been determined that virtually all commercial rodent 

diets that include soy as a source of protein have detectable levels of oestrogenic 

isoflavones (Boettger-Tong et al. 1998; Thigpen et al. 1999) and therefore such diets may 

be capable of sustaining oestrogen-like effects. 

The ArKO mouse, which lacks aromatase products, is an ideal model to test whether the 

dietary soy protein in rodent diets has agonistic oestrogenic effects on the male 

reproductive system, particularly in terms of the maintenance of spermatogenesis. We 

previously hypothesised that the late onset of the spermatogenic phenotype in male ArKO 

mice (Section 3.3) (Robertson et al. J 999) was due to the fact that their diet may contain 

oestrogen-like substances which have an agonistic effect on spermatogenesis. This study 

aimed to investigate the effects of a soy free diet and a natural rodent soy-containing diet 

on spermatogenesis in ArKO mice to understand whether dietary soy can have an action on 

the testis. Also investigated were the effects of a soy-free and soy-containing diet on 

wildtype mice to evaluate the effects of dietary soy in normal mice. 
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4.2 RESULTS 

4.21 Diet 

The soy containing diet (S+) (Section 2.213) contained approximately 146µg/g 

isotlavones, whereas in the soy free diet (S-) no isoflavones were detected by HPLC 

analysis. 

4.22 Fertility study 

A fertility study was performed to characterise the effect of dietary soy on the reproductive 

potential of both WT and ArKO mice between 50 and 100 days of age. The female's 

chosen were known to be fertile. Diet did not influence litter number with either WT or 

ArKO males (Table 4.221), although more pups were sired per litter when soy was absent 

from the diet (p<0.05). ArKO mice on either diet showed a significant decline in fertility 

when compared to WT males at J 4 weeks, with only 20% of the mating pairs on the S+ 

diet (p<0.001) and 50% (p<0.05) of the mating pairs on the S- diet siring litters 

4.23 Weigh ts 

A soy-free diet was associated with an increase in body weight in WT (p=0.00 J) and 

ArKO (p=0.02) mice at 14 weeks of age (Table 4.231) and in ArKO mice (p=0.021) at I 

year of age (Table 4.232) compared to colony mates raised on a diet containing soy meal. 

The presence or absence of soy in the diet did not alter testis weight in either ArKO or WT 

mice at 14 weeks of age (Table 4.231 ), nor in WT mice at J year of age (Table 4.232). 

However, ArKO mice had decreased testis weights compared to WT mice at I year of age, 

regardless of diet (Table 4.232). and this was further decreased in ArKO mice consuming 

a soy-free diet (p=0.003). 



Table 4.221 Fertility of WT and ArKO males on either a soy containing or soy 
free diet at 14 weeks of age 

Number of Number of Days to first 
litters/animal pups litter 

WTS+ 1.75 6.50 25.38 
(n=B) ± 0.2 ± 0.5 ± 2.4 

WTS- 1.75 8.63r 33.88 
(n=B) ±0.4 ±0.5 ± 5.0 

ArKOS+ 0.2 * 2 47 
(n=5) ± 0.2 

ArKOS- 0.6 * 7.6' 28.2 
(n= JO) ± 0.2 ± 0.8 ± 3.3 

ArKO and WT males on the S+ and S- diet were placed with WT females for 50 

days and their fertility monitored. At 14 weeks, ArKO males on the S+ 

(p<0.001) and S- (p<0.05) diets sired significantly fewer litters when compared 

to their WT colony mates, with only 1 mating pair on the S+ diet siring a litter. 

Both WT (tp<0.05) and ArKO (tp<0.05) males sired significantly more pups 

per Jitter when soy was removed in their diet. The notation * represents 

significant difference between genotypes, t between diets. Results are shown as 

mean± SEM 



Table 4.231 Weights of ArKO and WT males at 14 weeks of age 

Body weight, Testis weight, 
(g) (mg) 

WTS+ 25.22 119.14 
(n=B) ± 1.2 ± 5.6 

WTS- 33.36t 121.14 
(n=l2) ± 1.6 ± 5.2 

ArKOS+ 26.0 120.88 
(n= 6) ± 2.5 ± 3.0 

ArKOS- 31.36r 118.07 
(n=JJ) ± 1.1 ± 2.8 

The WT and ArKO animals at 14 weeks on a diet containing no soy 

meal (S-) were heavier than the WT (tp<0.001) and ArKO (tp<0.05) 

mice, respectively, on the diet that contained soy. There was no 

difference in testes weight. The notation t represents a significant 

difference between diet. Data expressed as mean ±SEM. 



Table 4.232 Weights of ArKO and WT males at 1 year of age 

Body weight, Testis weight, 
(g) (mg) 

WTS+ 43.25 134.50 
(n=4) ± 1.2 ± 6.4 

WTS- 49.25 140.78 
(n=4) ± 3.2 ± 6.0 

ArKOS+ 41.71 101.54* 
(n= 7) ±2.1 ± 8.2 

ArKOS- 52.0r 53.58*1 

(n=4) ± 1.8 ± 7.2 

At 1 year of age, ArKO mice on a S- diet were heavier than ArKO 

mice on a S+ diet (tp<0.05) and showed a reduction in testicular 

weight (tp<0.05). As shown before, ArKO mice on the S+ diet have 

reduced testis weight compared to WT on the corresponding diet 

(*p<0.05). The notation • represents significant difference between 

genotypes, t between diets. Data expressed as mean ±SEM. 



Chapter 4 The late onset phenotype 118 

4.24 Testis morphology 

4.241 Qualitative observations on testicular morphology 

Histological examination at 14 weeks showed no noticeable difference in testicular 

morphology in WT animals consuming a S- compared to a S+ diet. However, differences 

were clearly apparent when comparing ArKO males raised on the S+ or S- diets (data not 

shown). Animals raised on a S+ diet showed normal testicular morphology, however 3 out 

of the IO S- ArKO animals showed evidence of spermatogenic disruption. The most 

notable feature was spermiogenic abnormalities such that elongated spermatids were 

lacking in all tubules, however the remainder of the epithelium appeared normal. This 

suggested that the ArKO phenotype may arise earlier than 18 weeks when soy is removed, 

however further investigations were required. 

Testes from I-year-old WT animals raised on either a S+ or S- diets showed no noticeable 

changes in morphology. As described previously (Chapter 3), ArKO animals raised on a 

soy-containing diet showed a predominant phenotype of spermiogenic arrest with most 

tubules showing evidence of round spermatid apoptosis and/or reductions in more mature 

spermatids (Figure 4.241a). However spermatogenic disruption was far more pronounced 

when ArKO animals were raised on a soy-free diet. Three animals showed heterogeneity in 

tubule morphology with some tubules containing only Sertoli cells, other tubules with 

marked epithelial disruption (Figure 4.241c,d) and noticeable reductions in germ cells 

(Figure 4.24le), and tubules in which spermiogenic arrest was evident (Figure 4.241b). 

The majority of tubules in two of these animals showed marked epithelial disruption. One 

animal had a complete Sertoli cell only phenotype (Figure 4.241f). All had marked 

increases in interstitial volume. 

4.242 Quantitative assessment of testicular morphology 

To further analyse the testicular structure. quantitative histomorphometry was performed 

using stereological methods. At 14 weeks of age. diet had no effect on the absolute 

volumes of the testicular lumen. epithelium and interstitium in either WT or ArKO animals 



Figure 4.241 Testicular morphology: 1 year of age 

Light microscopic analysis of 25µm methacrylate embedded testes from ArKO animals at 

I year of age on the soy-containing or soy-free diet. Sections were stained with periodic 

acid- chiff and counterstained with haemotoxylin. (a) The disrupted seminiferous 

epithelium of the ArKO mouse on the soy containing diet. (b) The predominant phenotype 

when soy was removed was an absence of elongating spermatids with epithelial vacuoles 

(V) and Leydig cells hypertrophy (L). (c) Male ArKO mice on the soy-free diet showed far 

more pronounced disruptions to spermatogenesis with major epithelial damage, illustrated 

by the reduced seminiferous epithelium height (arrow). (d) Degenerating germ cells were 

clearly ev ident in the damaged epithelium (arrowheads). (e) Most tubules contained a 

marked reduction in germ cell , with thi tubule only containing spermatogonia (g), 

·permatocyte (c) and elongated spermatids (e), no round spermatids. (f) One animal 

pre ented with a ertoli cell only phenotype, characterised by a complete absence of germ 

c II . Vacuole (V) are al o clearly pre ent in the eminiferous epithelium. cale bars (a

d.f) I O~tm, (e) 20µ m. 
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(Table 4.241). However, the tubule diameter decreased and the length increased in both 

genotypes when soy was absent from the diet. At this age no differences were noted 

between WT and ArKO animals on the same diet. 

By I year of age, diet promoted significant changes in various morphometric parameters in 

WT testes. WT animals reared on a soy-free diet (Table 4.242) had an increase in the 

volume of the epithelium (p==O.O 17), a decrease in the volume of interstitium (p=0.002) and 

an increase in the length of the tubules (p=0.038) compared to animals raised on a diet 

containing soy. 

The disruptions to testicular morphology in I year old ArKO males raised on a diet 

containing soy (Chapter 3) were markedly exacerbated when ArKO animals were raised 

on a soy free diet (Table 4.242). The absence of dietary soy promoted marked decreases in 

the volume of the testis taken up by seminiferous epithelium (p=0.007) and lumen 

(p==0.02), being 2.3 and 6.3 fold lower than S+ ArKOs respectively, tubule diameter was 

also markedly decreased (p=0.02), however the volume of interstitium remained 

unchanged. When comparing 1 year old WT and ArKO animals on the soy free diet, ArKO 

males had decreased luminal (p=0.003) and epithelial (p<0.00 I) volume, an increase in 

interstitial volume (p=0.004) and a decrease in tubule diameter (p<0.00 I) and length 

(p<0.00 I). In contrast, the only difference between WT and ARKO animals on a soy 

containing diet was a decreased epithelial volume (p=O.O 13) in ArKO testes. 

4.243 Germ cells 

To further investigate the role soy may have in spermatogenesis. germ cell numbers were 

quantified using the optical disector. At 14 weeks of age. germ cell numbers were not 

altered by diet in WT animals (Figure 4.242). Whereas. ArKO animals raised on a S+ diet 

had fewer spermatogonia (p=0.029) than WT animals. which is in contrast to the previous 

chapter. However no changes were noted in spermatocyte numbers in any groups. In 

contrast to the apparent inhibitory effect of dietary soy on spermatogonia, ArKO animals 



Table 4.241 Morphometric data on testicular compartments at 14 weeks of age 

Volume Volume Volume Tubule Tubule 
Lumen Epithelium, Interstitium, Diameter Length 
(mm3

) (mm3
) (mm3

) (µm) (m) 

WTS+ 10.44 96.74 11.53 256.48 2.08 
(n=B) ± 0.7 ± 5.0 ± 1.2 ±4.7 ±0.1 

WTS- 11.12 97.08 12.50 243.561 2.351 

(n=l2) ± 0.6 ± 3.8 ± 0.9 ± 2.8 ±0.1 

ArKOS+ 9.60 94.17 I 1.07 257.15 2.04 
(n=6) ± 0.5 ± 4.2 ± 0.6 ± 4.4 ±0.8 

ArKOS- 9.90 93.73 13.30 239.241 2.331 

(n==I I) ± 0.7 ± 2.5 ± 1.3 ± 5.4 ± 0.1 

In both WT (tp<0.05) and ArKO (tp<0.05) mice there was a decrease in the diameter of 

the seminiferous tubules and an increase in tubule length when S- diet was consumed. The 

notation t represents significant difference between diet. Data expressed as mean ±SEM. 



Table 4.242 Morphometric data on testicular compartments at 1 year of age 

Volume Volume Volume Tubule Tubule 
Lumen Epithelium In terstitiu m Diameter Length 
(mm3

) (mm3
) (mm3

) (µm) (m) 

WTS+ 16.84 95.97 15.81 247.20 2.36 
(n=4) ± 3.7 ± 5.1 ±0.7 ± 6.0 ± 0.2 

WTS- 9.84 119.85r 10.701 242.10 2.82' 
(n=4) ± 1.2 ± 5.3 ± 0.7 ±4.1 ± 0.1 

ArKOS+ 12.38 63.58* 21.40 213.95 2.05 
(n=7) ± 2.7 ± 7.4 ± 3.2 ± 12.0 ±0.3 

ArKOS- 1.98*r 27.69*r 23.03* 162.23*r 1.40* 
(n=4) ± 1.1 ± 5.0 ± 2.6 ± 10.6 ±0.1 

At 1 year of age, WT mice on a S- diet had an increase in their epithelial volume (tp<0.05) 

and tubule length (tp<0.05) and a decrease in interstitial volume (tp<0.05) when compared 

to WT on a S+ diet. The ArKO animals on a S- diet showed a decrease in lumen (tp<0.05) 

and epithelium volume (lp<0.05), and in tubule diameter (tp<0.05) compared to ArKO 

mice on a S+ diet. In comparison to WT on a S- diet, the ArKO mice had significantly 

lower luminal (*p<0.05) and epithelial (*p<0.00 I) volume, and an increased interstitial 

(*p<0.05) volume, plus smaller tubule diameter (*p<0.00 I) and shorter tubule length 

(*p<0.001 ). The only parameter than differed between WT and ArKO on a S+ diet was a 

decreased epithelial volume in the ArKO mice (*p<0.05 ). The notation • represents 

significant difference between genotypes. t between diets. Data expressed as mean ± SEM 
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Figure 4.242 Germ cell numbers at 14 weeks ofage 

The optical disector approach was used to quantitate germ cell number (million ) p r 

testis in ArKO and WT mice on the S+ and - diet. ArKO animals on the S- diet had more 

spermatogonia when compared to those consuming a S+ diet (tp<0.05). ArKO animals on 

the S+ diet also have less spermatogonia when compared to the corre ponding WT animal 

on the S+ diet (*p<0.05). ArKO animals on the S- diet had fewer round sp nnatids when 

compared to ArKO mice on the soy containing diet (tp<0.05). There were no differences in 

the number of spennatocytes or elongated sp nnatids.. The notation • represents 

significant difference between genotype , l between diets. Data expressed as mean ± SEM 
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raised on a S- diet had significantly fewer round spermatids (p=0.004) when compared to 

ArKO animals on the S+ diet (Figure 4.242), suggesting agonistic effects of dietary soy on 

these germ cells in the absence of aromatase. 

At I year of age there was no effect of diet on germ cell numbers in WT mice (Figure 

4.243). As was observed previously (Section 3.236), ArKO animals raised on a S+ diet 

had significant reductions in round (p=0.001) and elongated (p==0.004) spermatids 

compared to WT mice (Figure 4.243). These disruptions to spermatogenesis in ArKO 

mice were markedly enhanced when the mice were reared on a S- diet. Although there was 

variability in the phenotype between mice (Section 4.241), analysis of germ cell numbers 

showed that ArKO mice on a S- diet had significant decreases in spermatocytes (p<0.00 I), 

round (p=0.001) and elongated (p<0.001) spermatids to 25, 20 and 24 % of ArKO males 

raised on a diet containing soy. 

4. 244 Sertoli cells 

Analysis of Sertoli numbers in J 4-week-old WT animals showed that mice raised on a S

diet had slightly more but significantly higher numbers of Sertoli cells (p==0.006) than 

those raised on a S+ diet (Figure 4.244a), but this was not evident in I year old animals. 

Diet did not affect Sertoli cell number in ArKO animals at either age (Figure 4.244a,b ). 

Interestingly, a significant increase in Sertoli cell numbers in ArKO mice on a S+ diet was 

evident when compared to WT on the same diet at 14 weeks (p=O.O 18), suggesting an 

inhibitory action of oestrogenic substances on Sertoli cell numbers. Similar trends were 

observed in one year old animals, however no statistically significant differences were 

observed (Figure 4.244b). 

i Germ cells per Sertoli cell 

Since differences in Sertol i cell numbers were observed, the capacity of each Sertoli cell to 

support germ cells was examined between diets (Figure 4.245). There were no significant 

differences between any group at 14 weeks of age. However at I year of age, the ArKO 
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Figure 4.243 Germ cell numbers at 1 year of age 

The optical disector approach was used to quantitate genn cell own rs (millions) per 

testis in ArKO and WT mice on the S+ and S- diet. ArKO animals on the - diet had le 

spermatocytes (tp<0.05), round spermatids (tp<0.05) and elongated spennatid (tp<0.05) 

when compared to ArKO animals raised on a S+ diet. ArKO mice on a S- diet al o had 

fewer spermatocytes (*p<0.001), round spennatids (• 0 .001) and elongated spennatids 

(*p<O. 00 I) when compared to WT animals rai ed on the corresponding diet. Whereas, 

ArKO mice on the S+ diet had less round pennatids (•p<O .001) and elongated spermatids 

(*p<0.05) compared to WT on the corresponding diet. The notation• represents signjficant 

difference between genotypes l between diets . Data expres ed as mean ± SEM. 



a 

4 

2 

0 

• S+WT 

~ S-WT 
S+ ArKO 

~ S-ArKO 

i * 

Figure 4.244 SertoU cell numbers 

b 

4 

2 

0 

S+WT 

S- WT 

S+ ArKO 

D S- ArKO 

The optical disector approach was used to quantitate ertoli cell number (millions) per 

testis in ArKO and WT mice on the S+ and S- diet. ( ) At 14 weeks, WT mice on a - diet 

have significantly more Sertoli cells compared to WT on a + diet (lp<0.005) . The WT on 

the S+ diet also have significantly fewer Sertoli cells numb r than the ArKO on the 

corresponding diet (*p<0.05). (b) There were no difference between all the groups at 1 

year of age. The notation • repre ents significant difference between genotype , t between 

diets. Data expressed as mean ± SEM 
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Figure 4.245 Germ cells per Sertoll cell 

Total germ cell number was expressed as a proportion of ertoli cell number at (a) 14 

weeks of age and (b) 1 year of age. There were no ignificant differences between diet and 

genotype in the number of germ cells each ertoli cell w able to upport at 14 week . 

However at I year of age, the Sertoli cells in the ArKO mice were found to upport le 

germ cells when soy was removed from their diet (lp<0.05). The ArKO mice on the soy 

free diet (*p<0.001) and on the soy containing diet (*p<0.001) were also able to upport 

less germ cells than the WT on the corre ponding diet. The notation • repre ents 

significant difference between genotypes, l between diets. Data expressed as mean± SEM. 
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mice on both the S+ (p=0.001) and S- (p<0.001) diets showed less germ cells per Sertoli 

cell compared to WT mice on the corresponding diet. Also, Sertoli cells in ArKO males 

supported fewer germ cells when soy was absent compared to S+ ArKO mice (p=0.013), 

reflecting the fact that disruption to spermatogenesis and testicular morphology is 

markedly enhanced by the absence of soy in the diet. 

4.25 Serum hormone assays 

There was no effect of diet on the levels of serum LH and FSH in male WT and ArKO 

animals at 14 weeks (Table 4.251), nor were there differences in ArKO mice compared to 

WT comsuming the same diet. However at 1 year of age, ArKO mice on the S- diet had 

increased FSH levels compared to ArKO males raised on a S+ diet, suggesting an agonistic 

role of soy at the pituitary. There was no change in serum LH between the groups sampled, 

however, insufficient serum only allowed the analysis to be completed on two WT mice on 

a soy containing diet at 1 year. A larger sample size may indicate differences in LI-I not 

observed with two animals. 

4.4 DISCUSSION 

The ArKO mouse was used to test the hypothesis that dietary soy protein has a biological 

effect on the testis, possibly maintaining spermatogcnesis in the absence of endogenous 

oestrogen. The disruptions to spermatogenesis appeared to be induced slightly earlier when 

soy was removed from the diet, with a significant decrease in round spermatids, however 

this effect was miminal. The data does however clearly indicate that soy has agonistic 

effects on spermatogenesis in the absence of oestrogen, particularly in terms of the 

maintenance of germ cell development. This agonistic effect was not associated with an 

increased gonadotropic stimulus to the testis, suggesting that dietary soy can have direct 

effects on receptors within the male reproductive tract. Dietary soy was also able to 



Table 4.251 Serum hormone Levels 

WT 
14-JBwks 

ArKO 
14-JBwks 

WT 
1 year 

ArKO 
1 year 

FSH 
(ng/ml) 

S+ 

10.88 
± 1.2 
(n=6) 

8.47 
± 2.6 
(n=3) 

10.41 
± 0.3 
(n=4) 

9.86 
± 0.2 
(n=7) 

S-

9.73 
±0.6 
(n=6) 

11.13 
± 0.9 
(n=6) 

13.92 
± 2.0 
(n=6) 

16.55r 
± 1.2 
(n=4) 

LH 
(ng/ml) 

S+ S-

0.37 0.47 
±0.07 ± 0.15 
(n=6) (n=6) 

0.52 0.45 
± 0.2 ± 0.1 
(n=3) (n=6) 

1.49 0.27 
± 0.) 

(n=2) (n=6) 

0.99 0.38 
± 0.4 ±0.1 
(n=4) (n=4) 

Serum hormone levels were measured using double antibody RIAs. There was no 

difference in FSH levels between the two diets at J 4 weeks. However, at a year of age. 

there was a significant elevation in FSH levels in the ArKO mice fed a diet containing no 

soy when compared to those fed a soy diet (tp<0.001 ). Examining LH, there was no 

difference between the WT and ArKO on either a S+ or S- diet at 14 weeks and at I year 

of age. The notation t represents a significant between diets. Data expressed a~ mean ± 

SEM. 
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produce slight changes in testicular histology in WT animals, highlighting the fact that soy 

found in commercial rodent chow has an action on the testis. 

In the absence of endogenous oestrogen, soy consumption clearly has a beneficial effect on 

the testis, by partially maintaining testis weight, germ cell development and seminiferous 

tubule epithelial and luminal volume. In general, the testes are morphologically less 

impaired when soy was consumed, exhibiting reduced epithelial and structural damage. 

These effects on the testis and spermatogenesis could not be explained by increases in 

circulating LH and FSH, and are thus likely to be mediated by direct effects on the testis. 

The phytoestrogens genistein and daidzein, both present in soy, are agonists at both ERs 

but particularly ERJ3 (Casanova et al. 1999). Given the localisation of ERs in both Leydig 

and Sertoli cells in the adult testis, and of both aromatase and ERJ3 in meiotic and post

meiotic germ cells (Section 1.4), agonistic effects on spermatogenesis are therefore not 

unexpected. The defects in germ cell development in ArKO mice, in the absence of 

decreases in gonadotrophins or androgens (Chapter 3), clearly suggest a direct effect of 

oestrogen on germ cell development. Here I show that this agonistic effect can be 

mimicked in part by dietary oestrogens, with a soy diet preventing the marked decline in 

spermatocyte, round and elongated spermatid numbers caused by oestrogen withdrawal. 

Previous studies show that genistein, in doses equal to those concumed in a soy based diet 

(2.5 mg s.c./kg of body weight), are able to induce squamous epithelial metaplasia, a sign 

of oestrogen action, in mouse accessory sexual organs such as the prostate (Strauss et al. 

1998), and also produce a high oestrogenic response in the uterus of immature rats 

consuming a standard phytoestrogen containing diet (2 IO mg/kg) (Boettger-Tong et al. 

1998), providing further evidence for an agonistic role of phytoestrogens in the testis. 

Comparison of I year old ArKO mice raised on a soy-free diet with those raised on a soy

containing diet not only demonstrates a biological action of dietary soy, but reveals 

hitherto unrecognised roles of aromatase/oestrogen in spermatogenesis. The demonstration 

of reduced numbers of spermatocytes in soy-free ArKO males suggest that spermatocyte 

development may also be dependent on aromatase. This is not unexpected, given the 
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localisation of aromatase and ERP in certain spermatocyte populations (Section 1.4). 

Previous studies have shown that seminiferous tubules lacking ERa. secrete less fluid 

(Hess et al. 1997a), suggesting that oestrogen action is important for the maintenance of 

Sertoli cell fluid secretion. This is supported by these findings which show that 1 year old 

ArKO mice raised on a soy-free diet have a marked reduction in seminiferous tubule 

luminal volume and a significant increase in FSH levels, suggesting that Sertoli cell 

function, and probably inhibin B secretion, is disrupted when there is no oestrogenic 

stimulus. A further observation for dietary soy assisting in the maturation of Sertoli cell 

function is the markedly decreased seminiferous epithelium volume and tubule diameter in 

the ArKO males. Thus, oestrogen production is likely to be important for the maintenance 

of pre and post-meiotic germ cell development and Sertoli cell function. 

It is possible that the elevation in FSH, when soy is removed from the diet, is also a result 

of soy inhibiting gonadotrophin secretion from the pituitary. Endogenous oestrogen has a 

homeostatic feedback role at the hypothalamus and pituitary, potentially through a direct 

action on the ERs localised specifically in these tissues (Shughrue et al. 1997). As dietary 

soy prevents the increase in FSH caused by the removal of oestrogen, it suggests an 

oestrogenic action of soy at the level of the hypothalamus/pituitary (Couse et al. 1997; 

Mitchner et al. 1998; Laflamme et al. 1998). 

In WT animals, dietary soy had minor but measureable effects on the testis as evidenced by 

a reduction in seminiferous epithelium volume. A surprising finding in this study was a 

slight decrease in the number of Sertoli cells in ArKO animals on the soy-containing diet 

compared to WT anmals at 14 weeks, which is in contrast to the findings presented earlier 

(Chapter 3). Similar trends were also observed in the ArKO mice on a soy-free diet. 

however statistical differences were not observed. It is thus possible that an absence of 

aromatase during neonatal development could result in changes in Sertoli cell proliferation, 

such that more Sertoli ceJJs are produced when aromatase is absent. This is perhaps not 

surprising, given that exposure to pharmacological levels of oestrogen can interfere with 

Sertoli cell proliferation, either directly or via effects on FSH, leading to reduced Sertoli 
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cell numbers (Atanassova et al. 1999). However, further studies on the effects of dietary 

soy during the neonatal period of Sertoli cell proliferation are required to determine the 

mechanism of this effect. Exogenous oestrogens can also interfere with Sertoli cell 

maturation, as evidenced by decreases in Sertoli cell volume (Atanassova et al. 1999; 

Perez-Martinez et al. 1996) and protein secretion (Sharpe et al. 1998). In the WT mice, it is 

possible that dietary soy may synergise with the endogenous oestrogen already present in 

these animals (Casanova et al. 1999) to promote higher levels of oestrogenic ligands that 

have slight inhibitory effects on Sertoli cells. 

It is also possible that phytoestrogens may in fact antagonise the action of endogenous 

ostrogens to prevent oestrogen action (Makela et al. 1995; Whitten et al. I 995b; Tansey et 

al. 1998), or prevent oestrogen biosynthesis through the inhibition of enzymes such as 

aromatase (Adlercreutz et al. l 993; Campbell & Kurzer 1993). These functions of 

phytoestrogens may provide an explanation as to the increase in interstitial volume when a 

soy diet is consumed, particularly as Leydig cell proliferation and differentiation has been 

shown to be inhibited by oestrogens (Dhar & Setty 1976; Abney & Carswell 1986; Perez

Martinez et al. 1996; Perez-Martinez et al. 1997). Also. the specific actions of 

phytoestrogens in the presence of endogenous oestrogen may be concentration dependant, 

with an agonist function observed at low doses and an antagonistic at high concentrations 

in genistein treated MCF-7 cells (Wang & Kurzer 1998). 

The consumption of soy by WT mice was associated with a reduction in the number of 

pups sired in each litter. I have no explanation for this finding. however it is possible that 

changes in their epididymal maturation. sperm-zona pellucida binding or female 

reproductive physiology could be modulated by phytoestrogens (Burroughs et al. 1990; 

Whitten et al. 1995a; Hinsch et al. 2000). 

ArKO mice have been reported to exhibit an increase in body weight and fat deposition 

(Jones et al. 2000), suggesting a direct role for oestrogen on adipocytes via ERs. 

Interestingly, in ArKO mice at both 14 weeks and 1 year of age, dietary soy prevented this 
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increase in body weight. Consumption of a phytoestrogen containing diet also decreased 

body weight in WT mice, which is in agreement with recent studies in normal adult rats 

(Weber et al. 2001). It is well known that exogenous oestrogens can reduce body weight at 

birth (Levy et al. 1995; Flynn et al. 2000), weaning (Whitten et al. 1995a) and maturity 

(Atanassova et al. 2000; Flynn et al. 2000). 

The finding that spermatogenesis appears to progress almost undisrupted in the younger 

ArKO males was puzzling, however is not unique to our ArKO mouse. Both ArKO mice 

generated by Honda et al ( 1998) and Toda et al (2001 a) observed no histological or 

spermatogenic abnormalities up to 16 weeks of age, with active sperm present in the cauda 

epididymis. In addition to this, rats treated with an aromatase inhibitor presented with 

minimal disruptions up to J 9 weeks of treatment, with more pronounced disruptions after I 

year, suggesting a time related effect and possible compensatory mechanisms (Turner et al. 

2000a). 

It was previously suggested that the late onset of the spennatogenic phenotype in male 

ArKO mice could be due to oestrogenic substances present in their diet that are capable of 

agonistic effects on spermatogenesis (Section 3.3). As round spermatid number 

significantly decreases at 14 weeks when soy is removed. dietary soy may be contributing 

in maintaining spermatogenesis when endogenous oestrogen synthesis is prevented. 

However, as withdrawing soy on spermatogenesis does not produce spermatogenic 

disruptions during the initial spermatogenic cycle. and at 14 weeks disruptions are 

minimal, it suggests the importance of other alternative ligands. These may include growth 

factors. such as insulin-like growth factor (IGF) (Aronica & Katzcnellcnbogcn 1993) and 

epidermal growth factor (EGF) (lgnar-Trowbridgc et al. 1992), capable of activating the 

ER via the activation of intracellular MAPK pathways (Smith J 998). Importantly, two 

androgen metabolites; 5a-androstane-3J3. J 7J3-diol and 5-androstcne-3J3, J 7J3-diol, can also 

activate the ER, particularly ERP, when present in high concentrations (Section 1.222). 

This adds to the complexity of oestrogen action, particularly as our unpublished findings 

suggest high levels of these androgen metabolites in the young male testes (personal 
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communication, Wah Chin Boon, Priunce Henry's Institute). Thus non-aromatase derived 

endogenous oestrogenic ligands may maintain spermatogenesis in ArKO mice until 

approximately 14 weeks of age. It is worth noting that two other ArKO mice lines (Honda 

et al 1998; Toda et al 2001) also show spermatogenesis at 16 weeks of age. Further studies 

in my laboratory are persuing the mechanisms responsible for the late onset phenotype in 

the ArKO male. 

In conclusion, these studies reveal an action of relatively low levels of dietary 

phytoestrogens on male reproduction. Measurable changes in testicular compartments were 

seen in WT mice, however the effect of dietary phytoestrogens was most marked in ArKO 

mice which lack a functional aromatase enzyme. The data suggests that oestrogen 

production is important for the maintenance of germ cell development and Sertoli cell 

function and shows that dietary phytoestrogens can mimic the action of endogenous 

oestrogen within the seminiferous epithelium. These findings arc important as they clearly 

highlight the significance of these environmental oestrogens in testicular development and 

function. 



Chapter Five 

Further Examination of Male ArKO 

Fertility 
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5.1 INTRODUCTION 

It has already been established the ArKO males have markedly reduced fertility, siring 

significantly fewer litters when compared to WT (Section 4.22), and that this is 

presumably due to a significant decrease in the number of round and elongated spermatids 

(Section 3.236). However, it needed to be established if an impairment in sexual behaviour 

also contributes to this reduction in fertility. 

In the male, spermatogenesis would be futile without the ability to copulate. Unlike many 

male reproductive structures, whose development and maturation are dependant upon 

androgen stimulation, the development of male speci fie sexual behaviours requires these 

androgen precursors to be aromatised to oestrogens (Meisel & Sachs I 994). In fact, 

oestrogen is synthesised locally in the sexually dimorphic neurons of the rodent MPOA, 

the site implicated in the control of sexual behaviour, in higher levels in the male than the 

female (for review see Hutchison 1997). This is demonstrated by the discrete localisation 

and activity of the enzyme aromatase cytochrome P-450 in rat (Tobet et al. I 985; Lephart 

et al. 1992; Roselli & Resko 1993a) mouse (Beyer et al. 1993; Karolczak et al. 1998), ram 

(Roselli et al. 1998) and quail brain (Balthazart et al. 1990b; Balthazart & Surlemont 

1990). 

Oestrogen biosynthesis is vital in the perinatal stage of development if masculine type 

sexual behaviour is to be exhibited in adulthood (Roselli & Resko 1993b; Negri-Cesi et al. 

1996; Hutchison et al. 1997). Treatment with an aromatase inhibitor (Balthazart et al. 

1990a; Gonzalez & Leret 1992; Houtsmuller et al. 1994 ), or removing the ability to 

synthesise oestrogens during this period (Honda et al. 1998), results in a significant 

reduction in copulatory behaviour in adulthood, explicable in terms of preventing this 

testosterone conversion. However, oestrogen synthesis is also required in adulthood for the 

continual display of sexual behaviour in response to female stimuli. Castrating mature 

males, or treating them with an aromatase inhibitor, leads to a failure to mount in many 
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species; including quail (Alexandre & Balthazart 1986; Watson & Adkins-Regan 1989; 

Balthazart et al. 1990a) mice (Wallis & Luttge 1975; Clemens & Pomerantz 1982; Wee et 

al. 1988), rat (Clancy et al. 1995), rams (D'Occhio & Brooks 1980), boar (Parrott & Booth 

1984) and ferret (Carroll et al. 1988). Treatment with either oestrogens, or aromatisable 

androgens in the case of castration, restores this behaviour. 

It was also important that the fertilisation capacity of mature spermatozoa from the ArKO 

males was examined to determine if the cause of the decreased fertility was also at the 

level of fertilisation. (Hess et al. 1997a; Lee et al. 2000). Therefore young ArKO mice 

were characterised with respect to the concentration and motility of mature spermatozoa, 

IVF capacity and sexual behaviour. 

5.2 RESULTS 

5.21 Sperm viability 

To determine whether the viability of the mature spermatozoa was compromised in the 

absence of endogenous oestrogens. an in vitro analysis of the sperm was performed 

(Section 2.224). At 15 weeks of age ArKO males had normal sperm concentration but 

decreased motility (p=0.008) (Table 5.211). At this age, sperm from 6 out of 7 ArKO mice 

were able to fertilize oocytes in vitro (data not shown). This is in contrast to ]-year-old 

ArKO males whose sperm were unable to fertilize in vitro. This may be associated with the 

significant decrease observed in the sperm concentration (p=0.05) and motility (p=0.008) 

(Table 5.211). It is pertinent to note that between 15 weeks and I year of age, the ArKO 

mice sperm concentration (p=O.OOJ) and motility (p=0.007) further declines. 



Table 5.211 Sperm data 

Sperm concentration Sperm motility 
(number/ml x106

) (%) 

WT 59.3±19.1 81.0 ± 4.1 
15 wks (n=4) (n=4) 

ArKO 65.1 ± 7.5 67.5 ± 1.7 * 
15 wks (n= 7) (n=6) 

WT 41.6 ± 10.6 72.0 ± 2.0 
1 year (n=5) (n=5) 

ArKO 10.75 ± 5.6 *# 24.0 ± 13.4 +# 
1 year (n=5) (n=5) 

Epididymal sperm was extracted from WT and ArKO mice and analysed 

for concentration and motility. At 15 weeks, ArKO sperm concentration is 

unaffected, however they have significantly decreased motility (*p<0.05). 

By I year of age ArKO sperm is present in a much lower concentration 

(*p<0.05) and the motility is more severely compromised (*p<0.05). As 

the ArKO animals aged their sperm concentration (#p<0.00 I) and motility 

(#p<0.05) significantly declined. The notation • represents a significant 

difference between genotypes, # a difference between age. Data expressed 

as mean± SEM. 
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5.22 Sexual behaviour 

To investigate sexual behaviour, WT and ArKO males were placed with hormonally 

primed females and behaviour recorded in the dark phase. Sexual behaviour appeared 

normal in the WT male animals at age 12-14 weeks, in that they approached the female, 

repeatedly sniffing the anogenital region, and then mounted an average of 11 (± 1. 9) times 

in 20 min (Figure 5.221). There was only 4.41 (±1.3) min until the first mount occurred 

and each subsequent mount occurred regularly, with a latency period of 1.3 (±0.2) min. In 

contrast, the ArKO mice demonstrated impaired mounting behavior. When placed with the 

females, males immediately interacted with the female, appearing to sniff her genital area, 

similar to the WT. However, this soon ceased and the male withdrew. No attempt to mount 

was initiated from any of the 4 males. 

One-year-old males were also studied, with again no ArKO males (n=4) mounting in the 

20 min time period. However there was also an impairment in the ability of the I-year-old 

WT males (n=4) to mount with only 2 mounting. There was also a decline in the number of 

mounts the WT mice initiated at l year, with an increased time until the first mount. 

The males used in the behavioural study were the same as those used in the previous study 

(Chapter 4), therefore comparisons were drawn to further analyse the fertility of the ArKO 

males. The 4 ArKO males at 12-14 weeks tested above did not attempt to mount females. 

When this was compared to their litter numbers (Table 4.221 ), only I out of the 4 sired no 

litters, the other 3 appearing to be fertile. Further comparisons found that none of these 4 

males presented with the spermatogenic phenotype (Section 4.24 ). The one animal at 14 

weeks who did present with the severe disruptions to spermatogenesis (Section 4.24) did 

not sire any litters (Table 4.221 ). Therefore, the fertility of the male ArKO mice may be in 

part attributable to abnormalities in either mounting or spermatogcnesis, but most probably 

not both. 
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Figure 5.221 Behavioural data 

WT and ArKO males (n=4) were placed with hormonally primed ovariectomised (OVX) 

females and sexual behaviour recorded in the dark phase. The WT males at 12-14 weeks of 

age mounted an average of 11 times with 4 min until the first mount and 1 ½ min latency 

between mounts. This ability to mount declined as the WT aged, with only 2 out of the 4 

mounting with a reduction in the number of mounts and time to first mount. In 

comparison, no ArKO males were observed to mount. Results are shown as mean ± SEM. 
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5.3 DISCUSSION 

Previous studies have established that aromatase appears to have a specific role in 

spermatogenesis (Chapter 3), specifically in the ability of germ cells to mature into round 

spermatids. In this study, mature spermatozoa from ArKO mice were further analysed for 

their ability to fertilise oocytes in vitro and instigate development past the zygote stage. 

There was no difference between 15-week-old WT and ArKO animals in this respect. 

However, sperm from I-year-old animals was compromised, with decreased concentration 

and motility and an inability to fertilise oocytes. These findings may be due to impairments 

in their maturation whilst in the seminiferous epthelium (Chapter 3), however it is also 

possible that the spermatozoa may be failing to properly mature in the transition to the 

epididymis. The finding that spermatozoa from 15 week old ArKO males can still fertilise 

occytes in vitro differs from those observed with the aERKO mice in which the sperm are 

incapable of fertilisation at this young age. However, similar to the aERKO males, the 

sperm of the ArKO mice are less motile at 15 weeks of age (Eddy et al. 1996). As the 

ArKO mice age, the ability to fertilise declines, which may correspond with the late onset 

disruptions observed in spermatogenesis. 

One explanation for the significant decrea'ie in fertility observed with the young ArKO 

males (Section 4.22) could be an impairment in copulatory behavior. In fact, preliminary 

examinations of the sexual behaviour of these mice, and that of the ArKO mouse generated 

by Honda et al() 998), found that they appeared to have an inability to initiate mounting. 

This compared to WT males who mated readily with sexually receptive females. 

Considering past literature on male sexual behaviour, which emphasises the importance of 

oestrogen synthesis locally in the medial preoptic area during development, this inability to 

display masculine type sexual behaviour is not unexpected (Meisel & Sachs 1994 ). 

However, a more specific study is required to fully determine which aspect of sexual 

behaviour may be disrupted in the ArKO mice. When observing their behaviour, following 

being placed with a hormonally primed female, they were found to initially approach the 
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receptive females, however compared to the WT they appeared more hesitant and may 

have been curious rather than sexually motivated. The importance of aromatase in sexual 

behaviour is observed when aromatase inhibitors are utilised. Following administration 

either shortly after birth or in adulthood, copulatory behaviour is inhibited in quails, rats, 

mice and ferrets (Clemens & Pomerantz 1982; Carroll et al. 1988; Balthazart et al. 1990a; 

Gonzalez & Leret 1992; Clancy et al. 1995). However this importance of aromatase may 

have species specificity. A study employing adult Syrian hamsters showing that 

administering aromatase inhibitors systemically for 5 to 8 weeks failed to have any effect 

on their mounting behaviour (Cooper et al. 2000). 

In comparison to the ArKO mice, male sexual behaviour in knockout mice that lack the 

gene for either ERa (aERKO) or ERP (PERKO) individually (Section 1.62) (Lubahn et 

al. 1993; Krege et al. 1998), is only partially disrupted. Two further studies indicated that 

the aERKO mice, although infertile and rarely ejaculate, showed either normal levels of 

mounts and just reduced levels of intromissions (Ogawa et al. 1997), or a reduction in both 

mounting and intromissions (Wersinger et al. 1997). Administration of testosterone or 

dopamine restored mounts and intromissions in gonadectomised aERKO mice, however 

ejaculation was not restored, suggesting that it is regulated through pathways other than 

ERa (Ogawa et al. 1998b; Wersinger & Rissman 2000). In contrast all three components 

of sexual behaviour are present and robust in the PERKO mice (Ogawa et al. 1999). On the 

other hand, the double knockout (af3ERKO) males do not show any component of sexual 

behaviour, including simple mounting behavior (Ogawa et al. 2000). This is similar to the 

ArKO mice and suggests that ERa and ERP can complement one another in regard to this 

behaviour. 

In summary, the decrease in fertility exhibited by the ArKO males (Section 4.22) may be 

attributable to spermatogenic disruptions that appear to arise randomly with increasing age 

(Chapter 3). It is also possible that oestrogen plays a role in the maturation of 

spermatozoa during the transition to the epididymis, its absence causing a decline in the 
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fertilisation potential of mature spermatozoa. Conversely, the reduction in fertility could be 

attributable to a severe impairment in copulatory behaviour. In conclusion, these results 

indicate that oestrogen appears to play a crucial role in many areas of male reproduction. 



Chapter Six 
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Expression 
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6.1 INTRODUCTION 

The importance of oestrogen in spermatogenesis was highlighted in Chapter 3, where 

utilisation of the ArKO males demonstrated a possible direct action of oestrogens on male 

germ cell development. Removing endogenous oestrogens resulted in severely 

dysfunctional spermatogenesis, including a post-meiotic developmental block that resulted 

in a significant decline in the number of mature germ cells (Section 3.2) and thus the 

infertility of the mice (Section 4.22). As oestrogen is synthesised by almost all of the 

testicular cell types, including pachytene spermatocytes to elongated spermatids, Sertoli 

cells and Leydig cells, and the ERs are also present in these cells (Section 1.4), this 

importance of oestrogen in spermatogenesis was not surprising. 

Spermatogenesis consists of a highly coordinated series of spermatogonial proliferations to 

vastly increase ceJI number, followed by two distinctive spermatocyte meiosis stages to 

produce the truly haploid germ cell (Section 1.32). Progression through mitosis and 

meiosis is driven by extracellular mitogenic factors, such as hormones, growth factors and 

differentiation factors (Section 1.531). Not only are cells continuously proliferating, but 

A2, A3 and A4 spermatogonia, and also some spermatocytes and round spermatids, are 

spontaneously undergoing apoptosis (Section 1.532). In fact, this is a clear indication of 

normal, healthy spermatogenesis. However, many studies have shown that if the testis 

suffers toxic insult or hormonal withdrawal, the incidence of apoptosis greatly increases. 

Through preliminarily TUNEL assays (Section 3.25), withdrawing oestrogen appeared to 

increase the incidence of apoptosis within the germ cell population in the ArKO testis. As 

oestrogen and the ERs are localised to the seminiferous epithelium, and this hormone is 

recognised to have a protective effect in many tissues in the body, it was hypothesised that 

the absence of oestrogen would instigate a halt in cell cycle progression and/or upregulate 

apoptotic initiator genes. The effect of removing oestrogen on the expression of cell cycle 

regulated and apoptotic genes in the testis was therefore investigated. 
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6.2 RESULTS 

All animals used in the following studies were raised on the soy free diet. 

6.21 Differential display 

To investigate the disruption to spermatogenesis, total RNA was isolated from one 18-

week WT and ArKO testis (Section 2.28), and restriction fragment differential display 

PCR (ddPCR) performed to analyse the expression of all differentially genes in the testis 

(Section 2.29). This would allow a direct comparison of gene expression between ArKO 

and WT testis. 

6.211 Sequencing 

From the polyacrylamide gel, 24 differentially expressed genes which appeared to be either 

clearly present or absent were extracted from the gel (Figure 6.211) and reamplified 

(Figure 6.212) as described (Section 2.29). Both the extracted DNA and the original PCR 

product were sent for sequencing analysis, however the concentration appeared to be too 

low in the extracted DNA and the PCR product contained too many non-specific bands to 

enable this to be successfully completed. 

6.212 Northern blots 

To determine if the above genes were in fact differentially displayed between WT and 

ArKO, Northern blot analysis was performed on those which appeared to be either clearly 

present or absent (Section 2.293). Each selected gene was detected in relatively equal 

amounts in both genotypes by Northern blot (Figure 6.213), thus concluding that these 

were all false positives. This is a common limitation of the ddPCR technique, with 

increasing the number of samples in each run able to overcome this. Also, accurately 

extracting the band is difficult as they run very close together. Due to this, other methods 
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Differentially expressed genes in testes from 18 week WT (W) and ArKO (K) were 

separated by polyacrylamide gel electrophoresis. ach square represents the differential ly 

expressed gene with the appropiate primer pair. 
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Primer Genotype Primer Genotype Primer Genotype 
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1 3a WT 9 4h WT 17 Sa KO 
2 4a KO 10 3b KO 18 Sb WT 
3 4b KO 11 la WT 19 Sc WT 
4 4c WT 12 lb w 20 7a WT 
5 4d WT 13 3c WT 21 8a WT 
6 4e WT 14 3d KO 22 10a WT 
7 4f WT 15 5d WT 23 10b KO 
8 4g KO 16 IOd KO 24 JOc WT 

Figure 6.212 The re-amplified genes of interest 

From the polyacrylamide gel 24 differentially expr sed genes were extracted, reamp1ified 

and sent for sequence analysis. 
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of examining the differences between the ArKO and WT testis at the molecular level were 

applied. 

6.22 Cell cycle genes 

One possible cause for the massive decrease in round and elongated spermatid numbers in 

the ArKO mice is that the germ cells are failing to progress through the cell cycle. If this is 

the case, then it is hypothesised that there would be a decrease in the expression of the 

cyclins and cyclin dependant kinases (cdks), and possibly an upregulation in the cdk 

inhibitors. To investigate this, a gene array, comprised of 24 cell cycle related genes and 2 

house keeping genes, P-actin and GADPH, was used (Section 2.30). RNA was extracted 

from I WT and I ArKO testes at 18 weeks of age (Section 2.28). The ArKO animal used 

was the I out of the 5 who exhibited the spermatogenic phenotype (Section 3.231). 

Each 32P labelled cDNA probes was hybridised overnight to the membranes (Figure 

6.221), with each signal analysed by phosphorimaging. The expression of each gene was 

normalized to P-actin, as GAPDH was suggested to be regulated by oestrogen, and then 

plotted as a ratio to WT expression (Figure 6.222). 

A decrease was observed in the expression of cyclins in the ArKO testes, particularly 

cyclin DI (2 fold) and cyclin A ( J .6 fold). Cyclin D2 and E2 were both undetectable. 

However, there was no decrease in the expression of the cyclin dependent kinases. Instead 

cdk6, 2L and 1 all increased about 3-7 fold, with cdk4 undetectable. In contrast, the 

majority of the cyclin dependent kinase inhibitors did increase, particularly the p21 wan (4.5 

fold) and p] 5ink
4

b (3.2 fold), suggesting a possibly inhibition of celJ cycle progression 

through this means. Lastly, a 6 fold decrease was observed in the expression of the E2F J 

family of transcription factors, which are essential for S phase entry. p27 remained 

unchanged. The following genes were not expressed in the testis, cyclin 02, cyclin E2 and 

cdk4. 
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cyclin DI 3C,3D pl6 ink4a 5 , SF 

cyclin El 4C, 4D p21 fl 6 , 6 

plS ink4b SC,SD pRb 7 , 7 

Figure 6.221 Mouse Cell cycle-1 GEarray Kit 

GEarray membranes were hybridised overnight to RNA from 18 week old ( ) WT and (b) 

ArKO testes. Each signal was analysed by pbosphorimaging and normalised to beta actin. 

Highlighted in bold are those genes with altered expression between WT and ArKO. 
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A gene array, comprised of 24 cell cycle related genes and 2 house keeping genes, f3-actin and 

GADPH, was used to examine the expres ion of celJ cycle related genes. Each value was 

normalised to beta actin and then each ArKO value was expressed as a ratio to the wildtype. The 

values higher than I indicate that the knockout testis is expressing a higher level of that gene. 
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These results suggest that removing oestrogen from the testis altered the expression of 

crucial cell cycle specific genes, possibly leading to cell cycle arrest in the developing 

germ cells. In order to confirm these findings, the genes in question were reexamined using 

Real Time PCR. 

6.23 Real Time PCR 

Specific PCR primers were designed for a selection of cell cycle related genes (Section 

2.311). RNA was extracted from 6 WT and 6 ArKO at 18 weeks, and 6 WT and 6 ARKO 

at l year (Section 2.28). The expression of these genes in the testes of ArKO mice was 

compared to WT using Real Time PCR. 

6.231 Southern blot analysis 

To first determine that the products amplified were those anticipated, the amplicons of the 

5 standard dilutions (Section 2.316) were run on a 1 % gel and analysed by Southern blot 

analysis (Section 2.317). The results indicated that every product was the expected one 

(Figure 6.231). 

6.232 Results 

Each Real Time PCR reaction, either with or without the standards, was run on a standard 

1 % agarose gel (Appendices liii - 8iii) to determine PCR product size and confirm the 

amplification of one product (Appendices ti - Si). Each result was then normalised to 18S 

and expressed in a box plot format. This format was chosen as expressing the data as mean 

±SEM failed to illustrate the distribution of the data, whereas a box plot (see figure below) 

clearly shows the median values, the spread (25-75%) and the overall range of the data, 

allowing a comparison between the expression of each gene at different ages and 

genotypes to be made. 

Box plot 
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Figure 6.231 Light cycler standards 

Light cycler standards ( ection 2.316) were run on a I% agaro gel th n tran ferred t 

nylon membrane overnight and probed with a specific 32P la led ligonucleotide 

2.312) to confirm that the product amplified was the correct pr duct. A is apparent th 

PCR primers designed were very specific. Al o illu trated are the product sizes (bp ). 
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i Cyc/ins 

At 18 weeks of age, the median value of cyclin A I and distribution of data was lower in 

ArKO males at both 18 weeks and I year of age (Figure 6.232). These results are similar 

to that observed with the gene array (Section 6.22). At 18 weeks there was no difference in 

the median value of cyclin B 1, however there was a trend for the data to be higher, again 

similar to the GEarray results, whereas at I year the levels were markedly lower in the 

ArKO testes. Examining cyclin DI, the median was unchanged at 18 weeks however the 

range of data was lower (Figure 6.232). At 1 year, the ArKO median value was lower than 

the WT, however the data range was higher. Cyclin E, however, showed a difference at 18 

weeks with a lower median in the ArKO males, however once again the distribution of 

data tended to be higher, whereas at I year although the median was higher, the data range 

showed no difference. 

All the results at 18 weeks showed the same trends at the GEarray results (also at I 8 

weeks), although the testes used for these studies did not yet show the spermatogenic 

disruptions. The gene expression levels of the cyclins appeared to vary quite markedly 

between animals. The cause for this is unknown but may be related to the genetic strain of 

the ArKO mice who are still on the C57/BL6 background. These mice are currently being 

crossed onto the FVB/N background, a purer strain which may provide more consistant 

results. More animals per group may also reduce the variation. 

ii Cdk inhibitor 

The median values of the cdk inhibitor p2 I wan were increased at both 18 weeks and I year 

of age ArKO testes compared to WT (Figure 6.233). These results are similar to those 

observed with the gene array where the expression of p2 I wan was found to have increased 

in the ArKO compared to WT (Section 6.22). As p53 transcriptionally activates p21 wan. 

this gene was also examined. However, the median values of p53 at 18 weeks and I year 

were both lower in the ArKO testes (Figure 6.233). 
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Figure 6. 233 Cell cycle gene expression 

Expression of p21, p53, pRb and E2F in the WT and ArKO testes 

analysed by Real Time PCR at 18 weeks and 1 year of age . Data 

expressed as a box plot (see explanation), showing distnbution of 

data from SPSS statistical computer program. 
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iii Cell cycle related genes 

In order for the cell to progress through GI, it relies almost exclusively on the 

phosphorylation of the retinoblastoma protein (pRb ). The median level of pRb expression 

is decreased in the ArKO testes at I 8 weeks of age, however the distribution of data 

strongly overlaps. At I year the median is slightly higher in the WT however the data 

distribution is very similar (Figure 6.233). Once this protein is inactivated it dissociates 

from the E2F transcription factors, which then transcribe essential genes for G 1 

progression. At I 8 weeks of age, the median level of E2F expression is higher in the ArKO 

compared to WT. By one year there is a decrease in the median value, and it should be 

noted that the expression of E2F was undetectable in 2 ArKO animals at this age. 

6.24 Insitu hybridisation 

The localisation of p21 wan in ]-year-old WT and ArKO testes was investigated by insitu 

hybridisation as described (Section 2.32). To optimise the hybridisation temperature, the 

sections were incubated at 42°C, 50°C and 55°C for J 8 hours, with 50°C producing the 

strongest and clearest signal with the least background. At this temperature, p21 wan 

appeared to show specific binding to the seminiferous tubules with a stronger signal visible 

in the ArKO than WT (Figure 6.241c,d). This signal is also stronger than the sense probe 

(Figure 6.241(). 

6.25 Apoptotic genes 

Another possible reason for the decrease in germ cell number when oestrogens are 

removed may be an increase in the incidence of apoptosis, either as a consequence of cell 

cycle arrest or independent of this. Therefore, RNase protection assays were undertaken to 

examine the expression of specific apoptotic genes, followed by phosphorimager analysis 

(Section 2.33). 
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Figure 6.241 Localisation of p2Jwof1 mRNA in the testes of WT and ARKO mice 

(a and b) Testes sections stained in baemotoxylin. (c and d) lnsitu hybridisation analysis of 

1 year old WT and ArKO testes sections incubated with a 35S labelled 35bp p21 wan 

oligonucleotide, ( e and () and a sense control. 
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6.251 Mitochondrial pathway 

The protected apoptosis related probes were electrophoresed on a denaturing gel and 

analysed by phosphorimager (Figure 6.251 and 6.252). When the cDNAs were in vitro 

transcribed, a section of the plasmid was also transcribed, however during the RNase A 

step these single stranded overhangs were digested. Thus, the protected 32P labeled probes 

are shorter than the originally transcribed probe. The intensity of the band, ie. the level of 

protected probe, is directly correiated to the expression level of the gene. Each gene 

expression level was normalised to the ribosomal protein L32 expression level. As can be 

seen from the gel, the highest expressed genes in the testis are bcl-xL, followed by bcl-w 

and bad. Genes such as btl-1 were not found to be expressed in the testis. 

Anti-apoptotic genes 

No significant difference was observed in the expression of bcl-w, bcl-xL and bcl-2 

between WT and ArKO at either 18 weeks or 1 year of age (Figure 6.253). Both bcl-w and 

bcl-xL did have significantly reduced expression at I year of age, but there was no change 

between genotypes. 

Pro-apoptotic genes 

When the death genes of the bcl-2 family were examined, there was an increase in the 

expression of the pro-apoptotic bax in the ArKO testes when compared with WT at 18 

weeks (p=0.03) (Figure 6.254). The expression then drastically decreased in both 

genotypes by J year of age, with no difference detected. There was no significant change 

in the expression of the other pro-apoptotic genes, bak and bad (Figure 6.254) at either age 

group. As the expression level of bax is higher than the other 2 pro-apoptotic genes, it 

suggests that bax is the main apoptosis player in the testis. 

Ratio of survival/death 

As both the pro and anti-apoptotic members of the bcl-2 family are not only able to 

homodimerize, but also heterodimerise with each other, they are able to neutralize the 
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The protected apoptosis related probes were electrophoresed on a denaturing gel and 
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Figure 6.252 RNase protection assay (mAP0-2 template): 1 year 

The protected apoptosis related probes were electrophoresed on a denaturing gel and 

analysed by phosphorimager. The intensity of the band, ie. the level of protected probe, is 

directly correlated to the expression level of the gene. 
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function of each other. In this respect, it is the ratio that will determine whether or not that 

cell will undergo apoptosis. Therefore, the bcl-2 members that have been previously 

demonstrated to heterodimerize (Section 1.522) were expressed as a ratio between anti and 

pro apoptotic expression (Figure 6.255). 

The ratio of bax to bcl-w expression showed that at 18 weeks of age the ratio of bax 

expression was significantly elevated in the ArKO testis (p=O.O l ), with no difference at l 

year of age (Figure 6.255). Furthermore, the ratio of bax to bcl-xL again showed a 

significant elevation in the expression of bax (p=0.024) at 18 weeks of age. However no 

difference was detected between bax:bcl-2 and bak:bcl-w between ArKO at WT at either 

age (Figure 6.255). These are the only members of the bcl-2 family demonstrated to 

heterodimerise. 

This suggested that at 18 weeks of age in the ArKO testes, when the spermatogenic 

phenotype is first arising, that there was an upregulation of the pro-apoptotic bax. 

6.252 Death receptor pathway 

Differentially expressed genes from the death receptor pathway were also run on a 

denaturing gel and analysed by phosphoimager (Figure 6.256 and 6.257). Each gene was 

again normalized to the ribosomal protein L32. In the testis, the FAF (FAS Associated 

Factor) was the highest expressed member of this pathway, with also expression observed 

of caspase-8, F ASL, F ADD (FAS Associated Death Domain), F AP (FAS Associated 

Phosphatase), RIP and TRADD. 

At 18 weeks of age there was no difference in the expression of the death receptor pathway 

genes, except for a decrease in F AF in the ArKO testes compared to WT. By 1 year of age 

there was a significant upregulation in the expression of caspase-8 (p=0.021 ), F ASL 

(p=0.025) and FAS (p=0.02) in the ArKO testes when compared to the WT (Figure 

6.258). There was no difference in the expression of F ADD (p=0.065), F AP (p=0.068) or 
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directly correlated to the expression level of the gene. 
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directly correlated to the expression level of the gene. 
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FAF (Figure 6.259). No difference also existed between TRADD and RIP between ArKO 

and WT (data not shown). 

These results suggest that the germ cells at one year of age in the ArKO testis may be 

undergoing cell death via the FAS signalling pathway. 

6.3 DISCUSSION 

The findings presented here illustrate an important role for oestrogen in germ cell survival. 

The study detailed in Chapter 3 iIJustrated abnormalities surrounding the spermatocyte

round spermatid transition when endogenous oestrogens were absent, such that round 

spermatid numbers were severely reduced (Section 3.23). This study investigated the 

mechanism of this reduction, revealing a trend for the expression of cell cycle specific 

genes to decline and cell cycle inhibitors to increase (for summary see Figure 6.3). It is 

thus possible that germ cells are undergoing cell cycle arrest followed by apoptosis

mediated cell death, indicated by the upregulation in the expression of apoptotic genes. 

This study clearly highlights the growing importance of oestrogens in spermatogenesis. 

In 18-week-old ArKO animals, germ cell maturation appears to be progressing normally, 

with only 1 out of the 5 mice analysed exhibiting spermatogenic disruptions. However, the 

lack of oestrogen may already be exerting an effect in the younger animals with trends for 

the expression of key cell cycle genes to be altered. At 18 weeks of age, the median 

expression level for cyclin A 1 has decreased, as has that of cyclin E 1. The spread of data 

for cyclin DI also shows a decreased expression in the ArKO however no change is 

apparent in the median value. The expression of the retinoblastoma protein (pRb) is also 

decreased in the ArKO testes at 18 weeks of age. 
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Figure 6.3 Schematic illustrating the maturation of the germ cells, showing the 

localisation of cell cycle genes/proteins (Table 1.531) and apoptotic genes/proteins (Table 

1.532) and their up or down regulation in the ArKO testis (arrows). 

C, ertoli cell ; LC, Leydig cell ; A SG, type A spermatogonia; Int-B SG, intermediate-8 

type spermatogonia; PL SC, pre-leptotene spermatocyte; EP, early pachytene 

spermatocyte; LP, late pachytene spermatocyte; S SP, secondary spermatocytes; RS, round 

spermatid ; ES, elongated spermatid; SZ, spermatozoa. 
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By one year of age the testis is severely dysmorphic, presenting with marked abnormalities 

to germ cell progression. At this age, alterations still exist in cell cycle gene expression. 

Cyclin A 1 continues to be decreased, with the median level of cyclin DI also indicating a 

decline. Cyclin BI is also decreased, as is E2F. The cdk inhibitor p2 l was again increased. 

These findings may suggest that the germ cells in the ArKO are undergoing cell cycle 

arrest. Given that oestradiol has been shown to influence the expression of cell cycle 

specific genes, promoting progression through the cell cycle (for review see Sutherland et 

al. 1998), these findings are not surprising. This includes cyclin D 1, whose expression is 

upregulated following oestrogen administration in breast cancer cell lines (Foster & 

Wimalasena 1996; Altucci et al. 1996; Planas-Silva & Weinberg 1997; Prall et al. 1997) 

and in uterine epithelial cells (Zhang et al. 1998), possibly directly via the oestrogen 

responsive region in the cyclin D 1 promoter region (Altucci et al. 1996). However, as 

cyclin DI is not in the germ cells of interest, but in the spermatogonia and Sertoli cells 

(Section 1.531), it is possible that this may be an indirect effect. Oestrogen may also exert 

its effect at the level of spermatogonial proliferation, since numbers of spermatogonia have 

a trend to be reduced in the ArKO males. The demonstration that differentiated cells with 

little proliferation activity, such as Sertoli cells and round spermatids, continue to express 

cyclins suggests alternative roles for cell cycle proteins in the function of these ceJls 

(Ravnik et al. 1995). 

In contrast, cyclin A 1, important in the later stages of the cell cycle and specific to the 

testes, is localised to the spermatocytes during meiosis I (Section 1.531, Table 1.531). Its 

importance in the testes is clearly outlined in the cyclin A 1 knockout mouse where 

spermatogenesis is impaired at meiosis I (Liu et al. 1998). Although no role for oestrogen 

has been revealed, withdrawing oestrogen does causes a decline in cyclin A2 mRNA levels 

in breast cancer ce11s lines (MCF-7 and T47D) (Maas et al. 1995), with the addition of 

oestrogen increasing cyclin A2 expression in uterine epithelial cells (Tong & Pollard 

1999). In the present study, we have shown that there is a trend for cyclin A 1 expression to 
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be decreased in the ArKO testes. Since cyclin A 1 is expressed in the same cells as 

aromatase and ERP, a role for oestrogen in cell cycle progression may be indicated. 

Cyclin B 1 is also important in the G2/M phase of the cell cycle. Although the cell is now 

progressing independently of mitogenic stimulus, oestrogen may still be important, with a 

trend for the decrease in cyclin B 1 expression in the ArKO testes at 1 year of age. The 

importance of oestrogen in the expression of this cyclin is observed with an upregulation in 

cyclin B 1 expression in MCF-7 cells 16-36 hours following exposure to oestrogen, 

coinciding with entry into G2/M (Thomas & Thomas 1994; Zhang et al. 1998). As this 

cyclin is found in spermatogonia, spermatocytes and round spermatids (Section 1.531, 

Table 1.531), a role for oestrogen in the G2/M phase may be possible. 

Oestrogen may also decrease the expression of cell cycle inhibitory proteins, such as 

p2 l wan, to facilitate progression through G 1. The expression of this inhibitor appears to be 

increased in the ArKO testes, shown both by Real Time PCR and insitu analysis. Although 

the specific localisation of p2 l was unable to be visualised, previous studies have localised 

the protein to the spermatocytes, round and elongated spermatids (Section 1.531, Table 

1.531). As these are the cells that specifically synthesise oestrogens, and oestrogen 

withdrawal has been observed to increase the mRNA (Maas et al. J 995) and protein levels 

of p2 l wan in breast cancer ceJJs (Truchet et al. 2000), with an increase in its inhibitory 

binding to cyclin E/cdk2 (Cariou et al. 2000), a role for p2 l wan in contributing to cell 

cycle arrest in the ArKO testes is likely. 

Cell cycle progression occurs by the phosphorylation and inactivation of the pRb (Section 

1.51). Although the median level of pRb expression is decreased at 18 weeks in the ArKO 

testes, the range of data are similar, suggesting no change in this transcript levels. As 

oestrogen is observed to act posttranslationally, hyperphosphorylating the Rb protein 

(Foster & WimaJasena 1996; Hurd et al. 1997; Planas-Silva & Weinberg 1997; Moudgil et 

al. 2001 ), the failure to observe changes in expression is perhaps not surprising. 
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The apparent role of oestrogen in cell cycle progression, observed by the alteration of cell 

cycle specific genes in the ArKO testis (for summary see Figure 6.3), suggests that in the 

absence of this hormone germ cells fail to complete their progression through the cell 

cycle. As the spermatogenic cycle is a constant progression of germ cell maturations, it is 

essential that these germ cells be removed from the seminiferous epithelium to provide 

space for the next population of cells. In this respect, it is likely that the late spermatocytes 

and/or early round spermatids will undergo programmed cell death, particularly as it has 

been shown that specific hormonal stimuli are essential for the maturation and successful 

transition from a spermatocyte through to an elongated spermatid (Section 1.32), and if 

these hormones are withdrawn then apoptosis occurs (Section 1.532). 

Although TUNEL assays failed to detect apoptotic cells at 18 weeks of age (Section 3.25) 

(Robertson et al. 1999), at this age there is an upregulation in the expression of one of the 

pro-apoptotic bcl-2 family members, namely bax. Bax is normally only expressed in the 

first wave of apoptosis during puberty, localised to the spermatogonia, spermatocytes, 

round spermatids, the Sertoli and Leydig cells (for summary see Figure 6.3) then 

disappears at maturity (Section 1.532). However, the finding that bax is upregulated when 

oestrogen is withdrawn is consistent with its upregulation in the ArKO ovary (Toda et al. 

2001 b), and foJiowing testicular insults, such as cryptorchidism (Xu et al. 2000) and 

androgen withdrawal (Woolveridge et al. 1999). The increase in this apoptotic gene may 

indicate the presence of spermatogenic abnormalities at this early age, although 

morphologically the testes appear unchanged. 

The protective role of oestrogen is well characterised in numerous cell culture and rodent 

models, particularly involving the bcl-2 members. For instance, in neuronal and breast 

cancer cell cultures, oestrogen increases the expression and activity of both the anti

apoptotic bcl-2 (Singer et al. 1998; Garcia-Segura et al. 1998; Dong et al. 1999; Leung & 

Wang 1999) and bcl-xL (Gollapudi & Oblinger 1999; Pike 1999). As members of the bcl-2 

family can not only homodimerise, but can also heterodimerise, in this respect it is the ratio 

between pro- and anti-apoptotic proteins that will ultimately determine if the cell is 
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destined to die. When the expression of bax in the ArKO testis was re-examined as a ratio 

to bcl-w and bcl-xL, its expression was elevated in both instances. Bcl-xL contains a 

putative oestrogen response element in its promoter region (Dong et al. 1999), and is 

upregulated in the mammary glands of transgenic mice overexpressing aromatase (Kirma 

et al. 200 I). It is also localised specifically to the spermatogonia, spermatocytes and round 

spermatids, therefore the suggestion that withdrawing oestrogen may stimulate cell death 

by decreasing the expression of this survival factor while also increasing bax, is 

reasonable. 

One well recognised initiator of mitochondrial mediated apoptosis is via p53. This tumour 

suppressor protein recognises DNA damage and in the case of excessive damage initiates 

cell death, possibly via an upregulation of bax (Fujisawa M et al 2001 ). The absence of 

oestrogens had no effect on p53 expression in the ArKO testes, despite a previously 

reported role for oestradiol in p53 expression (Hurd et al. 1997; Moudgil et al. 2001) and 

its importance in meiosis indicated by its high and specific localisation to the 

spermatocytes (Section 1.532). However, p53 is believed to undergo many 

posttranslational modifications that may be influenced by oestrogen, possibly increasing 

active protein levels. 

By one year of age, TUN EL assays indicated a substantial elevation of cell death present in 

the disrupted epithelium (Section 3.25) (Robertson et al. 1999). However, at this age, the 

bcl-2 family appears not to be the central player in instigating germ cell apoptosis when 

oestrogen is withdrawn, but a second death receptor mediated pathway. The use of the 

FAS pathway to initiate apoptosis in the ArKO testes is not surprising, given that the 

F ASL and F ASR are highly expressed in the spermatocytes and round spermatids, where 

the lesion is occurring during spermatogenesis (Section 1.531, Table 1.531 ). 

Although it is possible that apoptosis occurs as a result of cell cycle arrest, the fact that the 

spermatocytes and round spermatids also contain aromatase and ERP, and an element that 
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recognises oestrogen has been recently identified in the promoter region of the F ASL (Mor 

et al. 2000), suggests that oestrogen may also directly protect against apoptosis. 

In the absence of oestrogen, the spermatocytes and round spermatids may upregulate their 

expression of FAS to target themselves for apoptosis by the F ASL constitutively expressed 

by the Sertoli cells (Section 1.532). Or, in addition, the F ASL, also expressed by the germ 

cells, may target these or neighbouring cells to instigate an apoptosis induced cell death 

(for summary see Figure 6.3). As the FAS pathway plays an important role in the cell 

death initiated following insult by Sertoli cells and germ cell toxicants (Lee et al. 1997; 

Lee et al. 1999; Richburg 2000; Zhu et al. 2000), ischemia (Koji et al. 2001; Lysiak et al. 

2000) and following androgen withdrawal (Nandi et al. 1999), a role for F ASL following 

oestrogen withdrawal is not surprising. 

Once F ASL binds to its specific FAS receptor, it forms a complex that orders the 

dismantling of the cell by cleaving pro-caspase 8 into its active form, caspase 8 (Section 

1.521 ). Further evidence for the involvement of the FAS pathway in initiating cell death in 

the germ cells of the ArKO mice is evidenced by the upregulation of caspase-8. However, 

it should be noted that overlap between the two apoptotic pathways does exist, such that 

the initiation of the caspase cascade can alter the membrane potential of the mitochondria 

and cause the release of cytochrome c, in a bcl-2 independent manner. 

It is possible that the removal of oestrogen inhibits the germ cells cycling through the cell 

cycle, or prevents their full maturation with the cyclins postulated to have important roles 

in cell differentiation. One difficulty in analysing gene expression in the ARKO testes in 

this study has been the marked decline in the round spermatid population of cells, in that a 

decrease in gene expression may be a true effect or a result of the absence of that cell type. 

Also, as it is the whole testis that is used in the gene expression studies, it may be possible 

that the alterations in expression levels are occurring in either the supportive Sertoli cells 

or Leydig cells. However, as Sertoli cell numbers do not alter between WT and ARKO, 
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and Leydig cell numbers actually appear to increase, I believe that this it is a germ cell 

factor. 

These findings indicate that in the absence of oestrogen, the successful progression of 

germ cells through the cell cycle may be impaired. However, as heterogeneity exists in the 

level of spermatogenic disruption in the ArKO mouse, the involvement of other factors 

allowing some level of spermatogenic progression to occur is suggested. As many cell 

cycle-specific genes are postulated to play a role in spermatid maturation, oestrogen may 

have additional roles following the final stage of meiosis. If the development of 

spermatocytes/round spermatids is inhibited, it is likely these cells consequently undergo 

an apoptotic-mediated cell death. As aromatase is present in the cells of interest, and 

oestrogen is a known proliferation inducer and also cell protective factor, these results 

strongly support an important role for oestrogen in spermatogenesis. 



Chapter Seven 

General Discussion and 

Conclusions 
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7.1 DISCUSSION 

7.11 Summary 

The role of oestrogens in male reproduction, in particular spermatogenesis and fertility 

potential, has only recently begun to be appreciated. Despite both aromatase and the 

oestrogen receptors ( a and (3) being localised to the testis, particularly ER(3 in the germ 

cells themselves, the role of oestrogen was presumed to be of little significance with 

androgens remaining the dominant hormonal influence. Through gene targeting 

technology, models have been designed to elucidate oestrogen action, with the significance 

of this 'female' hormone in the process of male fertility beginning to be realised. One of 

these models, developed in our laboratory, is the aromatase knockout (ArKO) mouse 

(Fisher et al. 1998). The ArKO mouse lacks a functional aromatase cytochrome P450 

enzyme, thus is unable to catalyse the conversion of C 19 steroids (androgens) to C 18 

steroids (oestrogens). These mice have been the key to the elucidation of oestrogen's 

function during spermatogenesis. 

In the studies conducted in this thesis, it was initially found that withdrawing endogenous 

oestrogens resulted in severe disruptions to spermatogenesis between 18 weeks and 1 year 

of age. Quantitation of germ cell numbers indicated that spermatogonia and spermatocyte 

numbers were unchanged, however there were significantly fewer round and elongated 

spermatids, some animals showing complete spermiogenic arrest; this occurring with no 

change in Sertoli cell number. In addition, abnormalities were observed in early acrosome 

development and Leydig cell hypertrophy. The decline in germ ceJI number by J year of 

age is suggested to be due to an increase in germ cell apoptosis, characterised by an 

increase in the expression of apoptosis genes, particularly the FAS pathway. Due to these 

abnormalities in developmental spermatogenesis, the mature spermatozoa contained in the 

epididymis are severely reduced in concentration and present with abnormalities in their 

functional motility. As such they are unable to fertilize oocytes in vitro, resulting in a 

marked reduction in the ability to sire litters. As the ArKO mice also have impairments in 
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their sexual behaviour, failing to mount receptive females, the reduced fertility may also be 

a consequence of behavioural abnormalities. Male mice are considered sexually mature by 

6-7 weeks of age, however the onset of the spermatogenic disruptions occurs between 18 

weeks and 1 year of age. This was puzzling, with one hypothesis being that the 

consumption of dietary soy by these mice was providing them with an alternative 

exogenous oestrogen source able to maintain spermatogenesis. The removal of the dietary 

soy severely exacerbated the phenotype of the ArKO mice, suggesting that the 

phytoestrogenic constituents of soy were exerting agonistic effects to prevent the severity 

of the phenotype arising. As animals on the soy free diet presented with the disruptions to 

spermatogenesis no earlier than 14 weeks, it is possible that the soy partially contributed to 

the late onset phenotype, however other factors such as androgens and growth factors 

would appear to be important. The ArKO mice on the diet containing no soy represent a 

completely oestrogen free model, and as such, all ArKO mice are currently raised on this 

diet. 

Thus, disruption of the aromatase Cyp19 gene leads to a progressive disruption of 

spermatogenesis. Oestrogen appears to have a direct effect on the development and 

survival of the germ cells, with male mice having severely reduced fertility in its absence. 

As both ERP and aromatase co-exist in the germ cells where the lesion is observed, it is 

postulated that the actions of oestrogen are a result of paracrine and/or intracrine 

interactions within the cells of the seminiferous epithelium. The comprehensive studies of 

the ArKO male reproductive phenotype in this thesis have brought to our attention the 

hitherto unsuspected role of oestrogen as a crucial male hormone. 

7.12 Testicular development 

Although a specific role for oestrogen in the development of the foetal reproductive tract 

has not yet been defined, the demonstration that rodent foetal testicular cells synthesise 

oestrogen and express both ERa. and P (Section 1.41) strongly suggested a role for 

oestrogen in the foetal male reproductive tract and in gonocyte differentiation (O'Donnell 
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et al. 2001 ). In contrast, the importance of androgens was well established with either an 

inactive androgen receptor (testicular feminized mouse (t.fm)) (Bullock 1986) or mutation 

in SF-1 (Parker 1998), both resulting in the failure of male reproductive structures to 

develop. 

Previous experiments have postulated a role for oestrogen in the developing male foetus, 

as abnormal oestrogen exposure is able to cause reproductive dysfunctions (Arai et al. 

1983; Toppari et al. 1996; McLachlan et al. 1998). It is also possible that environmental 

oestrogens may have agonistic effects to impede this development. However, it was 

initially presumed that these were primarily indirect hypothalamo-pituitary effects, with 

the increase in oestrogen feedback decreasing LH and thus androgen levels (Bartke et al. 

1978; Bellido et al. 1990). As the distribution of ERs and aromatase in the developing 

reproductive tract support a direct role for oestrogen, elucidating the role of oestrogen's at 

this time is crucial (Section 1.41). 

Although the male ArKO mice were not studied in any depth during foetal development in 

this studies, the findings do suggest that they develop normally with abnormalities arising 

as they age (Section 3.2). This may indicate that oestrogen is not important at this time, but 

it is possible that oestrogen derived from the mother or neighbouring littermates, as 

suggested by Toda et al (2001 ), is sufficient to ensure that the male reproductive tract 

develops normally. Feeding the WT a diet containing phytoestrogens or removing this 

source of oestrogenic substances in the ArKO mice had no effect on this development. 

One of the major stages in foetal reproductive development is testicular descent. It has 

been shown that androgens are crucial to testis migration (Section 1.31). However, as 

hypogonadal (hpg) mice, who Jack gonadotrophins and therefore androgens, have normal 

development of the gubemacu]um except when they too were treated with oestrogen 

(Grocock et al. 1988), cryptorchidism may in fact be a direct effect of excess oestrogen. 



Chapter 7 General discussion and conclusions 151 

As oestrogen can potentially act to inhibit testes descent, probably via local ERs, it 

suggests a role for oestrogen in this process. However, the ArKO mice studied in this 

thesis, either on a soy containing or soy free diet, showed no evidence of undescended 

testes. This is similar to that of the aERKO, however further examination of these mice 

found that their cremaster sac was undeveloped and its muscle thicker, suggesting 

oestrogen was important for the proper development of the gubemaculum and associated 

structures (Donaldson et al. 1996). A more in-depth examination of the ArKO reproductive 

tract may also indicate such abnormalities. To coincide with these findings, there were no 

published reports of undescended testes in the three published aromatase mutated male 

patients (Section 1.61) (Morishima et al. 1995; Carani et al. 1997; Deladoey et al. 1999) 

and the ER mutated human (Smith et al. 1994). Interestingly a fourth aromatase mutated 

male, who is currently being characterised by our laboratory, is cryptorchid (Murata et al. 

200 l ). Therefore it is possible that oestrogen is important, with oestrogen withdrawal 

having a similar effect to excess oestrogen, however more studies need to be completed to 

fully ascertain if this is an oestrogen mediated process. 

7.13 Testicular morphology 

In adulthood, this thesis has clearly demonstrated that the removal of endogenous 

oestrogen does cause testicular disruptions, with a significant decrease in testicular weight 

in the ArKO males by I year of age (Section 3.22), with a further exacerbation when 

exogenous oestrogenic substances were also removed (Section 4.23). These findings 

indicated that oestrogen is important in the structural growth of the testis. 

7.131 Germ cells 

i Development 

The process of spermatogenesis involves a complex series of maturational events, forming 

spermatozoa capable of fertilisation from an immature spermatogonium, with both FSH 

and testosterone playing important roles in this process (Section 1.36). In addition, a 

function for oestrogen in germ cell maturation and survival had been postulated (Hess et 
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al. 1995; Carreau et al. 1999; Carreau 2000). Dissecting out a direct role for oestrogen has 

been difficult, considering the influence of oestrogen on Sertoli cell and Leydig cell 

functions (Section 7.132, 7.133) and the negative feedback of oestrogen at the pituitary. 

Considering that germ cells not only express ERP but also synthesise high levels of 

oestrogens throughout development (Section 1.4) (O'Donnell et al. 2001 ), a direct role for 

oestrogen in spermatogenesis was reasonable. 

Initial examinations of the a.ERKO mice (Section 1.62) failed to reveal a direct role for 

oestrogen in spermatogenesis. As no cells within the seminiferous tubules express ERa. 

(Section 1.4), this indirect effect is not surprising, particularly as the a.ERKO germ cells 

are able to successfully mature if transplanted into a WT mouse which has normal ERa. 

function (Mahato et al. 2000). Considering that ERP is expressed quite extensively within 

the seminiferous epithelium, particularly the developing germ cells and Sertoli cells, 

studies examining the PERKO mice have been quite disappointing, with no reproductive 

phenotype as a consequence of inactivating this receptor. It is postulated that ERa. may 

actually compensate for the removal of ERf3 thus altering its tissue specific expression 

(Rosenfeld et al. 1998), or oestrogen may act via a nongenomic mechanism (Section 

1.222). The action of oestrogen through its membrane bound ER is well documented and 

suggests a plausible route for oestrogen action in the absence of a nuclear ER (Revelli et 

al. 1998). In this respect, the a.ERKO, f3ERKO and a.PERKO mice do not provide a 

complete ER null model, with the question of the role of oestrogen at the level of the germ 

cell being decidedly unanswered. 

The examination of the ArKO testes in this thesis has revealed a direct role for of 

oestrogen in germ cell development and survival (Robertson et al. 1999). There is a trend 

for a decline in the number of spermatogonia, suggesting a possible role for oestrogen in 

mitosis (Section 3.236). As aromatase is not present in these cells (Section 1.43), it is 

possible that oestrogen is derived from outside the seminiferous epithelium, such as the 

Leydig cells. Examination of the later type germ cells revealed a lesion either in the 
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transition from a spermatocyte to a round spermatid, or in early round spermatid 

development (Section 3.236). It was then shown that this agonistic effect can be mimicked 

by dietary oestrogens, with a soy diet preventing the massive decline in spermatocyte, 

round and elongated spermatid numbers caused by oestrogen withdrawal. This affect on 

spermatocyte numbers, not shown when a soy diet was consumed, suggests that 

spermatocyte development may depend on oestrogen. Thus, when a substantial source of 

phytoestrogens is removed from the diet of the ArKO mice, so producing a complete 

oestrogen free model, germ cell maturation is much more severely impaired by I year of 

age, with very little spermatogenic activity. 

As it is the spermatocyte and round spermatids that contain high levels of aromatase 

(Section 1.43), it is possible that the germ cells are locally synthesising a level of 

oestrogen proportional to the number of developing sperm, vital for spermatogenic 

processes. For instance, oestrogen may be an essential factor for their transition to the next 

developmental stage. Other studies have also revealed a role for oestrogen in 

spermiogenesis, observed in adult bonnet monkeys administered an aromatase inhibitor 

which show a reduction in round and elongated spermatids (Shetty et al. 1998). Similar 

disruptions were also observed in rats administered an aromatase inhibitor for 19 weeks 

(Turner et al. 2000b). Injection of an ovarian protein, which inhibits aromatase activity, 

into male rats also caused round spermatid degeneration and reduced elongated spermatids 

(Tsutsumi et al. 1987a; Tsutsumi et al. 1987b). As FSH is at normal levels in our ArKO 

mice, possible via an elevation in inhibin B levels, it suggests that this detrimental effect of 

withdrawing oestrogen on spermatogenesis is a direct oestrogen effect. 

Not all seminiferous tubules in the ArKO testes presented with the same level of 

spermatogenic disruption. This heterogeneity is also apparent in the aERKO (Eddy et al. 

1996) and in rats administered an aromatase inhibitor (Turner et al. 2000b). One 

hypothesis put forward by Toda et al 2001 (Toda et al. 2001a), who generated the third 

aromatase knockout mouse (Section 1.633), is that the developing ArKO males may be 



Chapter 7 General discussion and conclusions 154 

exposed to various levels of oestrogens whilst in utero via heterozygote, WT or female 

littermates. 

The finding that spermatogenesis appears to progress undisrupted in the younger ArKO 

males, was puzzling, however it is not unique to the ArKO mouse described in this thesis. 

Both ArKO mice generated by Honda et al (1998) and Toda et al (2001a) observed no 

histological or spermatogenic abnormalities up to 16 weeks of age, with active sperm 

present in the cauda epididymis. In addition to this, rats treated with an aromatase inhibitor 

presented with minimal disruptions up to 19 weeks of treatment, with more pronounced 

disruptions after 1 year, suggesting a time related effect and possible compensatory 

mechanisms (Turner et al. 2000a). 

It was hypothesised that the late onset of the spermatogenic phenotype in male ArKO mice 

(Robertson et al. 1999) could be due to oestrogenic substances present in their diet that are 

capable of agonistic effects on spermatogenesis. However, as withdrawing soy on 

spermatogenesis does not produce spermatogenic disruptions during the initial 

spermatogenic cycle, and at 14 weeks disruptions are minimal, it suggests the importance 

of other alternative ligands. These may include growth factors, such as insulin-like growth 

factor (IGF) (Aronica & KatzenelJenbogen I 993) and epidermal growth factor (EGF) 

(lgnar-Trowbridge et al. 1992), capable of activating the ER via the activation of 

intracellular MAPK pathways (Smith 1998). Importantly, two androgen metabolites; 5a

androstane-3P, 17'3-diol and 5-androstene-3p, 17'3-diol, can also activate the ER, 

particularly ERP, when present in high concentrations (Garcia & Rochefort 1979; Kuiper 

et al. 1997). This adds to the complexity of oestrogen action, particularly as unpublished 

findings in the ArKO males suggest high levels of these androgen metabolites in the young 

male testes (personal communication, Wah Chin Boon). 

ii Cell death 

In the absence of oestrogen, round spermatids were found to undergo cell death. An initial 

examination of the cauda epididymis in this thesis indicated that these germ cells were 
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prematurely sloughing from the seminiferous epithelium and abnormally collecting in the 

epididymis (Section 3.24). Apoptosis occurs frequently in the normal adult testis, and in 

fact is a clear indication of healthy spermatogenesis (Section 1.532). However, various 

insults, such as toxic exposure or hormonal withdrawal, greatly increase the incidence of 

apoptosis (Section 1.532). Oestradiol has also been found to have a direct role in germ cell 

survival, shown when human seminiferous tubules were cultured in an environment devoid 

of serum survival factors, with oestradiol treatment able to sufficiently inhibit apoptosis 

(Pentikainen et al. 2000). Oestrogen appears to be acting in this instance through the 

classical receptors as ICI 182,780, an ERa and ~ antagonist, blocks this protection. 

When the spermatogenic phenotype first arises in the ArKO testes, at 14-18 weeks, an 

examination of gene expression showed upregulation in the pro-apoptotic bax (Section 

6.25). Bax is a member of the bcl-2 family, which contain both pro and anti- apoptotic 

actions. While the role of oestrogens during spermatogenesis has not yet been fully 

addressed, the protective role of oestrogen has been well characterised in numerous cell 

culture and rodent models, particularly involving the bcl-2 members (Singer et al. 1998; 

Garcia-Segura et al. 1998; Dong et al. 1999; Leung & Wang 1999; Gollapudi & Oblinger 

1999; Pike 1999). Bax has been found to be upregulated in the testis of mice foIJowing 

androgen withdrawal (Section 1.532), the expression of bcJ-xL, the heterodimeric partner 

of bax, found to decline. As bcl-xL contains a putative oestrogen response element in its 

promoter region (Dong et al. 1999), withdrawing oestrogen may stimulate cell death by 

decreasing the expression of this survival factor while also increasing the pro-apoptotic 

bax. This is also possible as bcl-xL is localised specifically to the spermatogonia, 

spermatocytes and round spermatids, and therefore may be required for their survival 

(Table 1.532). The alterations in the expression levels of these apoptotic genes indicates 

the presence of spermatogenic abnormalities at J 8 weeks, even though morphologically the 

testes appear no different from WT. 

By one year of age, the testes of the ArKO mice are severely dysmorphic. The germ cells 

are highly degenerative, with a significant increase in apoptosis appearing to occur via 
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activation of the FAS death receptor pathway, with an upregulation in both the FAS 

receptor and ligand, and components of the signalling pathway such as caspase-8, (Section 

6.25). The use of this pathway to initiate apoptosis in the ArKO testes is not surprising, 

given that the F ASL and FAS are highly expressed in the spermatocytes and round 

spermatids, the same germ cells where aromatase and ERf3 are highly localised and those 

decreased in number in the absence of oestrogen (Section 1.532, Table 1.532). Oestrogen 

may also potentially play a role in FAS induced apoptosis, as an element that recognises 

oestrogen has been recently identified in the promoter region of the FASL in breast tissue 

(Mor et al. 2000). This suggests that oestrogen could directly regulate its expression. As it 

is ERf3 that is highly expressed within the seminiferous epithelium, specifically the germ 

cells, this suggests that ERf3 may be mediating cell death via the FAS pathway. In the 

absence of oestrogen, the spermatocytes and round spermatids may upregulate the 

expression of FAS to target themselves for apoptosis by the F ASL constitutively expressed 

by the Sertoli cells (Section 1.532). Or, in addition, the F ASL, also expressed by the germ 

cells, may target themselves or neighbouring cells to instigate an apoptosis induced cell 

death. 

iii Cell cycle 

There are several instigators of cellular apoptosis, including cell cycle arrest. The testis is 

unique in that it contains a population of differentiated cells, but also cells that are 

constantly undergoing periods of meiosis and mitosis. In this respect, cell cycle specific 

genes are postulated to play a critical role in the progression of spermatogenesis (Section 

1.531). Oestrogen is able to recruit non-cycling growth arrested cells back into the cell 

cycle, through directly stimulating the transcription of early cell cycle genes such as c-myc 

and cyclin D 1 through their oestrogen responsive regions (Altucci et al. 1996). Therefore, 

it is possible that withdrawing oestrogen maintains these cells in a quiescent state, possibly 

even inducing their death. When spermatogenesis is first beginning to be disrupted, at 18 

weeks, following the absence of oestrogen, a decline is observed in the expression of cell 

cycle specific genes, such as cyclin A 1, E 1, the retinoblastoma protein and an increase in 

the cdk inhibitor p21 (Section 6.23). By one year of age, when spermatogenesis is severely 
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disrupted, cyclin A 1, BI, D 1 and E2F are decreased, with p21 wan continuing to be 

elevated. 

An elevation of Cyclin D 1 is the crucial first step for the cell to enter into the cell cycle, 

with oestrogen having a well recognised mitogenic role at this stage (Foster & Wimalasena 

1996; Altucci et al. 1996; Planas-Silva & Weinberg 1997; Prall et al. 1997; Zhang et al. 

1998). Although progression through later stages of the cell cycle occurs in a mitogenic 

independent manner, the decrease in cyclin A 1, BI and E2F expression suggests that 

oestrogen could be acting at various stages of the cell cycle machinery. Many cell cycle 

genes, such as cyclin D 1 and cyclin E, are also localised to differentiated cells including 

the Sertoli cells. This suggests that these cell cycle proteins may have alternative roles in 

the function of these cells. 

An interesting observation regarding the ArKO seminiferous epithelium was the 

abnormalities in acrosomal development (Section 3.237). The acrosome vesicle contains 

the enzymes required for penetration of the oocyte at fertilisation. It originates from the 

Golgi apparatus in the developing round spermatids and moves to the nucleus, flattening 

over the nuclear surface as the round spermatids mature (Section 1.32). In the ArKO 

spermatids, there appeared to be multiple acrosomal vesicles and uneven spreading over 

the nucleus (Section 3.327). It is interesting that aromatase is contained in the Golgi 

apparatus in high amounts during this process, suggesting a possible involvement of 

oestrogen (Nitta et al. 1993). Another possibility is that the acrosomes develop normally, 

however the germ cells are halting their development through the spermatogenic cycle, 

such that stage IV spermatids are located in the epithelium alongside stage VIII 

spermatogonia and spermatocytes. Then as the germ cells begin to degenerate, the 

acrosome is also affected. 

In summary, oestrogen is synthesised by the germ cells at a level higher than that of the 

Leydig cells (Section 1.43). Oestrogen synthesised by the germ cells may act back upon 

the germ cells in an autocrine or intracrine fashion or adjoining germ cells in a paracrine 
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manner to regulate their own developmental maturation. This may occur via ER(}, although 

oestrogen has also been found to act through membrane bound oestrogen receptors 

(Section 1.22). In addition to this, oestrogen could also act on neighbouring Sertoli cells 

(via their ERr3), to influence the secretion of specific germ cell maturational factors. It is 

possible that oestrogen could be synthesised from the Leydig cells to act directly on the 

germ cells, or indirectly via the Sertoli cells. Alternatively, oestrogen from the germ cells 

could act on the Leydig cells to regulate their secretion of factors such as androgens 

required for their development. 

These studies in the testis of the ArKO mouse have demonstrated that local oestrogen 

synthesis and response to oestrogens by the germ cells is important throughout 

spermatogenesis. As the germ cells are capable of oestrogen synthesis and ERr3 is highly 

localised to the seminiferous epithelium, even co-localising in the same germ cells, it 

suggests that they may regulate their own development. However, as the r3ERKO males 

present with no testicular phenotype, this may highlight the intricate and complex roles for 

oestrogens in the testis, possibly through ER independent actions. 

7.132 Sertoli cells 

The somatic Sertoli cells form the structure of the seminiferous tubules and have numerous 

functions that pertain to the successful completion of spermatogenesis (Section 1.33). The 

Sertoli cells and germ cells have such an intimate communication that if the function of the 

Sertoli cells is impaired, then spermatogenesis will consequently fail to occur. 

Sertoli cell proliferation during neonatal life is suggested to be an oestrogen dependant 

event (Dorrington et al. 1993). In addition, it is also well known to be regulated by FSH 

(Section 1.36). Aromatase levels are high in these cells during this period, responsible for 

the majority of oestrogen production in the neonatal testis (Pelissero et al. 1996; 

Dorrington & Khan 1993). In the immature Sertoli cells, FSH is principally responsible for 

stimulating the aromatisation of androgens to oestrogen (Section 1.331). Correlations have 



Chapter 7 General discussion and conclusions 159 

been made between FSH-induced aromatisation and mitotic activity, with oestradiol 

causing granulosa cell proliferation (Dorrington et al. 1993; Dorrington & Khan 1993). 

The growth factor, TGF-P was also found to promote granulosa cell division, 

synergistically mediating the mitogenic effects of oestrogen (Bendell & Dorrington 1991 ). 

As granulosa cells and Sertoli cells are in fact derived from the same precursor, it is not 

surprising that FSH and TGF-P also stimulate Sertoli cell division, with oestrogen 

interacting to stimulate the secretion of TGF-P (Bendell & Dorrington 1991 ). Therefore, 

evidence points to oestrogen mediating the proliferation of Sertoli cells during this 

neonatal period of development, either directly through the ERP, or indirectly via Sertoli 

cell-specific factors such as TGF-p. 

Despite this apparent role for oestrogen in Sertoli cell proliferation, in the present studies 

there was no effect of oestrogen withdrawal on Sertoli cell number. It should be noted that 

initially the ArKO animals showed no increase in FSH (Section 3.26), which could 

stimulate the proliferation of these cells. No effect was reported when functional oestrogen 

receptors were removed, but Sertoli cell numbers were not examined. 

Further investigation into the influence of dietary phytoestrogens on Sertoli cell 

proliferation in the ArKO testes found no effect. This is despite ArKO mice raised on a soy 

free diet having a significant elevation in FSH levels. It is possible that this elevation is a 

result of soy inhibiting gonadotrophin secretion from the pituitary. Endogenous oestrogen 

has a homeostatic feedback role at the hypothalamus and pituitary, potentially through a 

direct action on the ERs localised specifically in these tissues (Shughrue et al. 1997). As 

dietary soy prevents the increase in FSH caused by the removal of oestrogen, it suggests an 

oestrogenic action of soy at the level of the hypothalamus/pituitary (Couse et al. 1997; 

Mitchner et al. 1998; Laflamme et al. 1998). 

However dietary soy appeared to have minor but measureable effects on the WT testis, as 

evidenced by a slight decrease in Sertoli cell number (Section 4.244). This is perhaps not 
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surprising, given that exposure to pharmacological levels of oestrogen can interfere with 

Sertoli cell proliferation, either directly or via effects on FSH, leading to reduced Sertoli 

cell numbers (Atanassova et al. 1999). In the WT mice, it is possible that dietary soy may 

synergise with the endogenous oestrogen already present in these animals (Casanova et al. 

1999) to promote higher levels of oestrogenic ligands that have slight inhibitory effects on 

Sertoli cells. 

Once the Sertoli cells cease to proliferate, they undergo a series of maturational steps to 

form a fully mature adult Sertoli cell (Section 1.33). Oestrogen has been postulated to have 

an inhibitory role in regards to Sertoli cell maturation (Dorrington & Khan 1993). One 

problem in studying the potential effects of oestrogen on the reproductive tract has been 

the inhibition of gonadotrophins. To dissect out the actual role of oestrogen, a study 

compared GnRH antagonist treated and DES treated rats, illustrating that exogenous 

oestrogens may have a direct effect on Sertoli cell differentiation (Sharpe et al. 1998). 

Exposing neonatal rats to DES lead not only to a reduction in FSH, and consequently 

decreased Sertoli cells numbers and an inhibition of the normal initiation of 

spermatogenesis (similar to GnRH antagonist treated animals), but also markedly inhibited 

their functional maturation, as determined by their secretion of specific Sertoli cell proteins 

such as inhibin a. and SGP-1. This significantly affected the ability of SertoJi cells to 

function normally through to adulthood. As Sertoli ceJJs express ERP (Section 1.44) this 

apparent direct inhibitory effect of oestrogens on Sertoli ceJI maturation is not surprising. 

The findings presented in this thesis, and investigations into the a.ERKO males, have 

illustrated that oestrogen does appear to be important in adult Sertoli cell function. 

Initially, efferent duct ligation experiments illustrated that the Sertoli cells were not 

secreting excess fluid, but actually secreting less fluid in the a.ERKO males (Hess et al. 

1997a). This suggests that oestrogen action was important for the maintenance of Sertoli 

cell fluid secretion. However as the Sertoli cells in mice only contain ERP (Section 1.44), 

it may be an indirect effect. These findings are supported by observations in the ArKO 
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mouse, raised on the soy free diet, which show that 1 year old ArKO mice have a marked 

reduction in seminiferous tubule luminal volume and a marked increase in FSH levels 

(Section 4.242, 4.25). It is possible that Sertoli cell function, and probably inhibin B 

secretion, is disrupted when there is no oestrogenic stimulus. As these effects are less 

drastic when soy is consumed, it highlights the oestrogenic action of soy in Sertoli cell 

function. 

A decrease in oestrogen production by the Sertoli cells, to allow the Sertoli cell to begin to 

differentiate, can be inhibited by other factors which may have a role in the ArKO mouse. 

These include thyroid hormone, which has an inhibitory effect on aromatase activity and 

thus oestradiol production by the immature Sertoli cells, and in this way stimulates Sertoli 

cell differentiation (Ulisse et al. 1994; Cooke et al. 1994; Bunick et al. 1994; Panno et al. 

1996). Also, factors secreted by the developing germ cells inhibit Sertoli cell oestradiol 

production (Le Magueresse & Jegou 1988), as do androgens synthesised from the 

surrounding Leydig cells either directly (Verhoeven & Cailleau 1988a; Hardy et al. 1991) 

or indirectly by stimulating peritubular cells to produce factors that also have this 

inhibitory function (Verhoeven & Cailleau 1988b ). 

Oestrogens may act in several ways to control the testicular environment. Not only may the 

oestrogen specifically synthesised by the Sertoli cells act to impair their own 

differentiation in an autocrine or intracrine manner but it has also been suggested that 

Sertoli cell oestrogen may actually have a negative effect on Leydig cell function, 

decreasing their ability to synthesise androgens until spermatogenesis can competently be 

initiated and maintained by the Sertoli cells (Dorrington & Khan 1993). 

7.133 Leydig cells 

The Leydig cells, present in the interstitial space that surrounds the seminiferous tubules, 

play a primary role in testosterone biosynthesis (Section 1.34). During postnatal 

development, precursor Leydig cells differentiate into immature Leydig cells, primarily 
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under the stimulus of LH and FSH, however androgens are also believed to be important. 

This process, essential for the maturation of the Leydig cells, can be inhibited by factors 

such as oestradiol (for review see Abney 1999). 

Exposing the Leydig cells to oestrogen during periods of proliferation, either in utero 

(Perez-Martinez et al. 1996; Perez-Martinez et al. 1997) or in the neonatal period (Dhar & 

Setty 1976; Abney & Carswell 1986), results in either a severe diminishment in their 

number and volume, or a complete abolishment in adulthood (Limanowski et al. 1999). 

Oestradiol appears to be acting at the level of precursor differentiation, as following adult 

EDS treatment, an alkylating agent that selectively destroys Leydig cells within 24 hours, 

the LH controlled regeneration process was arrested if oestrogen was given 2 weeks after 

treatment (Edwards et al. 1988; Abney & Myers 1991 ). In this respect, oestrogen in 

believed to act as a cell cycle blocker, halting the ability of the Leydig cell precursors to 

proliferate (Ge & Hardy 1997). 

The finding that ERa is highly expressed in the Leydig cells at this time (Section 1.45) 

suggested a direct action of oestrogen. In fact, knocking out ERa results in Leydig cell 

hyperplasia (Donaldson et al. 1996; Rosenfeld et al. 1998). Therefore it may be presumed 

that oestrogen, produced by the Leydig cells, may act upon themselves via their ERa to 

regulate their proliferation. In the absence of ERa or indeed oestrogen, as seen with the 

ArKO mice in this thesis, the Leydig cells appear to proliferate uncontrolled (Section 

3.233). However, as the ArKO mice do not show an increase in the number of Leydig cells 

until 1 year of age, it is possible that the hyperplasia and hypertrophy are a result of 

elevated LH levels. 

Not only do oestrogens regulate Leydig cell proliferation during foetal and neonatal life, 

but Leydig cell steroidogenesis is directly inhibited by oestrogen treatment (Bartke et al. 

1977; Sairam & Berman 1979; Kalla et al. 1980; Brinkmann et al. 1980). Oestrogens have 

been found to inhibit steroidogenic enzymes in the pubertal and adult animal, in particular, 
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P450 side chain cleavage (P450scc), the rate limiting enzyme catalysing the first reaction of 

cholesterol to pregnenolone (Akingbemi et al. 2000), as well as cytochrome P450 17a 

hydroxylase/c 17-20 lyase (P450c 17) mRNA and protein expression (Onoda & Hall 1981; 

Li 1991) and its activity (Majdic et al. 1996). These enzymes are crucial in the testosterone 

biosynthesis pathway, therefore in their absence testosterone synthesis is dramatically 

impaired, leading to severe repercussions in adult fertility potential (Abney & Keel 1986; 

Gray et al. 1989; Limanowski et al. 1999). The exact mechanism by which oestrogen 

instigates this inhibition is unknown, but is believed not to be through a restriction in 

cholesterol availability (Akingbemi et al. 2000) or an inhibition in the expression of the 

StAR protein (Akingbemi et al. 2000). 

Further evidence for oestrogen affecting Leydig cell steroidogenesis may be observed in 

both the ArKO (Fisher et al. 1998) and aERKO (Eddy et al. 1996) mice by the elevation in 

serum testosterone. Although, this may also be a consequence of the Leydig cell 

hyperplasia/hypertrophy, possibly caused by an elevation in LH (Lindzey et al. 1998; 

Fisher et al. 1998). Although these studies do not examine LH levels at 1 year of age due 

to serum restrictions, preliminarily studies into the ArKO males do find an increase in this 

hormone (Fisher et al. 1998). 

Although oestrogen has negative effects on both Leydig ceJJ development and function, 

aromatase is highly expressed by these cells, with oestrogen synthesis by the Leydig cells 

during development perhaps providing a source of oestrogen for many male reproductive 

tract functions, for example at puberty it may diffuse into the seminiferous tubule to 

regulate germ cell development through their oestrogen receptors present (Section 1.4). If 

this oestrogen synthesis is inhibited by treatment with a non-steroidal aromatase inhibitor 

such as letrozole (Junker & Nogues 1994), or absent in the ArKO mice, it leads to either 

hyperplastic or atrophied cells, suggesting that oestrogen is important in Leydig cell 

morphology and function. However the exact role that oestrogen is playing is unknown 

and needs to be fully explored, particularly regarding the potential effects that abnormal 

exposure of oestrogens, such as environmental toxicants and pollutants, synthetic 
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oestrogen such as DES and endogenous oestradiol, may have on Leydig cell development 

(for review see LeBlanc et al. 1997). 

7.14 Associated ducts 

As the excurrent ducts and epididymis possess the highest level of ERa throughout life 

(Section 1.4), and are the first male reproductive structure to express the oestrogen 

receptor in foetal development (Cooke et al. 1991 ), it is not surprising that the removal of a 

functional ERa results in impaired efferent duct function (Table 7.1). Oestrogen was 

found to act through this ER to regulate the reabsorption of luminal fluid in the efferent 

ducts (Hess et al. 1997a). Sperm maturation is believed to depend primarily upon the 

surrounding luminal fluid environment, controlled by the efferent ducts themselves. As the 

efferent ducts also contain ER~, it was postulated that oestrogen might also act through 

this ER. However, the ~ERKO mice did not have the same phenotype as the a.ERKO, with 

no evidence of dilated epididymal lumens. In this respect, it may be possible that ER~ has 

a secretory role in the efferent ducts, in contrast to the obvious reabsorptive role of the 

ERa. The ArKO mice studied in this thesis also do not exhibit an increase in luminal fluid, 

with the seminiferous tubule lumens actually decreasing as the animal aged. A possible 

reason may be that the inhibition of both receptors, by removing the natural ligand, may 

lessen the severity of the phenotype. This is observed when I CI 182,780, an ERa and ~ 

antagonist, was given to WT mice and was unable to produce a similar effect to that of the 

a.ERKO (Hess et al. 1997a). Another possible explanation is that the still functional ERs in 

the ArKO efferent ducts, are activated either in a ligand independent means or by 

alternative ER ligands (Section 1.22). The initial characterisation of the double ER 

knockout mouse, the a~ERKO, suggests a phenotype similar to that of the a.ERKO, not 

the ArKO, with the possibility that ER~ may not have an important role in the normal 

functioning of the efferent ducts. However further characterisation is required. 

The importance of oestrogens at the level of the efferent ducts is not surprising, given that 

this hormone is present in higher concentrations in the luminal fluid (Ganjam & Amann 



Table 7.1 

FERTILITY 

EXTERNAL GENITALIA 

DESCENDED TESTES 

TESTIS WEIGHT 

TESTIS MORPHOLOGY 
epithelium 

lumen 

germ cells 

Sertoli cells 

Leydig cells 

ASSOCIATED DUCTS 
retetestis 

efferent ducts 

epididymis 

Comparison of the male phenotype of the ER and aromatase knockout mouse models 

aERKO PERKO aPERKO 

Age related infertile (Lubahn et al. Fertile (Krege et al. 1998; Dupont Infertile (Couse & Korach 1999; 
1993; Eddy et al. 1996; Dupont et eta/. 2000) Dupont et al. 2000) 
al. 2000) 

Normal (Lubahn et al. 1993) Normal (Krege et al. 1998; Dupont Normal (Couse & Korach 1999) 
et al. 2000) 

Some (Donaldson et al. 1996) Not described Not described 

Initially increase then decreased by Not described Not described 
day 185 (Lubahn et al. 1993; 
Donaldson et al. 1996; Eddy et al. 
1996; Hess et al. 1997) 

Atrophied and degenerating (Eddy Not described Atrophied and reduction in 
et al. 1996; Hess et al. 1997) epithelial height (Dupont et al. 

2000; Couse et al. 1999) 
Dilated (Eddy et al. 1996) Not described Dilated (Dupont et al. 2000; Couse 

et al. 1999) 
Germ cell loss due to increase Not described Various stages of spermatogenesis, 
fluid buildup (Mahato et al. 2000; but possible loss of germ cells 
Dupont et al. 2000) (Dupont et al. 2000; Couse et al. 

1999) 
Possible increase in fluid secretion Not described Not described 
(Hess et al. 1997) 
Hyperplasia (Donaldson et al. Not described Not described 
1996; Rosenfeld et al. 1998) 

Dilated (Eddy et al. 1996; Hess et Not described Dilated (Dupont et al. 2000) 
al. 1997; Dupont et al. 2000) 
Dilated, reduction in epithelial Not described Not described, but possibly 
height (Hess et al. 1997; Lee et al. abnormalities similar to aERK.O 
2000; Hess et al. 2000) (Couse et al. 1999) 

Initial segment dilated, some Normal morphology (Krege et al. Reduction in epididymal numbers 
epithelial abnormalities, no sperm 1998) (Couse et al. 1999) 

ArKO 

Initially sub-fertile (Fisher et al. 1998; 
Robertson et al. 2001; Toda et al. 
2001 ), then declines with age 

Normal (Fisher et al. 1998; Honda et 
al. 1998; Toda et al. 2001) 

Yes 

Unchanged 9-18 wks (Toda et al. 
2001; Robertson et al. 1999; Honda et 
al. 1998) reduced 1 year (Robertson et 
al. 1999) 

Decreased volume (Robertson et al. 
1999) 

Normal (Robertson et al. 1999; Toda 
et al. 2001) 
Normal 18 wks, 1 year reduction in 
round and elongated spermatids 
(Robertson et al. 1999) 

Normal numbers (Robertson et al. 
1999) 
18 wks normal, 1 year 
hyperplasia/hypertrophy (Robertson et 
al. 1999) 

Not described 

Not described, but lacks dilation 
(Robertson et al. 1999) 

Varies between normal sperm content, 
absence of mature sperm, degenerating 
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1976; Free & Jaffe 1979) than in the serum of the male (Kumari et al. 1980) or even 

female (Smith et al. 1975). The source of this oestrogen is believed to be the germ cells 

themselves. When mature elongated spermatids are released from the seminiferous 

epithelium, they leave behind their cytoplasm. However, a small droplet of cytoplasm, 

possibly containing remnants of the Golgi apparatus, remains attached to the base of the 

tail, and it is in this that aromatase is actively synthesising oestrogens (Janulis et al. 1996a; 

Janulis et al. 1998). Thus, as the spermatozoa make their journey through the ductal system 

into the epididymis, they are producing a concentration of oestrogen correlated to the 

concentration of sperm. The aromatase activity is highest at the area of the efferent ducts, 

then declines as the sperm traverses towards the cauda epididymis (Janulis et al. 1996b ). 

So in this sense, the sperm themselves may be capable of regulating the reabsorptive 

function of the efferent ducts 

The oestrogen synthesised by the spermatozoa may also control their own maturation in 

the epididymal ducts, with oestradiol shown to increase their motility, oxidative 

metabolism, longevity, and oocyte penetrative capabilities (ldaomar et al. 1989; Mbizvo et 

al. 1990). However, it is possible this also occurs through non-genomic oestrogen 

receptors located on the sperm membrane, via a cAMP induced mechanism (Luconi et al. 

1999) (Section 1.222). As both ERs are believed to occur on mature sperm, the classical 

nuclear and the putative membrane bound forms, both may have defined roles in 

communicating with the uterine environment and in oocyte binding. 

The mature epididymal spermatozoa in the aERKO mice are present in reduced 

concentration, often being completely absent by 20-24 weeks of age, and are characterised 

by marked morphology abnormalities, such as sperm heads separated from the flagellum, a 

severe reduction in their motility and an incapability of successful fertilisation (Table 7.1) 

(Lubahn et al. 1993; Eddy et al. 1996; Couse et al. 1999). It is possible that this failure to 

mature is a result of the increased luminal fluid diluting the essential factors present in the 

fluid for maturation (Sharpe 1997). It is also possible that oestrogen acts through ERa to 



SPERMATOZOA CHARACTERISTICS 
morphology 

concentration 

motility 

/VF capacity 

SEXUAL BEHAVIOUR 

HORMONAL ANALYSIS 
SerumFSH 

SerumLH 

Serum T 

SerumE1 

GENERAL TESTIS 
MORPHOLOGY 

by 20 wks (Eddy et al. 1996) 
(Hess et al. 2000) 

Abnormal (Eddy et al. 1996) 
Reduced (Lubahn et al. 1993; 
Eddy et al. 1996; Couse et al. 
1999) 
Reduced (Eddy et al. 1996) 

Unable to fertilise (Eddy et al. 
1996) 

Normal ability to mount, 
however reduced intromissions 
and no ejaculations (Ogawa et 
al. 1997; W ersinger et al. 
1997) 

Normal (Eddy et al. 1996) 
Elevated (Lindzey et al. 1998) 
Normal (Eddy et al. 1996) 
Elevated (Lindzey et al. 1998) 
Elevated (Eddy et al. 1996) 

Normal (Couse & Korach 
1999) 

Age related disruptions to 
seminiferous tubules
degenerating and atrophic 
tubules, decreased sperm 
counts, motility and 
fertilization capacity (Eddy et 
al. 1996). Presumably as a 
consequence of abnormal fluid 
content (Mahato et al. 2000) 

Not described 
Normal (Couse et al. 1999) 

Not described 

Not described 

Normal (Ogawa et al. 1999) 

Not described 

Not described 

Not described 

Not described 

Normal testicular morphology, 
sperm output and fertilization 
capacity 

Not described 
Severely reduced (Couse & 
Korach 1999) 

normal (Couse et al. 1999) 

Not described 

Fail to mount, no intromission, 
no ejaculations (Ogawa et al. 
2000) 

Not described 

Not described 

Not described 

Not described 

Infertile, possibly ~ue to 
phenotype similar to aERKO 

immature sperm (Robertson et al. 
1999) 

Functional (Toda et al. 2001) 
Normal 9-16 wks (Toda et al. 
2001 ), reduced with age 
(Robertson et al. 200 I) 
Normal 9-16 wks (Toda et al. 
200 I), reduced with age 
(Robertson et al. 2001) 
Able to fertilise 6-18 wks (Toda et 
al. 200 I ),unable to fertilise 1 year 
(Robertson et al. 2001) 
Increased mount latency and 
decreased number of mounts, no 
intromissions (Honda et al. 1998) 
(Toda et al. 2001; Robertson et al. 
2001) 

Normal (Robertson et al. 1999) 

Elevated (Fisher et al. 1998) 

Elevated (Fisher et al. 1998; Toda 
et al. 2001) 
Undetectable (Fisher et al. 1998) 

Age related disruptions to 
spermiogenesis and germ cell 
maturation, resulting in increased 
apoptosis 
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secrete vital maturation factors, and in the absence of a functional ERa this fails to occur, 

resulting in immature spermatozoa (Mahato et al. 2000). 

The ArKO mice studied here also have an age dependant reduction in concentration and 

motility and are also unable to successfully fertilise oocytes (Section 5.21, Table 7.1) 

(Robertson et al. 2001 b ). These observations may indicate that oestrogen has a direct effect 

on the maturation of the spermatozoa as they transition through to the epididymis. 

However, as the germ cells are impaired in both knockout animals whilst maturing in the 

seminiferous epithelium, it is difficult to determine if oestrogen is also acting in the 

epididymal ducts. 

7.15 Sexual behaviour 

Successful spermatogenesis would be futile without the ability to copulate. Oestrogen 

biosynthesis is important during the perinatal stage of development if masculine type 

sexual behavior is to be exhibited in adulthood (Negri .. Cesi et al. 1996; Hutchison et al. 

1997; Roselli & Resko 1993b). In this respect, removing the ability to synthesise 

oestrogens during this period, such as in the ArKO mice described here (Section 5.22) 

(Robertson et al. 2001 b) and the other two ArKO mice that have been generated (Honda et 

al. 1998; Toda et al. 2001 a), resulted in a significant reduction in copulatory behavior in 

adulthood, explicable in terms of preventing this testosterone conversion. When observing 

their behaviour after being placed with a hormonally primed female, ArKO males failed to 

initiate mounting (Section 5.22). Replacing oestrogen in the ArKO mouse created by Toda 

et al (2001) within 7 days of birth, was found to restore some fertility of the ArKO males, 

however few effects were observed regarding normal mounting behaviour suggesting that 

the critical period is probably prenatally or in the few days following birth (Lephart 1996). 

In comparison to the ArKO mice, male sexual behaviour in the a.ERKO is only partially 

disrupted (Table 7.1) (Krege et al. 1998). These mice, although infertile and rarely 

ejaculating, showed either WT levels of mounts and intromissions (Ogawa et al. 1997), or 

a significant reduction in both mounting and intromissions (Wersinger et al. 1997). In 
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contrast, all three components of sexual behaviour are present in the PERKO (Ogawa et al. 

1999). On the other hand, the double knockout (a.PERKO) males do not show any 

component of sexual behaviour (Table 7.1) (Ogawa et al. 2000). This is similar to the 

ArKO mice and suggests that ERa and ERP may be able to complement one another in 

regard to this behaviour. 

It is possible that humans may also have a similar importance for oestrogen in adult sexual 

behaviour. Although this is more difficult to assess, the psychosexual and sexual 

behaviours of one of the men possessing a mutation in his aromatase gene (Section 1.612) 

was analysed before and after oestrogen replacement (Carani et al. 1999). Oestrogen was 

observed to increase male sexual behaviours such as libido, frequency of sexual 

intercourse, masturbation and erotic fantasies. This suggests that oestrogen may also have 

a role in human sexual behaviour, however this needs to be more fully explored. 

7.16 Fertility 

The male reproductive functions discussed above all exist for one reason, successful 

propagation of the species. Oestrogen, once considered to be a female hormone with no 

useful function in the male, in fact plays a crucial role in almost all of these different areas. 

When oestrogen is withdrawn, or oestrogen action is impaired through the inactivation of 

its receptors, fertility is severely affected (Table 7.1). Although the ArKO mice described 

in preliminary studies (Fisher et al. 1998), in this thesis (Robertson et al. 2001 a), and in 

other groups (Toda et al. 2001a), are all initially sub-fertile, siring few litters, this declines 

with age. A similar affect is observed with the a.ERKO and a.PERKO mice. The decline in 

fertility is probably due to the action of oestrogen at numerous levels in male reproduction; 

including spermatogenic development, Sertoli cell and Leydig cell function, efferent duct 

function, maturation of spermatozoa, and sexual behaviour. Hence, these results reveal that 

oestrogen, acting a various points in male reproduction, is crucial for male fertility. 
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7.2 CONCLUSIONS 

The process of spermatogenesis involves a coordinated series of developmental events to 

form a mature spermatozoon capable of fertilization from an immature spermatogonium. 

These maturation steps occur within the seminiferous tubules of the testis, in close 

communication with the supportive Sertoli cells and surrounding interstitium, and then in 

the epididymal ducts. This process has been well characterised with respect to androgens 

and gonadotrophins. Oestrogens were also recognised to be synthesised in many of these 

reproductive structures. Although abnormal levels of oestrogens at various stages of 

development were shown to result in abnormalities in spermatogenesis, suggesting the 

testis was a possible oestrogenic site of action, the exact role of oestrogen remained 

unclear. A specific and direct role for oestrogen was not unreasonable given that both 

oestrogen receptors, predominantly ERP, and aromatase, were localised in the testis. 

The phenotypes of the aERKO, PERKO, aPERKO mice have all illustrated specific roles 

for oestrogen during this process. However it is the ArKO mouse that has demonstrated a 

direct role for oestrogen in spermatogenesis, detailed in this thesis. The developing germ 

cells not only contain ERP but also synthesise high amounts of oestrogen in the 

seminiferous epithelium. This provides a local source of oestrogen evidently important for 

germ cell progression, acrosome maturation and ultimately round spermatid survival (For 

summary see Figure 7.2). Local synthesis of oestrogen is also essential for other important 

aspects of male reproduction including Leydig cell proliferation and function, Sertoli ceJJ 

function, spermatozoa maturation and fertilisation capabilities and sexual behaviour. Until 

now, three independent ArKO mice have been generated, all the males exhibiting very 

similar phenotypes, however these studies in this thesis are unique in their intricate 

examination in the progression of spermatogenesis, the molecular basis for the elevation in 

germ cell apoptosis and the role that exogenous oestrogens play in the ArKO phenotype. 

The ArKO mouse has also revealed that the testis is a direct target for the actions of 

commonly consumed dietary phytoestrogens, oestrogenic compounds that have a 
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beneficial agonistic role in preventing testicular abnormalities caused by the absence of 

endogenous oestrogens. This highlights the possibility that other environmental oestrogens 

may also have such effects. 

In conclusion, this thesis has clearly demonstrated the importance of oestradiol, once 

thought to be a purely female hormone, in many aspects of male reproduction, and 

indicates that in this context it should be considered to be an androgen. 
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Cyclin Al 18 week (i) melting curve and (ii) quantification, 

illustrating the standards, WT and KO animals. Also shown are the (iii) PCR products run 

on a I% agarose gel. 
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Cyclin A 1 1 year (i) melting curve and (ii) quantification, 

illustrating the standards, WT and KO animals. Also shown are the (iii) PCR products run 

on a I% agarose gel. 
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Cyclin Bl 18 week (i) melting curve and (ii) quantification, 

illustrating the standards, WT and KO animals. Also shown are the (iii) PCR products run 

on a I% agarose gel. 
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Cyclin B 1 1 year (i) melting curve and (ii) quantification, illustrating 

the standards, WT and KO animals. Also shown are the (iii) PCR products run on a 1 % 

agarose gel. 
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illustrating the standards, WT and KO animals. Also shown are the (iii) PCR products run 
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Cyclin D 1 1 year (i) melting curve and (ii) quantification, 

illustrating the standards, WT and KO animals. Also shown are the (iii) PCR products run 

on a 1 % agarose gel. 
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p21 wafl l 8week (i) melting curve and (ii) quantification, illustrating 

the standards, WT and KO animals. Also shown are the (iii) PCR products run on a 1 % 

agarose gel. 
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Appendix 5b p2 l wan I year (i) melting curve and (ii) quantification, illustrating 

the standards, WT and KO animals (in duplicate). Also shown are the (iii) PCR products 

run on a 1 % agarose gel. 



iii 

ii 

.... 
(1) 
-0 
-0 
t'O 

....J 

Appendix 6a 

Standards Wit 

1 2 3 4 

ArKO 

5 6 7 8 9 10 11 

e 
c 
0 

12 U 

p53 18 week (i) melting curve and (ii) quantification, ilJustrating the 

standards, WT and KO animals. Also shown are the (iii) PCR products run on a 1 % 

agarose gel. 
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p53 1 year (i) melting curve and (ii) quantification, illustrating the 

standards, WT and KO animals. Also shown are the (iii) PCR products run on a 1 % 

agarose gel. 
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prb 18 week (i) melting curve and (ii) quantification, illustrating the 

standards, WT and KO animals. Also shown are the (iii) PCR products run on a I% 

agarose gel. 
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E2F 18 week (i) melting curve and (ii) quantification, illustrating the 

standards, WT and KO animals. Also shown are the (iii) PCR products run on a 1 % 

agarose gel. 
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