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SUMMARY 

Interstitial cells derived from intact immature rats were cultured as monolayers, Their response to 
gonadotropins was evaluated by radioimmunoassay of 3’,5’-cyclic AMP and steroids in the medium. 
Steroids were measured either directly (testosterone and progesterone) or after previous oxidation and 
thin layer chromatographic purification of the steroid extracts (4-androstene-3,17-dione, 5a-androstane- 
3,17-dione, progesterone, 5a-pregnane-3,20-dione). It could be demonstrated that these cells respond to 
gonadotropins with increased secretion of C,,- and C,,-steroids for at least 10 days. The total amount 
of steroids secreted in the medium, however, decreases markedly. During the first days of culture 
C,,-steroid production falls dramatically whereas the secretion of C 21 derivatives increases. A major 
fraction of the extracted steroids has undergone Sa-reduction. A characteristic feature of cultured inter- 
stitial cells is the bell-shaped profile of the dose-response curve for gonadotropin stimulated androgen 
production. This profile is the result of a steroidogenic lesion situated at the level of the 17a-hydroxylase 
and/or l7,20-desmolase and induced by high concentrations of gonadotropins. Daily changes with 
medium supplemented with LH or FSH, initiated on day 3 of culture, prevent a further loss of steroido- 
genie potential, restore the ability to produce C *,-derivatives, and tend to normalize the dose-response 
curve for gonadotropin stimulated production of androgens. 

INTRODUCTION 

Most studies on steroidogenesis in Leydig cells have 
been performed using freshly prepared cells derived 
from testicular tissue of adult rats [l-S]. Such cells 
respond readily to hormonal stimulation. The magni- 
tude and the type of this response, however, are mark- 
edly influenced by the hormonal state of the animal at 
the time the testes are removed. Pretreatment of the 
rats with gonadotropins or LHRH agonists for 
instance has been shown to decrease the number of 
available LH receptors in subsequently isolated cells 
and to provoke steroidogenic lesions attributable to 
defects of 17,20-desmolase and 17cc-hydroxylase acti- 
vity [2-lo]. Prolonged in vitro culture might allow a 
more detailed analysis of the mechanisms underlying 
the hormonal regulation and differentiation of Leydig 
cells. 

During previous investigations we noticed that 
interstitial cells derived from prepubertal rats can 
easily be cultured as monolayers and that even after 7 
days of culture these cells respond to dibutyryl cyclic 
AMP by increased production of androgens [ll]. In 
the present studies we examined whether cultured 
interstitial cells derived from prepubertal rats can be 
stimulated by gonadotropins, whether and how this 
response changes during prolonged culture, and 
whether responsiveness can be modulated by in vitro 
pretreatment with gonadotropins. 

EXPERIMENTAL 

[ 1,2,6,7-3H]-Testosterone (98.8 Ci/mmol), [ 1,2-3H]- 
progesterone (57 Ci/mmol), [1,2-3H]-5/?-pregnane- 
3a,20/%diol (50 Ci/mmol) and [1,2-3H]-4-androstene- 
3,17-dione were obtained from New England Nuclear. 
[ 1,2-3H]-5fi-pregnane-3,20-dione was prepared by 
CrO, oxidation of [1,2-3H]-5fl-pregnane-3a,20j?-diol 
and thin layer chromatography as explained further. 
Ovine FSH (oFSH: NIH-FSH-S13) and ovine LH 
(oLH: NIH-FSH-S18) were a gift of the NIAMDD 
Pituitary Hormone Distribution Program and Dr A. 
F. Parlow. Human CG(hCG) was a gift from Orga- 
non (H-87B: 10,000 U/mg). 3-Isobutyl-l-methyl-xan- 
thine (MIX) was obtained from Aldrich Chemical 
Company. Steroids were purchased from Sigma. 
Media and fetal bovine serum (FBS) were provided by 
Flow laboratories. 

Preparation of interstitial cells 

Testes were derived from 19-day-old Wistar rats. 
Fractions enriched in interstitial cells, peritubular 
cells and Sertoli cells were prepared as described pre- 
viously [12]. Interstitial cells were obtained from 
decapsulated testes by treatment with collagenase 
(Boehringer Mannheim, grade II) 0.2mg/ml in 
Medium A (phosphate-buffered saline, Dulbecco’s 
Formula, without magnesium and calcium, supple- 
mented with: streptomycin sulfate, 100 pg/ml; penicil- 
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lin G, 100 U/ml; and D-gluCOse, 14 mM). Interstitial 
cells and tubuli were separated by incubation under 
continuous shaking (120 oscillations/min) in a water- 
bath at 32°C for 1 h. After this incubation the tissue 
was allowed to sediment for 5 min, the su~rnatant 
was removed, and the remaining tissue was resus- 
pended in 5 ml of Medium A and shaken vigorously 
by hand for 10s. This washing procedure was 
repeated four times and the resulting supernatants 
were combined (fraction 1). The remaining tubules 
were transferred to petri dishes and minced (11 mm3) 
with a scalpel. The minced tubules were washed five 
more times with 5 ml of Medium A as described 

above and the supernatants were again combined 
(fraction 2). Interstitial cells were recovered from the 
combined fractions 1 and 2 by filtration through a 
nylon screen (pore size: 0.1 mm) and centrifugation 
for 10min at 220g at room temperature. The sedi- 
mented cells were resuspended in RPM1 medium 
(RPMI 1640 supplemented with Hepes, 22.5 mM; 
L-glutamine, 4.3 mM; streptomycin sulfate, lOOpg/ml; 
penicillin G, lOOU/ml; and So/, fetal bovine serum). 
This method yielded 2.7 + 0.6 (mean & SD, n = 10) 
millions of cells per testis. Cell viability averaged 
84 k 5% (n = 10) as measured by Trypan blue ex- 
clusion. The percentage of Leydig cells-as estab- 
lished by staining for 3P-hydroxysteroid dehydroge- 
nase [ 13]-was 24 + 6 (mean f SD, n = 7). 

Cell culture 

Cells were cultured in multidishes containing four 
35 mm wells (Falcon, Becton Dickinson and Co.). 
Confluent monolayers were obtained by seeding 
2 x lo6 cells, suspended in 2 ml of RPM1 medium in 
each well on day 1. Monolayers were maintained at 
32OC in a humjdified incubator in an atmosphere of 
5% CO*. Unless stated otherwise, the RPM1 was re- 
placed by Eagle’s minimum essential medium supple- 

mented with 16mM sodium bicarbonate (MEM) on 
day 6. Twenty four hours later the medium was 
changed again and the actual incubation was started 
by addition of MEM containing the hormones or 
other additions specified in the text. Routinely incu- 
bations were continued for 24 hr. Incubation tempera- 
ture was 32 or 37°C as specified. 

Measurements ofproteins, cyclic AMP and steroids 

At the end of the incubations the media were re- 
moved and frozen at -20°C for measurements of 
steroids and cyclic AMP. Cells were dissolved in 1 ml 
0.1 M NaOH and proteins were measured by the 
method of Lowry[lZ]. Cyclic AMP was assayed in the 
media without prior extractipn or purification, using 
the RIA-kit provided by New England Nuclear with 
prior acetylation. Results are expressed as the amount 
of cyclic AMP released in the medium per mg cell 
protein. Steroids were extracted from the media 
with 4 vol. of cyclohexane-ethylacetate (1: 1, v/v) by 
vigorous shaking for 15 min. The aqueous phase was 
removed by centrifugation and aspiration and appro- 

priate aliquots were evaporated to dryness under a 
nitrogen stream. Steroids were measured either di- 
rectly on the unprocessed extracts or after previous 
oxidation and t.1.c. Direct radioimmunoassays (RIA) 
were performed for testosterone and progesterone. 
Measurements of oxidized steroids were performed as 
follows: [3H]-SP-pregnane-3,20-dione and [3H]-pro- 
gesterone (2~ c.p.m. of each) were added to 0.5 ml of 
medium and steroids were extracted as explained 
higher. Extracted steroids were oxidized by addition 
of 0.1 ml CrO, (OSo/, in glacial acetic acid) at 0°C for 
10 min. Steroids were taken up in 1 ml ethanol-water 
(1:4, v/v) and reextracted. The extract was washed 
(once with a saturated solution of NaHC03 and twice 
with water), evaporated to dryness and redissolved in 
100 ~1 methanol-chloroform (1:2, v/v). Oxidized 

Table 1. Specificity of antibodies: relative affinity of steroids for the antibodies at 50% 
binding 

Testosterone 
4-Androstene-3,17-dione 
Sa-Androstane-3,17-dione 
Androsterone 
3-Epiandrosterone 
17P-Hydroxy-5a-androstan-3-0~ 
17j-Hydroxy-58-androstan-3-one 
Sa-Androstane-36c,l7B-diol 
Sa-Androstane-3/%,17p-diol 
Progesterone 
5~-Pregnane-3,20-dione 
17-Hydroxyprogesterone 
2&z-Hydroxy-4-pregnen-3-one 

Antibody 
4-Androstene- 

Testosterone 3,17-dione Progesterone 

100 <O.l <O.l 
<1 100 <o.t 
<I 55 <O.l 
<I 21 
<l 7 - 
30 <1 - 
19 <l 
6 <l <O.l 
1 <l 

- <O.l 100 
- to.1 49 

<OS - 
10.1 - <l 

Sa-Pregnane-3e,>Oaldiol - <l 
5a-Pregnane-3a,20p-diol <O.l <1 
5a-Pregnane-3/3,20a-diol - <l 
5a-Pregnane-3fi,20fi-diol - <l 
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steroids were subjected to t.1.c. on precoated silicagel 
F-254 glass plates (Merck, Darmstadt) [14]. A stan- 
dard solution containing progesterone, pregnanedione 
(%pregnane-3,20-dione), androstenedione (Candros- 
tene-3,17-dione) and androstanedione (5a-androstane- 
3,17-dione) was applied to separate lanes on each 
plate. 

Plates were developed twice in dichloromethane- 
ether (85:15, v/v). After spraying with primuline, the 
steroids of the standard solution were visualized 
under ultraviolet light at 254nm. Two regions of the 
chromatograms were scraped off: zone A correspond- 
ing to pregnanedione and androstanedione and zone 
B corresponding to progesterone and androstene- 
dione. Steroids were extracted with 3 ml cyclohexane- 
ethylacetate. Extracts from zone A were used for RIA 
of pregnanedione and ~drostanedione. Extracts 
from zone B were assayed for progesterone and 
androstenedione. Androstenedione and androstans 
dione were measured using unlabeled androstene- 
dione or androstanedione as the standard, 
[3H]-androstenedione and an antiserum developed 
against 6p-hydroxy-4-androstene-3,17-dione hemisuc- 
cinate coupled to bovine serum albumin. Similarly, 
progesterone and pregnanedione were assayed using 
C3H]-progesterone and an antiserum developed 
against 6~-hydroxy-progesterone hemisuccinate 
coupled to bovine serum albumin. The specificity of 
the antisera is summarized in TabIe 1. Results were 
corrected for recovery as estimated from the recovery 
of [3H]-5P-pregnane-3,20-dione and C3H]-progester- 
one added to the original extracts. Recovery approxi- 
mated 80%. When known amounts (0.2, 2 and 
20 @ml) of %androstane-3cr,l7/&diol, testosterone, 
20cc-hydroxy-4-pregnen-3-one and Sa-pregnane- 
b,20&diol were added to the incubation medium, the 
measured amounts-after extraction, oxidation, 
chromatography, RIA of androstan~ione, androste- 
nedione, progesterone and pregnanedione respectively 
and correction for procedural losses- ranged from 
89 & 5% to 101 + 17% (mean + SD of four determi- 
nations) of the expected values. 

RESULTS 

The use of C,, and Cl, oxidation products as par- 
ameters of steroidogenesis in cultured interstitial cells 

In a series of preliminary experiments testosterone 
and progesterone were measured in the media of 
interstitial cells stimulated with LH. The obtained 
values were very low, even after prolonged periods of 
incubation. Moreover, a detailed comparison of 
assays performed with or without prior chroma- 
tographic purification of the steroid extracts (data not 
shown) revealed that even these low values rep- 
resented an important overestimation of the actual 
amounts of testosterone and progesterone present in 
the media. In fact, although the correlation between 
both sets of measurements was good (r = 0.97 for 
testosterone and r = 0.95 for progesterone; n = 36) 

assays without prior purification resulted in a 42% 
overestimation for testosterone and a 49”/, overesti- 
mation for progesterone. In view of the intensive 
metabolism of A4-3-keto steroids in cultured pre- 
pubertal interstitial cells [12] the most likely explana- 
tion for these observations was that the media con- 
tained large amounts of metaboIites that competed 
for the testosterone and progesterone antisera. To cir- 
cumvent this problem and to account more fully for 
the actual steroid output of the cells, direct assays for 
testosterone and progesterone were supplemented in 
subsequent experiments by measurements of andros- 
tenedione, androstanedione, progesterone and preg- 
nanedione after oxidation and t.1.c. of the extracted 
steroids. It may in fact be anticipated that the major 
androgens and androgen metabolites produced by 
immature interstitial cells (testosterone, androstene- 
dione, 17~-hydroxy-5a-androstan-3-one, androstane- 
dione, 5~-androstane-3~17~-diol, Scc-androstane- 
3fl,l’i&diol and (epi)androsterone) will be oxidized to 
androstenedione and androstanedione. Under the 
same conditions, 20-hydroxy-4pregnen-3-one and the 
major .%x-reduced progesterone derivatives will be 
oxidized to progesterone and pregnanedione respect- 
ively. This is confirmed by the data shown in Fig. 1. 
After incubation of %day-old interstitial cell cultures 
with C3HJ-testosterone or [3H]-progesterone for 24 h 
the majority of the extracted metabolites migrate on 
t.1.c. in a regjon corresponding to Sa-androstane- 
3a,f7fi-diol and 5a-pregnane-3a,20&diol respectively. 
After oxidation more than 80% of the radioactivity is 
found in a region corresponding to androstanedione 
and pregnanedione respectively. 

Steroid secretion in cultured and freshly prepared inter- 
stitial cells 

Figure 2 summarizes the results of representative 
experiments in which interstitial cells were stimulated 
with oLH or hCG after 7 days of culture. Direct 
measurements of testosterone, progesterone and cyclic 
AMP are shown in panel A. It appears from these 
data that even after 7 days of culture all three par- 
ameters can be stimulated both by LH and hCG. The 
concentrations of LH or hCG required to obtain half- 
maximal stimulation of the accumulation of pro- 
gesterone and cyclic AMP are much higher (10 times 
and 100 times respectively) than those required to get 
half-maximal accumulation of testosterone. 

Moreover, the dose-response curve for the gonado- 
tropin-induced production of testosterone shows a 
peculiar nearly symmetrical bell-shaped profile. 
Finally it should be noted that these cells secrete 
marked amounts of progesterone. An analysis of the 
corresponding C19 and CzI oxidation products is 
shown in panel B and C. It appears that the actual 
steroid output of these cultured cells is, in fact, con- 
siderably higher than would be anticipated from the 
direct measurements. The dose-response curves for 
the CL9 and Cz 1 oxidation products, however, parallel 
those observed for testosterone and progesterone re- 
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BEFORE OXIDATION AFTER OXIDATION 

1 So-ondiostan~3a,l7~-dloi 

2 tertosterone 

3 3a-hyd,ory~Sa-androrlon -17-0,~ 

4 3g-hydroxy-5o-androslan -17-0~ 

5 17P-!,ydroxy-5a-androstan-3-one 
6 o”drosl-ie”c-3,17~d,one 

7 Sa-androslone -3,17-dme 

I P 
1 So-pregnone~3a,20~-dlol 
2 17n-hydroxy~pregn-4-ene-3,ZO dcone 
3 ZOn-hydrory-pregn-4-en-30ne 

L progerleione 

5 51.pregnone-3,20dlone 

P 

Fig. 1. Metabolism of testosterone and progesterone by cultured interstitial cells. Cells were prepared 
and maintained as explained in the exper~mentai section. On day 7 cells were incubated for 24 h at 37°C 
in MEM supplemented with 1 &i of tritiated testosterone (T) or tritiated progesterone (P). Steroids 
were extracted and separated by t.1.c. after addition of appropriate reference steroids. T.1.c. was per- 
formed either before or after oxidation of the extracted steroids with Cr03. Reference steroids were 
localized under ultraviolet light after spraying the plates with primuline. Labeled metabolites were 

localized using a radiochromatogram scanner. 

spectively. Again, we find a characteristic beil-shaped 
curve for androstenedione as well as for androstane- 
dione and a high output of progesterone derivatives. 
Finally, it may be noted that the amount of 
Six-reduced steroids (androstanedione and pregnane- 
dione) considerably exceeds that of the corresponding 
A4-3-keto precursors (androstenedione and progester- 
one). An extensive series of experiments (not shown) 
revealed that the essential features of the response of 
cultured interstitial cells were not affected by the use 
of other gonadotropin preparations or other stimuli 
(cholera toxin), by changing the incubation tempera- 
ture from 37 to 32°C or by the addition of a phospho- 
diesterase inhibitor (MIX, 0.1 mM) to the incubation 
medium. Moreover, when the same cell preparation 
was used no differences were observed in the maximal 
amounts of cyclic AMP, Cl9 oxidation products or 

Czl oxidation products produced after stimulation 

with LH and after stimulation with hCG. 
Comparison of the previous data with dose-res- 

ponse studies of similarly prepared cells stimulated 
during the first 24 h after their isolation discloses some 
important differences (Fig. 3). Direct measurements 
(panel A) show a normal sigmoidal dose-response 
curve for testosterone. Moreover, testosterone pro- 
duction exceeds progesterone production at all con- 
centrations of LH. Cyclic AMP accumulation in the 
medium remains much lower than in the 7-day-old 
cultured ceils. Studies on the oxidation products (Fig. 
3, panel B and C) essentially confirm these findings. 
The secretion of Cl9 oxidation products is five times 
more important than the secretion of C,, oxidation 
products. Only the dose-response curve for androste- 
nedione displays an abnormal profile whereas the 
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quantitatively prevailing androstanedione follows the 
normal sigmoidal curve. 

Steroidogenic lesion induced by high concentrations qf 

gonadotropins 

In order to determine whether the bell-shaped 
dose-response curve for androgens could be explained 
by a gonadotropin induced steroidogenic lesion, we 
investigated whether preincubation with hCG altered 
the steroidogenic output of the cells. Six-day-old 
monolayer cultures were preincubated for 24 h in the 
presence or absence of increasing concentrations of 
hCG. This preincubation was followed by a 24 h incu- 
bation period during which all the cells were stimu- 
lated with hCG, 0.1 ng/ml. It may be noted in Table 2 
that preincubation with hCG markedly changes the 
response to secondary stimulation. Preincubation 
with low concentrations of hCG significantly in- 
creases the production of Cl9 oxidation products. 
Preincubation with higher concentrations of hCG, on 
the contrary, decreases the production of C, ,-steroids 
during secondary stimulation. The secretion of C2, 
oxidation products is unaffected by pre-incubation 
with low concentrations of hCG but is enhanced by 
preincubation with concentrations exceeding 
0.1 ng/ml (P < 0.001). The latter increase in C,, pro- 
duction might be the result of prolonged activation 
provoked by the preincubation with hCG. The con- 
comitant decrease in C,, production, however, points 
to the development of a steroidogenic lesion at the 
level of the 17cc-hydroxylase or 17,20-desmolase. In 
fact, this decrease cannot be explained by receptor 
loss or uncoupling of the adenylate cyclase since cyc- 
lic AMP accumulation increases rather than de- 
creases. 

Evolution of steroidogenesis as a function of time of 
culture 

To analyze the influence of the duration of culture 
on steroidogenesis in interstitial cells, a series of ex- 
periments were performed in which cells were studied 
either immediately after isolation of after various 
times of culture in the presence or in the absence of 
5% FBS. Figure 4 summarizes part of a representative 
experiment. Only the data of cells maintained in the 
absence of FBS are shown. 

The most striking feature of these studies is the 
dramatic decrease in total steroid output during the 
first days of culture. This decrease mainly reflects a 
diminished capacity to produce C,g-steroids. In fact, 
the production of C,, oxidation products increases 
during the same period and reaches a maximum on 
day 4. Cyclic AMP accumulation also increases dur- 
ing the first days of culture. From day 4 on, however, 
the accumulation of cyclic AMP and the secretion of 

C,a- and &,-oxidation products decrease. Nonethe- 
less, the cells maintain the capacity to respond to LH 
up to day 10 of culture. 

Comparable time-related changes in activity are 
observed in interstitial cells maintained in the pres- 
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Table 2. Influence of preincubation with hCG on hCG responsiveness 

Preincubation Incubation (0.1 n&ml hCG) 

Concentration of hCG Cyclic AMP Androstenedione Androstanedione Progesterone Pregnanedione 
(ngiml) (pmol/mg prot) (ng/ml prot) (ng/mg prot) (t&ml prot) (ngimg prot) 

0 74 * 9 3.4 f 0.8 60.3 f. 5.5 31.7 * 1.1 170 f 10 
0.05 78 & 22 5.0 ): 0.6 80.2 + 12.0** 26.9 f 6.0 180 f 23 
0.1 82 + 1.5 5.3 I: 0.9 86.2 + 13.4** 33.8 f 1.5 237 zt 74 
I.0 91*20 1.8 & 0.4* 45.5 * 7.7** 79.3 + 9.4** 424 + 44** 

10.0 97 * 1* 1.6 & 0.3* 33.5 * 5.5** 64.0 f 7.1** 671 2 175** 

Interstitial cells were prepared and maintained in RPM1 medium containing 5% fetal bovine serum. On day 6 the 
medium was replaced by MEM containing the indicated concentrations of hCG. This preincubation was continued for 
24 h at 37°C. At the the end of the preincubation period the medium was withdrawn. The monolayers were washed twice 
with phosphate buffered saline and the actual incubation was started. All cells were incubated in MEM supplemented 
with 0.1 ng/ml hCG. The incubation was continued for 24 h at 37°C. The incubation media were analysed for cyclic AMP 
and steroid content. The steroid measurements represent values obtained after oxidation and t.l.c. Each point represents 
the mean f SD of four determinations. Statistical significance was calculating using Students t-test: *P < 0.01; 
**p < 0.001. 

ence of FBS (results not shown). Under these con- 
ditions, however, the protein concentration increases 
from 78pg/plate on day 1 to 363pg/plate on day 10 
indicating important cell proliferation. When 
expressed per mg protein the steroid and cyclic AMP 
output of these cultures is consistently lower than that 
observed in cuttures maintained in the absence of 
FBS. But when expressed per ml medium steroid and 
cyclic AMP output are higher in cells cultured in the 

.-i CONTROL 
m--a LH 15ng.nc’l 
- LH llOOng ml”1 

presence of serum. This suggests that at least part of 
the proliferating cells is able to produce steroids. 

Time course of the accumulation of cyclic AMP and 
steroids in the medium 

Figures 5 and 6 summarize a detailed analysis of 
the time course of the accumulation of cyclic AMP 
and steroids in the medium of cultured cells. Cyclic 
AMP increases during the initial hours of stimulation 

TIME (days) 

Fig. 4. Influence of the duration of culture on cyclic AMP and steroid production. Cells were prepared 
as described in the experimental section and were maintained in RPM1 medium without fetal bovine 
serum. On the indicated days the medium was replaced by RPM1 medium (O---O) or by the same 
medium supplemented with LH, 5 ng/ml (W----m) or LH, 100 ng/ml (O----Cl) and incubation was 
continued for 24 hr at 32°C. Steroid and cyclic AMP content were measured in all the incubation media. 
Each point represents the mean of four incubations. C,, oxidation products: sum of androstenedione 

and androstan~ione. Czl oxidation products: sum of progesterone and pregnanedione. 
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Fig. 5. Time course of the accumulation of cyclic AMP in 
the medium. Cells were prepared as described in the ex- 
perimental section and were. maintained in RPM1 medium 
without fetal bovine serum. On day 7 the medium was 
replaced by MEM (M) or by MEM supplemented 
with LH, 5 ng/ml (M) or LH, lo4 ng/ml (O-----O). 
Incubation was continued for the indicated periods of time 
at 32°C. Cyclic AMP content was measured in all the incu- 
bation media. Each point represents the mean k SD of 

four incubations. 

and reaches a steady state level. Cells incubated with 
a high concentration of LH reach a higher steady 
state level and attain this maximum earlier. The ac- 
cumulation of &,-steroids in the medium preceeds 
the accumulation of C,9-steroids as would be 
expected from their precursor-product relationship, 
but a marked lag period characterizes the increase in 

m 
I ‘ii-, , B’ /i . 

&/a_ _.---.. * 
10 20 

1 

Cl9 oxidation products. Similarly, the A4-3-ketoster- 
oids (progesterone, testosterone) increase earlier than 
their Scl-reduced metabolites (pregnanedione, andros- 
tanedione). At low concentrations of LH (long/ml) 
the production of C19- and CZ1-steroids continues at 
a nearly linear rate throughout the second half of the 
incubation period. At very high concentrations of LH 
(104ng/ml), C,, production is not increased. Under 
these conditions the production of C,,-steroids also 
levels off after l&l6 h of incubation. 

Influence of in vitro pretreatment on steroid output 

In a subsequent series of experiments we investi- 
gated whether daily changes of the medium with 
MEM supplemented with gonadotropins or other ad- 
ditions influenced basal and LH-stimulated steroido- 
genesis in cultured interstitial cells. To obviate event- 
ual effects on plating efficiency changes of the medium 
were routinely initiated on day 3. Figure 7 summar- 
izes the main results of an experiment in which com- 
plete dose-response studies were performed on day 7 
using LH as the stimulus. 

It appears that daily changes of the medium tend to 
lower the output of cyclic AMP (compare to Fig. 2). 
In most of the experimental groups the general profile 
of the doseeresponse curve for cyclic AMP is compar- 
able. In cells pretreated with FBS, however, unstimu- 
lated cyclic AMP excretion is enhanced whereas the 
response to LH is blunted. C,9 and CZ1 output, on 
the contrary, are markedly dependent on the pretreat- 
ment protocol. When the medium is changed daily 

:_i :,il 
7 100 

SO 
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Fig. 6. Time course of the accumulation of C,9 and C1, oxidation products in the medium. Steroids 
were measured in the media of the cell cultures described in Fig. 5. Each point represents the 

mean f SD of four incubations. 
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with MEM, the total steroid output of the cells 
becomes very low. Addition of FBS further reduces 
steroidogenesis. Daily replacements with medium 
supplemented with LH, FSH or the combination of 
these gonadotropins, however, restore the steroidoge- 
nit capacity. Moreover, noticeable changes are ob- 
served in the ratio C,g over Czl oxidation products. 
When we compare for instance the cells stimulated 
with LH long/ml the Ci9/C2i ratio is 0.4 in cultures 
pretreated with FBS, it increases up to 2.4 in cultures 
subjected to daily changes with MEM and gets as 
high as 4.9, 8.3 and 14.5 in cultures pretreated with 
LH, FSH or the combination of both gonadotropins 
respectively. The latter ratios are comparable to those 
observed in freshly isolated cells stimulated with the 
same concentration of LH (Fig. 3: C,,/C,, = 9.4). 
They are considerably higher than those observed in 
similar cultures maintained for 7 days under routine 
experimental conditions (Fig. 2: C,&i = 0.7). 
Furthermore, after daily changes of the medium and 
after incubation with LH at a concentration of 
10 ng/ml, androstenedione accounts for 18 to 26% of 
the Cl9 oxidation products (not shown). In freshly 

isolated cells the corresponding figure is 16% (Fig. 3). 
In cells maintained for 7 days under routine experi- 
mental conditions, (e.g. Fig. 2) androstenedione rep- 
resents only 2% of the Cig oxidation products, 
Finally, after pretreatment of the cultures with gona- 
dotropins the dose-response curves for the Cig oxi- 
dation products no longer display the roughly sym- 
metrical bell-shaped profile observed in Fig. 2. Some 
skewing is observed in the right part of the curves and 
the final profile shows some resemblance with that 
observed in freshly isolated cells (Fig. 3). 

In the experiment shown in Table 3 we studied the 

effects of pretreatment with various concentrations of 
LH and FSH. Moreover, the response of interstitial 
cells before pretreatment (day 3) was compared with 
their activity after various pretreatment protocols. 
Although there are some quantitative differences 
between the present experiment and the one shown in 
Fig. 7 all the major observations are confirmed. Daily 
changes with medium containing gonadotropins pre- 
vent the loss in steroidogenic capacity (Cig + Czl 
steroids) observed after daily changes with MEM. 
Moreover-particularly after stimulation with LH 
10 ng/ml&the androgen/progestogen ratio of the 
steroids secreted by gonadotropin pretreated cultures 
is higher than that observed before pretreatment (2.1 
up to 5.8 vs 1.0). Finally, whereas androstenedione 
represents only 3% of the Cl9 steroids in 3 day-old 
cultures this percentage increases (1 l-30%) after daily 
changes of the medium. Pretreatment with higher 
concentrations of LH (50ng or SOOng/ml) markedly 
increases the basal androgen output and provokes a 
moderate increase in the Cig response to low concen- 
trations of LH (10 ng/ml). Pretreatment with the low- 
est concentration of FSH used in these studies 
(10 ng/ml) is as effective as pretreatment with the low- 
est concentration of LH (5 ng/ml) and no major quali- 
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Table 3. Influence of pretreatment on basal and LH-induced steroid secretion by cultured interstitial cells 

Pretreatment 
Protein Cyctic AMP Androstenedjo~e Androstanedione Progesterone Pregnanedione 

WpIate) (pmoI/mg prot) (ngimg prot) (ngim8 prot) (ngimg prot) (ngimg prot) 

1. Control day 3 
Basal 132 + 11 
LH long/~ 123 + 9 
LH lo4 ng/mI 126 f 4 

2. Daily MEM 
Basal 112 + 6 
LH lOngi’m 124 f 6 
LH lo4 ng/ml 126 & 8 

3 Daily MEM + FBS 
Basal 251 + 16 
LH long/ml 258 z!z 11 
LH lo4 ng/ml 246 f 29 

4. Daily MEM + LH 5 ng/ml 
Basal 97 + 2 
LH long/ml 102 f 6 
LH lo4 ng/mI 101 f 3 

5. Daily MEM + LH 50ng/ml 
Basal loo&7 
LH lOng/ml 102 + 3 
LH lo4 ng/ml 111 * 7 

6. Daily MEM + LH 5OOngfml 
Basal 110+9 
LH lOng/ml 121 + 19 
LH lo4 ng/ml 139 f 16 

7. Daily MEM + FSH 10ngfml 
Basal 70 + 1 
LH lOng/ml 83 + 12 
LH 104ng/ml 110+5 

8. Daily MEM + FSH 1OOngfml 
Basal 79 + 3 
LH 10 ngjml 104+4 
LH lo4 n&ml 113*4 

9. Daily MEM + FSH 1 pgfml 
Basal 119 & 20 
LH 10 ng/ml 97 + 19 
LH lO“ng/ml 128 &- 14 

10. Daily LH 5 ngfml 
Basal 131 + IO 
LH lOng/mI 134 + 10 
LH lo4 ngjml 138 + 3 

31 +3 
576 + 68 
998 f 89 

41 f 7 
115 &- 27 
345 + 27 

56+ 15 
90* 17 

190 f 24 

27 f 5 
67 f 7 

366_+37 

46 f 7 
58 zb 5 

115 f 14 

113 + 13 
104*12 
182 f 47 

43 + 8 
256 F 17 
415 + 26 

46 + 7 
140+38 
39Ok68 

59k I1 
78 f 2 

167 f 19 

57 &4 
119&6 
535 + 71 

5.9 * 1.4 
22.9 F 3.4 
16.2 rf; 3.7 

11.3 + 0.5 
38.9 $- 9.3 
11.5 + 2.1 

N.D. 
5.0 f 0.7 

N.D. 

10.8 f 3.7 
91.8 t 17.1 
44.1 + 7.1 

19.9 f 4.0 
133.6 + 22.2 
44.8 + 3.7 

197.9 It 19.2 
247.9 * 66.0 
40.8 F 6.3 

N.D. 
98.7 + 20.9 
15.6 I 3.4 

1.5 rf: 0.3 
115.0 + 6.3 
68.9 + 14.9 

43.3 + 7.9 
173.9 + 29.1 
53.2 + 11.5 

4.6 + 0.9 
53.8 f 6.2 
14.0 k 2.0 

93.3 5 36.5 
692.3 + 162.3 
409.9 & 117.6 

26.0 + 7.2 
160.0 + 48.0 
51.5 f 18.7 

8.1 & 1.5 
16.6 + 1.3 
8.9 + 1.5 

61.1 + 15.3 
617.4 & 69.8 
449.9 + 72.9 

136.6 & 36.0 
738.9 + 73.7 
361.7 i 89.9 

943.1 _+ 74.4 
1102.0 + 118.7 
381.1 + 101.8 

26.3 + 4.2 
690.9 * 131.3 

36.8 + 13.9 

58.1 + 4.3 
678.8 & 170.2 
625.4 & 117.6 

250.5 f 65.2 
850.9 5 126.5 
558.9 + 90.2 

33.6 + 8.8 
481.9 & 57.7 
267.0 & 36.4 

30.3 & 5.2 
62.7 + 4.0 
63.3 & 9.5 

31.7 5 5.2 
41.1 f 3.4 
75.4 f 21.3 

7.9 i 0.4 
10.6 + 2.9 
15.4 & 4.4 

47.0 + 15.2 
60.1 f 6.8 

128.1 F 12.2 

43.0 f 6.8 
69.8 F 1.4 
87.5 f 10.0 

32.1 + 7.5 
35.2 f 7.2 
54.4 + 5.7 

10.4 + 2.8 
40.4 + 11.6 

172.9 + 1.5.1 

7.8 + 1.9 
35.5 f 7.7 
52.8 f 6.0 

IO.8 k 1.9 
26.5 & 5.3 
44.6 f 4.3 

37.6 + 7.4 
63.5 + 6.7 

115.1 i 21.5 

85.3 + 6.8 
641.1 F 41.8 
718.5 + 140.2 

19.2 + 10.9 
269.7 2 90.7 
480.6 It 98.7 

N.D. 
10.0 f 1.2 
35.1 + 7.8 

34.4 + 8.0 
182.9 + 42.9 
641.0 + 131.0 

80.4 + 17.6 
116.2 + 13.2 
445.2 Ifc 117.9 

222.6 rt 37.4 
197.9 & 74.5 
617.7 + 151.8 

47.7 & 7.2 
285.8 ‘r 46.7 
602.4 + 74.4 

37.6 + 6.6 
345.2 + 77.8 
635.1 + 156.1 

25.6 + 4.0 
206.1 t: 61.9 
511.7 + 77.4 

41.6 + 12.6 
292.7 + 39.9 

1509.6 i 317.2 

Cells were prepared and plated as explained in the experimental section. On day 3 of culture, steroid and cyclid AMP 
output were evaluated by incubating one group of cells (group 1: control) for 24 h at 32°C in MEM or in MEM 
supplemented with LH. The other groups of cells were subjected to nine different pretreatments. The medium of groups 2 
to 9 was replaced daily (from day 3 to day 6) with MEM (group 2), MEM + 5% fetal bovine serum (FBS; group 3) or 
MEM supplemented with various concentrations of oLH or oFSH (groups 4-9). In a final group of cells the medium was 
replaced by MEM on day 3 and LH (5 ngfml) was added daily until day 6. On day 7 the cells of all the pretreatment 
groups were incubated for 24 hr at 32°C in MEM or in MEM supplemented with LH at a low (10 ngfml) or at a high 
(10“ ng/ml) concentration. The incubation media were analysed for steroid and cyclic AMP content. Data represent the 
mean of six (group 1) or four individual incubations (groups 2-10). N.D. = not detectable. 
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tative differences are observed in the steroid output of 
interstitial cells cultured in the presence of FSH and 
cells cultured in the presence of LH. Daily addition of 
LH 5 ng/ml (without replacement of the medium) less 
markedly increases C,s output’ and less markedly 
depresses CZ1 output than daiIy changes with MEM 
containing the same concentration of LH. 

DISCUSSION 

The present data show that interstitial cells derived 
from intact immature rats can easily be cultured as 
monolayers and maintain steroidogenic capacity for 
at least 10 days. Their response to LH or hCG is 
markedly improved by the addition of gonadotropins 
to the culture medium. These findings confirm and 
extend recent observations by Hsueh and collabora- 
tors. The latter authors demonstrated that testicular 
cells from hypophysectomized prepubertal [lS, 161 
and adult [17] rats can be cultured as monolayers 
and that prepubertal cells secrete androsterone and 
5oc-androstane-3a,17&diol whereas testosterone is a 
major product in adult cells. The amount of andro- 
gens produced by our cell preparations (up to 1300 ng 
per mg protein) is high as compared to that observed 
by Hsueh et al. This may be related to at least three 
factors: the use of intact rats, the fact that interstitial 
cells rather than a crude testicular cell preparation 
were used in the present experiments and the in- 
clusion of Sa-reduced metabolites other than 
~~-androstane-?~,17~-dio1 in the present measure- 
ments. 

When cultured in the absence of gonadotropins, the 
response of prepubertal interstitial cell monolayers to 
LH or hCG is characterized by three major features. 
One: the overall steroid output of the cells decreases 
progressively. This loss in steroidogenic capacity, 
however, is considerably overestimated if one does not 
take into account the secretion of Cz,-steroids. The 
production of these steroids actually increases during 
the first days of culture indicating that one of the 
earliest defects in cultured interstitial cells is the de- 
velopment of a steroidogenic lesion at the level of the 
17a-hydroxyla~/l7,20-desmola~. Two: after 24 h of 
stimulation with LH or hCG only a minor fraction of 
the androgens or progestogens produced by these 
cells are recovered as A4-3-ketosteroids. Oxidation of 
the metabolites extracted from the medium reveals 
that large amounts of secreted steroids are recovered 
as SE-reduced derivatives. This finding is not unex- 
pected in view of the very high Sa-reductase activity 
in the prepubertal rat testis [lo, l&20]. Three: the 
dose-response curve of the C,,-steroids shows a 
characteristic bell-shaped profile which may again 
result in underestimation of the steroidogenic poten- 
tial of the cells if non-optimal concentrations of LH 
or hCG are used. This profile can probably be 
explained by the fact that higher concentrations of 
these gonadotropins provoke a further block at the 
level of the 17a-hydroxylase/l7,20-desmolase (Table 2) 

a reaction that is already rate limiting in cultured 
interstitial cells as explained higher. Comparable 
enzymatic defects have been demonstrated in Leydig 
cells after in vivo or in vitro stimulation with hCG, LH 
or LHRH [2,5,8,21-233. 

Daily pretreatment with hormones or serum notice- 
ably changes the response of interstitial cell cultures 
to LH. The mast striking effects are observed with 
fetal bovine serum and with gonadotropins an obser- 
vation that again confirms recent data of Hsueh et 
al.[15-173. When-after 3 days of culture-the 
medium is replaced daily with MEM supplemented 
with serum, the protein content (cell number) of the 
monolayers increases, whereas gonadotropin-induced 
accumulation of cyclic AMP and steroids decreases. It 
is not clear from the present data whether these 
changes are due to inhibitory factors present in the 
serum or to overgrowth of less active or inactive 
interstitial cells. Pretreatment with gonadotropins on 
the contrary prevents and partially reverses the dedif- 
ferentiation process observed in interstitial cell cul- 
tures maintained in the absence of these hormones. 
The total steroid output remains high. The cells 
regain the ability to produce androgens and the dose- 
response curve for LH-induced androgen production 
shows a tendency to normalisation. 

The mechanisms behind these gonadotropin- 
induced changes in the activity of cultured interstitial 
cells require further investigation. Our data show that 
pretreatment with gonadotropins does not increase 
the accumulation of cyclic AMP after subsequent 
stimulation with LH. In as far as the latter parameter 
reflects the accumulation of cyclic AMP within the 
cells and the number of LH receptors this would sug- 
gest that the pretreatment acts mainly at a level 
beyond the receptor adenylate cyclase complex. Again 
the 17a-hydroxylase/l7,2~desmolase may be the criti- 
cal site of regulation. In fact, when the cells are not 
pretreated with gonadotropins they react to LH with 
an immediate increase in progestogen output whereas 
androgen secretion becomes only apparent after a 6 
to 8 h lag period (Fig. 6). Similarly, preincubation 
with low concentrations of hCG for 24 h potentiates 
the Cl9 response to secondary stimulation, It remains 
possible however that in addition to these effects pre- 
treatment with gonadotropins would favor the growth 
or development of a particular type of cells. 

The relative contribution of LH and FSH to the 
observed changes in steroidogenesis also requires 
further elucidation. 

No major qualitative differences were observed 
between the effects of LH and FSH. Since neither of 
the gonadotropin preparations used in the present ex- 
periments is absolutely pure, we cannot exclude the 
possibility that the effects observed with FSH are due 
to contamination with LH. Nonetheless Hsueh et al. 
reported synergistic effects of FSH at concentrations 
as low as 0.1 ng/ml and concluded that this hormone 
may display activities that differ from those of 
LH [lS, 171. Comparable synergestic effects were not 
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observed in our experiments (Fig. 7). Since the former oidogenesis in immature and adult hypophysecto- 

authors cultured testicular cells rather than interstitial mized rats. Endocrinology 107 (1980) 908-917. 

cells it remains possible that’the observed FSH effects 10. Purvis K., Clausen 0. P. R. and Hansson V.: Effects of 

on Leydig cell function were mediated via other cells 
age and hypophysectomy on responsiveness of rat Ley- 

(e.g. Sertoli cells). 
dig cells to hCG. J. Reprod. Fert. 60 (1980) 77-86. 

11. Verhoeven G.: Androgen receptor in cultured inter- 
stitial cells derived from immature rat testis. J. steroid 
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