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A bstract

Both biochemical and electrophysiological studies have indicated that chloride ions may 
have a regulatory role in the control of steroidogenesis in rat Leydig cells (Duchatelle and 
Joflfre, 1987; Choi and Cooke, 1990). The aim of this thesis was to elucidate the 
mechanisms invc^ed using the mouse MA-10 Leydig tumour cell as a model. It was 
found that there is inverse relationship between extracellular chloride concentration, basal 
progesterone, and sub-maximally (dbcAMP) stimulated progesterone production. cAMP 
accumulation was also enhanced with decreasing chloride ion concentration although there 
was no significant efiect of chloride on ^^^I-hCG/LHR receptor interactions at 4°C. Sub- 
maximal dbcAMP-stimulated progesterone production was significantly potentiated 
(p^0.001) in chloride-free buffer and depended on extracellular calcium since this was 
decreased in calcium-free conditions (77.2±8.2%). In contrast, dbcAMP-stimulation in 
EGTA-treated Waymouth's medium was not as markedly decreased (38±8%). Basal 
progesterone was significantly increased in depolarising buffers in which potassium was 
increased and the sodium was decreased (p:  ̂ 0.001). Titration of 0. ImM dbcAMP against 
decreasing chloride concentrations confirmed the specificity of the potentiation in 
progesterone production to decreasing chloride. Kinetic analysis showed there was a 1-2 
fold increase over 6 hours for basal progesterone production in chloride-free buffer and 
a 15-fold increase in the presence of 0.1 mM dbcAMP. Basal and stimulated P450^^ and 
3pHSD activities were unaffected by chloride-free buffer. Cycloheximide did not inhibit 
basal progesterone during 2 hours but after 6 hours it was significantly enhanced 
(pr^O.OOl). Cycloheximide inhibited dbcAMP sub-maximally stimulated progesterone in 
chloride-replete and chloride-free buffer during 2 and 6 hour incubations. A correlation 
was found between dbcAMP-stimulated progesterone production and the Steroidogenic 
Acute Regulatory (StAR) protein expression in chloride-free buffer. The StAR protein 
was enhanced in chloride-free buffer (4-fold). Omission of chloride had no effect on 
P450^ and 3 pHSD expression and there was no effect of dbcAMP on stimulated enzyme 
expression with or without chloride. Total protein synthesis (measured by the 
incorporation of ̂ H-methionine) was 4-fold higher in cells incubated in chloride-free buffer 
compared with chloride-replete buffer during stimulation with 0.1 mM dbcAMP. From 

the results obtained it is proposed that the enhancement of sub-maximally stimulated 
progesterone by omission of chloride ions occurs via the increased synthesis of the StAR 
protein. This may be via a general increase in cAMP-dependent protein synthesis and/or 
by specific enhancement of the steroidogenic effects of the StAR protem.
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c h a p te r  O n e: G e n e ra l In tro d u c tio n
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Testosterone is synthesised in the testis by the Leydig cells and controls male secondary 

sex characteristics and spermatogenesis. Testosterone synthesis is controlled by the 

interaction o f the polypeptide hormone, luteinising hormone, (LH) with specific plasma 

membrane receptors to initiate the formation of the secondary messenger, cyclic adenosine 

3',5'-monophosphate (cAMP) which is followed by a cascade o f events that control the 

uptake and metabohsm o f the sterol precursor, cholesterol, into the mitochondrion. It is 

the purpose oiûàs Introduction to discuss the intracellular mechanisms involved and also 

to illustrate the importance o f controlling steroidogenic cells and the influence o f both 

endocrine and paracrine factors on the Leydig cell.

1.1 The testis

In most mammals the testes are paired organs found in the lower abdomen following the 

successfiil descent o f the testes. The testes are contained in an elastic membrane called the 

tunica albuginea (See figure 1.1). They are composed o f seminiferous tubules which 

form the ducted part of the testis, and are responsible for spermatogenesis. The interstitial 

tissue contains the Leydig cells, which are responsible for the synthesis o f testosterone.
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Figure 1.1 Schematic diagram of a longitudinal section through the human testis. 
(Modified from Dym, In: Weiss, L (ed) Cell and Tissue Biology, A Textbook of 
Histology, 6 th ed. Baltimore, Urban and Schwarzenberg, 1988, p.932
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1.1.1 The seminiferous tubules

The semmiferous tubules represent 82.4% of the total testis volume in the rat (Mori and 

Christensen, 1980). There are non-ceUular and cellular regions associated with the 

seminiferous tubules (see figure 1.2). The non-cellular areas contain collagen and in the 

cellular areas are found the peritubular cells. The peritubular cells are contractile in nature 

and assist with the movement o f spermatozoa and testicular fluid. The innermost layer of 

the seminiferous tubules is the lyn^hatic layer which contains the lymphatic vessels. All 

these layers form the tunica propria. The germinal layer associated with the seminiferous 

tubules comprises two cell typesithe non-proliferating Sertoli cells and the proliferating 

germinal cells.

1.1.2 The Sertoli cell

This is an elongated pyramidal, non-mitotic cell that is associated with the basal lamina of 

the seminiferous tubules. Morphologically the Sertoh cells are poorly defined due to the 

formation of processes which are often associated with the developing spermatogonia (see 

figure 1.3). Sertoli cells have abundant smooth endoplasmic reticulum (SER), some rough 

ER (RER), a well developed Golgi conplex, lysosomes, mitochondria, hpid droplets, thin 

filaments, glycogen granules and an irregularly shaped nucleus (Fawcett, 1975; de Kretser 

and Kerr, 1988). Adjacent Sertoh cells are separated by occluding tight junctions which 

maintain the functional integrity between the tubular conpartment and the interstitial 

compartment. This separation provides a cehular barrier, the blood-testis-barrier which 

maintains a carefiilly regulated ionic environment. The Sertoh ceUs assist in
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spermatogenesis by infhieneing the development of the immature germ cells in many ways, 

including the provision o f nutrients and acting as a physical scaffolding during 

spermatogenesis (see figure 1.3).

1.2 Spermatogenesis

This is the process by which the male gamete is produced. Spermatogenesis is initiated in
I

the rat at puberty by a surge in follicle stimulating hormone (FSH) and an increase in
L

testosterone (Lee et a l ,  1975; Ketelslegers et a l ,  1978). Spermatogenesis is an intricate 

process involving mitotic and meiotic divisions o f the spermatogonium and its daughter 

cells that occurs at the seminiferous tubule epithelium The spermatogonia mitotically 

divide to give primary spermatocytes (Lostroth et a l ,  1963). The primary spermatocytes 

meiotically divide to produce the secondary spermatocytes and spermatids. Spermatids 

are haploid cells and undergo a conplex differentiation, called spermiogenesis, to form the 

structurally and fimctionaUy specialised cells, the spermatozoa.

Spermatogenesis is a highly organised process which takes place in specific stages that are 

arranged in cycles. In the rat, there are 14 stages spanning over 12.8 days. During 

spermatogenesis there are changes to be seen in both the androgen receptor (AR) and in 

the androgen receptor messenger ribonucleic acid (AR ruRNA) expression (Isomaa et al, 

1985). Similarly, the FSH binding sites change over the different stages, for example the 

highest concentrations o f FSH receptors are associated with stages Xni-I and are lowest ’ 

between stages VI-Vm in the testes (Kangasniemi et a l , 1990). During spermatogenesis 

in the rat there is an absolute necessity for testosterone during stage VII (see review by i 

Sharpe, 1990). The developing spermatozoa mature as they move through the lumen of 

the seminiferous tubules. From the lumen they enter the rete testis before entering the 

epididymis, where the sperm reach fiiU maturity and become motile (see figure 1.3).
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epididymis, where the sperm reach fiiU maturity and become motile (see figure 1.3).
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Figure 1.2 Drawing of a section of human testis. Several seminiferous tubules 
containing Sertoli and spermatogenic cells are shown. Leydig cells are seen in the 
interstitial tissue (After Maxiam, A.A., In: Bloom, W, Fawcett, A Textbook of 
Histology, 10 ed Philadelphia, W.B. Saunders, 1975, p. 809
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Figure 1.3 Diagram of part of a seminiferous tubule and interstitial tissue (Diagram 
from Basic Histology, L.C. Juniqueria, J. Caneiro, and R.O. Kelly)
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1.3 The Leydig cell

The Leydig cells are found in the testis interstitial tissue, (see review by Christensen,

1975), together with blood vessels, lyn^hatics, fibroblasts and macrophages. The Leydig

cells conçrise 15.7% of the total testis volume (Mori and Christensen, 1980). The Leydig

cell is a polyhedral cell, 15-20 gm long and has a characteristically fenestrated plasma

membrane. Since the Leydig cells are concerned with steroidogenesis they have a well

developed smooth ER and abundant mitochondria. They have a central nucleus, hpid

droplets and various cytoplasmic inclusions. In the rat and the mouse Leydig ceh

cholesterol for steroidogenesis may be derived from high density Hpoproteins (HDL) and

low density lÿoproteins (LDL) respectively (Faust et a/., 1977). Cholesterol may also be

synthesised de novo from acetate (Morris and Chaikofl  ̂ 1959).
! in utero

During phenotypic sexual differentiation^there is a large surge in testosterone which aids 

the development o f the male reproductive system. Ajfter the reproductive structures have 

been formed, the Leydig cells become quiescent and do not make finther testosterone until 

puberty. Puberty is initiated at the hypothalamus and pituitary by an increase in 

testosterone v\fiich induces the development of male secondary characteristics (e.g. facial, 

pubic and thoracic hair growth, larynx expansion and the thickening o f the vocal chords). 

Testosterone also has an anabolic role, which is particularly responsible for an increase in 

protein synthesis, which induces i the rate o f growth.. -
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1.4 Control of the male reproductive system

Both the Leydig cell and the Sertoli cell are regulated by the hypothalamo-pituitary-testis- 

axis (HPT-Axis) (see figure 1.4). Gonadotropic releasing hormone (GnRH) is released 

from GnRH terminals in a pulsatile manner from the hypothalamus. Pulsatihty is generated 

by a "pacemaker" found in the arcuate region of the hypothalamus (Knobil, 1980). This 

is in turn influenced by serum levels o f testosterone, opiates and dopaminergic agents, 

which slow down the release o f GnRH (Fabbri et a l , 1992). GnRH binds to the anterior 

pituitary GnRH receptors o f the gonadotrophes and this stimulates the synthesis and 

secretion o f the glycoprotein hormones, LH and FSH. LH is a heterodimer polypeptide 

with a molecular mass o f 30 kDa (Minegshi et a l ,  1987). LH is released into the blood 

from discrete clusters o f cells in the anterior pituitary; the gonadotrophes, into the 

systemic circulation. LH is specifically targeted to the Leydig cells where high affinity 

receptors for the glycoprotein hormone are found (Nankin and Troen, 1971) and 

testosterone is synthesised. Testosterone exerts a negative feedback on LH release (see 

figure 1.4). In the male there are repetitive mcreases in the serum LH. However, there can 

also be large surges in LH from time to time which reflects both the needs o f the body and 

the on going interaction between the pituitary gland and the testis (Santen & Bardin, 

1973). Axons that terminate in the vicinity o f the hypothalamus may also provide an 

additional level o f LH regulation. Neurotransmitters released at the axon terminals 

potentially modulate GnRH neurons, and introduce another mechanism for controlling the 

HPT-axis (Cicero et a l ,  1980; Halsaz et a l ,  1989).
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Human chorionic gonadotropin (hCG) has a very similar structure to LH, differing only 

by having twenty four extra amino acids in the p-subunit carboxyl terminus which 

introduces additional glycosylation sites (Bishop et a l,  1976). hCG therefore recognises 

the LH receptor and binds to it, ehciting the same biological responses as LH.

In the same way that GnRH is responsible for the production o f testosterone through LH, 

GnRH also influences spermatogenesis. After birth the Sertoh cells are not active until the 

onset of puberty. FSH is the second o f the two hypothalamic glycoprotein hormones that 

influences the male testis. The target for FSH is the Sertoh ceh. Like LH, FSH is a 

heterodimer glycoprotein hormone, consisting o f an a-subunit and a p-subunit that are 

non-covalently linked. The a-subunit is common in both LH and FSH but the p-subunit 

is different, conferring biological activity. Although biological activity is determined by 

the p-subunit, this is only possible when the two units are linked. Levels o f FSH are also 

under the control of two polypeptides, activin and inhibin. Inhibin is a disulphide linked 

heterodimer, with a varying molecular weight depending upon the species fi'om which it 

is isolated. It varies fi'om 58 kDa in some species to 30-32 kDa in others (Bardin et a l ,

1987). There are two p-subunits, pŷ  and pg. The a-subunit forms dimers with the p- 

subunit via disuJ^hide bonds, a pŷ  (Inhibin A) and a Pg (Inhibin B). The testis is the major 

source o f inhibin, although there are extra-gonadal sources (Meunier et a l ,  1988). There 

is evidence to show that cultured rat seminiferous tubules respond to FSH with an 

increase in inhibin secretion (Gonzales et a l ,  1988). In the rat, a dose-dependent 

suppression o f FSH has been demonstrated when inhibin is given to castrated rats 

(Robertson g/ûf/., 1991). In contrast, the dimers, Pŷ -pyŝ and Pa-Pb> termed activin A and
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activin AB stimulate FSH secretion in vitro (Ling et a i ,  1986; Vale et a l ,  1986) There 

is a third activin, PbPb called activin B which stimulates FSH release also (McLachlan et 

al., 1989). Activin has pleiotropic effects, for exan^le, activin modifies erythroid 

differentiation (Eto et a l ,  1987). Activin is also imphcated in nerve cell survival, 

(Schubert et a l ,  1990) and has paracrine effects in the ovary (Fmdlay et a l ,  1990).
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Figure 1.4 The regulation of the male reproductive system
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1.4.1 Factors influencing the Leydig cell environment

Although testicular function is directly regulated by the HPT-axis there are other levels 

of regulation, ha addition to GnRH it has become evident that paracrine factors are likely 

to regulate the intratesticular environment. This has resulted from the many in vitro animal 

studies (See review by Sharpe, 1990). It has emerged that both the endocrine and 

paracrine systems may work together and are not independent control systems (See 

review by Sharpe, 1990).

Exan^les o f paracrine factors include transforming growth factor beta (TGFp). TGFp 

is capable o f inhibiting mouse, (Lin et a l ,  1987) rat (Avallet et a l ,  1978), and porcine 

Leydig cell function (Van Bebakar et a l ,  1990) and adrenal steroidogenesis is also 

inhibited by this agent (Rainey et at, 1988).

The macrophages associated with the interstitial tissue produce factors necessary for an 

acute phase response following antigen exposure. Interleukin-1 (IL-1) is an example of 

such a factor. Although IL-1 is mq)ortant in the inflammatory response, IL-1 has been 

shown to inhibit steroidogenesis in vitro (Calkins et a l ,  1990). There are many exanq)les 

o f factors which are produced by the interstitial cells capable of mfluencing Leydig cell 

steroidogenesis in vitro and which may be potential modulators o f the intratesticular 

environment.

The endothelins represent a more recently discovered potential paracrine factor. The 

endothelins are a family o f 21 amino acid peptides. FSH-stimulated Sertoh ceUs were 

found to release a substance with endothelin-like activity. In addition to this, high afSnity 

endothelin binding sites were identihed in rat Leydig ceUs (Fantoni et a/., 1993). In the
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MA-10 cell, the endothelin-1 subtype alone promotes steroidogenesis (Ergul et al., 1993). 

Sertoh cells may further influence the Leydig cell. There are reports to suggest that from 

the spent medium of cultured seminiferous tubules there are various factors produced 

Wiich have effects on Leydig ceh steroidogenesis. A Luteinising hormone releasing like 

factor (LHRH-hke factor) was demonstrated by Sharpe and coUeagues (1981). It was 

suggested to be a putative messenger between the Sertoh ceh and the Leydig ceh. The 

LHRH-like factor was shown to bind to the rat LHRH receptor simharly to native LHRH 

(Sharpe et al., 1981). In contrast to the rat Leydig ceh there is no evidence to show that 

mouse Leydig cehs can bind LHRH analogues (Hunter et a l ,  1982). It has been 

postulated that the LHRH-like factor is inhibitory to rat Leydig ceh steroidogenesis (see 

reviews by Sharpe et a l ,  1982 ; Sullivan and Cooke, 1982).

A factor isolated from seminiferous tubules has been shown to inhibit rat Leydig 

steroidogenesis (Zwain and Cheng, 1984). In contrast to this, a stimulatory factor has 

been reported from the spent culture of Sertoh cehs, wbich enhanced the early steps o f the 

steroidogenic pathway (Verhoeven and Cahleau, 1985). Together these observations 

indicate that there are many potential factors produced which influence testicular 

steroidogenesis, both positively and negatively.
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1.5 The LH receptor

The LH receptor (LHR) is a single polypeptide and is expressed by the Leydig cell. The

LHR is a member o f the seven transmembrane guano sine triphosphate (GTP) binding

protein (G-protein) coupled receptors (Strader et a l ,  1994) which includes the

adrenocorticotrophic hormone (ACTH) receptor, thyroid stimulating hormone (TSH)

receptor, follicular stimulating hormone (FSH) receptor, and the p-adrenergic receptor

(see review by Pierce et a l,  1981) (see figure 1.5). Although the LH receptor is normally

associated with the gonadal cells, it has become increasingly apparent that LH receptors

may be e?q)ressed elsevdiere. For example LH receptors have been identified in the brain,

(Lei et a l,  1993) and in porcine uterine tissues (Ziecik et a l,  1992). The molecular mass 
1 of the molecular mass for the pituitary hormones 

o f the LHR contains between 15-30% carbohydraté?^The LH/hCG receptor (see figure

1.6) has a particularly long extracellular domain (amino terminus) which distinguishes it

from the p-adrenergic receptor. However, the length of the LHR amino terminus is similar

to both the FSH and the TSH receptor (Sprengel et a l , 1990; Vassart et a l , 1991). The

amino terminus is essential for Hgand binding and is characterised by having fourteen

leucine stretches , comprising 25 leucine amino acids (Leong et a l ,  1992). This is a

common feature for members o f this receptor family but the significance o f the leucine

sequences remains to be determined. The amino terminus is followed by a further domain

that passes in and out o f the plasma membrane seven times to form the transmembrane

domains. The transmembrane domains are followed by a short carboxyl cytoplasmic loop

that contains threonine, serine and tyrosine phosphorylation sites (Minegishi et a l , 1989).
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The intracellular domain is believed to be irrq)ortant for coupling the receptor to the 

guanine nucleotide binding protein.
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Figure 1.5

Postulated topography of the LH receptor in the plasma membrane. Amino acids 
that are identical between the rat luteal and porcine testicular LH receptors are 
enclosed in circles. Those enclosed in squares are unique to the rat luteal receptor. 
Amino acids in barrels correspond to the putative transmembrane regions, those 
amino acids above the barrels being extracellular, those below being intracellular. 
Potential sites for N-linked glycosylation in the extracellular region are denoted by 
(y). A potential disulphide bond between the first and second extracellular loop 
region is demoted by the dashed line. Potential intracellular sites for 
phosphorylation are denoted by asterisks (serine and threonine) or solid circles 
(tyrosine). The two arrows in the cytoplasmic tail pint of two clusters of the basic 
amino acids which might represent potential tryptic cleavage sites (Segaloff et al,, 
1990).
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Figure 1.5 The postulated topography of the LH Receptor
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This coupling between the receptor and G-proteins is essential for signal transduction and 

the generation o f the secondary messenger molecule cAMP.

The LH/CG receptor gene is located on chromosome 2 in man (Rousseau-Merck et a l ,

1990). The gene consists o f 11 exons in total (Koo e ta l ,  1991; Tsai-Morris g/a/., 1991). 

The extracellular domain is coded by the first 10 exons and exon 11 codes for less than 

50% of the N-terminus and all o f the 7 transmembrane domains and the intracellular 

terminus. The | LH receptor produces a number o f different receptor

transcripts. This gives rise to a number of different messenger ribonucleic acid transcripts 

(6.7, 4.3, 2.6 and 1.2 kilobases o f mRNA) in porcine Leydig cells (Chuzel et a/., 1995) 

and in the rat ovary (Ascoh and Segaloff 1989).

1.5.1 Signal transduction in the Leydig cell

In rat and mouse Leydig cells, the interaction between LH/hCG and the LH receptor in 

vitro is followed by the production o f cAMP (Cooke et a l ,  1972; Dufau and Catt, 1975; 

Mendelson e ta l ,  1975). Further confirmation that cAMP is an intracellular mediator

for stimulating Leydig cell steroidogenesis came firom studies using 

the cAMP analogue, dibutyryl cAMP (dbcAMP) (Rommerts et a l ,  1972). Following the 

binding o f LH/hCG to the LH receptor, the Gg-protein (G-stimulatory protein) is 

activated. The G-protein is aheterotrimerthat consists o f an alpha-subunit (a ) and a beta- 

gamma unit (py) (see reviews by Neer and Clapham, 1987; Strader et a l ,  1994). Under 

non-stimulating conditions, the a-subunit and the py-unit are associated. The a-subunit 

is associated with a molecule o f GDP. Following hormone-receptor activation, GDP is
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displaced by GTP (Abramowitz et ai,  1979). GTP activates the a-subimit, and the a-subunit

dissociates from the py-unit. The activated a-subunit can modulate the integral membrane

protein, adenylyl cyclase. Adenylyl cyclase catalyses the synthesis of cAMP which

activates protein kinase A (PKA). PKA modifies proteins by phosphorylating serine and

threonine residues (Podesta et ai, 1978). The generation o f cAMP is rapid but so too is

the termination of the G-protein mediated response. Termination is achieved by the rapid

hydrolysis of the GTP molecule associated with the a-subunit by the GTPase activity o f

the a-subunit. The GDP-bound a-subunit re-associates with the py-unit, thus, the G-

protein is restored to its original state prior to further stimulation.

1.5.1.1 Alternative signalling systems to cyclic AMP

There have been observations made which suggest that cAMP is not the mandatory 

secondary messenger during certain circumstances. Although an increase in cAMP does 

precede increased steroidogenesis on LH-stimulation in the Leydig cell (Cooke a/.,

1972; Rommerts et al., 1973), there are circumstances when there are other

signal mechanisms in operation (Catt and Dufau, 1973). In the "early studies", there were 

discrepancies between the concentrations of LH to stimulate testosterone and cAMP 

production in which there was testosterone production, but undetectable cAMP (Catt and 

Dufau, 1973; Rommerts a/., 1973; Cooke er a/., 1976). Such findings suggested that 

there were additional mechanisms operating when LH concentrations were insufficient to 

stimulate cAMP. The undetectable cAMP was initially explained by the lack o f sensitivity 

in the cAMP radioimmunoassay (RJA). However, with improvements in the cAMP RIA,
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the discrepancies between cAMP and testosterone were stdl seen. An alternative 

explanation suggested to explain the lack o f detectable cAMP was the 

conqpartmentalisation o f cAMP (Moger, 1991). The consensus now adopted is that cAMP 

remains the main signal through which steroiodogenesis is stimulated, but there are other 

pathways that may be in operation in parallel with cAMP and/or activated by cAMP.

1.5.1.2 Cyclic GMP

There is evidence that in the Leydig cell, cychc guanosine 3',5'-monophosphate (cGMP) 

is produced. Atrial natriuretic peptide (ANP) is a factor that was originally isolated from 

atria (see review by Cantin and Genest, 1985). ANP has been shown to modulate 

steroidogenesis in steroidogenic tissues. For exanq)le, both basal and stimulated 

aldosterone production is inhibited in rat adrenal glomerulosa cells by ANF^Atarashi et al., 

1984). Similarly, in mouse tumour Leydig cells, ANP has also been shown to inhibit 

Leydig cell steroidogenesis (Pandey etal., 1985) whereas in the mouse Leydig cell, ANP 

stimulates steroidogenesis (Bex and Corbin, 1985; Mukhopadhyay et al., 1986).

Studies by KBpkin and Moger (1992) have shown there to be synergy between cAMP and 

cGMP. There is evidence that cGMP can bind to the cAMP binding site and activate PKA 

(Schumacher et al., 1992). These findings indicate that cGMP may also be a possible 

messenger system for LH.
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1.5.1.3 Phosphatidyl inositols

The phosphoinositides (Pis) conq)rise approximately [d-? % o f eukaryote plasma 

membranes. Pis may be hydrolysed following agonist stimulated phospholipase C (PLC) 

activation. This is beheved to be activated by a G-protein called Gq (Rhee et al., 1989) 

and provides an alternative signalling system in addition to cAMP (see reviews by 

Berridge, 1987, 1988). Hydrolysis of phosphatidylinositol 4,5, bisphosphate (PIP2) 

produces two messenger molecules. The first is inositol 1,4,5-triphosphate (IP3), which 

activates the release o f intracellular calcium fi'om IP3 sensitive stores. Diacylglycerol 

(DAG) is the second product arising fi'om the hydrolysis o f PIP2. DAG is a hpophihc 

confound that remains associated with the plasma membrane and activates protein kinase 

C (PKC). PKC phosphorylates proteins at serine and threonine residues which 

activates/inactivates target proteins (Michell et a i ,  1981, 1987). PKC is sensitive to 

calcium and when DAG binds to PKC, DAG increases the aflSnity of PKC to calcium and 

therefore activates PKC (Bell, 1986). Both DAG and IP3 can provide alternative 

mechanisms to cAMP andenzyme activationin the cell. It has been shown that afi;er adding LH 

inositol phosphates are formed in ovarian cells (Davis et at., 1986) although these 

confounds were only transiently increased. For the rat Leydig cell and the Leydig mouse 

tumour cell line, MA-10, there is no evidence showing LH-stimulated phosphohpid 

turnover. However, the inositol triphosphate pathway can be stimulated by arginine 

vasopressin (AVP) although there is no biological response to A VP observed in spite of 

having activated the inositol trçhosphate/DAG pathway in these cells (Ascoh et al. 1989).
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1.5.1.4 Arachidonic Acid

Arachidonic acid (AA) can be released from the membrane phospholipids in a hormone 

mediated process which activates phosphohpase Aj (PLA^) or phosphohpase D (PLD).

In addition, DAG can be hydrolysed to AA via the actions o f PLC (Berridge, 1994; 

iMicheU, 1987) Arachidonic acid may be fiirther metabohsed in the cell to form 

prostaglandins, leukotrienes or epoxyeicosatetraenoic acids. These products are formed 

by the activities o f the tyclooxygenase:, the hp oxygenase and the epoxygenase metabolites 

respectively. Investigations on the inhibitors o f cylco oxygenases and the hpoxygenases 

have indicated that the products from Içoxygenase metabolism are involved in modulating 

Leydig cell steroidogenesis. Use o f the Hpoxygenase inhibitors (e.g. Nordihydroguiaretic 

acid, NDGA) resulted in a decrease in steroidogenesis but this was not found to be the 

case for inhibitors of the cyclo-oxygenase pathway (e.g. Indomethacin) (Dix et al., 1984). 

There have been studies to indicate that the hpoxygenase products may also modulate the 

action o f GnRH on steroidogenesis (Sullivan and Cooke, 1985).

1.5.1.5 Nitric Oxide (NO)

Evidence is growing to indicate that nitric oxide (NO) is a putative regulatory factor in 

the interstitial tissues of the testis. Arginine analogues can be used to inhibit NO synthesis, 

thus allowing the effects o f NO deprivation to be studied in tissues. Studies have shown 

in the Leydig cell, nitric oxide synthase (NOS) inhibitors L-NAME (N omega-nitro-L- 

arginine methyl ester) and L-NMMA (NG-monomethyl-L-arginine) increase basal and 

hCG- stimulated testosterone production and at the same time decrease the levels o f
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cGMP. There was no such effect on cAMP. These findings suggested that NO is able to 

inhibit Leydig cell steroidogenesis and that cGMP may also be involved in this, since this 

messenger was increased by the arginine analogues (Welch et aL, 1995). In MA-10 cells 

NO has been reported to inhibit steroidogenesis. However, this did not appear to be 

mediated through either cAMP or cGMP but was at the conversion o f cholesterol to 

pregnenolone (Del Punta et al., 1996).

1.6 Cholesterol sources for Leydig cell steroidogenesis

All steroids are derived Jfrom cholesterol irrespective o f the endocrine tissue. However, 

depending on the steroidogenic tissue and the species studied, there are differences in the 

source o f cholesterol utilised for steroidogenesis. Cholesterol exists in two forms in vivo, 

unesteiified/fi'ee cholesterol and cholesterol esters. HDL is a source o f cholesterol in the 

rat testis. HDL receptors are found in the testis (Chen et a l,  1980). In contrast, the mouse 

Leydig cell and the MA-10 mouse tumour Leydig cell line use LDL in preference to HDL 

(Freeman and Ascoli, 1982). Esterified cholesterol may also be used by agonist-stimulated 

Leydig cells (Freeman and Ascoli, 1982). In the testis cholesterol may be synthesised de 

novo from acetate (Bloch, 1965). The plasma membrane is a third source o f cholesterol 

for both Leydig cells (Hou et a/., 1990) and tumour Leydig cells (Freeman and Ascoli, 

1982). From plasma membrane studies it has been shown tbat following stimulation with 

LH/dbcAMP the membrane cholesterol is decreased (Freeman and Ascoli, 1982).

The cyto skeleton has been implicated in the movement o f cholesterol to the outer 

mitochondrial membrane. Early observations on the rat adrenal tumour Y-1 cell line.
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indicated that these cells undergo moiphological change when stimulated with 

adrenocorticotrophic hormone (ACTH) (Yasumura, 1968). Such changes indicated that 

the cell was undergoing some form of re-organisation in the cytoskeleton.

The cytoskeleton is conçosed o f three main elements, the microfilaments, the 

microtubules and the intermediate filaments. The use of specific drugs which interfere with 

these structures show that the cytoskeleton elements are involved in stimulation of 

steroidogenesis. For example, the drug, cytochalasin B has been shown to interfere with 

microfilaments and the ACTH-stimulated steroidogenic response by adrenal cells (Hall et 

al., 1981). In Leydig cells (Ahnahbobi et al., 1993) and adrenal cells (Almahbobi et al., 

1992) there is evidence that hpid droplets are transported by intermediate filaments. In 

addition, microtubules have been inphcated in the LH-stimulated response in Leydig cehs 

and other steroidogenic cehs (For reviews see Hah and Almahbobi^ (1992) and 

Feuihoney and Vaudry, 1996).

MA-10 cehs round up m culture on stimulation and such changes are beheved to involve 

alterations in the cytoskeleton, particularly the actin elements (Soto et al., 1986). Anti- 

microtubular and anti-microfilament agents have also been shown to interfere with LH- 

stimulated steroidogenesis (Nagy and Freeman, 1990). The role o f the cytoskeleton in 

steroidogenesis remains to be determined but it is likely that cholesterol is assisted to the 

outer mitochondrial membrane by these cyto skeletal elements.

From the outer mitochondrial membrane cholesterol is transported across the aqueous 

space to the inner mitochondrial membrane where the cytochrome P450 cholesterol ceh 

side chain cleavage system P450^^ is found (Simpson and Boyd, 1977; Lambeth et al..
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1987). Cytochrome P450^^is con^osed o f three proteins, an iron sulphur protein called 

ferrodoxin, a flavoprotein called ferrodoxin reductase and the cytochrome P450gggg, which 

modifies cholesterol to the first steroid metabohte, pregnenolone (Drosdowsky et a/., 

1965). This system is an electron transport system similar to that found in the oxidative 

phosphorylation pathway.

1.6.1 The regulation of cholesterol transport to P450^^

Using the protein synthesis inhibitor puromycin, Ferguson and colleagues (1962, 1963)

demonstrated that de novo protein synthesis was necessary for the stimulation of

corticosteroid synthesis by ACTH in adrenal tissue. It was also shown that the protein

synthesis inhibitor, cycloheximide, was capable o f inhibiting the acute regulation o f the 
steroidogenic

response to trophic hormone (Garren et aL, 1965,1966; Davis and Garren, 1968).

The cycloheximide-sensitive step was demonstrated to be located in the mitochondria by 

Sing)son and colleagues (1979). More specifically, it was shown that cholesterol transport 

from the outer mitochondrial membrane to the inner mitochondrial membrane was 

dependent on protein synthesis (Simpson et a l ,  1979; PrivaUe et al., 1983), whereas the 

transport o f cholesterol to the outer mitochondrial membrane was not affected by protein 

synthesis inhibitors (Crivello and Jefcoate, 1980). The studies o f Orme-Johnson and co

workers were responsible for demonstrating that there was a family o f proteins rapidly 

synthesised in response to ACTH stimulation in rat adrenal cells (Krueger and Orme- 

Johnson,1983; Pon et aL, 1986). These proteins were found to be sensitive to 

cycloheximide and had a molecular weight o f approximately 30 kDa (Krueger and Orme-
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Johnson, 1983; Pon et al., 1986). These proteins were also identified after stimulating the 

corpus luteum (Pon and Orme-Johnson, 1986 ) and primary cultures o f mouse Leydig 

cells (Pon et al., 1986; Epstein and Orme-Johnson, 1991®) and were shown to be 

phosphoproteins. Use o f subcellular fractionation identified these proteins to be 

mitochondrial, following stimulation (Alberta et al., 1989; Epstein et al., 1989). From the 

early observations, regulatory proteins have been strongly in^licated in acute 

steroidogenesis. With recent developments, the role o f the labile proteins in "acute 

steroidogenesis" has been demonstrated, and the location o f these proteins in the 

mitochondria have made these proteins strong candidates in the regulation o f acute 

steroidogenesis.

1.6.2 Candidate proteins for intramitochondrial transport

1.6.2.1 Sterol Carrier Protein (SCPj)

This is a 13 kDa protein, that was originally found in the liver (see review by Vahouny et 

al., 1983). This protein is stored in peroxisomes as a 60 kDa precursor and the active 

form remains in the peroxisomes until required by the cell (Keller et a l ,  1989). ACTH 

stimulation has been shown to regulate SCP2, however, this regulation occurs over hours 

(Trzeciak et a l ,  1987; Rueckert and Schmidt, 1990). In addition, for the rat adrenal cell, 

acute stimulation was unaftected by SCPj (van Amerongen et a l ,  1989). There is 

evidence to show that following LH treatment o f rat Leydig cells, there is re-distribution 

o f SCP2 (Van Noort et a l ,  1988). Further evidence for the role o f SCP2 in 

steroidogenesis came when it was found that co-expression o f SCP2 with cytochrome
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P450gggg and ferrodoxin in COS 7 cells gave a 2.5 fold increase in steroid production 

compared to COS 7 cells that were not co-expressing cytochrome and SCP2

(Yamamoto et a i ,  1991). However, in the MA-10 subclone, MA-10 LP, which secretes 

10% less . steroid synthesised by the parent ceU, exogenous SCP2 added to isolated 

mitochondria could not overcome the deficit in MA-10 LP steroid production (Kilgore 

etaL, 1990).

The role o f SCP2 in acute steroidogenesis is not very strong, although SCP2 can transport 

cholesterol fiom %id droplets to the mitochondria (Chanderbahn et al., 1982; PugheUi et 

a l,  1995) this suggests that SCP2 is involved with general cholesterol transport and with 

the re-distribution o f cholesterol in the cell rather than in acute regulation o f  

steroidogenesis.

1.6.2.2 Steroidogenic Activator Protein (SAP)

This is a 30 amino acid peptide that was originally isolated from rat adrenal cells 

(Pederson and Brownie, 1983; Pederson, 1984). SAP has been found only in 

steroidogenic tissues, making this a strong candidate for intracellular-cholesterol transport 

(Pederson and Brownie, 1987). The observation that SAP was sensitive to cylcoheximide 

was also an indication that this protein was a candidate for acute regulation o f  

steroidogenesis (Pederson, 1987; Frustaci et a l ,  1989). Levels o f SAP are increased 

following tropic hormone treatment o f ovary and testis and the increase was found to be 

sensitive to cycloheximide, which has strengthened the role o f this protein in regulating 

acute steroidogenesis (Pederson, 1987). In isolated mitochondria, SAP is increased 4-5
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fold in a do se-dependent manner following stimulation which has further implicated this 

peptide in acute steroidogenesis (Pederson and Brownie 1983; Pederson, 1984). The 

mechanism by which SAP works has not been elucidated, however, SAP remains a 

candidate for intra-mitochondrial cholesterol transport.

1.6.2.3 Steroidogenic Acute Regulatory Protein (StAR)

The establishment of specific proteins in acute steroidogenesis came from the studies of

Krueger & Orme-Johnson (1983). A specific protein was identified following acute 
using two-dimensional gel electrophoresis

stimulation with ACTH in rat adrenal cells^ A phosphoprotein, (30 kDa) was detected 

following stimulation the e?q)ression of which increased with ACTH. The synthesis o f this 

protein was blocked following treatment with cycloheximide which also correlated with 

a block of steroid production. This 30 kDa protein, was not confined to adrenal cells alone 

but was later found in mouse Leydig cells (Pon et al., 1986; Epstein and Orme-Johnson, 

199 V  ) and in rat corpora lutea (Pon and Orme-Johnson, 1986). The 30 kDa proteins 

were also identified in steroidogenic cell lines including MA-10 cells (Stocco and Kilgore,

1988). Following acute stimulation of MA-10 cells with hCG, mitochondrial proteins were 

produced. Treatment o f the MA-10 cells with cycloheximide prevented the appearance 

of these proteins (Stocco and Kilgore, 1988). The 30 kDa proteins were later shown to be 

a member of a frmity of related proteins (Epstein and Orme-Johnson, 1991*’). Using MA- 

10 cells, 37, 32 and 30 kDa proteins were detected following acute stimulation with LH 

and their e^gression was found to correlate closely with steroid production (Stocco, 

1992). Further evidence to support the role of these mitochondrial proteins came from the
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studies on the rat Leydig tumour R2C cell line, a constitutive steroid producing cell line 

(Stocco and Chen, 1990), which was examined in parallel with MA-10 cells. Following 

stimulation with LH, proteins were analysed from both these Leydig cell lines and 4 

proteins with 4 different isoelectric points, (6.7, 6.3, 6.2, and 5) were detected in the MA- 

10 cell. In the R2C cells, three o f the 4 proteins were identified (except 6.1) and all 3 

proteins had a molecular weight o f 30 kDa. Stocco and Sodeman (1991) have shown that 

the 30 kDa mitochondrial proteins are processed from larger precursors.

1.6.2.3.1 Cloning and characterisation of StAR

Cloning o f the corq)lementary DNA (cDNA) for the 30 kDa protein has been achieved 

by Clark and colleagues (1994). The three peptide sequences obtained from the sequence 

analysis were confirmed in the deduced amino acid sequence. Using in vitro translation, 

the 37 kDa cDNA precursor protein was processed to the 32 and the 30 kDa proteins by 

isolated mitochondria. The electrophoretic mobilities o f the cloned proteins were identical 

to the hormonal induced proteins seen in steroidogenic cells (Clark et al., 1994). One very 

inq)ortant verification for StAR s role in the regulation of cholesterol transport came when 

it was shown that transfection o f the cDNA-derived protein in unstimulated MA-10 cells 

resulted in an increase in steroidogenesis iSugarwarag/ a l ,  1995).

1.6.2.3.2 Model for the role of StAR in the acute stimulation of steroidogenesis 

On stimulation, the 37 kDa StAR protein precursor is translated in the cytoplasm A 

chaperone protein prevents folding o f the 37 kDa protein thereby allowing transfer of the
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protein
pre-protein to the mitochondrion. The 37 kDa^binds a specific docking protein, and the 

insertion process begins. Contact points are beheved to be formed between the outer 

mitochondrial membrane and the inner mitochondrial membrane. As the membranes fuse, 

the first proteolytic cleavage takes place via a matrix protease, to produce the 32 kDa 

StAR protein. At this particular time, cholesterol will be transferred to the inner 

mitochondrial membrane. The outer and the inner mitochondrial membranes separate and 

the 32 kDa StAR protein is cleaved to give the 30 kDa StAR protein.

These pieces o f evidence, imphcating StAR as the protein involved in the transport of 

cholesterol from the outer mitochondrial membrane to the inner mitochondrial membrane 

are very strong but do not exclude the potential for other candidate proteins and 

mechanisms, which may also play a part in cholesterol transport.

1.6.2.4 The peripheral benzodiazepine receptors (PBRs)

Another candidate for regulating steroidogenesis is the perçheral benzodiazepine receptor 

(PER), also known as the mitochondrial benzodiazepine receptor. The PER receptor was 

first discovered in rat brain (Eraestrup and Squires, 1977) where it was found that PERs 

bind the benzodiazepines vriiich are commonly prescribed anti-convulsant, relaxant drugs. 

The PERs are usually associated with the outer mitochondrial membrane and are found 

in a variety of tissues, both steroidogenic (De Souza et al, 1985; Anholt et al, 1986^) and 

non-steroidogenic (Gehlert et a l,  1983). However, PERs are at their highest density in 

steroidogenic tissues. Evidence has been growing to inq)hcate that PERs provide an 

additional mechanism for regulating cholesterol transport. In support o f this hypothesis
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came the finding that hypophysectomy was associated with the disappearance o f testicular 

PBRs but was reversed following the replacement of pituitary hormones in the rat (Anholt 

et al, 1986’’). Further evidence suggesting a role for PBRs came when diazepam and Ro5- 

4864, both figands for PBRs, stimulated testosterone production in crude Leydig cell 

preparations (Ritta et a l,  1987). PBRs have an endogenous ligand known as diazepam 

binding inhibitory protein (DBI), a 10 kDa protein that stimulates steroidogenesis. DBI 

displaces the drugs that compete for these receptors (Guidotti et al, 1988; Papodopoulos,

1991) and fi*om this it was suggested that DBI was an endogenous ligand for the PBRs. 

Shortly aJfter this a similar protein was discovered in bovine adrenal cells that stimulated 

pregnenolone production. This protein was found to increase the access o f cholesterol to 

P450j^ (Yanagibashi et a l,  1988) and was identical to DBI except for two amino acids. 

DBI, a protein o f molecular weight 8.2 kDa, was found to stimulate cholesterol transport 

fi*omthe outer mitochondrial membrane to the inner mitochondrial membrane (Hall et a l ,

1988). Although DBI has been shown to stimulate the transport of cholesterol to the outer 

mitochondrial membrane, this protein does have a long half life and is not regulated by 

hormones in steroidogenic ceUs (Brown et al, 1992). There may be a role for DBI in 

hormone-independent steroidogenesis, since treatment with antisense to DBI reduces DBI 

levels and steroidogenesis in the constitutive rat Leydig cell line, R2C (Gamier et al., 

1994").

Using recombinant PBR, it has been shown that the PBR is a multimeric protein con^lex 

consisting o f the 18 kDa PBR, a 32 kDa voltage dependent anion channel (VDAC) 

(Gamier et a l, 1994") and a 30 kDa adenine nucleotide carrier (ANC) (McEnery et al.
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1992). The findings for the VDAC have been confirmed using immuno-gold labelling 

studies showing the PBR consists of discrete clusters (4-6). These clusters were arranged 

to form a channel or a pore and present a potential mechanism for cholesterol transport 

firomthe outer mitochondrial membrane to the inner mitochondrial membrane (Gamier et 

al, 1994*). Finally, DBI and PBR interaction has been demonstrated using PBR labelled 

with ^^S-DBI. Complexes were formed in MA-10 cells, R2C cells and in Y-1 adrenal 

tumour cells, and were recognised by antiserum raised against PBR DBI has other effects, 

for example, DBI mediates inter-membrane transport o f long chain acyl CoA-esters 

(Rasmussen et al, 1994) and fiitty acylation has also been proposed to assist in membrane 

fiision. Therefore it is possible that DBI may have a potential role in membrane fusion 

between the outer mitochondrial membrane and the inner mitochondrial membrane, and 

therefore promotes cholesterol transport.

The present theory regarding the role for PBRs in the regulation o f cholesterol transfer 

is that following hormone (e.g. LH) binding to its receptor, cholesterol is released from 

cholesterol esters and other sources. DBI interacts with the PBR at the outer 

mitochondrial membrane and in so doing, facilitates the transport o f cholesterol from the 

outer mitochondrial membrane to the inner mitochondrial membrane. This may be 

mediated by the VDAC associated with the PBR In addition there is the potential that 

contact points are formed between the outer mitochondrial and the inner mitochondrial 

membrane via the DBI, which may assist with the movement o f cholesterol.
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1.7 Mechanism of cholesterol conversion to pregnenolone

The cytochrome P450^^ system is responsible for the conversion o f cholesterol into 

pregnenolone. Cholesterol undergoes two successive hydroxylations at carbon 22 (C22) 

and carbon 20 (C20). The third hydroxylation follows in Wiich the 020,22 bond is cleaved 

by a 020,22 lyase. In each mono-oxygenation one mole o f NADPH is consumed 

(oxidised) (Lambeth and Stevens, 1985). Pregnenolone and isocaproic acid are formed, 

both of which leave the mitochondria. Pregnenolone will enter the SER where the other 

steroidogenic enzymes are found.

1.8 Synthesis of testosterone

Following the synthesis o f pregnenolone, testosterone may be synthesised by either the 

delta 4 or the delta 5 pathway (see figure 1.6). In the delta 4 pathway, testosterone is 

syntheased from progesterone and in the delta 5 pathway testosterone is synthesised fiom  

pregnenolone. In man, the delta 5 pathway predominates over the delta 4 pathway 

(Weusten et a l,  1987) Wiereas in the rat and the mouse, the delta 4 pathway is preferred 

(Samuels, 1960; see review by Gower, 1988).

In the delta 4 pathway, pregnenolone is first converted to progesterone by 3 p hydroxy 

steroid dehydrogenase (3 PHSD) (Lahiie et al, 1992). Progesterone is then hydroxylated 

at carbon 17 by 17-hydroxylase (P450^^ )̂ to form 17-hydroxy progesterone. 17-Hydroxy 

progesterone is converted to androstenedione by the 017-20 lyase activity o f P450iy^ 

(Takemorie^ ûr/., 1991). Finally, androstenedione is converted to testosterone by 17 beta 

hydroxy steroid dehydrogenase (17pHSD).
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In the delta 5 pathway, pregnenolone is hydroxylated at C17 to form 17-hydroxy 

pregnenolone by the P450j7^ (Takemori et al, 1991). 17-Hydroxy pregnenolone is then 

converted to dehydroepiandrosterone (DHEA) by the P450j7^ 17,20 lyase activity 

(Gower, 1984). DHEA is converted to andro stenedione by SpHSD and then to 

testosterone via 17pHSD (Martel et al, 1992).
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Figure 1.6 Pathways involved in the biosynthesis of testicular steroids from cholesterol 
(Johnson & Everitt, 1984).
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1.9 Fates of testosterone

Testosterone is removed from the testis via the spermatic venous blood. Of the total 

testosterone produced, 2% remains free, 30% is bound to sex hormone binding globulin 

(SHBG) and the remaining 68% is bound to albumin and to other plasma proteins (Nisula 

& Dunn, 1979). In particular, testosterone is concentrated in the seminiferous tubules 

where it is essential for spermatogenesis. Testosterone may also bind androgen binding 

protein (ABP) in the seminiferous tubules. This protein is similar to SHBG.

' After testpsterone has been synthesised it may undergo a number o f rnodifications. i

These modifications may gwe rise to 

metabolically active steroids. For exan^le, testosterone is converted to 

dihydrotestosterone (DHT) by 5 a-reductase, a cytoplasmic enzyme found in the 

seminiferous tubules and the prostate gland (Folman et a l,  1973; Eik-Ness, 1975). DHT 

is a frr more potent form of testosterone (Grino et al, 1990). Testosterone may also act 

as a precursor to other steroids. The A-ring in testosterone can be aromatised by the 

cytochrome P450 enzyme, P450^om- Tbis enzyme system converts testosterone into 17 p- 

oestradiol and is most abundantly expressed in the granulosa cells o f the ovary in females 

(Sasano et a l,  1989) but it is also found in extra gonadal tissues, such as adipose and 

breast tissue (Santen, 1987). Finally, testosterone is converted to inactive steroid 

metabohtes by the liver. Steroids undergo glucuronidation and sulphation which makes 

them more water soluble and therefore more easily removed from the body. For example, 

androstanediol ghicuronide is made predominantly m the liver from plasma testosterone, 

androstenedione and DHEA (Lipsett et al, 1966).
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1.11 Chloride Channels

The identification o f chloride conductances (currents) was not possible until the 

development of patch clamping. Before patch clamping, it was very difihcult to distinguish 

the leakage current associated with cells from the true chloride current since both these 

currents have similar time- and voltage-dependence characteristics. However, early 

pharmacological studies were able to show the presence o f chloride channels (Stanfield, 

1971), and suggested the existence o f chloride currents in skeletal muscle.

All ions, whether positively charged or negatively charged do not pass easily through 

plasma membranes. The difi&cultly arises from the associated charge with the ion and the 

degree o f ion hydration. Channels are speciahsed pores associated with the plasma 

membrane and with the membrane o f organelles which allow the movement o f ions 

through the membrane. The channel provides a non-hydrophobic area, therefore making 

the passage of ions easier. Channels are diverse and are differentially regulated depending 

on the type of channel For example, there are channels that are opened following changes 

in the membrane potential o f the cell, as commonly seen in neurons. Similarly, chloride 

charmels may be activated by the binding o f a specific hgand.

Chloride ions are passively transported across the plasma membrane, but the chloride 

channels found m intracellular organelles can be associated with active cation transport, 

this is the case for lysosomes (Tilley et al, 1992). Patch clamping has identified many 

different types o f chloride channel and demonstrated that these channels represent a 

diverse group.
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Chloride ion channel blockers are available, however, they are not specific. The stilbene 

derivatives are a common group o f chloride channel blockers which include 4,4'- 

diisothiocyanstilbene-2,2'-disulfonic acid (DIDS) and 4-acetomido-4'- 

isothiocyanatostilbene-2,2'-disulfonic acid (SITS). DIDS and SITS work by blocking the 

transport o f many anions. For example, DIDS blocks the movement o f bicarbonate ions 

which interferes with the progesterone activated acrosome reaction (Sabeur and Meizel, 

1995).

On the basis of fimctional properties such as voltage and agonist dependence, conductance 

and sensitivity to channel blockers, chloride channels can be divided into the following 

main categories:

1. Background Chloride Channel

2. Double Barrelled Chloride Channel

3. Maxi Chloride Channel

4. Ligand activated Chloride Channel

1.11.1 Background Channels

Background channels have been found in a variety o f tissues and organisms. The opening 

of these channels is not highly dependent on voltage, e.g. in human lung epithehum large 

changes in the voltage do not increase the likelihood o f the background chloride channel 

opening (Welsh et a i,  1986). However, in the rat myotube, the background chloride 

channel is opened following depolarisation (Blatz and Magleby, 1985). There are several 

reagents that will block background chloride channels, e.g. anthracene-9-i carboxylic acid
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(9 AC). 9 AC blocks rat skeletal fibre and human tracheal epithelium chloride channels 

(Welsh et al, 1986). Chloride background channels may also be permeable to other anions 

(Franchioni and Nonner, 1987) and to some cations (Blatz and Magleby, 1985).

One very inq)ortant human chloride background channel is the lung epithelial chloride 

airway channel, the malfimction o f which results in the disease, cystic fibrosis (CF) 

(Frizzel et al, 1986). The movement of chloride ions out o f airway epithelial cells is 

essential for the normal secretion from the lung. In CF there is a decrease in the chloride 

conductance in airway epithelia, which interferes with mucocilliary clearance (Riordan et 

al., 1987). The chloride channel in these cells can be activated following depolarisation 

in CF patients and in normal patients (Frizzel et a l, 1986), indicating that the voltage 

gated mechanism is intact during the disease. Studies with p-adrenergic agonists have 

indicated that the airway chloride channels could be activated in normal patients but not 

in CF patients (Welsh and Liedtke, 1986). In addition to this, it was found that an increase 

in cAMP by isoprenaline was observed in normal patients but not in CF patients. This 

indicated that cyclic AMP was a mechanism for regulating the chloride channels and that 

this mechanism was defective in CF patients (Schoumacher et al, 1987). In addition to 

PKA activation o f the chloride channel, PKC may activate the chloride channel which is 

also defective in CF patients (Li et a l,  1989).

1.11.2 Double Barrelled Channels

These channels have only been extracted from the electroplax cells o f the electric marine 

ray. Torpedo californica. The voltage gating o f this particular channel is rather
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complicated compared to other chloride chammels as the gatimg imvolves a slow process

which both activates and imactivates the chammeL There is also a fast process that operates

only whem the channel is active. Pharmacological blocking agents include DIDS. The

biological role o f this form of channel is not clear but it is believed that this channel is
as

important for generating very large conductances, which may be used^a source o f electric 

current for stunning prey (White and Miller, 1979).

1.11.3 Maxi chloride Channels

These channels have a very high conductance although they are not very common.

The maxi channel is highly ion selective, yet they have a measurable permeabihty to 

sodium ions (Gray et a l,  1984). These channels are activated at 0 milli Voltsi'mV) but 

following the polarisation o f the membrane, they are inactivated (Blatz and Magleby, 

1983). The pharmacology of these channels requires fiuther study, although SITS will 

inactivate these channels. An example of the maxi chloride channel is found in the calcium 

activated chloride channel Xenopus laevis oocytes. It is not uncommon for the maxi 

chloride channel to be modulated by other agents in addition to voltage changes (Young 

e ta l ,  1984).

1.11.4 Ligand Gated Chloride Channels

In these channels, activation is achieved by the binding o f a hgand to the channel.

In the brain, gamma amino butyric acid (GABA) is an inhibitory transmitter reponsible 

for synaptic inhibition. The GABA receptor is a chloride channel which is modulated by
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the ligand, GABA. The binding o f GABA to its receptor increases the chloride 

conductance and hyperpolarises the cell, therefore preventing neuronal firing.

Another example o f a Hgand gated chloride channel is the calcium activated chloride 

channel. Studies on this type o f chloride channel activation have been made on the rat 

lachrymal gland (Evans and Marty, 1986).These channels are corqplementary to the 

calcium activated potassium channels which repolarise the ceU after depolarisation.

Chloride channels therefore present a diverse group. There are additional chloride 

channels that have been discovered. For example there are chloride channels that are 

activated when the ceU volume decrease, resulting in a regulatory volume decrease 

(RVD). Further chloride channels include those that are activated by G-proteins, for 

example, in rat acinar ceUs fi*om the mandibular saHvary gland, chloride channels are 

directly regulated by G-proteins (Martin, 1993). Metabohtes may also activate chloride 

channels, e.g. arachidonic acid metabohtes activate chloride channels (Doroshenko, 1991; 

Hwang e/fif/., 1990).

1.12 The Leydig cell and chloride channels

Until recently, there has not been very much in the hterature to demonstrate that chloride 

channels have a role in reproductive biology. Evidence for the role o f chloride ions 

in the rat Leydig ceU have come fi*om the identification o f potassium and chloride 

conductances (Duchatehe & Jofifre, 1987) which contribute to the resting membrane 

potential o f the unstimulated Leydig ceh. The chloride conductance contributed a far
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smaller proportion of the resting membrane potential compared to the potassium current 

but it was found that the chloride conductance was increased transiently when the cells 

were inhised whh ovine LH (oLH) or with hCG (Duchatelle and Joflfre, 1990). There was 

no effect on the potassium conductance. These results were repeated when the cells were 

treated with mixtures o f GTP/ATP. The specificity o f these effects to chloride ions was 

indicated when substituting chloride with glutamate failed to increase the chloride 

conductance. The increase in the outward chloride conductance and therefore the efflux 

of chloride from the Leydig cell is believed to depolarise the cell during stimulation. From 

the findings o f the rat Leydig cell studies it has been hypothesised that the chloride 

conductance may be important in regulating the secretion o f testosterone in a similar 

manner to the stimulus secretion found in the apical epithelium o f the lung, which is rehant 

on the movement o f chloride. However, this seems an unlikely mechanism since the 

lipophihc nature of testosterone should nullify any need for active secretion o f the steroid. 

The use o f the stilbene chloride channel blockers DIDS and SITS indicate that there are 

chloride channels at the rat Leydig cell plasma membrane. Both chloride channel blockers 

inhibited the calcium-activated chloride current (Noulin and Joffie, 1993)

Studies on rat Leydig cell steroidogenesis, (Choi and Cooke, 1990) and chicken granulosa 

cell steroidogenesis, (Morley et al,  1990) have demonstrated that extracellular chloride 

will influence the synthesis o f steroids. The replacement o f chloride with gluconate salts 

potentiated sub-maximal dbcAMP-stimulated testosterone in rat Leydig cells (Choi and 

Cooke, 1990) and in the chicken granulosa cell, chloride replacement caused a decrease
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in LH-stimulated progesterone production (Morley et al., 1990). These conflicting

findings may reflect dilBFerences between male and female tissues and dififerences arising

between species. In fiuther studies on the rat Leydig cell, the efifect o f the chloride channel 
|(Duchatelle and Jof&e, 1990)

blocker SITS was studied. SITS was found to inhibit testosterone production at those low 

concentrations of LH\Afiich do not stimulate cAMP accumulation. Such observations are 

compatible with a role for chloride in steroidogenesis at concentrations o f LH where httle 

cAMP is produced and imply that chloride channels have a putative regulatory role in 

Leydig cell steroidogenesis. The dififerences found between the Leydig cell and the 

granulosa cell suggest that chloride ions have very separate roles in male and female 

steroidogenesis.

Chloride ions have been impUcated in testicular function in further ways, notably in 

epididymal fimction. The epididymis is hqportant in the maturation of spermatozoa and 

in providing a specific ionic environment for maturation. Associated with the epididymal 

cells are found p-adrenergic receptors (P-AR) which when active, stimulates the 

generation o f cAMP and calcium secondary messengers. Both cAMP-activated chloride 

conductances and calcium-activated chloride conductances have been measured fiom 

epididymal cells (Chan et a l,  1994). The findings suggest that both cAMP and calcium 

signal transduction pathways modulate the epididymal adrenergic system These pathways 

may in turn influence epididymal chloride currents and therefore epididymal fimction.
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It can be seen that chloride may be important at different levels o f testicular function and 

may be essential in the regulation o f steroidogenesis and perhaps even in the regulation 

of the epididymal ionic environment and spermatozoa maturation.

1.13 Cell model used for the investigations

The cell model used in these studies are based on 1 the mouse tumour (MA-10) Leydig 

cell line. This cell line was derived by Dr. Mario Ascoh from a spontaneous transplantable 

Leydig cell! tumour I  (M5408P) (Ascoh, 1981). From this tumour 5 clonal lines were 

obtained and subsequently tested for their abhity to bind hCG and to produce 

testosterone. The five clones isolated were MA-10, MA-12, MA-14, MA-16 and MA-18. 

From the 5 clones, 2 were found to bind significant quantities o f hCG:MA-10 and MA-12. 

When these clones were treated with LH, cholera toxin (CT) and 8-bromo cychc AMP 

(8 Br cAMP), there were similar amounts of steroid produced in response to the agonists. 

However, the main steroid produced was progesterone and not testosterone. This was 

attributed to the loss of 17a hydroxylase activity. These cehs do provide a stable ceh line 

and in particular, the MA-10 clone has been used successfiihy to study the regulation o f  

Leydig ceh steroidogenesis. The MA-10 ceh line utihses cAMP as the main signalling 

pathway but there is evidence to show that the inositol triphosphate/diacylglycerol 

pathway can be activated in these cehs via a non-LH mechanism (Ascoh et al,  1989).
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1.14 Aims of the investigations in this thesis

Both biochemical and electrophysiological studies have indicated that chloride ions may 

have a regulatory role in the control of steroidogenesis (Duchatelle and Jof&e, 1987; Choi 

and Cooke, 1990). The aim of the thesis was to elucidate the mechanisms involved. The 

mouse tumour Leydig cell line, MA-10, was chosen as a model because it responds to LH 

via the cAMP pathway to stimulate steroidogenesis and it can also be grown in large 

quantities. The influence of chloride ions on basal and dbcAMP-stimulated steroidogenesis 

were studied. For examining the effects o f cAMP, the cAMP analogue, dbcAMP, was 

used in order to determine the effects o f chloride downstream from the LHK In addition 

the effects o f chloride ions on basal cAMP levels were investigated and the interactions 

between the LHR and ^̂ Î-hCG was measured to see whether the ionic environment 

influenced the binding o f LH to its receptor.

The activities and the expression o f P450gggg and SpHSD enzymes were investigated to 

determine how extracellular chloride influences these enzymes.

Finally, an examination was made on the effects o f chloride on the expression o f key

steroidogenic proteins, StAR, P450j^ and 3 pHSD. This latter analysis was performed on

isolated MA-10 mitochondria, 

were
Additional aim s to investigate the interaction between chloride and calcium ions and

and
the dependency o f chloride ions on proteinsW protein synthesis.

This thesis describes for the first time the effects o f chloride omission on basal and 

dbcAMP-stimulated progesterone production in the MA-10 cell at the level o f steroid 

production, the StAR protein and general protem synthesis.
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c h a p te r  T w o: M a te r ia ls  a n d  M e th o d s
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2.1 Materials

L[methyl-^H] methionine, (70 Ci/mmol), pH ]-pregnenolone (19.9 Ci/mmol) and [1,2,6,7- 

^H] progesterone (95 Ci/mmol) and Na (1 mCi) were purchased from Amersham 

(Aylesbury, Bucks, U.K.). Calcium acetate, chloroform, ethanol, glucose, magnesium 

sulphate, methanol, potassium chloride, potassium dihydrogen phosphate, potassium 

glutamate, potassium iodide, propanol, sodium acetate, sodium glutamate and sodium 

hydroxide were purchased from British Drug House (BDH Laboratories, Poole, Dorset, 

U.K.). Bio-Rad protein dye was obtained from Bio-Rad (Bio-Rad Laboratories Ltd. 

Herts, U K ). Glass borosilhcate tubes, 6, 24 and 96-well tissue culture plates and tissue 

culture flasks were obtained from Coming (Coming, New York). Waymouth's tissue 

culture medium was obtained from Life Technologies Ltd (Uxbridge, Middlesex, U K ). 

HEPES (N-2-hydroxy-ethyl-piperazine-N’-2-ethane sulphonic acid), polyethylene glycol 

and pregnenolone antibody were purchased from ICN Biomedicals Inc. (Aurora, Ohio). 

Heat inactivated donor horse serum was obtained from Imperial Laboratories, (Andover, 

Hants, U K). Pure hCG (Img/ml vial, lot CR-127) was donated by the National Hormone 

and Pituitary Program (Bethesda, USA). Silica 60 aluminium thin layer chromatography 

plates with fluorescence indicator (20 x 20 cm) were bought from Merck (Darmstadt, 

Germany). C^g-Sep-Pak cartridges were obtained from MiHpore Corporation, 

Massachusetts, U.S.A.). Ultima Gold Liquid Scintillant was obtained from Packard 

(Pangboume, Berkshire). G-25 M Sephadex column (PD-10 Columns) were purchased 

from Pharmacia Biotech (Herts, U K ). Profasi (cmde) hCG was bought from Serono 

Laboratories (Welwyn Garden City, Herts, U K ). Acetic anhydride, P-nicotinamide
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adenine dinucleotide (reduced form, grade IQ di-sodium salt), bovine serum albumin 

(Fraction V), cell scrapers, 22(R) hydroxycholesterol (5-cholestene-3p, 22 [R] diol), 

cycloheximide, dextran T-500, N ,̂ 2-0-dibutyryl adenosine 3':5'-cychc monophosphate 

(sodium salt), EGTA (ethylene glycol bis N,N,N'-tetra-acetic acid), gelatin, gentamycin, 

hydrogen peroxide, lactoperoxidase, nitrotetrazohum blue (2,2'-di-p-nitrophenyl-5-5' 

dq)henyl-3-3'-[3,3'-dimethoxy, 4'-diphenylero] tetrazlohum chloride), phosphate buffered 

saline (without magnesium chloride and without bicarbonate), polyethylene glycol, 

potassium gluconate, pregnenolone [5-Pregn-3 p-ol-20-one], progesterone [4-Pregnene- 

3,20-dione], sodium azide, sodium chloride, sodium gluconate, triethylamine, trypan blue, 

trypsin-EDTA, and succinyl-cAMP tyrosyl methyl ester (ScAMP-TME) were all 

purchased from Sigma (Sigma Cong)any, Poole, Dorset). Filter paper (size 42.5 mm) was 

bought from Whatman International Ltd. (Springfield Hill, Maidstone, Kent). 

Cyanoketone and SU 1063 were kindly provided by Dr F.F.G. Rommerts from the 

Erasmus University Rotterdam, The Netherlands. Progesterone antibody was kindly 

provided by Dr Sauer from the Central Veterinary Laboratories (Weybridge, Surrey, 

U.K.). Antibodies for 3p hydroxy steroid dehydrogenase and cytochrome P450^ccWere 

generous gifts from Dr N. Cherradi and Dr A. Capponi (Division of Endocrinology, 

University o f Geneva, Switzerland).
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2.2 Methods

2.2.1 Growth and Maintenance of MA-10 cells

MA-10 cells were grown as monolayers in 175 cm̂  culture flasks in Waymouth's medium 

supplemented with 15% (v&) horse serum and 0.1% (v/v) gentamycin at 37“C under 5% 

C02in air until confluent. To prepare cells for experiments, the spent culture medium was 

removed and the cell monolayer was wadied twice with 10 ml calcium-fi*ee PBS. To each 

flask was added 4 ml porcine trypsin 0.5% (w/v) containing 0.2% (w/v) EDTA and the 

flasks were returned to the incubator until the cells had detached fi’om the flask surface. 

Tryp sinisation was terminated by the addition of 40 ml Waymouth's medium supplemented 

with 15% (v/v) horse serum The cell suspension was centrifuged in sterile universal 

containers at 250 x g for 5 minutes at ambient temperature to pellet the cells. The cell 

pellets were resuspended in 1 ml Waymouth's medium supplemented with 15% (v/v) horse 

serum, pooled then made to a final cell suspension volume o f 10 ml with Waymouth's 

medium supplemented with 15% (v/v) horse serum To quantify the cells, 20pl 0.4% (v/v) 

tiypan blue was added to 20pl o f cells in an eppendorf micro-test tube and the number o f  

viable cells was determined. The cells which were viable did not take up the trypan blue 

dye.

For e?q)eiiments in 6-well plates, for exanq)le m the binding studies, cells were seeded at 

a density o f 1x10  ̂cells/well. For studies in 24-well plates, such as the 3 pHSD studies, 

cells were seeded at 1x10  ̂cells/ml For the kinetic studies and all the dbcAMP-treatments, 

cells were seeded at 2x10^ cells/0.25 ml in 96-well plates.

Cells were cultured for 48 hours under the conditions stated for culturing the cells as
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monolayers and were used for experiments on the second day o f the culturing period or 

as stated in the individual experiments.

2.2.2 Diaphorase cytochemistry (cell viability)

Cells were plated in 24-well plates at a density o f 1x10  ̂cells/ml and cultured for 48 hours.

On the day of the e?q)eriment, the cells were incubated in Waymouth's medium, chloride-

replete and chloride-free buffers for 2 hours. After 2 hours, the medium was replaced with

fresh identical buffers with and without 5mM dbcAMP and cells were incubated for a

further 2 hours. The supernatants were removed and to the cells was added 400 pi reagent

mixture that contained 1 mg/ml nitroblue tetrazohum, 3mg/ml NADH and 0.0IM

phosphate buffer. This reagent was left for 30 minutes and was then removed and the cells

fixed with an ethanol/formaldehyde solution 50:10 (v/v). Viable cells were colourless and

damaged cells were blue. The viabihty was determined for 4 fields and expressed as 

percentage viable cells.
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2.3 Chloride and Calcium Buffers:

Cl-replete/Ca-
replete

Cl-free/Ca-
replete

Cl-replete/Ca-
free

Cl-free/Ca-
free

NaCl 140 mM --- 140 mM ---

Na gluconate — 140 mM --- 140 mM

KCl 5 mM --- 5 mM ---

K gluconate --- 5 mM 5 mM

Ca acetate 1.8 mM 1.8 mM --- ---

MgSO, 1 mM 1 mM 1 mM 1 mM

Glucose 10 mM 10 mM 10 mM 10 mM

HEPES 10 mM 10 mM 10 mM 10 mM

BSA 0,1 gÆ. 0.1 gÆ. 0.1 g/L 0.1 gÆ.

EGTA --- --- 1 mM 1 mM

All buffers were prepared with double distilled water and were adjusted to pH 7.2-T.4 

with sodium hydroxide and ethanoic acid. The osmolarity was also measured for these 

buffers and was in the range 290-300milhosmoles/L(mOsm).

2.4 Waymouth*s Medium

This is a commercially supplied medium that was used to examine the concentration 

dependent effect o f dbcAMP on MA-10 cells. Waymouth's medium was also used to 

study the effect o f dbcAMP on the MA-10 cell response during EGTA-treatment. 

During the study o f steroidogenic acute regulatory protein (StAR), ceUs were also 

incubated and stimulated in Waymouth's medium When used in these experiments 

Waymouth's medium was supplemented with 0.1% (w/v) BSA. During calcium-free
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studies Waymouth's medium was also treated with ImM EGTA.

2.5 Depolarising Buffers

In experiments where the MA-10 cells were exposed to depolarising conditions the 

sodium and the potassium concentrations were reversed. The concentration o f the 

sodium salts was decreased by 75 mM to 65 mM and the potassium salts were 

increased by 75 mM to 80 mM altering the Na /K  ̂ratio from 28: l! to 0.80 :1.0

Components of the depolarising buffers:

Cl-replete/Ca-
replete

Cl-free/Ca-
replete Cl-repleteA)ep Cl-free/Dep

NaCl 140 mM --- 65 mM ---

Na gluconate --- 140 mM --- 65 mM

KCl 5 mM --- 80 mM ---

K gluconate --- 5 mM --- 80 mM

Ca acetate 1.8 mM 1.8 mM 1.8 mM 1.8 mM

MgSO, 1 mM 1 mM 1 mM 1 mM

Glucose 10 mM 10 mM 10 mM 10 mM

HEPES 10 mM 10 mM 10 mM 10 mM

BSA 0.1 gA. 0.1 gA. O.lgÆ. O.lgÆ.
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2.6 O.OIM Phosphate Buffer pH 7.0

Concentration Volume for phosphate buffer

0.2M NaH^POj (3.10 g/100 ml) 19.5 ml

0.2MNaHPO4 (7.17 g/100 ml) 30.5 ml

The buffers were made up to a litre with double distilled water and was stored at 4 “C.

2.7 PAS-gel Buffer

This was prepared as follows in O.OIM phosphate buffer by adding 

0.14 M sodium chloride (8.19 g/L)

0.3 mM sodium azide (19.5 mg/ml)

O.lg/L gelatin

The gelatin was added last of all and was dissolved by gently heating the solution.

The PAS-gel was placed in glass bottles and stored at 4°C. The PAS-gel buffer was 

kept for 4-6 weeks.

2.8 Charcoal Solution

1 g dextran T 500 was dissolved in 0.01 M phosphate buffer and to this was added 

2.5g charcoal. This was mixed in a cold cabinet at 4°C and was stored at 4 “C and was 

kept for 4-6 weeks.

2.9 Sucrose buffer for homogenisation of MA-10 cells

This contained 250 mM sucrose, 10 mM potassium dihydrogen phosphate and 1 mM

76



ethylinediamine tetracetic acid (EDTA). This bufifer was prepared in double distilled 

water and was adjusted to pH 7.4 with 10 mM potassium hydroxide.

2.11 Protocol for the investigation of chloride replacement on basal progesterone 
production

In these investigations buffers were prepared to examine the effect o f large changes o f  

extracellular chloride on non-stimulated (basal) progesterone in MA-10 cells.

Buffers containing 0, 5, 30, 55, 85, 110 or 145 mM chloride were prepared. Potassium 

chloride was replaced with equimolar potassium gluconate and was therefore maintained 

at a constant concentration of 5 mM. The exlxacellular sodium chloride content was varied 

by substituting sodium chloride with equimolar sodium gluconate. Spent culture medium 

was replaced with buffers that were pre-warmed to 37°C and the cells were incubated for 

2 hours. After 2 hours the medium was retained for progesterone determination by RIA. 

The buffers were replaced with ft̂ esh, identical buffers for a fiirther 2 hours. After this time 

10 pi 3M perchloric acid was added to each well to give a final concentration o f 0 .115M 

perchloric acid and the plates were sealed and fi^ozen at -20°C until the progesterone 

content was determined by RIA after thawing cells and neutrahsing the cell contents with 

2 .16M potassium triphosphate (final concentration 0.154 M).

2.12 The effect of stimulating with 0.1 mM dbcAMP in varying extracellular 
chloride concentrations

Cells were incubated in the following chloride buffers: 0, 30, 55, 85, 115 and 145 mMfor 

2 hours. The buffers were replaced with chloride-replete or chloride-fi*ee buffer with 0.1
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mM dbcAMP and incubations were continued for a further 2 hours. After this, the 

incubations were terminated as before and the cells stored at -20 ®C prior to RIA of 

progesterone after thawing cells and neutralising the cell contents with 2 .16M potassium 

triphosphate (final concentration 0.154 M).

2.13 The effect of chloride and Waymouth's medium on dbcAMP-stimulated 
steroidogenesis

On the day o f the experiment the spent culture medium was removed and the cells 

incubated for 2 hours with either chloride-replete buffer, chloride-jftee buffer or 

Waymouth's medium that was pre-warmed to 37“C. For the next 2 hour incubation 

period, the buffers were removed and replaced with identical buffers as used in the pre

incubation period but containing 0-5 mM dbcAMP. At the end o f the 2 hours, 

steroidogenesis was terminated with 10 pi 3M perchloric acid (final concentration 

0.115M). The wells containing the cells were immediately sealed with parafilm and stored 

at -20 “C until the determination o f progesterone by RIA after thawing cells and 

neutralising the cell contents with 2.16M potassium triphosphate (final concentration 

0.154M).

2.13.1 The effect of calcium and chloride on dbcAMP-stimulated steroidogenesis

For the investigation o f calcium and chloride, cells were pre-incubated for 2 hours in 

calcium-firee/chloride-replete and calcium-fiee/chloiide-firee buffers or in EGTA-treated 

Waymouth's medium. The media were replaced with identical buffers containing dbcAMP 

in the concentration range 0-5.0 mM. The cells were treated for 2 hours after which
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steroidogenesis was terminated with 10 ^13M perchloric acid and the cells were sealed 

and stored at -20 °C until progesterone content was determined by RIA after thawing cells 

and neutralising the cell contents with 2 .16M potassium triphosphate (final concentration 

0.154 M).

2.14 Investigations with 22R-hydroxy (22R-OH) cholesterol in chloride-replete and 
chloride-free buffers

Chloride-replete and chloride-free buffers were pre-warmed and the control cells were 

pre-incubated in these buffers. When 22 R-OH cholesterol was used as a substrate, cells 

were pre-incubated with cyanoketone (5 pM) and SU10603 (20 pM), (inhibitors o f  

3 pHSD and 17a hydroxylase respectively), for fifteen minutes. For cells to which 22 R- 

OH cholesterol was added as the substrate, 22 R-OH cholesterol was prepared as a 5 mM 

stock in absolute ethanol For cells to be treated with 22R-OH cholesterol, 20 pM and 50 

pM 22 R-OH cholesterol (final concentration) in a final concentration o f 2% (v/v) ethanol 

was added. The effect o f 2% (v/v) ethanol on the cells was controlled for in both 

untreated cells and in cells stimulated with 0.1 mM dbcAMP. This was done in parallel 

with a normal control o f the cells (not containing ethanol). These manipulations were 

performed in chloride-replete and chloride-free buffers. The cells were stimulated for 2 

hours, after which steroidogenesis was terminated with 10 pi 3M perchloric acid (final 

concentration 0.115M) and the cells were sealed and stored at -20 °C until pregnenolone 

content was determined by RIA after thawing cells and neutrahsing the cell contents with 

2 .16M potassium triphosphate (final concentration 0.154 M).
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2.15 SpHydroxysteroid dehydrogenase activity studies

The cells were cultured for 48 hours. Each plate was divided such that there were 

triplicate wells for the chloride-replete and the chloride-free incubations. There were 

triphcate cell-free wells which were included as "background" wells. These wells were 

treated identically to the wells containing cells and were used to estimate the rate o f  

background conversion o f substrate in the absence o f 3 pHSD.

On the day o f the experiment the spent medium was removed and replaced with either

chloride-replete or chloride-free buffer that was pre-warmed to 37°C, and cells were

incubated for 2 hours, after which the medium was removed and was replaced with

identical buffers for a further 2 hours. After 2 hours the cell medium was removed and

each well received 1 ml o f substrate (containing: IpCi ^H-pregnenolone and a final
I pregnenolone

concentration of 10 pM pregnenolone) in the appropriate buffer. The substrat^ was added 

to the wells and was left for fifteen minutes at 37 “C. The buffer from each well was then 

transferred to glass culture tubes. Chilled chloroform (2 ml at 4® C) was added. The tubes 

were vortexed thoroughly and centrifuged at lOOOx g for 30 minutes at 4®C. After this 

step, two layers were observed, a dense organic layer and a supernatant layer. The latter 

layer was removed with a glass Pasteur pipette. The organic layer was evaporated to 

dryness under nitrogen on a heating block. The residue was re-constituted in 50 pi 

ethylacetate containing a final concentration of 10 mM progesterone. The residue was 

vortexed and apphed carefiilly to a TLC plate. The plates were run in a resolving mixture 

containing chloroform and ethanol 92:8 (v/v). The samqples were run for 90 minutes and 

the progesterone was visuahsed under ultra violet (UV) hght (254 nm). The regions
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corresponding to pregnenolone and progesterone were recovered by scraping. The 

contents were placed into maxi-vials. Liquid scintillant was added (10 mis) and the 

contents vortexed before Hquid scintillation counting (LSC) in a Beckman (LS 5000 CE) 

p-counter.

^  I R f for progesterone is 0.73 R f for pregnenolone is 0.65

2.16 The incorporation of p H]-methionine in MA-10 cells

These measurements were made on MA-10 cells incubated in chloride-replete, chloride- 

free and in Waymouth's medium On the day o f the experiment, cells cultured in 175 cm̂  

flasks were trypsinised (as in section 2.2,1) and seeded at a density o f 2 x 10  ̂cells/well 

into 6-well plates. The cells were left to attach to the plates (within I-P/2 hours). After 

this time the culture medium was removed and the cells replaced with either chloride- 

replete, chloride-free buffer or Waymouth's medium containing 10 mM methionine and 

were incubated for 2 hours. After this, the medium was removed and the cells were 

washed twice with 1 ml methionine-free media. To the cells was added 5 ml methionine- 

free medium appropriate to the buffer. To the control cells to check that protein synthesis 

inhibitors were working, actinomycin D (transcriptional inhibitor) (5pg/ml) and 

cylcloheximide (translational inhibitor) (10 pg/ml) were added 30 minutes prior to adding 

pHj-methionine (70 Ci/mmol). Control and the treated cells were incubated for 4 hours. 

After this, the medium was removed and the cells washed twice in methionine-replete 

buffer (containing 10 mM unlabelled methionine). The cells were scraped in 1 ml PBS pH

7.4 containing 1% (w/v) BSA and 10 mM unlabelled methionine and transferred by a glass 

Pasteur pÿette to a 1ml hand held glass homogeniser. The cells were homogenised for 1-2
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minutes and three aliquots of the homogenate (100 gl) were taken. Each homogenate was 

placed on a Whatman paper filter (42.5 mm diameter) which had been pre-washed in 

PB S/BSA/methionine buffer. The protein fi'om each ahquot was precipitated with 3 x 1  

ml 10% (w/v) TCA containing 10 mM unlabelled methionine. The filter was then placed 

in a maxi vial to which was added 10 ml hquid scintiUant and then counted in a Beckman 

p scintillation counter.

2.17 Biorad Protein Assay

The method used is a modified Bradford protein assay (Bradford, 1976). Protein standards

were prepared using 1 mg/ml BSA in 0.5 M NaOH. Bio-Rad protein dye was prepared

by diluting the dye 1:5 (v/v) in distilled water and was thoroughly vortexed.
wh^BSA

The standard curve was prep&ed in the concentration range 0-500 pg/ml in glass tubes. 

The protein samples were diluted appropriately in glass tubes and to each tube was added 

1ml Bio-Rad dye solution. The tubes were vortexed and 250 pi protein solution was 

transferred in triphcate to a 96-weh plate. The blanks contained the diluent assay buffer. 

After this, the plate was read at absorbency wavelength o f A595 nm and the sanq)le protein 

concentrations were calculated on the basis o f the standard curve.
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2.18 lodination of succinyl-cAMP tyrosyl methyl ester (ScAMP-TME)

The Ci8 Sep-pak colunm was washed with 20 ml pure methanol followed by 20 ml 

distilled water. For the iodination reaction, 20 pi 0.5 M potassium dihydrogen phosphate 

(pH 7.0), 20 pi ScAMP-TME (800 ng in 0.005 M sodium acetate, pH 4.75) and 10 pi Na 

(1 mCi) were placed in a tube. The reaction was initiated by the addition o f 5 pi 

chloramine T (in 0.5 M potassium dihydrogen phosphate). The test tube was immediately 

capped and thoroughly vortexed for 1 minute. The reaction was terminated by the addition 

o f 50pl sodium metabisulphite, (5 mg/ml in water), followed by 800 pi 0.1 M sodium 

acetate buffer (pH 4.75). The reaction mixture was then loaded onto the Sephadex column 

and then eluted with propan-1-ol/sodium acetate buffer (0.1 M) in the proportion 

17.5:82.5 (pH 4.75). One ml fractions were collected in tubes and the radioactivity o f 

these fractions was determined. The fractions were pooled and diluted with propan-l-ol 

to give a final propan-l-ol concentration o f 30% (v/v). The iodinated cAMP conjugate 

was placed in 1 ml eppendorf micro-test tubes m a lead pot and stored at -20“C.

2.19 Iodination of glycosylated hCG

hCG was iodinated in accordance with the method o f Thorell and Johansson (1971). A  

PD-10 column (Pharmacia Biotech,) was prepared by running a 30 ml solution o f O.OIM 

PBS (0.9% w/v NaCl) containing 0.1% (w/v) BSA through the column. At the top o f the 

column a smaU quantity o f this buffer was left to prevent the column drying out. The 

reaction mixture was prepared by adding to 10 pg pure hCG (in 0.2M PBS, pH 7.4),

15 pi PBS, 10 pi ^̂ N̂a (1 mCi) and 10 pi 0.5 mg/ml lactoperoxidase (in 0.05M PBS). To
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initiate the iodination reaction, lO îl 0.007% (v/v) hydrogen peroxide (lOpl o f hydrogen 

peroxide in 150 ml double distilled water) was added. This mixture was stirred with a 

micro-flea for 1 minute before terminating the reaction with 1 ml O.OIM PBS buffer 

containing 0.1% (w/v) sodium azide and lOmM potassium iodide (10 ml O.OIM PBS, 10 

mg sodium azide and 16.6 mg potassium iodide). After this the reaction mixture was 

loaded onto the PD-10 column and run through the column. This column was then eluted 

with 5 ml ahquots o f PBS containing 0.1% (w/v) BSA. The first 8 drops o f the iodination 

mixture were collected in a glass tube and then 4 drops were collected in each of the 

remaining tubes, usually into 30 tubes in total. The radioactivity o f the fractions was 

determined and the iodinated hCG was ahquoted in 1 ml eppendorf-micro test tubes and 

stored in lead pots in the freezer at -20 “C.

2.19.1 Determination of thespecific activity of iodinated hCG

It was necessary to calculate the specific activity of ^̂ Î-hCG each time that this was 

prepared. This is done by performmg a displacement study, which is a conq)etition 

between a constant amount o f '^ Î-hCG and a range o f concentrations o f pure hCG 

(obtained from the National Hormone and Pituitary Program, 1 mg/ml vial, lot CR-127). 

The 175 cnf flasks containing the cells were washed twice with 10 ml PBS and the cells 

trypsinised with 4 ml trypsin-EDTA. Flasks were placed in the incubator for 2 minutes to 

he%) cell detachment. The trypsinisation was terminated with 40 ml Waymouth's medium 

supplemented with 15% (v/v) horse serum Cells were centrifuged at 250 x g for 5 

minutes at ambient ten^erature. The cell pellets were re-suspended in 1 ml o f Waymouth's
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medium supplemented with 0.1% (w/v) BSA. The cell pellets were pooled, made up to 

30 mis in Waymouth's medium and gently shaken prior to centrifugation at 250 x g for 5 

minutes at ambient ten^erature. The centrifugation step was repeated. The cells were 

counted and the volume necessary for 4 xlO  ̂cells/tube was calculated. The cells were 

placed on ice.

The pure unlabelled hCG was stored as lOpg/50 gl aliquots in 0.2 M PBS and 0.1% BSA 

(pH 7.4). To measure the specific activity o f the ^̂ Î-hCG, to one ahquot o f pure 

unlabelled hCG, 950 pi Waymouth's medium containing 0.1% BSA was added. This was 

vortexed and 100 pi serially transferred to tubes on ice containing 900pl Waymouth's 

medium (0.1% (w/v) BSA). The tubes were prepared for the binding study. The ^̂ Î-hCG 

was diluted in ice cold Waymouth's by adding 25 pi ^̂ Î-hCG /ml o f Waymouth's medium. 

To each labelled tube was added 500pl iodinated hCG. This was foUowed by adding 30pl 

pure unlabeUed hCG (obtained from the National Hormone and Pituitary Program, 

Img/ml vial, lot CR-127) for each hCG concentration, range 0-300 ng/ml (in triphcate) 

to the labehed tubes. The cehs were added last o f ah (300 pi) and the remaining 500pl 

volume/tube was made by adding Waymouth's medium. Tubes were shaken by hand, 

covered with parafilm and placed in a cooling cabinet at 4°C for 48 hours to equhibrate. 

After equilibration the tubes were then placed on ice and to each tube o f cehs 2 ml of ice 

cold Waymouth's medium (containing 0.1% (w/v) BSA) was added and the tubes shaken 

by hand. The tubes were centrifuged at 1000 x g at 4°C for 10 minutes. The supernatants 

were aspirated and a further 2 ml ice cold Waymouth's medium was added and the 

centrifugation step repeated. The supernatants were aspirated and the ceh pehets were
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placed on a gamma counter and counted for 1 minute.

After the pellets were counted, a displacement cufve was plotted o f radioactivity /hCG 

concentration. From the linear part o f the curve the hCG concentration corresponding to 

5^%I binding was determined.

2.20 Binding studies

2.20.1 Binding studies in culture wells

Monolayers o f cells were washed twice with 10 ml PBS followed by tryp sinisation with 

4 ml trypsm-EDTA. Tryp sinisation was terminated with 40 ml Waymouth's medium 

supplemented with 15% (v/v) horse serum. The cell suspension was centriftiged at 250 x 

g at ambient tenq)erature for 10 minutes. Cell pellets were re-suspended and pooled 

before being made up to 10 ml with Waymouth's medium supplemented with 15% (v/v) 

horse serum. Cells were seeded at a density of 1 x 10̂  cells/well in a volume of 5 ml of 

Waymouth's medium, supplemented with horse serum as above. The cells were cultured 

for 48 hours at 37 “C. On the day o f the binding study the spent culture medium was 

removed from the cells and replaced with 5 ml o f either chloride-replete or chloride-free 

buffer that was pre-warmed to 37°C and cells were then incubated for 2 hours at 37°C, 

after which, the medium was retained for RIA of progesterone and the medium was 

replaced with identical buffers for a further 2 hours at 37°C.

During the second incubation ^̂ Î-hCG and crude hCG were prepared in chloride-replete 

and chloride-free buffers appropriate to the cell incubations. For each ml o f buffer, 2.5 pi 

iodinated hCG was added and the final solution was kept on ice (the ^̂ Î-hCG was 10 x
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less concentrated than that used for a binding study in tubes). Crude lyophihsed hCG was 

supplied from Serono laboratories in vials containing 5000 international units (hi). To one 

vial was added 1 ml chloride-replete buffer and to another was added 1 ml o f chloride-free 

buffer. The crude hCG was vortexed, transferred to a glass vial and placed on ice.

After 2 hours incubation the plates were immediately placed on ice. The medium was 

removed and the cells were washed 2 x 3 ml in ice cold buffer appropriate to the 

mcubation conditions. Three wells of the six-well plate served as the "Totals" (T) and the 

remaining three wells were used to estimate the "non-specific binding " (NSBs). For cells 

incubated in chloride-replete buffer, to the totals and the non-specific binding tubes were 

added 3 ml of iodinated hCG prepared in chloride-replete buffer. In addition, to the total 

wells was added 90 pi chloride-replete buffer and to the NSBs 90 pi crude hCG prepared 

in chloride-replete buffer was added. This procedure was repeated for cells incubated in 

chloride-free buffer using chloride-free preparations of ̂ ^̂ I-hCG and chloride-free crude 

hCG. The plates were gently rocked and sealed carefiilly with parafilm before being placed 

in a cooling cabinet at 4 “C for 48 hours.

After 48 hours the plates were placed on ice. The wells were scraped on ice with a cell 

scraper. Scraped cells were transferred to labelled glass culture tubes on ice. To the 

scraped cells was added 1ml o f buffer. This was repeated for all the wells in the study, 

carefiilly using separate cell scrapers between different treatments (totals and non-specific 

binding). All the tubes were then centrifiiged at 250 x g at 4°C for 10 minutes. The 

supernatants were aspirated and to the cell pellets were added 2 mis o f either ice cold 

chloride-replete or chloride-free buffer (depending on which buffer the binding study was
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performed in), and the centrifugation step repeated. The supernatants were aspirated and 

the cell pellets were counted in a gamma counter for 1 minute.

2.20.2 Binding in tubes

The cells were trypsinised as in section 2.20.1 and the cells were pelleted down in 

Waymouth's medium supplemented with horse serum. The cell pellets were divided into 

2 groups, one for binding in chloride-replete buffer and in chloride-free buffer. Since this 

type o f binding study was done in tubes, there were no cell incubations in the buffers. 

However, the cell pellets were waidied 3 x in chloride-replete and chloride-free buffers by 

centrifiigation at 250 x g at ambient tençerature for 5 minutes. The cells were 

concentrated by re-suspending in a 5 ml volume and then counted to determine the 

necessary volume o f cells to give 4x10^ cells/ tube. They were then immediately placed 

on ice. For binding in tubes the hCG was lOx the concentration o f hCG normally used for 

binding in cell wells. This was achieved by using 25 pi iodinated hCG/ml buffer instead 

of 2.5 pi iodinated buffer/ml. The ^̂ Î-hCG was stored on ice.

To each tube, 50pl ^̂ Î-hCG was added, to the total tubes was added 30 pi buffer and 

30pl crude hCG was added to the non-specific binding tubes.

The cells were added last o f all (usually 300 pi). If the final volume in the tube after the 

addition o f cells was less than 500 pi, buffer was added to make the volume up to 500 pi. 

This procedure was repeated for the chloride-free binding study. The tubes were gently 

shaken, covered with parafilm and returned to a cooling cabinet at 4°C and incubated for 

48 hours. After 48 hours the tubes were placed on ice and 2 ml ice cold chloride-replete
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buffer or chloride-jfree buffer was added to each tube. The cells were centrifiiged at 1000 

X g at 4 °C for 10 minutes. The supernatants were aspirated and the cells were washed 

again with 2 ml ice-cold buffer as before. The supernatants were aspirated and the cell 

pellets were counted in a gamma counter for 1 minute.

2.21 Radioimmunoassay of progesterone

From a stock o f non-radioactive progesterone (concentration o f stocks i^g/^1 in ethanol), 

a 10 pi aliquot was placed in a glass tube and dried down under nitrogen and then re

constituted in 1 ml o f assay buffer and vortexed. The progesterone stock was diluted by 

serially transferring 500pl to tubes containing 500pl buffer to give 500, 250, 125, 

62.5,31.25, 15.65 and 7.81 pg progesterone/1 OOpl Trçlicate tubes were labelled for total 

binding (T), non-specific bmding (NSB) and for binding in the absence o f any 

progesterone standard, (Bq). In addition, tubes were also labelled in triplicate for the 

diluted standards. To the total, non-specific binding tubes and the Bq tubes was added 100 

pi assay buffer, and to the labelled standard tubes 100 pi diluted standard was similarly 

transferred. The samples were diluted in the range 1:10-1:50 with buffer to give a final 

volume o f 100 p i %-progesterone (95 Ci/mmol, Amersham, Bucks, U.K.) was prepared 

using glass vials m PAS-gel buffer, to give 20,000 counts per minute/100 pi, diluted 

1:5000 (v/v). Progesterone antibody was prepared in glass vials with PAS-gel buffer to 

give a 1:10,000 dilution (v/v).

To the standard curve and to the sangles, 100 pi ^H-progesterone was added. This was 

followed by the addition of 100 pi antibody to all the tubes, except the totals and the non-
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specific binding tubes, to which was added 100 pi PAS-gel buffer. All the tubes were 

vortexed before being covered with parafilm and were incubated at 4 “C overnight. The 

next day a solution of charcoal and dextran was stirred in a cold cabinet at 4° C. To all the 

tubes except for the total tubes, 500 pi o f the charcoal solution was added. Instead of 

adding charcoal, the totals received 500 pi PAS-gel buffer. The tubes containing the 

charcoal were immediately vortexed and centrifuged at 4°C at 1000 x g for 10 minutes. 

The supernatants were decanted into mini-vials and then 2 ml hquid scintillant were added. 

The vials were vortexed prior to counting for 2 minutes on a Beckman p-scintillation 

counter.

2.22 Radioimmunoassay of pregnenolone

The pregnenolone standard (5 mM) was stored in ethanol at -20 °C. This was aliquoted 

out as follows in triplicate, 10, 12.5, 20, 25, 40, 60, 80, 100, 120 and 160 pi to give 50, 

62.5, 100, 125, 200, 300,400, 500, 600 and 800 pg pregnenolone respectively. The 

standards were dried down under a stream of nitrogen on a heating block at 40 and 

following this, were reconstituted in 100 pi assay buffer. The saroples were diluted 

appropriately between 1:10-1:100. pregnenolone (19.9 Ci/mmol, Dupont) was 

prepared in PAS-gel buffer to give 20,000 counts per tube in a glass vial. (^H 

pregnenolone was diluted 1:10,000 (vÂ )). Pregnenolone antibody was also prepared using 

PAS-gel buffer in a glass vial (1:80 (v/v) dilution). To all the tubes in the standard curve 

and for the sanoples was added 100 pi pregnenolone. To the total and the non-specific 

binding tubes was added 100 pi PAS-gel buffer instead o f antibody whereas 100 pi
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antibody was added to the remaining tubes. The tubes were vortexed, covered and 

incubated m the fridge at 4®C overnight to equihbrate. Ahquots o f dextran-coated 

charcoal suspension (500 pi) was added to all the tubes except for the totals which 

received 500 pi PAS-gel buffer. The tubes containing the charcoal were immediately 

vortexed and centrifiiged at 4®C at 1000 x g for 10 minutes. The supernatants were 

decanted into mini-vials and then 2 ml hquid scintihant was added and the vials were 

vortexed prior to counting for 2 minutes on a Beckman scintiUation beta counter.

2.23 Radioimmunoassay of cychc AMP

cAMP was measured using the method o f Steiner et al (1972) to which there was added 

an acétylation step (Harper and Brooker, 1975). cAMP standards were ahquoted in 

triphcate then dried under a stream of nitrogen on a heating block at 40 °C. Standards 

were then t&dissolved in 100 pi assay medium appropriate to the experiment. To totals, 

NSB and B̂ , tubes were added 100 pi assay medium. Sandies were dhuted appropriately 

to give a final volume of 100 pL The acetylating reagent was prepared (in a fiime cabinet) 

by adding 1 ml acetic anhydride to 2 ml o f triethylamine in a glass vial. To ah the tubes 

conçrising the standard curve and the samples, was added lOpl o f the acetylating mixture 

and the tubes vortexed. The tubes were left in the hood for 1-1 Vi hours.

The iodinated cAMP conjugate was prepared in glass vials in 10 mM sodium acetate 

buffer (pH 6.2) and the cAMP antibody (provided by Dr M. Schumacher, Hamburg, 

Germany) was prepared in 0.3% (w/v) bovine gamma globulin (made in PBS), diluted 

1:50 (v/v). To ah the tubes 100 pi iodinated cAMP conjugate was added and this was
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followed by the addition o f 100 1̂ antibody to all the tubes except for the totals and the 

NSB tubes, to which was added 100 pi 0.3% (w/v) gamma globulin without antibody. 

The tubes were vortexed carefiilly, covered with parafilm and lefi; over night at 4°C. The 

following day, 1.6 ml 16% (w/v) polyethylene glycol (PEG- prepared in tap water) was 

added to all the tubes except the totals. The tubes (except totals) were vortexed and 

centrifuged at 3000 rpmfor 30 minutes at 4°C. The supernatants were then aspirated and 

the pellets placed in a gamma counter and counted for 1 minute.

2.24 Isolation of mitochondria from cells incubated with chloride buffers and 
dibutyryl cAMP

MA-10 cells were cultured in Waymouth's medium supplemented with 15% (v/v) horse 

serum and 0.1% (v/v) gentamycin in T-75 flasks until confluent (24 hours). From passage 

the spent medium was removed and the cells were washed twice with 15 ml PBS.

Flasks were pre-incubated in either 20 mis Waymouth's medium, chloride-replete buffer 

or in chloiide-firee buffer for Ihour. One flask was to be used as a control flask and the 

second flask was used for dbcAMP-stimulation. The buffers were then removed and 

replaced with fi*esh identical buffers as follows; to the control flasks 20 ml Waymouth's 

medium, chloride-replete or chloride-fi'ee buffer was added. To the treatment flasks, a 

final concentration o f 0.1 mM dbcAMP was added to chloride-replete and chloride-fi’ee 

buffer. To cells incubated in Waymouth's medium, a final concentration o f 1 mM dcAMP 

was added. The flasks were returned to the incubator for 6 hours.

After 6 hours the spent medium was transferred to universals for assay o f progesterone 

by RIA.
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Flasks incubated in chloride-replete buffer were washed twice with 15 ml protein free- 

chloride-replete buffer (chloride-replete buffer with the omission o f BSA). This was 

repeated for flasks incubated in chloride-free buffer using protein-free chloride-free buffer. 

Similarly, flasks treated with Waymouth's medium were washed with protein-free 

Waymouth’s medium. After the washings, the buffers were removed and 5 ml o f ice cold 

homogenising buffer (250 mM sucrose, 10 mM K2HPO4 and 1 mM EDTA) was next 

added to each flask. The flasks were placed on ice (4°C).

Each o f the following steps was performed at 4°C:

The cells from 1 flask were scraped with a cell scraper and the cells transferred by a glass 

Pasteur pipette to a glass homogenisation tube which was on ice. A further 3 ml of 

sucrose buffer was added to the flask and the cells were scraped again. Cells were 

transferred to the tube, after which a further 2 ml o f sucrose buffer was added. The 

remaining cells were scraped and transferred to give a final cell suspension o f between 10- 

10.5 ml. This procedure was repeated for all the flasks.

The scraped cells were transferred to a Potter-Elvejin homogeniser. The cells were 

homogenised with 20 passes, using a Teflon pestle. After 10 passes the homogenate was 

cooled by placing on ice before con^letion o f homogenisation.
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The homogenates were centrifuged in a Sorvall centrifuge at 800 x g for 10 minutes to

sediment any unbroken cells and the nuclear pellet. The supernatants obtained were

transferred with a glass Pasteur pçette to clean tubes and were placed on ice. The pellets

I  were
were re-suspended in 5 ml sucrose buffer and : again homogenised with 10 passes and 

then this was centrifuged at 800 x g for 10 minutes.

The pooled supernatants were centrifuged at 10,000 g for 20 minutes. Care was taken 

when taking the tubes out of the centrifuge so as to not disrupt the pellets. The pellets 

were re-suspended in 1 ml sucrose buffer and transferred to eppendorf micro-test tubes. 

The eppendorf micro-test tubes were centrifuged in a microfuge at 4°C for 20 minutes at 

13,500 X g. Supernatants were removed and the pellets were retained. At this stage the 

pellets were either stored in hquid nitrogen overnight to be lyophihsed the next day or 

were directly lyophihsed. After lyophihsation the pehets were stored at -20 °C prior to 

being sent to Professor D. Stocco’s laboratory for analysis of 3pHSD, cytochrome 

P450j ĵ  ̂ and StAR protein expression which was carried out as described below.

2.25 Analysis of cytochrome P450^ 3pHSD and StAR expression by Western Blot

Lyophihsed mitochondrial pehets were re-suspended in SDS sample buffer (25 mM 

Tris/HCl, pH 6.8, 1% SDS, 5% mercaptoethanol, ImM EDTA, 4% Glycerol, and 0.01% 

bromophenol blue). The pehets were bohed for 10 minutes and then loaded onto a 12.5% 

SDS-PAGE mini-gel (Mini-Protean II System, Bio-Rad). Electrophoresis was performed 

at 200 V for 45 minutes using standard SDS-PAGE running buffer (25 m Tris-HCl, 192 

mM glycine, 0.1% SDS, pH 8.3). The proteins were electrophoreticaUy transferred to a
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polyvinyidene difluoride membrane (PVD, Bio-Rad) at 100 V for 2 hr at 4 °C in transfer 

buffer (20 mM Tris, 150 mM gylycine, 0.01% SDS, 10% methanol, pH 8.3) The 30 kDa 

immunodetection was performed using antibodies generated in rabbits against StAR 

protein (Research Genetics, Huntsville, L A.)

The membrane was incubated in blocking buffer (PBS buffer containing 4% carnation 

non-fat dry milk and 0.5% Tween-20) at room temperature for 1 hr then incubated in 

fresh blocking buffer containing the primary antibody (rabbit sera containing the specific 

antipeptide antibodies) for an additional hour at room ten^erature. Membranes were 

washed with PBS containing the secondary antibody, mouse anti-rabbit IgG conjugates 

with horseradishperoxidase (j ' Arlington, Heights, Illinois). Membranes were 

washed 5 times for TO minutes each and the specific signal was detected by 

chemiluminescence using the Renaissance kit (Dupont-New England Nuclear, 

Wilmington, Delaware). The StAR specific bands were quantified using Biolmage Visage 

2000 imaging system following correcting of the sanq)les for protein loading differences 

and were expressed as corrected integrated intensity values (Clark et al., 1994).

3 pHSD and P450^^ protein levels were detected on the same blots from the StAR protein 

analysis after striping and probing with specific antibodies to these proteins (Clark et at., 

1994; Cherradi et al., 1994) and were visualised identically to the StAR protein.

Statistics

Quadruplicate incubations were carried out for each treatment in each experiment (except 

those using flasks which were single cultures, the time course studies and the 3pHSD 

studies, which were in triplicate).The statistical analysis performed using analysis o f
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variance (ANOVA). P values o f less than 5% in a two tailed test were accepted as 

statistically significant.
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Ckapter Tkree 

Tke effect of extracellular diloriJe and calcium on 

kasal and dtcAMP-stimulated steroidogenesis
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3.1 Introduction

Electropliysiological studies indicate the presence of chloride channels in rat Leydig cells 

which can be modulated by LH and therefore may be involved in LH-stimulated 

steroidogenesis (Duchatelle and Joffre, 1987). There are a number of chloride 

conductances associated with the rat Leydig ceh, one which is calcium activated 

(DuchateUe and Joflfre, 1987) and there is another that is mdependent o f calcium 

(Duchatehe and Joffie, 1990). The latter chloride conductance is transiently increased by 

LH and with ATP and GTP the increase in the chloride conductance is o f longer duration 

(DuchateUe and Joflfre, 1990).

In the rat Leydig cell, the substitution o f extraceUular chloride with equimolar gluconate 

results in the potentiation of sub-maximal dbcAMP- stimulated testosterone production 

conq)ared to cehs that have been incubated in a chloride-replete buffer (Choi and Cooke, 

1990).

It is estabhshed that extracehular calcium is essential for steroidogenesis in the adrenal 

cortex, ovary and in the testis. However, the degree to wbich the steroidogenic tissues rely 

upon extracehular calcium varies. The calcium requirement for adrenal steroidogenesis 

was estabhshed by Birmingham and coheagues (1953). Later studies showed that low 

stimulating concentrations o f ACTH were far more sensitive to calcium-free conditions 

than higher concentrations o f ACTH (Haskar and Péron, 1972, 1973). LH-stimulated 

progesterone production in rat granulosa cehs has an absolute requirement for 

extracehular calcium (Eckstein et a i ,  1986). In rat Leydig cehs extracehular calcium is 

necessary for maximal LH-stimulated testosterone synthesis since in calcium-free
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conditions the steroidogenic capacity is decreased. However, removing extracellular 

calcium does not permanently inhibit steroidogenesis since the re-addition o f calcium 

restores steroidogenesis in rat Leydig cells (Janszen et a l ,  1976 ; Choi and Cooke, 1992). 

Thus there is a calcium requirement for steroidogenesis in the ovary, adrenal and the 

testis.

In contrast to the calcium requirement for the above tissues, in the MA-10 cell it was 

reported that hCG-stimulated progesterone production is no different when calcium is 

absent compared to stimulation in calcium-replete conditions (Pereira et al., 1988).

The work described in this chapter examines how extracellular chloride influences MA-10 

cell steroidogenesis under basal and dbcAMP-stimulating conditions. In addition, the 

interaction between calcium and chloride during basal and stimulating conditions 

described.
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3.2 Results

3.2.1 Chloride Studies

In figure 3. l i s  shown the effects of varying extracellular chloride concentration on basal 

progesterone production. It can be seen that when all the extracellular chloride has been 

replaced with gluconate, maximum progesterone production was achieved during the first 

incubation (0-2 hours) period and in the second incubation period (2-4 hours). The basal 

progesterone production was significantly higher with no added chloride cotq)ared to 

progesterone production by cells in 145 mM chloride (p^ 0.001). As the chloride 

concentration was increased, there was a decrease in the basal progesterone production. 

The time course for basal progesterone production in chloride-replete buffer and in 

chloride-fi'ee buffers over 6 hours is given in figure 3.2. There was no significant 

difference in progesterone production during the first hour. Thereafter, there was a 1-2 

fold increase in basal progesterone in chloride-free buffer compared to that in chloride- 

replete buffer. Steroidogenesis was significantly higher at 3-4 hours (p^ 0.001) but this 

was not the case between 4 V2 -6  hours.

In figure 3.3 the concentration response curve for cells treated with dbcAMP in chloride- 

replete and in chloride-free buffers is shown. There was a significant difference in 

progesterone production between cells treated in chloride-replete and in chloride-free 

buffer for dbcAMP concentrations o f 0.1, 1.0, 10 and 1000 pM (p^ 0.001). However, at 

100 pM dbcAMP there was a significant potentiation to be seen in progesterone 

production (p<: 0.001) for cells stimulated in chloride-free buffer compared to chloride- 

replete buffer. A concentration response curve covering a much wider range o f dbcAMP
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concentrations is shown in figure 3.4 . An enhancement in progesterone production in the 

absence o f chloride was obtained at 0.1, 0.25, and 0.5 mM dbcAMP. At these 

concentrations progesterone production was significantly higher in chloiide-firee buffer 

compared to progesterone production in chloride-replete buffer (p^ 0.001). Maximal 

progesterone production was achieved at < 1.0 mM dbcAMP. Beyond 1 mM dbcAMP 

there was no longer seen to be a concentration dependent increase in dbcAMP-stimulated 

progesterone. In addition, the enhancement in progesterone production observed at the 

sub-maximaUy stimulating concentrations of dbcAMP was not observed at the supra

maximal stimulating concentrations of 2.5 mM and 5.0 mM. Instead, there was a decrease 

in the progesterone production in both chloride-replete and in chloride-free buffer at 

supramaximal concentrations, although the decrease was more apparent in chloride-free 

buffer.

Figure 3.5 shows the time dependent effects of chloride exclusion on 0.1 mM dbcAMP- 

stimulated progesterone production over a period o f 6 hours. There was no significant 

difference in dbcAMP-sthnulated progesterone production during the first hour. However, 

after this, dbcAMP-stimulated progesterone production was significantly higher in 

chloride-free buffer (p^ 0.001) con^pared to in chloride-replete buffer.

Having demonstrated that the potentiation o f sub-maximal dbcAMP stimulated 

progesterone occurred when extracellular chloride was absent, the effect o f varying the 

extracellular chloride on sub-maximal dbcAMP-stimulation was next examined. This is 

shown in fig 3.6. The highest progesterone production was achieved with buffers 

containing 0 mM chloride, which was significant (p^ 0.001). For chloride concentrations
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>30 roM, there was a significant decrease in dbcAMP-stimulated progesterone production

(p^ 0.001).
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Figure 3.1 The effect of extracellular chloride on basal progesterone production.
MA-10 cells were seeded at a density o f 2xl0'^cells/250pl in a 96-well plate and cultured 
for 48 hours. Cells were incubated for 2 hours with chloride buffers in the chloride 
concentration range 0-145 mM. After 2 hours the incubating buffers were replaced with 
fresh identical buffers for a fiuther 2 hours after which steroidogenesis was terminated 
with 3 M perchloric add and the cells frozen. Progesterone was determined by RIA after 
the cells were thawed and neutralised with 2.16 M potassium triphosphate. The mean and 
the standard error o f the mean (sem) o f three independent experiments is shown.
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Figure 3.2 Basal progesterone 6 hour time course for cells incubated in chloride- 
replete and chloride-free buffer. MA-10 cells were seeded at a density o f 2x10̂  ̂
cells/25Opl in a 96-well plate for 48 hours. The spent culture medium was removed and 
the cells were washed twice in either chloride-replete or chloride-free buffer. Cells were 
incubated in either chloride-replete buffer or chloride-free buffer. Steroidogenesis was 
periodically terminated with 3 M perchloric acid. In the first hour this was every 10 
minutes after which steroidogenesis was terminated half hourly. Progesterone was 
determined by RIA after the cells were thawed and neutrahsed with 2.16 M potassium 
triphosphate. The mean and sem for three independent experiments is shown.
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Figure 3.3 DbcAMP-stimulated progesterone production in chloride-replete and 
chloride-free buffer. Cells were seeded at a density o f 1x10  ̂cells/ml in a 24-well plate 
and cultured for 48 hours. Cells were incubated for 2 hours in either chloride-replete or 
chloride-free buffer. After this time the incubating buffers were replaced with fi'esh, 
identical buffers. Cells were treated with dbcAMP in the concentration range 0.01-1000 
pM and incubated for a further 2 hours after which steroidogenesis was terminated with 
3 M perchloric acid and the cells frozen. Progesterone was determined by RIA after the 
cells were thawed and neutralised with 2.16 M potassium triphosphate. The mean and 
range o f two independent experiments is shown.
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Figure 3.4 DbcAMP-stîmulated progesterone production in chloride-replete and 
chloride-free buffer. Cells were seeded at a density o f 2xl0'^cells/ 250pl in a 96-well 
plate and cultured for 48 hours. Cell were incubated for 2 hours in either chloride-replete 
or chloride-free buffer, after which the incubation buffers were replaced with fresh, 
identical buffers. Cells were treated with dbcAMP in the concentration range 0.01-5.0 mM 
and incubated for a further 2 hours before steroidogenesis was terminated with 3 M 
perchloric acid and the cells frozen. Progesterone was determined by RIA after the cells 
were thawed and neutrahsed with 2.16 M potassium triphosphate. The mean and sem of  
three independent experiments is shown.

At 0.05, 0.1, 0.25 and 0.5 mM dbcAMP there was a significant increase in progesterone 
production in chloride-free buffer conq)ared to chloride-replete buffer (p^ 0.001).
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Figure 3.5 Time course for sub-maximal dbcAMP-stimulated progesterone 
production in chloride-replete and chloride-free buffer MA-10 cells were seeded at 
a density o f 2xl0'‘cells/250pl in a 96-well plate and cultured for 48 hours. The spent 
culture medium was removed and the cells washed twice in either chloride-replete or 
chloride-free buffer. Cells were then incubated in either chloride-replete buffer or chloride- 
free buffer with a final concentration o f 0.1 mM dbcAMP. Steroidogenesis was 
periodically terminated with 3 M perchloric acid, in the first hour this was every 10 
minutes then half hourly. Progesterone was determined by RIA after the cells were thawed 
and neutrahsed with 2.16 M potassium triphosphate. The mean and sem for three 
independent experiments is shown.

I l l



Ui
I-H
I— I

(U
o

GO

GO

(D
do
h
0H->
0
GO
O
4̂

Pi

1 5 0 0
O C h lo r id e —r e p l e t e  

#  C hlor ide  —fr e e1250

1000

750

500

250

0
4 5 61 2 30

Time (h o u r s )

112



Figure 3.6 The effect of extracellular chloride on sub-maximally stimulated 
progesterone production. Cells were seeded at a density o f 2xl0'^cells/250pl in 96-well 
plates and cultured for 48 hours. Cell were incubated in chloride buffers containing 0- 
145mM chloride for 2 hours. The incubating buffers were replaced with fresh, identical 
buffers for a fiuther 2 hours containing dbcAMP with a final concentration o f 0.1 mM for 
a fiuther 2 hours. After this time steroidogenesis was terminated with 3 M perchloric acid 
and the cells frozen. Progesterone was determined by RIA after the cells were thawed and 
neutralised with 2.16 M potassium tr^hosphate. The mean and range o f two experiments 
for quadruphcate determinations is shown.
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It was demonstrated that dbcAMP-stimulated progesterone production achieved a 

maximum with approximately 1 mM dbcAMP (figure 3.4) and thereafter decreased at 

higher concentrations o f dbcAMP. Since this may have been due to the toxic effects of 

butyric acid, which is a breakdown product o f dbcAMP, another analogue o f cAMP, 8- 

bromo cAMP (8-Br cAMP) was investigated. The concentration response curve obtained 

for cells stimulated with 8-Br cAMP in chloride-replete and chloride-fiee buffer is shown 

in figure 3.7. It can be seen that there was a potentiation in progesterone production with 

sub-maximal stimulating concentrations o f 8-Br cAMP in the absence o f chloride 

conopared to when chloride was present. At sub-maximal concentrations o f 8-Br cAMP 

progesterone production in chloride-fiee buffer was significant corcpared to submaximal 

concentrations in chloride-replete buffer (p^ 0.001). In addition to this, at the supra

maximal dbcAMP-stimulating concentrations of 2.5, 5.0, and 10 mM, there was a 

significant decrease in steroidogenesis (p^ 0.001) conpared to 1.0 mM 8-Br cAMP. From 

this it was concluded that the decreased steroidogenesis at supra-maximal dbcAMP 

concentrations did not arise fiom toxic effects of butyric acid. In figure 3.8 is the 

dbcAMP-stimulated concentration response curve of MA-10 cells in Waymouth's medium 

It can be seen that there is a concentration dependent increase in progesterone production 

and that maximal steroidogenesis is achieved with ImM dbcAMP. In contrast to the 

concentration response curve in chloride-replete and chloride-fiee buffer, in Waymouth's 

medium there was not as marked a decrease in progesterone at supra-maximal 

concentrations o f dbcAMP.
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To ascertain whether cell death was occurring at supra-maximal concentrations o f 

dbcAMP, the cell viabilities were examined in chloride-replete and in chloride-free buffer. 

In table 3.1 are shown the cell viabihties obtained for unstimulated and for 5.0 mM 

dbcAMP-stimulated cells incubated in Waymouth's medium, chloride-replete and chloride- 

free buffer. Cell viabihties were determined using trypan-blue exclusion and diaphorase 

cytochemistry. The trypan-blue studies demonstrated that unstimulated ceUs were 98% 

viable during incubations in chloride-replete buffer, chloride-free buffer and in 

Waymouth's medium During stimulation there was 97-98% viabihty obtained using 

trypan-blue exclusion. There was no significant difference in ceh viabihties between the 

control and the cehs treated with 5 mM dbcAMP. The results obtained from diaphorase 

cytochemistry are shown in table 3.2. Unstimulated cehs were 85-90% viable in 

Waymouth's medium, chloride-replete and chloride-free buffer and 86-93% during 

stimulation. There was no significant difference in ceh viabihties between control and 

stimulated cehs using both methods.

Figure 3.9 shows the effects of substituting extracellular chloride conpared to substituting 

with glutamate salts o f chloride instead o f gluconate on dbcAMP-stimulated progesterone 

production. In both gluconate and glutamate buffers there was a potentiation in dbcAMP- 

sdmulated progesterone production at sub-maximally stimulating concentrations (0.1, 0.25 

mM) which was significant (p^ 0.001) conpared to chloride-replete buffer.

To explore whether the increased steroidogenesis in chloride-free conditions is influenced 

by depolarising conditions, MA-10 cehs were incubated in depolarising chloride-replete 

and chloride-free buffers. In figure 3.11 is shown the effect o f the depolarising chloride-
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replete and chloride-free buffers on the basal steroidogenic capacity o f MA-10 cells. The 

depolarising buffers were identical to the chloride-replete and chloride-free buffers except 

that the sodium concentration was decreased by 65 mM and the potassium concentration 

was increased by 65 mM, thereby altering the Na:K from 28:1. Basal progesterone 

production was significantly higher in the absence o f chloride (p^ 0.001) which was also 

the case for basal progesterone in the depolarising buffers (p^ 0.001).
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Table 3.1 Percentage viability for cells incubated and stimulated with 5.0 mM 
dbcAMP in Waymouth’s medium, chloride-replete and chloride-free buffer using 
trypan-blue exclusion

DbcAMP(mM) Waymouth's
medium

Chloride-replete Chloride-free

0 98 ± 0.2 98 ± 0.2 98 ± 0.3

5.0 98 ± 0.3 98 ± 0.6 98 ± 0.2

Cells were seeded at a density o f 1x 10  ̂ cells then cultured for 48 hours. Cells were 
incubated in chloride-replete, chloride-free buffer or in Waymouth's medium for 2 hours. 
In the treatment period the incubation buffers were replaced with fresh identical buffers 
and dbcAMP to give a final concentration of 5.0 mM and control cells were replaced with 
buffer alone for 2 hours. For trypan-blue exclusion, cells were incubated in 0.4% (v/v) 
trypan blue for Vi hour, after which the cell viabihties were determined (n= 1 experiment, 
4 observations x 4 wells).

Table 3.2 Percentage viability for cells incubated and stimulated with 5.0 mM 
dbcAMP in Waymouth's medium, chloride-replete and chloride-free buffer using 
diaphorase cytochemistry!

dbcAMP (mM) Waymouth's
medium

Chloride-replete Chloride-free

0 86 ± 1.0 87 ±2.8 90 ± 2.0

5 91 ± 0.8 87 ± 3.5 93 ± 1.4

Cells were seeded at a density o f 1x10  ̂ cells and cultured for 48 hours. Cells were 
incubated in chloride-replete, chloride-free buffer or in Waymouth's medium for 2 hours. 
In the treatment period the buffers were replaced with fresh identical buffers and dbcAMP 
to give a final concentration o f 5.0 mM and control cells were replaced with buffer alone 
for 2 hours. For the diaphorase cytochemistry, cells were incubated in substrate buffer for 
Vi hour, after which the cells were fixed in ethanol and the viabihties determined (n=4 
observations x 4 weUs).
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Figure 3.7 8-bromo cAMP-stimulated progesterone production in chloride-replete 
and chloride-free buffer. Cells were seeded at a density of 2xl0'^cells/250pl in 96-well 
plates and cultured for 48 hours. Cells were incubated for 2 hours in either chloride- 
replete or chloride-free buffer, after which the incubating buffers were replaced with fresh, 
identical buffers and were treated with dbcAMP in the concentration range 0.01-5.0 mM 
and incubated for a further 2 hours. After this time steroidogenesis was terminated with 
3 M perchloric acid and the cells frozen. Progesterone was determined by RIA after the 
cells were thawed and neutrahsed with 2.16 M potassium triphosphate. The mean and 
range o f two independent experiments is shown.
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Figure 3.8 Concentration response curve to dbcAMP in Waymouth's medium. Cells 
were seeded at a density o f 2xl0'^cells/250pl in 96-well plates and cultured for 48 hours. 
CeUs were incubated for 2 hours in Waymouth's medium containing 0.1% BSA. After this 
the incubating buffers were replaced with fi'esh Waymouth's medium CeUs were treated 
with dbcAMP in the concentration range 0.01-5.0 mM and incubated for a further 2 
hours. Steroidogenesis was terminated with 3 M perchloric acid and the ceUs fi'ozen. 
Progesterone was determined by RIA after the ceUs were thawed and neutrahsed with
2.16 M potassium triphosphate. The mean and sem of three independent experiments is 
shown.
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Figure 3.9 The effect of substituting chloride with glutamate on dbcAMP-stimulated 
progesterone production. Cells were seeded at a density o f 2xl0'^cells/250pl in 96 well 
plates and were cultured for 48 hours. Cells were incubated for 2 hours in either chloride- 
replete or chloride-free buffer in which the chloride was replaced with either gluconate or 
glutamate. After 2 hours the incubating buffers were replaced with fresh identical 
gluconate/glutamate/chloride buffers. Cells were treated with dbcAMP in the 
concentration range 0.01-5.0 mM and incubated for a further 2 hours. After this time 
steroidogenesis was terminated with 3 M perchloric acid and the cells frozen. 
Progesterone was determined by RIA after the cells were thawed and neutrahsed with
2.16 M potassium triphosphate. The mean and range o f two independent experiments is 
shown.
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Figure 3.11 The effect of chloride-replete and chloride-free depolarising buffers on 
basal progesterone production. Cells were seeded at a density of 2xl0VeUs/250pl in 96- 
well plates and were cultured for 48 hours. Cells were incubated for 2 hours in either 
chloride-replete/chloride-free bufier or in depolarising chloride-replete/chloride-free 
buffers. After 2 hours the buffers were removed and were replaced with identical buffers 
for a further 2 hours. Steroidogenesis was terminated with 3 M perchloric acid and the 
cells frozen. Progesterone was determined by RIA after the cells were thawed and 
neutralised with 2.16 M potassium triphosphate. The mean and sem of four independent 
experiments is shown.

In the chloride-replete and chloride-free depolarising buffers there was a significant basal, 
progesterone production compared to the control buffers (p:̂  0.001).
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3.3 Calcium Studies

Parallel experiments were performed to determine the effects o f chloride and calcium 

omission on dbcAMP-stimulated progesterone production in the sinq)le salts buffers. In 

agreement with the studies described previously, it was found that in calcium-replete 

buffers, at sub-maximally stimulating concentrations o f dbcAMP, (0.1, 0.25 and 0.5 mM) 

there was a significant increase in progesterone production in the absence o f chloride 

compared to when chloride was present (p^ 0.001) (fig 3.12). For the same cell 

preparation, is shown the effect of stimulating cells in calcium-fiee/chloride-replete and 

calcium-fiee/chloride-fiee buffers (figure 3.13). It can be seen that steroidogenesis has 

been greatly decreased by the omission and chelation o f calcium. For dbcAMP 

concentrations k 0.1 mM there was a decrease in progesterone production o f 72.5 ± 2.9% 

and a decrease of 77.2 ± 8.2% for calchim-free/chloride-replete and calcium-fiee/chloride- 

fiee buffers respectively. Although there was still seen to be increased progesterone 

production in the chloride-fiee buffer, this was not as marked as when calcium was 

present in the buffer.

The mean progesterone production and the mean fold increase in the chloride-fiee 

compared with the chloride-replete buffer in calcium-replete and calcium-fiee buffer is 

shown in table 3.3. In the absence o f both chloride and calcium there was an increase in 

progesterone production but it was not as marked conçared to \riien calcium was present. 

Progesterone production in calcium-fiee/chloride-fiee buffer was significant at 0.05 mM 

and 0.25 mM dbcAMPj compared to 0.1 mM dbcAMP.
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Figure 3.12 The effect of chloride-replete and chloride-free buffer on dbcAMP- 
stimulated progesterone production. Cells were seeded at a density o f 2xl0'^cells/250pl 
in 96-well plates and cultured for 48 hours. Cells were incubated for 2 hours in either 
chloride-replete or chloride-free buffer then the incubation buffers were replaced with 
fresh, identical buffers. Cells were treated with dbcAMP in the concentration range 0.01- 
5.0 mM and incubated for a fiirther 2 hours after which steroidogenesis was terminated 
with 3 M perchloric add and the cells frozen. Progesterone was determined by RIA after 
the cells were thawed and neutralised with 2.16 M potassium triphosphate. The mean and 
sem o f one o f three independent experiments is shown.
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Figure 3.13 The effect of calcium and chloride on dbcAMP-stimulated progesterone 
production in chloride-replete and chloride-free buffer. Cells were seeded at a density 
of 2xl0'^celk/250pl in 96-well plates and cultured for 48 hours. Cells were incubated for 
2 hours in either calcium-free/chloride-replete or calcium/free chloride-free buffer after 
vshich the incubation buffers were replaced with fresh, identical buffers. Cells were treated 
with dbcAMP in the concentration range 0.01-5.0 mM and incubated for a further 2 hours 
after which steroidogenesis was terminated with 3 M perchloric acid and cells frozen. 
Progesterone was determined by RIA after cells were thawed and neutrahsed with 2.16 
M potassium triphosphate. The mean and sem of one o f three independent experiments 
is shown.
(Basal progesterone production in chloride-replete and chloride-free buffer was 15.7 ± 2.2 
and 30.9 ± 3.34 respectively and basal progesterone in ca-free/chloride-replete and ca- 
free/chloride-free buffer was 41.9± 7.5 and 75± 8.4 respectively.
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Li figure 3.14 is the dbcAMP concentration response curve for cells stimulated in calcium- 

replete Waymouth's medium and in EGTA-treated Waymouth's medium In calcium- 

replete Waymouth's medium there was a concentration dependent increase in progesterone 

production which reached maximum steroid production with 1 mM dbcAMP and 

thereafter, it decreased at 2.5 mM and 5.0 mM. For dbcAMP stimulation in EGTA-treated 

Waymouth's medium, there was a decrease observed in progesterone production o f 38%± 

8% for dbcAMP concentrations  ̂0.5 mM. However, this decrease was not as marked as 

that obtained in the chloride-replete and in the chloride-fiee buffers.
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Figure 3.14 The effect of £GTA on dbcAMP-stimulated progesterone production 
in Waymouth’s medium. Cells were seeded at a density o f 2xl0'^cells/250|Lil in 96-well 
plates and cultured f  or 48 hours. Cells were incubated for 2 hours in either Waymouth's 
medium (0.1% BSA) or in Waymouth's (0.1% BSA) that had been treated with 1 mM 
EGTA After this time the incubation buffers were replaced with fresh, identical buffers. 
Cells were treated with dbcAMP in the concentration range 0.01-5.0 mM and incubated 
for a further 2 hours after which steroidogenesis was terminated with 3 M perchloric acid 
and cells frozen. Progesterone was determined by RIA after cells were thawed and 
neutralised with 2.16 M potassium tr^hosphate. The mean and range o f two experiments 
with quadruplicate determinations is shown.
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Table 3.3a and 3.3b Increases in progesterone production in calcium-free/chloride- 
free and calcium-replete/chloride-free buffers relative to progesterone production 
in chloride-replete buffers in MA-10 cells. The mean and sem progesterone production ' 
and the mean and sem fold increase in progesterone production in the chloride-free 
compared with the chloride-replete media in calcium-replete and also in calcium-free 
media are given for each concentration o f dbcAMP (n= 3 experiments). The mean fold 
increases were calculated from the fold increase in each experiment.



Table 3.3a Fold progesterone increase in chloride-free buffer

+ Ca

DbcAMP
(mM)

Progesterone
(ng/10*̂ cells/2h)

Fold
increase

+C1 -Cl

0.00 15.7± 2.9 34.6± 3.9 2.4±0.4*

0.01 24± 2.6 57.5± 6.9 2.4±i0.2**

0.05 53.6± 13.8 198± 32.5 3.8± 0.2**

0.1 64.5±14.1 289± 40 5.0± 0.9**

0.25 178.7± 34.4 337.9± 40.4 2.3±0.3*

0.5 281.5± 43.4 460.1± 58.7 1.7± 0.2*

1.0 512.1± 107.4 597.1± 108 1.2± 0.5

Table 3.3b Fold progesterone increase in chloride-free/calcium-free buffer

-C a

DbcAMP
(mM)

Progesterone
(ng/10^cells/2h)

Fold
increase

+C1 -Cl

0.00 48.7± 8.2 71.7±11.1 1.64±0.3

0.01 48.9çtll.6 76.2±13.1 1.9±0.4

0.05 57.0±11.2 117.5±17 2.5± 0.7*

0.1 57.9±7.2 140.1± 30.8 2.4± 0.8

0.25 54.5± 8.8 167.6± 26.2 3.0±0.8**

0.5 83.1±14.2 195.1±28.8 2.5± 1.0

1.0 101.1±9.2 169.4± 29.5 1.5± 0.6

5| c _= p< 0.05, **=p < 0.01
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3.4 Discussion

In this chapter it has been shown that removing extracellular chloride has a positive effect 

on basal progesterone production by MA-10 cells and that there is an inverse relationship 

between the concentration o f extracellular chloride and basal progesterone production. 

Maximum basal progesterone production was achieved when all the extracellular chloride 

was removed. Further to this, it was apparent that enhancement in basal progesterone 

production obtained from incubating MA-10 cells in buffers with decreasing chloride 

content was concentration dependent and was therefore not simply an "all or nothing" 

phenomenon. In addition, it was shown that the increased basal progesterone observed in 

chloride-free buffer could be sustained beyond 2 hours since enhancement o f basal 

progesterone was seen up to 6 hours. The observed increase in basal progesterone over 

6 hours in the absence o f chloride may indicate long term cellular changes in the 

steroidogenic pathway of MA-10 cells. This may include for exanq)le, an enhancement of 

cholesterol delivery to the mitochondria in chloride-free buffer arising from depolarisation 

o f the mitochondrial membranes. The intermembrane points o f contact resulting from 

depolarisation thereby facihtating an increase in progesterone synthesis. Additionally, it 

cannot be ruled out that there are effects o f chloride-free incubations on post-cholesterol 

events such as changes in the steroidogenic enzymes, P450gj^ and 3 pHSD, which are 

responsible for progesterone synthesis in the MA-10 cell.

The potentiation of sub-maximally stimulated dbcAMP progesterone production in MA- 

10 cells is in agreement with the rat Leydig cell studies (Choi and Cooke, 1990). The 

findings obtained from the MA-10 cell studies indicate that the effects o f chloride
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exclusion are not specific to the rat Leydig cell but may be replicated in other 

steroidogenic tissues. In the chicken granulosa cell, replacement of extracellular chloride 

has a different effect on LH-stimulated progesterone production (Morley et aL, 1990) 

fi*om that o f LH-stimulated testosterone in the rat Leydig ceU (Choi and Cooke, 1990). 

In the chicken granulosa cell studies, chloride-replete single salts buffer o f similar 

composition to those used in rat and the MA-10 cell studies were used. However, in 

granulosa cell studies, the effect o f a chloride-firee buffer on steroidogenesis was never 

examined (a low chloride buffer was used in the chicken granulosa cell studies containing 

1.8 mM chloride). LH-stimulated progesterone production and cAMP in chicken 

granulosa cells was attenuated as the extracellular chloride concentration was decreased. 

This contrasts with the findings for the rat Leydig cell and indicates there are different 

effects of chloride to be seen in the two animal systems (Choi and Cooke, 1990). The MA- 

10 cell studies however, cannot be directly compared to the granulosa cell work since 

there were no studies made o f the effect o f chloride-fi*ee conditions on dbcAMP- 

stimulated progesterone production by granulosa cells.

Culture condition differences between the granulosa cells (suspension culture and the 

absence o f an incubation period with the chloride buffers prior to stimulation) and the 

rat/MA-10 cell, (cells cultured in wells and pre-incubation with the chloride buffers prior 

to stimulation) may not be sufficient to explain the disparity between the effect o f chloride 

ions on granulosa cell and Leydig cell steroidogenesis. However, the use o f two different 

salts to replace sodium chloride and potassium chloride, sodium glutamate and potassium 

aspartate respectively, in the chicken granulosa cell studies have made interpretation of
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the results less obvious coirpared to the rat/MA-10 cell studies in which one replacement 

anion was used (gluconate). Despite this, the contrasting results from the chicken 

granulosa cell work indicate that there are different effects o f chloride to be seen 

compared to the Leydig cell. Whether such contrasts represent gender and species 

differences remains to be determined. That the chicken granulosa cells were isolated prior 

to ovulation may inq)licate a particular chloride requirement for pre-ovulatory 

steroidogenesis.
There are also different kinds o f current to be found in the rat and mouse Leydig cell and in the

chicken granulosa cell. In the rat there are calcium-dependent and independent chloride currents

(Duchatelle and Jofi&e, 1987; Duchatelle and Joflfre, 1990) whereas in the mouse there are

calcium-activated potassium currents (Kawa, 1986). In the chicken granulosa cell there are

calcium-activated chloride channels (Mealing et a i ,  1994). _________
In the rat the calcium-independent chloride conductances are increased

following perfusion of Leydig cells with oLH, hCG or cAMP. There are no chloride

currents in primary mouse Leydig cells, (Kawa, 1986) but chloride currents are found

associated with the chicken granulosa cell. The significance o f the different membrane

currents in steroidogenic cells needs further study as does their role in steroidogenesis.

Whether there is a relationshç between electrophysiology and steroidogenesis remains to

be determined.

Further evidence endorsing the potentiating effect of chloride-free conditions on dbcAMP- 

stimulated progesterone by MA-10 cells was obtained from the 0.1 mM dbcAMP study 

with varying concentrations o f chloride and the time course studies. That the steroid 

response was so markedly enhanced by the end of 6 hours in the time studies suggests that
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chloride-free buffer was specifically modulating the steroidogenic pathway.

Studies with the cAMP analogue, dbcAMP, have indicated that the changes responsible 

for the potentiating effect(s) o f chloride-free conditions were occurring downstream from 

the LHR and after cAMP production. Therefore, key steroidogenic enzymes may be 

modified following exposure to a chloride-free conditions. It cannot be ruled out either 

that upstream of the LHR or at the LHR there are also modulations possible. In this case, 

alteration o f the LHR may reflect a sensitivity to chloride-free conditions which could 

e?q)lain the findings obtained from the studies of basal steroidogenesis and the extracellular 

chloride concentration.

Investigationsintoan alternative substitute anion to sodium and potassium gluconate using 

glutamate re-aflfirmed that sub-maximal progesterone production was potentiated in 

chloride-free buffer and that there was a decrease in progesterone production with supra- 

maximally stimulating concentrations of dbcAMP. This decrease in progesterone was not 

likely to have arisen by the formation o f butyric acid from dbcAMP degradation since the 

stable cAMP analogue, 8-Br cAMP gave a similar concentration-dependent steroidogenic 

response with supra-maximal concentrations.

From the study o f cell viabihties determined for basal and 5.0 mM dbcAMP stimulated 

cells in chloride-replete and chloride-free buffer there was no significant difference in cell 

viability, indicating that the buffers were not toxic to the cells. However, the viabihty 

should be studied with more sensitive methods such as the lactate dehydrogenase assay 

to determine whether the chloride buffers are inducing some degree o f cell damage with 

prolonged exposure. A possible explanation for the decreased progesterone production
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at supra-maximal concentrations of dbcAMP may be that there are additional systems 

activated by PKA, causing a deviation from steroidogenesis to other cellular activities in 

MA-10 cells. However, there was not as marked a decrease observed in progesterone 

production with supra-maximal concentrations o f dbcAMP in Waymouth's medium 

conq)ared to chloride-replete and chloride-free buffer. This indicates that the decrease in 

steroidogenesis arising from supra-maximal dbcAMP in the simple salts buffers is more 

likely to be related to the buffer con^osition. It is possible that the decreased 

progesterone production in chloride-replete and in chloride-free buffer at supra-maximal 

dbcAMP concentrations reflects the overall lack o f essential factors which are present in 

Waymouth's medium and that the MA-10 cells cannot sustain steroidogenesis to the same 

degree with supra-maximal dbcAMP concentrations as compared to sub-maximally 

stimulating dbcAMP concentrations.

The findings from this chapter have shown for the first time that MA-10 cells may also 

undergo potentiation in dbcAMP-stimulated progesterone production in chloride-free 

conditions. Using dbcAMP to stimulate steroidogenesis in MA-10 cells has allowed the 

study o f these effects on the MA-10 cell post-cAMP formation.

The relationship between calcium and chloride has been determined and has shown that 

calcium is important for MA-10 steroidogenesis which is in keeping with the findings for 

the rat (Janszen et a/., 1976; Choi and Cooke, 1992), adrenal (Schulster et aL, 1970) and 

ovary (Tsafiiti et al., 1973).
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In some systems there are calcium activated chloride processes, for example canine 

tracheal epitheha activation is dependent on calcium activated chloride currents (Clancy 

et aL, 1990). Ligand-gated chloride channels may be activated by a range o f different 

hgands, calcium is one exan^le. For this reason, and knowing the calcium dependency of 

rat Leydig cell steroidogenesis, chloride and calcium manipulations were studied.

From the calcium studies the elevation o f dbcAMP- stimulated progesterone production 

in the absence o f calcium and chloride indicates that both the removal and chelation of 

extracellular calcium does not conq)letely repress the potentiating effect o f chloride-free 

conditions on MA-10 cells (2.3, 1.7 fold in chloride-free/calcium-replete and 3.0, 2.5 fold 

in chloride-free/calcium-free for 0.25 and 0.5 mM dbcAMP respectively). The role of 

calcium in the potentiating effect o f chloride-free conditions cannot be ruled out 

completely since potentiation o f progesterone production in calcium-free/chloride-free 

buffer was not as marked compared to calcium-replete/chloride-free buffer. Such findings 

indicate that there are corrç)lex interactions between calcium and chloride which may 

modulate steroidogenesis.

Although calcium was both omitted and chelated, there is hkely to be intracellular calcium 

remaining in the cell and protein-calcium conq)lexes that may be supporting 

steroidogenesis.

Parallel studies with Waymouth's medium indicated that the decreased steroidogenesis in 

EGTA-treated medium was not as great conçared to the control experiment. Waymouth's 

medium contains other divalent ions that may conipensate for the loss o f calcium or there 

may be substrates present in Waymouth's medium to support MA-10 cell metabolism in
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calcium compromised conditions.

These studies have estabhshed that the substitution o f extracellular chloride ions 

potentiates the steroidogenic response o f MA-10 cells at a site or sites that are subsequent 

to the generation o f cAMP. An exanq)le o f post-cAMP activation could include an 

improvement o f the delivery o f cholesterol to the inner mitochondria membrane and 

increase the activity o f PdSOpĵ c and/or SpHSD, Additionally, in a chloride-free 

environment cells may become depolarised v^ch would fevour the apposition o f the inner 

and outer mitochondrial membranes, thereby facihtating that transfer o f cholesterol to 

mitochondrial membrane contact sites. Mitochondrial membrane contact sites have been 

demonstrated by the studies of Ardail et al (1995).

While the present study confirmed that incubation of ceUs in a depolarising buffer 

(Na:K=28:l) enhanced progesterone production, it would be necessary to perform 

electron microscopy o f MA-10 ceUs to estabhsh whether the potentiation observed was 

associated with increased mitochondrial membrane apposition. However, even in a 

depolarising buffer, chloride exclusion potentiated basal progesterone production 

indicating that the effects o f chloride ions cannot be attributed alone to changes in the 

electrical potential across the plasma membrane and the subceUular membranes o f MA-10 

ceUs.
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It is concluded from the results presented in this chapter that there are two phenomena to 

be seen in the absence o f chloride. First there is an increase in basal progesterone and 

secondly there is an enhancement o f dbcAMP sub-maximally stimulated progesterone 

production.

The potentiation of sub-maximally stimulated progesterone production may arise from the 

more efi&dent delivery of cholesterol from the outer mitochondrial membrane to the inner 

mitochondrial membrane, and so to cytochrome P450gggg. These issues are explored in the 

later chapters in more detail.
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Ckapter Four:
Tke effects of ckloriJe on tke LHR-aJenylyl cyclase 
complex
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4.1 Introduction

In chapter 3 it was shown that basal progesterone synthesis was increased by the omission 

of extracelhilar chloride. One possible reason for this increase could be a stimulating effect 

o f chloride exclusion on adenylyl cyclase activity. In this chapter the effect o f chloride 

exclusion on basal cAMP accumulation was measured.

Previously it was shown that LH-stimulated testosterone production was enhanced by 

chloride exclusion (Choi and Cooke, 1990). Therefore the effect o f chloride omission on 

the binding properties o f ^̂ 1̂-hCG to the LHR was investigated also in MA-10 cells. 

Binding properties were studied in chloride-replete, chloride-free buffer and in

Waymouth's medium to estabhsh whether there were differences in binding.

The condirions for performing the binding studies on the MA-10 ceUs were developed in 

association with Dr R  Helhwell.
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4.2 Results 

4.2.1 cAMP studies

The basal cAMP levels in cells incubated in buffers with decreasing chloride 

concentrations are shown in figure 4.1. There was maximum basal cAMP accumulation 

for cells incubated in chloride-fiee buffer during the first 2 hour incubation (0-2 hours) and 

again during the second 2 hour incubation (2-4 hours, in which the buffers were replaced 

with fiesh, identical buffers). Basal cAMP accumulation was statistically significant 

relative to 145 mM chloride (ps 0.001), However,, at 5  ̂30 and 55 mM chloride the basal

cAMP accnmiilation was unchanged, j

Basal cAMP accumulation was lowest when cells were incubated in 145 

mM chloride buffer.
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Figure 4.1 The effect of varying extracellular chloride concentrations on basal 
cAMP. Cells were seeded at a density ofZxlO'^cells/ZSO^l in 96-well seeded and cultured 
for 48 hours. Cells were incubated for 2 hours in chloride buffers with concentrations 
ranging between 0-145 mM. After 2 hours mcubation buffers were replaced with fresh, 
identical buffers for a further 2 hours then steroidogenesis was terminated with 3 M 
perchloric acid and the cells frozen. cAMP was determined by RIA after cells were frozen 
and neutrahsed with 2.16M potassium triphosphate. The mean and sem o f three 
experiments with quadrupHcate determinations is shown.
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4.3 Binding studies

Previous studies carried out by Dr Helliwell had established that the optimum binding 

conditions for MA-10 cells were a minimum of 1x10* MA-10 cells/well (in 6-well plates) 

or 3-4x10* cells (in tubes) and an equilibration period o f 48 hours with radiohgand at 4°C. 

The binding studies described were performed under these conditions and the specific 

binding of hCG to MA-10 cells was >80%. Figure 4.2 shows the total, (T), non-specific 

(NSB) and the specific ^̂ Î-hCG bound at 4 “C. There was no significant difference in the 

binding obtained for cells incubated with chloride-replete and chloride-firee buffer.

To investigate ^̂ Î-hCG binding fiirther, the cells were incubated in either chloride-replete 

and chloride-free buffer followed by a binding study in Waymouth's medium (Figure 4.3). 

There was no significant difference to be seen between the binding obtained for cells 

incubated in chloride-replete or in chloride-fi*ee buffer. In the reverse experiment in which 

cells were incubated in Waymouth's medium and the binding study was performed in 

either chloride-replete or chloride-fi’ee buffer there was no significant difference in the 

binding obtained between cells equihbrated in chloride-replete and chloride-fi*ee buffer. 

In figure 4.4 is shown the effect o f washing the cells twice with chloride-replete and 

chloride-free buffer prior to binding at 4°C in chloride-replete and in chloride-fi'ee buffer. 

In figure 4.5 the same study is shown for cells that have been incubated for 4 hours in 

chloride-replete and chloride-fi'ee buffer at 37°C prior to binding at 4®C in chloride- 

replete and chloride-fi'ee buffer. There was no significant effect o f duration o f incubation 

in chloride-replete and in chloride-fiee buffer on the binding o f  ̂ ^̂ I-hCG in these buffers.
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Figure 4.2 The effect of chloride on I hCG binding at 4°C on whole cells.
Cells were seeded at a density o f lxlO^cells/5 ml in 6-weU plates and cultured for 48 
hours. Cells were incubated for 2 hours in either chloride-replete or chloride-free bufrer 
after which the incubation buffers were replaced with fresh, identical buffers and incubated 
for a further 2 hours. ^̂ Î-hCG was added to all cells and for the non-specific binding, 
crude hCG was added. The cells were equihbrated 3t 4®C for 48 hours after which the 
specific binding was determined by scraping the ceUs and washing (250 x g at 4°C for 10 
minutes) the ceh peUets twice in ice buffer prior to counting the peUet on a gamma 
counter. The mean and sem o f three independent experiments is shown.
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Figure 4.3 The effect of Waymouth’s on ^^ Î-hCG binding at 4 “C on whole cells.
Cells were seeded at a density o f lxlO^cells/5 ml in 6-well plates and cultured for 48 
hours. One set o f cells were incubated for 2 hours in either chloride-replete or chloride- 
free buffer after which the incubation buffers were replaced with fresh, identical buffers 
and then incubated for a fiirther 2 hours. The binding study was performed in Waymouth's 
medium containing 0.1% BSA.^^^I-hCG prepared in Waymouth's medium was added to 
all cells and for the non-specific binding,*crude hCG was added. In the second set o f cells, 
these were incubated in Waymouth's medium (0.1% BSA) for 2 hours then the cells were 
replaced with fresh, identical Waymouth's. The binding study was then performed in either 
chloride-replete buffer or chloride-free buffer. The cells were equihbrated at 4 “C for 48 
hours after which the specific binding was determined as in chapter 2 (page 82). The mean 
and range o f two independent experiments is shown.
^  excess mdabehed hCG
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Figure 4.4 The effect of washing cells with chloride-replete and chloride-free buffer 
on I-hCG binding at 4°C on whole cells. Cells were seeded at a density o f 1x 10  ̂
cells/5 ml in a 6-well plate and cultured for 48 hours. Cells were washed 2 x with either 
chloride-replete or chloride-free buffer. ^̂ Î-hCG and crude hCG were prepared in 
chloride-replete and chloride-free buffer. ^̂ Î-hCG was added to all 6 wells but for 
estimating the non-specific binding, crude was added to the first 3 wells and for the 
estimation o f total binding, buffer alone was added the remaining 3 wells. The cells were 
equilibrated at 4°C for 48 hours after which the specific binding was determined as in 
chapter (page 82). The mean and range o f two independent experiments is shown.

Figure 4.5 The effect of the duration of chloride exposure on I-hCG binding at 
4 C on whole cells. Cells were seeded at a density of 10  ̂cells/5 ml in a 6-well plate and 
cultured for 48 hours. Cells were incubated for 2 hours in either chloride-replete or 
chloride-free buffer after which the incubation buffers were replaced with fresh buffers and 
incubated for a fiirther 2 hours. ^^I-hCG and crude hCG were prepared in chloride-replete 
and chloride-free buffer. ̂ ^̂ I-hCG was added to all 6 wells but for estimating the non
specific binding, crude was added to the fi^st 3 wells and for the estimation o f total 
binding, buffer alone was added the remaining 3 wells. The cells were equilibrated and 
the specific binding determined as for figure 4.5. The mean and range of two independent 
experiments is shown.
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4.4 Discussion

Basal progesterone production by MA-10 cells wa,s seen to be highest between 0-5 mM 

(chapter 3). Studies on cAMP described in this chapter have shown that the pattern of 

basal cAMP measured against changes in extracellular chloride reflects the pattern 

observed for basal progesterone during identical conditions. In chloride-J&ee buffer both 

basal cAMP accumulation and basal progesterone were maximal. Similarly, at the 

intermediate concentrations o f extracellular chloride (30, 55 mM) cAMP accumulation 

was unchanged which was also found to be the case for basal progesterone. Therefore 

basal cAMP and basal progesterone are influenced by chloride in a similar manner and this 

shows that the increase obtained in basal progesterone with decreasing chloride is 

reflected by the basal cAMP.

It has been established in the rat Leydig cell that there are low concentrations o f LH that 

stimulate testosterone production without detectable cAMP (Dufau and Catt, 1973). The 

findings obtained for the MA-10 cell in this chapter indicate that the chloride is able to 

modulate basal cAMP accumulation in a concentration dependent manner. The observed 

increase in basal cAMP may arise fi ôm either an enhancement o f adenylyl cyclase or by 

an inhibition o f phosphodiesterese (PDE) activity. These possibilities can be e^^lored 

using forskolin which activates adenylyl cyclase and the PDE inhibitor, 

isobutylmethlyxanthine (IBMX). Since cychc nucleotide phophodiesterases are known to 

be sensitive to calcium ions (Tetrin-Clary et al., 1989) the investigation o f chloride on 

PDE activity would determine Wiether changes in cAMP are associated with the chloride 

concentration.
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Adenylyl cyclase is known to be activated by increases in intracellular calcium, for 

example, in pulmonary artery endothelial cells this is the case (Stevens et al., 1995). 

Therefore it is possible that the extracellular environment may modulate an adenylyl 

cyclase associated with MA-10 cells. In this way, it is possible that chloride, through 

chloride ion interactions, may be essential for the adenylyl cyclase structure and maintains 

adenylyl cyclase in a particular conformation. Thus, in the absence o f chloride the 

conformation o f adenylyl cyclase is altered and activated compared to when chloride is 

present.

Somatic mutations in the TSHR receptor gene are responsible for the constitutive 

activation o f adenylyl cyclase (Parma et at., 1993). Studies o f the activity o f the LHR and 

TSHR have shown that the wild type (wt) TSHR transfected into COS-7 cells is 

constitutive whereas the wt transfected LHR does not display constitutive activity 

(Cetani et a i,  1996). However, it was found that in the absence o f chloride there was an 

enhancement o f the wt transfected TSHR constitutive activity and there was also 

unmasked constitutive activity in the LHR (Cetani et a i ,  1996). These findings have 

resulted in the proposal that the TSHR is less constrained than the LHR but that under 

certain conditions, such as in chloride-firee conditions, the TSHR may become even more 

predisposed to unhganded activation o f G-protein coupled receptors (GPCR) (Cetani et 

a i,  1996). Chloride-fi'ee conditions may also unmask constitutive activity o f GPCR that 

is unknown under normal incubation conditions, this is the case for the LHR 

The transfected TSHR and LHR findings may represent a common modification in GPCRs 

that increases unhganded receptor activation o f adenylyl cyclase, thus explaining the
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increase in MA-10 basal progesterone obtained in chloride-free buffer.

To ê qplore wfrether there was a relationship between the increase in cAMP and the LHR, 

binding o f  ̂ ^̂ I-hCG was assessed. All binding studies were performed at 4°C to prevent 

receptor internalisation. For this reason, the binding results obtained directly from these 

conditions to be discussed can not be considered in a biological sense but only as physical 

effects since all cellular activity would have ceased at 4 “ C. In addition, the changes that 

may have occurred to the LHR during the chloride-replete and chloride-free incubations 

at 37°C cannot be considered as such changes would be beyond measurement as a result 

of the experimental conditions required for measuring the specific binding o f  ̂ ^̂ I-hCG to 

MA-10 cells.

In the M A-10 receptor binding studies there was no significant difference in ^̂ Î-hCG 

binding to the LHR irrespective o f chloride. These findings differ from those obtained for 

the rat thyroid follicular cell line, FRTL-5. From radioligand binding studies it has been 

shown that for the thyroid, in the absence o f chloride, there is an increase in ^̂ Î-TSH 

binding (Taramoto and Ingbar, 1986). In the FRTL-5 studies, binding was performed at 

22 “C. For human thyroid cell plasma membranes, excluding NaCl also resulted in 

increased TSH binding (Amir et al., 1973). Since the MA-10 cell binding studies in this 

thesis were performed at 4°C, physiological properties would have been severely reduced. 

Therefore, if  there were modifications in the ligand binding region occurring during the 

incubation period at 37®C, these could not be measured. Consequently, the interaction 

between the receptor and the radioligand at 4°C may represent an entirely different
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phenomenon taking place, such as the physical and chemical interaction o f radiohgand 

with the LHR.

One way to determine whether this was the case would be to examine binding at 37°C. 

However, this would facihtate both receptor intemahsation and the degradation of the 

hgand (Habberfield et a l, 1987), and alter the optimal conditions for the measurement o f  

specific binding.

Since the studies on MA-10 cells were performed at 4 “C, it cannot be ruled out that at 

physiological temperatures (such as 37°C) there would be differences in the binding 

obtained in chloride-fi'ee buffer compared to chloride-replete buffer and therefore, give 

similar results to the human thyroid and FRTL-5 cells. However, at 4 °C there would not 

be any intemahsation taking place and the specific binding determined would be more 

accurate.

There are indications that receptor-hgand interactions can be modulated by the 

extracellular environment and that the exclusion of ions, for exançle Na^, results in 

alterations o f LH receptor conformation. Conq)etition binding studies on intact murine 

Leydig ceh LH/hCG receptors have shown that the exclusion o f extracehular sodium 

increases the afiBnity of LH for the LH/hCG receptor conçared to when sodium is present 

(Buettner and Ascoli, 1984).
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From the MA-10 cell studies it is apparent that basal cAMP is influenced by the 

extracellular chloride concentration in a manner that is not reflected by the basal 

progesterone production. An effect o f chloride on the LHR remains a possibihty in view 

of the effects o f chloride seen on other receptors. Therefore, potential modification o f the 

MA-10 cell LHR cannot be ruled out although measuring both adenylyl cyclase and PDE 

activities in addition to cAMP accumulation may provide a greater understanding as to the 

changes taking place in the LHR-adenylyl cyclase complex as the extracellular chloride 

concentration is varied.
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Ckapter Five:
Tke effects of ckloriJe and cytodirome P450̂ ĝ  ̂ on

3 p H S D  activity
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5.1 Introduction

In contrast to the normal Leydig cell, the MA-10 cell lacks 17a-hydroxylase and is 

therefore unable to synthesise testosterone (Ascoli, 1981) but produces progesterone as 

the main steroid. This modification o f the steroidogenic enzyme pathway in the MA-10 

cell line has meant that there are only two enzymes involved in steroidogenesis, 

cytochrome P450̂ ĵ̂  and 3pHSD. In the early investigations o f rat Leydig cell 

steroidogenic enzymes it was shown that hCG and dbcAMP were able to increase the 

synthesis o f P450̂ ggg and ferrodoxin (Anderson and Mendelson, 1985). This is also the 

case for P450ĝ y since in the absence o f LH/cAMP, P450 î7 is undetectable (Anakwe and 

Payne, 1987). Culturing mouse Leydig cells for 4 days without LH/ cAMP negates 

P450 î7 synthesis and results in a shift of steroidogenesis from testosterone to 

progesterone. Replacement o f LH/cAMP will however restore testosterone production. 

Such studies demonstrated that both P450gggg and 3pHSD can be basally expressed 

irrespective o f LH and cAMP. In the MA-10 cell, cAMP increases the expression of 

P450j^protein and the increase occurs at the level o f transcription (Anakwe and Payne, 

1987, Mellon and Vaisse, 1989).

It is the purpose o f this chapter to investigate the activities o f P450^^ and 3pHSD in 

relation to the effects o f chloride. These studies were designed to determine whether the 

increase in basal progesterone and the potentiation o f sub-maximally stimulated 

progesterone in chloride-free buffer can be ascribed to an increased enzyme activity in the 

MA-10 cell.
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5.2 Results

5.2.1 SpHydroxysteroid dehydrogenase activities

In the 3 pHSD studies the basal conversion and the effect o f 0.1 mM dbcAMP on the 

conversion o f pregnenolone to progesterone in chloride-replete and chloride-free buffer 

at 37“C was investigated. Under these conditions, it was found that there were no 

statistically significant differences in 3pHSD enzyme activities irrespective o f the 

presence or absence o f dbcAMP (0.1 mM dbcAMP) (Fig 5.1).

To determine whether 3 pHSD enzyme activities could be altered by buffer changes, the 

the effect o f incubating cells and assaying for 3 pHSD (during the 15 minute assessment 

of ̂ H-pregnenolone oxidation) in different buffers was also studied. Figure 5.2 shows the 

effect o f incubating ceUs in Waymouth's medium, chloride-replete and chloride-free buffer 

prior to assaying for 3 pHSD activity in either Waymouth's medium, chloride-replete or 

in chloride-free buffer. There was no significant difference in the enzyme activity o f cells 

assayed in Waymouth’s medium irrespective of the prior incubation conditions. However, 

3 pnSD activities assayed in chloride-replete and in chloride-free buffer were lower when 

cells were incubated in chloride-free buffer (cotcqjared to chloride-replete buffer) prior to 

assay.
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Figure 5.1 The effect of chloride on SpHSD activity. Cells were seeded at a density o f  
1x 10  ̂cells/ml in a 24-well plates and cultured for 48 hours. Cells were incubated with 
either chloride-replete or chloride-free buffer for 2 hours. The incubation buffers were 
next replaced with fresh, identical buffers for a further 2 hours, treated cells received a 
final concentration o f 0.1 mM dbcAMP. After this time the buffers were removed and the 
cells incubated with 1ml substrate buffer for 15 minutes. The steroids were extracted as 
in the method described in chapter 2 (page 76). The steroid content was determined and 
was counted in a liquid scintillation (LSC) ( Beckman -LS 5000 CE) p-counter. The mean 
and range of two independent experiments is shown.
[For 3pHSD methodology refer to section 2.15, chapter two. I
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F^ure 5.2 The effect of varying the incubation conditions on 3pHSD activity. Cells 
were seeded at a density o f IxlO^cells/ml in 24-well plates and cultured for 48 hours. Cells 
were incubated in either chloride-replete, chloride-free buffer or in Waymouth's medium 
for 2 hours. The incubation buffers were replaced with fresh identical media for a ftuther 
2 hours. After this time the buffers were removed and for each set o f cells irrespective of  
their initial incubation buffers, 3pHSD activity was assayed in Waymouth's medium, 
chloride-replete and chloride-free buffer. 1 ml substrate buffer, jrrepared in aft 3 buffers 
was added to each weft for 15 minutes. The steroids were extracted as in the method 
described in chapter 2 (page 76). The steroid content was determined and was counted 
in a liquid scintillation (LSC) (Beckman-LS 5000 CE) p-counter. The mean and range of 
two independent experiments is shown.
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5.3 P450 êc activities

In figure 5.3 are the results for the effect o f extracellular chloride on the conversion of 

22(R)hydroxycholesterol to pregnenolone in MA-10 cells as a measure o f P450j^  ̂

activity. The possible effect o f the cholesterol solvent, ethanol, final concentration 2% 

(v/v) onP450gggg was investigated and it has confirmed that there was no statistically 

significant difference in basal pregnenolone production in the presence o f ethanol. When 

20 pM 22(R)hydro?^cholesterol was added to the cells, there was no significant difference 

on pregnenolone production in the presence o f ethanol. At the higher concentration of 50 

pM 22(R)hydroxycholesterol, there was also no significant difference in pregnenolone 

production by cells incubated in chloride-replete and chloride-fiee buffer.
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Figure 5.3 The effect of chloride on cytochrome P450„cc activity. Cells were seeded 
at a density o f 2xl0'^cells/nl in 96-well plates and cultured for 48 hours. Cells were then 
incubated for IV2 hours in either chloride-replete or chloiide-free buffer. In the last 30 
minutes, cyanoketone (5 pM) and SU10603 (20 pM), inhibitors o f 3pHSD and 17a- 
hydroxylase respectively were added to the cells. After this, the incubation buffers were 
replaced with fi’esh identical buffers containing a final concentration o f either 20 pM 
22(R)hydroxycholesterol or 50 pM 22(R)hydroxycholesterol. Steroidogenesis was 
terminated with 3 M perchloric add. Pregnenolone was determined by RIA after the cells 
were thawed and neutrahsed with 2.16 M potassium triphosphate. The mean and range 
of two independent experiments is shown.

169



C h l o r id e - r e p l e t e  

Chloride —free

QQU
CV2

< 3 0

00

03
ti
o
o
d0)
d(%)(Uu
A

3000
2750
2500
2250
2 0 0 0

1750
1500
1250
1000

750
500
250

0

20 /xM 22(R)  c h o l e s t e r o l

B asa l  + 
e t h a n o l

B a sa l

rTTV^

50  /xM 22(R)  c h o l e s t e r o l

170



5.4 Discussion

From the 3 pHSD studies presented in this chapter it is clear that the basal activity o f this 

particular enzyme is not significantly affected by chloride and therefore is unlikely to 

account for the increased basal progesterone production seen in chloride-free buffer. In 

the mouse Leydig cell there is high basal expression of 3 pHSD mRNA in the absence o f 

cAMP (Payne and Sha, 1991). Thus, the lack of effect o f chloride-fiee conditions seen on 

3 pHSD activities in MA-10 cells also reflects this enzyme's long half-life.

Since sub-maximal dbcAMP treatment did not cause an increase in 3pHSD activity 

whether cells were incubated in chloride-replete or in chloride-fiee buffer, it seems 

unlikely that 3 pHSD is responsible for the potentiation in progesterone observed during 

chloride-fiee incubations. However, in the dbcAMP studies described in this thesis there 

was a decrease in 3 pHSD activity in the chloride-fiee incubations on the occasions that 

this enzyme was studied. It is therefore plausible that the potentiation observed in 

dbcAMP-stimulated progesterone in chloride-fiee buffer is not reflected by 3pHSD 

activity and is independent o f this enzyme.

In the investigations examining the effect of pre-incubating cells with either Waymouth's 

medium, chloride-replete or chloride-fiee buffer prior to assaying for 3 pHSD activity in 

all three buffers, there was greater enzyme activity in cells incubated with Waymouth's 

medium cotcpared to incubating with chloride-replete and chloride-fiee buffer. These 

results may reflect the fact that Waymouth's medium is a far more physiological buffer 

than the simple salts (it contains amino acids and vitamins) and would far better support 

cellular activity.
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The studies o f Anakwe and Payne (1987) on mouse Leydig cell cultures stimulated with 

cAMP demonstrated that pregnenolone is a minor steroid product compared to 

testosterone, indicating that 3 pHSD is always active in these cells. In mouse Leydig cells, 

withdrawal o f LH for 16 weeks does not alter the expression of SpHSD mRNA, and 

therefore, this was not found to interfere with the capacity to convert pregnenolone to 

progesterone.

The basal expression of 3 pHSD is very high in the rat Leydig cell (Payne and Sha, 1991) 

wliich may explain why there was so little impact of chloride-free conditions on the MA- 

10 cell enzyme activity. In contrast to the testis, 3 pHSD activities vary in the ovary since 

the e?^ression of both cytochrome P450, ĝg and 3 pHSD increases with LH treatment and 

during the stages o f follicular development (Martel et al., 1990). For a comprehensive 

treatment on the regulation o f 3 pHSD see review by Richards (1994).

Therefore, MA-10 cells, like the rat Leydig cell may have a high basal expression of 

3pHSD enzyme which is not altered significantly during sub-maximal dbcAMP 

stimulation in chloride-fiee buffer.

In parallel with the findings for 3 pHSD, investigation o f cytochrome P450^^ç activity has 

also demonstrated that this enzyme is not significantly altered by chloride-fiee conditions. 

Both basal pregnenolone production and treatment with either 20 pM or 50 pM 22(R) 

hydroxycholesterol showed there was no significant difference between chloride-replete 

and chloride-fiee incubations. This is in keeping with the high basal synthesis o f P450^^c 

in the absence ofcAMP agonist (Payne and Youngblood, 1995). However, in the mouse
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Leydig cell and in the MA-10 cell, treatment with dbcAMP has been shown to increase 

the synthesis o f P450gggg protein (Hales and Payne, 1989). This increase is seen at the 

translation level (Mellon and Vaisse, 1989).

Together, the findings fi*om this chapter indicate that the potentiation in dbcAMP- 

stimulated progesterone observed in the absence o f chloride cannot be explained by an 

increase in either P 450^  or in 3 pHSD activity. These findings are consistent with a high 

basal e?qpression of both P450j^and 3 pHSD that is found in the mouse testis (Payne and 

Youngblood, 1995) and therefore makes it unlikely that the potentiation in progesterone 

production by the omission o f chloride can be accounted for by changes in the activities 

o f these two enzymes.
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Ckapter Six:
Effects of ckloriJe on protein syntkesis
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6.1 Introduction

The protein synthesis inhibitor cycloheximide has been used extensively to investigate the 

role o f short half life proteins in the control of steroidogenesis in the adrenal, the ovary 

and testis. The early studies showed that cylcohexhnide rapidly inhibits adrenal 

steroidogenesis (Garren et a l, 1965; Schulster et a/., 1970). It was demonstrated by Koritz 

and colleagues (1975) that although adrenal ACTH-stimulated steroidogenesis was 

sensitive to cycloheximide, cAMP-stimulated steroidogenesis was not as sensitive to 

cycloheximide. Cycloheximide also inhibits LH-stimulated progesterone production in 

ovarian rat follicles (Tsarfiiti et a l ,  1973) and LH-stimulated testosterone in the testis 

(Cooke et a l ,  1975). Although cycloheximide will inhibit all protein synthesis in 

steroidogenic cells, the finding that cycloheximide rapidly inhibited steroidogenesis 

indicated that there was a short half life protein involved in regulating steroidogenesis 

(Garren et a i, 1965,1966; Davis and Garren, 1968). More recent studies have confirmed 

that specific proteins are involved in the control o f steroidogenesis in mitochondria. The 

induction o f phosphoproteins associated with the mitochondria following stimulation with 

ACTH in rat adrenal cells has been demonstrated (Krueger and Orme-Johnson, 1983; 

Krueger and Orme-Johnson, 1988). The adrenal studies established a role for 

mitochondrial proteins in regulating cholesterol transport from the outer mitochondrial 

membrane to the inner mitochondrial membrane. A family o f mitochondrial proteins has 

been shown to regulate the transport o f cholesterol. The most likely candidate for 

cholesterol transport to the inner mitochondrial membrane is the StAR protein, the 

expression of v\frich has been extensively correlated with steroidogenesis (See chapter 1).
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The role of the StAR protein in regulating steroidogenesis has also been strengthened by 

the fact that this protein is found only in steroidogenic tissues (see review by Stocco^^ , 

1996).

It is the purpose of the work described in this chapter to determine the effect that 

extracellular chloride has on cycloheximide treated cells during non-stimulating and 

stimulating conditions. In addition to this, the induction of the StAR protein has been 

measured in MA-10 cells under basal and sub-maximally stimulating conditions in 

Waymouth's medium, chloride-replete and chloride-free buffers. Cells were treated for 6 

hours, a sufficient time for the induction of the StAR protein (Clark et al., 1995). These 

studies endeavoured to determine whether the potentiation of steroidogenesis observed 

in chloride-free buffer during sub-maximally stimulating conditions was correlated with 

changes in the expression of the StAR protein. In addition to this, the expression of 

cytochrome P450^ and 3 pHSD protein were analysed. StAR protein, 3 pHSD enzyme, 

and P450^^ Western blot analysis and quantification were undertaken in collaboration 

with the group of Professor Douglas Stocco (Department of Cell Biology and 

Biochemistry, Texas Tech University Health Center, Lubbock, Texas).
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6.2 Results

In figure 6.1 are the data for basal and dbcAMP-stimulated progesterone production for 

cells after 2 hours in the presence and absence o f the protein synthesis inhibitor 

cyclohexhoide. Basal progesterone synthesis was similar for cells incubated in Waymouth's 

medium and in chloride-replete buffer. There was no significant difference in the basal 

progesterone production o f cells incubated in Waymouth's medium, chloride-replete and 

chloiide-ftee buffer. DbcAMP-treatment o f cells in Waymouth's medium, chloride-replete 

and chloride-free buffer resulted in a 6.6, 6.5, and a 10.9 fold increase in steroid 

production respectively conçared to the appropriate controls and was significant relative 

to controls (p^ 0.001). In addition to this, stimulated progesterone production m chloride- 

free buffer was significantly greater compared to both dbcAMP-stimulation in 

Waymouth's medium and m chloride-replete buffers (p^ 0.001). The addition of 

cycloheximide (25gg/ml) had no significant effect on basal progesterone production over 

2 hours and acute dbcAMP-stimulated progesterone production was decreased when cells 

were treated with cycloheximide in Waymouth's medium, chloride-replete and in chloride- 

free buffer by 89%, 86%, and 93% respectively.

In figure 6.2 is shown the progesterone production obtained over 6 hours for basal and 

stimulated progesterone production in the presence and absence o f cycloheximide. There 

was a significant increase in basal progesterone production in chloride-free buffer after 6 

hours conq)ared to the progesterone production in Waymouth's medium and in chloride- 

replete buffer! (p^ 0.001).
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There were statistically signiJGcant increases in dbcAMP-stimulated progesterone after 6 

hours in Waymouth's medium and in chloride-replete buffer compared to the controls (p:̂  

0.001). For cells stimulated in chloride-fi’ee buffer there was an even greater increase in 

dbcAMP-stimulated progesterone production. The increase was statistically significant 

conq)ared to the findings obtained for dbcAMP-stimulated steroid production in 

Waymouth's medium and chloride-replete buffer after 6 hours (p^ 0.001). 

Cycloheximide treatment of cells after 6 hours enhanced h?iS?X steroidogenesis con^ared 

to controls. There was a 95%, 97% and a 95% increase in basal steroidogenesis after 6 

hours for cycloheximide treated cells in Waymouth's medium, chloride-replete buffer and 

in chloride-free buffer respectively which was significant (p^ 0.001). In contrast to this, 

after 6 hours, 0. ImM dbcAMP-stimulated steroidogenesis was decreased by 93%, 91% 

and 99% in Waymouth's medium, chloride-replete buffer and in chloride-free buffer 

respectively (p^ 0.001).

Basal cAMP was measured for these experiments, the basal cAMP accumulated after 2 

hours is shown in figure 6.3. There were no significant differences in cAMP for cells 

incubated in chloride-free buffer compared to chloride-replete buffer and Waymouth's 

medium for either 2 or 6 hours (figure 6.4). Since there was an unexpected enhancement 

of basal progesterone production following cycloheximide treatment, the kinetics of the 

effect o f cycloheximide were studied in chloride-replete and in chloride-free buffers over 

6 hours to establish the pattern of the response over time. In figure 6.5 is shown a kinetic 

study in chloride-replete buffer. For control cells in chloride-replete buffer, steroid 

production did not differ significantly with time.
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Figure 6.1 Basal and dbcAMP-stimulated progesterone production after 2 hours in 
Waymouth's, chloride-replete and in chloride-free buffer. Cells were seeded at a 
density o f 2xl0'^cells/250pl in a 96-well plate and cultured for 48 hours. Cells were 
incubated in either Waymouth's medium, chloride-replete or in chloride-free buffer for 2 
hours after which the incubation buffers were replaced with fresh identical, buffers for a 
fiirther 2 hours with a final concentration o f 0.1 mM dbcAMP. Steroidogenesis was 
terminated with 3 M perchloric acid and cells frozen. Progesterone was determined by 
RIA after the cells were thawed and neutralised with 2.16 M potassium triphosphate. The 
mean and sem o f three independent experiments is shown.

DbcAMP- stimulated progesterone in the absence o f chloride was significantly higher 
couqpared to the control e?q)eriment (p^ 0.001).
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Table 6.2 Control progesterone production by MA-10 cells over 6 hours and 
dbcAMP-stimulated progesterone production by MA-10 cells over 6 hours that ; 
have been pre-treated with cycloheximide (2.5pg/ml). The mean and sem of three 
independent experiments are shown. |

ng Progestereone/10^ cells.6 hours

Cycloheximide-free +Cycloheximide

Medium Control 0.1 mM DbcAMP

Waymouth’s 3.3 ± 0.3 6.6 ± 1.5

Chloride-replete 6.2 ± 0.8 8.9 ± 1.9

Chloride-free 15 ±0.8 11.8 ± 2.5
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Figure 6.2 Basal and dbcAMP-stimulated progesterone production after 6 hours in 
Waymouth's medium, chloride-replete and chloride-free buffer. Cells were seeded 
at a density of 2x 10"̂ cells/250pl in a 96-well plate and cultured for 48 hours. Cells were 
incubated in either Waymouth's medium, cmoride-replete or chloride-free buffer for 2 
hours. For cells to be treated with (wcloheximide, cells were incubated with 2.5pg/ml 
cylcohexhnide in the last 30 minutes of the 2 hour incubation. After this, the buffers were 
removed and replaced with fresh identical buffers, in the control experiment only buffer 
was added and m the treatment experiment cells contained a final concentration of 0.1 
mM dbcAMP. The cells were incubated for 6 hours after which steroidogenesis was 
terminated with 3M perchloric acid and the cells frozen. Progesterone was determined 
by RIA after the cells were thawed and neutrahsed with 2.16 M potassium triphosphate. 
TTie mean and sem of three independent experiments is shown. There was a 
significant progesterone production by cells treated with dbcAMP in chloride-free buffer 

j compared to cells in chloride-replete buffer (p^ 0.001) and basal progesterone was 
significant in cells pre-treated with cycloheximide and incubated in chlonde-free buffer 

' for 6 hours (p ̂  0.001 ).
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Figure 6.3 Basal cAMP accumulation after 2 hours in the presence and absence of 
cycloheximide (25 pg/ml). Cells were seeded at a density of 2xl0'^cells/250|iil in a 96-well 
plate and incubated for 48 hours. Cells were incubated in either Waymouth's medium, 
chloride-replete or chloride-free buffer for 2 hours. For cells treated with cycloheximide, 
cells were incubated with 25pg/ml cycloheximide for the last 30 minutes o f the 2 hour 
incubation period. After two hours the incubation buffers were replaced with fresh, 
identical buffers, treated cells received a final concentration o f 0.1 mM dbcAMP and 
untreated cells were given buffer alone. After 2 hours, steroidogenesis was terminated 
with 3 M perchloric acid and the cells frozen. Progesterone was determined by RIA after 
the cells were thawed and neutralised with 2.16 M potassium triphosphate. The mean and 
sem o f three independent experiments is shown.

Figure 6.4 Basal cAMP accumulation after 6 hours in the presence and absence of 
cycloheximide (25 pg/ml). Cells were seeded at a density o f 2x 1 Ô ĉells/250pi in a 96- 
weU plate and incubated for 48 hours. Cells were incubated in either Waymouth's 
medium, chloride-replete or chloride-free buffer for 2 hours. For cells treated with 
cycloheximide, cells were incuhated with 25pg/ml cycloheximide for the last 30 minutes 
of the 2 hour incubation period. After two hours the incubation buffers were replaced with 
fresh, identical buffers, treated cells received a final concentration o f 0.1 mM dbcAMP and 
untreated ceUs were given buffer alone. After 6 hours, steroidogenesis was terminated 
with 3 M perchloric add and the cells frozen. Progesterone was determined by RIA after 
the cells were thawed and neutralised with 2.16 M potassium triphosphate. The mean and 
sem o f three independent experiments is shown.
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Figure 6.5 Time course for basal progesterone production in the presence of 
cycloheximide (25 pg/ml) in chloride-replete buffer. Cells were seeded at a density o f  
2xl0'^cells/250pl and cultured for 48 hours. Cells were then washed twice in chloride- 
replete buffer. Cells were then pre-incubated with cycloheximide for 30 minutes or were 
incubated with chloride-replete buffer alone. After this, the incubation buffers were 
replaced with fi*esh chloride-replete buffers and basal progesterone production was 
terminated every 10 minutes for the first half hour after progesterone production was 
terminated half hourly with 3 M perchloric acid. At the end o f the experiment the cells 
were Jfrozen. Progesterone was determined by RIA after the cells were thawed and 
neutralised with 2.16 M potassium triphosphate. The mean and range o f two independent 
experiments (triphcate determinations) is shown.
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Figure 6.6 Time course for basal progesterone production in the presence of 
cycloheximide (25 pg/ml) in chloride-free buffer. Cells were seeded at a density o f  
2xl0'^cells/250pl and cultured for 48 hours. Cells were washed twice in chloride-free 
buffer. Cells were then pre-incubated with cycloheximide for 30 minutes or were 
incubated with chloride-free buffer alone. After this, the buffers were replaced with fresh 
chloride-free buffers and basal progesterone production was terminated every 10 minutes 
for the first half hour after this progesterone production was terminated half hourly with 
3 M perchloric add. At the end o f the e^geriment the cells were frozen. Progesterone was 
determined by RIA after the cells were thawed and neutrahsed with 2.16 M potassium 
triphosphate. The mean and range o f two independent experiments (triphcate 
determinations) is shown
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0

Time (h o u r s )

188



For cells treated with cycloheximide, there was a similar steroid production over the first 

hour but thereafl;er, there was a statistically significant progressive increase in 

steroidogenesis for the time points > 2 hours (p^ 0.001). This pattern was repeated in 

figure 6.6, where the cells were treated with cycloheximide in chloride-fi*ee buffer on cells 

firomthe same cell preparation. There was a similar increase in progesterone afl;er 1 hour, 

after which, steroidogenesis was enhanced significantly in the presence o f cycloheximide

(p^ 0.001).

6.3 StAR Protein Analysis

In figure 6.7 is shown the response o f MA-10 cells to 0.1 mM dbcAMP in chloride-replete

and chloride-jftee buffer over 6 hours and the basal progesterone production over 6 hours.

There was a 2-3 fold increase m basal steroid production for cells incubated in chloride-

free buffer compared to cells incubated in chloride-replete buffer. During stimulation there

was a significant increase in progesterone production over 6 hours for cells incubated in

chloride-replete and chloride-free buffers relative to controls (p^ 0.001) but the increase

obtained in chloride-free buffer was significantly greater corqpared to chloride-replete

buffer at the end o f 6 hours (p^ 0.001).

When stimulating MA-10 cells with 0.1 mM dbcAMP there was an increase in StAR protein

levels compared to stimulating in chloride-replete buffer. In chloride-free buffer the mean fold

increase in StAR protein was 4 ± 1.2 (see figure 6.8 for the histogram showing the fold increase

in StAR protein).
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Figure 6.7 DbcAMP-stimulated progesterone production obtained after 6 hours in 
T-75 flasks. Cells were seeded at a density o f 10-12x1 O^ceUs/flask and cultured for 24 
hours. Cells were washed twice in either chloride-replete or in chloride-free buffer after 
which the control flasks were replaced with chloride-replete and chloride-free buffer and 
the treatment flasks were replaced with chloride-replete or chloride-free buffer containing 
a final dbcAMP concentration of 0.1 mM for 6 hours. The supernatants were removed and 
the progesterone was determined by RIA. The mean and sem of three independent 
experiments is shown.
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Figure 6.8 Fold increase in StAR protein levels (relative fold change) Histogram 
showing the fold increase in the StAR protein for cells incubated in chloride-free buffer 
relative to chloride-replete buffer. The mean and sem o f three independent experiments 
is shown.
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In table 6.1 are shown the protein estimations o f the mitochondrial pellets isolated from 

the three StAR protein experiments performed. There was no statistical significant 

difference in protein for pellets isolated from cells incubated and stimulated with dbcAMP 

in either chloride-replete or in Waymouth's medium. However, in chloride-free conditions 

there was a decrease in the protein content for experiments 2 and 3. This may reflect a 

greater loss o f cells occurring in chloride-free buffer during 6 hours incubation.

Figure 6.9 shows the Western blot analysis for one experiment in which the StAR protein 

was analysed after chloride-replete and chloride-free incubations. Under non-stimulating 

conditions there was no detectable difference between the expression o f StAR protein 

irrespective o f chloride. For dbcAMP-stimulated cells there was an increase in the amount 

of StAR protein detected in both chloride-replete and chloride-free buffer relative to the 

controls. However, the expression o f StAR protein detected from the Western blot in 

chloride-free was 3-fold greater at the end of the 6 hours compared to the chloride-replete 

sample.

In subsequent investigations, the expression o f StAR protein was also studied in cells 

incubated in Waymouth's medium and in cells that were maximally stimulated with 1 mM 

dbcAMP in Waymouth's medium. In figure 6.11 is the steroid production for dbcAMP- 

stimulated cells in Waymouth's medium, chloride-replete, and chloride-free buffer. There 

was a significant mcrease in dbcAMP-stimulated progesterone production relative to 

controls but as before progesterone production in chloride-free buffer was significantly 

higher than in chloride-replete buffer (p^ 0.001). Progesterone accumulation by cells 

stimulated with ImM dbcAMP in Waymouth's medium did not differ from the 

progesterone production o f MA-10 cells stimulated with the sub-maximally effective 

concentration o f 0. ImM dbcAMP in chloride-free buffer. However, despite the equivalent
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progesterone production, StAR protein expression was 5-fold greater with ImM dbcAMP 

in Waymouth's medium compared to StAR protein expression after stimulating with 0.1 

mM dbcAMP in chloride-free buffer (Figure 6.12 for representative Western blot 

analysis).

In figure 6.13 and 6.14 are the Western blot analysis for cytochrome PdSÔ p̂̂ , and 3 pHSD 

proteins respectively. There was no difference in the amount o f cytochrome PdSÔ ggg and 

3 pHSD protein detected, irrespective o f chloride.
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Table 6.1 Protein determinations from the mitochondrial pellets

£xpt. 1 Basal 0.1 mM db 1.0 mM db

+C1 324pg 354pg --------

-Cl 333pg 366pg ---

Waymouth’s —

£xpt.2

+C1 112pg 159pg --------

-Cl 124pg 75pg - —

Waymouth’s 169pg — 128pg

£xpt.3

+C1 ISOpg 248fig ---

-Cl I02pg 83ng ---

Waymouth’s 140pg --- 232pg
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F^ure 6.9 StAR Western blot analysis of cells stimulated with 0.1 mM dbcAMP in 
chloride-replete and in chloride-free buffer after 6 hours. Cells were seeded at a 
density of 10-12x10^ cells/75cm^ flask and cultured for 24 hours. Cells were washed twice 
in either chloride-replete or in chloride-free buffer after which the control flasks were 
replaced with chloride-replete and chloride-free buffer and the treatment flasks were 
replaced with chloride-replete or chloride-free buffer containing a final dbcAMP 
concentration o f 0.1 mM for 6 hours. Cells were harvested and homogenised to isolate 
mitochondria. Isolated mitochondria were lyophihsed and analysed for StAR protein by 
Western blot analysis. One o f three representative Western blots is shown.
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3= Control chloride-replete buffer
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5= Control chloride-free buffer

6= 0.1 mM dbcAMP in chloride-free buffer

7= Control chloride-replete buffer

8= 0.1 mM dbcAMP in chloride-replete buffer
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Figure 6.11 DbcAMP-stimulated progesterone production obtained after 6 hours in T-75 
flasks. Cells were seeded at a density o f 10- 12x10* cells/75 cm  ̂flasks and cultured for 24 hours. 
Cells were washed twice in chloride-replete and chloride-free buffer containing 0.1% (w/v) BSA 
after vriiich the control cells were replaced with chloride-replete and chloride-free buffers (0.1 % 
BSA) and the treatment flasks were replaced with chloride-replete and chloride-free buffer 
containing a final concentration o f 0. ItnM dbcAMP and were incubated for 6 hours. The 
supernatants were removed and the progesterone content was determined by RIA. The mean and 
sem o f three independent experiments is shown.

0.1 mM dbcAMP-stimulated progesterone production was significantly higher in chloride- 
free buffer over 6 hours compared to progesterone production in chloride-replete buffer 
(p^O.OOl).
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Figure 6.12 StAR protein Western blot analysis of cells stimulated with 1.0 mM 
dbcAMP in Waymouth’s medium after 6 hours. Cells were seeded at a density o f 10- 
12xl0^cells/75 cm  ̂ flask and cultured for 24 hours. Cells were washed twice in 
Waymouth's medium containing 0.1% (w/v) BSA after which the control flasks were 
replaced with Waymouth's medium (0 .1% BSA) and the treatment flasks were replaced 
with Waymouth's medium (0.1%) containing a final dbcAMP concentration o f 1.0 mM 
and incubated for 6 hours. Cells were harvested and homogenised to isolate mitochondria. 
Isolated mitochondria were lyophihsed and analysed for StAR protein by Western blot 
analysis. One o f two representative Western blots is shown.
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1= Control Waymouth’s medium

2= 1.0 mM dbcAMP in Waymouth’s medium

3= Control chloride-free buffer

4= 0.1 mM dbcAMP in chloride-free buffer

5= Control chloride-replete buffer

6= 0.1 mM dbcAMP in chloride-replete buffer
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Figure 6.13 Western blot analysis of cytochrome P450„ec protein for cells stimulated 
with 0.1 mM dbcAMP in chloride-replete and chloride free buffer and analysis for 
cells stimulated with 1.0 mM dbcAMP in Waymouth’s medium after 6 hours. Cells 
were seeded at a density o f 10-12xl0^cells/75 cm̂  flask and incubated for 24 hours. Cells 
were washed twice in either chloride-replete, chloride-free or in Waymouth's medium 
(0.1% (W/v)BSA) in which the control flasks were replaced with chloride-replete, 
chloride-free or Waymouth's medium (0.1% BSA). Treatment flasks were replaced with 
the appropriate buffer containing a final concentration o f either 0.1 mM dbcAMP 
(chloride-replete and chloride-free buffer) or 1.0 mM dbcAMP (cells treated in 
Waymouth's medium, 0.1% BSA). Cells were incubated for 6 hours. Cells were harvested 
and homogenised to isolate mitochondria. Isolated mitochondria were lyophilised and 
analysed for StAR protein by Western blot analysis. One o f three representative Western 
blots is shown.
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Figure 6.14 Western blot analysis for 3pHSD protein from cells stimulated with 
0.1 mM dbcAMP in chloride-replete and in chloride free buffer and analysis of cells 
stimulated with l.OmM dbcAMP in Waymouth’s after 6 hours. Cells were seeded at 
a density o f 10-12xl0^cells/75 cm  ̂flask and cultured for 24 hours. Cells were washed 
twice in either chloride-replete, chloride-free or in Waymouth's medium (0.1% (w/v) BSA) 
after which the control flasks were replaced with chloride-replete, chloride-free or 
Waymouth's medium. Treatment flasks were replaced with a final concentration o f 0.1 
mM dbcAMP for cells incubated in chloride-replete and chloride-free buffer and a final 
concentration o f 1.0 mM dbcAMP for cells treated in Waymouth's medium. Cells were 
incubated for 6 hours. Cells were harvested and homogenised to isolate mitochondria. 
Isolated mitochondria were lyophihsed and analysed for 3 pHSD protein by Western blot 
analysis. One o f three representative Western blots is shown.
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6= 0.1 mM dbcAMP in chloride-replete buffer
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Table 6.2 a-c ^H-Methionine incorporated in to MA-10 ceils during non-stimulating and 
stimulating conditions (0.1 mM dbcAMP). Cells were incubated with either methionine 
supplemented Waymouth's medium, chloride-replete or chloride-free buffer for 2 hours. The 
media were removed and the cells washed with methionine -free media. Cells were incubated for 
4 hours in methionine-free media. Cells were next washed with methionine-free buffer then 
scraped and homogenised. The homogenates were precipitated with TCA and the radioactivity 
idetermined using a beta counter. See chapter 2 section 2.16 for details.



Table 6.2a Incorporation of methionine cpm ^H-Methionine 
incorporated/1 x 10̂  cells.4 hours

Medium Control dbcAMP

Waymouth’s 21.4±3 30.2±6.6

Chloride-replete 82 ± 6.1 60.5± 8.9

Chloride-free 74.9± 5.8 85.6± 19.8

Table 6.2 b

Medium Control dbcAMP

Waymouth’s 7.8±1 8.3±3.5

Chloride-replete 58.7± 10.2 54.6± 7.9

Chloride-free 60.8±0.3 302± 49.9

Table 6.^ c

Medium Control dbcAMP

Waymouth’s --- ---

Chloride-replete 19.5± 3.6 60.5± 8.9

Chloride-free 36.2± 16.1 158± 17.9
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6.4 Chemiluminescence studies

Using chemihmiinescence, the expression o f StAR, cytochrome P450gggg and the 3 pHSD 

proteins was quantified. Figure 6.15 shows the optical density o f immunoreactive StAR 

protein-antibody conq)lex under basal and stimulating conditions. The expression o f StAR 

protein decreased in the order, Waymouth's medium >chloride-fiee>chloride-replete 

buffer

In figure 6.16 is the analysis for cytochrome P450^^ under basal and stimulating 

conditions. There was no significant difference seen between incubations in chloride- 

replete and Waymouth's medium but the expression of P450„j^ was lowest in chloiide-fi^ee 

buffer. In figure 6.17 is the analysis for 3 pHSD. There was no significant difference in 

3 pHSD protein detected irrespective o f chloride and Waymouth's medium

Studies on the incorporation of ̂ H-methionine were performed to determine whether there 

was a general increase in protein synthesis in the absence o f chloride and in Waymouth's 

medium under stimulating and basal conditions. In tables 6.2a-c are the results for the 

incorporation o f  ̂ H-methionine in both unstimulated cells and stimulated cells for three 

individual experiments. In two o f the three experiments there was an increase in the 

uptake o f ^H-methionine in cells stimulated in chloride-fiee buffer compared to cells 

stimulated in chloride-replete buffer.

For the individual experiments there was a 6, 1.4 and a 5.5 fold increase in incorporated 

^H-methionine in dbcAMP chloiide-free incubations relative to chloride-replete 

conditions.
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Figure 6.15 The optical density obtained for the StAR protein bands using 
chemiluminescence in Waymouth’s medium, chloride-replete and chloride-free 
buffer. After Western blot analysis o f the StAR protein, the blots were stripped and 
probed with specific StAR antibodies and were analysed using a Biobnage Visage 2000 
imaging system The mean and sem of three independent experiments is shown.
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Figure 6.16 The optical density obtained for V450^^ protein bands using 
chemilumincesence in Waymouth’s medium, chloride-replete and chloride-free 
buffer. After Western blot analysis ofP450ggggthe blots were stripped and probed with 
antibodies to P 450^  and were analysed using a Biolmage Visage 2000 imaging system. 
The mean and sem o f three independent experiments is shown.
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Figure 6.17 The optical density obtained for the 3pHSD protein bands using 
chemilumincesence in Waymouth’s medium, chloride-replete and chloride-free 
buffer. After Western blot analysis o f 3 pHSD the blots were stripped and probed with 
antibody to 3 pHSD using a Biolmage Visage 2000 imaging system. The mean and sem 
of three independent experiments is shown.
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6.5 Discussion

It was found that basal progesterone production was insensitive to cyclohexhnide 

treatment over 2 hours, which is consistent with early investigations on Leydig cell 

steroidogenesis (Janszen et a/., 1976). This is however, in disagreement with the findings 

for the protein dependency of basal steroidogenesis m the adrenal (Schulster et al., 1970) 

and for rat ovarian folhcles (Tsafiiti et al., 1973). Such differences erqphasise the 

variation to be found amongst the steroidogenic tissues.

The finding that addition o f cyclohexhnide inhibited 0.1 mM dbcAMP-stimulated 

progesterone afl;er 2 hours and 6 hours confirms the need for new protem synthesis and 

therefore protein modulation post-cAMP synthesis.

The independence o f basal progesterone on protein synthesis at 2 hours was in contrast 

to the findings afl;er 6 hours. The enhancement o f basal progesterone over 6 hours has 

suggested that for long-term basal progesterone production, there may be some form of 

inhibitory protein control. This finding also inches that there are additional effects o f 

cycloheximde to be seen on MA-10 cells with increased exposure. In support o f this there 

have also been reports that cyclohexhnide can induce and superinduce gene e>q>ression. 

For exatq)le, it has been found that prolonged treatment o f bovine and human adrenal 

fasiculata-reticularis cells with angiotensin n  (Ang 11) in the presence of cyclohexhnide 

increases the expression o f ACTH-receptor (ACTH-R) mRNA (Penhoat et al., 1994). 

Long term exposure with cyclohexhnide (over 24 hours) similarly increases the 

constitutive levels o f ACTH-R (Penhoat et a l, 1996). Proteins synthesis inhibitors are also 

known to activate gene e?q)ression in the absence o f agonists, for example both c-fos and
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c-myc are induced (Edwards et al., 1992). There is evidence to show that cylcoheximide 

can stabilise mRNA (Rhamsdorf et al., 1987).

The lack of correlation between basal progesterone and cAMP at 2 and 6 hours reinforces 

the independence o f basal steroidogenesis from cAMP and therefore from a PKA- 

mediated process.

The statistically significant increase in MA-10 cell sub-maximal dbcAMP-stimulated 

steroidogenesis after 6 hours has confirmed the findings from the previous time course 

studies which showed progesterone production was significantly increased by 6 hours 

stimulation in chloride-replete and chloride-free buffer. However, the significant increase 

obtained in chloride-free buffer represents the attainment o f maximal steroidogenesis with 

a tenth o f the concentration o f dbcAMP required to ehcit a maximal response in a 

chloride-replete medium.

In view of the increase in dbcAMP-stimulated steroidogenesis in chloride-free buffer and 

knowing that cytochrome P450̂ ĵ̂  and 3 pHSD enzymes are unlikely to be rmphcated in 

this increase, the delivery o f cholesterol to the irmer mitochondrial membrane under 

chloride-free conditions may be an alternative mechanism to explain the potentiation in 

progesterone synthesis in chloride-free buffer.

The large increase in MA-10 cell steroidogenesis obtained after 6 hours with dbcAMP- 

stimulation coincides with the observed peak o f StAR protein formation found between 

4-6 hours (Clarke et al., 1995). The identification o f mitochondrial proteins during 

dbcAMP-stimulated progesterone production and the sensitivity to cyclohexhnide in the 

early investigations o f Stocco and Kilgore (1988) have indicated that MA-10 cells are not
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dissimilar to other steroidogenic cells which also produce mitochondrial proteins with 

similar molecular masses. Thus, StAR protein was analysed from MA-10 cells during 

chloride-replete and chloride-free incubations.

During the isolation of mitochondria the amounts o f mitochondrial protein obtained from 

cells incubated in both chloride-replete and chloride-free buffer were physically smaller 

compared to the mitochondrial protein pellets obtained from cells incubated in 

Waymouth's medium. It is possible that over the period o f 6 hours, there was more cell 

loss in chloride-replete and chloride-free buffers compared to that in Waymouth's medium, 

since the latter is more physiological and would sustain the cells far better than the simple 

chloride buffers.

Western blot analyses demonstrated there were neghgible differences in the levels o f the 

StAR protein, P450^^ protein and 3pHSD detected for cells in Waymouth's, chloride- 

replete and chloride-free buffer under basal conditions. In the MA-10 cells there was no 

detectable StAR protein after 6 hours. During stimulation with dbcAMP the increase in 

the progesterone production associated with the response was successftdly demonstrated 

over 6 hours and it has been possible to detect increases in the StAR protein for cells 

incubated in all three media relative to controls. The Western blot analyses in chloride-free 

buffer during stimulation with dbcAMP indicated a consistent increase in the StAR protein 

which was greater compared to the detection o f StAR protein in chloride-replete buffer. 

It is therefore possible that the potentiation of steroidogenesis seen in chloride-free buffer 

may be explained, at least in part by the increase in the StAR protein.
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For cells stimulated with 1 mM dbcAMP in Waymouth's medium there was similar 

progesterone production for cells stimulated with 0.1 mM dbcAMP in chloride-free buffer 

but this was not the case for cells stimulated with 0.1 mM dbcAMP in chloride-replete 

buffer. However, the amount o f the StAR protein was greater in the cells stimulated in 

Waymouth's medium con^ared to chloride-free experiments, which was surprising since 

in both buffers, the amount o f steroid produced was similar. This indicates that the 

increase in StAR protein during chloride-free incubations with dbcAMP may not be the 

only explanation for the enhanced progesterone production and that other mechanisms 

may be responsible for the potentiation in progesterone.

In addition to the StAR protein, P450j ĵ  ̂ and 3pHSD protein were studied and these 

findings reinforce the earher results that there is no effect to be seen on the enzymes 

during stimulation with dbcAMP irrespective of chloride. Together these findings support 

the hypothesis that the effect of extracellular chloride exclusion on steroidogenesis occurs 

after cAMP generation but prior to P450^j^ and 3pHSD enzymes in the MA-10 ceU, 

which may inq)hcate the synthesis of cholesterol and/or the transport o f cholesterol to the 

inner mitochondrial membrane. In all cases there was little correlation between stimulation 

of progesterone accumulation and the levels of cytochrome P450^çç and 3 pHSD protein.

Another possibihty to consider is that the increase in the StAR protein obtained in the 

absence o f extracellular chloride is not specific to the StAR protein. The StAR protein 

may be one o f many PKA-dependent proteins that may he potentially activated or
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upregulated. Therefore, it remains plausible that other PKA-dependent proteins could be 

similarly influenced by excluding chloride. To explore this, the expression o f other 

proteins with similar molecular masses as the StAR protein, that are not necessarily 

related to steroidogenesis, would need to be examined. Such a study would be essential 

to determine whether the increase in StAR protein during stimulation in chloride-fi'ee 

buffer was specific or a general consequence arising fi-om excluding chloride. One 

approach enq)loyed in this chapter has been to measure total protein synthesis using 

methionine incorporation. This has been examined under dbcAMP-stimulating and basal 

conditions and has revealed that there was no difference in protein synthesis under basal 

conditions in Waymouth's, chloride-replete and in chloride-fi'ee buffer. This parallels 

earlier findings presented in this chapter, where cyclohexhnide did not interfere with basal 

progesterone production m MA-10 cells. However, the effect o f cyclohexhnide on 

dbcAMP- stimulated progesterone in MA-10 cells confirms that protein synthesis is 

necessary for steroidogenesis post-cAMP generation. This was found to be the case 

whether chloride was present or not.

Although there was no significant increase hi the ^H-methionhie incorporation for sub- 

maxhnaUy stimulated cells, this method o f measurement cannot be directly compared to 

the StAR Western blot analysis, since in the latter method, it is the mass o f the protein that 

was being measured and in the former method, changes in the incorporation o f the ^H- 

methionine i i n t o L t h e  cell were measured. Since the uptake o f the ^H-methionine by 

the cell could be influenced by the absence o f chloride, these measurements remain 

incon^arable to the Western blot analyses performed. Additionally, since the methionine
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studies were examining activity changes in the cellular methionine pool and the StAR 

experiments were looking at protein mass, direct con^aiisons cannot be made.

Taken together, the results from this chapter have demonstrated a clear increase in the

StAR protein and this reinforces the role o f this mitochondrial protein in steroidogenesis.

However, the role o f the StAR protein may not be the only factor contributing to the

increase in dbcAMP- stimulated progesterone in chloride-free buffer. Ancillary mechanisms

may be responsible for the potentiation in steroidogenesis during chloride-free conditions,

given the similar levels of progesterone synthesis in Waymouth's medium and in chloride-

free buffer despite differing levels o f StAR expression. It may also be the case that the

increase in the StAR protein represents just one o f many proteins which are increased in

the presence of dbcAMP and also during dbcAMP-stimulation in chloride-free conditions, 
with regard

The specificity o f the finding^o the StAR protein and to other proteins must be explored 

to determine this.
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Ckapter S even: General Discussion
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la the studies described in this thesis on the MA-10 mouse tumour Leydig cell line, it has 

been clearly demonstrated that the exclusion o f  chloride ions will enhance basal 

steroidogenesis and furthermore, that sub-maximally dbcAMP- stimulated progesterone 

production is enhanced significantly cott^ared to when chloride is present. Basal 

progesterone production was significantly enhanced by a lowering o f the extracellular 

chloride concentration, and reached maximal steroidogenesis when all the chloride had 

been excluded. This pattern o f the basal progesterone response was not paralleled by the 

basal cAMP accumulation, since basal cAMP was increased with intermediate chloride 

concentrations. Thus, there is a difierential effect o f the chloride concentration on basal 

cAMP and basal progesterone. Although the cAMP results may have indicated a 

modulatory effect o f chloride ions on the LHR or on an adenylyl cyclase, there was no 

significant effect o f chloride ion exclusion to be seen on ^̂ Î-hCG binding to the LHR. 

However, at 4 “C significant changes in ^^ Î-hCG/LHR interactions may have not been 

possible. This is supported by the finding that in similar investigations studying the effect 

o f chloride exclusion on radiohgand binding, there was reported to be a significant 

increase in the binding of thyrotropin to the TSHR at 22 ®C (Taramoto and Ingbar, 1986). 

The findings obtained for dbcAMP-stimulated MA-10 cells are consistent with the rat 

Leydig cell studies which investigated the influence o f chloride ions on LH-stimulated 

testosterone production (Choi and Cooke, 1990). That chloride removal exerted a positive 

effect on both mouse and rat Leydig cell steroidogenesis indicates that excluding chloride 

is likely to have a specific effect on steroidogenesis. The potentiation arising fiom the 

exclusion o f chloride was not extended to supra-maximal stimulating concentrations o f
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dbcAMP in the MA-10 cell, indicating that the lower concentrations o f dbcAMP were the 

most sensitive to the extracellular chloride concentration.

Although chloride removal had a positive effect on rat Leydig cell and MA-10 cell 

steroidogenesis, for LH-stimulated chicken granulosa cells there is no evidence for an 

enhancing effect of low extracellular chloride ion concentration on steroidogenesis. This 

difference between the chicken granulosa cell and the MA-10 cell enq)hasises differences 

between animal species and/or the reproductive systems. This variation may illustrate that 

for both the male and female tissues there is divergence in the extracellular chloride 

requirement to support steroidogenesis.

There is evidence that chloride-free conditions has a positive effect on progesterone 

production and on the maturation o f frog oocytes. Studies by Skoblinka and Huhtanemi 

(1995) on folHcles o f the common frog Rana temporaria showed that in a chloride-free 

environment, there was an enhancement o f folhcular maturation. Additionally, following 

the substitution o f chloride with gluconate, there was an enhancement o f dbcAMP- 

stimulated progesterone production when the oocytes were incubated with a suspension 

o f anterior pituitary cells. In these particular studies supra-maximal concentrations o f  

dbcAMP were used, (2 and 3 mM) as opposed to the sub-maximal concentrations that 

have been used in the MA-10 cell studies. Inspite of these differences, the results from the 

frog studies illustrate that there are further biological effects to be seen when stimulating 

cells in a chloride-free environment and that chloride-free conditions may have 

consequences for biological processes other than steroidogenesis. Further effects o f
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chloride-free conditions have been suggested by the studies o f pro-nuclear formation in 

porcine oocytes. Incubating the oocytes in a chloride-free buffer increased the pro-nuclear 

formation which also correlated with increased glutathione (Funahashi et al., 1994).

The mançulation of both the extracellular chloride and calcium concentration have shown

that even in the absence o f calcium an enhancement o f dbcAMP-stimulated

steroidogenesis is evidait following chloride removal[, However, there was still a

decrease in the overall level o f steroidogenesis in calcium-free/chloride-free buffer cell

incubations con^aredto calcium-replete/chloride-free buffer incubations, indicating that

there is a calcium requirement, vriiich is consistent with the early studies on the rat Leydig

cell (Janszen et al, 1976). The MA-10 cell requirement for calcium disagrees with the
etal,

findings obtained by Pereira (1988) in which there was no difference in hCG-stimulated 

progesterone Wiether chloride was present or not. The difference between this prior study 

and the MA-10 cell chloride studies in this thesis may be in the choice o f buffer used to 

incubate the cells; there is probably a far greater dependency on calcium when cells are 

incubated in the single salts chloride-replete and chloride-free buffers conq)ared to when 

incubating cells in Waymouth's treated with EGTA, since Waymouth's medium is 

supplemented and more physiological than the simple salts buffers. The MA-10 calcium 

studies have therefore shown that there may be superimposed on the potentiating effect 

of chloride-free conditions on dbcAMP-stimulated progesterone production a minimum 

calcium requirement. This was apparent when the exclusion and the omission o f chloride 

annulled the potentiation o f 0.1 mM dbcAMP-stimulated progesterone production.
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To fiirther the understanding as to where the enhancing effect o f chloride was taking

place, the enzymes P450^^ and 3 pHSD were studied under both basal and sub-maximally

stimulating conditions. 3 pHSD activity was unaffected by chloride-free conditions in both
and

basal and stimulated ceU^is consistent with the long half-life o f the enzyme. Therefore, 

it seems unlikely that 3 pHSD activity is influenced by changes in the extracellular chloride 

concentration. In the case o f P450^j^ activity there was again no difference in the 

conversion of cholesterol to pregnenolone in chloride-replete and in chloride-free buffer. 

Thus, the potentiation in dbcAMP-stimulated progesterone by chloride exclusion is 

unlikely to be accounted for by either o f these enzymes.

In the final studies o f the effect o f chloride on the MA-10 cell, the locus o f action was 

considered with respect to protein synthesis and consequently to study the putative effect 

of chloride-free conditions on the StAR protein.

The basal studies showed that there was no dependency on protein synthesis, which was

consistent with early findings (Cooke et al.,\915 ). DbcAMP-stimulated progesterone was

dependent on protein synthesis and supported the requirement for protein synthesis post-

cAMP. The use o f cycloheximide however gave an unexpected result when basal

progesterone was studied at 6 hours. At 6 hours there was an enhancement in basal

progesterone in chloride-replete buffer, chloride-free buffer and in Waymouth's medium.

This particular result indicates that there is likely to be some form o f inhibitory protein

control over the 6 hours or that there is induction o f gene expression that has a direct
that

effect on steroidogenesis. There is evidence cyclohexhnide and other protein synthesis
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inhibitors inducing gene expression (Greenberg et al, 1986; Edwards et al., 1992).

The StAR protein analyses showed a correlation between steroidogenesis and StAR 

protein expression. In the absence o f chloride there was a clear increase in the StAR 

protein corapared to the incubations in chloride-replete buffer.

This observation presents a number o f possibilities, the first being that the enhancement 

in dbcAMP-stimulated progesterone arises fî om a direct modulation o f the StAR protein 

e?q)ression. Secondly, the enhancement in the StAR protein expression may be a general 

effect o f chloride-fi*ee incubations on cAMP/PKA activated systems. The lack o f effect 

of chloride-free incubations on the expression ofP450gggg and 3 pHSD protein expression 

enq)hasises that possibly due the long half-life o f these enzymes, they are not altered by 

changes in the extracellular chloride concentration.

Since a cAMP/PKA protein independent from the steroidogenic response was not 

measured it cannot be determined whether the increase in the StAR protein in chloride- 

free conditions is a specific effect or is a general effect. It remains tenable that the increase 

observed in StAR protein may represent an enhancement in PKA activated proteins that 

are not necessarily associated with MA- 10 cell steroidogenesis.

226



The putative role of chloride as a regulator o f enzymes has been demonstrated in a number 

o f enzyme systems. In the human cataractous lens it was found that the enzyme 

glyceraldehyde-3-phosphate dehydrogenase was stimulated and inhibited by low and high 

chloride concentrations respectively (Jedziniak et al, 1985). Chloride ions may also act as 

an alio St eric regulator. This is illustrated by the porcine angiotensin-converting enzyme, 

\\èich has a chloride ion requirement for Adi catalytic activity (Na, 1983). In this respect, 

the possibility remains that both chloride-replete and chloride-free conditions may regulate 

MA-10 enzymes that are not associated with steroidogenesis.

Although there is a concomitant increase in expression o f the StAR protein mRNA and 

the StAR protein by a cAMP-mediated mechanism, the precise mechanism of StAR 

protein regulation has not been elucidated. The increase in the StAR protein following 

cAMP may arise from the induction o f StAR transcription or through the stabilisation of 

StAR protein mRNA Phosphorylation is believed to be inq)ortant for the activation of the 

Amction o f the StAR protein. When the unphosphorylated threonine analogue, 

hydro)Qnorvaline is used in MA-10 ceU, StAR protein is not expressed (Stocco and Clark, 

1993). Since StAR has no known threonine sites, additional phosphoproteins may be 

involved in the steroidogenic response upstream of StAR

Although the StAR protein expression is regulated by cAMP there is not a cAMP 

consensus response element (CRE) in the promoter in the human and the mouse promoter 

sequence. However, there are motifs that are hkely to be nuclear orphan receptor, 

steroidogenic factor (SF-1) sites, present (Sugawara et a l ,  1996). SF-1 is beheved to
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participate with cAMP stimulation o f P450 hydroxylase gene transcription (Lala et 

fl/.,1994; Morohashi et a/., 1995). Therefore, the StAR protein may be regulated by 

alternative mechanisms to phosphorylation, such as SF-1, which may be sensitive to 

chloride. Thus, it remains a possibihty that during chloride-free conditions there are 

alternative sites on the StAR protein that undergo phosphorylation which could be 

responsible for the enhancement o f dbcAMP-stimulated progesterone in MA-10 cells 

incubated in chloride-free buffer. In such a situation, the phosphorylation could be 

followed by a general increase in MA-10 cell protein synthesis. This finding is reinforced 

by the general increase in protein synthesis shown by the incorporation o f  ̂ H-methionine. 

In T-lymphocytes, as part of their response to antigen, there is an increase in intracellular 

calcium in parallel with an increase in extracellular chloride which is interfered with when 

chloride channel blockers are used, for exanq)le DIDS (Phipps et a l ,  1996). Blocking the 

chloride channels interferes with tyrosine kinase mediated phosphorylation. Therefore, in 

the absence o f chloride there may be an efflux of chloride ions that may potentially 

activate tyrosine kinase. These kinases may activate proteins other than the StAR proteiu 

and enhance steroidogenesis.

In conclusion to the findings presented in this thesis, it is clear that MA-10 cell 

steroidogenesis is enhanced when chloride ions have been removed. This effect however 

does not appear to be modulating the steroidogenic enzymes PdSÔ ĝ g and 3 pHSD. This 

led to the examination o f the StAR protein, from whose analysis a correlation has been 

demonstrated during chloride-free incubations. These findings have indicated that there
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is a protein coirq)onent through which the potentiation o f dbcAMP-stimulated 

progesterone is observed in chloride-free buffer. The latter findings have shown that the 

enhancement in steroid production may involve protein factors post-cAMP formation.
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Future Work

To continue the investigations on the role o f extracellular chloride on Leydig cell 

steroidogenesis, one key study would be the measurement o f the movement o f chloride 

ions during sub-maximal stimulation. Such a study would determine whether the increase 

in steroidogenesis was accompanied by an efidux of chloride ions. This can now be studied 

using a recently developed microplate chloride ion assay which measures the movement 

of chloride ions during different agonist treatments (West and Molloy, 1996).

To answer the question whether the MA-10 LHR is modihed by chloride ions, binding 

studies should be done at 22°C and 37°C, since these ten^eratures may show there is a 

modification o f the LHR in chloride-free buffer. Coupled to this, the activity o f adenylyl 

cyclase during decreasing chloride conditions should be determined. This would define a 

mechanism for the enhanced basal progesterone synthesis as chloride is substituted.

A study of the putative relationship between LH and chloride-free conditions should also 

be made, which would allow a direct comparison with the chicken granulosa ceU studies 

(Morley et al., 1990). To further the understanding o f chloride's role in steroidogenesis, 

additional steroidogenic tissues must also be studied, the adrenal and ovary in addition to 

the Leydig ceU.

Although StAR protein was increased during dbcAMP-stimulation under chloride-free 

conditions, the StAR protein represents an end point regarding the delivery o f cholesterol 

since the StAR protein is the fidly cleaved protein and cholesterol delivery would have 

already occurred. Therefore, the measurement o f StAR's precursor proteins may be more 

meaningfid, since it may be the access o f cholesterol that is altered in chloride-free buffer.
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This may involve modifications of cyto skeletal elements which could influence the access 

o f StAR to the inner mitochondrial membrane and so introduce a fiirther level that 

chloride-free conditions may be affecting in the MA-10 cell.

To address the changes in StAR protein during incubation, the mRNA expression should 

be measured during the course of 6 hours incubation in chloride-replete and chloride-free 

buffer to see the relationship between steroid production and mRNA expression. In 

conjunction with the StAR analysis, an alternative cAMP/PKA dependent protein should 

also be measured to see whether there is a similar increase in protein expression in the 

M A-10 cell. The protein need not be specific to steroidogenesis, thereby determining 

whether chloride-free conditions have a general effect on PKA-dependent protein

expression. ' for steroidogenesis.

From the calcium studies it was clear that there was a calcium requirem^, this should be

examined in more detail. The use o f intracellular calcium indicator dyes may be a way o f

measuring the MA-10 calcium content and to quantify any free calcium that is present in

the extracellular medium after treatment o f the experimental buffers with EGTA.

Finally, cAMP breakdown and synthesis should be measured in the presence and absence 

o f chloride to determine whether chloride is a modulator o f cAMP. To study adenylyl 

cyclase action, forskolin, an activator o f adenylyl cyclase could be investigated. Similarly 

to study the effect o f chloride on phosphodiesterase activity, IBMX, an inhibitor of 

phosphodiesterase could be examined.

With these studies, it would be possible to e?q)lore fiuther the effect o f chloride and where 

modifications are occurring in the MA- 10 cell steroiodogenic pathway for both basal and 

agonist-stimulated progesterone production.
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Appendix I: Buffer composition
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Chloride-replete buffer ;

g/0.5L g/L

Sodium chloride 4.1 8.2

Potassium chloride 0.2 0.4

Calcium acetate 0.14 0.28

Magnesium sulphate 0.01 0.02

Glucose 0.9 0.18

HEPES 1.2 2.4

BSA 0.5 1.0

Chloride-free buffer :

g/0.5L g/L

Sodium gluconate 15.3 30.6

Potassium gluconate 0.59 1.20

Calcium acetate 0.14 0.28

Magnesium sulphate 0.01 0.02

Glucose 0.9 0.18

HEPES 1.20 2.40

BSA 0.5 1.0

Extracellular chloride concentration: 110 mM Intracellular chloride concentration: 5-15 mM 

Concentration of calcium in Waymouth's medium: ImM
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Calcium-free/chloride-replete buffer

g/0.5 L g/L

Sodium chloride 4.1 8.2

Potassium chloride 0.2 0.4

Calcium acetate ------- --------

Magnesium sulphate 0.01 0.02

Glucose 0.9 0.18

HEPES 1.2 2.40

BSA 0.5 1.0

EGTA 0.2 0.4

Calcium-free/chloride-free buffer

g/0.5 L g/L

Sodium gluconate 15.3 30.6

Potassium gluconate 0.59 1.20

Calcium acetate — -------

Magnesium sulphate 0.01 0.02

Glucose 0.9 0.18

HEPES 1.2 2.4

BSA 0.5 1.0

EGTA 0.2 0.4
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Appendix II: Standard curve for progesterone
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Appendix III: Standard curve for pregnenolone
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Appendix IV: Standard curve for cyclic AMP
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Appendix V:Communications and PuLlications
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1. The effect o f extracellular chloride depletion on basal and dibutyryl cAMP-stimulated 

steroidogenesis in mouse Leydig tumour (MA-10) cells (1994) H I. Ramnath., A.E. 

Michael, and B.A. Cooke. Journal o f  Endocrinology Supplement 143:P 62 (Abstract)

2. The effect o f calcium and chloride on dibutyryl cAMP-stimulated steroidogenesis in 

Leydig tumour (MA-10) cells (1995) H I. Ramnath., A.E Michael, and B.A. Cooke. 

Journal o f  Endocrinology Supplement I47:P 73 (Abstract)

3.Chloride ions are potent modulators o f steroidogenesis (1996) H I. Ramnath. M.S.K. 

Choi, A.E. Michael and B.A. Cooke (1996) Second International Synçosium of 

Molecular Steroidogenesis, Monterey California, U.S.A.

4. Kinetics o f chloride dependence and effects o f calcium on steroidogenesis in mouse 

tumour (M A-10) cells (1996) HI. Ramnath., A.E Michael, and B.A. Cooke. Tenth 

International Congress o f Endocrinology San Francisco P2-781

5. Paper in press accepted by Endocrinology

Modulation o f steroidogenesis by chloride ions in MA-10 mouse tumour Leydig 

cells:Roles o f calcium, protein synthesis and the steroidogenic acute regulatory (StAR) 

protein.

HI. Ramnath, S. Peterson, A.E Michael, D M Stocco and B.A. Cooke
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