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Summary--Recently it has been reported that histone type H2A can inhibit gonadotrophin- 
stimulated cAMP formation and steroidogenesis by ovarian cells. In the present study we have 
investigated if similar antigonadotrophic effects of commercially available histones can also 
be demonstrated on testicular steroidogenic cells. Using percoll-purified mouse Leydig cells, 
we have demonstrated that several types of histones could almost completely inhibit hCG- 
stimulated testosterone production and cAMP formation. The inhibition was dose-dependent 
and could be reversed by the addition of excess of hCG. The most potent histone types were 
H2AS and H8S, both of which could inhibit hCG-stimulated cAMP formation half-maximally 
at concentrations of 4-5/~g/ml. Forskolin-stimulated cAMP formation was not affected by 
histones. When the cells were stimulated with either db-cAMP or rAP-II, histone H2AS and 
H8S failed to inhibit the testosterone production. In fact there was a marked increase in the 
amount of testosterone produced, the reason for which is not yet understood. The amount 
of cGMP accumulated in response to rAP-II was not affected by the presence of H2AS or H8S. 
In unstimulated cells, neither the cyclic nucleotide level nor the amount of steroid produced 
was affected by the histones. Based on the [~25I]hCG binding data it is possible to conclude 
that histone H2AS inhibits the binding of hCG to its receptors on Leydig cells and thereby 
causes the inhibition of hCG-stimulated cAMP formation and steroidogenesis. 

INTRODUCTION 

A variety of  factors, some of which have been 
well-characterized and some still to be charac- 
terized, have been proposed to be produced or 
present within the gonads, where they are sup- 
posed to function as autocrine/paracrine regu- 
latory substances (see Refs[l]  and[2] for 
review). Two proteins known to be present 
almost ubiquitously can also be included in 
this group of substances. From testicular inter- 
stitial fluid, Melsert et  al. [3], have purified a 
steroidogenesis stimulating factor which ap- 
pears to be albumin and it was shown that both 
albumin and this factor could markedly stimu- 
late steroidogenesis by rat Leydig cells [3]. Re- 
cently, Aten and Behrman [4, 5] have purified 
a GnRH-binding inhibitor from cow ovaries 
and have identified this to be histone H2A. 

*To whom correspondence should be addressed. 

Furthermore,  Aten and Behrman have shown 
that the protein purified from bovine ovaries 
and commercially available histone H2A could 
inhibit LH-stimulated cAMP formation by 
luteal cells and FSH-stimulated cAMP and 
progesterone production by granulosa cells. 
In the present investigation, we have examined 
whether the antigonadotrophic effect of  histone 
can be demonstrated on testicular steroidogenic 
cells as well. For this, we have used percoll 
purified mouse Leydig cells and have tested a 
number of  commercially available histone types 
in order to compare these preparations for their 
antigonadotrophic potencies. Furthermore,  
since mouse Leydig cells are known to respond 
to atrial natriuretic peptide in terms of an 
increased c G M P  and testosterone pro- 
duction [6-8], it was of  interest to examine if 
histones could exert an inhibitory effect on 
atrial-peptide stimulated cyclic nucleotide for- 
mation and the steroid production by mouse 
Leydig cells. 
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MATERIALS AND M E T H O D S  

The hormones, hCG (13,500IU/mg) and 
rat atriopeptin II (rAP-II), corresponding to 
ANF-(99-126) peptide according to Cantin 
and Genest [9], were obtained from Boehringer 
Mannheim (Mannheim, F.R.G.) and Bissendorf 
Biochemicals (Hannover, F.R.G.) respectively. 
Dibutyryl-cAMP (db-cAMP), the histones type 
H2A, H2AS, H3S, HSS, H6S, H7S and H8S 
and 3-isobutyl-l-methyl xanthine (IBMX) were 
procured from Sigma (Deisenhofen, F.R.G.). 
Minimum essential medium with Earle's salts 
was obtained from Gibco Europe (Karlsruhe, 
F.R.G.). 

The methods for isolation, purification and 
incubation of mouse Leydig cells have been 
described previously [6-8]. Routinely, 50,000- 
100,000 cells were incubated in 500 ~l minimum 
essential medium containing 25 mM HEPES, 
pH 7.4 and 1 mg/ml bovine serum albumin. All 
incubations were carried out in the presence of 
the cyclic nucleotide phosphodiesterase inhibi- 
tor, IBMX (0.25 mM) in order to keep the phos- 
phodiesterase activity maximally inhibited. In 
experiments, where cyclic nucleotide formation 
was measured, the incubation was carried out at 
37°C for 15min and where testosterone pro- 
duction was measured, the incubation was con- 
tinued for 3 h at 37°C, unless otherwise stated. 

After incubation of the cells with various test 
substances as indicated, 100% ice-cold ethanol 
was added to the incubation mixture, so that the 

final ethanol concentration was 80%. The mix- 
ture was left standing at 4°C for 4-45 h, after 
which the precipitated proteins were removed 
by centrifugation at 2000g for 15 rain at 4°C. 
The ethanol extract was evaporated to dryness 
and redissolved in 0.1% NAN3. The amounts of 
cAMP, cGMP and testosterone were measured 
by specific RIAs as described previously [6-8]. 
The solutions of histones were prepared in the 
incubation medium fresh on the day of use, 
since in preliminary studies, we had noted that 
some histone solutions were not very stable on 
storage. 

For hCG-binding assay, hCG was labelled 
using a chloramine T method to a specific 
activity of 36/~Ci per /~g protein. The bind- 
ing experiment was carried out essentially 
as previously described by Willey and 
Leidenberger[10]. In brief, 100,000 cells were 
incubated with 60,000 cpm [~=SI]hCG and indi- 
cated amounts of unlabelled hCG or histones in 
200/tl incubation medium as mentioned above, 
for 1 h at 37°C, following which bound hor- 
mone was separated from free and bound radio- 
activity was measured. 

The data presented are mean _+ SD from trip- 
licate determinations and each experiment has 
been repeated at least twice. 

RESULTS 

In the first experiment, results of which are 
summarized in Fig. I, we have examined the 
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Fig. 1. Effect of histones on hCG-induced testosterone production and cAMP accumulation by isolated 
mouse Leydig cells. A suspension of  keydig cells in 500 #1 minimum essential medium containing 25 mM 
HEPE$, pH 7.4, 0.25 mM IBMX and ] mg/m] bovine serum albumin was incubated at 37°C without any 
addition (C) or in the presence of hCG and indicated concentrations of  histone HSS, H2AS and H2A. 
The incubation was stopped by the addition of  2 ml 100% cold ethanol and testosterone and cAMP was 
measured in the ethanol extract by specific radioimmunoassays as mentioned in the Materials and 
Methods section. In the experiment, where cAMP was measured the incubation was carried out for 15 min 
and the amount of hCG added was 10ng/m] and where testosterone was measured, the incubation- 
duration was 3 h and 0.5 ng/m] hCG was added. The data presented are mean +_ SD from triplicate 

determinations. 
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effects of addition of various concentrations 
of three types of histones, namely H2A, H2AS 
and H8S, on hCG-stimulated steroidogenesis 
and cyclic nucleotide formation by mouse Ley- 
dig cells. The cells were incubated for 15 min in 
the presence of 0.25 mM IBMX and hCG 
(10 ng/ml) which resulted in a 250-fold increase 
in the level of cAMP measured. It may be 
mentioned that at 15 min of incubation, negli- 
gible quantities of cAMP[I1] or cGMP[7] 
can be measured in the extracellular medium. 
Therefore, at the chosen time-point of incu- 
bation, the measured cyclic nucleotide level can 
be taken as that reflecting almost solely the 
intracellular level of the cyclic nucleotide. The 
results obtained clearly show that each of the 
histone types examined produced a dose-depen- 
dent inhibition of cAMP accumulation in the 
cells stimulated with 10 ng/ml hCG. In a paral- 
lel experiment, the cells were incubated in the 
presence of 0.5ng/ml hCG and 0.25mM 
IBMX for 3 h with varying concentrations of 
histones H2A, H2AS and H8S and the amount 
of testosterone produced was measured. It is 
evident here as well, that all three types of 
histones could inhibit testosterone production 
in a dose-dependent manner. Comparatively, 
the amounts of histories required to inhibit 
cAMP production were approx. 3-fold less 
than that required for inhibiting testosterone 
production to a similar extent. Similar dose- 
related inhibitory effects were observed also 
when other types of histones, e.g. H5S, H6S 
and H7S were used (data not presented). From 
the results obtained, we have calculated the 
amounts of different types of histone required 
to produce 50% inhibition of hCG-stimulated 
cAMP formation (ED~0 cAMP) and testoster- 

Table 1. The amounts of different types of histones required 
to half maximally inhibit the cAMP formation and testoster- 

one production by mouse Leydig cells 

H i s t o n e s  ( # g / m l )  

H2A H2AS HSS H6S H7S HSS 

ED~0 cAMP 17.0 5.0 7.0 13.5 7.0 4.0 
ED~0 test 58.0 16.5 43.0 24.0 25.0 14.0 

The mouse Leydig cells were incubated with 10 ng/ml hCG 
(for cAMP determinations) or with 0.5 ng/ml hCG (for 
testosterone determinations) in the presence of varying 
concentrations of different types of histones and for each 
type of histones, inhibition curves were constructed. The 
amount of each type of histone required to reduce the 
hCG-stimulated cAMP formation to half (ED~0 cAMP) 
and that required to reduce hCG-stimulated t e s t o s t e r o n e  
production to half (ED~0 test) were calculated. The 
amounts of cAMP accumulated and testosterone pro- 
duced by the cells in the presence of hCG without the 
addition of histones were 59 pmol/10 ~ cells/I 5 min and 
225 ng/10~cells/3 h (mean from quadruplicate determi- 
nations), respectively. 

Table 2. Effect of addition of histone H2AS and HSS on rAP-II- 
stimulated cGMP accumulation by mouse Leydig cells 

Additions 
cGMP accumulated 

rAP-lI Histone (pmol/10 s cells/l 5 min) 

- -  - -  0 . 1 2  + 0.01 
20 nM - -  58.80 + 9.50 
20 nM 2 #g/ml H2AS 67.10 + 11.20 
20riM 4 #g/ml H2AS 71.20 + 6.20 
20 nM 10 #g/ml H2AS 60.80 _+ 1.90 
20 nM 25 #g/ml H2AS 60.3 +_ 3.90 
20 nM 2 #g/ml H8S 56.40 + 17.10 
20nM 4 gg/ml H8S 70.40+22.50 
20 nM 10 #g/ml H8S 71.25 + 14.50 
20 nM 25 # g/ml H8S 49.60 + 5.60 

The mouse Leydig cells were incubated with rAP-ll for 15 min in the  

presence of varying concentrations of H2AS or HSS and the 
amount ofcGMP accumulated was measured as described in the 
Materials and Methods section. The data presented are 
mean + SD from triplicate determinations. 

one production (EDs0 testosterone) as shown 
in the Table 1. It is evident that all types 
of histones listed exerted a strong inhibitory 
effect on hCG-stimulated steroid production 
and cAMP formation. However, invariably 
in all cases, the amount of histones required 
to inhibit hormone-stimulated cAMP for- 
mation to an extent of 50% was approx. 
3-5-fold less than the amount required to 
inhibit testosterone production to a similar 
extent. 

In addition to the types of histones listed in 
Table 1, we have also used H3S type, which, 
however, failed to inhibit the hCG-stimulated 
steroidogenesis and produced only a moderate 
inhibition on cAMP accumulation. In the 
absence and presence of 50/~g/ml H3S, the 
cells incubated with 0.5 ng/ml hCG produced 
225 + 3.7 and 223___ 16.1 ng testosterone/105 
cells/3 h, respectively. The amounts of cAMP 
accumulated when the Leydig cells were 
incubated with hCG (10 ng/ml) in the absence 
or presence of 50/~g/ml H3S were 38.9 +__ 1.9 
and 21.4___ 1.6pmol cAMP/105cells/15 min, 
respectively. 

When the cells were stimulated with 
forskolin, the amount of cAMP formed was 
increased 40-fold over the basal level (the 
amounts of cAMP accumulated in the absence 
or presence of 4 #M forskolin were 0.12 _+ 0.03 
and 4.95 + 0.03 pmol/105 cells/15 min respect- 
ively). Addition of histone H8S upto a con- 
centration of 25/~g/ml had no effect on 
forskolin-induced cAMP formation. The cells 
incubated in the presence of 4 # M forskolin and 
25/~g/ml H8S accumulated 4.65 ___ 0.57 pmol 
cAMP/105 cells/15 min. It may be noted that at 
this concentration H8S could almost totally 
inhibit the hCG-induced cAMP formation. 



626 A.K.  MUKHOPADHYAY et al. 

60 

~ z+5 

~30 
o 
e 
(~. 

/+0 

@ 

I I ~ ~ 1 1 
0.1 0.2 0.5 1.0 2.0 5.0 2 0 

3O 

o 

2O 
o 

~I0 

I I I I I I 

0.01 0.05 0.1 0.5 1.0 2.0 
h[G (ng/m[) 

Fig. 2. Th~ effect o f  histone H2AS on the c A M P  (A) and 
testosterone (B) dose-response curves for hCG. The cells 
were incubated as described under Fig. 1 for 3 h with 
varying concentrations of hCG in the absence of any 
addition (0 )  or in the presence of the following concen- 
trations of histone H2AS: 5 #g/ml (~,), 12.5 #g/ml (U]) and 
25 #g/ml ( . ) .  The amounts of cAMP accumulated (A) and 
testosterone produced (B) by the cells were measured. From 
triplicate determinations the mean _ SD values were deter- 
mined but for the sake of clarity the bars representing SD 
have been omitted. In all cases the values for SD were within 

I0% of the mean values. 

In case of unstimulated cells, neither cAMP 
nor testosterone level was affected by the ad- 
dition of histone. The cells incubated without 
any addition or with 25/~g/ml histone H8S 
produced 0.21 + 0.05 and 0.15 + 0.01 pmol 
of cAMP/105cells/15min respectively. The 
amounts of testosterone produced by cells 
incubated without or with 25#g/ml H8S 
were 3.8 + 0.2 and 4.28 + 0.5 ng/105cells/3h 
respectively. 

The results presented in Fig. 2 show the 
dose-response curves of hCG in the presence of 

various concentrations of histone H2AS. The 
cells were incubated in the presence of varying 
amounts of hCG in the absence of the histone 
or in the presence of 5 pg/ml, 12.5 #g/ml or 
25#g/ml histone H2AS and the amounts of 
cAMP accumulated (Fig. 2A) and testosterone 
produced (Fig. 2B) were measured. It is evident 
that with increasing concentrations of histone 
added, the dose-response curve of hCG was 
shifted increasingly to the right. In the presence 
of 5#g/ml histone H2AS, the amounts of 
cAMP accumulated (Fig. 2A) by the cells in 
response to submaximally stimulating doses of 
hCG were markedly inhibited. The extent of 
inhibition, however, decreased gradually with 
the addition of increasing amounts of hCG until 
the inhibition was completely reversed in the 
presence of 20 ng/ml hCG. In the presence of 
12.5#g/ml H2AS, the inhibitory effect was 
more pronounced and could only be partially 
reversed by 20 ng/ml hCG. When the histone 
was added at 25 pg/ml concentration, the inhi- 
bition was nearly complete with all doses of 
hCG. Figure 2B shows a similar experiment 
where hCG-dose-response curves were con- 
structed with testosterone production as the 
endpoint. Here as well, it is clear that the histone 
H2AS at concentrations of 5 and 12.5pg/ml 
could inhibit testosterone production when the 
cells were stimulated with low concentrations of 
hCG. The extent of inhibition declined with 
increasing concentrations of hCG added and a 
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Fig. 3. Inhibition of binding of ~251-hCO to its receptors on 
Leydig cells by histone H2AS. A suspension of 100,000 cells 
was incubated with [~2~I]hCG in the absence of any addition 
or in the presence of varying concentrations of histone 
H2AS (O), H3S (&) or unlabelled hCG (O), as detailed in 
the Materials and Methods section and the amount of 
specifically bound [~2~I]hCG was determined. Each data 
point represent mean of duplicate determinations. This 
experiment was repeated three times and the results ob- 

tained were qualitatively similar. 
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H8S (solid symbols). At the end of the incubation, the 
amount of testosterone produced was measured. ~ e  data 
presented are mean ~ SD from triplicate dete~inations. 
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centrations of histones, H2AS and H3S and 
unlabelled hCG. The non-specific binding was 
determined by incubating the cells with 12~I-hCG 
in the presence of 100 IU/ml of unlabelled hCG. 
The results shown in Fig. 3 show clearly that 
both unlabelled hCG and histone H2AS could 
inhibit binding of [I~I]hCG in a dose-depen- 
dent manner. Approximately 0.5 gg/ml histone 
H2AS could effect 50% inhibition of [12SI]hCG 
binding to the cells. Interestingly, histone H3S 
which had negligible inhibitory potency failed to 
inhibit binding of the radioactive ligand signi- 
ficantly. 

We have next examined the effect of addition 
of varying concentrations of H2AS and H8S 
on rAP-II-stimulated testosterone production 
(Fig. 4). For comparison, the data also include 
the amounts of testosterone produced by the 
cells stimulated with either dbcAMP (1 raM) 
and 0.5 ng/ml hCG in the presence of various 
amounts of H8S. It is evident that, though 
hCG-stimulated steroidogenesis was strongly 
inhibited by H8S, there was no inhibitory effect 
of H8S either on rAP-II-stimulated or on db- 
cAMP-stimulated testosterone production. In 
fact, in the presence of 25/~g/ml H2S or H8S, 
there was a marked enhancement of rAP-II- 
stimulated testosterone production. Similar 
observation was made with respect to db- 
cAMP-stimulated steroid production. It may be 
noted that at 25pg/ml concentrations both 
H2AS and HSS histones almost completely 
inhibited the hCG-stimulated testosterone 
production. 

complete reversal of inhibition was achieved 
with 0.5-2.0ng/ml hCG. When H2AS was 
added at 25 pg/ml concentration, the inhibition 
was more drastic and only a partially reversal 
was obtained with 2 ng/ml hCG. In a separate 
experiment (data not shown), where a ten times 
greater hCG concentration, i.e. 20ng/ml was 
added, we observed a near complete reversal of 
inhibition produced by 25 pg/ml histone H2AS. 
Thus it appears that the inhibitory effect of 
histone on Leydig cells can be competitively 
reversed by increasing the concentrations of 
hCG added. 

We have next addressed the question whether 
the inhibitory effects of histones might be ex- 
erted by interfering with the binding of hCG to 
its receptors on Leydig cells. To examine this 
possibility, 100,000 Leydig cells were incubated 
with [~25I]hCG for 1 h in the absence of any 
addition or in the presence of varying con- 

DISCUSSION 

The results obtained in this study con- 
firmed the observation made by Aten and 
Behrman [4, 5] that histones can interfere with 
the actions of gonadotrophin on gonadal 
steroidogenic cells. These authors have evalu- 
ated the effect of histone type H2A on LH- 
stimulated cAMP formation by rat luteal cells 
and FSH-stimulated cAMP formation by rat 
granulosa cells and have shown that con- 
centrations of approx. 70 and 30#g/ml of 
H2A were required to bring about a half-maxi- 
mal inhibition of LH-stimulated and FSH- 
stimulated cAMP formation, respectively. In 
addition, H2A was also shown to inhibit FSH- 
stimulated progesterone production by rat gran- 
ulosa cells. In the present study, we have 
compared the inhibitory effects of various his- 
tone types and have shown that all histones 
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examined could inhibit the stimulatory effects of 
hCG on mouse Leydig cells and that histone 
types H2AS and H8S are the most potent 
inhibitors of hCG-stimulated cAMP formation 
and testosterone production by these cells. It 
was observed that approximately three times 
less H2AS and H8S were required to inhibit 
the hCG-stimulated cAMP formation com- 
pared to what was required to inhibit testoster- 
one production to a similar extent. In the case 
of granulosa cells, however, the inhibitory con- 
centrations of H2A required for blocking FSH- 
stimulated cAMP and progesterone production 
were reported to be nearly identical [5]. The fact 
that histones failed to inhibit db-cAMP-stimu- 
lated testosterone production would indicate 
that the inhibitory effect of histones is exerted at 
a point proximal to hCG-stimulated cAMP 
formation. This is also supported by the obser- 
vation that hCG-stimulated cAMP formation 
could be inhibited by lower concentrations of 
histones than those required to inhibit hCG- 
stimulated testosterone production. It is poss- 
ible to suggest that histones interfere with 
gonadotrophin-receptor mediated adenylate cy- 
clase activation, which is in agreement with the 
proposal put forward by Aten and Behrman [5]. 
Since histone H8S did not affect forskolin- 
stimulated cAMP formation by the Leydig cells, 
it appears that adenylate cyclase activity per se 

is not affected by histones. Only at high concen- 
trations (> 100/~g/ml) histones, H2AS and H8S 
could inhibit forskolin-stimulated cAMP for- 
mation (data not presented), which presumably 
was due to an unspecific toxic effect on the cells. 
It is concluded, therefore, that histones interfere 
with the gonadotrophin-receptor mediated acti- 
vation of adenylate cyclase activity, by prevent- 
ing the binding of hCG to its receptors. It is also 
possible to argue that the inhibitory histones 
bind to the gonadotrophin itself and therefore 
do not allow the hCG to bind to its receptors. 
This question can not yet be answered directly 
from the data obtained in the present study. 
However, we have carried out a radioimmuno- 
assay of hCG in the absence or presence of 
25/~g/ml histone H2AS and observed that the 
histone did not interfere in the radioimmuno- 
assay (data not shown). It may be argued that 
if histones could bind to hCG, one would have 
seen interference in the binding of hCG to the 
antibody. This would obviously cause interfer- 
ence in the radioimmunoassay, but such inter- 
ference was not observed. Therefore, it appears 
unlikely that the inhibitory histones bind to 

gonadotrophin directly. It may be of some 
consequence for studies where bio-/immuno- 
potencies of LH/hCG in biological fluid samples 
are compared, since the presence of histories in 
these fluid samples may affect the bio-potency 
but not the immuno-potency of the gonado- 
trophins. This will be of particular relevance 
for such samples where low levels of gon- 
adotrophins are present, since the inhibitory 
effect of histone H2AS on steroid production 
could be reversed by higher concentrations of 
hCG. 

Furthermore, it was of interest to note that 
when the cells were stimulated with either db- 
cAMP or with rAP-II, there was a marked 
stimulation of steroidogenesis in the presence 
of histones. The concentration which was 
found to be maximally inhibitory on hCG- 
stimulated steroid production was maximally 
stimulatory when db-cAMP or rAP-II was used 
as the stimulatory ligand. The level of cGMP 
in rAP-II stimulated cells remained unaffected 
by the addition of histones. There was however, 
no effect of histones on the basal steroidogenesis 
or on the level of cGMP in unstimulated 
cells. 

Thus, under the short-term incubation con- 
ditions employed in this report, we have shown 
that several types of histones could inhibit 
the gonadotrophin-stimulated testosterone pro- 
duction by inhibiting binding of hCG to its 
receptors on Leydig cells. This inhibitory effect 
was specific to gonadotrophin, since atrial 
peptide-stimulated steroidogenesis and cGMP 
accumulation was not inhibited by the histones. 
The observed inhibition brought about by his- 
tones was not a result of an activation of the 
cyclic nucleotide phosphodiesterase activity, 
since all incubations were carried out in the 
presence of the phosphodiesterase inhibitor, 
IBMX. The inhibitory effect could be competi- 
tively reversed by the presence of increasing 
amounts of hCG, which excludes the possibility 
of nonspecific cytotoxic effects of histones, at 
least in the concentration ranges used in this 
study. This is also supported by the fact that no 
inhibition was observed when db-cAMP or 
rAP-II was used as the stimulatory ligand. The 
physiological significance of the observations 
reported here are not at present clearly under- 
stood. However, in studies where the presence 
of antigonadotrophic substances or factors that 
interfere with gonadotrophin binding to its 
receptors, in testicular or ovarian materials is 
investigated, it will be important to bear in mind 
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tha t  h i s tones  c o u l d  cons t i t u t e  one  class o f  such  

a n t i g o n a d o t r o p h i c  subs tances .  
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