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Summary &horbar; Amiloride, an inhibitor of Na+/H+ exchange, was added at various concentrations to
the culture medium of rabbit mammary explants. In the concentration range of 100-250 AM, amilo-
ride progressively inhibited 14C-thymidine incorporation induced by insulin, EGF or prolactin. Up to
250 gM, amiloride, which did not inhibit basal protein synthesis, was not cytotoxic, but it reduced
basal DNA synthesis at the highest concentration. Addition of amiloride to the culture medium of
mammary explants also strongly inhibited the induction of casein synthesis and casein mRNA accu-
mulation by prolactin. The inhibition by amiloride is therefore not specific of the mitogenic action of
prolactin since this drug also prevented its lactogenic action. The data reported here describe a new
inhibitory action of amiloride on the transmission of the lactogenic signals.
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Résumé &horbar; Effets de l’amiloride sur l’induction de la synthèse de l’ADN et sur l’expression
des gènes des caséines dans des explants mammaires de lapin. L amiloride, un inhibiteur des
échanges Na*lH&dquo;, a été ajouté à des concentrations variables au milieu de culture d’explants mam-
maires de lapin. Dans l’intervalle de concentration 100-250 pM, l’amiloride inhibe progressivement
l’incorporation induite par l’insuline de 14C-thymidine dans l’ADN, l’EGF et la prolactine. Jusqu à 250
pM, l’amiloride, qui n inhibe pas la synthèse protéique basale, n’est toujours pas toxique, mais il ré-
duit la synthèse basale d ADN aux concentrations les plus élevées. L’addition d’amiloride au milieu
de culture des explants inhibe également de manière intense l’induction par la prolactine de la syn-
thèse de caséine et l’accumulation des ARNm correspondants. L’inhibition par l’amiloride n est donc
pas spécifique de l’action mitogène de la prolactine puisque ce composé s’oppose également à son
action lactogène. Les données rapportées ici décrivent un nouvel effet de l’amiloride sur la transmis-
sion du signal lactogène.
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INTRODUCTION

The major part of the development of the
mammary gland takes place during preg-
nancy. It involves the multiplication and dif-
ferentiation of the mammary epithelium
which leads to the formation of the alveoli,
specialized in the synthesis and secretion
of milk components. The factors which
control the mammary gland growth are

multiple and include at least insulin, EGF
and prolactin (Martel and Houdebine,
1982). The mitogenic actions of these 3
polypeptides can be studied in vitro using
rabbit mammary explants (Martel and
Houdebine, 1982). In this system, al-

though insulin and EGF are mitogenic
when added alone to the synthetic culture
medium, the mitogenic action of prolactin
is observed only in the presence of insulin
and cortisol. In addition, EGF exerts a syn-
ergic effect on the mitogenic actions of in-
sulin and prolactin. The 3 polypeptides
thus appear to control the multiplication of
mammary cells by complementary mecha-
nisms. On the other hand, prolactin not

only favours the growth of the mammary
gland, but also plays a key role in its diffe-
rentiation. Indeed, prolactin is essential for
the initiation of milk synthesis in all spe-
cies. Whether both mitogenic and lacto-

genic actions of prolactin are delivered by
the same mechanism is still unknown. The
nature of the mediators responsible for the
mitogenic actions of insulin, EGF and pro-
lactin still remains to be discovered. One
attractive hypothesis is that the mitogenic
signal is mediated by intracellular pH
changes resulting from ion fluxes. Indeed,
ion fluxes are one of the early biochemical
events which can be detected just after the
addition of growth factors to the culture
medium of quiescent cells (Rozengurt,
1983): for example, prolactin, EGF and in-
sulin enhance the influx of the Na+ ions in
their target cells (Bisbee, 1981; Pouysse-
gur et al, 1982; Moolenaar et al, 1984).

Thus, the Na+/H+ exchange leading to the
rise of the intracellular pH has been postu-
lated to play an essential role in the trigger-
ing of mitosis by growth factors (Pouysse-
gur et al, 1982; Schuldiner and Rozengurt,
1982). This hypothesis is supported by ex-
periments in which direct measurements of
intracellular pH have been carried out. It
also relies on the use of amiloride, a strong
diuretic drug, which inhibits the Na+/H+ ex-
change (Koch and Leffert, 1979; La Belle
and Eaton, 1983).

Whether the proposed mechanism is in-
volved in the mitogenic action of one of the
3 polypeptides was tested in rabbit mam-

mary explants. For that purpose, the effect
of amiloride on the stimulation of DNA syn-
thesis by insulin, EGF and prolactin was
studied. The effect of the drug on the in-
duction of casein synthesis was also eval-
uated.

MATERIALS AND METHODS

Culture of mammary explants

Mammary fragments were explanted from preg-
nant rabbits 14 days after mating and cultured
for 1 day in medium 199 in the presence of vari-
ous concentrations of amiloride (Merck Sharp
and Dohme-Chibret) and with or without hor-
mones. Amiloride was dissolved in dimethylsul-
foxide. Bovine insulin (Sigma), EGF (collabora-
tive Research Incorporation), ovine prolactin
(NIH-PS9) and cortisol (Roussel-Uclaf) were

added to the culture medium at concentrations
of 5 gg/ml 100 ng/ml, 100 ng/ml and 500/ng/mi,
respectively.

DNA synthesis

At the end of the culture, [!4C]thymidine
(54 mCi/mmol, CEA) was added to the medium
(1 pcilml) and the culture was pursued for 2 ad-
ditional h. The explants were then collected,
weighed and digested overnight by 0.5 M
NaOH. DNA was precipitated by 5% trichloroa-



cetic acid, collected on glass fiber filters and the
radioactivity was estimated by scintillation count-
ing.

Total protein synthesis

At the end of the culture, !4C-amino acids (Chlo-
rella hydrolysate, 1.5-2 mCi/mg, CEA) were
added to the medium and the culture was pur-
sued for 2 additional hours. Radioactivity was
estimated as described above for DNA synthe-
sis.

Casein synthesis and casein mRNA
concentration

At the end of culture, tissue was collected and
homogenized in a phosphate buffer containing
Triton and the content of (3-casein in the homog-
enate was evaluated using a radioimmuno-
assay with goat anti-rabbit (3-casein and rabbit
anti-goat immunoglobulin.

The concentration of (3-casein mRNA in total
nucleic acids from explants was estimated at the
end of cultures by hybridization with a labelled
(3-casein cDNA probe inserted into a plasmid
(Martel et al, 1983a).

Quantification of prolactin receptors

!251-hGH taken as the lactogenic hormone

(50 gCi/ug) was incubated with crude micro-
somes prepared after culture of explants in the
presence of insulin, with or without prolactin
and amiloride. After an overnight incubation at
25 °C (100 000 cpm labelled hormone, with
200 pg membrane protein), membranes were
pelleted and the radioactivity specifically bound
to membranes was evaluated. When no culture
was carried out, crude mammary microsomes
were prepared from a lactating rabbit, and incu-
bated with labelled hGH in the presence or in
the absence of amiloride as mentioned above.

RESULTS

Effect of amiloride on DNA synthesis

Insulin, EGF and prolactin significantly
stimulated [14C] thymidine incorporation

into DNA in rabbit mammary explants.
Amiloride was added at various concentra-
tions to the culture medium to study its ef-
fects upon the transmission of the 3 mito-

genic signals. Amiloride, in the
concentration range of 100-250 pM pro-
gressively inhibited [14C]thymidine incor-

poration induced by insulin, EGF or prolac-
tin (fig 1). ). At these concentrations,
amiloride was not cytotoxic since at levels
up to 250 gM, basal protein synthesis was
not affected (not shown). Nevertheless,
amiloride action was not entirely specific
since it strongly reduced the basal DNA
synthesis, independently of the hormonal
induction at the highest concentration. This
effect on basal DNA synthesis does not
seem to be due simply to the inhibition of
the thymidine uptake by explants which re-



mained unaffected by the drug (data not
shown). At 100 pM, amiloride did not sig-
nificantly reduce the basal DNA synthesis
whereas it completely inhibited the actions
of the 3 mitogenic factors.

Effect of amiloride on casein synthesis

The induction of casein synthesis and the
accumulation of the corresponding
mRNAs is under the control of prolactin.
As a control, it seemed of interest to ex-
amine the possible side-effects of amilo-
ride on the transmission of the lactogenic
prolactin message to casein genes. Amilo-
ride inhibited the lactogenic action of pro-
lactin as efficiently as its mitogenic action,
as judged by its capacity to block the in-
duction of casein synthesis (fig 2). This re-
sult was confirmed by the observation that
it also prevented the p-casein mRNA accu-
mulation induced by prolactin (fig 3).

Effect of amiloride on prolactin recep-
tors

Since amiloride inhibits both prolactin ac-
tions, it is conceivable that its inhibitory ef-
fect took place directly at the plasma mem-
brane level. Although amiloride did not

affect the binding of prolactin to its micro-

somal specific receptors (not shown), it

slightly reduced the number of prolactin re-
ceptors in cultured mammary explants (ta-
ble I). This slight reduction of the prolactin
receptor number could be responsible for
a small part of the inhibition by amiloride.
Moreover, amiloride did not prevent the

down-regulation of the receptors by prolac-
tin (table 1).



DISCUSSION

The data reported here clearly indicate that
amiloride inhibits the mitogenic action of

prolactin. This observation is compatible
with the hypothesis that Na+/H+ exchanges
are involved in the mitogenic action of pro-
lactin as seems to be the case for other

mitogenic factors (Pouyssegur et al, 1982;
La Belle and Eaton, 1983). Surprisingly,
however, amiloride also blocks the lacto-
genic action of prolactin. This either means
that Na+/H+ exchange is involved in the
transmission of the lactogenic signal to

genes or that amiloride interferes at an

early unknown step of the prolactin mecha-
nism of action which is common to the mit-

ogenic and lactogenic signals of the hor-
mone. If this is the case, the effects of
amiloride depicted in the present report are
possibly of a new type and may be added
to others indirectly related to Na+/H+ ex-
change (Fehlmann et al, 1981; Lubin et al,
1982; Holland et al, 1983). Interestingly,
somewhat similar conclusions have been
drawn from other experiments which dem-
onstrated that colchicine (Martel and

Houdebine, 1982), phorbol esters (Martel
et al, 1983b) and sodium butyrate (Martel
et al, 1983a) inhibited prolactin actions.

Colchicine and related drugs, phorbolest-
ers, sodium butyrate and amiloride have
no clear similarity in their chemical struc-
ture and it is not easy to imagine how
these drugs could interfere with the prolac-
tin mechanism of action. All these com-

pounds are potentially interesting tools to
study in more detail the action of prolactin
at the molecular level.
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