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"We must note, however, that when a small principle changes, 

usually many of the things which depend upon it undergo an 

accompanying change. This is clear with castrated animals, 

where, although the generative part alone is destroyed, 

almost the whole form of the animal thereupon changes so 

much that it appears to be female or very nearly so, which 

suggests that it is not merely in respect of some casual 

part or some casual faculty that an animal is male or 

female. It is clear, then, that "the male" and "the female" 

are a principle". 

Aristotle: 

Generation of animals I 
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INTRODUCTION AND SCOPE OF THE THESIS 

1.1 Lutropin regulatory mechanism of steroidogenesis 

In the testis steroidogenesis takes place in the Leydig 

cells (Hooker, 1970) and is under the control of lutropin, 

a glycoprotein hormone with a mol. wt. of about 30,000 con

sisting of 2 nonidentical subunits, which is secreted by 

the anterior pituitary (Hall, 1970). The main steroid secre

ted by the testis of the adult rat is testosterone (Eik-Nes, 

1970). Cholesterol is the precursor for the synthesis of 

steroid hormones and its conversion into pregnenolone is 

stimulated by lutropin (Hall, 1970). The further conversion 

of pregnenolone into testosterone is not under the control 

of lutropin. 

The present evidence indicates that the lutropin or 

choriogonadotropin controlled steroidogenic regulatory 

mechanisms (human choriogonadotropin is a glycoprotein hor

mone with a mol. wt. of about 40,000, consisting of 2 non

identical subunits, which is produced by the placenta) con

sist of the following cascade of events. The first is the 

binding of lutropin to specific receptors, located in the 

plasma membrane of the cell (Catt et al., 1974). Full stimu

lation of steroidogenesis is already obtained when less than 

1% of these receptors are occupied with lutropin (Catt and 

Dufau, 1973a). Next activation of adenylate cyclase occurs, 

resulting in elevation of the cellular level of cyclic AMP 

(Murad et al., 1969; Kuehl, 1970; Hollinger, 1970; Rommerts 

et al., 1972; Cooke et al., 1972b; Catt et al., 1972b). Acti

vation of protein kinase is the primary function by which 

cyclic AMP controls metabolic functions in eukaryotic cells 

and it has been demonstrated that in Leydig cells activation 

of protein kinase occurs with the same doses of lutropin 1 

needed for stimulation of steroidogenesis (Cooke et al. 1 

l976b). 

Inhibition of protein or RNA synthesis results in an in

hibition of the lutropin stimulation of steroidogenesis, 

suggesting that both these processes are necessary (Hall and 
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Eik-Nes, 1962; Shin, 1967; Sakamoto et al., 1973; Cooke 

et al., 1975a,b; Mendelson et al., 1975). After maximal sti

mulation of steroidogenesis by lutropin addition of protein 

synthesis inhibitors such as cycloheximide decrease steroid

ogenesis to basal values, the reaction following first order 

kinetics (half life 13 min) (Cooke et al., 1975a). These 

results indicate that the continuous synthesis of a pro

tein(s) with a short half life equal to or less than 13 min 

is needed for the stimulation of steroidogenesis by lutropin. 

A scheme summarizing these events is given in figure 1.1. 

1.2 Scope of this thesis 

In this thesis the role of protein synthesis in the lu

tropin regulatory mechanism of steroidogenesis in rat testis 

Leydig cells has been investigated. It was decided to study 

this by investigating specific proteins newly synthesized in 

the presence of lutropin. Before specific protein synthesis 

in Leydig cells could be investigated, however, it was 

necessary to modify the Leydig cell preparation which was 

then available. Previous work had been carried out on inter

stitial tissue obtained by wet dissection of rat testis 

(Rornrnerts et al., 1973b). Although this preparation was 

enriched in Leydig cells with respect to total testis, it 

was inhomogeneous and it also gave a variable response to 

trophic hormone stimulation. This problem was solved by the 

preparation of single cell suspensions from total testis 

tissue. However these suspensions only contained 6% Leydig 

cells. In order to increase the chance of finding lutropin 

controlled specific proteins synthesized in Leydig cells it 

was decided to purify the Leydig cells. This part of the 

work is described in chapter 3, section 3,4 and appendix 

paper I. To investigate the incubation conditions, best 

suited for maximal lutropin stimulation of steroidogenesis 

the effect of some additions to the incubation medium were 

more closely investigated. This is described in chapter 3, 

section 6 and with respect to Ca++ in appendix paper II. 

12 



The effect of lutropin and cycloheximide on specific protein 

synthesis is described in chapter 4, section 2 and appendix 

papers III and IV. It was found that lutropin stimulates the 

synthesis of a protein with an apparent mol. wt. of 21,000 

(LH-IP) in Leydig cells from mature rats. In chapter 4, 

section 3 and appendix paper V investigations into the regu

lation of the synthesis of this protein by lutropin are 

described in more detail. To investigate the biological role 

of LH-IP it is necessary first to isolate and purify the 

protein. Because the amount of Leydig cells obtained from 

intact rat testis is too low for such an isolation and puri

fication procedure, the presence of LH-IP was investigated 

in a rat Leydig cell tumour which can be obtained in much 

greater quantities. However, with this preparation it was 

found that lutropin had no detectable effect on the synthesis 

of LH-IP, but stimulated the synthesis of 2 other proteins 

with apparent mol. wt. 's of 27,000 and 29,000. 

Finally the effect of lutropin on specific protein syn

thesis in Leydig cells from immature rats and in tumour 

Leydig cells were compared. This part of the work is 

described in chapter 4.4 and appendix paper VI. 
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SUMMARY OF THE LITERATURE ON THE LUTROPIN REGULATION OF 

STEROIDOGENESIS 

2.1 Introduction 

The relationship between the testes and sexual function 

was recognized by Aristotle ('Generation of animals', 

~ 300 B.C.). In 1849 Berthold directly demonstrated the 

androgenic potency of testicular transplants in preventing 

the atrophy of the comb in castrated cockerals. 78 Years 

later the first androgenically potent lipid extract from 

bull testicules was described by McGee (1927). 

In the adult male androgens can maintain spermatogenesis 

and the structural integrity of the secondary sex org·ans. 

In order that a compound may qualify as an androgen it must 

stimulate the growth of 3 test organs: a) the capon comb, 

b) the prostate and c) the seminal vesicle and it must be 

effective in restoring sexual activity in castrated male 

animals (Eik-Nes, 1970). The main androgen secreted by the 

mature rat testis is testosterone (Eik-Nes, 1970). 

The testis is an ovoid organ surrounded by the tunica 

albuginea (a thick connective tissue capsule), and is com

posed of seminiferous tubules and interstitial tissue 

{figure 2.1). The seminiferous tubules contain myoid, endo

thelial, Sertoli and germinal cells and their function is to 

produce spermatozoa which are transported to the epididymis 

for further maturation. The interstitial tissue consists of a 

framework of loose fibrous connective tissue that supports 

blood and lymph vessels and nerves. It contains fibroblasts, 

macrophages, plasma cells, lymphocytes and the interstitial 

cells of Leydig (referred to as Leydig cells named after their 

discoverer Von Leydig, 1857). Bouin and Ancel (1903) were 

one of the first investigators to recognize that the Leydig 

cells are the site of androgen production and since then an 

overwhelming amount of supporting evidence has been obtained, 

e.g. destruction of tubular cell types does not result in 

markedly diminished androgen levels, animals bearing Leydig 

cell tumours have elevated levels of androgens, the locali-

14 



Figure 2. 1 Photomicrograph of rat testis tissue, stained 

with Periodic Acid Schiff and hematoxylin. This section 

(750x magnification) shows part of circular shaped 

seminiferous tubules which contain Sertoli cells and germ 

cells and in between the seminiferous tubules blood and 

lymph vessels and Leydig cells 

zation in the Leydig cells of certain enzymes involved in 

steroidogenesis has been demonstrated histochemically and 

biochemically and the production of testosterone by isolated 

Leydig cells has been demonstrated in vitro (see for review: 

Hooker, 1970; and further Christensen and Mason, 1965; Cooke 

et al., 1972a; Cooke et al., 1974; Catt et al., 1973b; Moyle 

and Ramachandran, 1973; van Damrne et al., 1974; van der 

Molen et al., 1975). 

It cannot be excluded that some androgen production takes 

place in the seminiferous tubules (Christensen and Mason, 

1965; Hooker, 1970; Bell et al., 1975). However the evidence 

for this is not convincing especially with regard to de novo 

steroid synthesis (Hallet al., 1969). The low androge-

nic capacity of seminiferous tubules demonstrated by some 

workers can be explained by contamination with Leydig cells 

which are difficult to remove from the tubules even after 
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extensive washing (Hovatta et al., 1974). 

Smith (1927} and later Greep (1936-37} established the 

role of pituitary secretions in the regulation of both the 

endocrine and exocrine function (production of spermatozoa) 

of the testis. It is now well accepted that the two trophic 

hormones follitropin and lutropin secreted by the pituitary 

have separate sites of action in the testis; follitropin 

acts on the seminiferous tubules while lutropin controls 

Leydig cell function (Hall, 1970; Darrington et al., 1972; 

Cooke et al., 1974). 

In the following sections of this chapter the current 

state of knowledge about the lutropin regulation of steroid

ogenesis in testis Leydig cells will be reviewed. 

2.2 Biosynthesis of the steroid hormones and the regulation 

of their synthesis 

2.2.1 Cholesterol: the precursor for testosterone biosynthesis 

Testosterone is synthesized from cholesterol (Eik-Nes, 

1970). Most of the cholesterol is synthesized within the tes

tis (Eik-Nes, 1975) which is in contrast to the situation ob

served in the adrenal gland, where exogenous cholesterol 

accounts for 80% of that used for the more active steroidoge

nesis. The cellular uptake of cholesterol by the adrenal 

gland is stimulated by corticotropin (Dexter et al., 1970; 

Gwynne et al., 1976). Regulation of the intracellular choles

terol level may be of importance for testosterone production. 

Control of testicular cholesterol synthesis is still poorly 

understood although there is some evidence that testosterone 

regulates cholesterol synthesis through feedback inhibition 

(Eik-Nes, 1970; Neaves, 1975). Within the Leydig cell, choles

terol is present in the free and esterified form. In the mouse 

Leydig cell the bulk of free cholesterol is present in the 

microsomal fraction while esterified cholesterol is mainly 

stored in lipid droplets (Aoki and Massa, 1975). Hydrolysis of 

fatty acid esterified cholesterol is required before it can 

be converted into pregnenolone (Moyle et al., 1973). Injec

tion of lutropin into the mouse results in a decrease 
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in the esterified cholesterol pool in the testis, 

but no marked change in the concentration of 

free cholesterol occurs (Bartke, 1971; Pokel et al.~ 1972; 

Aoki and Massa, 1975). Moyle et al. (1973a) demonstrated tl).at 

in mouse tumour Leydig cells lutropin stimulates the hydro

lysis of esterified cholesterol into free cholesterol. Acti

vation of adrenal cholesterol esterase has been shown to 

occur by phosphorylation, which is one of the possible 

mechanisms of action of trophic hormone stimulation 

(Naghshineh et al., 1974; Wallat et al., 1976; Beckett and 

Boyd, 1977) . In rat testis interstitial cells most of the 

cholesterol is present in the free form (van der Molen 

et al., 1972; Hafiez and Bartke, 1972) and in contrast to 

the mouse testis, administration of choriogonadotropin ctoes 

not have a detectable effect on the free or esterified choles

terol pools in rat testis (van der Molen et al., 1972). One 

explanation for these results may be that the amount of 

cholesterol converted into androgens is small compared to 

the total cholesterol pool (van der Vusse, 1975). Until now 

precise knowledge is lacking about the localization and size 

of the cholesterol pool used as substrate for conversion 

into androgens in the rat testis Leydig cell. 

2.2.2 The qonversion of cholestero+ into pregnenolon~ 

It is generally accepted that the conversion of choles

terol into pregnenolone, which takes place in the mitochon

drion, is the rate-limiting step in the overall production 

of androgens and that this conversion is under the control 

of lutropin (Hall, l966i Hall and Young, 1968; Hall, 1970). 

Several authors have suggested that corticotropin or lutro

pin stimulate steroidogenesis in their respective target 

organs by regulating the mitochondrial precursor pool of 

cholesterol available for the side chain cleavage enzyme 

(Kahnt et al., 1974; Boyd et al., 1975). 

However the results of Farese and Prudente (l977a) indi

cate a more direct effect of trophic hormone on the choles

terol side chain cleavage enzyme complex. They found that 



the degree of stimulation of pregnenolone production by 

corticotropin in solubilized cholesterol side chain cleavage 

enzyme preparations and in intact mitochondrial preparations 

were comparable. 

Caron et al. (1975) demonstrated that a partially puri

fied cyclic AMP dependent protein kinase caused a 20-74% 

stimulation of the activity of the cholesterol side chain 

cleavage enzyme activity reconstituted from corpus luteurn 

cytochrom P 450 and purified adrenodoxin reOuctase. 

Administration of cycloheximide in vivo prevents the 

trophic hormone stimulation of pregnenolone production in 

mitochondrial preparations from the adrenal, corpus luteum 

and testis (Koritz and Kumar, 1970; Jefcoate et al., 1974; 

van der Vusse et al., 1975a). Farese and Prudente (1977a) 

showed that this effect of cycloheximide on stimulated 

pregnenolone production is abolished by solubilization of 

the cholesterol side chain cleavage enzyme and they there-

fore suggested that a cycloheximide sensitive protein is 

required to overcome a barrier which exists in the intact 

mitochondria and restrains cholesterol side chain cleavage. 

This is in agreement with earlier suggestions for a role of 

a cycloheximide sensitive protein in the translocation or 

the transportation of cholesterol within the mitochondrion 

(Simpson et al., 1972; Boyd et al., 1975). This conclusion, 

however, does not agree with the findings reported by 

Mahaffee et al. (1974) namely that cycloheximide does not 

prevent the mitochondrial accumulation of cholesterol brought 

about by corticotropin in the rat adrenal. Further these 

authors concluded that cycloheximide blocks the steroidogenic 

process at a site that is not the principle site of regulation. 

A similar conclusion is reported by Bell et al. (1973) who 

suggested that cycloheximide acts primarily upon the choles

terol hydroxylases rather than upon events mediating the 

transport of cholesterol. 
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2.2.3 Conversion of pregnenolone into testosterone 

The conversion of pregnenolone into testosterone takes 

place outside the mitochondria in the endoplasmic reticulum 

and is not under the control of lutropin (Hall, 1968; van der 

Molen and Eik-Nes, 1971). No effect of cycloheximide on 

the conversion of pregnenolone into corticosterone has been 

observed in the adrenal gland (Davis and Garren, 1968). 

2.3 Mechanism of action of trophic hormones 

2.3.1 Role of membrane receptors 

It is generally accepted that the coupling of a trophic 

hormone to its receptor is the first event in the stimulation 

of steroidogenesis. Using autoradiographic and immunohistolo

gical methods a receptor for lutropin and choriogonadotropin 

has been demonstrated to be located in the Leydig cell 

(De Kretser et al., 1971a; De Kretser et al., 1971b; Castro 

et al., 1972; Dal Lag9 et al .. ,_ 1975; DalLago et al., 1976). 

Sucrose density gradient centrifugation has revealed 

the localization of this receptor in the plasma membrane 

{Catt et al., 1974). Other arguments that the lutropin 

receptor is localized in the plasma membrane are: the sti

mulation of steroidogenesis in vitro by incubation with lu

tropin coupled to Sepharose, which excludes intracellular 

effects of the trophic hormone (Dufau et al., 1971) and the 

fact that incubation of Leydig cells with trypsin resulted 

in a loss of lutropin binding sites (Steinberger, 1973). 

Binding studies with Leydig cell homogenates and solubilized 

receptors _have shown that one type of receptor with high 

affinity and limited capacity is present (Catt et al., 1972a; 

Dufau and Catt, 1975). However, these studies do not exclude 

the presence of another type of receptor with a very low 

capacity or receptors having similar physical characteristics 

but different biological functions as indicated by the 

results of Moyle and Ramachandran (1973). These authors de

monstrated that dilution of Leydig cells after preincubation 
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with lutropin was sufficient to terminate the stimulatory 

action of lutropin on cyclic AMP production, whereas the same 

procedure failed to affect the steroidogenic response to 

lutropin. Removal of lutropin from tumour Leydig cells with 

lutropin antiserum resulted in an almost immediate cessation 

of steroidogenesis (Moyle et al., 1971) indicating that the 

continuous occupation of receptors by lutropin is necessary 

for stimulation of steroidogenesis. They postulated therefore 

the presence of 2 functionally different types of receptors. 

Moyle (1975} found this postulation strengthened by the 

results, which he obtained with choriogonadotropin derivatives 

lacking various sugar residues. Whereas sequential removal 

of the sialic acid, galactose, N-acetyl glucosamine and 

mannose residues led to a progressive increase in the effec

tive dose of the hormone required to stimulate steroidogene

sis, it resulted in a loss in the ability of the hormone to 

stimulate cyclic AMP accumulation. 

The presence of different types of receptors can explain 

the fact that a maximum response in steroidogenesis is ob

tained at concentrations of lutropin resulting in less than 

1% occupancy of the receptors (Catt and Dufau, 1973a). How

ever, assuming the presence of only one single type of recep

tor has led to the concept of spare receptors (Catt and 

Dufau, 1973a). It has been proposed that these receptors 

function as storage for lutropin (Catt and Dufau, 1973a) 

or means by which the probability will be increased that 

circulating hormone will be concentrated by the target cell 

to reach an adequate level of receptor occupancy to initiate 

steroidogenesis (Catt and Dufau, 1973a). The concept of spare 

receptors has been questioned by Ryan and Lee (1976) because 

the optimal conditions for a biological response are different 

from the optimal conditions for the binding assays and this 

may have led to misinterpretation of the obtained data. With 

mouse tumour Leydig cells different results were obtained, 

lutropin binding was found to be proportional to the lutropin 

provoked steroidogenic response (Moudgal et al., 1971). Dif

ferences in the assay for lutropin binding may explain the 
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observed differences between dose of lutropin - lutropin 

binding relationship and dose of lutropin - steroidogenic 

response relationship in rat testis Leydig cells (Catt and 

Dufau, 1973a) and in mouse tumour Leydig cells (Moudgal 

et al., 1971). The first authors determined specific binding 

by incubation of tissue with 125 r-hCG in presence or absence 

of excess unlabelled choriogonadotropin, whereas Moudgal 

et al. (1971) determined specific binding by incubation of 

the tissue with lutropin followed by washing the tissue 

5 times at 0°C. The lutropin retained in the pellet was 

determined with a radioimmunoassay and was referred to as 

specifically bound lutropin. 

Gonadotropin receptors of rat testis have been solubilized 

and purified 15000 fold to 50% theoretical purity (Charreau 

et al., 1974; Dufau and Catt, 1975a; Dufau et al., 1975b). 

The isolated receptor exhibited the properties of a 

molecule with a mol. wt. of approximately 200,000 

(Dufau et al., 1973a; Dufau et al., 1974a). The number of 

lutropin receptors in mature rat testis is under the control 

of the pituitary, because 3 days after hypophysectomy a 50% 

decrease in rece9tor concentration occurred (Thanki 

and Steinberger, 1976). Replacement therapy with lutropin, 

follitropin or testosterone propionate failed to maintain 

lutropin binding at the pre-hypophysectomy level (Thanki 

and Steinberger, 1976). According to the results of Hsueh 

et al. (1976a) this loss of receptors does not occur in 

every Leydig cell; these authors found that a 50% reduction 

in cells containing immunofluorescence labelling of gonado

tropin receptors occurred 3 days after hypophysectomy. 

Regulation of gonadotropin receptors in mature and imma

ture rat testis by circulating homologous hormone has been 

reported (Hsueh et al., 1976b; Chen and Payne, 1977a; Haour 

et al., 1977; Sharpe, 1977; Hsueh et al., 1977). A single 

injection of choriogonadotropin or lutropin results in a 

decrease in available and absolute number of receptor sites. 
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A rapid (after 3 hours) and prolonged (approximately 

4-5 days) loss of receptors was observed after high doses 

of gonadotropins and a delayed but equally prolonged loss 

of receptors to 30% of the control value occurred after low 

doses. In the latter case only 8% of the available receptors 

were occupied by the administered hormone (Hsueh et al., 

1976b; Chen and Payne, 1977a; Haour and Saez, 1977; Sharpe, 

1977; Hsueh et al., 1977). Ascoli and Puett (1977) reported 

an intracellular uptake of 3H-labelled lutropin by testis 

cells 60 min after injection of the hormone and they suggest 

that the whole hormone receptor complex is internalized pre

sumably via endocytosis and that the endocytic vesicles fuse 

with primary lysosomes where catabolism then occurs. By this 

mechanism the hormone action on the target cell is termina

ted and this may explain the loss of receptors described 

above some hours after injection of the trophic hormone. The 

results described by Ascoli and Puett (1977) may explain the 

older histological observations of a cytoplasmic localization 

of lutropin (Castro et al., 1970; De Kretser et al., 1971a; 

De Kretser et al., 197lb). In these studies Leydig cells 

were incubated in the presence of labelled lutropin for 

3U min to several hours during which time uptake of the hor

mone could have taken place. 

2.3.2 Role of cyclic AMP, cyclic GMP and Ca++ 

Sandler and Hall (1966) were the first to demonstrate the 

stimulation of testosterone production in rat testis by the 

addition of cyclic AMP. Since then this observation has been 

confirmed by other investigators (Connell and Eik-Nes, 1968; 

van der Molen and Eik-Nes, 1971; Catt et al., 1972b). Catt 

et al. (1972b) demonstrated that db-cyclic AMP, an analogue 

of cyclic AMP, stimulates testosterone production in rat 

testis about 50 times more effectively than cyclic AMP. 

Sandler and Hall (1966) reported that the effect of cyclic 

AMP on steroidogenesis was located beyond the synthesis of 
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cholesterol. Van der Molen and Eik-Nes (1971) demonstrated 

that it acted at steps prior to the formation of pregneno

lone, suggesting an effect on the conversion of cholesterol 

into pregnenolone. As stated in .section 2.2 this conversion 

is the rate-limiting step in the overall production of 

androgens and is under the control of lutropin (Hall, 1970). 

In 1968 Connell and Eik-Nes reported that the addition of theo

phylline, a competitive phosphodiesterase inhibitor, to 

rabbit testis slices increased the production of testoste

rone, suggesting that cyclic AMP is involved in this stimu

lation. Addition of lutropin to rat testis stimu-

lates the adenylate cyclase activity (Murad et al., 1969; 

Kuehl et al., 1970; Hollinger, 1970). Hollinger (1970) and 

Eik-Nes (1971) reported the localization of adenylate cyclase 

in the nuclear and mitochondrial fraction of the ·testis, 

however no marker enzymes for the different subcellular 

fractions were included in these studies. Pulsinelli (1972) 

using marker enzymes for plasma membranes and mitochondria, 

found the adenylate cyclase primarily associated with the 

plasma membranes. Testis mitochondria, which were free of 

plasma membrane contamination have been reported to contain 

a lutropin sensitive adenylate cyclase (Sulimovici et al., 

1973, 1974, 1975). However,gonadotropins did not augment 

the production of pregnenolone in testicular mitochondria, 

containing adenylate cyclase activity (Pulsinelli and 

Eik-Nes, 1970). Addition of lutropin to testis preparations 

results in increased levels of cyclic AMP in the tissue and 

in the medium (Rommerts et al., 1972; Cooke et al., 1972b; 

Catt et al. 1 1972b; Dufau et al., 1973b; Moyle and 

Ramachandran, 1973; Darrington and Fritz, 1974). This in

crease in cyclic AMP level occurs within 1-3 min after the 

addition of lutropin and precedes the increase in testoste

rone production (Rommerts et al., 1972; Dufau et al., 1973b; 

Moyle and Ramachandran, 1973). Addition of phosphodiesterase 

inhibitors like theophylline or 3-isobutyl-1-rnethylxanthine, 

potentiates the effect of lutropin or choriogonadotropin on 

cyclic AMP levels and on testosterone production (Dufau 
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et al., 1973b; Catt and Dufau, 1973a; Dufau et al., 1974b; 

Cooke et al., 1976b). All these results suggest a role for 

cyclic AMP as second messenger in the lutropin regulatory 

mechanism of steroidogenesis. 

Another way to test whether cyclic AMP is involved in the 

stimulation of steroidogenesis has been by the use of chole

ratoxin, which has been shown to mimic the action of hormones 

at their target cells through stimulation of cyclic AMP pro

duction (Sahours and Cuatrecasas, 1975; Haksar and Peron, 

1975; Palfreyman and Schulster, 1975). Cooke et al. (1977a) 

demonstrated that in rat testis Leydig cells incubated with 

increasing doses of choleratoxin, testosterone and cyclic 

AMP production were increased in a parallel fashion, indica

ting that cyclic AMP is involved here in the stimulation of 

steroidogenesis. However the lowest dose of lutropin needed 

for stimulation of cyclic AMP production is one order of 

magnitude higher than needed for stimulation of testosterone 

production (Catt and Dufau, 1973a; Rornmerts et al., 1973a; 

Moyle and Ramachandran, 1973). Because of this discrepancy 

in the amount of lutropin. needed for an increase in cyclic AMP 

levels and "i:;"tiinulation of testosterone production, the obliga

tory requirement of cyclic AMP in the action of lutropin in 

steroidogenesis in the testis has been questioned. It has 

been suggested that at low concentrations of lutropin other 

substances may act as second messengers e.g. cyclic GMP or 
Ca++. 

No increase in cyclic GMP levels have been detected after 

addition of lutropin to Leydig cells (Williams et al., 

1976a; M. Pueta Cuva 1 unpublished results) and addition of 

cycli~ GMP to Leydig cells did not stimulate steroidogenesis 

(Williams et al., 1976a). These results indicate that cyclic 

GMP is not a mediator of lutropin stimulated steroidogenesis 

in rat testis Leydig cells. Rasmussen (1970) has drawn at

tention to the possible role of Ca++ as second messenger in 

hormone controlled processes. Van der Vusse et al. (1976) 

have shown that Ca++ can mimic the effect of lutropin on 

pregnenolone production in isolated rat testis mitochondria. 

In the adrenal gland it has been demonstrated that the pre-
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sence of ca++ in the incubation medium is required for full 

stimulation of steroidogenesis (Birmingham et al., 1953; 

Sayers et al., 1972; Rubin et al., 1972). All these results 

may imply a direct role of Ca++ in the trophic hormone regu

latory mechanism of steroidogenesis, although a permissive 

role for Ca++ cannot be excluded. Concerning the cortico

tropin stimulation of steroidogenesis in adrenal cells Ca++ 

has been shown to be involved in the transmission of the 

signal arising from corticotropin-receptor interaction to 

the adenylate cyclase (Lefkowitz et al., 1970; Rubin et al., 

1972; Sayers et al., 1972; Haksar and Peron, 1973; Kowal 

et al., 1974), in protein synthesis (Farese, 1971a; Farese 

and Prudente, 1977b), in conversion of cholesterol into 

pregnenolone {Simpson et al., 1972; Arthur et al., 1976) and 

in the release of steroids (Rubin et al., 1972). 

Before more can be said about the role of Ca++ in the 

trophic hormone regulatory mechanism of steroidogenesis it 

is necessary to know more about the amount of free and bound 

Ca++ in the different cellular compartments under different 

stimulatory conditions. At this moment this knowledge is 

completely lacking. 

Another explanation for the observed discrepancy between 

lutropin dose-cyclic AMP response relationship and lutropin 

dose-testosterone response relationship may be that only a 

small amount of cyclic AMP is involved in the stimulation 

of steroidogenesis and/or that at low concentrations of lu

tropin a translocation of cyclic AMP from one compartment 

to another compartment is involved. That this may be true 

is indicated by the recent results of Dufau et al. (1977) 

who demonstrated that there was an increase in the number of 

occupied cyclic AMP binding sites in Leydig cells at all 

lutropin concentrations that gave a steroidogenic response. 
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2.3.3 Role of protein kinase 

Since activation of protein kinase is the primary function 

by which cyclic AMP controls metabolic functions in eukarY8-

tic cells, several authors have measured activation of cyclic 

AMP dependent protein kinase in testis cells as a function of 

lutropin concentrations and have compared this relationship 

with the lutropin dose-testosterone relationship. Podesta 

et al. (1976) reported that activation of protein kinase 

activity in rat testis Leydig cells by lutropin parallelled 

the increase in cyclic AMP levels in these incubations and 

at low doses of lutropin, which evoked a response in testos

terone production, no activation of protein kinase could be 

observed. In contrast Cooke et al. (1976b) observed an acti

vation of cyclic AMP dependent protein kinase with all doses 

of lutropin which also gave a response in testosterone pro

duction, whereas a rise in cyclic AMP levels was detected 

only at higher doses of lutropin. In these determinations 

histone has been used as substrate for protein kinase and 

the possibility exists that this histone is a relatively 

poor substrate for the specific protein kinase involved 

in the regulation of steroidogenesis. Therefore it seems 

more appropriate to determine phosphorylation of endoge-

nous substrates in intact cells in the presence of diffe

rent doses of lutropin. This type of experiments has 

been performed by Cooke et al. (l977b). These authors re

ported that in rat testis Leydig cells lutropin stimulates 

the phosphorylation of 3 proteins with apparent mol. wt. 's 

of 14,000, 58,000 and 76,000. Phosphorylation of these pro

teins with different doses of lutropin parallelled the sti

mulation of testosterone production and reached a maximum 

approximately 20 min after the addition of the hormone to 
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the cells. These observations favour a role for cyclic AMP 

as a second messenger in the mechanism of action of lutropin, 

although it is also possible that activation of protein 

kinase has been caused by factors other than cyclic AMP. 

The relation of the phosphorylated endogenous proteins 

to the stimulation of steroidogenesis is still obscure. The 

lutropin stimulated phosphorylation of more than one protein 

can point to a pleiotropic regulation of steroidogenesis. In 

other steroidogenic tissues more data have been obtained 

about the possible role of protein phosphorylation. In the 

adrenal phosphorylation of ribosomal proteins has been repor

ted after addition of corticotropin (Murakami and Ichii, 

1973; Roes, 1973). In addition it has been shown that phos

phorylation activates adrenal cholesterol esterase 

(Naghshinah et al., 1974; Wallat and Kunan, 1976; Becket 

and Boyd, 1976) and activates a reconstituted cholesterol 

side chain cleavage enzyme complex in the bovine corpus 

luteum (Caron et al., 1975). 

2.3.4 Role of protein and RNA synthesis 

Hall and Eik-Nes (1962) were the first to show the inhi

bitory effects of protein synthesis inhibitors such as puro

mycin on the lutropin stimulated steroidogenesis in rabbit 

testis preparations. Since then their observations have been 

confirmed by other authors (Shin, 1967; Sakamoto et al., 

1973; Cooke et al., 1975a; Mendelson et al., 1975). The 

effect of protein synthesis inhibitors on lutropin stimula

tion of steroidogenesis is due to their effect on protein 

synthesis and not due to other toxic effects as supported by 

the parallelism of inhibition of protein synthesis and tes

tosterone production with different doses of the inhibitors 

puromycin and cycloheximide (Cooke et al., 1975a). These 

last authors could not find an effect of chloramphenicol, 

an inhibitor of mitochondrial protein synthesis, on steroid

ogenesis, which may indicate that only cytoplasmic protein 
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synthesis is involved. This is in contrast with the finding 

of Hall and Eik-Nes (1962) namely that chloramphenicol has 

an inhibitory effect on steroidogenesis in rabbit testis. 

However,these last authors measured the amount of 14c-acetate 

incorporated into testosterone while Cooke et al. (1975a) 

measured mass of testosterone produced with a radioimmuno

assay method and it is possible that chloramphenicol 

influences the conversion of 14c-acetate into cholesterol, 

a precursor of testosterone. Addition of cycloheximide to 

Leydig cell preparations, after full stimulation with lutro

pin, decreased the stimulated testosterone production to 

basal levels (Cooke et al., 1975a; Mendelson et al., 1975). 

This decrease followed first order kinetics with a half life 

of 13 min (Cooke et al., 1975a) indicating that for the 

stimulation of steroidogenesis the continuous synthesis of 

a protein with a short half life is necessary. The involve

ment of such a protein in the stimulation of steroidogenesis 

by trophic hormone has also been reported for the adrenal 

gland (Garren et al., 1965; Schulster et al., 1974, 1970; 

Lowry and McMartin, 1974), corpus luteum (Hermier et al., 

1971), and the Graafian follicle (Lieberman et al., 1975). 

The action of this protein may be located in the mitochon

drion as has already been discussed in section 2 of this 

chapter. Garren et al. (1965) have proposed a model in which 

the regulation of steroidogenesis by trophic hormones is 

mediated by the synthesis of a regulatory protein with a 

short half life (figure 2.2A). It has been suggested that 

the time period between the addition of corticotropin to 

the adrenal cells and the increase in steroid secretion is 

too short (<24s) for new protein synthesis and therefore 

that the synthesis of the protein with short half life is 

not under the control of trophic hormone but that a protein 

is continuously synthesized and is then activated in the 

presence of the hormone (figure 2.2B) (Schulster et al., 

1974; Lowry and McMartin, 1974). The available evidence 

however,does not exclude a third possibility namely that 

the protein(s) with a short half life plays a permissive 
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synthesis in the regulation of steroidogenesis 

29 



role in the trophic hormone stimulation of steroidogenesis 

(figure 2.2C). 

In adrenal cells steroidogenesis is not inhibited by RNA 

synthesis inhibitors, indicating that new rnRNA synthesis is 

not inhibited necessary for stimulation of steroidogenesis. 

This is in contrast to the testis be·cause several authors 

have described inhibition of lutropin stimulated steroidoge

nesis by RNA synthesis inhibitors such as actinomycin D and 

cordycepin (Shin and Sato, 1971; Mendelson et al., 1975; 

Cooke et al., 197Sb). In the study of Mendelson the inhibi

tion of the stimulation of steroidogenesis by actinomycin D 

was highest when added at the start of the incubation, and 

became progressively less when added at later times during 

the incubation period (Mendelson et al., 1975), indicating 

that new mRNA synthesis is involved in the lutropin stimula

tion of testosterone production. The RNA synthesis involved 

in the lutropin stimulation of steroidogenesis in rat testis 

Leydig cells, may be necessary for translation of the pro

tein(s) with a short half life or for translation of other 

proteins, which are not involved in the corticotropin stimu

lation of steroidogenesis in adrenal cells. At this moment 

however,not enough data are available to make definite 

conclusions. 
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ISOLATION AND PURIFICATION OF LEYDIG CELLS 

3.1 Introduction 

In order to study the possible role of specific protein 

synthesis in lutropin regulatory mechanism{s) of steroidoge

nesis in the rat testis several restrictions apply to the 

type of testis preparations that could be used, e.g.: 

1. It must contain a lutropin sensitive steroidogenic 

system. 

2. It must be homogeneous, so that specific protein synthesis 

under different stimulatory conditions can be compared 

with each other. 

3. The protein synthesis system must be as specific as 

possible for the Leydig cells. This means that the number 

of other cells containing active protein synthesizing 

systems must be kept as low as possible. 

4. The number of Leydig cells must be sufficiently high for 

the detection of specific protein synthesis. 

5. The procedure for cell preparation must be carried out 

in a reasonable time period and must be reproducible, so 

that it is suitable to use as a routine procedure. 

Investigations into the lutropin regulation of steroidoge

nesis have been carried out in many different ways, e.g.: 

1. In incubation systems of short duration (Hall and 

Eik-Nes, 1962; Christensen and Mason, 1965; Dufau et al., 

1971; Cooke et al., 1972; Moudgal et al., 1972; 

Van Darnrne et al., 1974). 

2. In tissue or cell cultures (Steinberger et al., 1967; 

Shin, 1967; De Kretser et al., 1971; Inane et al., 1972) 

3. Superfusion of whole testis (Satyaaswaroop and Gurpide, 

1974) or of isolated parts of it (Cooke et al., 1975). 
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4. In situ perfusion of intact testis (Eik-Nes, 1970). 

5. In vivo (Chen and Payne, 1977; Hsueh et al., 1977; 

Sharpe, 1977). 

In the studies described in this thesis an incubation 

system of short duration was chosen and not long term tis

sue or cell cultures because our main interest was the 

short term regulation of steroidogenesis by lutropin. 

The purpose of the following sections is to review the 

different testis cell preparations which are available for 

studying effects of lutropin on specific protein synthesis. 

First of all methods which are available for identifying 

Leydig cells are discussed (section 3.2). Then the various 

Leydig cell preparations are evaluated with respect to the 

criteria discussed above (section 3.3-3.5). In section 3.4 

methods are described to obtain enriched Leydig cell sus

pensions, which were found to fulfil all 5 criteria. In 

section 3.5 the pros and cons of a Leydig cell tumour as 

an experimental model are summarized. Next some requirements 

of the incubation medium are discussed. Finally the steroid

ogenic capacity and sensitivity towards lutropin of the dif

ferent Leydig cell preparations are compared with each other. 

3.2 Identification of Leydig cells 

The Leydig cell in mammals is a relatively large, poly

hedral cell. The nucleus is spherical or ovoid and contains 

one or more nucleoli. The chromatin, present in granules, is 

predominantly distributed towards the periphery of the nu

cleus. The Leydig cell can be identified on the basis of its 

morphology or on the basis of specific proteins present in 

the Leydig cell and not in other testicular cell types. These 

marker proteins can be detected under the light microscope by 

histochemical, immunofluorescent or autoradiographic tech-
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niques. 

Identification of Leydig cells on basis of their morpho

logy can be done by phase contrast, light or electron micros

copy after fixation and suitable staining. According to 

Meistrich et al. (1973) identification of Leydig cells in 

suspension by phase contrast microscopy on a quantitative 

basis is not possible. Determination of the number of Leydig 

cells in suspension by light microscopy has been reported 

but this is not easily carried out (Meistrich et al., 1973; 

Davies and Schuetz, 1975}. The most frequently used. method for 

the identification of Leydig cells is 38-hydroxysteroid dehy

drogenase histochemistry (Steinberger et al., 1966; 1967; 

Hovatta et al., 1974; Dufau and Catt, 1975b; Wiebe, 1976). 

Steinberger et al. (1967) pointed out that once the Leydig 

cells are removed from the interstitial areas of the testis 

that this is the only way of detecting them. Histochemical 

studies have shown that the 3S-hydroxysteroid dehydrogenase 

is almost exclusively located in the Leydig cells (Wattenbe~g, 

1958; Levy et al., 1959; Niemi et al., 1962, 1963). However 

some activity is also present in the peritubular myoid cells 

(Wiebe, 1976; De Kretser et al., 1971). Hovatta et al. (1974) 

detected some cells showing a positive histochemical reaction 

for 3s-hydroxysteroid dehydrogenase in the peritubular cells 

of teased tubules. They found that these cells were different 

from myoid cells, which showed a weaker activity. The predo

minantly interstitial localization of 3S-hydroxysteroid de

hydrogenase, as demonstrated histochemically has been con

firmed biochemically, using interstitial tissue and semini

ferous tubules separated from each other by wet dissection 

of rat testis (see section 3.3} (van der Vusse et al., 

19 74) . 

Another way of identifying Leydig cells is by means of 

their specific lutropin receptors (Hsueh et al., 1976). 

These receptors are specifically localized in the Leydig 

cells (see section 2.3.1) although lutropin receptors have 
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also been detected on peritubular cells (Castro et al., 

1972). Hsueh et al. (1976} reported a good agreement in the 

number of Leydig cells in cell suspensions, when estimated 

by immunofluorescence labelling of lutropin receptors and 

3S-hydroxysteroid dehydrogenase histochemistry. 

There are various other histochemical or histological 

methods that have been used for the identification of Leydig 

cells e.g. Nieminen et al. (1975) reported the specific his

tochemical localization of aminopeptidase in guinea pig 

Leydig cells using N-L-arginyl-2-naphtylamine and N-L-valyl-

2-naphtanylamine as substrates and Darzynkievicz and Gledhill 

(1973) described the specific uptake of 3H-ATP by fixed 

Leydig cells from rat testis. A marker used to identify dif

ferent cell types in the testis is the nonspecific esterase 

(Niemi and Ikonen, 1963; Niemi et al., 1966). Two functional

ly different nonspecific esterases have been demonstrated in 

the testis; one type, detected using naphtyl acetate as sub

strate, is located in the Leydig cells whereas the other type, 

with indoxyl acetate as substrate, is located in the Sertoli 

cells and in some Leydig cells (Niemi et al., 1966). Ester

ases in the Leydig cells can be measured biochemically with 

p-nitrophenylpropionate as substrate (Niemi et al., 1966). 

These results were confirmed by Rommerts et al. (1973b) on 

testis tissues isolated by wet dissection, who found 50 times 

more p-nitrophenyl esterase activity in the interstitium than 

in the seminiferous tubules using p-nitrophenyl acetate as a 

substrate. 

Because it is difficult to guarantee absolute specificity 

for Leydig cells with any of these markers, it was decided 

to use 4 different methods for identification, i.e. 36-

hydroxysteroid dehydrogenase histochemistry, Periodic Acid 

Schiff-staining (Roosen-Runge, 1959; Baillie, 1961), 

p-nitrophenyl esterase activity and testosterone production 

(section 2.1). Of these 4 markers Periodic Acid Schiff

staining appears to be the least specific for Leydig 

cells because other testicular cells are also stained by 

this reagent (Hooker, 1970). This lack of specificity was 
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also indicated in our experiments because in the different 

Leydig cell preparations tested, there were more Periodic 

Acid Schiff positive cells than cells containing 36-

hydroxysteroid dehydrogenase. The Periodic Acid Schiff

staining was therefore omitted as a marker in later experi

ments. 

3.3 Testis preparations containing Leydig cells 

3.3.1 ~;hole testis 

Various preparations of whole testes have been used to 

investigate lutropin regulation of steroidogenesis e.g. 

decapsulated intact testis (Catt and Dufau, 1973a; Dufau 

et al., 1973b), small pieces of whole testes (Rornrnerts 

et al., 1972), testis slices {Hall and Eik-Nes, 1962; 

Connell and Eik-Nes, 1968) and teased testes (Dufau et al., 

1971; Romrnerts et al., 1973a). The last 3 experimental pre

parations guarantee a better contact between the medium and 

testis cells than the first one. Dufau et al. (1971) repor

ted that teasing of the rat testis resulted in a substantial 

loss of the steroidogenic response to trophic hormones as 

compared with the intact testis. However,Romrnerts et al. 

(1973a) did not find much difference between lutropin sti

mulated testosterone production in teased and unteased 

testes. These contradictory findings could be explained by 

two opposite effects of teasing: i.e. damage to the Leydig 

cells, resulting in loss of steroidogenic response to 

lutropin and better stimulation due to improved contact 

between the medium containing the lutropin and the Leydig 

cells. Differences in the degree of teasing may have resul

ted in a preponderance of one of these effects. 

These whole testis preparations did not appear to be a 

good experimental model, because they contain only a small 

number of Leydig cells and therefore do not fulfil to cri

terum number 3 in section 3.1, namely that the preparation 

must contain as few as possible other cell types with an 

active protein synthesizing system. 
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3.3.2 Interstitial tissue 

A method of preparing cells enriched in Leydig cells was 

originally reported by Christensen and Mason (1965). These 

authors described a mechanical method for the separation of 

the tubular and interstitial compartments, by microdissection 

of rat testis. Microscopic examination of the interstitial 

tissue revealed only slight contamination with tubular mate

rial. By microdissection of X-irradiated rats Yokoe et al. 

(1971) obtained interstitial tissue containing more than 

95% Leydig cells as was judged by histological examination. 

The number of Leydig cells in the interstitial tissue 

obtained by wet dissection of rat testis was found by 

Rornmerts et al. (1973b) to be 4-8 times higher than in total 

testis tissue, using p-nitrophenyl esterase as a marker. 

However, when compared with total testis tissue, the amount 

of testosterone produced by this interstitial tissue was 

lower than could be expected on the basis of this increased 

number of Leydig cells (Rommerts et al., 1973a; Cooke et al., 

1974). It was concluded that the lower production of testos

terone may have been due to damage of Leydig cells. A second 

disadvantage of this preparation became apparent during pre

liminary experiments on specific protein synthesis, namely 

that different parts of the dissected interstitial tissue 

contained different amounts of contaminating tubular cells. 

This type of Leydig cell preparation did not therefore 

fulfil criteria 2 as stated in section 3.1 namely that it 

must be homogeneous. 

3.3.3 Testis cell suspensions 

The use of cell suspensions guarantee a homogeneous dis

tribution of Leydig cells in different incubations. Two 

different procedures have been described to obtain such a 

suspension: 

1. a mechanical method, described by Van Darnrne et al. (1974) 

in which mouse testes are cut into small pieces and incuba

ted in Eagles medium containing 2% calf serum, for 10 min at 

room temperature with continuous stirring with a magnetic 



stirrer. The medium is then filtered and contains lutropin 

sensitive Leydig cells. However,it was found that if rat 

testes were used instead of mouse testes, Leydig cells were 

obtained which were insensitive to lutropin. 

2. The second method is based on enzymic treatment of the 

testes. For this purpose the use of 2 different enzymes have 

been reported: trypsin and collagenase. Incubation of rat 

testis with collagenase has been found to result in Leydig 

cell suspensions responsive to lutropin and choriogonado

tropin {Catt et al., 1973b; Moyle and Ramachandran, 1973; 

Dufau et al., 1974b) ·The use of trypsin however resulted in 

cells which did not show 

that destruction of 

specific lutropin binding, indica

the receptor sites had taken place. ting 

Only after incubation of the cells for some time the bin-

ding capacity improved (Steinberger et al., 1973). We there

fore adopted the method using collagenase for the preparation 

of Leydig cell suspensions essentially as described by Moyle 

and Ramachandran (1973) (appendix paper I). However this 

method resulted in Leydig cell suspensions containing only 

6% Leydig cells as determined by the use of 3S-hydroxysteroid 

dehydrogenase as marker for the Leydig cells. This was much 

lower than the percentage of Leydig cells in cell prepara

tions obtained by collagenase treatment of rat testis as 

reported by the group of Dufau and catt, i.e. about 40%. 

This group also determined the number of Leydig cells by 

3S-hydroxysteroid dehydrogenase histochemistry and by immuno

fluorescence labelling of the choriogonadotropic receptors 

{Dufau and Catt, 1975b; Hsueh et al., 1976a). The amount of 

testosterone produced by their Leydig cell preparations in 

the presence of maximum amounts of trophic hormone is about 

4-21 ng testosterone/10 6 cells/3 hours (Williams et al., 

1976a; Williams et al., 1976b), which is comparable with the 

amount of testosterone produced by our cell preparation con

taining only 6% Leydig cells, namely 10.6 ng testosterone/ 

10 6 cells/3 hours {see table 3,2). Because of the low amounts 

of Leydig cells in our cell preparations, they did not fulfil 

the third criterium in 3.1, namely that the Leydig cell pre-
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paration must contain as few as possible other cell types, 

with an active protein synthesis. It was therefore decided 

to investigate methods to purify the Leydig cells. 

3.4 Methods for enrichment of Leydig cell suspensions 

The interstitial tissue obtained by wet dissection as 

mentioned in section 3.3 is enriched in Leydig cells and 

could be used as a source for the preparation of Leydig cell 

suspensions. However the dissected interstitial tissue has 

the disadvantage that the steroidogenic response of the 

Leydig cells to lutropin is partially impaired, probably due 

to damage to the cells and it was therefore decided to aban

don this method as a method for the purification of Leydig 

cells. In this section several other methods are described 

which could potentially be used to obtain enriched Leydig 

cell preparations. 

3.4.1 Selective destruction of testicular cells 

The main contaminating cell types in the Leydig cell sus

pensions obtained by incubation of rat testis with colla

genass are various germinal cells and therefore it can be 

expected that the use of testis in which the germinal cells 

have been destroyed will result in cell preparations con

taining a higher proportion of Leydig cells. Selective des

truction of germinal cells has been obtained with the use 

of chemical agentia (Panatelli, 1975} by experimental cryp

torchidy (VandeMark and Free, 1970), by X-irradiation 

(Ellis, 1970; Oakberg, 1975) or by feeding the rats with a 

diet deficient in essential fatty acids (Ahluwalia et al., 

1968; van der Molen et al. 1971). Testis cell suspensions 

from rats with defective spermatogenesis resulted in higher 

steroidogenic activities compared with testis cell suspen

sions from intact rat testes (appendix paper I). However, 

a drawback of these procedures may be that some damage 

to the Leydig cells may have occurred by this treatment. 
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Because good methods for enrichment of Leydig cells in tes

tis cell preparation were developed during our study, which 

were less laborious and lacked this disadvantage, selective 

destruction of testicular cells was not chosen for further 

experimentation. 

3.4.2 Purification of Leydig cells from testis cell 

suspensions 

a. Theoretical background 

The separation of different classes of particles or cells 

from each other is based on differences in their physical 

and/or chemical characteristics e.g. mass, density, charge 

and properties of the plasma membrane. An important group 

of separation methods is based on differences in distance 

covered in a certain period by particles or cells separated 

by a gravitational, centrifugal or electrical force. When 

a centrifugal force is exerted on an ideal particle 

(spherical, rigid, smooth, uncharged, unhydrated and constant 

in size and density) its velocity will be expressed by the 

following equation: 

where 

v 
2 2 a (Dp-Dm)w r 

l8n 

a = diameter of the particle 

Dp density of the particle 

Dm density of the surrounding fluid 

(em) 
-3 

(g.cm ) 
-3 (g.cm ) 

n viscosity of the fluid (poises) 
-1 

w angular velocity (radians.sec ) 

r = radial distance from axis of rotation {ern) 

Boone et al. (1968) demonstrated that mammalian cells 

tend to obey this sedimentation equation when centrifuged in 

a Ficoll solution. This means that mammalian cells tend to 
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behave as ideal particles under such conditions. Considera

tion of the equation described above reveals the two basic 

principles by which cells can be separated by centrifugation. 

b. Separation of testis cells on the basis of their density 

When cells are centrifuged through a solution with increa

sing density their velocities will decrease until they are 

zero when the density of the surrounding fluid is equal to 

the density of the cells. By centrifugation of testis cells 

through a discontinuous density gradient of Ficoll-Metrizoate 

it was demonstrated that lutropin responsive Leydig cells had 

a higher buoyant density than most of the contaminating 

testis cells (appendix paper I) . This is in agreement with 

the results of Meistrich and Trostle (1975) using mouse 

testis cells. They found that only spermatogonia, late sper

matids and spermatozoa had higher buoyant densities than 

Leydig cells. However,because of the hypertonicity of the 

Renografin gradient used by these authors, true cell buoyant 

densities were not determined.~~len we centrifuged the testis 
cells (containing 6% Leydig cells) through a Ficoll-Metri

zoate discontinuous gradient a 13 times purification of 

Leydig cells was obtained (approximately 78% of the cells 

were Leydig cells as was determined by 3S-hydroxysteroid 

dehydrogenase histochemistry) . Although by this procedure 

cell suspensions were obtained containing a high proportion 

of Leydig cells a variant of this procedure for purification 

of Leydig cells, based on the same principle (see section 

below) was preferred for routine experiments. This gave less 

purified Leydig cell suspensions (60%) but it was less time

consurni tnd gave a higher total number of Leydig cells. 

When testis cells were centrifuged through a Ficoll solu

tion with a density inbetween the density of the Leydig 

cells and the large amount of contaminating testicular cells 

the Leydig cells were sedimented to the bottom of the tube 

whereas most of the other cell types floated to the top of 

the Ficoll solution. By this procedure the proportion of 

Leydig cells in the cell suspensions increased from 6% to 

35% as determined by 3S-hydroxysteroid dehydrogenase histo-
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chemistry. No adverse effects of this procedure was observed 

on the steroidogenic capacity of the Ficoll purified Leydig 

cells. These cells were further purified to 60% for routine 

experiments (see section c). 

Erythrocytes are the most abundant contaminating cells 

after centrifugation through Ficoll. Several methods have 

been described in literature for removal of erythrocytes 

e.g. agglutination of erythrocytes followed by centrifugation 

or sedimentation, specific lysis of the erythrocytes and den

sity gradient centrifugation. We have tried several of these 

methods. When testis cells were centrifuged through a 13% 

Ficoll solution (with a density of 1.053 g/ml) under which 

had been introduced a 20% Ficoll solution, the Leydig cells 

were found at the interface of the 13% and 20% Ficoll solu

tions whereas most of the erythrocytes sedimented to the 

bottom of the tube. However total removal of erythrocytes 

was not possible by this method. Removal of erythrocytes by 

specific lysis was performed as described by Roos and Loos 

{1970), which consisted of incubating the cell suspensions 

in a solution of NH
4
cl (155 mM), KHco

3 
(10 mM) and EDTA 

0.1 mM pH 7.4 for 10 min at 0°c. This method resulted in 

total removal of erythrocytes from the cell suspensions, but 

the testosterone production of the Leydig cells was decreased 

by 25% indicating that the Leydig cells were also damaged. 

Erythrocytes can also be removed by perfusion of the testis 

as described by Frederik et al. (1973). Using this procedure 

no erythrocytes were found in the Leydig cell suspensions 

and no adverse effects on the Leydig cells were observed, 

however,this method is time-consuming and therefore unsui

table for routine experimentation. Because it was demonstra

ted that protein synthesis was very low in rat blood cells 

(appendix paper III) it was decided not to remove the ery

throcyte contamination from the Leydig cell suspension. 

c. Separation of testis cells on the basis of their diameter 

After centrifugation through Ficoll solutions (density 

(1.053 g/ml) all sedimented cells have a density higher than 

1.053 g/ml. When these sedirnented cells are centrifuged 
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through a medium with a density much lower than 1.053 g/ml, 

the sedimentation rate will become more dependent on diffe

rences in cell diameter. 

It was found that Leydig cells were one of the fastest 

sedimenting testis cells in media with lower densities. This 

was shown by separation of testis cells by velocity sedimen

tation at 1 g(Meistrich et al., 1973; Davis and Schuetz, 

1975). We have made use of this characteristic of the Leydig 

cells for their further purification. The testis cells were 

first sedimented by centrifugation through the Ficoll solu

tion, followed by centrifugation for a very short time 

(2 min) through a 6% Dextran solution (density of 1.023 g/ml). 

It was found that the Leydig cells were among the first cells 

to sediment (appendix paper I). By this procedure it was 

possible to purify the Ficoll purified Leydig cells further 

from 35% to about 60%, as determined by 36-hydroxysteroid 

dehydrogenase histochemistry. The purified Leydig cells ob

tained in this way were responsive to lutropin and could be 

obtained in sufficient quantities which made analytical stu

dies of specific protein synthesis possible. In addition the 

whole procedure of purification only took 75-90 min. This 

Leydig cell preparation fulfilled all the criteria stated in 

section 3.1 and it was therefore decided to use it for further 

experimentation. 

d. Other methods for the purification of Leydig cells 

Another possible way of purifying Leydig cells is to make 

use of the specific lutropin receptors which are present in 

the plasma membrane. This could be achieved by affinity chro

matography in which the Leydig cells are specifically retained 

on a column containing lutropin coupled to sepharose. This 

type of separation method has been reviewed by Robbins and 

Scheerson (1974). Precautions must be taken to prevent stimu

lation of the cells by this method and separation of the 

coupled hormone and the Leydig cells must be carried out 

under conditions, which do not damage the cells, this would 

exclude the use of low pH (Dufau et al., 1972) or high salt 
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concentrations (Chen and Payne, 1977), conditions which have 

been used previously to. dissociate lutropin-Leydig cell re

ceptor complexes. Immunofluorescence labelling of the lutro

pin receptors (Hsueh et al., 1976a) followed by separation 

of the labelled and unlabelled cells with a cell sorter 

could also be used to purify Leydig cells. Another possibi

lity would be to make use of the fact that Leydig cells are 

the only testis cells which form rosettes with lymphocytes 

(Rivenson et al., 1974). These cell rosettes could then be 

easily separated from th~¢ other cells by velocity sedimen

tation or centrifugation. 

3.5 Leydig cell tumours 

Several investigators have used Leydig cell tumours as a 

source of Leydig cells (Moyle et al., 1971; Shin and Sato, 

1971; Inano et al., 1972; Yang et al., 1974; Jull et al., 

1974; Wolff and Cooke, 1977). Recently we obtained a trans

plantable rat Leydig cell tumour which has lutropin receptors 

and produces androgens. Histological and histochemical exami

nation revealed the presence of only one cell type in addi

tion to blood and connective tissue cells. Several differen

ces between these tumour Leydig cells and Leydig cells from 

mature rat testis became apparent during our study. 

The amount of testosterone was only a small fraction of 

all the steroiCtS·: _:produced and in additi-On lufi'opin stimulated 

the synthesis of _proteins in the tumour Leydig cells which 

were different from those in Leydig cells from,·-adul t rats 

(appendix paper VI). Other investigators have also reported 

abnormalities in tumour Leydig cells: e.g. loss of lutropin 

receptors (Shin et al., 1968; Wolff and Cooke, 1977) and 

changes in the steroids secreted (Shin et al., 1968; Jull 

et al., 1973; Wo_lff and C:OOk, 1977). The Leydig cell tumour 

we obtaine·d met all the requirements stated in section 3.1: 

namely it possessed a lutropin sensitive ste-roidogenesis, a 

high purity of Leydig cells and the cells could be obtained 
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in large quantities. 

3.6 Incubation conditions 

Krebs Ringer bicarbonate buffer {Umbreit et al., 1964) 

is the most widely used medium for short term incubations 

with Leydig cell preparations. In the present study when 

Eagles medium (Eagle, 1959) was used instead of Krebs Ringer 

bicarbonate buffer it was found that similar results were 

obtained with respect to lutropin stimulated testosterone 

production. Van Damme et al. (1974) reported that addition 

of calfs' serum to Eagles medium resulted in a 3-fold in

crease in lutropin sensitivity of steroidogenesis in mouse 

testis cells compared with 1.5 times increase in the case 

of addition of calfs' serum to Krebs Ringer bicarbonate buf

fer. In contrast to their findings we could not observe a 

change in lutropin sensitivity of steroidogenesis in rat 

testis Leydig cells by addition of calfs' serum to any of 

these media and even a decrease in total testosterone pro

duction was found. 
++ ' th As described in section 2.3.2 the presence of Ca ln e 

incubation medium is a prerequisite for maximum corticotropin 

stimulation of steroidogenesis on adrenal cells. For Leydig 

cells it has been reported that omission of Ca++ from the 

medium resulted in only a slight decrease in trophic hormone 

stimulation of testosterone production (Mendelson et al., 

1975). However we observed a 60% decrease in lutropin stimu

lated steroidogenesis in rat testis Leydig cells in the ab

sence of Ca++. Under these same conditions basal testosterone 

production was unchanged. Addition of Ca++ to the medium 

restored the testosterone response to lutropin within 30 min, 

indicating that the effect of Ca++ was not due to irrever

sible damage of the Leydig cells. Activation of cyclic AMP 

dependent protein kinase by lutropin was not decreased by 

omission of Ca++ from the incubation medium, suggesting that 
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Ca++ may be involved in steroidogenesis at a stage beyond 

the lutropin receptor-adenylate cyclase-protein kinase 

system (appendix paper II). Also in adrenal cells it has 

been postulated that Ca++ is involved in processes beyond 

the formation of cyclic AMP, although in these cell types a 

role of Ca++ has also been suggested for the transmission 

of the signal arising from corticotropin receptor interac

tion to the adenyl cyclase (see section 2.3.2). In all further 

experiments reported in this thesis a ca++ concentration of 

2.5 rnM was used in the incubation medium. 

3.7 Testosterone production in Leydig cell preparations 

Leydig cell preparations can be characterized by their 

testosterone production and its sensitivity to lutropin. 

Table 3.1 summarizes the testosterone production in different 

Table 3.1 Comparison of testosterone production in different 

Leydig cell preparations (ng testosterone/rug protein/ 

hour)+ in the presence or absence of added lutropin. 

testosterone production (ng/mg protein/hour) 

control added lutropin+ reference 

total testis tissue 

interstitial tissue 

0.5 3. 0 1 

(obtained by wet 

dissection) 

Dextran purified 

Leydig cells 

2.4 

10.2 

6. 7 2 

295.9++ 3 

ref.: 1. Rommerts et al., 1973a 

+ 

++ 

2. Cooke et al., 1975 

3. Janszen et al., 1976a 

Leydig cell preparations were incubated during 2-4 hours. For 

comparison purposes linear production rate during this period 

is assumed and the total production is divided by the incuba

tion time. 

10 6 cells in these preparations correspond with 0.196 + 

0.028 mg protein (mean+ s.d., n=6). 
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"' "' 
Table 3.2 Comparison of testosterone production and amount of Leydig cells in 

Leydig cell suspensions used by different groups of investigators. 

Number between parentheses refers to the reference. 

group testosterone production 

(ng T/10 6 cells/hour)+ 

% of Leydig cells 

Catt and Dufau 

Moyle and Ramachandran 

Cooke and Janszen: 

crude preparation 

purified preparation 

control 

0.2-l.l 

O.l-3 

0.5 

2.0 

+trophic hormone 

1.3-7 (1) 

5-24(3) 

3. 5 (l) 

58 (5) 

+ 40 (2) 

2: 6 ( 6) 

+ 59 (6) 

+Testis cells were incubated during a 2-3 hours period. For comparison purposes 

linear production rate during this period has been assumed and the total pro

duction is divided by the incubation time. 

1. Williams and Catt, 1976a; Williams et al., l976b. 

2. Determined by 3B-hydroxysteroid dehydrogenase histochemistry (Dufau and 

catt, 197Sb) and by immunofluorescence labelling of lutropin receptors 

(Hsueh et al., 1976a). 

3. Moyle and Ramachandran, 1973; Ramachandran and Sairam, 1975. 

4. Janszen et al., 1976a. 

5. Janszen et al., 1976b. 

6. Determined by 3B-hydroxysteroid dehydrogenase histochemistry 

(Janszen et al., 1976a). 



Leydig cell preparations. Dextran purified Leydig cell sus

pensions gave the highest production rates. This was most 

probably due to the presence of higher amounts of Leydig 

cells per mg protein, a good contact between the Leydig cells 

and the medium containing the lutropin and a better integrity 

of the Leydig cells. In table 3.2 the results from various 

groups of investigators are compared. The highest and lowest 

values quoted in the literature of the respective groups are 

given. The values reported by the group of Catt and Dufau 

are comparable with the values reported by us, whereas the 

estimated number of Leydig cells in their preparations is 

6-7 times higher than in our crude preparations. The reason 

for this discrepancy is not known. It is possible that their 

preparations contain more lutropin unresponsive Leydig cells. 

Purification of our crude Leydig cell suspension by the 2 

centrifugation steps described in section 3.4 resulted in a 

higher number of Leydig cells in the cell suspensions and 

concomitantly in a higher steroidogenic activity. In 

table 3.3 the testosterone production in Dextran purified 

Leydig cell suspensions is compared with the testosterone 

production in vivo and in vitro of total testis homogenates 

Table 3.3 comparison of testosterone production in Leydig cell suspensions, 

total testis homogenate and by testis in vivo. All production rates 

are standardized per total testis. 

in ViVO 

in vitro: 

total testis homogenate 

testosterone production 

(nmol/testis equivalent/hour) 

control lutropin treated 

5. 4 

4. 8 

Dextran purified Leydig cells 1.0 

19. 8 

11.1 

reference 

3 

+These cell preparations contain 59% Leydig cells as determined with JS
hydroxysteroid dehydrogenase histochemistry and it is assumed that a rat 

testis contains 32.4·10 6 Leydig cells (Christensen, Testis Workshop, Toronto, 

19 7 7) . 

l. De Jong et al., 1973. 

2. Van der vusse, 1975. 

3. Janszen et a1., 1976b. 
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under control conditions and when stimulated before isola

tion. The control production of the cell suspension is lower 

than the control production in vivo and from the total 

testis hornogenates. This may be due to the fact that in vivo 

some lutropin is present while it is probably better to corn

pare the production of testosterone in hypophysectomized 

animals with the control production of the cell suspension. 

Stimulation with lutropin resulted in comparable testosterone 

production rates in testis hornogenates and in the Leydig cell 

suspensions, which is an indication that the isolation 

and purification procedure does not markedly impair the lu

tropin regulatory mechanism in the Leydig cells. 

The.rninirnal dose of lutropin needed for stimulation of 

steroidogenesis in vitro is approximately 1 ng/ml and maximal 

stimulation is obtained with 10-100 ng/rnl (Janszen et al., 

1976a). These concentrations of lutropin are in the same 

range as the physiological plasma concentrations determined 

in the male Wistar rat i.e. 10-50 ng/rnl (van Beurden, 

1977). 

One of the discrepancies between the lutropin stimulation 

of steroidogenesis in vivo and in vitro is the longer time 

needed in vitro to observe stimulation of steroidogenesis 

after addition of trophic hormone. Eik-Nes observed an in

crease in secreted steroids 3-6 min after the addition of 

choriogonadotropin to perfused dog testis, whereas lutropin 

stimulation of steroidogenesis in different Leydig cell 

preparations in vitro takes at least 20 min (table 3.4). 

However,preincubation of Leydig cell suspensions for 1 hour 

results in a decrease of this lag phase to less than 5 min 

(Cooke et al., 1977a). The reason for this observation may 

be due to repair of some damage to Leydig cells which 

occurred during the isolation procedure or alternatively to 

loss of some essential factor which is resynthesized during 

the preincubation period. 

It may be concluded that Dextran purified Leydig cells 

after stimulation with physiological amounts of lutropin in 

vitro produce amounts of testosterone comparable with those 

48 



Table 3.4 Time needed for trophic hormone stimulation of steroidogenesis in 

different testis preparations. 

perfusion of dog testis 

in vitro: 

total testis tissue 

interstitial tissue 

Leydig cell suspension 

without preincubation 

with 1 h preincubation 

1. Eik-Nes, 19 7 5. 

2. Ronunerts et al., 1972. 

3. Ronunerts et al., 1973a. 

4. Janszen et al., 1976a. 

5. Cooke et al., 1977a. 

time needed for first detectable 

increase in steroidogenesis 

<3-6 min 

60 min 

30-60 min 

20-30 min 

<5 min 

reference 

2 

3 

4,5 

5 

produced in vivo and therefore provide a good model for 

studying lutropin regulatory mechanisms. 
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PROTEIN SYNTHESIS AND LUTROPIN REGULATION OF STEROIDOGENESIS 

4.1 Introduction 

On the basis of experiments with protein synthesis inhi

bitors it has been proposed that the continuous synthesis of 

a protein with a short half life is necessary for the lutro

pin stimulation of testosterone production in rat testis 

Leydig cells (Cooke et al. 1 1975a; Mendelson et al., 1975}. 

In section 2.3.4 three possible models (figure 2.2) which have 

been proposed to explain the possible role of this protein 

in the regulation of steroidogenesis in the testis and other 

organs have been discussed. These possibilities concerned: 

A) regulation of steroidogenesis by trophic hormones media

ted by de novo synthesis of a protein with a short half life. 

B) in the presence of the trophic hor~r-~~ an inactive protein 

with a short half life is converted into an active form with 

short half life. 

C) a protein with a short half life plays a permissive role 

in the stimulation of steroidogenesis by trophic hormones. 

One way to discriminate between models A versus B and C 

is to identify the specific protein(s) involved. This can 

be carried out for example by investigation of the effect of 

different protein fractions from the steroidogenic tissue on 

various enzymatic reactions involved in steroidogenesis 

(Farese, 1971b; Kan and Ungar, 1973) followed by investiga

tion of the half life of the active protein(s) and its regu

lation by trophic hormone. A second way is to investigate 

the synthesis of specific proteins with a short half life 

in steroidogenic cells using labelled amino acid precursors 

(Grower and Bransome, 1970). After the existence of such a 

protein has been demonstrated, it has to be isolated and 

its role in the regulation of steroidogenesis has to be 

determined. 

Using the first method Farese (1971) demonstrated increa

sed steroidogenic activity in control adrenal mitochondrial 

preparations after addition of the 60,000 g supernatant from 



corticotropin treated adrenal glands. The formation of the 

corticotropin induced factor in the supernatant was blocked 

with puromycin and possessed the properties of a protein(s). 

However in this study a control experiment to determine the 

steroidogenic activity of the 60,000 g supernatant was not 

carried out. In a later publication the same authors demon

strated that homogenization of adrenal glands can result in 

solubilization of the cholesterol side chain cleavage enzyme 

complex (Farese and Prudente, 1977a), which may explain the 

earlier found activity of this protein fraction. Kan and 

Ungar (1973) have also described an adrenal protein factor, 

which stimulates cholesterol side chain cleavage, but which 

is not under the control of corticotropin. 

The second approach was followed by Grower and Bransome 

(1970) who incubated 

mouse adrenocortical 
3H-labelled proteins 

corticotropin stimulated and control 

cells with 3H-leucine and separated 

of the gel 

the 

electrophoresis followed by 

cytosol by polyacrylamide 

counting the amount of 3H in the 

different fractions of the polyacrylamide gel. These authors 

observed a transient increase in radioactivity in one protein 

fraction and at the same time a transient decrease in another 

protein fraction. No further information has been published 

about the nature of these proteins and their eventual rela

tionship to steroidogenesis. Using a similar approach Rubin 

et al. (1974) and Laychock and Rubin (1974) have described 

the corticotropin induction of 4 specific proteins in the 

perfusate of cat adrenal with apparent mol. wt. 's of respec

tively 12,500, 48,000, 58,000 and 70,000. No further infor

mation about the role of these proteins has been published. 

In our study it was decided to follow the second approach. 

This was carried out by incubation of dextran purified 

Leydig cells with lutropin for various periods of time fol

lowed by additi,on of radioactive amino aci.ds to the rnediur.1 

to label newly synthesized proteins. After incubation of 

the cells, total protein was extracted and separated by SDS

polyacrylamide gel electrophoresis. Radioactivity in the se

parated proteins was determined by counting slices of the 
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polyacrylamide gel in a liquid scintillation counter or by 

autoradiography (appendix papers III and IV). 

Figure 4.1 

mol. wt. 

(x 10-4) 

7 
e bovine albumin 

6 

5 

• ovalbumin 
4 

3 

2 LH-IP -
(mol.wt. = 21,000) 

trypsin inhibitor 

cytochrome C 

1.5 

Calibration curve for the estimation of the 

mol. wt. of lutropin induced protein (LH-IP). Data were 

obtained from gel filtration experiments on Sephadex G-100 

and transposed to a single calibration curve. As eluant 

was used 0. IS M (NH
4

)HC0
3 

pH 7.4. The presence of LH-IP 

was demonstrated by SDS-polyacrylamide gel electrophoresis 

of the various fractions followed by autoradiography as 

described in the materials and methods section in appendix 

papers III and IV. 
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4.2 Effect of lutropin and cycloheximide on specific protein 

synthesis 

4.2.1 Lutropin induced protein in rat Leydig cells 

The results of experiments carried out to investigate the 

effect of lutropin and cycloheximide on specific protein 

synthesis in rat testis Leydig cells are presented in 

dix papers III and IV. Using 35 s-methionine increased 

appen

syn-

thesis of a protein with an apparent mol. wt. of 21,000 was 

observed 2 hours after the addition of lutropin to the 

Leydig cells and the synthesis was at a maximal rate 2-3 

hours later. The synthesis of this protein (referred to as 

LH-IP) was only stimulated by lutropin and was not due to 

increased levels of testosterone or to contaminating amounts 

of follitropin in the lutropin preparation. This protein was 

only detected in the enriched Leydig cell preparation (60% 

Leydig cells) and not in seminiferous tubules or in rat 

blood cells and it could hardly be detected in a crude 

Leydig cell preparation (6% Leydig cells). It was therefore 

concluded that in the rat testis LH-IP is synthesized only 

in the Leydig cells. Subcellular fractionation of the Leydig 

cells indicated that the protein is present in the cytosol 

fraction. Determination of the mol. wt. of LH-IP by SDS-PAGE 

and Sephadex-GlOO chromatography (figure 4.1) gave identical 

values, indicating that under the conditions used for 

Sephadex chromatography LH-IP is present as a monomer. Incu

bation of the cells for 30 min in the presence of cyclo

heximide after labelling of the proteins with 35s-methionine, 

did not result in a decrease in radioactivity in LH-IP indi

cating that the half life of LH-IP is longer than 30 min. It 

can be concluded therefore that LH-IP is not identical to 

the postulated protein with a short half life (t~ = ~ 13 min) 

that is involved in the lutropin stimulation of steroidoge

nesis. 

At this moment one can only speculate about the role of 

LH-IP in rat testis Leydig cells. LH-IP may be involved in 
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the regulation of steroidogenesis, in the trophic effects 

of lutropin or possibly in other lutropin regulated processes 

in Leydig cells. If LH-IP is involved in lutropin stimulation 

of steroidogenesis it is difficult to explain why sti

mulation of the synthesis of LH-IP can be detected only 

2 hours after addition of lutropin to the cells whereas 

steroidogenesis is already stimulated within 5-30 min 

(figure 4.2). It is possible that at the start of the incu

bation enough LH-IP is present for the lutropin stimulation 

of steroidogenesis and that new synthesis is only required 

sometime later when the amount of LH-IP becomes rate

limiting. This hypothesis implies that other factors regu

lated by lutropin are also necessary for the stimulation of 

steroidogenesis. 

It is also possible that LH-IP is a negative regulator of 

lutropin stimulation of steroidogenesis. Decreases in tes

tosterone production after prolonged stimulation with lutro

pin have been found, e.g. injection of choriogonadotropin 

or lutropin into mature and immature rats results in a ini

tial rise· in plasma testosterone level followed by a decrease 

some hours later (Hsueh et al., l976b, Sharpe, 1976; Haour 

and Saez, 1977). During in vitro incubation of Leydig cells 

with lutropin the testosterone production also increases and 

then after 2-3 hours decreases. In the adrenal gland inhibi

tory factors of steroidogenesis in cell-free fractions have 

been described (Farese, 1971a; Ungar et al., 1973). Recently 

Honn and Chavin (1977) found that actinomycin D increased 

corticotropin stimulated steroidogenesis in the human adrenal 

gland and these authors suggested that actinomycin D prevents 

the accumulation of a mPJ\IA species which may direct the synthe

sis of a steroidogenic inhibitory protein. The found decrease 

in testosterone production may also be due to a lack of 

steroid precursor. However,administration of choriogonadotro

pin to rats did not have a detectable effect on total amount 

of cholesterol in the testis (van der Molen et al., 1972), 

although prec.i~_e .. knowledge is lacking about the cholesterol 

pool used for sferoidogenesis; this pool may be small and 
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Figure 4.2 

net testosterone production 
(ng/106 cells} 

200 

100 

2 

LH-IP production/hour 
(arbitrary units) 
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50 
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+LH 
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4 5 6 
incubation time (hours) 

r-----

4 5 6 
incubation time (hours) 

Time course of lutropin stimulation of testos-

terone and LH-IP production in rat Leydig cells. For tes

tosterone production the Dextran purified Leydig cells were 

incubated as described in the materials and methods section 

of appendix paper III, in the presence or absence of added 

lutropin (100 ng/ml) and at the given times testosterone 

level was determined and the zero time level was subtracted. 

In the case of LH-IP synthesis Dextran purified Leydig cells 

were incubated for different time periods with added lutropin, 

then 
35

s-methionine was added to the cells and the incubation 

was continued for hour. The amount of newly synthesized 

LH-IP was estimated as described in appendix paper V. 
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could be exhausted soon after stimulation. A third possibi

lity to explain the decrease in production rate of testoste

rone is a decrease in the signal arising from the hormone 

receptor interaction. Several investigators have reported a 

decrease in the number of lutropin receptor sites in the 

testis several hours after administration of the hormone in 

vivo (section 2.3; Sharpe, 1976,1977; Hsueh et al., 1976b, 

1977; Chen and Paine, 1977; Haour and Saez, 1977). Sharpe 

(1977) demonstrated that administration of cycloheximide 

blocked these processes, suggesting that protein synthesis 

may play a role in this decrease. Again it is possible that 

LH-IP is involved in such a process. 

LH-IP may also be related to the trophic effects of lu

tropin on Leydig cells. Long term treatment (5 days) of rats 

with human choriogonadotropin has been demonstrated to 

result in an increase in steroid production in testis homo

genates and mitochondrial preparations (van der Vusse et al., 

1975a). Purvis et al (1973) reported an increase in acti

vity of the microsomal cytochrome P 450 dependent enzymes 

!?a-hydroxylase and steroid C17,20-lyase after long term 

treatment with human choriogonadotropin and van der Vusse 

et al. (1975a) demonstrated an increase in 38-hydroxy

steroid dehydrogenase activity after such a treatment. 

The lack of effect of lutropin on specific protein synthesis 

within 2 hours after its addition to the cells as observed 

in this study, may suggest that model A in figure 2.2 (regu

lation of steroidogenesis by trophic hormones is mediated by 

de novo synthesis of a protein with a short half life) does 

not apply to the lutropin regulation of steroidogenesis in 

rat Leydig cells. However, it is possible that we have missed 

such a protein and therefore more research is needed using a 

protein separation system with a higher resolving power than 

the SOB-polyacrylamide gel electrophoresis system used in 

this study e.g. 2-dirnensional polyacrylamide gel electropho

resis system (O'Farrell,1975) and/or using other radioactive 

amino acids. 
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4.2.2 A protein with a short half life present in rat 

Leydig cells 

The presence of a protein with a short half life in 

Leydig cells was investigated by incubation of the Leydig 

cells in the presence of cycloheximide, after labelling of 

the proteins with 35s-methionine, for different time periods 

(appendix paper III) . It was found that a rapid decrease 

occurred in the amount of radioactivity in a protein with 

apparent mol. wt. of 33,000. The half life of this protein 

(referred to as P33) was calculated to be approximately 

11 min. This corresponds to the value of 13 min calculated 

from the decrease in lutropin stimulated testosterone pro

duction after addition of cycloheximide to Leydig cells 

(Cooke et al., 197Sa). This protein was not detected in se

miniferous tubules and rat blood cells and was hardly de

tectable in crude Leydig cell preparations (containing 6% 

Leydig cells). It was concluded therefore that it was speci

fically present in the Leydig cells. Subcellular fractiona

tion revealed that this protein was present in the particu

late fraction of the cell. A more precise localization was 

not possible because of the lability of the protein, which 

made prolonged fractionation studies difficult. No effect of 

lutropin on the synthesis, half life or mol. wt. of P33 was 

observed. After hypophysectomy of the rats for 16 days, P33 

could still be detected. 

According to model 2.2B the inactive regulator protein 

with a short half life is converted into an active form in 

the presence of trophic hormone. This modification may be 

achieved by splitting off part of the molecule, by phospho

rylation etc. However, as already shown above, no effect of 

lutropin on the mol. wt. of P33 was observed and after in

cubation of the cells with lutropin no incorporation of 32P 

into this protein could be detected (Cooke et al., 1977b). 

Therefore, if the disappearance of P33 is responsible for 

the effect of protein synthesis inhibitors on lutropin sti

mulated testosterone production, model 2.2C would seem to be 

the most appropriate, namely that a protein with a short half 
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life plays only a permissive role in the trophic hormone sti

mulated steroidogenesis. 

A protein with a short half life (12 min) is ornithine de

carboxylase, which catalyses the rate-limiting step in the 

synthesis of polyarnines (Russell and Snyder, 1969). However, 

it is not identical with P33 because the mol. wt. of orni

thine decarboxylase is approximately 75,000 (Janne and 

Williams-Ashman, 1971). Recently it has been shown that 

choriogonadotropin increases ornithine decarboxylase activity 

in mouse testis cells after a lag period of 2-3 hours (Mobius 

et al., 1977). It is also interesting to note that in other 

tissues proteins with a short half life may be involved in 

the stimulation of prostaglandin production in transformed 

mouse fibroblasts (Pong et al., 1977) and in protein degra

dation (Epstein et al., 1975). 

4.3 Lutropin regulation of LH-IP synthesis 

The mechanisms involved in the lutropin regulation of 

LH-IP synthesis were investigated in more detail and the 

results obtained are reported in appendix paper V. A close 

correlation was found between the dose of lutropin needed 

for the stimulation of steroidogenesis and for the stimula

tion of LH-IP synthesis. Incubation of Leydig cells with 

db-cyclic AMP and choleratoxin with amounts which stimulated 

testosterone production also stimulated LH-IP synthesis, and 

addition of MIX (a phosphodiesterase inhibitor) to Leydig 

cells potentiated the effect of submaximal doses of lutropin 

on steroidogenesis and on LH-IP synthesis. From these results 

it was concluded that steroidogenesis and LH-IP synthesis are 

stimulated by lutropin at least partly by a common pathway, 

both involving cyclic AMP (S-ee section 2. 3. 2) . In eukaryotic 

cells regulation of the metabolic processes ~JY cyclic AMP 

involves protein kinase activation. Lutropin stimulates the 

phosphorylation of 3 different proteins with apparent mol. 

wt. • s of 76,000, 58,000 and 14,000 (Cooke et al., 1977b). 

The phosphorylation of one or more of these proteins may be 

involved in the lutropin regulatory mechanism of LH-IP syn

thesis. At this moment,however,the subcellular localization 



and biological function of these phosphoproteins are unknown. 

Stimulated phosphorylation of ribosomal protein by trophic 

hormone and cyclic AMP has been reported for other steroido

genic tissue such as the adrenal gland {Roos, 1973; Murakami 

and Ichii, 1973; Ichii et al., 1974) and the corpus luteum 

{Azhar et al., 1975b). This phosphorylation may result in 

altered ribosomal function and may be an indication of 

trophic hormone control of the synthesis of specific pro

teins. 

In order to investigate whether LH-IP synthesis is regu

lated by lutropin at the level of translation or at the 

level of transcription Leydig cells were incubated with a 

dose of actinomycin D which inhibited 89-93% of RNA synthe

sis. When actinomycin D was added directly to the cells or 

1 hour after the addition of lutropin, the stimulation of 

LH-IP was prevented. Addition of actinomycin D to the cells 

4-5 hours after the start of the incubation no longer had an 

effect on the lutropin stimulation of LH-IP synthesis. These 

results could be interpreted as evidence that mRNA syn-

thesis is necessary for the lutropin stimulation of LH-IP 

synthesis. However several aspecific effects of actinomycin D 

on cellular metabolism such as direct inhibition of protein 

synthesis have been described (Scott and Tomkins, 1975). In 

the present study a correction was made for the aspecific 

direct inhibitory effect of actinomycin D on protein synthesis 

because the synthesis of LH-IP was measured relative to the 

synthesis of another protein not affected by lutropin and it 

is assumed that actinomycin D affects at the same degree the 

synthesis of LH-IP and this protein. This is illustrated by 

the lack of effect of actinomycin D when it was added to 

the cells after full stimulation of LH-IP synthesis. However, 

in the experiments where actinomycin D was added at the start 

of the incubation other aspecific effects of actinomycin D 

may have caused the prevention of lutropin stimulation of 

LH-IP synthesis. For that reason these experiments must be 

repeated with different RNA synthesis inhibitors having dif

ferent sites of action or even better the mRNA formed for 

LH-IP should be measured directly e.g. by using a mRNA trans-

lational system. 59 



Incubation of the Leydig cells for 3 hours in the presence 

of actinomycin D after stimulation of LH-IP synthesis, did 

not result in a decrease in LH-IP synthesis, indicating that 

under these conditions the mRNA coding for LH-IP is stable 

and has a half life longer than 4 hours. Therefore synthesis 

of LH-IP may occur long after stimulation of the Leydig cells 

by lutropin. This may be the cause of the active synthesis of 

LH-IP which occurred in the controls of some experiments. 

Evidence that this reflected synthesis of LH-IP and not of 

some other protein with the same mol. wt. was obtained in 

experiments in which choriogonadotropin was administered to 

hypophysectomized rats. Leydig cells from these rats showed 

maximal LH-IP synthesis which could not be stimulated further 

by incubation of the cells with lutropin. Synthesis of a 

protein with the same apparent mol. wt. as LH-IP was always 

observed, even in rats hypophysectomized for 16 days. How

ever,other methods will have to be used, e.g. other separa

tion techniques or immunological methods, to confirm that 

there is only one single protein with a mol. v.;t. of 21,000 

which is affected by these various conditions. 

Hormonal induction of specific proteins has been studied 

in great detail for model systems which are under steroid 

hormone control (see review Tata, 1976; O'Malley, 1976). Less 

work has been done on cyclic AMP induced specific protein 

synthesis in eukaryotic cells (Wicks, 1974). The involvement 

of cyclic AMP may be by stimulation of the mRNA synthesis via 

phosphorylation of nuclear proteins. In the ovary cyclic AMP 

dependent translocation of cytoplasmic protein kinase to nu

clear acceptor sites has been reported (Jungman et al., 1974, 

1977; Spielvogel et al., 1977). However,in testis interstitial 

tissue Cooke and van der Kemp (1976) could not detect lutro

pin induced translocation of soluble protein kinase to another 

subcellular compartment. It is possible that only a small part 

of total kinase activity is translocated or that the cyclic 

AMP dependent protein kinase is already present in the nucleus. 

Chiu et al. (1976) have observed an increase in testicular 

RNA-polymerase activity and chromatin template activity 
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after administration of choriogonadotropin to hypophysecto

mized rats. Reddy and Villee (1975) detected an increase in 

uridine incorporation into poly A containing mRNA in inter

stitial tissue 2 hours after the administration of chorio

gonadotropin to immature rats. However,these authors did not 

investigate these effects in interstitial cells from mature 

rat testis. 

In conclusion the data described in this section indicate 

that the lutropin stimulation of LH-IP synthesis is mediated 

by cyclic AMP and may involve new mRNA synthesis. In 

figure 4.3 a hy?othetical model is given for this lutropin 

regulatory mechanism. 

plasma membrane 

LH adenyl 
receptor cyclase 

IATP 
LcAMP protein kinase 

nucleus 

DNA = 
I I 

2 cAMP + R2C2~R2cAMP2 + 2C--j----t 

protein synthesis 

l ~ ~ 9 0 
+--+--- mRNA 

LH-IP 

Figure 4.3 Hypothetical model for regulatory mechanism of 

lutropin on LH-IP synthesis 

RC protein kinase holoenzyme 

C catalytic subunit 

R regulating subunit 
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4.4 Comparison of lutropin stimulation of specific protein 

synthesis in Leydig cells from immature rats, mature 

rats and in tumour Leydig cells 

The effect of lutropin on specific protein synthesis was 

investigated in Leydig cells from immature rats and in tumour 

Leydig cells and this was compared with the lutropin effect 

on specific protein synthesis in Leydig cells from mature 

rats. The results of this work are presented in appendix 

paper VI. Two hours after addition of lutropin to Leydig 

cells from immature rats the synthesis of proteins with ap

parent mol. wt. 's of 29,000, 27,000, 21,000 and 11,000 was 

stimulated and with high amounts of lutropin the synthesis 

of a protein with apparent mol. wt. of 13,000 decreased. In 

tumour Leydig cells lutropin stimulated the synthesis of two 

proteins with apparent mol. wt. 's of 29,000 and 27,000 (paper 

VI, table 4) .All these proteins have half lives longer than 

30 minutes and are therefore not identical with the postula

ted protein with a short half life. It is possible that the 

proteins present in the 3 different types of Leydig cells 

with the same apparent mol. wt. 's are similar. However, con

clusive evidence can only be obtained when other properties 

of these proteins have been measured. In addition absence of 

an effect of lutropin on the synthesis of certain proteins 

in certain Leydig cell preparations does not necessarily re

flect· that these proteins are not synthesized in these cells. 

If all the detected lutropin sensitive proteins are involved 

in the lutropin regulation of steroidogenesis in these cells 

then the lutropin regulatory mechanism of steroidogenesis 

could be different in these different Leydig cell types. Dif

ferences in testosterone metabolism have been reported 

(van Beurden et al., 1976; appendix paper VI) and it has been 

suggested that the lutropin regulatory mechanism in Leydig 

cells of immature rats is different from that in Leydig cells 

of mature rats (van Beurden, 1977). None of the lutropin sen

sitive proteins detected in the Leydig cells from mature rats, 

immature rats and in tumour Leydig cells are identical to 
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trophic hormone sensitive proteins detected in other steroid

ogenic systems. The proteins secreted by the cat adrenal 

after stimulation with corticotropin for example have quite 

different mol. wt. 1 S (Rubin et al., 1974; Laychock and Rubin, 

1974). Nothing is known about the nature of the corticotropin 

sensitive proteins in the adrenal, reported by Grower and 

Branssome (1970) and therefore it is not possible to compare 

them with the lutropin sensitive proteins in the rat Leydig 

cells. 

In conclusion in Leydig cells from immature rat testis 

several lutropin sensitive proteins have been found with ap

parent mol. wt. 1 S of 11,000, 13,000, 21,000, 27,000 and 

29,000. In Leydig cells from mature rat testis one protein 

with an apparent mol. wt. of 21,000 (LH-IP) is controlled by 

lutropin whereas in tumour Leydig cells lutropin regulates 

the synthesis of 2 proteins with apparent mol. wt. 1 S of 

27,000 and 29,000. 
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SUMMARY 

Testosterone production in the male rat testis takes 

place in the Leydig cells and is under the control of lutro

pin, which is secreted by the anterior pituitary. The sti

mulation of testosterone production by lutropin is inhibited 

by protein synthesis inhibitors such as cycloheximide and 

puromycin. According to literature after maximal stimulation 

by lutropin of testosterone synthesis in rat testis Leydig 

cells addition of cycloheximide decreases testosterone pro

duction to control values, the reaction following first 

order kinetics (half life 13 min). 

These data indicate that the continuous synthesis of a 

protein(s) with a short half life equal or less than 13 min 

is involved in the stimulation of Leydig cell steroid synthe

sis by lutropin. The purpose of this study was to investigate 

the role and properties of the protein(s) involved in the 

lutropin regulation of testosterone production. 

In order to carry this out it was necessary to develop a 

method for obtaining a lutropin sensitive, enriched Leydig 

cell preparation. This is described in chapter 3. Dissocia

tion of the testis cells with collagenase resulted in a 

testis cell suspension containing 6% Leydig cells as was 

determined with 3S-hydroxysteroid dehydrogenase histochemistry. 

It was found that most of the contaminating cell types in this 

suspension had buoyant densities much below that of Leydig 

cells and these cell types could therefore be removed by cen

trifugation through a Ficoll solution with a density in be

tween the density of these contaminating cells and that of 

the Leydig cells. The sedimented cells contained 35% Leydig 

cells. Centrifugation of these cells for a very short time 

(2 min) at lOOxg through a 6% Dextran solution (density of 

1.023 g/ml) resulted in a preferential sedimentation of the 

Leydig cells. The testis cells obtained by this procedure 

consisted of approximately 60% Leydig cells. The testosterone 

production rate by these cells after stimulation with physio

logical amounts of lutropin was comparable with the in vivo 
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production rate from the testis. It was also established 

that Ca++ is necessary to obtain full stimulation of 

steroidogenesis by lutropin. 

It was decided first to investigate whether lutropin sen

sitive specific protein synthesis could be detected in the 

Leydig cells (chapter 4, section 2) . Leydig cells were incu

bated with lutropin for various periods of time, then 35s

methionine was added and the incubation was continued 

for some .time in order to label the newly synthesized pro

teins. After incubation the proteins were extracted and sepa

rated by SDS polyacrylamide gel electrophoresis followed by 

autoradiography of the dried gel to detect the radioactivity 

incorporated into the proteins. Incubation of the Leydig 

cells from mature rat testis for 2 hours in the presence of 

lutropin resulted in increased synthesis of a protein with 

an apparent mol. wt. of 21,000 (referred to as LH-IP). 

Five hours after the addition of lutropin to the cells 

the synthesis of LH-IP was maximally stimulated. This protein 

has a half life longer than 30 min and is present in the cy

tosol of the Leydig cells, probably as a monomer. A close 

correlation was observed between the doses of lutropin needed 

for stimulation of testosterone production and for the stimu

lation of LH-IP synthesis. The synthesis of LH-IP was also 

stimulated by the addition of db-cyclic AMP and choleratoxin 

to '_he T_Jeydig cells in concentrations that stimulated testos

terone production. Addition of MIX, a phosphodiesterase inhi

bitor, to the Leydig cells potentiated the effect of submaxi

mal doses of lutropin on steroidogenesis and on LH-IP synthe

sis. These results indicate that the stimulatory effect of 

lutropin on LH-IP synthesis is mediated by cyclic AMP. Addi

tion of actinomycin D, an RNA synthesis inhibitor, to the 

Leydig cells at the start of the incubation prevented the sti

mulati'on of LH-IP synthesis by lutropin, whereas addition of 

actinomycin D at later times after the start of the incuba

tion resulted in a progressively smaller inhibitory effect. 

No effect could be observed when actinomycin D was added 
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after 5-6 hours. These results may be an indication that mRNA 

synthesis is involved in the lutropin stimulation of LH-IP 

synthesis. Administration of choriogonadotropin to hypophy

sectomized rats also resulted in increased synthesis of LH-IP. 
Incubation of Leydig cells from immature rat testis for 

1-2 hours with lutropin resulted in increased synthesis of 

4 different proteins with apparent mol. wt. •s of 11,000, 

21,000, 27,000 and 29,000 and at higher concentrations of 

lutropin (100 ng/ml} a decrease in the synthesis of a protein 

with an apparent mol. wt. of 13,000 was found. Incubation of 

tumour Leydig cells for 2 hours in the presence of lutropin 

resulted in increased synthesis of 2 different proteins with 

apparent mol. wt. •s of 27,000 and 29,000. Stimulation of 

specific protein synthesis occurred with the same concentra

tions of lutropin that stimulated steroidogenesis. Addition 

of actinomycin D to the cells at the start of the incubation 

prevented the lutropin stimulation of specific protein syn

thesis in both Leydig cell types, which may suggest that mRNA 

synthesis is necessary for their stimulation. All these pro

teins have half lives longer than 30 min and are therefore 

not identical to the postulated protein with a short half 

life, which is involved in the lutropin stimulation of 

steroidogenesis in rat testis Leydig cells. However a protein 

whose synthesis is not influenced by lutropin but has a short 

half life (11 min} was detected in Leydig cells from adult 

rats. This protein has an apparent mol. wt. of 33,000 and is 

located in the particulate fraction of the Leydig cells. No 

effect of lutropin on its synthesis, half life or mol. wt. 

could be detected. 

Our results suggest, that the regulation of steroidogene

sis by lutropin is not mediated by the induction or activa

tion of a protein with a short half life (model 2.2 A and B) 
1 

but that such a protein may only play a permissive role 

(model 2.2 C). However 1 a protein with a short half life 

which is under the control of lutropin may have been missed 

with the separation and detection methods used in this study. 

More research is needed using better separation methods to 

confirm this conclusion. 
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At this moment the biological functions of the lutropin 

and cycloheximide sensitive proteins present in the Leydig 

cells are unknown and further research is required to deter

mine whether these proteins are involved in the lutropin 

regulatory mechanism of steroidogenesis. 
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SAMENVATTING 

Testosteronproduktie in de testis van de rnannelijke rat 

vindt plaats in de Leydig cellen. Deze produktie wordt ge

reguleerd door lutropin, dat uitgescheiden wordt door de hy

pofyse voorkwab. De stimulering van de testosteronproduktie 

door lutropin wordt geremd door eiwitsyntheseremmers zoals 

cycloheximide en purornycine. Wanneer na maxirnale stirnulatie 

van de testosteronproduktie door lutropin cycloheximide aan 

de cellen toegediend wordt dan vermindert de testosteronpro

duktie tot het basale niveau. Deze afname volgt een le orde 

kinetiek (halfwaarde tijd: 13 min.). Deze gegevens tonen aan 

dat de voortdurende synthese van een of meer eiwitten met 

een korte halfwaarde tijd nodig is voor de stimulering van 

de steroidsynthese in Leydig cellen door lutropin. Het doel 

van deze studie was de rol en eigenschappen van de eiwitten, 

welke betrokken zijn bij de regulatie van de steroidsynthese 

door lutropin te onderzoeken. 

Om dit onderzoek uit te voeren was het noodzakelijk om 

een methode te ontwikkelen voor het verkrijgen van een lutro

pin gevoelig preparaat verrijkt aan Leydig cellen. Dit ge

deelte van het werk is beschreven in hoofdstuk 3. Het van el

kaar losmaken van de testiscellen met behulp van collagenase 

resulteerde in een suspensie van testiscellen welke 6% Leydig 

cellen bevatte. Dit werd bepaald met behulp van 3S-hydroxy

steroid dehydrogenase histochemie. Het bleek dat de meeste 

cellen in deze suspensie dichtheden bezaten, welke veel lager 

waren dan die van de Leydig cellen. Daarom was het mogelijk 

deze cellen te verwijderen door de testiscellen te centrifu

geren in een Ficoll oplossing met een dichtheid tussen die van 

de Leydig cellen en de rest in. Van de neergedraaide cellen 

waren 35% Leydig cellen. Bij zeer kort centrifugeren (2 min.) 

van deze cellen bij 100 g. in een 6% Dextran op+ossing (dicht

heid: 1,023 g./ml.) werden voornamelijk de Leydig cellen 

neergedraaid. Door deze werkwijze werd een celpreparaat ver

kregen dat voor 60% uit Leydig cellen bestond. De testoste

ronproduktie van deze cellen na stimulatie met fysiologische 
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hoeveelheden lutropin was vergelijkbaar met de testosteron

produktie van de testis in vivo. Bovendien werd vastgesteld 

dat voor een volledige stimulatie van de testosteronproduk

tie door lutropin de aanwezigheid van Ca++ in het inkubatie

medium noodzakelijk was. 

Het onderzoek naar de aanwezigheid van lutropin geregu

leerde specifieke eiwitsynthese in Leydig cellen van volwas

sen ratten is beschreven in hoofdstuk 4. Hiertoe werd lutro

pin aan een Leydig celsuspensie toegediend en na verschil

lende tijden werden de nieuw gesynthetiseerde eiwitten ge

merkt met 35 s-gemerkt methionine. ~.Ja de inkubatie werden 

de eiwitten gelsoleerd en gescheiden door middel van 50S

polyacrylamide gel elektroforese, gevolgd door autoradio

grafie van de gedroogde gel om de radioaktiviteit in de ei

witten te meten. Wanneer deze Leydig cellen gedurende 2 uur 

gelnkubeerd werden in aanwezigheid van lutropin dan werd de 

synthese van een eiwit met een schijnbaar molekuulgewicht 

van 21000 (verder genoernd LH-IP) verhoogd. De synthese was 

5 uur na toediening van lutropin aan de cellen maximaal ge

stimuleerd. Dit eiwit heeft een langere halfwaarde tijd dan 

30 min. en is in het cytosol van de eel aanwezig, waarschijn

lijk als monomeer. De LH-IP-produktie werd gestimuleerd met 

dezelfde hoeveelheden lutropin, welke nodig zijn voor de 

stimulatie van de testosteronproduktie. Hetzelfde gold ook 

voor de stimulatie met db-cAMP en choleratoxin. Toevoegen 

van MIX, een remrner van de fosfodiesterase, aan de Leydig 

cellen versterkte het effekt van submaxirnale hoeveelheden 

lutropin op zowel de testosteronsynthese als op de LH-IP

synthese. Deze resultaten wijzen erop dat het stimulerend 

effekt van lutropin op de LH-IP-synthese tot stand kornt via 

het cyclisch AMP. Toediening van actinomycin D, een RNA

syntheseremrner, aan de Leydig cellen aan het begin van de 

inkubatie voorkwam de stimulering van de LH-IP-synthese door 

lutropin. Echter naarmate het actinomycin D later toegevoegd 

werd, werd het remrnend effekt kleiner. Geen effekt van 

actinomycin D werd gezien wanneer het 5-6 uur na het begin 

van de inkubatie toegevoegd werd. Deze resultaten kunnen 
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erop duiden dat voor de stimulatie van de LH-IP-synthese 

door lutropin synthese van mRNA nodig is. Toediening van 

choriogonadotropin. aan gehypofysektomeerde ratten had een 

verhoogde LH-IP-synthese tot gevolg. 

Inkubatie van Leydig cellen van jonge ratten gedurende 

1-2 uur in aanwezigheid van lutropin had een verhoogde syn

these van 4 verschillende eiwitten tot gevolg met schijn

bare molekuulgewichten van 11000, 21000, 27000 en 29000 en 

bij hogere lutropinkoncentraties werd een verlaging van de 

synthese van een eiwit met een schijnbaar molekuulgewicht 

van 13000 gevonden. Wanneer tumor Leydig cellen geinkubeerd 

werden gedurende 2 uur in aanwezigheid van lutropin dan werd 

een verhoogde synthese van 2 eiwitten met schijnbare mole

kuulgewichten van 27000 en 29000 gevonden. Stimulering van 

de specifieke eiwitsynthese vond plaats met dezelfde hoeveel

heden lutropin, welke ook de steroidsynthese stimuleerden. 

Wanneer bij het begin van de inkubatie actinomycin D aan de 

cellen toegediend werd, dan werd de lutropin gestimuleerde 

specifieke eiwitsynthese in beide Leydig celtypen voorkomen. 

Dit zou erop kunnen duiden dat voor deze stimulatie mRNA

synthese noodzakelijk is. Al deze eiwitten hebben een half

waarde tijd welke langer is dan 30 min. en daarom zijn geen 

van deze eiwitten identiek aan het gepostuleerde eiwit met 

een korte halfwaarde tijd (~ 13 min.), welke betrokken is 

bij de lutropin gestirnuleerde steroidsynthese in ratte 

Leydig cellen. Er werd echter in de Leydig cellen van vol

wassen ratten een eiwit ontdekt met een halfwaarde tijd van 

ongeveer 11 min. De synthese van dit eiwit stand echter niet 

onder invloed van lutropin. Dit eiwit heeft een schijnbaar 

rnolekuulgewicht van 33000 en is aanwezig in de deeltjes

fraktie van de Leydig eel. Er kon geen effekt van lutropin 

gevonden worden op de halfwaarde tijd of rnolekuulgewicht van 

dit eiwit. 



Onze resultaten suggereren, dat de regulatie door lutropin 

van de steroidsynthese niet verloopt via de induktie of akti

vering van een eiwit met een korte halfwaarde tijd (model 2.2 

A en B), maar dat een dergelijk eiwit wel aanwezig moet zijn 

wil stimulatie door lutropin plaats kunnen vinden (model 2.2C) 

Met de scheidings- en bepalingstechnieken, gebruikt in dit 

onderzoek kan echter een eiwit met een korte halfwaarde tijd, 

dat onder de kontrole van lutropin staat, gemakkelijk gemist 

zijn en daarom is verder onderzoek nodig, waarbij betere 

scheidingsmethoden gebruikt worden, om deze konklusie te be

vestigen. 

Op dit moment zijn de funkties van de lutropin en cyclo

heximide gevoelige eiwitten in de Leydig cellen onbekend, 

en meer onderzoek is vereist om te bepalen of deze eiwitten 

betrokken zijn in het lutropin regulatiemechanisme van de 

steroidproduktie. 
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NON STANDARD ABBREVIATIONS 

ACTH 

cyclic AMP 

cyclic GMP 

db-cyclic AMP 

FSH 

g 

HCG 

LH 

LH-IP 

Metrizoate 

min 

MIX 

mol. wt. 

mRNA 

n 

P33 

s 

S.d. 

SDS 

- adrenocorticotropin 

-adenosine 3':5'-monophosphate 

-guanosine 3':5'-rnonophosphate 

- N6-2'-0-dibutyryl-adenosine-3':5'-

monophosphate 

- follitropin 

- relative centrifugal force 

- human choriogonadotropin 

- luteinizing horrnone/lutropin 

- lutropin-induced protein 

- 3-acetamido-2,4,6-triiodo-S-

(N-methylacetarnido)-benzoate 

- minute 

- 3-isobutyl-1-rnethylxanthine 

- molecular weight 

- messenger ribonucleic acid 

- number of determinations 

- protein with mol. wt. 33,000 

- second 

- standard deviation 

- sodium dodecyl sulphate 



TRIVIAL AND SYSTEMATIC NAMES USED IN THIS WORK 

cholesterol 

corticosterone 

pregnenolone 

testosterone 

adenylate cyclase 

aminopeptidase 

cholesterol esterase 

- 5-cholesten-3S-ol 

- 4-pregnen-116~21-diol-3,20-dione 

- 5-pregnen-36-ol-20-one 

- 4-androsten-176-ol-3-one 

- ATP pyrophosphase-lyase ·(cyclizing) 

(EC 4.6.1.1) 

- amino-acyl dipeptide hydrolase 

(EC 3.4.1.3) 

- sterol-ester hydrolase 

(EC 3.1.1.13) 

cholesterol side chain - cytochrome P 450 containing enzyme 

cleavage enzyme complex complex catalyzing the conversion 

of cholesterol into pregnenolone 

and isocaproic acid (NADPH 

dependent) 

collagenase 

!?a-hydroxylase 

3S-hydroxysteroid 

dehydrogenase 

Cl7,20-lyase 

nonspecific esterase 

- clostridiopeptidase A (EC 3.4.4.19) 

- steroid, reduced-NADP: Oxygen 

oxidoreductase (17a hydroxylating) 

(EC 1.14.1. 7) 

- 36-hydroxysteroid:NAD(P+) oxido

reductase (EC 1.1.1.51) 

-cytochrome P
450 

containing enzyme 

complex catalyzing the conversion 

of 17a-hydroxyprogesterone into 

androstenedione and acetate 

(NADPH dependent) 

- carboxylic-ester hydrolase 

(EC 3.1.1.1) 

ornithine decarboxylase - L-Ornithine carboxy-lyase 

(EC 4 .1.1.17) 

protein kinase 

trypsin 

- ATP: protein phosphotransferase 

(EC 2. 7.1.37) 

- (EC 3.4.4.4) 
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SUMMARY 

An LH-responsive Leydig cell preparation (containing 6 ± 2% Leydig cells) was obtained by 
collagenase treatment of rat testis. Centrifugation of this cell preparation through a 13 % 
Fico II solution for I 0 min at 1500 g resulted in a four times purification of the Leydig cells, 
with a concomitant increase in steroidogenic activity. Addition of0·2% albumin to the 13% 
Ficoll solution, adjusted to 280 mosmol/1, resulted in a further twofold purification of the 
Leydig cells paralleled by a twofold increase in steroidogenic activity. Centrifugation of 
these Ficoll-albumin-purified Leydig cells through a 6% dextran solution for 2 min at 100 g 
resulted in a further 1·7 times purification of the Leydig cells. A combination of the two 
centrifugation steps resulted in a 12·5 times purification of Leydig cells compared with the 
original crude cell suspension, while an increase in steroidogenic activity of 22·5 times was 
obtained. This final eel! preparation contained 59± 17 % Leydig cells (mean ±S.D., n = 6). 
The recovery of Leydig cells was 29 %-

Collagenase treatment of testes deficient in spermatogenesis resulted in a cell preparation 
with the same steroidogenic activity as Ficoll-purified cells from normal testes. Centrifuga-

. tion of these cells through a 13 % Ficoll solution gave only a limited increase in the steroido
genic activity. Isopycnic centrifugation of the crude cell preparation on a discontinuous 
Ficoll metrizoate gradient resulted in two discrete peaks of Leydig cells, one peak at a 
density of 1·039-1·055 g/ml and one at a density of 1·068-1·088 g/ml. Both types of cells 
produced testosterone. In the presence of LH, cyclic AMP production in both types of 
Leydig cells increased, but testosterone production was only increased by LH in the 'denser' 
Leydig cells and not in the 'light' Leydig cells. 

No difference in sensitivity to LH could be observed between the Leydig cell preparations 
of different purity. Using a 60 min pre-incubation period the highest testosterone response 
was obtained with 100-1000 ng LH{ml. The same maximum testosterone response was 
obtained with 10-100 ng LH./ml when the pre-incubation period was omitted. 

INTRODUCTION 

The available evidence indicates that follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) have separate sites of action in the testis, and these hormones can activate 
adenyl cyclase and protein kinases in the tubular and interstitial compartment respectively 
(Castro, Alonso & Mancini, 1972; Cooke, van Beurden, Rommerts & van der Molen, 1972; 
Darrington & Fritz, 1974; Means, 1974; Cooke & van der Kemp, 1976). Furthermore, it 
has been shown that cytoplasmic protein synthesis is necessary for LH stimulation of testo
sterone production (Hall & Eik-Nes, 1962; Shin & Sato, 1971; Sakamoto, Matsukura, 
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Tada, Watanabe & Imura, 1973; Cooke, Janszen, Clotscher & van der Molen, 1975; van 
der Vusse, Kalkman, van Winsen & van der Molen, 1975). Several studies on the localiza
tion of these testicular processes have used isolated interstitial tissue and seminiferous 
tubules which were separated from each other by wet dissection (Christensen & Mason, 
1965; Rommerts, van Doorn, Galjaard, Cooke & van der Molen, 1973 b). Although with this 
procedure seminiferous tubules can be obtained relatively free of interstitial tissue, the 
dissected interstitial tissue contains small but variable amounts of contaminating cells from 
the seminiferous tubules. This was demonstrated by electrophoresis of the proteins from 
dissected interstitial tissue after incubation with labelled amino acids; extra peaks of radio
activity were found due to protein synthesis in contaminating seminiferous tubular cells, 
furthermore the degree of contamination varied from one sample of dissected interstitial 
tissue to another (F. H. A. Janszen, B. A. Cooke & H. J. van der Molen, unpublished 
observations). Hence isolated interstitial tissue obtained in this way is unsuitable for study
ing certain aspects of LH action if replicate uniform aliquots of interstitial tissue are 
required (e.g. for incorporation of labelled amino acids into specific proteins using the 
double-labelling technique (Barnea & Gorski, 1970)). 

A suspension of dissociated rat testicular Leydig cells should provide a more uniform 
preparation than the interstitium obtained after dissection of the testis. 

Recently it has been reported that after collagenase treatment of decapsulated testes, 
Leydig cell preparations can be obtained, which respond to LH (Moyle & Ramachandran, 
1973; Dufau, Mendelson & Catt, 1974; Van Damme, Robertson & Diczfalusy, 1974). 
However, using essentially the method of Moyle & Ramachandran (1973), we have obtained 
Leydig cell preparations which were highly contaminated with spermatogenic cells. Al
though this preparation is uniform, it is most probably unsuitable for studying specific LH
induced processes in Leydig cells. The purpose of the present study was to investigate 
methods for the further purification of these cell suspensions, obtained after collagenase 
treatment of the testes. 

MATERIALS AND METHODS 

Materials 

Ovine LH (ovine, NIH-SIS) was a gift from the NIAMDD, Bethesda, Maryland, U.S.A. 
The collagenase type I was purchased from Sigma Chemical Company, St Louis, Missouri, 
U.S.A., the Ficoll 400 from Pharmacia Fine Chemicals A.B., Uppsala, Sweden, the lima bean 
trypsin inhibitor from Boehringer Mannheim GmbH, the sodium metrizoate (i.e. the 
sodium salt of 3-acetamido-2,4,6-triiodo-5-(N-methylacetamido)~benzoic acid) from Ney
gaard & Co AS, Oslo, Norway, and the bovine albumin fraction V from Fluka A.G., Buchs, 
Switzerland. 

Animals 

The intact adult male rats were from the Wistar strain, sub-strain R-Amsterdam, and were 
between 3 and 5 months old. Testes with defective spermatogenesis were obtained from rats 
deficient in essential fatty acids (EFA) (van der Molen & Bijleveld, 1971; Rommerts eta!. 
1973b), from prenatally irradiated rats (Ellis, 1970) and from cryptorchid rats (VanDemark 
& Free, 1970). 

The EFA-deficient rats (obtained from Unilever Ltd, Vlaardigen, The Netherlands) were 
fed during weaning on a diet Jacking in essential fatty acids and were 12 months old. Preg
nant rats (18~20 days after conception) were irradiated with 150 rad. The rats were about 80 
days old \vhen used. Rats (3-5 months old) were made bilaterally cryptorchid by surgical 
fixation of the testes in the abdomen 3-5 weeks before use. After treatment, the weight of 
the testes was reduced by 30~40% in the case of EFA-deficient rats and more than 50% in 
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the case of the irradiated and cryptorchid rats. Histological investigations showed that most 
tubules were devoid of spermatogenic cells. 

Isolation of cells 

Rats were killed by decapitation and the testes were immediately removed and decapsulated. 
Two testes. were then incubated in 7 ml Krebs-Ringer bicarbonate buffer containing 0·2% 
glucose (KRBG) at pH 7·4 and 1 mg collagenase/ml under an atmosphere of 0 2 : C02 
(95:5, v;'v) at 37 ~c for 18 min. Plastic incubation tubes of40 ml capacity with tight-fitting 
caps were used. They were placed longitudinally in the water bath and were shaken with a 
frequency of 75 cycles/min. After incubation, 15 ml 0·9% NaCI were added to each tube. 
The tubes were inverted several times and then left for 10 min at room temperature. The 
supernatant was carefully syphoned off with the aid ofTygon tubing and was filtered through 
60 pm nylon gauze. The cell suspension was then centrifuged according to Table I. Cell 
densities were determined by counting the nucleated cells in a haemocytometer. 

Table 1. Procedure for the centnfugation of rat testicular Leydig cells 

Cell suspension 

Mixed with an 
equal volume of 

KRIOCJ, 
pHN 

} 
Centrifuged for 
10 min at 100 g 

at room temperature 

Mixed with an 
equal volume of 

26% Ficoll-KRBG, 
pH 6·5 

t 
Centrifuged for 

10 min at 1500 g 
at 5-10 cc 

Mixed with an equal 
volume of 26% Ficoll-0·4% 

albumin V-KRBG, 
pH 6·5 

+ Centrifuged for 
!0 min at 1500 g 

at 5-10 cc 

l 
s,dim'" Lu,p,ndod 

in 6% 
dextran--0·9 % NaCl; 

centrifuged for 
2 min at JOOg at 
room temperature 

The supernatants Wt"re discarded and the sediments were resuspended in KRBG (pH 7·4) 
containing 1 }~ bovine serum albumin V and 0·1 mg lima bean trypsin inhibitor/mi. 

KRBG, Krebs-Ringer bicarbonate buffer, containing 0·2 ~~ glue0se. 

Preparation vf density gradients 

Discontinuous density gradients were prepared from high~ and low-density stock solutions. 
For the composition of these stock solutions see Table 2. 

The different densities of the gradient were obtained by mixing different volumes of the 
two solutions. The discontinuous density gradient was prepared in 50 ml polycarbonate 
tubes by successive layering of 7 layers of 5 ml of the solutions with decreasing densities: 
e.g. 1·088, 1·075, 1·068, 1·055, 1·049, 1·039 and 1·020 g . ."m\ on each other. The cells (8 x 101) 

obtained by centrifugatiun for !0 min at !OOg in KRBG pH 7-4 (see above) were suspended 
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in 8 ml KRBG (pH 7-4), 0·2% albumin and Fico!l-sodium rnetrizoate solution of low density 
(1: I, vjv) and layered on top of the gradient. The gradients were centrifuged for 40 min at 
1500 gat 0 oc in a Sorva\1 centrifuge. After centrifugation, a 1 ml sample was removed with 
an Eppendorfpipette from the different cell layers at the interface of the successive densities. 
These samples were mixed with 5 vols KRBG pH 7-4 and centrifuged for 10 min at 100 gat 
room temperature. By this method 25% of the total number of cells applied to the gradient 
could be collected. The recovery of phenyl esterase activity in these cells was 76 ± 8 %(mean 
±S.D., n = 3). The sediments were resuspended in KRBG (pH 7-4), containing 1 %bovine 
serum albumin and 0·1 mg lima bean trypsin inhibitor/mi. 

Table 2. Composition of high- and low-density Fico/1-metrizoate stock solutions (essentially 
according to Laos & Roos, 1974) 

Ficoll400 
Sodium metrizoate solution (32·8 %) 
0·175 M-Tris-HCI (pH 7·4 at 0 "C) 
Krebs-Ringer solution* 
Albumin V 
D-Glucose 
DistiiJed water was added to give a final volume of 100 ml 
Refractive index (at room temperature) 

High density Low density 

16·93 g 
17·5 ml 
12·3 ml 

200 mg 
200 mg 

1·3673 

2·43 g 
12·0 m! 
1Hml 
17·5 ml 
200 mg 
200 mg 

1·3442 

The osmolarity was measured with a Knauer osmometer and was adjusted to 270-300 mosmol/1 by 
adding solid NaCJ. 

*Composition: 125 mM-NaCI, 5 mM-KC1, 1·2 mM-MgS04 , 35 mM-Tris and 1 mM-NaH2P04 (pH 7A at 
O'C). 

Incubation of the cell suspension 

The cells were either pre-incubated for 1 h at 32° C under an atmosphere of 0 2 : C02 (95: 5, 
v,iv) or were directly incubated. The incubations were carried out in plastic tubes in volumes 
of0·2-0·3 rnl with a cell density of about 3 x 10 6 cells,/ml at 32 oc under 0 2 : C02 (95: 5, v/v) 
either in the absence or presence of added LH, with continuous shaking at 100 cycles/min. 

Leydig cell markers 

The following markers for Leydig cells were used: testosterone production; phenyl esterase 
activity (Niemi, Hi:irkOnen & Ikonen, 1966; Rommerts et a!. 1973 b); 3ji'-hydroxysteroid 
dehydrogenase histochemistry (Levy, Deane & Rubin, 1959; Niemi & Ikonen, 1963) and the 
periodic acid-Schiff's (PAS) reaction (Roosen-Runge & Anderson, 1959; Baillie, 1961; 
Niemi & lkonen, !963). They were determined as folluws. 

Testosterone production 

After incubation, testosterone was extracted from the cells plus medium and determined by 
radioimmunoassay as described by Verjans, Cooke, de Jong, de Jong & van der Molen 
(1973). 

Phenyl esterase activity 

Phenyl esterase activity was determined as decribed by van der Vusse, Kalkman & van der 
Molen (1975). 

Periodic acid-Schiff's staining 

A drop of the cell suspension was dried on a glass slide in the presence of Bouin's fluid. 
The dried cell suspensions were fixed in Bouin's fluid for several days. Staining with periodic 
acid-SchifT's reagent was done according to Hotchkiss (1948). 
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Histochemical demonstration of Jj3-hydroxysteroid dehydrogenase activity 

A drop of the cell suspension was frozen on a glass slide either directly or after mixing with 
a drop of 6% dextran in 0·9% NaCI solution to obtain better preservation of cell mor
phology. The cell suspension was stored at -20 oc for several days, but never for longer 
than 2 weeks. Just before use it was dried in air, and 3fi-hydroxysteroid dehydrogenase 
activity was demonstrated according to the method described by Levy, Deane & Rubin 
(1959). Instead of dehydroepiandrosterone dissolved in propylene glycol, epiandrosterone 
(3ft-hydroxy-5a-androstan-l7-one) dissolved in dimethylformamide was used as substrate 
(Wiebe, 1974). 

RESULTS 

Purification of Leydig cells by centrifugation through Fico!! solutions 

After centrifugation of the cell preparation obtained by collagenase treatment of rat testes 
through different concentrations of Ficoll, the steroidogenic activity with and without 
added LH was increased several times (Fig. 1). The highest steroidogenic activity was ob
tained with Ficoll concentrations of 12·6-13·7 %-The same pattern was obtained when in 
similar experiments phenyl esterase activity was used as a marker for Leydig cells. A Ficoll 
concentration of 13% was therefore chosen for subsequent experiments. Using this Ficoll 
concentration, 11 % of the cells in the original suspension were recovered, whereas 50 % of 
the steroidogenic activity and phenyl esterase activity in the original cell suspension was still 
present. The recovery of the steroidogenic and phenyl esterase activity decreased in the cell 
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Fl I I I r 
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Ficoll ('") 0 12·0 1 3·1 1:1·7 14· 3 

Fig. 1. Steroidogenic activity of sedimented testicular cells of rats, centrifuged for 10 min at 1500 g 
through various concentrations of Ficoll. The cells were first pre-incubated for 60 min. 
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preparations obtained after centrifugation through the higher Fico !I concentrations. Centri
fugation for periods longer than lO min (up to 40 min) did not increase the recovery of 
Leydig cells. In Tables 3 and 4 mean values of several experiments are given for the steroido
genic activity, phenyl esterase activity, proportion of cells stained with periodic acid
Schiff's reagent and proportion of cells showing 3f.i'-hydroxysteroid dehydrogenase activity. 

Table 3. Basal and LH-stimulated testosterone production in isolated, unpurified and Fico!l
purified Leydig cells of rats (means± S.E.M.) 

Unpurified cells 

Ficoll-purified cells 

Testosterone (ng/10 6 ce!ls/3 h) 

Control 

1·5±0·1 (5) 

4·6±0·8 (5) 

+1 f-l.g LH/ml 

10·6 ± 1·9 (5) 

42·6±4·1 (5) 

Number of observations in parentheses. 

Table 4. Characteristics of unpurified and Ficoll-purified Leydig cells of rats 
(means± s.E.M.) 

3/i-Hydroxysteroid 
dehydrogenasc·containing 
cells(%) 

Periodic acid-Schiff 
positive cells ( %) 

Phenyl esterase activity 
(pmol nitropheno!/minf 
106 cells) 

Unpurified cells 
~ 

6·4 ±1·5(8) 

7-6 ±2·7(8) 

0·150±0·33 (9) 

Ficoll-purified cells 
~ 
27·6 ± 4·8 (8) 

Number of observations in parentheses. 

The results from all four markers indicate that the proportion of Leydig cells was increased 
approximately four times after centrifugation through a 13% Ficoll solution as compared 
with centrifugation through KRBG alone. 

Effect of osmolarity and albumin concentration 

The osmolarity of the 13% Ficoll solution in KRBG (pH 6·5) was found to be 320 mosmol/1, 
which was higher than the osmolarity of 283 ± 2 (s.E.M.) mosmol/1 (n ;;.:.. 6) reported for rat 
serum (Williams, Kraft & Shortman, 1972). Lowering the osmolarity of the Fico I! solution to 

Table 5. Effect of adding 0·2% albumin to 13% Fico!! solution on the characteristics of the 
sedimented rat testicular cells (means± s.o.) 

Testosterone (ng/106 cells,i3 h) 

13 % Ficoll (320 mosmol/l) 

. 13 % Ficoll, 0·2% albumin 
V (280 mosmol/1) 

Control 

3·5±2·6 (4) 

5-4±2·0 (4) 

Number of observations in parentheses. 

+ 1JLg LH/ml 

18·3 ± 7·9* (4) 

38·6± 13-3* (4) 

3fi-Hydroxysteroid 
dehydrogenase

containing 
cells(%) 

20± 10 (3) 

36± 8** (3) 

The increase (mean±s.o.) of the steroidogenic activity in the four experiments was 206±39 '%. 
* P < 0 005: compared with control value. 
** P < 0·005: compared with the value from 13 ~;, Ficoll only. 
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280 mosmol/1 did not influence the steroidogenic activity of the sedimented cells. Addition 
of 0·2 ~~ albumin to the Fico!! solution at this osmolarity resulted in a twofold increase of 
the steroidogenic activity of the sedimented cells. This increase was accompanied by a 
concomitant increase in the number of cells containing 3j]-hydroxysteroid dehydrogenase 
activity (Table 5). Higher albumin concentrations (0·5 and 1·0 %) in the Ficoil solution 
abolished the purification effects, and the steroid production rates were the same for cell 
preparations purified by centrifugation through a Fico\1 solution alone or through Fico!! 
containing 1·0% albumin. The addition of 0·2% albumin to the 13% Ficoll solution with 
an osmolarity of 320 mosmol/1 did not haw any effect on the steroidogenic activity of the 
sedimented cells (data not shown). 

Effect of Ficoll on steroidogenic activity 

To investigate possible adverse effects of the Ficoll on the steroidogenic activity, the cell 
suspension obtained by centrifugation for 10 min at 100 gin KRBG was pre-incubated for 
30 min at 32 ~c in a 13% Ficoll solution. In the control experiment the cell suspension was 
pre-incubated for 30 min in KRBG. The Ficoll was removed by centrifugation (10 min at 
100 g) of the cells after addition of excess KRBG. The cells were then incubated with and 
without actded LH (\ !'g/ml). In the control experiment the LH-stimulated testosterone 
production was 9·6±0·1 ng,rJ0 6 cells,:'3 h, and in the cell suspension pre-incubated with 
Ficoll was 8·1 ±0·3 ng/10 6 cells/3 h. 

Incubations in the presence of 0, 1·8 and 3·6% Ficoll gave LH-stimulated testosterone 
productions of 7·0 ± 1-4, 9·5 ± 0·4 and 7·5 ± 0·2 ng/10 6 cells/3 h respectively (the results are 
the mean± range of duplicate incubations), thus indicating that Ficoll does not inhibit 
steroidogenesis. 

Table 6. Effect of centnfugation of a Fico!l-afbumin purified rat testicular cell suspension 
through 6% dextran-(J.9% NaCf solution for 2 min at 100 g (means±S.D.) 

Control, 
sediment 
(10 min, 
100 g) 

Sediment 
(2 min, 
IOOg) 

Supernatant 
(2 min, 
lOOg) 

Recovery 
(supernatant+ 
sediment 
after 2 min at 
100 g) 

Leydig cell 
content* ( ~~) 

36± 11 16) 

59± 17 (6) 

31 ::': 13 (6) 

Purity of 
Leydig 

cell 
preparation 
compared 

with control 
<%1 

100 (6) 

168±34(6) 

85±14(6) 

Number of obsen·ations in parenthe-;e~. 

Testosterone 
production/10 6 

cells/2 h 
(+LH) 

Recovery of compared 
Leydig cells* with control 

(%1 (%) 
100 (6) (0·97x 10° cells)t 100 (4) 

46± 10 (6) (0-44 x 10 6 cells)t 267 ± 77 (4) 

50± 16 (6) (0-46 x 10" cells)t 33± 9 (4) 

94±17(6) 94±17{4) 

* Number of Leydig cells was detet·mined with the use of 3ji'-hydroxysteroid dehydrogenase histochem
i:--ll")'. 

t Mean >alu.;: d six observations. 
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Effect of centrifugation through dextran solutions 

An additional purification of the Leydig cells centrifuged through Ficoll-albumin solutions 
was obtained by centrifugation through a 6 ~~ dextran-0·9% NaCl solution for 2 min at 
100 g. In the control experiment cells were centrifuged for 10 min at 100 gin the 6% dex
tran-0·9% NaCl solution. After centrifugation, 87 ± 19% (mean ± s.o., n = 6) of the cells 
were recovered. The percentage of 3;3-hydroxysteroid dehydrogenase-containing cells in the 
sediment was increased by 64% while the steroidogenic activity, as measured in the presence 
of added LH, increased by 167% (Table 6). In two experiments the phenyl esterase activity 
was measured and it was found to parallel the proportion of cells containing 3ft-hydroxy
steroid dehydrogenase activity in the control, sediment and supernatant; 0·95 ± 0·25, 
1·80 ± 0·10 and 0·75 ± 0·05 ,umol/minjl06 cells containing phenyl esterase activity and 41·5 ± 
3·5 %, 74·5±0·5% and 40·0± 1·0% 3;3-hydroxysteroid dehydrogenase-containing cells 
respectively (figures are the mean± range of two experiments.). In a separate study the 
influence of centrifugation time was investigated. The percentage of 3;3-hydroxysteroid 
dehydrogenase-containing cells and specific phenyl esterase activity was determined in the 
sediment and supernatant after centrifugation of the cells for 1, 2 or 4 min at 100 g through a 

Fig. 2. Electron micrograph of dextran-purified Leydig cells. Purified cells were fixed in glutaral
dehyde buffered with phosphate, post-fixed in buffered osmium tetroxide. dehydrated through 
graded ethanol solutions and embedded in Epon. Sections were stained with uranyl acetate and lead 
citrate. (Magnification x 2017.) 
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6 % dextran solution. Both Leydig cell markers gave almost identical results, therefore the 
mean purification factor and the recovery of the sedimented Leydig cells determined with 
these markers are given. After 1 min of centrifugation, the purification of the sediment was 
1·8 x and the recovery 22 %; after 2 min of centrifugation, 1·5 x and 65% respectively and 
after 4 min of centrifugation, 1·1 x and 90% respectively. 

An electron micrograph of dextran-purified cells is shown in Fig. 2. 

Leydig cell preparations from rat testes with defective spermatogenesis 

Testosterone production by crude unpurified cell preparations from testes with defective 
spermatogenesis was in all cases higher than the production by crude cell preparations of 
intact rat testes, and was in the same range as the testosterone production of Ficoll-purified 
cell suspensions from intact rat testes. Centrifuging the cell suspensions from these pre
treated rats through a 13% Ficoll-KRBG solution resulted in only a small increase in 
steroidogenic activity (Table 7). 

Table 7. Testosterone production in the absence and presence of added LH in unpurified and 
13 % Ficoli-purified cells from rat testes, deficient in spermatogenesis (means± range of 
duplicate f,Icubations) 

Testosterone (ng/10" cells/3 h) 

Unpurified Ficoll-purified 

Control +lp;g LH/ml Control +lp;g LH/ml 

Essential-fa tty-acid- 1·8±0·1 23-8±0·7 ,., 64·5 ± 5·9 
deficient rats 

Irradiated rats 
Expt 1 5·6±0·20 34·9±2·1 
Expt 2 2·4±0·0 22·0±1·6 4·9±1·2 30·9±0·7 
Expt 3 10·5±0·3 123·7 11·5±0·4 179·5±6·7 

Cryptorchid rats 
Expt I 5·5±0·7 41·3 ± 0·5 
Expt 2 3·7±0·2 36·0±2·5 5·6±0·3 49·9 ± 6·5 

Density distribution of rat testicular Leydig cells 

As described above, crude Leydig cell preparations can be purified by centrifugation 
through a 13% Ficoll solution (density 1·053 g/ml). Leydig cells are therefore probably 
among the cells \Vith the highest buoyant density in the testicular cell preparation. In order 
to determine the exact buoyant density of the Leydig cells, centrifugation was carried out 
through a discontinuous density gradient of Ficoll in KRBG (pH 6·5) containing 0·2% 
albumin, with an osmolarity of 260-290 mosmol/1. Two discrete peaks of cells containing 
3;J-hydroxysteroid dehydrogenase and phenyl esterase activity were found. One peak at a 
low density was found in the fraction where 80 ~~of the nucleated cells were present, and the 
second peak \Vas observed at a considerably higher density. To exclude the possibility of 
adherence of Leydig cells to other cell types in peak I by the Ficoll, density gradients of 
Ficoll-metrizoate mixtures (Loos & Roos, 1974) without Ca2·- were used. The discontinuous 
density gradient was prepared as described in the Materials and Methods section. 3;1-
Hydroxysteroid dehydrogenase histochemistry, phenyl esterase activity and testosterone 
production were used as markers for the Leydig cells. 

Fig. 3 shows the values of the measured parameters in the different fractions in one of the 
four identical experiments carried out. The fraction with density 1·039-1·049 g/ml con
tained 84 ~~ of the nucleated cells. Two discrete peaks of cells containing 3jJ~hydroxysteroid 
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activity and phenyl esterase activity were again detected. Peak I in fractions 2-3 (density 
1-049-1·055 g(ml) and peak II in fractions 5, 6 and 7 (density 1·068-1·088 g(ml). Basal 
testosterone production in fraction 2 (peak I) was 0·21 ±0·20 ng testosterone/106 cells/2 h 
and in fraction 6 (peak JI) 3·79± 1·47 ng testosterone/!0 6 cells/2 h (mean±s.o., n = 4). 
However, in the presence of LH a stimulation of testosterone production was found only 
in peak II. Fractions 2 and 6 contained most of the 3fi-hydroxysteroid dehydrogenase
containing cells. In fraction 2 the percentage of 3fi-hydroxysteroid dehydrogenase-contain
ing cells was 5·2 ± 5·7% and in fraction 6, 78·2 ± 10·2% (_n = 4). Peak I contained 56± 28% 
of the total Leydig cells and peak II 44 ± 28% (n = 4). In two experiments in which cyclic 
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Fig. 4. LH dose-response curve for testosterone production by Leydig cell preparations, purified 
by centrifugation for 15 min at 1500 g through a 13 % Ficoll solution. The cells were pre-incubated 
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AMP was measured, cyclic AMP production increased in the presence of LH in peak r 
(fraction 2) from 0·18 to 3·5 ng/10 6 cells/2 h in one experiment and in the other experiment 
from 0· 30 to 0·54 ngjl0 6 cells/2 h, and in peak II from 0·1 0 to I 0·94 ng/ I 06 cells/2 h and from 
0· 74 to 35·17 ng/10' cells/2 h. 

Dose-response and time cun'es after LH stimulation 

Figure 4 shows an LH dose-response curve for testosterone production in cells purified 
by centrifugation through a 13% Ficoll-KRBG solution. These cells were first pre-incu
bated for I h. The minimal dose of LH which was required to give a detectable increase in 
testosterone production was between 1 and 10 ng LH/ml. Maximal response was obtained 
with 100-!000 ng LH/ml. No difference in sensitivity towards LH could be detected in the 
crude unpurified Leydig cell preparation compared with the various purified preparations. 
Omission of the 1 h pre-incubation time did not change the maximal testosterone response 
in the presence of excess LH. However, it did change the sensitivity of the cells to LH. 
Without pre-incubation a maximum response was obtained with between 10 and 100 ng 
LH/ml. With a maximal dose of LH an increase in testosterone production was detectable 
20 min after the addition of the trophic hormone. Maximal response was not reached even 
40 min after the addition of LH (Fig. 5). 

DISCUSSION 

The concomitant presence of basal testosterone production, phenyl esterase activity and 
3,8-hydroxysteroid dehydrogenase-containing cells at two discrete density regions after 
isopycnic centrifugation of the crude Leydig cell preparation indicates the presence of two 
types of Leydig cells: 'light' Leydig cells with a density of 1·039-1·055 g!ml and 'dense' 
Leydig cells with a density of 1·068-1·088 g/ml. The absence of an LH response in the 'light' 
Leydig cells shows that these two types of cells differ not only in physical characteristics but 
also in function. As an explanation of these observations it may be considered that (I) the 
'light' Leydig cells are damaged cells of which the LH regulation mechanism is impaired by 
the preparation andjor centrifugation procedure, or (2) the' light' and 'dense' cells are two 
functionally different sub-populations of Leydig cells. Damage to cells can result in a higher 
or lower buoyant density (Shortman, 1968). However, it is difficult to explain how this can 
result in such a clear-cut change in density as seen by the two distinct peaks of activity. The 
existence of different sub-populations of Leydig cells in the mature rat testis has not pre
viously been reported, although different generations of Leydig cells in immature and 
mature rat testes have been described (Roosen-Runge & Anderson, 1959; Niemi & Ikonen, 
1963). The existence of Leydig cells with LH receptors and an adenyl cyclase system but 
unresponsive to the trophic hormone in immature rat testis has been reported (Frowein & 
Engel, 1973). In this respect the 'light' Leydig cel!s could perhaps resemble immature rat 
testicular Leydig cells, which have survived in the mature testis. 

The results from the centrifugation procedures used in this study for the purification of 
Leydig cells may be explained on the basis of the buoyant density of the Leydig cei!s. Centri
fugation of the crude cell preparation through a 13% Ficoll solution, with a density of 
1·053 g/ml, separated approximately 90% of the cells with a lower density (mostly sperma
tocytes and spermatids) from the sedimented denser cells, which included the Leydig cells. 
However, the correlation between the four Leydig cell markers in the control and Ficoll
purified cell preparations indicated that 'light' and 'dense' Leydig cells were not separated 
from each other by this centrifugation step. This might have resulted from the formation of 
cell aggregates and adherence of the 'light' and 'dense' Leydig cells to each other. Lowering 
the pH of the Ficoll solution from 7-4 to 6·5 decreased cell aggregation, but it was not abs'!nt 
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as seen by phase contrast microscopy. The further purification obtained (approximately 2 
times) by addition of0·2% albumin to the 13% Ficoll solution was partly due to a decrease 
in total number of cells that sedimented (75 %) and partly due to s~dimentation of more Ley
dig cells (30 %). Laos & Roos (1974) have also rEported higher cell recoveries from con~ 
tinuous Ficoii-Isopague gradients by the addition of albumin and they suggested this was 
probably due to a lowering of the non-selective cell loss. 

The next purification step, centrifugation for 2 min at 100 g through a 6 % dextran solu
tion, was obtained probably more on a basis of the size of the cells than on their buoyant 
densities. The proportion of Leydig cells, as determined by phenyl esterase activity and 
3;3-hydroxysteroid dehydrogenase histochemistry, increased 1·7 times in the sediment, while 
the steroidogenic activity (measured in the presence of LH) increased 2·7 times in the sedi
ment. It is possible that this separation between a larger proportion of LH-responsive cells 
in the sediment and less LH-responsive cells in the supernatant corresponds to a separation 
between the so-called ·dense' and 'light' Leydig cells respectively. 

A testosterone response to LH was detectable only 20 min after the addition ofLH, and it 
took more than 40 min to obtain a maximum response. Similar results have also been re~ 
ported for the time course of the testosterone response of total testicular tissue in vitro 
(Rommerts, Cooke, van der Kemp & van der Molen, 1972), dissected interstitial tissue in 
static incubations (Rommerts, Cooke, van der Kemp & van der Molen, I973a) and in a 
superfusion system (Cooke eta!. 1975), and for Leydig cell preparations (Moyle & Rama
chandran, 1973; Catt & Dufau, 1975). Hmvever, the testosterone response in vivo is much 
faster (Eik-Nes, 1970; van der Vusse, Kalkman, van Winsen & van der Molen, 1975). The 
cause of this time difference between stimulation in vh•o and in vitro is still unclear and 
obviously requires further investigation with respect to the mechanism of LH action on 
steroidogenesis. For the adrenal, this situation is discussed by Schulster & Jenner (1975). A 
maximum response of testosterone was obtained with about 100 ng LH/ml. By omission of 
the l h pre-incubation period the same maximum amount of testosterone was produced 
with about 10 ng LH.:'ml, which is comparable with the results of Moyle & Ramachandran 
(1973). The decrease in sensitivity of the Leydig cells during pre-incubation might have been 
caused by loss of LH receptor sites due to the action of proteolytic enzymes still present. 

In conclusion the present study has demonstrated that by a simple two-step centrifugation 
procedure it is possible to increase the number of Leydig cells 12·5 times and steroidogenic 
activity 22·5 times in the preparation obtained by collagenase treatment of rat testes. The 
resulting preparation, which contains approximately 60 % Leydig cells, is functionally re
sponsive to physiological amounts of LH and can be used to investigate many aspects of the 
intracellular mechanisms of testicular steroidogenesis. 

The authors would like to thank Dr P.M. Frederik for the preparation of electron micro
graphs of Leydig cells and are also grateful to the National Institutes of Health, Endocri
nology Study Section, Bethesda, Maryland, U.S.A, for gifts of sheep LH. This work was 
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Lcydig-ce!l suspensions, prepared from rat testes, were incubated with different amounts 
of Ca1 + with and without added luteinizing hormone. The basal testosterone production 
in the absence of luteinizing hormone was unaffected by the CaH concentration in the 
incubation medium. The luteinizing hormone-stimulated testosterone production, 
however, was progressively decreased in the absence of Cal+ to one-third of that with 
2.50mM-Ca2+. This decrease in luteinizing hormone-stimulated testosterone production 
was independent of the different concentrations of luteinizing hormone (0-lO.ug/ml) 
used and could be restored by the addition of Cal+ to the incubation medium. The 
restoration of the stimulation was achieved within 30m in after the addition of Ca2+ to 
the medium. Activation of cyclic AMP-dependent protein kinase by luteinizing hormone 
was not decreased by omission of CaH from the incubation medium, suggesting that 
Ca2+ may be involved in steroidogenesis at a stage beyond the luteinizing hormone 
receptor-adenylate cyclase--protein kinase system. 

The regulation of steroidogenesis by trophic 
hormones such as adrenocorticotropin (cortico
tropin, ACTI-1) and luteinizing hormone (iutropin, 
LH) most probably involves stimulation of cyclic 
AMP production and protein kinase activation in 
their respective target organs (Schulster, 1974; Cooke 
& van der Kemp, 1976). The continuous synthesis of 
a protein (or proteins) is also necessary for this 
regulation (Garren eta!., 1965; Cooke N a!., 1975). 
However. the involvement of other processes 
cannot be excluded. For example, it has been estab
llshed that the presence of extracellular CaH 
is a rrerequisite for full stimulation of cortico
steroid synthesis by adrenocorticotropin in the 
adrenal gland (Birmingham et a!., J 953; Sayers 
et a!., 1972; Rubin et a!., 1972). Much less 
work has been carried out on the effect of 
extracellular Ca2+ in other stCroidogenic tissues. 
Mendelson et a!. (1975) reported that omission of 
CaH from the incubation medium resulted in 
only a small decrease in the stimulation by human 
choriogonadotropin of tcstosterom.': production in 
rat testis Leydig cells. However, Van der Vusse 
et a!. ( 1976) have reported that the stimulation of 
pregnenolone production by rat testis mitochondria 
after administration or luteinizing hormone in vioo 
could be completely mimicked by the addition of 
('a2 ' to the incubation medium or mitochondria. 
This apparent discrepancy between the elfect of 
CaH on steroid production by testis Leydig cells 
and by isolated mitodwndria madt: us decide to 
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investigate further the role of Ca2+ in the 
stimulation of testosterone production by luteinizing 
hormone in the rat testis by using a purified Leydig
ce\1 preparation. 

i\Jaterials and Methods 

Sheep luteinizing hormone (NIH SIS) was a gift 
from the NIAM, Bethesda, MD, U.S.A. 

Crude collagenase was purchased from Worthing
ton Biochemical Corp., Freehold, NJ, U.S.A 

EG T A [ ethanedioxybis( ethylamine)tetra- acetic 
acid] and bovine serum albumin (fraction V) were 
obtained fmm !-"Juka A.G., Buchs, Switzerland, and 
the Ficoll 400 was from Pharmacia Fine Chemicals 
A.B., Uppsala, Sweden. 

Adult male Wistar rats substrain R-Amsterdam 
(3-5 months old) were used in this study. 

Isolation ami incubmion of Leydig cells 

The Leydig-cell suspensions v..-ere prepared and 
purified as described by Janszen eta!. (1976). Briefly 
this method includes incubation of the testes 
with collagenase and centrifugation of the cell 
suspension through 13 ~<, Ficoll./0.2% bovine serum 
albumin in Krebs-Ringer bicarbonate buffer 
(Umbreit ct a!., 1964) containing 0.2% glucose, 
pH 6.5, for 1Om in at 1500g followed by centrifugation 
of" the sedimcntcd cells through 6 ~,;Dextran T 250 in 
0.9:\·, NaCl solution fllr 2min at lOOg. 
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After purification, the sedimented cells containing 
about 60% Leydig cells were resuspended in Krebs
Ringer bicarbonate buffer, pH7.4, from which the 
Ca2+ was omitted, but which contained 0.1% bovine 
serum albumin and 2m.'11-EGTA, and then pre
incubated for 30min at 3:0C under an atmosphere of 
0 2 + C02 (95: 5) to remove ail the bound Ca:z+. 
After preincubation the cells were sedimented 
by centrifugation for 5min at 100g and resuspended 
in Krebs-Ringer glucose buffer containing different 
concentrations of Ca:z+ in 0.1 mM-EGTA and 0.1% 
bovine serum albumin. The cells were then incubated 
as described in the Results section at 32°C under an 
atmosphere of 0 2 +C02 (95:5). Cell densities were 
about 1 x 106 cells/m1 and were determined by 
counting the nucleated cells in a haemocytometer. 

Testosterone production 

After incubation, the testosterone was extracted 
from the cells plus medium with ethyl acetate (2 x 2 ml) 
and determined by radioimmunoassay as described 
by Verjans eta!. (1973). 

Protein kinase assay 

Protein kinase activity was determined as described 
by Cooke & van der Kemp (1976) in the presence and 
absence of 0.6.uM-cyciic AMP and the protein kinase 
activity ratio (ratio of protein kinase activity 
without added cyclic AMP/activity with added cyclic 
AMP) was calculated. 

Results 

Effect of extracellular Ca2 + on the testosterone 
production of isolated Leydig cells 

Preincubated Leydig cells were incubated in 
Krebs-Ringer bicarbonate buffer, pH7.4, containing 
either 0, 1.25 or 2.5mM-Ca.z-+ with or without 
added luteinizing hormone, at a dose that gave 
maximum stimulation of testosterone production 
(lOOng/ml). 

The basal testosterone production without added 
Juteinizi11g hormone was not significantly changed 
in the absence of CaH (Table 1). However, in the 
absence of extracellular CaH the stimulation of 
the testosterone production by luteinizing hormone 
was only one-third of the control values. 

Jnjfuence of dose of added luteinizing honnone on the 
testosterone production in the absence or presence 
(2.5 mM) of extracellular Cal+ 

Preincubated Leydig cdls were incubated in the 
absence or presence: of Ca2+ with different doses of 
luteinizing hormone. The absence ofCa2 + lowered the 

Table I.lnfluence of the concentration of Cal+ in the medium 
on the testosterone production i;z isolated Leydig cells in 
the absence or presence of lOOng of added luteinizing 

hormone/ml 

Values are means±s.o. for the numbers of experiments in 
parentheses and are percentage syntheses compared with 
the control incubation containing 2.5mM-Ca2+. 

Ca2+ in 
incubation 

medium 
(mM) 

0 
1.25 
2.50 

Testosterone synthesis(%) 

-Luteinizing 
hormone 

125±56% (!O) 
129±41% (3) 
100 (JO) 

+Luteinizing 
hormone 

36± 14% (11)* 
79±15% (4)* 

100 (ll) 

* Significantly different from control. 

150 I 

! 
! 

~ I 
g_ roo-

I 
50,- / 

I I /', 
6-~-~-- . ~---~ 

o 1 10 :o'· 10 3 10~ 

[Luteinizing hormone] (ng/ml) 

Fig. 1. Luteinizing hormone dose-response curve of testo
sterone synthesis by isolated Leydig cells in the absence or 

presence of Cal+ 

Leydig cells were incubated for 2h in the absence (.a.) or 
presence (e) ofCa2+ (2.5mM) in the presence of different 
doses of luteinizing hormone (0-lOjig/ml). Means of 
duplicate incubations are given. 

testosterone response in the presence of the different 
doses of luteinizing hormone tested (Fig. 1). 

Time-course of testosterone synt/l('sis in isolated 
Leydig cells in tile abse11ce or presence of extracellular 
CaZ+ 

Preincubated Leydig cells were incubated in the 
absr:nce or presence of Ca2 + and in the absence or 
presence of added luteinizing hormone (100ng/ml) 
for different time-periods. No difference was detected 
in amounts of testosterone in ~11 four types nf incu
bation after 15 min (Fig. 2). After 30m in a stimulation 
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6 
~ 

)0 

8 10. 

~ 

I 
~ 10-

1ncubation time (min) 

Fig. 2. Time-course of testosterone production by Leydig 
ce!ls incubated with or without CaH with or without added 

luteinizing hormone 

Leydig cells were incubated for different time-periods 
up to 120min without Ca2+ (A), with and without 
luteinizing hormone (!OOng/ml) and with Ca2+ (2.5mM) 
(e) with and without luteinizing hormone. Means of 
duplicate incubations are given. 

of the testosterone production was found in the 
presence of luteinizing hormone. The stimulation was 
less in the absence of Ca2+. This decrease in the 
stimulation of the testosterone production remained 
during the rest of the incubation period. 

Influence of re-addition of CaH 011 the luteinizing 
hormone-stimulated testosterone symhesis in isolated 
Leydig cells ajier incubation without Ca2+ 

Preincubated Leydig cells were incubated for 2h 
\-Vith or without CaH in the absence of luteinizing 
hormone. After this incubation period, CaH 
was added to the incubation medium without Cal+ 
to give a final concentration of 2.5mM. The cells 
were then incubated with or without luteinizing 
hormone (IOOng_/ml) for 2 b. Testosterone production 
was virtually the same after ~djustment of the CaZ+ 
concentration to the control valu-;; (Fig. 3). This 
effect was already seen at 30min (the first time-interval 
studied) after the addition of the caz+ and 
luteinizing hormone. However. stimulated testo
sterone production did not reach the control value 
in all C"\pcrimcnts after the addition of CaZ+ 

VoL !(10 

30 ,.//1'- + L"«lrdzlng hormone 

' 

,-'/ ______ -=.::.-- ---'--L"'.tinlzrng hormono 

36·--:,=-----c""''"" 
Incubation time (min) 

Fig. 3. Time-course of testosterone production by 
Leydig cells in the presence of Ca2+ with or without 

luteinizing hormone,preincubated without or with Ca2+ 

Preincubated Leydig cells were incubated for 2h without 
(A) or with Ca2+ (2.5mM) (e). After this incubation 
period Cal+ was added (final concentration 2.5mM) to 
the cells incubated without Ca2+ and the Leydig cells were 
incubated for a further 2h without or with luteinizing 
hormone (lOOng/ml). The amount of testosterone in cells 
plus medium was determined at different times after the 
addition of Ca2+ and luteinizing hormone. Means of 
duplicate incubations are given. 

to the incubation medium. In six experiments the 
percentage of stimulated testosterone production 
during the first 2h incubation period in the absence 
of Ca2+ was 39 (s.E.M.±7)% of the control value, 
and after the addition of Ca2+ this value became 71 
(s.E.M.± 12) %of the control value during the second 
2h incubation period. These values were significantly 
(P<0.005) different from each other. 

Influence of extracellular Cal+ on the activation of 
protein kinase activity in isolated Leydig cells 

Leydig cells were prepared as described in the 
Materials and Methods section, except that the 
centrifugation through Dextran was omitted in 
order to obtain enough cells for the determination 
oftestosterone production and protein kinase activity 
in the same cell preparation. The preincubated 
cells were incubated in Krebs-Ringer glucose 
buffer with or without 2.5mM-Ca2+ and with 
0.1 m~-1-EGT A. For the determination of protein 
kinase activity the cells were incubated with or 
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Table 2. Influence of extracellular Cal+ on the activation of protein kinase activity in isolated Leydig cells 

Values are means±s.o. with numbers of incubations in two separate experiments in parentheses. Luteinizing hormone 
when present was at a concentration of lOOng/ml. 

Cal+ in 
incubation 

medium (mM) 

2.50 

Testosterone production (ng/2h per I06 cells) Protein kinase activity ratio 

0 

-Luteinizing hormone 

1.4±0.4*(5) 
2.4±1.8 (5) 

+Luteinizing hormone 

135 ± 15.4 (6) 
71.4± 8.9 (6) 

-Luteinizing hormone 

0.17±0.09 (4) 
0.21±0.05 (4) 

+Luteinizing hormone 

0.76±0.10 (6) 
0.72±0.10 (6) 

without luteinizing hormone for 20min, and for the 
determination of testosterone production cells 
were incubated for 120min. In the absence of Ca2 + 

the luteinizing hormoneMstimulated testosterone 
production decreased to about one-half of that 
in the presence of 2.5mM-Ca2 +. However, omission 
of Ca 2+ did not affect luteinizing hormone-stimulated 
protein kinase activity; in both the presence and the 
absence of Ca2+, luteinizing hormone increased the 
protein kinase activity ratio from 0.2 to 0.75 (Table 2). 
The total protein kinase activity determined in 
the presence of excess of cyclic AMP was the same 
in all incubations [39.6 (s.n. ± 12.4, n = 20) pmol of 
32P incorporated/106 cellsJ. 

Discussion 

The results obtained in the present investigation 
clearly show that maximum luteinizing hormone 
stimulation of testosterone production in rat 
testis Leydig cells can only be obtained in the 
presence of Ca2+. This requirement for Ca1 + was 
demonstrated at all doses of luteinizing hormone 
used; in the absence of Ca2+ the luteinizing 
hormone-stimulated testosterone production was 
decreased to about one-third of that obtained in the 
presence of2.5mM-Ca2+. These results are in contrast 
with those of Mendelson et a!. (1975), who have 
reported that omission of Cal+ from the incubation 
medium decreased the testosterone response only 
slightly at high doses of human choriogonado
tropin and not at lower doses. In the adrenal for 
maximum stimulation of steroidogenesis by adreno
corticotropin the presence of CaH in the medium is 
also necessary (Birmingham et a!., 1953; Farese, 
1971; Rubin eta!., 1972; Sayers et at., 1972; Haksar 
& Peron, 1973; Bowyer & Kitabchi, 1974; Kowal 
eta!., 1974; Wishnow & Feist, 1974). However, the 
decrease in the adrenal steroid production by 
omission of Ca2 + in the medium could be overcome 
at least partly by using higher amounts of 
adrenocorticotropin (Sayers eta!., 1972; Haksar & 
Peron, 1973; Bowyer & Kitabchi, 1974; Kowal 
et a!., 1974). From these latter results it was 
concluded that Cal+ may be involved in the 
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transmission of the signal arising with the adreno
corticotropin-receptor-adenylate cyclase system. 
Bowyer & Kitabchi (1974) reported for adrenal 
cells that lowering the Caz.;. concentration in the 
incubation medium also decreased the cortico
steroid response to dibutyrylcyclic AMP, indicating 
that in adrenal cells CaH may also be important 
after the elaboration of the second messenger. ln 
their experiments the concentration of dibutyryl 
cyclic AMP necessary to achieve half-maximum 
steroid response did not change with decreasing 
CaH concentrations; the corticosterone produc
tion in the absence of Cal+ decreased to the same 
extent with different concentrations of dibutyryl 
cyclic AMP. In this respect the effect of Ca2 + concen
tration on the luteinizing hormone dose-response 
curve in rat Leydig cells may be compared with the 
effect of Ca1 + on the dibutyryl cyclic AMP dose-re
sponse curve in rat adrenal cells. Further, the present 
study has shown that luteinizing-hormone activation 
of protein kinase in the Leydig cells is not affected 
by omission ofCa2 + from the medium, so the effect of 
CaH is then most probably after the activation 
of protein kinase. One objection to the results for 
the protein kinase activity could be that the enzyme 
activity was measured only 20min after the addition 
of luteinizing hormone. However, as shown in 
Figs. 2 and 3, the effect of CaH on the stimulation of 
steroidogenesis is obtained within 30min of incu
bation. It is not possible to conclude which of 
the processes involved in the regulation oftestosterone 
synthesis, after the activation of protein kinase, 
have been affected by the omission of CaH 
from the medium; it may be protein synthesis, as 
suggested by Farese (1971), or at the mitochondrial 
level, as suggested by Van der Yusse "'at. (1976). 
Another possible explanation is that CaH is 
necessary for the production of certain substrates for 
testosterone synthesis, which become limited when 
higher amounts of testosterone are produced. 
If this were true, one would expect that omission of 
Ca2+ had a greater etl'ect on high testosterone 
production rates rather than on lower ones. This was 
shown not to be the case; even 30min after addition 
ofluteinizing hormone, when testosterone production 
was still low, a smaller production in the absence 
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of Ca2 + compared with the control was already 
apparent. Also with submaximum doses of luteinizing 
hormone, testosterone production was markedly 
decreased compared with the control. 

Another explanation that has to be considered is 
that the decrease in luteinizing-hormone stimulation 
of testosterone synthesis could have been caused by 
damage to the cells through the absence of Ca2+ 
in the incubation medium. This possibility was 
investigated by measuring testosterone synthesis 
with and without luteinizing hormone after the 
addition of CaH to the Leydig-cell suspension, which 
had been preincubated for 2h in the absence ofCaH. 
In all experiments the addition of CaH considerably 
increased the testosterone production and in some of 
the experiments testosterone production was restored 
to control values within 30min after the addition of 
CaH to the cells. This indicates that damage to the 
cells did not take place or only to a limited extent. 

In conclusion, it is apparent from the present study 
that CaH is necessary for luteinizing-hormone 
stimulation of testosterone biosynthesis in testis 
Leydig cells. Its site of action is probably after the 
activation of protein kinase by luteinizing hormone. 
However, its precise mode of action rem2.ins to be 
elucidated. 

We are grateful to the National Institutes of Health, 
Endocrinology Study Section, Bethesda, MD, U.S.A., 
for gifts of sheep lutropin. This work was financially 
supported in part by the Dutch Foundation for Medical 
Research (FUNGO). The technical assistance of 
Miss L. M. Lindh with the determination of the protein 
kinase activity is gratefully acknowledged. 
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1. Introduction 

The available evidence suggests that LH stimulation 
of testosterone production in rat testis Leydig cells 
involves protein(s) with a short half life. This evidence 
is based on the effects of inhibitors of protein and 
RNA synthesis on LH stimulated testosterone produc
tion [l-3], particularly the rapid effect of cyclohexi
mide, which causes a decrease in testosterone synthesis 
following first order kinetics with a half life of 13 min 
[4]. Recent \Vork in our laboratory has shown that 
two proteins which are synthesized in rat testis Leydig 
cells and which can be detected using polyacrylamide 
gel electrophoresis, may be important in the regula
tion of testosterone production by LH; one of these 
proteins has a short half life (about II min) and is 
present in the particulate fraction of the Leydig cell, 
but is not under the inOuence of LH; the other 
protein (referred to as LH-IP. LH-induced protein) 
can be detected 2 h after the addition of LH to 
Leydig cells and has a half life longer than 30 min 
[5]. We now wish to report that the second protein 
(LH-IP) can be induced by LH or dibutyryl-cAMP 
but not by testosterone or follicle stinllllating 
hormone (FSH). Dose response studies have also 
shown that the induction of LH-IP and the stimula
tion of testosterone production require approximate
ly the same concentrations of LH. Incubation of the 
Leydig cells with actinomycin D prevented the 
induction of L1 l-IP by U!. 

2. Materials and methods 

Ovinc FS!i (Nlli-FS!I-S9) and ovinc Lll (NII!-Lli
Sl~l were gifts rron\ th<:' Fnclocrinology Study 

'\'urrll·lfollalll/ l'uhli.l"l!iug CUI!lf'ill/_1' lllll'l<'l'cilllll 

Section, National Institute of Health, Bethesda, 
Maryland, USA. [35 S]Methionine (280 Ci/mmol) was 
purchased from the Radiochemical Centre, Amersham, 
England. Elipten-phosphate (an inhibitor of choleste
rol side-chain cleavage) was a gift from ClBA, Basel, 
Switzerland. 

Leydig cell suspensions from rat testis were pre
pared and purified by centrifugation through Ficoll 
and Dextran solutions as described before [6]. Leydig 
cells were incubated in Krebs-Ringer solution pH 7.4 
containing 0.2% glucose, 0.1% bovine serum albumin 
fraction V and amino acid mixture lacking in methio
nine under an atmosphere of 95% 0 2 /5% C02 \Vith 
LH as indicated in the text and then proteins were 
labelled by addition of [35S]methionine for 30 
minutes. 

In order to control whether the cells were 
stimulated by LH, Leydig cells were incubated in 
parallel experiments with or without added LH 
(1 00 ng/ml) for 2 h. After this incubation period 
testosterone was extracted and determined as 
described before [7]. Testosterone production 
(mean± S.E.M.) in the absence of added LH was 
4.0 ± 0.4 ng/106 nucleated cells (11"" 15), in the 
presence of LH 115.8 ± 14.4 ng/10 6 nucleated cells 
(n = 15) and in the presence of LH and elipten
phosphate 3.3 ± 1.5 ng/1 06 nucleated cells (11 = 3). 

After incubation of the cells, 10 vol. cold (0°C) 
Krebs-Ringer buffer without bovine serum albumin 
was added and the cells were sedimented by centri
fugatiOJ~ for 10 min at 100 X gat 4°C. The super
natant was discarded and the sedimcntcd cells were 
resuspended in a glycinc--S<..ldium dodccyl sulphate 
buffer ( 0.1 M glyTine. 0.1 M 0Ja CL 0.01 \1 EDT A. 
0.1 '1; sodium Jodecyl sulphate anJ 0.01 M j3-mc1·capto 
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ethanol) pH 8.5. The suspension was heated at 100°C 
for 10-15 min in glass tubes and after cooling, 
acetone (4 vol.) was added. The water-acetone 
mixture was stored overnight at -20°C. The predp
itated proteins were sedimented by centrifugation for 
l 0 min at 1500 X gat 4°C a_nd dissolved in Iris-
glycerol buffer (0.05 M Iris, 10% glycerol, 1% sodium 

dodecyl sulphate and l% J}-mercaptoethanol) pH 6.8 
and heated at I 00°C for 2 min. Electrophoresis was 
carried out in 10'){ and 15% discontinuous SDS poly
acrylamide slab-gels according to Laemli [8]. Before 
drying the gels, they were impregnated with 2,5-
diphenyl oxazole [9]. The gels were then exposed to 
Kodak X-ray f1lm RP 14 for 1-2 weeks. 

3. Results 

3.1./njlue/lce ofillcubatiun time 
Two hours after addition of LH to Leydig cells 

increased incorporation of [35 S]methionine could be 
observed in a protein band with a mol. wt of approxi
mately 21 000 (LH-IP) (fig.l). Only in one out of6 

mol.wt. 

43000 .... 

25700 ...... 

11700 .... 

incubation time (hours) 0 2 

LH ( 100 ng/ml} 

4 

experiments with intact and hypophysectomized 

animals was this LH-increaseU incorporation detcctabk 
one hour after addition of LH to the cells. About 
four hours after addition of LH the labelling of Ll-1-IP 
seemed to be at a lll<JXimallevel. 

3 .2. hffect ofdiffcrwt doses of LH 
When Leydig cells were incubated with I ng LH/ 

m.l for 3 h the incorporation of e5 S]methionine in 
LH-JP was only slightly increased compared with the 
control. With I 0 ng LH/ml a clear increase in .1s S
incorporation in LH-IP was evident while maximal 
labelling was obtained with 100-1000 ng LH/ml 
(fig.2). 

3 .3. f.jfect of testosreronc and F"SH 
To investigate whether the increase in LH-IP 

labelling after addition of U-f was due to the higher 
level of testosterone in LH-stimulated Leydig cells, 
testosterone (1 00 ng/1 06 nucleated cells) was added 
to Leydig cells and incubated for 3 h. No change in 
35 S-incorporation of LJ--1-IP as compared with control 
cells was observed (fig.3). In other experiments 

-

8 0 2 4 8 

+ + + + 

Fig.!. Time course of LH induction of LI-1-IP. Leydig cells wcr~ incub<Jtcd with or withuut added Lllt!OO ng/mll for 0. 2, 4, and 

8 h followed by incubation with [ 35 Sjmethionine for 30 min. Pwtcins were ~~p~rat~d by ckctropltorL'm un 1 0--15': di~L·unti
nuous SDS-polyacrylamide gel. The following mol. wt markers were used: ovalbumin. chymotrypsinogcn und cytnduumc c In 
this fi~urc only the 15'( part of the ~cl i~ shown. 
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mol.wt. 

43000 ~ 

25700 .... 

11700 ......... 

LH (og/ml) 0 10 

Fig.2. LH dose response rcbtionship of Lll-IP synthesis. 
L~ydif! cells were incubated with different doslOs of LH for 
3 h followc'd by incubation with !~"S]mcthioninc for 30 min. 

elipten-phosphate (300 }lg/ml) was added to LH
stimulated Leydig cells to prevent the sy"nthesis of 
testosterone [I 0]. However, under these conditions 
the LH-stimulated labelling of LH-IP was not inhibit
ed. Addition of FSH (1 00 ng/ml) to the Leydig cells 

mol.wt. 

43000 ...,..._ 

25700 .... 

11700 ...,..._ 

LH ( 100 ng/ml) 

db cyclic AMP (mM) 

actinomycin D (46 fJM) 

+ 

mol.wt. 

43000~ 

25700 .... 

11700 ...... 

LH (100 ng/ml) 

testosterone (800 ng/ml) 

+ 

+ 

f7ig.3. Effect of testosterone on Lll-IP synthesis. Leydig cells 
were incubutcd without or with LH (100 ng/ml) or with 
testosterone(± 100 ng/1 0° nucleated cells) for 3 h followed 
by incubation with [ 35 S]methionine for 30 min. 

instead of LH did not stimulated the labelling of 
LH-IP. 

3 .4. l:jfect of dibuiyryi-cAlvJT 
Addition of 0.1 mM dibutyryl-cAMP instead of LH 

I 

+ 

0.1 1.0 

+ + 

h)•.4. Ffkct ul" dihutyryi-L·At\11' or actinomydn Don syntllcsis of LIHI'. Leydig cells were incubated with or without LH alone 
ur in L'omlnnatiun with al"linnn1yrin D or with dibutyryl·cAMP for 3 h followed by im·ubation with !"S]mctl1ionine for 30 min. 
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to Leydig cells gave a submaxlmal stimulation of 
testosterone production while addition of 1 mM 
dibutyryl-cAMP gave about the same stimulation of 
testosterone production as 100 ng LH/ml. As can be 
seen in figA both concentrations of dibutyryl-cAMP 
stimulated the 35 $-incorporation in LH-IP. 

3.5. l:jfect of actinomycin D 
Addition of actinomycin D ( 46 .uM) to Leydig 

cells inhibits 89-93% of RNA synthesis [2J. 
Addition of this amount of actinomycin D to LH
stimulated Leydig cells prevented the Ll-1-stimulated 
labelling of LH-IP (fig.4). 

4. Discussion 

From the present results it may be concluded that 
an increased incorporation of [35S]methionine in a 
protein with a nFJl. wt of 21 000 ( LH-IP) can be 
detected 2 h after addition of LH to Leydig cells. 
This increase of 35 $-incorporation most probably 
reflects protein synthesis and was not due to the 
effects of increased synthesis of testosterone or 
contaminating amounts of FSH in the LH prepara
tion. Dibutyryl-cAMP also increases the incorporation 
of the methionine into LH-IP, therefore it is probable 
that the effect of LH on the synthesis of Ll-1-IP is 
m-;:diated by increased cAJvlP production. Actino
m;cin D was found to inhibit the LH-stimulated 
synthesis of LH-IP, which suggests that this stimula
tion of protein synthesis is probably mediated by 
increased synthesis of new mRNA. In another study 
[5) it has been shown that LH-i:P is located specif
ically in the Leydig cells and not in other cell types 
of the rat testis and that its half life is longer than 
30 min. 

These results raise the question about the possible 
role of LH-IP in the Leydig cell. Certain aspects 
would support a role of this protein in the LH
stimulation of testosterone production in Leydig 
cells, namely: 
l. The close correlation between the LH dose 

response relationship of LH-IP synthesis and 
testosterone production: the lowest dose of LH 
required for stimulation of the synthesis of this 
protein as well as for stimulation of the testoste
rone production was about 1 ng/ml and maximum 
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response was obtained with about 100 ng/ml LH 
[6]. 

2. RNA synthesis is apparently required for LH 
stimulation of testosterone production up to 150 
min after addition of LH to Leydig cells [3]. 

However 2 points may be raised against an obligatory 
role of LH-IP in testosterone production: 
1. The long half life (more than 30 min) of LH-IP, 

which is not in accordance with the rapid effect of 
cycloheximide [4]. 

2. LH-IP could be detected only 2 h after addition of 
LH Leydig cells, which is much later than the first 
stimulation of testosterone production, which can 
already be detected within 5-30 min [II] after 
addition of LH. 

Therefore further work will be necessary to investi
gate the possible role of LH-IP in the effect of LJ-1 on 
testosterone production in rat testis Leydig cells. 
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Specific Protein Synthesis in Isolated Rat Testis Leydig Cells 
INFLUENCE OF LUTEINIZING HORMONE AND CYCLOHEXIMIDE 

FELIX H. A. JANSZEN, BRIAN A. COOKE and HENK J. VANDER MOLEN 
Depurtmcm of Biochemistry (Divisioll of Chemical Endocrinology), _j\fedical Faculty, 

Erasmus Uniccrsity Rotterdam, Rot!erdam, The Netherlands 

(Receiv:?d 27 August 1976) 

The effec:t of luteinizing hormone (luteotropin) and cycloheximide on specific protein 
synthesis in rat testis Leydig cel!s has been investigated. Proteins were labelled with 
either [l 4 C]Ieucine, [3 H]leucine or [J 5S]methionine during incubation with Leydig-cell 
suspensions int·irro. Total protein was extracted from the cells and separated by sodium 
dodecyl sulphate/ polyacrylamide-gel electrophoresis. No detectable increase in the 
synthesis of specific proteins could be observed after incubation of Leydig cells with 
luteinizing hormone for up to 1 h. However, after a 2h incubation period, an increase in 
[~~s]methionine incorporation was observed in a protein with an apparent mol.wt. of 
21000 (1·eferred to as 'protein 21'). \Vhen, after labelling of this protein with [305]
methionine, Leydig cells >vere incubated for another 30min with cycloheximide, no 
decrease in radioadivity of this protein band was observed, indicating that it does not 
have a short half-life. Hmvever, another protein band was detected, which after incubation 
with cycloheximide disappeared rapidly, the reaction following first-order kinetics, with 
a half-life of about 11 min. This protein, with an apparent mol.wt. of 33000 (referred to 
as 'protein 33'), \vas found to be located in the particulate fraction of the Leydig cell, 
and could not be demonstrated in other rat testis-eel! types or blood cells. No effect of 
luteinizing hormone on moleculanveight, subcellular localization or half-life of protein 33 
was observed. A possible role for protein 33 and protein 21 in the mechanism of action 
of luteinizing hormone on testosterone production in Leydig cells is discussed. 

Previous work has shO\\ n that luteinizing hormone 
(luteotropin) specifically stimulates synthesis of 
cyclic AMP (see the review by Rommcrts et a!., 
1974), activation of protein kinase (Cooke & Van 
der Kemp, 1976; Cooke et d., 1976) and production 
of te~!os:eronc in rat te-;tis Leydig cells ir1 1:i1ro (sec 
the review by Duf"au & Catt, 1975). It \\'<h also sho'A·n 
that rrot:::in synthesis may play a rok in the lutein
izing-honnonc: stimLilation of steroiclogcr:esis (Hall & 
Eik-Nes, \9(,]; Shin, I 96 7; Moyie et ul., I 971; Cooke 
el a!., 1975; Mendelson el a!., 1975). Addition of the 
protein-synthesis inhibitors cyclohexirnide and puro
mycin to Lcydig-cC'Il suspensions inhibits luteinizing
hormone stimuiat!on of testosterone production to 
the sam;; c';tcn\ as protein ~;ynthcsis. /\fter m<~;.;irnal 
stimulation of t1.0stostcrone synth:::~i~ in rat testis 
Leydig cells by luteinizing hormone, addition of 
cyclolleximide Jecrca~es kstoqerone production to 
control \-alucs, the reaction following first~ordcr 

kinetics (half-life 13min) (Coc1l;c <'f u!., 1975). These 
results indicate that the nwtinuous :,ynthesis of 
protein with a shun half-life cyual to or lcs'i than 
l3min is in\'ohed i11 the ~.tirnul<!lion uf Lcydig-ccll 
steroid ~ynthcsis by lutcini,:ing hormone. Si!lli!nr 
results h<t\"C been rcpurrcd for other steroid-syn
thesizing ti~sucs, e.g. the adrenal gland (Ferguson, 
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1963; Garren eta!., !965; Schulster eta!., 1970; 
Rubin et a!., 1973; Lowry & McMartin, 1974), 
Graafian follicle (Tsafriri et a!., 1973; Younglai, 
1975) and corpus luteum (Hermier eta!., 1971). 

Garren eta!. (1965) proposed a model in which the 
regulation of steroidogenesis by corticotropin 
(ACTH) in the adrenal gland ·,vas mediated by the 
synthesis of a protein with a short half-life. Since 
then, however, no further proof for such u synthesis 
has been demonstrated. On the basis of kinetic data, 
Schulster eta!. (1974) and Lowry & McMartin (1974) 
rejected the hypothesis that corticotropin would 
stimulate the production of a specific protein, and 
these authors proposed an alternative model in which 
the regulation of steroidogenesis by corticotropin in 
adrenal cells was mediated by the activation of a 
protein with a short half-life. At present there is 
insufficient evidence to determine which of the 
proposed models is correct or even to exclude a third 
possibility, that a protein with short half-life is 
involved in the regulatory mechunism of steroido
genesis by trophic honnones, and that this protein is 
as such not aflCctcd by the trophic hormone. 

The preo;ent study was undertaken to obtain 
information about the proposed regulatory protein 
in the testis. This has been achieved by incubation of 
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isolated Leydig cells with radioactively labelled 
amino acids in the presence or absence of luteinizing 
hormone, followed by separation of the labelled 
protein by sodium dodecyl sulphate/polyacrylamide
gel electrophoresis. Protein patterns of control and 
luteinizing-hormone-stimulated cells were compared 
by using either the double-isotope-labelling technique 
with [HC]- and [3HHeucine or radioautography of 
[35S]methionine-label!ed proteins. The presence of 
proteins with a short half-life was investigated by 
incubation of Leydig cells with cycloheximide after 
labelling of the proteins with [35S]methionine. Part 
of the present work was described in a Short Com
munication given at the sixth British/Dutch Endocrine 
Meeting (on 7 September 1976) at the University of 
Bristol, Bristol, U.K. 

Materials and Methods 
Materials 

Sheep luteinizing hormone (NIH S18) was a gift 
from the NIAM, Bethesda, MD, U.S.A. Crude 
collagenase was purchased from Worthington 
Biochemical Corp., Freehold, NJ, U.S.A. [14 C]
Leucine (350mCi/mmol), [3H]leucine (50Cijmmol) 
and (3 5 S]methionine (250Ci/mmol) were purchased 
from The Radiochemical Centre, Ametsham, Bucks., 
U.K. Bovine serum albumin (fraction V) was obtained 
from Fluka AG, Buchs, Switzerland, and Ficoll 400 
from Pharmacia Fine Chemicals A.B., Uppsala, 
Sweden. Soluene 350 was obtained from Packard 
Instrument Co., Downers Grove, IL, U.S.A. Adult 
male Wistar rats sub-strain R-Amsterdam, 3-5 
months old, were used. 

Methods 
Leydig-cell preparation. Leydig-cell suspensions 

were prepared and purified as previously described by 
Janszen eta!. (1976). Briefly this method consists of 
incubating decapsulated testes with collagenase for 
18-40min at 37°C (until the tubules are fully dis
persed). The cell suspension is then centrifuged for 
lOmin at 1500g through a 13% (w/v) Ficoll/0.2% 
albumin solution in Krebs-Ringer bicarbonate 
buffer (Umbreit et a!., 1964), containing 0.2% 
glucose, pH6.5, followed by centrifugation of the 
sedimented cells for 2min at lOOg through a 6% 
(w/v) dextran solution. Approx. 60% of the nucleated 
cells obtained were Leydig cells. The sedimented 
cells were resuspended in Krebs-Ringer bicarbonate 
buffer containing 0.2% glucose and 0.1% bovine 
serum albumin (fraction V) and incubated at 32°C 
with continuous shakin11 under an atmosphere of 
Oz+C02 (95:5). All procedures were carried out in 
plastic tubes. 

Extraction a11d separation of proteins. After incuba
tion of the cells, a tenfold excess of Krebs-Ringer 
buffer without bovine serum albumin at 0°C was 
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added, and the cells were sedimented by centrifugation 
for lOmin at IOOg at 4°C. The supernatant was 
discarded and the sedimented cells were resuspended 
in a glycine/sodium dodecyl sulphate buffer (0.1 M

glycine, 0.1 M-NaCl, O.Ob1-EDTA, 0.1% sodium 
dodecyl sulphate and 0.01 .:.r-,8-mercaptoethanol), 
pH8.5. The suspension was heated at l00°C for 
10-15min in glass tubes and, after heating, 
acetone (4vol.) was added. The water/acetone 
mixture was stored overnight at -20°C. The pre
cipitated proteins were sedimented by centrifugation 
for 10min at 1500g at 4°C, and dissolved in Tris/ 
glycerol buffer (0.05M-Tris, 10% (v/v) glycerol, 1% 
sodiumdodecylsulphateand I% ,8-mercaptoethanol), 
pH 6.8, and heated at 100°C for 2min. 

No labelled proteins could be detected in the water/ 
acetone mixture after sedimentation of the protein. 
Electrophoresis was carried out in 10 and 15% (w/v) 
(continuous and discontinuous) sodium dodecyl 
sulphate/polyacrylamide cylindrical gels, or in slab 
gels by the method of Laemli (1970). 

After electrophoresis in cylindrical gels (6mmx90 
mm), the gels were pushed out of the tubes, frozen on 
solid C02, and 1 mm thick sections were obtained with 
a Mickle gel slicer. The proteins were extracted from 
the slices by incubation with 0.5 ml of Soluene 350 
for 3 hat 60"C. Methoxyethanol/toluene scintillation 
liquid (SOg of naphthalene, 4g of 2,5-dipheny!oxa
zo!e, 40mg of 1 ,4-bis-(5-pheny!oxazol-2-yl)benzene, 
0.5 litre of toluene, 0.5 litre of methoxyethano!) was 
added and the radioactivity was counted in an 
Isocap 300 liquid-scintillation counter using a double
labelling programme for 3 H and 14C. The counting 
efficiency for both labels was in the order of 30%. 

For radioautographic detection of[35S ]methionine~ 
labelled proteins, electrophoresis was carried out on 
slab gels (140mmx 160mmx 1 mm) with a current of 
20mA/gel under continuous cooling with running 
tap water. After electrophoresis, the gels were fixed 
in a methanol/water/acetic acid (5:4: I, by vol.) 
mixture for at least 60min. The gels were stained with 
1 % Ami do Black in 7% (v/v) acetic acid for 30min 
and de-stained by several washings with a methanol/ 
water/acetic acid (30:63:7, by vol.) mixture. To 
improve the detection efficiency of the 3~S label in 
some experiments, gels were impregnated with 2,5-
diphenyloxazole {as described by Bonner & Laskey, 
1974). The gels were dried (at 70-80°C) on a Bio-Rad 
gel-slab dryer under continuous heating. Gel~; were 
exposed to Kodak X-ray film RP-14, usually for 
about 1 week. The radioautogram> were scanned 
with a Vitatron TLD 100 densitometer. The cor
relation between the amount of radioactivity in the 
gel and the dcnsitogram of the exposed X-ray film 
was tested with a radioautogram of known increas
ing amounts of 35S. The ratio of the density of each 
band divided by the density of a band with a mol.wt. 
ofapprox. 43000 (which was shown to be unaffected 
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by the different incubation conditions used) was 
calculated. This ratio was used for a quantitative 
evaluation of the observed protein bands. 

Results 

Synthesis of pro reins in Leydig celfs incubated in the 
absence or presence of luteinizing hormone 

Leydig cells prepared by centrifugation of the cell 
suspension through 13 ~~ Fico!l,/0.2% bovine serum 
albumin in Krebs-Ringer buffer, were incubated for 
60min with and without added luteinizing hormone 
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(100ng/ml); this amount of luteinizing hormone 
gives maximum stimulation of testosterone produc
tion (Janszen et a!., 1976). [3H}Leucine was then 
added to luteinizing-hormone-stimulated cells and 
[
14C]leucine to control cells, and the incubations 

were continued for 30min. Both incubations were 
combined and the proteins were extracted and sub
mitted to electrophoresis in cylindrical gels. No 
difference in the separation pattern of incorporated 
leucine was observed between control and luteinizing
hormone-stimulated cells (Fig. 1). Also, with shorter 
labelling times (5 and 1 Omin), no significant difference 
between the radioactive patterns of control and 
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Fig. 1. Synthesis of !__cydig-cd! pi"(' Ieins in the absence or presence of !uteinf::ing hormone, and their separation by sodium 
dodccyl sulphate/polyacrylamide-gel electrophoresis 

Leydig cells were incctbated for 60min with or without added luteinizing hormone (IOOngfml) followed by incubation 
\\-ith [0 H]leucine (lOO,uCi/m\) and [ 1 ~C]Icucinc (!0;1Ci/ml) respectively. Electrophoresis was performed on a stacking 
gel (3~~)from slicenumbcrs l-12,and 10~ gel from slice numbers 13-90. To detect changes in the synthesis of a specific 
protein the ratio of "H :tnd '"C radioactivities (d.p.m.) in each slice was calculated. The mean (±S.D.) value of the 
mtio for slices numbered 13-IQ was 9.51 ±0.41. This mtio did not e.~ceed the mean± twice thes.o. in any of the slices. 
!n slices numbcn:J 83--90 th~ :.~mount of 14C !abel increased re!ative to the 3H label. This increase was independent 
<'I" th~, rre~~cnce or luteinizing he>rmone. Abbreviation: LH, luteinizing hormone. 
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luteinizing-hormone-stimulated cells was observed. 
In other experiments, Leydig cells were purified by 
centrifugation of the cell suspension through Ficoll 
and dextran solutions. These cells were incubated with 
or without luteinizing hormone (lOOng/ml) for 
0, 1, 2 and 3 h, followed by incubation with (35$]
methionine for 30 min. After incubation, the proteins 
were extracted and separated by electrophoresis on 
sodium dodecyl sulphate/ polyacrylamide slab gels. 
Radioactivity "vas detected by radioautography. 

No new 35 S-labelled protein band was observed 
after incubation with luteinizing hormone for up to 
1 h [Plate l(a, c, c and g)]. Similar results were also 
obtained after subcellular fractionation before 
electrophoresis, to improve the sensitivity of detec
tion. Only after incubation of Leydig cells with 
luteinizing hormone for 2h or more was an increase 
observed in [35S]mcthionine incorporation into a 
protein band with an apparent mol.wt. of approx. 
21 COO [Plate I (i, f, k, I, m, n, o and p), band A]. For 
convenience this protein is referred to as 'protein 21 '. 

£.!feet of cyclohi!ximide on [' 5 S]methionille-labdled 
proteins 

Cells \VCre incubuted with cycloheximide (25 ,ug/ml), 
which inhibits 95% of protein synthesis, for different 
time-periods tip to 30min, to investigate the possi
bility that a protein with long half-life is converted 
into a protein with short half-life after incubation 
with luteinizing hormone. No diiTcrence between 
hneinizing-hormone-stimulated and control cells 
was observed. However, it was found that an intensely 
labelled band disappeared very quickly after addition 
of cycloheximide [Plate 2(a, b, c, d, e,f and g)]. The 
rate of decrease followed first-order kinetics and a 
half-life of 11 min was calcL:lated. Incubation of 
Leydig cells in the presence of luteinizing hormone 
did not chang'~ this half-life. The decr.;asc in the 
a111ount of the protein in the cell did not correspond 
with the appearance of this protein in the incubation 
medium. The apparent mol.\vt. of the protein was 

determined to be approx. 33000. For convenience it 
is referred to os 'protein 33'. Incubation of Leydig 
cells in the presence of luteinizing hormone did not 
result in a detectable change in molecular weight of 
protein 33. 

When Leydig cells were incubated with cyclo
heximide (25/tg/ml) for 30min after the appearance 
of protein 21 in the presence of luteinizing hormone, 
no decrease in amount of radioactivity of this protein 
band was observed [Plate 2(k, !, o and p)]. 

Cellular localization o.f"proteins 33 and 21 

Seminiferous tubules, obtained by wet dissection 
of rat testis (Rommerts eta!., 1973), were incubated 
with [35S]methionlne, and the proto.:ins were separated 
by sodium dodecyl sulphate I polyacrylamide- gel 
electrophoresis. No protein with a mol.wt. of33000 
and a short half-life was observed (Plate 3). When 
seminiferous tubules were incubated for 3 h with 
luteinizing hormone (IOOng/ml) or testosterone 
(800ng/ml), followed by incubation for 30min with 
[J 5S]methionine, it was not possible to detect the 
appearance of protein 21. Similar results were ob
tained with rat blood cells. In a cell preparation con
taining 6% Ley·dig cells instead of 60% (as used in 
above study), the presence of protein 33, or the 
appearance of protein 21 af"ter incubation for 3 h with 
luteinizing hormone, were hardly detectable. 

Subcellular /,Jca/i::mion ofprotein 33 

The subcellular localization of protein 33 was 
determined by homogenization of the cells and sub
cellular fractionation of the homogenate. Extensive 
washing of tbc fractions was omitted, bcca.use it was 
decided to work quickly to minimize degradation of 
the labile protein by proteinases. The dilferent sub
cellular fractions were characterized by using the 
following markers: DNA, monoamine oxidase, 
carboxyl esterase and lactate dehydrogenase (Table 1 ). 
Protein 33 was mainly present in the 10min/500g 

Tabk 1. Distrihutio/1 of D.-VA, nwnoaminc oxidas(', carlw.ry! es/CI"il.l<' wtd /atl/11(' dehri/n,gnw.'.c in 
.\i/bcd!ufarfi"actious of a rat testis Ln·d(<.;-cc/1 fwmngmarc 

The com::<:ntm.tions of the markus :u·c been cxpre~scd as rcl<itin: ~pccilic.: ~lcli,:ily (l"•lticl or 
percentage n.-covcred activity \l) the percentage or recovcrcJ protci;l). 

DNA 
1\·Jo;wamine nxi,!asc 
Carboxyl cstCI":lSC 
Lactate dchydt·ogenasc 
Protein 
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10min, 100;; 

3.07 
2.03 
0.2-+ 
0.4{\ 
17'>~ 

Relative specific.: activity 

Sediment 

JOmin, 500g- 1 0111 in, I 5UII ~< 
5.30 O.W 
2.63 2."/U 
0.72 1.16 
0.4(> 0.3:1 
4% 21'" 

SurKI"Jlatant 
tOmin.I5UUOg 

(1.2.'i 

1.17 
t.-11 
s;;·; .. 

11)77 
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Mol_w\. 

43 000+ 

25 /00"* 

EXPLANATION OF PLATE 2 

Influence of cycloheximide on proteins lahd!nlwilh [30'S]mnhionine 
Leydig cells were first incubated with luteinizing hormone { 100 ng,/ml) for 30min, followed by incubation with [.1 55]
methionine for 30min. After this incubation period, cyclOheximide (25!tg/ml) was added for 0 {a). 5 (h), 10 (c), 15 {d), 
25 (e), 35 (f) and 45 min (g). Proteins were ~eparated on a sodium dodecyl sulphate,'polyacrylam·lde ( 10"·.,, w/v) gel. 
After scanning of the radioautogram, the ratio of the activities in bands A and B was cakulated. In a semi-logarithmic 
plot of this ratio against time, a straight line was obtained with a correlation coefficient ir l of0.99. and a relative half
life of 11.7min was calculated for band A. In a control experiment cells were incuhatcd in the ahsence of luteinizing 
hormone, and a relative half-life of 10.9 min for h<1ml A was cakulatcd. 
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Mol Wl Mol.wt. 

43 000~ 
~3 ooo-+ 

33 000-----T 

25 700---+ 
33 000---+ 

25 700-~ 

(o) 

EXPLANATION OF PLATE 3 

Cdfular foca!i:.aliun oj prorein 33 
Rat blood cells (a J or seminil"erous tubules (b, c, d), obtained by.wet dissection of rat testis, were incubated with e5S)
methionine for 30min, followed by incubation with cycloheximide for Omin (a, b), 15min(c) and 30min (d), and the 
proteins were separated on a 10"-;, (w/v} gel (a) or a 10-15" ~discontinuous (w/v) polyacrylamide gel (b, c, d). 
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pellet and 10min/15000g pellet, which indicates that 
the protein is localized in the particulate fraction of 
the cell (Plate 4). However, a more specific localiza
tion was difficult, because in different experiments 
variable amounts of protein 33 were found in different 
fractions, probably because of a variation in the 
extent of homogenization of the cells in different 
experiments. 

Discussion 

The aim of the present study \vas to investigate the 
possible induction and involvement of newly 
synthesized protein(s) in the action of luteinizing 
hormone on testosterone production by testis Leydig 
cells. Two proteins were detected \Vhich may be 
involved in this action: one is a cycloheximide
sensitive protein (protein 33) with a half-life of 11 min 
and the other a protein which appeared in Leydig 
cells 2h after addition of luteinizing hormone 
(protein 21). Protein 33 was relatiVely highly labelled 
with [35S]methionine and could be detected easily 
among other labelled protein bands. This may be 
explained partly because of its short half-life (11 min); 
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about 90% of the protein pool was labelled during a 
30min incubation period with [35S]methionine. By 
contrast, protein 21 contained a much smaller 
amount of [35 S]methionine and could be detected 
only after impregnation of the polyacrylamide gels 
with 2,5-diphenyloxazole to increase the detection 
efficiency of the 35S label and exposure of the gel to 
the X-ray film for 1-2 weeks. By that time part of the 
film became almost completely black (Fig. 2). When 
such small amounts of labelled proteins would appear 
in the upper part of the gel, they will be easily over
looked. 

The detection of the two proteins in the present 
study raises the question of the :.ole of protein 
synthesis in the mechanism of action of luteinizing 
hormone on steroidogenesis in the Leydig cell. In 
Scheme I a number of possible models are given. In 
model l , which was originally proposed by Garren 
eta!. (1965) for the adrenal gland, the regulation of 
steroidogenesis by trophic hormones is mediated by 
ihe synthesis of a regulatory protein with a short 
half-life. V/e did not observe the induction by lutein
izing hormone of a protein with short half-life in rat 
testis Leydig cells, and therefore the present results 

i 
Active 

specific 
protein 

----------.). Steroidogenesis 
H 

Tropl1ic hormone 

\-1ock:llll 

Amir'Q 
acids 

C)~Ciohc\ir:nide 
:.(~) 

l'rC"lcin fYnt!>eoi; 
t 

Sp•:cilic 
pt·otcin --> 

(+J 
Steroidogenesis l (+) 

Trophic hormone 

Scheme 1. Jl.rt'•!lhetic.11 mm/cllfor the role of pi'.JI<·in .\.l'lllhesis iJf !he regulation r~(.lf<'roidogenesis b) trophic hormone 
-,Inhibition;+, ~ti11lllbtiL'll. 
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do not support this model for the testis. In adrenal 
cells, Schulster eta!. (1974) and Lowry & McMartin 
(1974) also rejected model 1 on basis of the rapid 
corticosterone response, wl1ich was observed less 
than 24s after addition of corticotropin or cyclic 
AMP. This appeared too fast for new protein syn
thesis. Although in testis Leydig cells the time between 
luteinizing hormone addition and testosterone 
response in vitro has been reported to be rather 
longer, in the order of 20min (Moyle & 
Ramachandran, 1973; Dufau & Catt, 1975; Janszen 
et a!., 1976), results of recent experiments in our 
laboratory indicate that stimulation of testosterone 
production may well occur within 5 min after addition 
of luteinizing hormone (Cooke et at., 1977). In 
the present study an increase of the synthesis of a 
specific protein (protein 21) was only observed 2h 
after addition of luteinizing hormone to Leydig cells, 
which is a long time after the initial stimulation 
(within 5min) of testosterone production by luteiniz
ing hormone. For this reason it appears unlikcly that 
protein 21 plays a role in the short-term stimulation 
of testosterone production by trophic hormones. 
However, this does not exclude a possible role of 
protein 21 in long-term effects of trophic hormones 
on Leydig cells. Such long-term effects have been · 
described by Purvis et al. (1973) for rat testis. 

On the basis oft he present results it also cannot be 
excluded that the synthesis of protein 21 is only 
indirectly influenced by luteinizing hormone, i.e. via 
testosterone production. The mechanism of induction 
of protein 21 and its possible role in Leydig-ccll 
function therefore requires further investigation. 

The protein v,'ith short half-life (proteiJ~ 33) 
detected in the present study could aiso play a role in 
the production of testosterone and its regulation by 
luteinizing hormone. It has properties of the regulator 
protein, which might be expected from previous 
studies, especially those involving protein-synthesis 
inhibitors, i.e. a short half-life (11 min) was estimated 
for protein 33, which is comparable with the half-life 
(13 min) calculated from inhibition studies with 
cycloheximide on superfused Leydig-cell prepara
tions (Cooke et al., 1975). Further, in the testis, 
protein 33 is specificcdly located in the Leycli<; cells. 
These results are in better agre.2ment with the . 
characteristics of the regulatory protein depicted in 
model II of Scheme 1. This model is based on the 
proposition by Schulster eta!. (1974) and Lowr:i & 
Martin (1974) that an inactive precLorsor prch:in v,ith 
a short half-life is activated ~n the presence of trophic 
hormone. The latter does not have any direct eil:Cct on 
the synthesis de nora of tbe precur~;or protdn, but 
cyclobeximiclc wo~!ld inhibit its :;yntilc~·ls. Eo,vever, 
until now it has not been po';sible to detect 2-:1 cr;·e~l 
of luteinizing hormone on any of the propcrii-:s of 
protein 33 studied, i.e. molecular weight, half-Iii'.; and 
subcellular localization of the protein. So, at present, 
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even a third possibility (model III in Scheme 1) 
cannot be excluded, i.e. that a protein with -a short 
half-life is involved without being affected itself by 
the trophic hormone. 

We are grateful to the :-.;-ational lnstitutes of Health, 
Endocrinology Study Section, Bethesda, MD, U.S.A., for 
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!).' supported in part by the Dutch Foundation for Medical 
Research (FUNGO). The technical assistance of Miss 
M. J. A. van Driel is gratefully acknowledged. 

References 
Bonner, W. M. & Laskey, R. A. (1974) Ear. J. Bioclmn. 

46, 83-88. 
Cooke, B. A. & Vander Kemp, J. W. C. M. ( 1976) Eiochem. 

J. 154,371-378 
Cooke, B. A., hnszen, F. H. A., Clotscher, VV. F. & 

van der Molen, H. J. (1975) Eiochem. J. 150,413-418 
Cooke, B. A., Lindh, :vr. & Janszen, F. H. A. (1976) 

Biochem. J. 160, 439-446 
Cooke, B. A., Lindh, :\I. & Janszen. F. H. A, (1977) 

FEES Lett. in the press 
Dul'au, !Vl. & Catt, K. (1975) ;\IetiwdJ En::ymol. 3), 252-

171 
Ferguson. J. ]. (!963) f. Bioi. Chem. 238, 2754-2759 
Garren, L D., Mcy, R. L. & Davies, W. W. (1965) Proc. 

Narl. Acad. Sci. 53, 1443-1450 
Hall, P. F. & Eik-Nes, K. B. (1962) Biocr'1im. Biophys. Acta 

63,4ll-422 
Hermicr, C., Combarnous. Y. & Jutisz, M. (1971) 

Biochim. Biophys. Acta 244, 625-633 
Jans:::en, F. H. A .. Cooke, B. A .. van Oriel, ;\L J. A. & 

van dcr ]\,.Jolcn. H. J. (1976) f. Enriocrlrw!. 70, 345-359 
Laemli, U. K. (1970) Nature (London) 227, 680--685 
Lowry, P. J. & Mci\lartin, C. (J974)Biochem.J. 1~2, 287-

294 
Mendelson, C., Dul2.u, ~ .. L & Catt, K. (1975) Biochim. 

Biophys: Acta 411, 222--230 
iV1oylc, W. R. & Ramachandran, .T. (1973) Endocrinolof!y 

93, 127-134 
!v1oyle, W. R., Moudg:>i. i\J. R. & Grcep, R. 0. (1971) 

J. Bioi. Chem. 246, 4973-4982 
Purvis, J. L.. Canick,J. A., Roscr,baum, J. l-i:., Hologgita~, 

J. & Latif, S. A. (!973) Arch. Biochem. Biophys. 159, 
32-38 

Rommcrt~, F. F. G., van DoCl;·n, L. G .. Galja;u·d, H., 
Cooke, B. A. & winder l'v!olcn, H. J. (1973) J. Jfisto
chem. Cytochcm. 21,572-579 

Rommerts, F. F. G.,Cookc. B./,. & 1·ap c:c,· i1!c•lcn, H. J. 
( 1974 )1. Steroid Bioc/;.:m. 5, 279 -2b:3 

Rubin, R. P., Jaanus, S.D., c,~:·;::hmun, R. ,.\. ,'\:. Puig, l\·1. 
(1973) Endocrinology 93, 57:i-580 

Schulster, D., Tait,S. A. S.,Tait,J. F. & i\'irotd;, J. (1970) 
Endocrinology 86,487-502 

Schulster, D., Rich::.rdson, \1. C. :.:.:, P31fre:.;m:<n, J. W. 
(1974) Mol. Cd!. EndocriHul. 2, 17·-29 

Sl:in, S.-J.. (1967) E11doctf11Uiog}' 81, 44·J--441\ 
Tsal"riri, 1\., Liebenm\11.1.1. E., Harnc;1, A .. l\·<~;J:llingcr, S. 

& Limlncr, H. S. ( 1973) FnJo:·ri11oio.'.:r 93, i .'liN--[ Jg;, 
Umbreit, \\". W., Bc11Tis, it. 1--1. & ~;t,:u:kr, J. F. (i%4) in 

l1fmmmctric Tccll!liiJit<'l. and Tissue A·iclufwii::;l!, ·lth 
cdn., p. 132, Burg;css Pul 'lishing, (\)., l'vl in .v.:.;\pu',i~ 

Younglai, E. V. (1975) Endi!cril!o!ogy 'J6, 46:l 4H 

1977 



Biochemical Journal 1977 (accepted for publication) 

REGULATION OF THE SYNTHESIS OF LUTROPIN-INDUCED 

PROTEIN IN RAT TESTIS LEYDIG CELLS 

Felix H.A. Janszen, Brian A. Cooke, Maria J.A. van 

Driel and Henk J. van der Molen 

Department of Biochemistry (Division of Chemical 

Endocrinology), Medical Faculty, Erasmus University 

Rotterdam, Rotterdam, 'I'he Netherlands 

SYNOPSIS 

The mechanism of action of lutropin on the stimulation 

of the synthesis of a specific lutropin-induced protein in 

rat testis Leydig cells was ·investigated. Lutropin-induced 

protein has a mol. wt. of approx. 21000 and is detected by 

labelling the Leydig cell proteins with 35 s-methionine, 

followed by separation by polyacrylamide gel electrophoresis 

and radioautography of the dried gel. The incorporation of 
35s into lutropin-.induced protein was used as an estimate 

for the synthesis of the protein. Incubation of Leydig cells 

with dibutyryl cyclic AMP or cholera toxin also resulted in 

the st.imulation · of synthesis of the protein. Synthesis of 

lutropin-induced protein, when maximally stimulated with 

100 ng of lutropin/rnl; could not be stimulated further by 

addition of dibutyryl .cyclic AMP.· Addition of 3-isobutyl-1-

rnethylxanthine, a phosphodiesterase inhibitor, further in

creased synthesis of the protein in the presence of a sub

maximal dose of lutropin (10 ng/ml) but not in the absence 

of lutropin or with maximal amounts of lutropin {100 and 

lObO ng/ml). Actinomycin D prevented the effect of lutropin 

on the stimulation of lutropin-induced protein synthesis 



when added immediately or 1 h after the start of the incu

bation, but not when added after 5-6 h. This is interpreted 

as reflecting that after induction of mRNA coding for 

lutropin-induced protein, lutropin had no influence on 

the synthesis of the protein in the presence of actinomycin D. 

Synthesis of the protein was also stimulated in vivo by in

jection of choriogonadotropin into rats 1 day after hypophy

sectomy and the time course of this stimulation of lutropin

induced protein synthesis in vivo was similar to that ob

tained by incubating Leydig cells in vitro with lutropin. 

From these results it is concluded that stimulation of lu

tropin-induced protein synthesis by lutropin is most pro

bably mediated by cyclic AMP and involves synthesis of mRNA. 

INTRODUCTION 

It has been shown that protein synthesis is involved in 

stimulation by lutropin of testosterone production in rat 

testis Leydig cells (Hall & Eik-Nes, 1962; Cooke et al., 

1975b; Mendelson et al., 1975). After maximal stimulation 

of testosterone synthesis in rat testis Leydig cells by 

lutropin, addition of cycloheximide decreases testosterone 

production to control values. This decrease follows first 

order kinetics with a half-time of 13 min, indicating that 

continuous synthesis of a protein(s) with short half-life 

is necessary (Cooke et al., 1975b). Inhibitors of RNA synthe

sis also cause at least a partial inhibition of lutropin sti

mulated production of testosterone (Cooke et al., 1975a; 

Mendelson et al., 1975). These results may indicate that the 

synthesis of mRNA coding for this protein(s) may also be in

volved in lutropin regulation of testosterone production. 

From previous studies in our laboratory it is known, that 

addition of lutropin to Leydig cells stimulates the synthe

sis of a specific protein {lutropin-induced protein) with a 

mol. wt. of approx. 21000 (Janszen et al., 1976b, 1977). 

Lutropin-induced protein synthesis was not influenced by 

addition of testosterone or follitropin to the Leydig cells 
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(Janszen et al., 1976b). Addition of actinomycin D to 

Leydig cells prevented the stimulation of the synthesis of 

this protein (Janszen et al., 1976b). The half-life of this 

protein, however, was found to be longer than 30 min 

(Janszen et al., 1977) and increased synthesis of lutropin

induced protein could be observed only 2 h after addition 

of lutropin to Leydig cells, which is a long time after 

stimulation of testosterone production by lutropin can be 

detected (5-30 min; Cooke et al., 1977). 

To obtain more information about the mechanism involved 

in the control of the synthesis of lutropin-induced protein, 

we have now studied the effects of dibutyryl cyclic AMP, 

3-isobutyl-1-methylxanthine and actinomycin D on synthesis 

of the protein, because it is known that these compounds can 

influence testosterone production in Leydig cells (Catt 

et al., 1972; Cooke et al., 1975a). In addition the produc

tion of lutropin-induced protein in Leydig cells after sti

mulation with choriogonadotropin in vivo has been investi

gated. The results obtained are discussed in relation to 

the possible role of lutropin-induced protein in the regu

lation of steroidogenesis. 

MATERIALS AND METHODS 

Cholera toxin was a gift from R.S. Northrup National 

Institute of Allergy and Infectious Diseases, Bethesda, MD, 

U.S.A., and was prepared by the procedure of Finkelstein & 

Lospalluto (1970) under contract for the National Institute 

of Allergy and Infectious Diseases (NIAID) by Dr. R.A. 

Finkelstein, The University of Texas Southwestern Medical 

School, Dallas, TX, U.S.A. 

Sheep lutropin (NIH-LH-S18) was a gift from the 

Endocrinology Study Section, National Institute of Health, 

Bethesda, MD, U.S.A. 
35

s-Methionine (280 Ci/n~ol) was purchased from The 

Radiochemical Centre, Amersham, U.K. and 3-isobutyl-1-

methylxanthine was obtained from Aldrich Chemical Co., 
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Milwaukee, WI, U.S.A. Human choriogonadotroPin was obtained 

from Organon, Oss, The Netherlands. Leydig cell suspensions 

from adult rat testes were prepared and purified by centri

fugation through Ficoll and Dextran solutions as described 

previously (Janszen et al., 1976a), except that testes were 

incubated in the collagenase solution (1 mg/ml) for 30 min 

instead of 18 min. 

Leydig cells were incubated and proteins were labelled 

with 35 s-methionine, extracted, separated by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis and detected by 

radioautography as described previously (Janszen et al., 

1976b), except that proteins were labelled with 35 s-methionine 

for 60 min instead of 30 min. Quantification of radioactivity 

in the lutropin-induced protein band was performed as des

cribed previously (Janszen et al., 1977). The ratio of the 

density of the lutropin-induced protein band divided by the 

density of a band with a mol. wt. of approx. 23000 (which 

was shown to be unaffected by the different conditions used) 

was calculated. This ratio was used for a quantitative eva

luation of the lutropin-induced protein. For comparison be

tween different experiments the amount of radioactivity in 

lutropin-induced protein, measured as described above, was 

expressed as a percentage of the amount of radioactivity in 

lutropin-induced protein when maximally stimulated with 

100 ng of lutropin/ml. 

To investigate if steroidogenesis was stimulated by the 

different reagents used, Leydig cells were incubated in 

parallel experiments for 2 h in the presence of these various 

reagents. After the incubation period testosterone was ex

tracted and determined as described by Verjans et al. (1973). 

For statistical analysis the Student t-test for correlated 

data was used. Differences were considered significant when 

P < 0. 025 (one-tailed). 
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RESULTS 

Role of cyclic AMP in stimulation of LH-IP synthesis by 

lutropin 

This was investigated by studying the effect of dibutyryl 

cyclic AMP, 3-isobutyl-l-methylxanthine and cholera toxin. 

The effect of dibutyryl cyclic AMP on synthesis of lutro

pin-induced protein and testosterone was investigated in the 

presence and absence of maximum amounts of lutropin. The 

results in Table 1 show that the effect of 100 ng of lutro

pin/rnl or of 1 mM dibutyryl cyclic AMP on stimulation of 

testosterone production and lutropin-induced protein syn

thesis are not significantly different from each other and 

no further stimulation of synthesis of the protein was ob

served when these two substances were added together. 

Effect of lutropin 1100 ng/ml) and dibutyryl cyclic AMP (l mM) on synthesis of testosterone and 

lutropin-induced protein in testis Leydig cells. Results are e><pressed as percentage of synthesis 

obtained in the presence of lutropin. 

Testosterone production 

(ng/2 h per 10 6 cells) 

(mean .:_ s.e.m.) 

Lutropin-induced protein 

synthesis 

(mean.:_ s.d.) 

None 

S.:_1 (12) 

22.:_24 (4)0 

Lutro~nn 

l!4.:_ " Ill) 

<OC (4) 0 

number of e>eperiments are given in parentheses 

+not s1gnif1cant IP > 0.025) 

n.d.· not determined 

Additions 

Dibutyryl Lutropin plus 

cyclic ~' dibutyryl cyclic ~' 
126.:_28 '" n.d. 

100.:_23 (4)+ 100.:_23 (4) + 
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To estimate the effect of the phosphodiesterase inhibitor 

3-isobutyl-l-methylxanthine on lutropin-induced protein syn

thesis, the Leydig cells were first incubated for 3 h in the 

presence of different doses of lutropin without or with 3-

isobutyl-l-methylxanthine; then 35 s-methionine was added and 

the incubation was continued for another 1 h. As shown in 

·Table 2, lutropin-induced protein synthesis is significantly 

increased in the presence of 3-isobutyl-1-methylxanthine 

with a submaximal dose of lutropin, but not in the absence 

of lutropin or with a maximal dose (100 and 1000 ng/ml). In 

these expe~iments testosterone production in the presence of 

1 ng of lutropin/ml increased from 6 ~ 2 ng/2 h per 10 6 cells 

in the absence of 3-isobutyl-l-methylxanthine to 26 + 16 ng/ 

2 h per 10 6 cells in its present (mean + s.d., n=4, 

p < 0.025) 

TABLE 2 

Effect of 0.25 mM 3-isobutyl-1-methylxanthine on lutropin-induced protein 

synthesis in Leydig cells in the presence of different doses of lutropin. 

Results are expressed as percentage of lutropin-induced protein synthesis, 

in the presence of 100 ng of lutropin, and are means ~ s.d. of the 

numbers of experiments in parentheses. 

lutropin-induced protein synthesis 

lutropin ng/ml - inhibitor + inhibitor Effect of inhibitor 

0 14+22 15~10 ( 4) N.S. 

14+22 34+26 ( 4) N.S. 

10 35+23 80~16 (3) p < 0.005 

!00 !00 89~12 ( 3) N.S. 

1000 95+ 9 89~23 ( 3) N.S. 

number of experiments in brackets 

N.S.: not significant {P > 0.025} 
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The Leydig cells were incubated in the presence of cholera 

toxin, which has previously been shown to stimulate produc

tion of both cyclic AMP and testosterone in Leydig cells in 

a parallel fashion (Cooke et al., 1977). Leydig cells were 

incubated for 3 h without or with lutropin or with 40 ~g of 

cholera toxin/ml, followed by incubation with 35s-methionine 

for 1 h. For measurement of testosterone production, Leydig 

cells were incubated for 2 h. Table 3 shows that in the pre-

Effect of cP.olera toxin on testosterone production and lutropin-induced protein synthesis in Leydig 

cells. Lu~rcpln-i:lduced prot:ein syC~thesis is expressed as a percentage of that in ~he presence cf 
l.uao;nn i 108 ng/rr.1). 

testostero:oe production x 

(ng/2 h per 10 6 cells) 

lutropin-induceC prote1n ° 
synthesis 

control 

"mean_;: s.d. of 4 different experiments 

+ lutropir. 

141_:)5 

0 mear, :!:_ s.d. of 6 d1fferent observations in 4 different experiments 

00p < 0.005 compared with control 

+ cholera toxin 

80:!:_18 

sence of cholera toxin both testosterone production and 

lutropin-induced protein synthesis were increased, although 

a lower stimulation was found compared with the effect of 

lutropin. It has been previously demonstrated that stimula

tion of production of cyclic AMP and testosterone is delayed 

in the presence of cholera toxin compared with the stimula

tion obtained in the presence of lutropin (Cooke et al., 

1977). To investigate if there was also a delay in the sti

mulation of lutropin-induced protein synthesis by cholera 

toxin, the time course of this stimulation was investigated. 

VHth cholera toxin as well as with lutropin, the first sti

mulation of synthesis of the protein was observed 2 h after 
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the start of the incubation, and synthesis was maximal 

after about 4 h (Fig. l). 

LH-IP synthesis 

100% 

50% 

Figure 

a + LH 

• • 
• • + choleratoxin 
/ 

/ 
/ 

/ 
/ 

• / 
• I 

)/ • control 

/ 
2 3 4 5 incubation time 

(hours) 

Time course of lutropin-induced protein synthesis 

in presence of lutropin or choleratoxin 

Leydig cells were incubated for different time periods in 

the absence (4) or presence of lutropin (8) or choleratoxin 

(e). 35 5-Methionine was then added and the incubation was 

continued for I h. Total cell protein was extracted and 

separated by electrophoresis and the amount of radioactivity 

in the LH-IP band was measured as described in the Materials 

and Methods section. Lutropin-induced protein synthesis is 

expressed as percentage of that 5 h after addition of lutro

pin 
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Role of mRNA synthesis in the stimulation of LH-IP synthesis 

by lutropin 

The effect of actinomycin D on the stimulation by lutro

pin of lutropin-induced protein synthesis was investigated 

at different times after the start of the incubation. Stimu

lation of the synthesis of this protein was prevented com

pletely when actinomycin D was added immediately or 1 h after 

the start of the incubation. Inhibition became progressively 

less when actinomycin D was added at later times until no 

inhibition was detectable when actinomycin D was added 4-5 h 

after the start of the incubation with lutropin (Fig. 2). 

The stability of mRNA was investigated in Leydig cells which 

were incubated with dibutyryl cyclic AMP for 3 h to stimu

late lutropin-induced protein synthesis. 

The synthesis of lutropin-induced protein in the control 

cells was 5+ 6% of that in the dibutyryl cyclic AMP stimula

ted Leydig cells (=100%) (mean + s.d. of 5 experiments). The 

dibutyryl cyclic AMP was then removed from the cells by 

washing with the incubation buffer followed by centrifugation 

(twice) and the incubation was then continued for 3 h in the 

presence of actinomycin D without or with lutropin. After 

this period 35 s-methionine was added and the incubation was 

continued for another hour. In this case the production of 

lutropin-induced protein in the Leydig cells that were incu

bated during the last 4 hours without or with lutropin was 

91 + 25% and 106 + 38% respectively of the synthesis of lu

tropin-induced protein in Leydig cells only incubated for 

4 h with dibutyryl cyclic AMP (mean~ s.d. of 5 experiments). 

In separate experiments it was demonstrated that with this 

washing procedure testosterone production in Leydig cells 

preincubated for 3 h in the presence of dibutyryl cyclic AMP 

fell to basal values after removal of dibutyryl cyclic AMP 

(7 ~ 6 and 6 ~ 3 ng of testosterone/2 h per 10 6 cells res

pectively for washed cells and control cells, mean+ s.d., 

n=3) . 

9 



LH-lP synthesis 

100% 

50% 

0 

Figure 2 

• 
0 

0 

• 

2 3 4 5 6 
time of addition of actinomycin Dafter start of incubation (hours) 

Effect of actinomycin D on lutropin-induced pro

tein synthesis 

Actinomycin D was added at different times after the start 

of incubation in the presence of lutropin. Leydig cells were 

incubated with lutropin (100 ng/ml) for different time 

periods, then actinomycin D (46 ~M) was added and the incu

bations were continued. The total incubation time was 8 h. 
35 . . . . 

S-MethlOnlne was then added and the lncubatlon was con-

tinued for another I h. Lutropin-induced protein synthesis 

is expressed as percentage of that in Leydig cells incubated 

for 9 h with lutropin without actinomycin D 

~1._ltroP._.i_:~:~r:-:?~~?~pr_o.!_ei_!_1 __ syn_the~is in. __ ~e:X.?_.i_::I._ cel~~t~~ula

ted in vivo with choriogonadotropin 

To investigate if lutropin-induced protein synthesis 

could be stimulated also in vivo, choriogonadotropin 

(100 I.U.) was injected into the tail vein of rats 1 day 

after hypophysectomy. From previous work it was known that 

this amount of choriogonadotropin would stimulate testoste

rone secretion in vivo (DeJong et al., 1973). Control rats 
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were injected with 0.9% NaCl 3 h before decapitation. After 

decapitation Leydig cells were prepared and incubated in 

vitro for 3 h without or with lutropin in the absence or 

presence of actinomycin D. 35s-Methionine was then added 

and the incubation was continued for another 1 h. 

Testosterone production in the absence or presence of 

lutropin was measured in parallel incubations (Table 4) . 

TABLE 4 

Effect of choriogonadotropin on testosterone production in Leydig 

cells from l day hypophysectomized rats. Isolated cells were 

incubated for 2 h with or without 100 ng of lutropin/ml. 

"Control rats" were injected 3 h before decapitation with 0.9% 

NaCl solution and "HCG rats" with 100 I.U. of choriogonadotropin. 

testosterone production (ng/2 h per 106 cells 

- lutropin + lutropin 

control rats 6+3 263+65 

HCG rats 57+17 53+7 

Results are mean + s.d. of three experiments. 

In control rats lutropin-induced protein synthesis increased 

in the presence of lutropin, and this increase was prevented 

by addition of actinomycin D to the cells (Table 5 and 

Fig. 3). From Leydig cells of choriogonadotropin-injected 

rats a prominent 35s-labelled protein with the same mole

cular weight as lutropin-induced protein was isolated 

(Fig. 3). Incorporation of 35 s into this protein was not 

affected by either lutropin or actinomycin D added during 

incubation of the cells (Table 5). 
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CONTROL RATS HCG INJECTED RATS 

Figure 3 

Rats, 

II.• )/!_" 

""''"-
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MOL. WT. 

-25700~ 
....--21000 

....---11700 ______..., 
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+ + 

+ + 

Effect of injection of human choriogonadotropin on 

lutropin-induced protein synthesis by Leydig cells 

in vitro 

day after hypophysectomy, were injected with 100 I.U. 

of human choriogonadotropin (b) or with 0.9% NaCl (control, 

a) 3 h before decapitation. Leydig cells were prepared and 

incubated for 3 h in the absence or presence of lutropin 

(100 ng/ml) and in the absence or presence of actinomycin D. 

Then 35 s-methionine was added and the incubation was conti-

nued for h. After extraction total cell protein was sepa-

rated on a 10-15% discontinuous sodium dodecyl sulphate 

polyacrylamide gel. Only the radioautogramme of the 15% part 

of the gel is shown 
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TABLE 5 

Effect of choriogonadotropin on lutropin-induced protein synthesis 

in Leydig cells from 1 day hypophysectomized rats. Rats were 

injected 3 h before decapitation with 0.9% NaCl (control) or with 

100 I.U. choriogonadotropin (HCG rats). Synthesis of lutropin

induced protein is expressed as percentage of synthesis in cells 

incubated in vitro with lutropin (100 ng/ml), without actinomycin D. 

Results are given as mean ~ s.d. for three experiments. 

- lutropin + lutropin 

Actinomycin D Actinomycin D 

+ + 

control rats 14+12 7+7 100 10+12 

HCG rats 91+23 98+34 100 106+6 

In other experiments, rats that had been hypophysecto-

mized for 1 day were injected with 100 I.U. of choriogonadotropil 

at various times before decapitation. Leydig cells were 

prepared and then incubated in vitro as described. above. In 

the cells isolated 3 h after injection of choriogonadotropin 

again maximal 35s-incorporation was obtained in a protein 

band of mol. wt. 21000. This was observed in incubations 

with and without added lutropin and was unaffected by the 

presence of actinomycin D. When rats were injected with 

choriogonadotropin 1 and 2 h before decapitation, addition 

of actinomycin D to the isolated cells resulted in a de-

crease of 35s-incorporation into this protein band 

(Table 6). 
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Lutropin-induced protein synthesis in isolated Leydig cells from 

rats injected with human choriogonadotropin at different times 

before decapitation. 

Synthesis of lutropin-induced protein in the presence of lutropin 

was taken as 100% and the synthesis of lutropin-induced protein 

in the presence of actinomycin D was expressed as percentage of 

synthesis in the presence of lutropin. 

rat injected 

with 

0.9% NaCl 

choriogonadotropin 

choriogonadotropin 

choriogonadotropin 

hours before 

decapitation 

3 

synthesis of lutropin

induced protein 

11:!::3!1: 

26~10 

58~2 

91 ~19 

!!:mean~ range of two determinations. 

DISCUSSION 

In the present study it has been demonstrated that dibu

tyryl cyclic AMP, cholera toxin and 3-isobutyl-1-methyl

xanthine can stimulate the synthesis of lutropin-induced 

protein in testis Leydig cells. These results may support 

a possible role of cyclic AMP in the stimulation of synthe

sis of this protein, because it has been demonstrated that 

cyclic AMP production in Leydig cells is stimulated by 

lutropin (see reviews by Rornrnerts et al., 1974; Catt & 

Dufau, 1976; Marsh, 1976) and by cholera toxin (Cooke et al., 

1977). Phosphodiesterase inhibitors, such as 3-isobutyl-1-

methylxanthine or theophylline, have been shown to poten

tiate lutropin action most probably by inhibition of the 

degradation of cyclic AMP by phosphodiesterase (Catt et al., 

1974). Previously it has been shown that addition of acti

nomycin D to Leydig cells at the start of the incubation 

prevents stimulation of lutropin-induced protein synthesis 
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by lutropin (Janszen et al., 1976b). 

From the lack of effect of actinomycin D on the lutropin

stimulated synthesis of lutropin-induced protein, when 

added to the Leydig cells 5 h after the start of the incu

bation (Fig. 2), it may be concluded that actinomycin D 

does not interfere with the synthesis of this protein as 

such. Hence, the inhibitory effect of actinomycin D on 

lutropin stimulation of the synthesis of this protein, when 

added earlier, may be explained by prevention of the accu

mulation of mRNA coding for lutropin-induced protein. This 

accumulation of mRNA may result either from stabilization 

of existing mRNA in the presence of lutropin or from in

creased synthesis of mRNA. The present results demonstrate 

that after stimulation with dibutyryl cyclic AMP the synthe

sis of lutropin-induced protein remains at an elevated level 

for several hours after removal of the dibutyryl cyclic AMP. 

This could indicate that under these conditions no marked 

degradation of mRNA occurs. However, these experiments were 

performed in the presence of actinomycin D in order to pre

vent new mRNA synthesis and secondary effects of this inhi

bitor on the synthesis of lutropin-induced protein cannot 

be excluded. Therefore, more research is needed to deter

mine the stability of the mRNA in the presence and in the 

absence of the hormone. 

When hypophysectomized rats were injected with chorio

gonadotropin 3 h before decapitation no subsequent inhibi

tion of lutropin-induced protein synthesis occurred in the 

presence of actinomycin D. This indicates that in this situa

tion synthesis of this protein was already maximally stimu

lated before addition of the actinomycin D. Testosterone 

production of Leydig cells from choriogonadotropin treated 

rats could not be stimulated further by addition of lutropin 

to the isolated cells in vitro. However, stimulation of 

Leydig cells in vitro with dibutyryl cyclic AMP and subse

quent removal of the dibutyryl cyclic AMP resulted in a low 

basal testosterone production. These results may be explained 

by assuming that choriogonadotropin, injected in vivo, 
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remains bound to its receptor after isolation of the Leydig 

cells. Survival of the lutropin-receptor complex after 

washing Leydig cells by centrifugation has been described by 

Moyle and Ramachandran (1973). 

Hsueh et al. (1976) demonstrated occupancy of receptors 

by endogenous lutropin after preparation of Leydig cells. To 

study the time course of induction of lutropin-induced pro

tein synthesis in vivo, actinomycin D was added to the Leydig 

cells from in vivo stimulated animals to prevent further 

stimulation of lutropin-induced protein. Under these condi

tions only a small stimulation of lutropin-induced protein 

synthesis was found in Leydig cells from rats injected with 

decapitation (the total time choriogonadotropin 

of stimulation was 

1 h 

2.5 

before 

h; 1 h in vivo and 1.5 h during cell 

preparation) . Maximum stimulation of lutropin-induced pro

tein synthesis was observed when the Leydig cells were exposed 

to choriogonadotropin for 4-5 h. It may be concluded therefore 

that the time course of stimulation of lutropin-induced pro

tein synthesis in vivo and in vitro are very similar. 

To summarize, the present evidence indicates that the 

synthesis of both lutropin-induced protein and testosterone 

is regulated by similar mechanisms involving cyclic AMP and 

mRNA under the control of lutropin. However, it is still dif

ficult to conclude that lutropin-induced protein is obliga

tory involved in lutropin stimulation of testosterone bio

synthesis, because a long time (2 h) is needed after lutropin 

addition before increased synthesis of the protein is detec

table compared with 5-20 min for stimulation of testosterone 

production. Thus maximum testosterone synthesis can occur in 

the presence of low lutropin-induced protein synthesis. 

Therefore, if lutropin-induced protein is involved in 

steroid production, it may not be the only lutropin-induced 

factor, theoretically the protein could even be an inhibitor 

of steroidogenesis. It is also possible that stimulation of 

lutropin-induced protein synthesis is unrelated to steroido

genesis and that it is only one of the first trophic effects 

of lutropin on Leydig cells irrespective of steroid produc-
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tion. These questions cannot be answered at the moment and 

must await further studies with purified lutropin-induced 

protein. 
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SYNOPSIS 

The effect of lutropin on the synthesis of specific pro

teins in tumour Leydig cells and in Leydig cells from imma

ture rats has been investigated. The amount of 35 s-incorpo

rated into the various proteins after separation by electro

phoresis on sodium dodecyl sulphate polyacrylamide gel was 

used as an estimate of their synthesis. Incubation of tumour 

Leydig cells with lutropin for 5 hours resulted in increased 

synthesis of proteins with apparent mol. wt.'s of 27000 and 

29000. The shortest incubation time needed for a significant 

increase in the synthesis of these proteins was approxima

tely 3 hours. 

Incubation of Leydig cells from immature rats with lutro

pin (100 ng/ml) resulted in increased synthesis of proteins 

with apparent mol. wt's of 11000, 21000, 27000 and 29000. At 

higher concentrations of lutropin (~ 100 ng/ml) there was a 

decrease in the synthesis of proteins with an apparent mol. 

wt. of 13000. The stimulation of specific protein synthesis 

was observed approximately 2 h after the addition of lutropin 

to the cells. 

The amount of lutropin required for the stimulation of 



protein synthesis in both types of Leydig cells was similar 

to the amount of lutropin needed for stimulation of steroid

ogenesis. Lutropin-stimulated specific protein synthesis was 

not due, however, to increased levels of testosterone, 

because l) addition of testosterone to the cells had no ef

fect on the synthesis of the proteins, and 2) inhibition of 

steroidogenesis with eliptenphosphate (an inhibitor of the 

cholesterol side chain cleavage enzyme complex) did not 

abolish the effect of lutropin. The stimulation of specific 

protein synthesis was also not due to contaminating folli

tropin in the lutropin preparation, because follitropin 

itself had no effect on protein synthesis. Addition of 

actinomycin D to the cells at the start of the incubation 

prevented the effect of lutropin on specific protein syn

thesis, indicating that mRNA synthesis may be needed for 

the effect of lutropin on specific protein synthesis. Incu

bation of the cells with cycloheximide for 30 min after 

labelling of the proteins did not result in a detectable 

decrease in the amounts of the lutropin induced proteins 

indicating that their half lifes are longer than 30 min. 

INTRODUCTION 

Stimulation of steroidogenesis in rat testis Leydig cells 

by lutropin involves synthesis of protein and RNA (Cooke 

et al., l975a~ Mendelson et al., 1975) and it has been pos

tulated that the continuous synthesis of a protein with 

short half life (~ 13 min) is necessary for the stimulation 

of steroidogenesis (Cooke et al., 1975b). 

Recently it has been shown that lutropin stimulates in 

rat testis Leydig cells the synthesis of a protein with an 

apparent mol. wt. of 21000 (referred to as LH-IP). The half 

life of this protein is longer than 30 min {Janszen et al., 

1976b, 1977a). The lutropin stimulation of the synthesis of 

this protein is mediated by cyclic AMP and probably involves 

mRNA synthesis {Janszen et al., 1977b}. In the present study 

the effect of lutropin on the synthesis of lutropin-induced 
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protein (LH-IP) and other proteins has been investigated in 

two other types of Leydig cells; i.e. Leydig cells from 

immature rats and from a Leydig cell tumour, by first 

labelling of the proteins with 35 s-rnethionine followed by 

separation of the proteins on sodium dodecyl sulphate poly

acrylamide gels, and fluorography of the dried gels, impreg

nated with 2,5-diphenyloxazole. 

MATERIALS AND METHODS 

Ovine F5H (NIH-F5H-512) and ovine LH (NIH-LH-519) were 

gifts from the Endocrinology Study Section of the National 

Institute of Health, Bethesda, Maryland, U.S.A. 35s

Methionine (280 Ci/mrnol) was purchased from the Radiochemical 

Centre, Amersham, England. Eliptenphosphate was a gift from 

Ciba, Basal, Switzerland. The Leydig cell tumour was obtained 

from the Mason Research Institute Tumour Bank, Worcester, 

Massachusetts, U.S.A. and originated from R. Huseby, American 

Medical Centre at Denver, Spivak, Colorado, U.S.A. The tumour 

originally arose spontaneously in Fischer male rats. The 

tumour was grown and sustained in castrated 90 days old male 

Fischer rats. A cell suspension of the tumour was prepared by 

incubation of small pieces of the tumour in 7 m1 Krebs 

Ringer bicarbonate buffer pH 7.4 containing 0.2% glucose and 

1 mg/ml collagenase (Worthington) for 50 min at 37°C in a 

40 m1 plastic tube under an atmosphere of o2;co2 (95/5 v/v) 

under continuo.us shaking. After incubation, 25 ml 0.9% NaCl 

was added and the tube was inverted 10 times. The tubes were 

left to stand for 10 min at room temperature to sediment 

cell clumps. The supernatant was syphoned off and filtered 

through a nylon gauze (60 ~m). The cells were then sedirnented 

by centrifugation for 10 ·min at 100 g. The sedimented cells 

·were washed once by centrifugation for 10 min ~t' 100 ;g in 

KrebS Ringer bicarbonate buffer pH 7. 4 containing 0·. 2% 

glucose and 0.1% albumin fraction V. Hist·ochemical detection 
,: , . , ; . I:. ', '. 
o~' 3S-hydroxy steroid dehydrogenase activ-ity (Jansz'e'n :et al., 

1976) showed that almost all isolated cells: ·formed formazan 



precipitates. Leydig cell suspensions from immature rats 

were prepared from testes of Wistar rats substrain R-Amsterdam, 

21-25 days old, as previously described (Janszen et al., 

1976a). The Leydig cell suspensions were purified by centri

fugation through a Ficoll solution (Janszen et al., 1976a). 

The cell suspension was washed once by centrifugation for 

5 min at 100 g through a Krebs Ringer bicarbonate solution 

pH 7.4 containing 0.2% glucose and 0.1% albumin fraction V. 

The cells were incubated in a Krebs Ringer bicarbonate buffer 

pH 7.4 containing 0.2% glucose and 0.1% albumin fraction V 

and an amino acid mixture lacking in methionine under an 

atmosphere of o
2
;co

2 
(95/5 v/v). Proteins were labelled, 

extracted, separated by SDS-PAGE and detected by fluorography 

as previously described (Janszen et al., 1977a). Mol. wt.'s 

of proteins were estimated by electrophoresis on a 10-20% 

continuous gradient SDS polyacrylamide gel with as mol. wt. 

markers phosphorylase a (93000), catalase (60000), ovalbumin 

(43000), chymotrypsinogen (25700) and cytochrome C (11700). 

When testosterone production was measured, the isolated cells 

were incubated as described above for 2 h in the presence or 

absence of added lutropin and testosterone was extracted and 

determined as described by Verjans et al. (1973). For sta

tistical analysis the Student t-test for correlated data was 

used. Differences were considered significant when P < 0.05 

(one-tailed). 

RESULTS 

Tumour Leydig cells 

Incubation of tumour Leydig cells with lutropin (100 ng/ 

ml) for 4 h followed by incubation for 1 h in the presence 

of 35s-methionine to label the proteins resulted in increased 
35

s incorporation in the two proteins with apparent mol. wt.'s 

of 27000 and 29000 (referred to as protein 27000 and protein 

29000 respectively (Fig. 1b)). The increased 
35

s incorporation 

into these proteins as compared to the control (incubated 
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MOL.WT. 

I 
PROTEIN 

25700 - • 
11700 ...... 

a b c d e f g h 

Figure 1 35 . . . . 
S 1ncorporat1on 1nto prote1ns of tumour Leydig 

cells, incubated in the presence of various hormones 

Tumour Leydig cells were incubated for 4 h in the presence of 

the following compounds: a) none, b) lutropin (100 ng/ml), 
6 c) testosterone (100 ng/10 cells), d) oestradiol-17S 

(100 ng/10 6 cells), e) pregnenolone (100 ng/10 6 cells), 

f) follitropin (100 ng/ml), g) none and h) lutropin (100 ng/ 
35 ml), followed by incubation for I h in the presence of S-

methionine. 

Incubation g and h were continued for 30 min in the presence 

of cycloheximide (25 ~g/ml). The proteins were separated by 

electrophoresis on sodium dodecyl sulphate 10-15% disconti

nuous polyacrylamide gel. Only the 15% part of the gel is 

shown 
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Leydig cells without added lutropin) was statistically sig

nificant 2-3 h after the addition of lutropin to the cells 

(Fig. 2a,b) and during a 4 h incubation period maximum sti

mulation was not observed. The lowest dose of lutropin needed 

for a significant stimulation of testosterone production 

Protein synthesis 
(orbitrory units) 

100 

50 

0 

Protein 27000 

2 

N.S. N.S. S. S. 

Protein 29000 

+LH 
100 +LH 

-LH 
-LH 50 

4 0 3 4 

incubation time {hours) 

S. N.S. N.S. S. S. s. 

Figure 2 Time course of lutropin stimulation of the synthe

sis of proteiU 27000 and protein 29000 in tumour 

Leydig cells 

Tumour Leydig cells were incubated with or without added 

lutropin (100 ng/ml) for different time periods followed by 

incubations of 'the cells with 35 s-methionine for I h·. Spe

c'ific p~otein synthesis is expressed as % of specific pro

tein syn1th_esi~ a-fter 4 h stimulation with lutropin (mean.::_ 

s.d._, n=~). N.S .. ~no significant difference betw~e~·stimu
lated and control protein synthesis. S = significa~t diffe-

r~nce .between stimulated and coptrol protein 
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synt"hesis 
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was 100 ng/ml and a maximum testosterone response was ob

tained with approximately 1000 ng/ml (Table 1) (testosterone 

production increased from 1.0 + 0.7 ng/10 6cells/2 h in con

trol cells to 4.6 + 1.1 ng/10 6-cells/2 h in the presence of 
3 -

lutropin 10 ng/ml, mean~ s.d., n=4). The lowest dose of 

lutropin to give a significant response in 35s incorporation 

in proteins 27000 and 29000 was also 100 ng/ml, a maximum 

response was obtained with 1000 ng/ml (Table l). 

Table 1 

Effect of different doses of LH on the synthesis of testosterone and 

the 35 5-incorporation into protein 27000 and protein 29000 in tumour 

Leydig cells. Results are expressed as % of the value obtained in the 

presence of 100 ng/ml LH. Means ~ s.d. is given with the number of 

experiments between brackets. 

Dose of testosterone 

LH (ng/ml) production protein 27000 protein 29000 

effect effect effect 
% of LH % of LH % of LH 

0 26_:!:14 (4) 42~27 (4) 31~21 (3) 

1 27~10 (4) N.S. 36+11 (4) N.S. 21:t_24 (4) N.S. 

10 54,:!:26 I 4 I N.S. 60,:!:18 (3) N .S. 76+50 (3) N.S. 

10 2 100 (4) P<0.005 100 (4) P<0.005 100 P<0.005 

10 3 126.:!:.50 (4) P<0.01 127.:t.24 (4) P<0.01 163+50 (4) P<0.05 

10 4 145:.':41 (3) P<0.01 128:.':21 (4) p.:o.oo5 143.:!:.29 (4) P<0.025 
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To investigate whether the increase in 355 incorporation 

in protein 27000 and 29000 was due to increased levels of 

steroids in the lutropin-stimulated Leydig cells, testos

terone, oestradiol-17~ and pregnenolone (100 ng/10 6 cells) 

were added separately to the cell preparations instead of 

lutropin and incubated for 4 h followed by incubation with 
35

5-methionine for 1 h. No change in 35 8 incorporation into 

proteins 27000 or 29000 was obtained (Fig. le-e) when corn

pared with the controls. In other experiments elipten

phosphate (300 ~g/rnl) was added to lutropin-stirnulated 

tumour cells to prevent steroid synthesis (El 5afoury & 

Bartke, 1974). The lutropin-stimulated 355 labelling of the 

proteins was not inhibited under these conditions. To inves

tigate whether the increase in 355 incorporation was due to 

contamination of the lutropin preparation with follitropin, 

tumour cells were incubated with follitropin (100 ng/ml) 

instead of lutropin; no increase in 35 8 incorporation into 

protein 27000 and 29000 was observed (Fig. 1f). 

Addition of actinomycin D (46 ~M) to the tumour Leydig 

cells at the start of the incubation, prevented the lutropin 

stimulation of 358 incorporation into both proteins. Pre

viously it has been shown that addition of this amount of 

actinomycin D to Leydig cells inhibited 89-93% of RNA synthe

sis (Cooke et al., 1975a). 

In other experiments cycloheximide (25 vg/rnl) was added 

to the cells after labelling of the proteins with 35s

rnethionine and the incubation was continued for 30 min. No 

effect of this procedure was observed on the amount of 35 8 

incorporated into these two proteins (Fig. lg,h) indicating 

that their half lifes are longer than 30 min. 

Leydig cells from immature rats 

Incubation of Leydig cells from immature rats with lutro

pin (100 ng/ml) for 4 h followed by incubation of the cells 

with 35 8-rnethionine for 1 h resulted in an increase in 35 8 

incorporation in proteins with apparent mol. wt. 's of res

pectively 11000, 21000, 27000 and 29000 (referred to as 
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MOL.WT. PROTEIN 

43000-

-- 29000 

25700 - -- 27000 

-- 21000 

11700 ........ 
.... 11000 

-LH +LH 

F . 3 355 . . . . 
~gure ~ncorporat~on ~nto prote~ns of Leydig cells 

from immature rats, incubated in the presence or 

absence of added lutropin 

Leydig cells from immature rats were incubated with or 

without lutropin (100 ng/ml) for 4 h followed by incubation 

with 
35

s-methionine for I hj the proteins were separated on 

10-15% discontinuous sodium dodecyl sulphate polyacrylamide 

gel. Only the 15% part of the gel is shown. 

protein 11000, protein 21000, protein 27000 and protein 

29000) (Fig. 3). The first increases in 35 s incorporation 

into these proteins could be observed 1-2 h after the addi

tion of lutropin to the cells (Fig. 4). At the start of the 

incubation period, the synthesis of protein 27000 was high 

in both control and lutropin treated cells. In the control 

cells the synthesis of this protein decreased while in the 
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Protein 21000 

Protein synthesis 
(orbitrory units) 

50 50 

Protein 27000 

incubotion time (hour.) 

N.S. N.S. S. s. S. N.S. S. 5. 5. 

Protein 29000 

-LH 

4 0 

N.S. N.S. S. 5. 5. 

Figure 4 Time course of lutropin stimulation of the synthe

sis of protein 21000, protein 27000 and protein 

29000 in Leydig cells from immature rats 

Leydig cells from immature rats were incubated in the ab-

sence or presence of lutropin (100 ng/ml) for different time 

. d f 11 db . b . . 35 h. . f h perLo s o owe y Lncu atLon wLth S-met LonLne or . 

Specific protein synthesis is expressed as% of'specific 

protein synthesis stimulated with lutropin for 4 h (mean + 

• s.d., n=3; mean..!_ range, n=2). N.S. = no significant diffe-

rence between stimulated and control specific protein syn

thesis; S = significant difference between stimulated and 

control specific protein synthesis 
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lutropin-treated cells the synthesis of protein 27000 re

mained at an elevated level. The lowest amount of lutropin 

that resulted in a significant increase in 
35

s incorporation 

was 1 ng/ml for protein 21000 and 10 ng/ml for protein 

29000 (Table 2). 

Table 2 

Effect of different doses of LH on the 35s 1·ncorporat1· 0 n into protein 

2 1000, protein 27000 and protein 29000 in Leydig cells of immature 

rats. Results are expressed as % of 35s incorporat1·on in the proteins 

in the presence of 100 ngjml LH. Mean 

of experiments in brackets. 

dose of 

~ s.d. is given with the number 

LH (ng/ml) protein 21000 protein 27000 protein 29000 

effect 
% 

effect 
% 

effect 

of LH of LH of LH 

0 24~19 I 3) 40:!::_28 12) 2 9:!:_4 13) 

38~22 13) N.S. 46_:!::21 12) 49~13 13) P<0.025 

10 88+37 13) P<0.05 75+22 12) 77~29 13) P<0.025 

10 2 100 13) P<0.025 100 I 2) 100 13) P<0.005 

10 3 
99~13 13) P<0,025 92+2 12) 97+8 13) P<O.OOS 

10 4 
103~3 12) 102.:!:_8 I 2) 113~20 12) 

In the case of 2 experiments the means ~ ranges are given. 
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MOL.l'iT. 

93000 ...... 

60000 .... 

43000 .... 

25700 ...... 

11700 ...... 

LH (ng/ml) 0 

PROTEIN 

.... 29000 

.... 27000 

.... 21000 

.... 13000 

.... 11000 

Figure 5 35 s incorporation into proteins of Leydig cells 

from immature rats, incubated in the presence of 

different doses of lutropin 

Leydig cells were incubated in the presence of different 

doses of lutropin for 4 h followed by incubation with 35 s
methionine for 1 h. Proteins were separated on a 10-20% 

continuous sodium dodecyl sulphate polyacrylamide gel 

With 10 ng/ml lutropin an increase in 35 s incorporation 

into protein 11000 was always observed (Fig. 5). Decreased 
355 incorporation into a protein with an apparent mol. wt. 

of 13000 was found with 100-10,000 ng/ml lutropin (Fig 5, 

Table 3). In contrast with this observation there was an 

increase in 35 5 incorporation into protein 13000 with a low 

dose of lutropin (Table 3). No change in specific protein 

synthesis was obtained when the Leydig cells were incubated 

in the presence of follitropin (100 ng/rnl) or with testoste-
6 rone (100 ng/10 cells) instead of lutropin. Prevention of 

steroidogenesis by addition of eliptenphosphate (300 vg/ml) 

12 



Table 3 

Effect of different doses of lutropin on the 35s incorporation 

into protein 13000 in Leydig cells of immature rats. Results 

are expressed as % of 35 s incorporation in protein 13000 in 

the presence of 100 ng/ml lutropin (mean ± s.d.). 

dose of LH % effect of LH 
(ng/m1) 

0 122+10 I 3) 

l 143+10 13) p ' 0.05 t 

10 145+24 I 3) N.S. 

10 2 100 p ' 0.025 ' 
10 3 89+23 I 3) p < 0.05 ' 
10

4 61,85+ 

+individual results of 2 experiments 

to the lutropin-treated Leydig cells did not prevent the 

lutropin stimulation of 35 s incorporation in the 4 proteins. 

Addition of actinomycin D (46 ~M) to the Leydig cells from 

immature rats at the start of the incubation, prevented the 

lutropin stimulation of 35s incorporation into all 4 pro

teins. 
Incubation of the cells in the presence of cycloheximide 

{25 ~g/ml) for 30 min after labelling of the proteins with 

13 



35s-methionine did not result in a decrease in the amount 

of incorporated 35 s into any of the 4 proteins, indicating 

that their half lifes are probably longer than 30 min. 

DISCUSSION 

From the present results it may be concluded that lutropin 

stimulates the synthesis of proteins with apparent mol. wt. 's 

of 27000, and 29000 in tumour Leydig cells and proteins with 

apparent mol. wt. 's of 11000, 21000, 27000 and 29000 in 

Leydig cells from immature rats. The stimulatory effect of 

lutropin on the synthesis of these proteins is specific for 

lutropin and is not due to increased steroid production or 

to contaminating amounts of follitropin in the lutropin pre

paration. In the tumour Leydig cells stimulation of specific 

protein synthesis was obtained with the same amount of lutro

pin needed for the stimulation of steroidogenesis. The amount 

of lutropin needed for stimulation of steroidogenesis in 

Leydig,cells from immature rats is approximately the same 

{van Beurden et al., 1976) as the dose needed for maximal 

stimulation of specific protein synthesis observed in the 

present study. From the results obtained in the experiments 

with cycloheximide it may be concluded that none of the spe

cific proteins have short half lifes in the order of that 

proposed for the postulated regulator protein, which has been 

shown to play a role in the stimulation of adrenal steroid

ogenesis (Garren et al., 1965). 

In a previous study with Leydig cells from mature rats it 

was demonstrated that lutropin stimulates the synthesis of a 

protein with an apparent mol. wt. of 21000 (lutropin-induced 

protein; LH-IP) (Janszen et al., l976b, l977a). Table 4 sum

marizes data obtained about the effect of lutropin on the 

synthesis of specific protein synthesis in Leydig cells from 

immature and mature rats and in rat tumour Leydig cells. The 

agreement in mol. wt.'s of lutropin-stimulated proteins in 

Leydig cells from different sources, may reflect that these 

proteins are identical, but conclusive evidence can only be 

14 



Table 4 

Effect of lutropin on the synthesis of specific proteins in Leydig cells 

from immature rats, mature rats and in tumour Leydig cells. 

+ reflects stimulation of the synthesis, 0 reflects no effect of lutropin 

on the synthesis. 

Leydig cells from 

immature rats 

Leydig cells from 

mature rats 

Tumour Leydig 

cells 

Protein 

11000 

+ 

0 

0 

Protein 

21000 

+ 

+ 

0 

Protein Protein 

27000 29000 

+ + 

0 0 

+ + 

obtained by further characterization of these proteins. In 

tumour Leydig cells the synthesis of a protein with an ap

parent mol. wt. of 21000 was observed. However, contrary to 

the observations with Leydig cells from immature and mature 

rats, synthesis of this 21000 mol. wt. protein in tumour 

Leydig cells was not affected by the presence of lutropin. 

Only further characterization of this protein may reveal 

whether or not it is identical to the 21000 mol. wt. protein 

from normal Leydig cells. 

None of the lutropin sensitive proteins detected in this 

study have mol. wt. •s identical to other proteins synthe

sized or secreted by other steroid producing tissues. For 

example the 4 proteins reported by Rubin et al. (1974) and 

Laychock and Rubin (1974), which are secreted by the cat 
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adrenal in the presence of corticotropin, have apparent 

mol. wt. 's of respectively 70000, 58000, 48000 and 12500 on 

SDS-PAGE. Grower and Bransome (1970) reported that in the 
3 supernatant of rat adrenal, corticotropin increased the H-

leucine incorporation into one protein while at the same 

time the 3H-leucine incorporation into another protein was 

decreased. The effects observed by these authors occurred 

within 30 min after addition of corticotropin and disappeared 

after approximately 60 min. However, no further characteris

tics of the 2 corticotropin sensitive proteins have been re

ported. In the Leydig cells from immature rats with increa

sing doses of lutropin the synthesis of protein 13000 first 

increased and then decreased. This decrease may be caused by 

a posttranslational modification, e.g. splitting off of part 

of the molecule, so that protein 11000 could be the ultimate 

product after modification of protein 13000. The difference 

in effects of lutropin on the stimulation of specific pro

teins in the Leydig cells obtained from different sources 

may reflect differences in the lutropin regulatory mecha

nisms in these Leydig cells. Several other differences be

tween Leydig cells from immature and mature rats have been 

reported e.g. in steroid metabolism (van Beurden et al., 

1976; van der Molen et al., 1975; Sowel et al., 1974; Wiebe, 

1976) and in the effect of hypophysectomy on lutropin-stimu

lated steroid synthesis (van Beurden et al., 1976). Tumour 

Leydig cells were also different from mature Leydig cells; 

e.g. in the present study, testosterone only accounted for 

less than 10% of the total steroid production by the tumour 

Leydig cells (unpublished results). Such differences between 

the different Leydig cells make it difficult to extrapolate 

results, also for the effect of lutropin on specific proteins, 

from one type of Leydig cell to another. 
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