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Summary. We and others have previously shown that in the rat and the sheep
gonadectomy increases the translational capacity of mRNAs encoding gonadotropin
subunits a, LH/3and FSHP. Injection of estradiol or of testosterone or dihydrotestosterone
depresses the translational capacity of the mRNAs. After using estradiol to induce
progesterone receptors in the pituitary of castrated animals, it was determined that
progesterone does enhance the inhibitory effect of estradiol. We have also observed this
inhibitory effect of gonadal steroids in vitro, suggesting that at least part of the steroid
action is exerted at the pituitary level. Hybridization assay (Northern blot) using
oligodeoxynucleotide probes complementary to a short portion in the cDNA strand of each
subunit, showed gonadal steroids to act by decreasing the number of copies of mRNAs
encoding LH and FSH subunits. Using anterior pituitary cells in culture, incubated in the
presence of labeled methionine, we have confirmed our previous observation that GnRH
stimulates the biosynthesis of the polypeptide chains of LH. This effect is not secondary
due to LH release. It is not inhibited when incubation is performed in the presence of
tunicamycin, an inhibitor of glycosylation. SDS-polyacrylamide gel electrophoresis of
specific immunoprecipitates of polypeptides immunologically related to a allowed us to
identify 3 forms of a-polypeptide differing in their apparent M! : 21 K (partially glycosyla-
ted), 23K (authentic) and 25K (hyperglycosylated). Besides its stimulatory effect on the
release and synthesis of LH, GnRH also stimulated the release of the 23K and 25K forms
of a. In the presence of tunicamycin an additional 16K form of apoprotein-awas detected
which accumulated within the cells. A cAMP analogue (8-Br-cAMP), intracellular cAMP P
generators (choleragen, forskolin), as well as an analogue of diacylglycerols (TPA) mimic
the stimulatory action of GnRH. However, although no evidence has been obtained at
present that either cAMP or diacylglycerols mediate the GnRH effect on the biosynthesis
of the polypeptide chains of LH, our data suggest that phosphorylation of intracellular
phosphoproteins plays a major role in this process.

Introduction.

The pituitary hormones lutropin (LH) and follitropin (FSH) are members of
a glycoprotein hormone family that also includes thyrotropin (TSH) and placental
choriogonadotropin (CG). Each of these hormones consists of two dissimilar,
non-covalently linked a- and /3-subunits, containing one or two carbohydrate
units attached to asparagine residues (Pierce and Parsons, 1981). Within a



species, the amino acid sequences of the a-subunits are identical, whereas they
differ in the /3-subunits. However, substantial homology exists in the primary
structures of either of the subunits, suggesting that they evolved during
phylogeny from a common ancestral gene (Fontaine and Burzawa-G6rard,
1977). Thus, with regard to their chemical structure, the biosynthesis of pituitary
gonadotropins implies a complex, multi-step process that is important to

elucidate with a view to examine whether it is subjected to regulation or not.

By contrast with gonadotropin release and action mechanisms, little informa-
tion concerning the synthesis and processing of the subunits has emerged in the
past few years. The expression of pituitary messenger RNA (mRNA) in hetero-

logous cell-free synthesizing systems provided the first evidence that either

subunit-a, LH¡3 or FSH¡3 was translated as a precursor from separate mRNAs, and
that regulation occurred at the mRNA level (for review, see Counis et al., 1982a).
Recent molecular biology techniques, demonstrating that each of the LH subunit
precursors is encoded by a single gene (Boothby et al., 1981 ; Fiddes and

Goodman, 1981 ; Talmadge et al., 1983; Jameson et al., 1984; Tepper and
Roberts, 1984), have provided tools to directly quantify their respective mRNAs.
Complementary to investigation at the gene level, the synthesis and processing of
LH subunits was also studied in situ using pituitary glands (Hoshina and Boime,
1982) and dispersed cells incubated in the presence of 35S-methionine (Counis
et al., 1987a). Combined with electrophoretic analysis, this methodology gave
high resolution of the radioactive products related to LH processing. The role of
gonadal steroids, GnRH and the putative intracellular mediators, cyclic AMP and
diacylglycerols, was thus evaluated in the gonadotropin biosynthesis pathway.

Negative control by gonadal steroids of gonadotropin gene expression.

Using translation of rat anterior pituitary poly (A’ ) mRNA in an heterologous
cell-free wheat germ system, we have previously shown in rats that gonadectomy
increases and that injection of gonadal steroids (estradiol in females, testosterone
in males) depresses the translational capacity of mRNAs encoding gonadotropin
subunits a, LH¡3 and FSH¡3 (Counis et al., 1982b, 1983). We also observed this
inhibitory effect of gonadal steroids by in vitro treatment using pituitary cells from
castrated rats in primary cultures (Mogenet-Corbani, 1986). The latter results
demonstrate that the inhibitory effect of steroids on the biosynthesis of gonado-
tropins proceeds through a direct action on the gonadotropic cell.

To investigate the mechanisms by which gonadal steroids control the

synthesis of gonadotropin subunits, we used hybridization techniques to determine
the content of specific mRNAs in mRNA preparations from the pituitaries of
normal and ovariectomized rats and the pituitaries of ovariectomized rats treated
with estradiol benzoate. Oligodeoxynucleotides (ODNs) 15 to 29 bases long,
complementary to a short portion in the cDNA strand of each subunit, were
chemically synthesized. The nucleotide sequence of ODNs to be synthesized was
deduced from cDNA sequences either published by Godine et al. (1982) and
Chin et al. (1983) and confirmed in our laboratory (as for rat-a and LHP), or from



cDNA sequences in our laboratory (as for rat FSN!3) (unpublished data). The
synthesized ODNs corresponded to the following amino acid residues of the
polypeptide chains of rat gonadotropin subunits : x, 33-37 ; LHA 1 -7 ; FSHA
23-32. Table 1 shows the sequences of the synthesized ODNs.

The 3 synthetic ODNs were 5’-end labeled and used as probes in Northern
blots (Thomas, 1980) to hybridize pituitary RNAs from normal, ovariectomized
and ovariectomized-estradiol benzoate-treated rats. Table 2 shows a quantitative
evaluation of specific mRNAs using densitometric analysis of the films resulting
from autoradiography.

It is evident from table 2 that ovariectomy resulted in a dramatic increase in
the content of each of the 3 specific mRNAs encoding the precursors to x, LH fI
and FSH,8. Four weeks after rats were ovariectomized, further supplementation
with a single injection (s.c.) of 25 Ng of estradiol benzoate resulted in a decrease
of all three mRNA values near to those observed in normal rats.

Similar results on the inhibition of FSHj3 (Alexander and Miller, 1982) and
a-subunit synthesis (Landefeld et al., 1983; Landefeld and Kepa, 1984) have
been reported with estradiol injected into ovariectomized ewes. Using cloned
CDNA, comparable results were obtained for aand LH,8 MRNA in sheep (Nilson
et al., 1983 ; Papavasiliou et al., 1986) and in rats (Abbot et al., 1985 ; Gharib et
a/., 1986).

Recent data from our laboratory indicate that testosterone and dihydrotes-
tosteronealso participate in gonadotropin-mRNA regulation in male rats (Mogenet-
Corbani, 1986). In the conditions tested, progesterone alone, or in combination
with estradiol, appeared to have no effect, as seen by the very low content of
progesterone receptors in the pituitaries of rats 3 weeks after ovariectomy.
However, progesterone receptors are estradiol-inducible, and we have shown
that when ovariectomized rats were pretreated with estradiol, progesterone
enhanced the inhibitory effect of estradiol on mRNA encoding the a- and

j3-subunits of LH and FSH (Corbani et al., 1987).
Gonadal steroids negatively regulate the biosynthesis pathway of gonado-

tropin subunits. Because they proceed by lowering the number of copies of
mRNAs encoding gonadotropin subunits, it is most likely that gonadal steroids



act on the expression of specific genes. Interestingly, gonadal steroids were
recently observed to have strong stimulatory action on both a (Counis et al.,
1987b) and (3 (Trinh et al., 1986) subunits of the single gonadotropin (GTH) in
juvenile teleosts. The opposite effects of these steroids in mammals and in juvenile
teleosts may result from phylogenetic differences in the structure of regulatory
sequences in the genes or from changes in their molecular environment in the cell,
suggesting a possible complex regulatory process which requires further inves-
tigation.

GnRH-induced regulation of the synthesis of LH subunits.

GnRH stimulates the synthesis of the polypeptide moiety of LH subunits. -
In 1978 our laboratory reported that GnRH stimulates the synthesis of the

polypeptide chains of pituitary gonadotropins as well as their release (Khar et al.,
1978). In this early research, we used cultures of pituitary cells incubated in the
presence of labeled amino acids. Neosynthesized gonadotropins were isolated
from cultured cells and media using immunoprecipitation with specific antisera.

Because a controversy developed as to the mechanisms involved in GnRH
action on gonadotropin synthesis and/or processing, we have recently re-

evaluated the effect of GnRH using a more reliable and precise methodology
(Starzec et al., 1986). Cultures of dispersed anterior pituitary cells from normal or
castrated adult male rats were incubated in the presence of 35S-methionine and
in the presence or absence of GnRH. Using specific antisera, labeled polypeptides



were isolated separately from the media and the cells and were characterized by
SDS-polyacrylamide slab gel electrophoresis (SDS-PAGE). The bands, revealed
by fluorography and corresponding to polypeptides immunologically related to
the a and !3-subunits, were excised and counted for their radioactivity. Only the
dissociated forms of LH subunits were detected after SDS-PAGE.

Table 3 shows the effect of 40 nM GnRH on the incorporation of 35S-
methionine into total proteins and into polypeptides immunologically related to
the aand LH fl-subunits. In parallel, the effect of GnRH on the release of LH from
the pituitary cells into the medium was also recorded.

It is evident from table 3 that, in the presence of GnRH, the incorporation of
label into total protein does not differ significantly from that in the control

experiment. In contrast, incorporation into LH subunits isolated by SDS-PAGE
was very significantly increased by GnRH. When radioactivity was measured in
the immunoprecipitates, at a step before the SDS-PAGE analysis, no significant
effect of GnRH was detectable compared to the control. This was due to the
presence in the immunoprecipitates of radioactive contaminants which were
removed in the course of SDS-PAGE.

Dose response and time-course experiments have shown that the effect of
GnRH is dose (0.1 nM-10 nM) and time-dependent and that it is detectable only
after a time-lag of 90 min (Starzec, 1987). Finally, we checked that an increase



in medium concentrations of potassium ion to 59 mM (known to induce aspecific
release of pituitary hormones) was unable to mimic the action of GnRH on
35S -methionine incorporation.

Tunicamycin does not prevent the stimulatory effect of GnRH on the

synthesis of LH polypeptide chains. - As some investigators (Liu and Jackson,
1978, 1985 ; Azhar et aI., 1978 ; Vogel et al., 1986) supported the idea that Gn R H
stimulates the glycosylation of gonadotropin subunits rather than the synthesis of
their polypeptide chains, we decided to determine whether or not GnRH would
stimulate the incorporation of 35S-methionine into the polypeptide chains of LH
when the glycosylation process was blocked. To do this, cells were incubated in
the presence of tunicamycin (TK), a glucosamine-containing antibiotic (Takat-
suki et al., 1971 ) known to interfere directly with the glycosylation reactions
leading to the formation of mannose- and N-acetylglucosamine-containing
glycoproteins (Tkacz and Lampen, 1975).

In a first series of experiments, we determined the conditions in which TK
extensively inhibited the incorporation of carbohydrates into polypeptide chains
of LH without inhibiting their biosynthesis. As before, we used a culture of

dispersed pituitary cells from castrated male rats. We observed that when the cells
were first preincubated for 1 h in the presence of 1 pg/ml of TK, prior to
incubation for 5 h in the presence of 35S-methioinine, no effect or only a weak
inhibitory one ( < 1 0 %) of TK was obtained in the amount of radioactivity
incorporated into the total proteins. Although the blockade of glycosylation was
not complete, these conditions seemed satisfactory because longer pretreatments
or higher doses of TK resulted in a decrease of x and LH,8 syntheses (Starzec,
1987).

In the conditions used for SDS-PAGE, x-subunit can usually be detected in
3 molecular forms differing in their apparent M, (21 K, 23K and 25K) (Counis et
a/., 1987a). Pulse-chase experiments showed that the 21 K peptide, which
represents partially glycosylated a, was successively converted into 23K (authen-
tic x) and 25 K, a « hyperglycosylated » form of a, with the spontaneous release
of the two larger forms into the medium. With regard to LH,8, a single polypeptide
of M, 19K was resolved by electrophoresis from immunoprecipitated material
primarily present in cells ; this polypeptide only occurred in trace amounts in the
medium.

As shown in figure 1, when cells were incubated in the presence of

tunicamycin, a 16K form was observed in the cells (in addition to the 3 forms of
a mentioned above) which corresponded to apoprotein a; this form was not
found in the medium. This 16K protein xwas characterized using, as a control, the
precursor of apoprotein a obtained by translation of rat pituitary mRNA in a

heterologous cell-free system. As this precursor contained a signal peptide, in

addition to the apoprotein, its M, was close to 17K (fig. 1 ). The fact that in the
conditions used, the glycosylation of a was not completely inhibited is demons-
trated by the presence of radioactive forms 23K and 25K. Because the levels of
neosynthesized LH,6 in the anterior pituitary cells was more than 10 times lower
than that of a, its detection was rather difficult and a very large number of cells
was needed. For this reason, we restricted our demonstration to the a-subunit.



In the presence of GnRH (10 nM), the synthesis rate of the polypeptide chain
of asignificantly increased, whether glycosylation was blocked or not, suggesting
that GnRH was directly involved in the stimulation of the incorporation of amino
acids into the subunit. GnRH also readily induced the release of the newly
synthesized a-subunit. This stimulatory effect of GnRH was more pronounced for



the highly glycosylated forms of a (23K and 25K) compared to the 16K form
which remained primarily intracellular. This also suggests that carbohydrates play
a role in the secretory process of glycoproteins.

Thus, our data indicate that GnRH specifically stimulated the synthesis of LH
polypeptide chains. A series of 9 similar, totally independent experiments have
shown that GnRH has a highly significant stimulatory effect on the incorporation
of labeled methionine by the a-subunit (3.4 ± 1.5 ; P ! 0.05) and by the
LH¡9-subunit (2.4 ± 0.5 ; P < 0.05), whatever the dispersion of counts per min
values. This effect is not secondary due to the release of LH, as shown by
experiments performed in high-potassium media. It is not dependent on glyco-
sylation as the stimulatory action of GnRH on the incorporation of labeled

methionine persists when glycosylation is inhibited by tunicamycin. These results
suggest that the effect of GnRH on the increased glycosylation may be secondary
due to the primary effect of GnRH on the synthesis rate of the apoprotein moieties
of LH. Finally, besides its well known stimulatory effect on LH release, GnRH also
stimulates the release of the native form of a-subunit as well as its « hypergly-
cosylated » derivative. The « hyperglycosylated » form of a was first identified in n
bovine pituitary (Parsons and Pierce, 1984) ; however its physiological role, if

any, is not yet known.

Intracellular mediators mimic GnRH action on the synthesis of LH
subunits.

To investigate the mechanism(s) by which GnRH acts on the synthesis of LH
subunits, we checked the effect of well-known intracellular mediators of hormone
action such as cAMP and diacylglycerols (DAG).

As far as cAMP is concerned, many results obtained in vitro and in vivo in our

laboratory and in other laboratories (for review, see B6rault et al., 1980) show that
there is no correlation between LH release and cAMP increase in anterior pituitary
cells or tissue. Compared to those necessary for GnRH induction of LH release,
longer incubation times and higher doses of GnRH are generally required to
enhance cAMP accumulation in anterior pituitary. In most of the tissues in which
cAMP mediates a hormone action, the level of the nucleotide increases a few
minutes after the beginning of hormonal stimulation, but this was not the case
with GnRH, which induced significant cAMP accumulation in vitro only after the
pituitary cells and tissue had been incubated for more than 1 h.

More recently, a complex hormone-dependent phospholipid degradation
system has been shown to participate in the acute GnRH-induced release of

pituitary gonadotropins (for review, see Naor et al., 1986). This mechanism
implicates the activation of protein kinase C by DAG resulting from the hydrolysis
of membrane phosphatidyl inositol.

To study the possible involvement of cAMP in the synthesis of LH subunits,
we examined the effect on pituitary cells in culture of 8-Br-cAMP, an analogue
of cAMP known for its ability to enter the cell, as well as the effect of the
intracellular cAMP generators, choleragen and forskolin. To investigate DAG
action, we used a potent analogue, tetradecanoylphorbol acetate (TPA).



Table 4 shows the effects of GnRH and the intracellular mediators on the

incorporation of labeled methionine into total protein and into subunits x and

LHj3. Our results demonstrated that exogenous and intracellular cAMP, as well as
the analogue of diacylglycerols, were able to induce a large increase in the

synthesis of LH subunits, as GnRH does.

At this stage of our experiments, it appeared interesting to examine whether
the effects of GnRH and of intracellular mediators, as well as the effects of
8-Br-cAMP and TPA, proceeded via different intracellular routes. With this

objective, the incorporation of labeled methionine into subunits a and LH,6 was
measured in conditions where each of the compounds tested was added alone,
or in combination, into the incubation medium. In all cases, TPA appeared to
induce the highest incorporation rate of all. However, the combination of TPA,
GnRH and 8-Br-cAMP did not show increased incorporation of the label

compared to TPA alone, and no cumulative effect was observed in any of the
different possible combinations tested.

These later data strongly suggest the possibility that GnRH participates with
cAM P and diacylglycerols, or via these latter compounds, in the processes leading
to the stimulation of the synthesis of the polypeptide chains of LH subunits.
However, the exact intracellular mechanisms by which GnRH operates on this



synthesis, and how cAM P and DAG are involved, remain to be elucidated. Indeed,
further investigation is necessary to determine whether cAM P and DAG could be
considered as intracellular mediators in these mechanisms.

Conclusions.

Data from our laboratory and those reported by others demonstrate that the
synthesis of pituitary gonadotropins is under dual hormonal control, i.e. both

gonadal steroids and GnRH are involved. The data suggest that negative control
by steroids occurs at the transcriptional level of the specific genes coding for
gonadotropin subunits. The stimulatory effect of GnRH probably proceeds via
different mechanisms which remain to be elucidated. 8-Br-cAMP, choleratoxin,
forskolin and TPA mimic this effect of GnRH. Furthermore, the effects of GnRH,
8-Br-cAMP and TPA do not appear to be additive. However, at present we have
no evidence that either cAMP or DAG mediates the effect of GnRH on the

synthesis of LH subunits. At the very most, our data strongly suggest that protein
phosphorylation plays an important role in this mechanism.
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Résumé. Contrôle multimodal de la biogenèse des hormones gonadotropes hypophy-
saires. Effet des stéroides gonadiques, du GnRH. de l AMP cyclique et des diacylglycérols.

En utilisant la traduction de mRNA dans un système acellulaire hétérologue, neutre
(extrait de germes de blé), on peut montrer que la gonadectomie augmente, -et à
l’inverse, l’injection d’oestradiol, de testostérone ou de dihydrotestostérone diminue&horbar;
l’expression des mRNAs des sous-unités a et fl des gonadotropines hypophysaires.
Récemment, nous avons montré que la progestérone aussi peut avoir un effet inhibiteur qui i
amplifie l’action de l’oestradiol requise pour induire au préalable chez la ratte ovariecto-
misée les récepteurs de la progestérone. Ces mêmes effets des stéroïdes gonadiques ont été
retrouvés in vitro en traitant des cellules antéhypophysaires en culture primaire, preuve que
cette action s’effectue au moins en partie directement au niveau hypophysaire. L’hybri-
dation directe (« northern » blot) à l’aide d’oligosondes radioactives, spécifiques des
mRNAs de a, LH,6 et FSH,6 permet d’établir que les fluctuations de leur expression,
précédemment observées, sont causées par les variations correspondantes de leur contenu



hypophysaire en terme de nombre de copies. Nous avons également étudié la biosynthèse
des sous-unités a et LHf3 in situ dans des cellules antéhypophysaires en culture. Après
marquage par la 35S-méthionine, nous avons associé l’immunoextraction et l’analyse
électrophorétique pour caractériser les différentes formes de x et LHf3 immunoréactives.
Après 5 h d’incubation, la sous-unité a se trouve sous 3 formes de M, 21 K (partiellement
glycosylée), 23K (authentique) et 25K (« super-glycosylée »), la sous-unité LH/3sous une
seule forme seulement de M, 19K. En utilisant ce modèle très résolutif, nous avons établi
l’action stimulante du GnRH sur la synthèse des sous-unités de LH, confirmant des
résultats plus anciens du laboratoire. En suivant le matériel immunoréactif dans les cellules
et dans le milieu de culture, nous avons observé que le GnRH, non seulement stimule la
synthèse et la libération de LH, mais aussi stimule la libération dans le milieu des
sous-unités a 23 et 25K néosynthétisées. En outre, si l’on bloque par la tunicamycine les
processus de glycosylation, les effets du GnRH persistent : ils se manifestent par une
production accrue d’une forme de x de M, 16K (apopeptide) qui s’accumule à l’intérieur
des cellules. Un analogue du cAMP, le 8-Br-cAMP mais également les substances qui
induisent la production intracellulaire de cAMP endogène (toxine cholérique, forskoline),
de même que l’analogue des diacylglycérols (TPA) sont capables comme le GnRH de
stimuler la production des sous-unités de LH. Bien que nous n’ayons pas obtenu de preuve
que ces messagers intracellulaires bien connus soient les médiateurs de l’action du GnRH,
ils apparaissent être impliqués dans les processus de régulation de la biosynthèse de LH
6t suggèrent notamment la mise en jeu de mécanismes de phosphorylation.
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