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Summary-Immature Sertoli cells of the testicular seminiferous tubule maintain the expression of 
their dilrerentiated phenotype when cultured in unsupplemented medium. In preliminary experi­
ments we observed that foetal bovine serum (FBS) stimulates polyphosphoinositides (PI) hydrolysis 
in Sertoli cells. We then evaluated the elrect of serum on the function of the immature Sertoli celI 
in culture, in terms of cAMP and estrogen production. Treatment of Sertoli celIs for 30 min with 
1-10% FBS had no elfect on basai cAMP accumulation but abolished the response to FSH. Tbe 
serum concentration producing half-maximal inhibition of the FSH-dependent cAMP accumulation 
was 0.5-1 %. Comparison of the FSH-dose-response in the absence or presence of serum showed 
a decreased maximal response when serum was present. Sertoli celIs exposed to serum were also 
less responsive to the p-adrenergic agonist isoproterenol, to cholera toxin, and to forskolin. Tbe 
serum inhibition was rapidly reversed upon removal of serum or incubating the celIs with the 
phosphodiesterase inhibitor MIX (methyl-isobutyl-xanthine). Similarly to what observed with 
cAMP, serum alrected androgen aromatization stimulated by FSH, isoproterenol, cholera toxin, 
forskolin and dibutyryl cAMPo 

These data indicate that factors present in serum can act as modulators ofthe Sertoli celI function 
in vitro by rapidly and reversibly inhibiting the cAMP and steroidogenic response of the Sertoli celI 
to FSH. 

INTRODUCTION 

The Sertoli celI of the mammalian testis serves as a 
nursing celI for developing germ celIs, a function 
thought to be under the control of the gonadotropi n 
FSH [1,2]. The concept is emerging that gonad­
otropin action is modulated by a number of paracrine 
and auto'crine factors [3, 4]. Opioids, adenosine, and 
growth factors have been demonstrated to integrate 
Sertoli celI activities [5--7]. The multiplicity of signals 
alfecting the Sertoli celI suggests that multiple second 
messengers are used to modulate the function ofthese 
celIs. It is welI known that FSH acts via adenylate 
cyclase activation. The existence of another major 
transduction pathway (that based on PI turnover) 
may be inferred by recent data showing that Sertoli 
celIs contain a functionalIy active protein kinase C 
(pkC) and that germ celi factors activate pkC­
dependent phosphorylations in Sertoli celIs [8-10]. 

Our research has focused on the interactions be­
tween the two pathways of signal transduction. In a 
previous paper [9] we demonstrated that tumor pro-
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moters which stimulate pkC alfect Sertoli celI re­
sponse to FSH: both cAMP and estrogen prod­
uctions are significantly inhibited in the presence of 
phorbol 'esters. We have, therefore, attempted to 
identify physiological factors which can stimulate 
pkC in Sertoli celIs. Under our experimental condi­
tions individuai growth factors known to act via PI 
hydrolysis [Il, 12] did not exert any significant elfect 
on the Sertoli celI response to FSH (unpublished 
observations). We here report that serum, which 
contains many of these factors [13], has profound 
elfects on both PI turnover and the response to FSH 
ofthe Sertoli celI. 

EXPERIMENTAL 

Sertoli celi culture 

Celi cultures were prepared from 15-day old Wistar 
rats folIowing the procedure of Dorrington et al. [14] 
and cultured in Minimum Essential Medium (MEM) 
with Earle's salts at 32°C in a controlled àtmosphere 
of 95% air-5% CO2 • The percentage of peritubular 
celIs contaminating Sertoli celI culture, as established 
by fibronectin synthesis [15], was on the order of 
2-5%. AlI treatments were started on the fourth day 
of culture. 

Assay oJ cAM P production 

At the end of the incubations with the substances 
to be tested, media were colIected, boiled for 15 min, 
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and then centrifuged at 3000 rpm for IO min. Intra­
celIular cAMP was extracted with ice-cold 95% eth­
anol plus 0.1 % trichloracetic acid (TCA). The accu­
mulated extra- and intracellular cAMP were 
measured by RIA [16] after suitable dilution and 
acetylation of the samples [17]. The RIA employing 
an antibody that was a generous gift of Dr Steiner, 
had a sensitivity of 2-4 fmol cAMP/tube; intraassay 
and interassay coefficients of variation were 5 and 
10% respectively. RIA performed before and after 
sample purification by ion exchange chromatography 
gave essentially the same results. The low amount of 
serum present in treated samples did not interfere 
with the assay. 

Protein content was measured according to Lowry 
et al. [18] using bovine serum albumin (BSA) as 
standard. 

Assay 01 androgen aromatization 

To evaluate the conversion of androgen to es­
trogen, Sertoli celIs were incubated with 0.5 JlM 
androstendione and the test compounds as specified 
in the Results. After 24 hr, media were collected and 
centrifuged at 3000 rpm for lO min. RIA of estrogen 
was performed according to the method of Van 
Damme [19] employing an antiserum that was a 
generous gift of Radim S.R.L. with the following 
cross-reactivities: 17 p -estradiol, 100%; estrone, 
1.2%; estriol, 0.5%; and progesterone, <0.1 %. The 
estrogen RIA had a sensitivity of 6 pg/tube, and 
intraassay and interassay coefficients of variation 
were 9 and 14%, respectively. To equalize the serum 
effect on the assay, tubes containing the standard 
curve and untreated samples received the same 
amount of serum that was present in treated samples. 
Basai production of estrogen by the Sertoli celI was 
usualIy below the sensitivity of the assay. RIA per­
formed before and after extraction with ether gave 
the same results. 

Protein synthesis 

Sertoli cens were cultured for 24 h with serum or 
FSH alone or FSH plus serum, then labeled for 5 h 
with lO JlCi/ml fH]leucine. At the end of the incu­
bation, cells were extensively washed with PBS and 
isotope incorporation was determined in the acid 
precipitable material. 

lnositolphosphates production 

To measure inositolphosphates production, Sertoli 
cells were labeled for 24 h with 5 JlCi/ml 
pH]myoinositol. After labeling, cells were rinsed 5 
times with fresh medium and reincubated for lO min 
with 20 mM LiCI and for additional lO min with 
serum. The incubation was stopped removing me­
dium and adding ice-cold 10% TCA. Extraction of 
the inositolphosphates, neutralization of the samples 
and ion-exchange chromatography were performed 
as described elsewhere [20,21]. 

Statistics 

Dose-response studies were analyzed by fitting the 
data with the four parameter logistic equation ac­
cording to the method 'of De Lean et al. [22]. 

Materials 

[3 H]estradiol, p H]leucine, F H]myoinositol and 
['2S]I-succinyl-cAMP were obtained from New En­
gland Nuclear Corporation (Boston, MA). An­
drostendione, globulins, cAMP, dibutyryl cyclic 
AMP (dbcAMP), bovine serum albumin, cholera 
toxin, Dowex resin, and charcoal were from Sigma 
Chemical Corporation (St Louis, MO). Eagle's Min­
imum Essential Medium and sera were obtained from 
Grand Island Biological Company (Grand Island, 
NJ). Forskolin was purchased from Calbiochem (San 
Diego, CA). MIX (methyl-isobutyl-xantine) was 
from Aldrich (Milwaukee, Wl) and Ro 20-1742 
(4-(3-Butoxy-4-methoxybenzyl)2-imidazolidinone) 
was a gift from Hoffman-LaRoche (Nutley, NJ). All 
other reagents were of analytical grade from BDH 
(London), Hoechst (Frankfurt, F.R.G.), or by Merck 
(Darmstadt, F.R.G.). Ovine FSH-SI5 was supplied 
by the NIAKMDD rat Pituitary Hormone Distribu­
tion Program. 

RESULTS 

Effect 01 serum on polyphosphoinositides turnover 

In the calcium-phospholipid-dependent signal 
transduction system agonist binding to its receptor 
leads to the hydrolysis of phosphatidylinositol­
disphosphate (PIP2) and the release of the second 
messengers inositol trisphosphate (IP3) and di­
acylglycerol (DG) [23, 24]. 

To evaluate whether serum activates this pathway 
we have measured PI hydrolysis in control and 
FBS-treated Sertoli censo The results obtained (Table 
l) show that serum significantly stimulates PI hydro­
Iysis in Sertoli celi pre-Iabelled with FH]-myoinositol. 
Serum was active in inducing PI hydrolysis after 
dialysis or incubation for 15 min at 100°C. The 
stimulatory effect of serum was rapid and dose­
dependent with a EDso of 1-2% (Monaco et al., 
paper submitted). 

Table l. Effect of serurn on PI hydrolysis in the Sertoli cells 

Inositolphosphates (cprn/dish x 10-') 
Treatrnent IPI IP2 IP3 

Control 2.8 ± 0.18 0.74± 0.06 0.80 ± 0.04 
FBS (1%) 5.3 ± 0.26 1.74 ± 0.11 2.12 ± 0.09 
Dialyzed FBS 5.8 ±0.50 1.79 ± 0.23 2.23 ± 0.10 
Heat-inactivated 

FBS 5.6+0.67 1.43 + 0.16 2.18 ±0.26 

Sertoli cells were labelled for 24 h with [3H]rnyoinositol and then 
stirnulated with serurn (1%) for IOrnin. Inositolphosphates. were 
rneasured as described in the Experirnental. Each pomt IS the 
rnean ± SE of three different dishes. 
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Fig. I. Serum effect on cAMP accumulation stimulated by FSH. (a) Sertoli cells were incubated for 30 min 
with 100 ng/ml FSH in the absence or presence of increasing amounts of FBS. (b) Cells were incubated 
for 30 min with ÌIicreasing concentrations of FSH in the absence or presence of FBS (3%). At the end 
of the incubation, medium was removed, and intracellular cAMP was measured by RIA. Each point is 

the mean ± SE of three different dishes, eacn assayed in duplicate. 

Effect oj serum on cAM P accumulation by the Sertoli 
celi 

To investigate whether PI hydrolysis activation 
interferes with the adenylate cyclase system, we eval­
uated the etfect of serum on the Sertoli celI response 
to FSH in terms of cAMP and estrogen production. 

Sertoli celIs were maintained in culture in MEM 
for 3 days and on the fourth day of culture were 

· exposed for 30 min to foetal bovine serum (FBS). 
Under basai conditions cAMP levels were not 

· atfected by serum. On the contrary, serum added 
together with FSH had marked inhibitory etfect on 
intracelluiar and extracelluiar cAMP accumulation. 

'The concentration of FBS producing half-maximal 
· inhibition was 0.5-1 %, and FSH-stimulated cAMP 
accumulation was reduced by 70% in the presence of 

, IO%FBS (Fig. la). When celIs were incubated with 
· or without 3% serum and increasing concentrations 
· of FSH, serum inhibited the maximal response to 
FSH with no etfect on the celI sensitivity to FSH (Fig. 

i Ib). 
· Inhibition of the FSH-dependent cAMP accumu­
! lation was present whether celIs were exposed to sera 
! from ditferent species and even after extensive dialysis 
of serum against MEM, or serum inactivation at 
75°C for 15 min (Table 2). The serum-dependent 
inhibition was rapidly reversible upon serum removal 

, (data not shown). 

I Table 2. Effect of serum on cAMP accumulation 

, Treatment pmol cAMP/mg protein 

! Control Il.1 ± 3.2 
FBS (3%) 7.5 ± lA 
FSH (100ng/ml) 68.0 ± 9.3 
FSH + FBS 23.6 ± 2.7 
FSH + dialysed FBS 28.1 ± 5.1 
FSH + heat-inactivated FBS 23.0 ± 4.7 

Sertoli cells were treated for 30 min in the presence or absence of 
FSH (100 ng/ml) and with or without FBS (3%). At the end of 
the incubation, medium was removed, and intracellular cAMP 
was measured by RIA. Each point is the mean ± SE of three 
different dishes, each assayed in duplicate. 

Table 3. Serum inhibition of cAMP accumulation stimulated by 
FSH, cholera toxin and forskolin 

pmol cAMP/mg protein 

Treatment -serum +serum 

Control 16.0±3 15.5±3 
FSH (100 ng/ml) 116.5 ± 23 53.2± 14 
Cholera toxin (I Jl g/ml) 51.2 ± 7 2004 ± 3 
Forskolin (IO JlM) 167.3 ± 20 94.9± 7 

Sertoli cells were incubated for 30 min with the indicated substances 
in the presence or absence of 3% FBS. At the end of the 
incubation medium was removed,and intracellular cAMP was 
measured by RIA. Each point is the mean ± SE of three different 
dishes, each assayed in duplicate. 

A possible explanation of the serum-dependent 
inhibition is that it is due to interference with FSH 
binding to its receptor. We then measured cAMP 
accumulation in the presence or absence of serum 
after stimulation with the p -adrenergic agonist iso­
proterenol and the non-hormonal stimulators of ade­
nylate cyclase, cholera toxin [25] and forskolin [26]. 
cAMP accumulation was reduced in the presence of 
serum under alI conditions (Table 3). 

When celIs were cultured in presence of the phos­
phodiesterase inhibitor MIX the etfect of serum was 
abolished. On the contrary serum inhibition of the 
FSH response was stilI present when Ro 20-1742, an 
inhibitor of calcium-calmodulin independent phos­
phodiesterases, was used (Table 4). 

Table 4. Effect of phosphodiesterase inhibitors on the serum 
inhibition 

Treatment 

FSH (30 ng/ml) 
FSH + MIX (0.5 mM) 
FSH + Ro 20-1742 (0.5 mM) 

pmol cAMP/mg protein 

-serum 

30.0± 1 
184.7 ± 26 
134.9 ± 12 

+serum 

15.6±3 
178.2 ± 17 
7404 ± IO 

Sertoli cells were incubated for 30 min with FSH in the absence or 
presence of 3% FBS and with or without phosphodiesterase 
inhibitors. At the end of the incubation, medium was removed, 
and intracellular cAMP was measured by RIA. Each point is the 
mean ± SE of three different dishes, each assayed in duplicate. 
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Fig. 2. Serum effect Dn FSH-stimulated androgen aromatizatiDn. (a) SertDli cells were incubated fDr 24 h 
with 100 ng/ml FSH and androstenediDne (0.5 Il M) in the absence Dr presence Df increasing amDunts Df 
FBS. (b) Cells were incubated fDr 24 h with andrDstenediDne and increasing cDncentratiDns Df FSH in the 
absence Dr presence Df FBS (3%). At the end Df the incubatiDn medium was remDved, and estrogen 
accumulated in the medium was measured by RIA. Each pDint is the mean ± SE Df three different dishes, 

each assayed in duplicate. 

Serum inhibition oJ the steroidogenic response 

We also evaluated the effect of serum on androgen 
aromatization, a specific parameter of the Sertoli celi 
distaI to cAMP accumulatiDn. Similarly to cAMP, 
FSH-stimulated androgen aromatizatiDn was re­
duced in cells incubated in the presence of serum for 
24 h (Fig. 2a). The dDse of serum producing half 
maximal inhibitiDn was again 0.5-1"10. Furtherrnore, 
the sensitivity of the celi tD FSH was nDt affected by 
serum, but Dnly the maximal response in terrns of 
estrDgen produced was reduced (Fig. 2b). The FBS 
inhibitiDn of androgen aromatization was nDt caused 
by a decreased substrate availability tD the Sertoli 
celi, because inhibitiDn was evident with an­
drostendione concentratiDns in the medium up to 
100 Il M (data nDt shown). Serum also blDcked ste­
roidogenesis stimulated by forskolin, chDlera tDxin 
(Table 5), and dibutyryl cAMP (Fig. 3), thus showing 
that an effect distaI to cAMP accumulatiDn is re­
sponsible for the impaired response. 

Effect oJ serum on protein synthesis 

Sertoli celi viability was nDt affected by serum as 
assessed by morphDlogical examination Df the cul­
tures. In additiDn, under basaI and FSH-stimulated 
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Fig. 3. Serum effect Dn dbcAMP-stimulated androgen aro­
matizatiDn. SertDli cells were incubated fDr 24 h with an­
drDstenediDne and increasing cDncentratiDns Df dbcAMP in 
the absence Dr presence Df FBS (3%). At the end Df the 
incubation medium was removed, and estrogen accumu­
lated in the medium was measured by RIA. Each point is 
the mean ± SE of three different dishes, each assayed in 

duplicate. 

cDnditions, serum increased [lH]-leucine incDrpD­
ratiDn (Table 6). 

DlSCUSSION 

iS 
"in 
lo. 
iif 
n 
,te 
,er 
;0. 

::m 

ao 
re' 
Dt 
In 
inl 
ca 
is 
di 
in 
sti 

n< 
S{ 
re 
p< 
It 
DI 
te 
H 
al 
la 
t, 
tI 
D 

D 

Il 

S( 

h 
TI 

F 
u 
g 
ti 
b 
ti 

The data reported in this study ShDW that serum t: 

Table 5. Serurn inhibition of androgen arornatization stirnulated by 
FSH, cholera toxin and forskolin 

Treatrnent 

FSH (IDDngjrnl) 
Cholera toxin (I ligjrnl) 
Forskolin (IO liM) 

ng Estrogenjrng protein 

-serurn 

10..3 ± 0..63 
5.5 ± 0..38 
7.9 ± 0..65 

+serurn 

3.0.1 ± 0..0.7 
2.0.1 ±D.24 
1.96 ± 0..18 

Sertoli cells were incubated for 24 h with the specitied cornpounds in 
the presence of absence of 3% FBS and in MEM containing 
androstendione (0..5 li M). Estrogen accurnulated in the rnediurn 
was rneasured by RIA. Each point is the rnean ± SE of three 
different dishes, each assayed in dulplicate. 

modulates the response or Sertoli celi to FSH. BDth h 

Table 6. Effect of serurn on [3 H]leucine incorporation by Serto li celi 
cultures 

Treatrn"nt 

Basai 
FSH (IDDngjrnl) 

['H]leucine (cprnjl'g protein) 

-serum 

10.2.0. ± 13.9 
219.6 + 20..0. 

+serurn 

153.3 ± 16.9 
381.6 + 35.8 

Sertoli celi cultures were incubated for 24 h in the presence or 
absence of FBS (3%) and or FSH. and then labeled for 5 h with 
[' H]leucine. Isotope incorporation was determined by precip­
itation of the proteins by TCA. Each point is the rnean ± SE of 
three different dishes, each assayed in duplicate. 
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.... FSH-dependent stimulation of cAMP accumulation 
and androgen aromatization were inhibited in a 
dose-dependent fashion by serum derived from 
different species. This is consistent with those reports 
in which it was proposed to use the Sertoli celi 
steroidogenic response to gonadotropi n as a parame­
ter for an in vitro FSH bioassay. There it was 
consistently noticed that serum had inhibitory effects 
on the FSH-dependent androgen aromatization [19]. 

The effect of serum on FSH-dependent cAMP 
accumulation is maximal after 30 min and is rapidly 
reversible upon serum remova!. The serum inhibition 
observed is not the result of generalized toxic effects. 
In fact FBS enhanced rather than inhibiting leucine 
incorporation into protein in Sertoli cells, thus indi­
cating that the basic machinery of protein synthesis 
is not adversely affected under these incubation con­
ditions. In this regard, it has been reported that the 
incubation of Sertoli cells with serum produces a 
stimulation of transferrin secretion [27]. 

We hypothesize that serum contains heat-stable, 
non dialyzable factors that affect the response of the 
Sertoli celi to the gonadotropi n FSH. It has been 
reported that factors present in the serum com­
petitively inhibit FSH binding to its receptor [28, 29]. 
It is possible that some of the effects we have 
observed are due to these naturally occurring recep­
tor antagonists. However, it should be mentioned 
that cAMP and estrogen production were inhibited 

.... after FBS treatment, whether the cells were stimu­
lated with FSH, cholera toxin or forskolin. The latter 
two compounds act on the horrnone-dependent signal 
transduction system with a mechanism independent 
of receptor binding [25, 26]. Thus, the inhibition 
observed cannot be explained by the presence of 
inhibitors of the FSH binding. Sertoli celi aromatase 
activity induced by dbcAMP is also suppressed by 
serum. Such a finding is similar to what ocr.urs in 
human adipose stromal cells. In these cells it has been 
reported that serum and growth factors like EGF, 
FGF and POGF block the dbcAMP-dependent stim­
ulation of aromatase [30,31]. It is then possible that 
growth factors present in serum are responsible for 
the effects we have described. Growth factors have 
been shown to inhibit FSH-dependent estrogen prod­
uction also in rat granulosa cells [321. 

The data that we have reported are consistent with 
the idea that serum derived factors exerts their in­
hibitory effects by regulating multiple steps of the 
gonadotropin-dependent cascade. 

We previously demonstrated that phorbol esters 
and other pkC activators [9] block Sertoli celi re­
sponse to FSH at two sites: they inhibit FSH­
dependent cAMP accumulation and androgen aro­
matization. Here we report that in Sertoli cells a 
similar effect is induced by serum which, in these cells, 

""""stimulates PI turnover. It is possible, therefore, that 
the observed serum inhibition of FSH response is 
mediated, at least in part, by activation of PI turn­
over and subsequent pkC activation. Aiso the other 

second messenger IP3 produced by PI hydrolysis 
might have a role in the inhibition of Sertoli celi 
function. The observation that serum effect is re­
versed by MIX but not by the calcium-independent 
phosphodiesterase inhibitor Ro 20-1742 suggests that 
serum stimulates cAMP degradation by activating a 
calcium-calmodulin dependent phosphodiesterase. 
On the other hand experiments with the ionophore A 
23187 showed that an increase in intracellular cal­
cium causes an inhibition of the FSH-stimulated 
cAMP accumulation (unpublished data). 

Further studies of serum characterization will al­
low to identify the factor(s) which activate PI turn­
over and subsequently affect the Sertoli celi response 
to gonadotropin. It has been reported that semi­
niferous tubules at stages VII-VIII of the sper­
matogenic cycle produce a factor that inhibits an­
drogen aromatization [33]. It remains to be 
deteonined if homology exist between serum-derived 
factor(s) that inhibit aromatase and the factor se­
creted locally within the testis. 

In conclusion our data demonstrate that a 
phospholipid-dependent pathway is present in the 
Serto li celi and possibly intcracts with the adenylate 
cyclase system. 
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