
THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 254,.No. 13, Issue of July 10, pp. 5613-5617. 1979 
Printed m  U.S.A. 

Testicular Steroidogenesis after Human Chorionic Gonadotropin 
Desensitization in Rats* 

(Received for publication, January 2, 1979) 

Fred Chasalow,$ Harry Marr,$ France Haour,g and Jose M. Saezg 

From the *Chemistry and Life Sciences Group, Research Triangle Institute, Research Triangle Park, North Carolina 27709, 
and the §Znstitut National de la Sante’ et de la Recherche Mt!dicale, U. 162, Unite de Recherches sur le Controle Hormonal 
des Activities Cellulaires, Hopital Debrousse, 69322 Lyon Cedex 1, France 

When a single injection of 500 I.U. of human chorionic 
gonadotropin (hCG) is given to rats there is an initial 
acute rise of plasma testosterone and of testicular con- 
tent for both cyclic AMP and testosterone. This re- 
sponse correlates with an increase in both lyase and 
17a-hydroxylase activities. Thereafter both plasma and 
testicular testosterone decline and do not increase after 
a second injection of hCG. During this period of desen- 
sitization, isolated Leydig cells were insensitive to the 
steroidogenic stimulatory effect of both hCG and dibu- 
tyryl cyclic AMP. The post-cyclic AMP block is not due 
to an alteration of the cyclic AMP-dependent protein 
kinase but it is correlated with a decrease in both lyase 
and 17a-hydroxylase activities of the Leydig cell’s mi- 
crosomes. This decrease is not caused by the absence 
of the recently described cytosol activator of this en- 
zyme because its addition did not restore the enzymatic 
activity. Within 60 to 96 h after hCG injection there was 
a spontaneous increase of both plasma and testicular 
testosterone and this parallels the recovery of lyase 
and 17a-hydroxylase activities. These results suggest 
that both enzymatic activities are regulated, directly or 
indirectly, by hCG, and that this is partly responsible 
for the hCG-induced steroidogenic refractoriness of 
Leydig cells. 

The complex sequence of events which occurs in male rats 
following a single injection of hCG’ has been the subject of 
investigation in several laboratories (l-10). The initial re- 
sponse is an increase in androgen secretion. However, if a 
second injection of hCG is given within 12 to 48 h of the first, 
there is no increase in androgen secretion following the latter 
injection (10). The phenomenon has been called gonadotropin 
desensitization and has been related to at least three mods- 
cations: decrease in the number of membrane receptors (l-5), 
modification of the coupling system between the receptor and 
the adenylate cyclase (7), and blockage of steroidogenesis 
beyond cyclic AMP formation (8-10). 

The precise mechanism by which gonadotropins regulate 
steroidogenesis has not been clarified, but the major sites of 
action seem to be at the conversion of cholesterol to pregnen- 
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olone (11) and at the conversion of 17-hydroxylated steroids 
to androgens (12). The former step seems to be impaired in 
Leydig cells desensitized by a high dose of hCG since the 
conversion of labeled cholesterol to pregnenolone (13) and 
pregnenolone formation from endogenous precursors (14) was 
markedly reduced. In addition, after desensitization by high 
(13,14) and low doses (14) of hCG, the conversion of pregnen- 
olone to androgens by desensitized Leydig cells is also im- 
paired, indicating a second steroidogenic block. 

This paper reports a decrease of lyase and 17a-hydroxylase 
activities in microsomes isolated from rat Leydig cells during 
hCG-induced desensitization. The possibility that this de- 
crease of enzymatic activities was caused by a diminution of 
the response to the recently described cytoplasmic activator 
(12) was also investigated. 

MATERIALS AND METHODS 

Ninety-day-old Sprague-Dawley rats received a single injection of 
500 I.U. of hCG. At each time indicated, half of the animals (8) 
received an injection of saline (0.9% NaCl solution), and the other 
half received a second injection of 500 I.U. of hCG. Both groups were 
killed 2 h later. One testis from each animal was used to determine 
testosterone and cyclic AMP content as previously described (7). The 
other testis of each animal of the same group was pooled and Leydig 
cells were isolated by collagenase dissociation (15). Some of the 
isolated cells were used to measure the capacity for testosterone 
production in vitro in the presence or absence of hCG or dibutyryl 
cyclic AMP (10). The remaining cells were homogenized in 10 rnM 
Tris-HCl buffer, pH 7.4, containing 1 mM dithioerythritol and 0.25 M 
sucrose. After centrifugation at 10,000 x g for 10 min, the pellet was 
saved and used for determination of hCG binding sites by the method 
described (3). The supernatant was centrifuged at 105,000 x g for 90 
min. The pellet (“microsomes”) was suspended in 10 rnM Tris-HCl 
buffer, 1 mM dithioerythritol, and immersed immediately in liquid 
nitrogen. 

Tdobtain the active cytosol fraction (12), rats were injected sub- 
cutaneouslv with 100 I.U. of hCG and killed with a euillotine 30 min 
later. Testes were removed, homogenized in 0.25 hlsucrose (3 ml/g 
fresh weight), and the homogenate centrifuged at 105,000 x g for 60 
min. The supernatant from this centrifugation was tested and con- 
tained the cytosol activator. 

Microsomal Steroidogenic Activity-The catalytic activity of iso- 
lated microsomes from the Leydig cells was determined as described 
by Chasalow (12) with a few slight modifications. Basically the 
procedure was to incubate 1 ml of 1.0 pM [7&H]progesterone, 1.0 pM 

17-hydroxy[4-“‘Clprogesterone, 0.25 mM NADPH in 0.05 M potassium 
phosphate buffer with the microsomal extracts (70 ~1) of the isolated 
Leydig cells described above. All incubations were performed both in 
the presence and absence of the cytosolic activator (100 ~1) noted 
above (12). The incubation conditions were 37” and open to air. The 
reaction was initiated by the addition of the microsomal fraction and 
quenched by the addition of 2 ml of methanol. Time points at 2,5, 10, 
and 20 min were obtained. Steroid carriers (20 mg each) for andro- 
stenedione and 17-hydroxyprogesterone were added immediately (be- 
fore storage). At the time a sample was analyzed, distilled water was 
added and the steroids extracted, chromatographed, and crystallized 
to constant specific activity as already described (12). 
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Protein Kinase Activity Assay-The method used was similar to 
that described to measure the protein kinase activity of isolated 
adrenal cells (16). In brief, isolated Leydig cells were incubated 1 h at 
33°C in MEM medium, pH 7.6, containing 20 mM Hepes (4-(2-hy- 
droxyethyl)-1-piperazineethanesulfonic acid) 0.5 mM 1 methyl-3-iso- 
butylxanthine, and 0.5% bovine serum albumin. After incubation the 
cells were cooled and then centrifuged at 800 X g for 2 min. The 
pellets were resuspended in 10 mM potassium phosphate buffer, pH 
6.5, containing 10 mM magnesium acetate, 0.5 mrvr 1-methyl-3-isobu- 
tylxanthine, and 0.1 M NaCl, and sonicated twice for 5 s at 0°C. The 
phosphorylation mixture contained histone type A-II (0.25 mg) [y- 
32P]ATP (12 nmol) in 0.2 ml of buffer in the presence or absence of 
cyclic AMP. The phosphorylation incubation (5 min at 32°C) was 
started within 5 min of sonication by addition of 50 pl of cell homog- 
enate (equivalent to 150,000 to 200,000 cells). The reaction was 
stopped as described before (16). 

Other Methods-Testosterone concentrations in plasma, testis, 
and in the incubation medium of Leydig cells were estimated by a 
specific radioimmunoassay (17). Testicular cyclic AMP was purified 
as described by Mao et al. (18). After acetylation (19) the cyclic AMP 
content was estimated by radioimmunoassay (20). 

RESULTS 

In Viuo and In Vitro Steroidogenic Refractoriness of Ley- 
dig Cells Following hCG Injection--Following a single injec- 
tion of 500 I.U. of hCG a peak of plasma testosterone is 
observed within the first 2 h (Fig. 1, circles). Thereafter levels 
decreased and remained low for about 48 h. (A second, delayed 
peak of plasma testosterone is observed between 60 and 100 
h.) Testicular testosterone (Fig. 24, open bars) and cyclic 
AMP (Fig. 2B, open bars) contents are very similar to the 
pattern of plasma testosterone. Since plasma hCG levels re- 
main high for at least 48 h (3) the foregoing results suggest 
that after a single injection of hCG, Leydig cells become 
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FIG. 1. Plasma testosterone concentrations after hCG treatment. 
At the start of the experiment each rat was injected with 500 I.U. of 
hCG. Blood samples were analyzed for testosterone content as shown 
by the circles. At various times rats were given a second injection 
and plasma concentration was determined 2 h later (triangles). 
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TABLE I 
Effect of a single injection of 500 I. U. of hCG on in vitro binding of 

[““ZJhCG by interstitial cell particles and on protein kinase 
activity of homogenized Leydig ceils 

Protein k&se activity (pmol/mg pro- 

r’2511hCG 
tein/min) 

b&d 
Basal CckP K,,, of CAMP 

1o-6 ,) 
% of control M 

Control 100*5” 12 c 2 42 1- 4 4.2 x lo-” 
Post-hCG 2 h 110 z!z 6 36 + 4 46 + 6 6.8 x lo-” 
Post-hCG 12 h 8*2 16 + 3 42 + 2 4.9 x lo-$ 
Post-hCG 36 h NDb 11 + 3 44 k 5 4.6 x IO-” 
Post-hCG 96 h 12 2 3 14 + 2 46 % 4 3.9 x WY 

n Each value shown is the mean + S.E. of triplicate determinations 
of two different experiments (pool of four animals at each time). 

’ Not detectable. 

TIME ,HO”R.S, 

FIG. 3. Effects of a single injection (zero time) of 500 I.U. of hCG 
on in vitro testosterone production by isolated Leydig cells. Produc- 
tion by cells incubated in the absence of additions are shown by open 
bars, in the presence of hCG (0.5 pg/ml) by shaded bars, and in the 
presence of dibutyryl cyclic AMP (IO-” M) by cross-hatched bars. 

desensitized to further gonadotropin stimulation. This was 
confiied by the fact that between 12 and 48 h after hCG a 
second administration of the hormone did not produce a 
significant increase of either plasma testosterone (Fig. 1, tri- 
angle) or testicular testosterone and cyclic AMP (Fig. 2, 
shaded bars). 

Under these experimental conditions there are no detecta- 
ble hCG binding sites on Leydig cells between 12 and 72 h 
following injection of 500 I.U. of hCG (Ref. 3 and Table I). 
Therefore, the questions arose whether the concomitant loss 
of cyclic AMP and testosterone response to further gonado- 
tropin stimulation was only related to the loss of receptors. 
Fig. 3 shows that desensitized Leydig cells also become resist- 
ant to the steroidogenic effect of dibutyryl cyclic AMP. It 
must be emphasized that in vitro steroidogenic responsiveness 
to dibutyryl cyclic AMP reappears at the same time as the 

2 12 24 48 80 72 96 120 144 
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FIG. 2. Testicular contents of cyclic AMP (A) and testosterone (B) at various times after an initial injection of 500 I.U. of hCG. The shaded 
bars show the amount of cyclic AMP (A) or testosterone (B) present 2 h after a second injection of hCG. 
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FIG. 4. 17-Hydroxylase and lyase activity in microsomes isolated [‘H]androstenedione. Finally, the circles show the lyase activity by 
from Leydig cells from hCG-desensitized rats. Each panel describes conversion of 17-hydroxy[4-‘%]progesterone to [4-‘%]androstenedi- 
the results from a different period after the original treatment. The one. In each case the datum shows the final specific activity of the 
squares show the 17-hydroxylase activity by the conversion of reisolated steroid obtained after the described period of incubation. 
[3H]progesterone to 17-hydroxy[3H]progesterone. The triangles show The details of the method are described under “Materials and Meth- 
the lyase complex activity by conversion of [3H]progesterone to ods.” 

spontaneous peaks of testosterone in plasma and testis. How- was about 50% of that of control and at 96 h the recovery was 
ever full responsiveness to hCG both in uivo (Fig. 1) and in almost complete. It must be noted that recovery of the enzy- 
vitro (Fig. 3) was reached about 48 h later than to dibutyryl matic activities parallels the recovery of steroidogenic respon- 
cyclic AMP. siveness to dibutyryl cyclic AMP. 

Cyclic AMP-dependent Protein Kinase-In order to local- 
ize the alteration responsible for the steroidogenic refractori- 
ness to exogenous cyclic AMP, the activity of the cyclic AMP- 
dependent protein kinase of isolated Leydig cells was investi- 
gated (Table I). Basal protein kinase activity was similar in 
control and in Leydig cells isolated from hCG-treated animals, 
except in cells isolated 2 h after hCG injection in which the 
activity was 3-fold higher. However, maximal activation as 
well as the K, for cyclic AMP was not very different at the 
times studied. The absence of a change of cyclic AMP-de- 
pendent protein kinase activity during the desensitization 
period suggested that the alteration in the steroidogenic re- 
sponse to dibutyryl cyclic AMP was located beyond the pro- 
tein kinase. 

Steroidogenic Enzymatic Activity-Within the 1st h after 
hCG administration, there was an increase of both l’lcu-hy- 
droxylase and lyase activities (data not shown) due mainly to 
the presence of a cytosol activator of these enzymes (12). After 
2 h the activity of the lyase was somewhat decreased but that 
of the 17a-hydroxylase was not altered (Fig. 4). Thereafter 
both activities decreased to reach a nadir between 12 and 48 
h after the initial treatment. The activity of the 17cr-hydrox- 
ylase was decreased about 70% during the desensitization 
period, while lyase activity was decreased almost 90% with 
either progesterone or 17a-hydroxyprogesterone as the sub- 
strate. It should be noted that if the 17-hydroxylase activity 
which is still expressed was required for androstenedione 
synthesis from progesterone then the relative amount of an- 
drostenedione formed from each of the two substrates should 
have altered and this was not observed. Thus, the 17-hydrox- 
ylase activity remaining does not seem to be connected to the 
lyase complex. 

Effect of Cytosol Activator-Fig. 5 shows some of the data 
obtained when the cytosol activator was added. Part A shows 
the effect of the cytosol on microsomes isolated at the same 
time. Approximately a 50% increase in androstenedione pro- 
duction from progesterone was observed without a corre- 
sponding increase in production of 17-hydroxyprogesterone. 
Part B shows the effect of the cytosol on the microsome 
sample obtained 2 h after hCG injection. Panel C shows the 
corresponding data for the 12-h time point. The addition of 
active cytosol did not restore the activity of either enzyme. 
However, microsomes obtained 120 h after the initial injection 
responded to the cytosol with an increase in lyase activity (see 
Fig. 5D). Therefore, the absence of activity during the 12- to 
48-h period cannot be attributed to the absence of the acti- 
vator nor can the lack of activity be overcome by additional 
activator. Only after the testosterone response to cyclic AMP 
or hCG returned, did the response of the microsomes to the 
cytosol activator also return. 

DISCUSSION 

Studies from several groups have already shown that hCG- 
induced Leydig cell desensitization is a complex phenomenon 
which involves receptor loss (l-6), uncoupling between recep- 
tors and adenylate cyclase (7), and blockage of steroidogenesis 
beyond cyclic AMP formation (8-10). The present observa- 
tions have shown that the latter alteration was not related to 
a modification of the cyclic AMP-dependent protein kinase. 

Recovery of both enzymatic activities started 48 h after the 
initial hCG injection. At 60 h the activity of both enzymes 

Quantitative exploration of the endogenous steroids pro- 
duced by desensitized Leydig cells (14), as well as the metab- 
olism of labeled pregnenolone (13) has suggested a defect in 
the lyase complex. The aim of the present study has been to 
correlate the steroidogenic ability of control and desensitized 
Leydig cells with the catalytic activity of microsomes in order 
to determine the nature of the block in the conversion of 
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FIG. 5. The effect of the cytosol. These four panels are represent- 
ative of the data obtained when aliquots of active cytosol were added 
to the microsomes during the incubation. In each case open marks 
show the result obtained when cytosol was added. The squares and 
triangles show the same reaction as in Fig. 4. Panel A shows the 
effect of the cytosol on freshly isolated microsomes. Panels B, C, and 
D show the effect of the cytosol on the microsomes obtained 2, 12, 
and 120 h after hCG desensitization, respectively. 

pregnenolone to testosterone induced by hCG treatment. REFERENCES 

The procedure used in this paper to measure 17-hydroxylase 
and lyase activity is very specific. Because the carrier steroids 
were added at the time of incubation, recovery losses can not 
occur. The combined chromatography, acetylation, and chro- 
matography procedure would expose the presence of alternate 
products. Except for small quantities of testosterone in the 20 
min of incubation samples from the control, no other steroid 
products were observed. This was confirmed by the fact that 
the specific activity of each of the steroid samples was not 
altered greatly during the crystallization procedure. 

1. 

2. 
3. 
4. 

5. 

6. 

Hsueh, A. J. W., Dufau, M. L., and Catt, K. J. (1976) Biochem. 
Biophys. Res. Commun. 72, 1145-1152 

Sharpe, R. M. (1976) Nature 264,644-646 
Haour, F., and Saez, J. M. (1977) Mol. Cell Endocrinol. 7, 17-24 
Chen, Y.-D. I., and Payne, A. H. (1977) Biochem. Biophys. Res. 

Commun. 74, 1589-1596 
Purvis, K., Torjesen, P. A., Haug, E., and Hansson, V. (1972) Mol. 

Cell Endocrinol. 7, 73-80 
Haour, F., Sanchez, P., Gallet, D. and Saez, J. M. (1977) C. R. 

Hebd. Seances Acad. Sci. Ser. D Sci. Natur. (Paris) 284, 1429- 
1432 

The changes in the catalytic activity of the microsomal 
steroidogenesis enzymes varies in parallel with testosterone 
production during the desensitization process. Immediately 
after treatment, the amount of cyclic AMP and testosterone 
in the testes extracts, the concentration of testosterone in 
plasma and the ability of the microsomes to synthesize andro- 
gens were all elevated. Within 12 h these all decreased and 
could not be stimulated by a second injection of hCG. A 
secondary maxima in these parameters occurred between 60 
and 96 h after the initial injection. However, during this period 
a second injection of hCG did not cause an additional increase 
similar to that initially observed. When 144 h had elapsed, all 
of these measurements returned to pretreatment levels and a 
second injection of hCG caused all of the same parameters to 
increase. The 17-hydroxylase and lyase activities present in 
the microsomes followed this same pattern. Immediately after 
injection the activity was increased somewhat. Within 12 h 
there was a sharp loss in activity which was not restored until 
60 h later. However, although the original activity was stim- 
ulated by the cytosol activator, it was not until 120 h later 
that the amount of activity and the response to the activator 
were restored to the original levels. The decreased synthetic 

7. 

8. 

Saez, J. M., Haour, F., and Cathiard, A. M. (1978) Biochem. 
Biophys. Res. Commun. 81,552-558 

Haour, F., and Saez, J. M. (1978) in Structure and Function of 
the Gonadotropins (McKerns, K. W., ed) pp. 497-516, Plenum 
Press, New York 

9. 

10. 

11. 

12. 
13. 

Tsuruhara, T., Dufau, M. L., Cigorraga, S., and Catt, K. J. (1977) 
J. Biol. Chem. 252,9002-9009 

Saez, J. M., Haour, F., Tell, G. P. E., Gallet, D., and Sanchez, P. 
(1978) Mol. Pharmacol. 14, 1054-1061 

Karaboyas, G. C., and Koritz, S. B. (1965) Biochemistry 4, 462- 
468 

14. 

15. 

16. 

17. 

18. 
19. 

ChasaIow, F. I. (1979) J. Biol. Chem. 254,3000-3005 
Saez, J. M., and Morera, A. M. (1979) in Hormones and Cell 

Regulation (Dumont, J., and Nunez, J., eds) North Holland 
Publishing Co., Amsterdam, in press 

Cigorraga, S. B., Dufau, M. L., and Catt, K. J. (1978) J. Biol. 
Chem. 253,4297-4304 

Evain, D., Morera, A. M., and Saez, J. M. (1976) J. Steroid 
Biochem. 7,1135-1139 

Saez, J. M., Evain, D., and Gallet, D. (1978) J. Cyclic Nucleotide 
Res. 4, 311-321 

Forest, M. G., Cathiard, A. M., and Bertrand, J. (1973) J. Clin. 
Endocrinol. Metab. 36, 1132-1142 

Mao, C. C., and Guidotti, A. (1974) Anal. Biochem. 59,63-68 
Harper, J. F., and Brooker, G. (1975) J. Cyclic Nucleotide Res. 1, 

207-218 

capability of the isolated microsomes during the early phase 
was not caused by an absence of the cytosol activator because 
the addition of the activator did not restore the original 
activity of the lyase complex. Although a cause and effect 
relationship has not been demonstrated, the restoration of 
this response to the activator coincides with the reappearance 
of hCG binding sites. 

The mechanisms responsible for this post-cyclic AMP block 
are not clear. It has been shown that gonadotropin increases 
testicular estrogen production (21) and that interstitial cells 
have specific estrogen receptors (22). Moreover, exogenous 
estrogens have a direct inhibitory effect on testicular testos- 
terone production (23, 24). Thus, it is possible that increased 
testicular estrogen production induced by hCG could inhibit 
testicular steroidogenesis. Indeed, several investigators have 
noted a decrease in the activity of several enzymes involved 
in the steroidogenic pathway, namely 17a-hydroxylase and 
lyase, after in vivo administration of high doses of estrogens 
for several days (25-27). However, it should be noted that the 
hCG stimulation of cyclic AMP production by isolated Leydig 
cells from estradiol-treated animals is significantly higher than 
that of controls (24). This observation indicated that the 
alterations induced by estrogens are not related to the pre- 
cyclic AMP alterations induced by hCG. 

In summary, the changes in testicular testosterone produc- 
tion following hCG injection parallel the changes in catalytic 
activity of the microsomal steroidogenic enzymes. One need 
not invoke changes in pregnenolone formation by the mito- 
chondria as the only control mechanism for the steroid syn- 
thesizing machinery in response to trophic hormone stimula- 
tion. Although not yet biochemically defined, a second control 
sequence exists whereby the microsomal enzymes are regu- 
lated. 
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