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Introduction

Proliferation of lactotrophs is regulated by extracellular
factors derived from three distinct tiers. First, estradiol
secreted from the ovaries stimulates lactotroph prolifera-
tion via direct and indirect actions (1–5). Second, hypotha-
lamic hormones modify lactotroph proliferation by acting
through hypophysial portal blood. The prolactin (PRL)-
release inhibiting hormone dopamine (6), in particular, and
its agonist, bromocriptine, are well known to inhibit
lactotroph proliferation (7–10), and bromocriptine is
widely used for medication of human PRL-secreting pitu-
itary tumors (11). Third, anterior pituitary–derived growth
factors act in an autocrine or paracrine manner on lactotrophs
to change their proliferation (12). However, little is known
about which intracellular signal transduction pathways
mediate the mitogenic actions of these extracellular regu-
latory factors and how the distinct signal transduction path-
ways involved interact with each other. We have previously
demonstrated that an increased concentration of intracellu-
lar cyclic adenosine monophosphate (cAMP) and the sub-
sequent activation of protein kinase A (PKA) stimulate
lactotroph proliferation, that bromocriptine inhibits lactotroph
proliferation at least in part by suppressing the production of
cAMP, and that the growth factor insulin stimulates
lactotroph proliferation via activation of the mitogen-acti-
vated protein kinase (MAPK) cascade (13). Furthermore,
interactions between the cAMP/PKA and MAPK pathways
have been shown in relation to the regulation of lactotroph
proliferation.

Phosphoinositide-3-kinase (PI-3K) is activated in
response to growth factors and cytokines and regulates cell
proliferation, cell survival, metabolic changes, and cyto-
skeletal organization by producing the second-messenger
phosphatidylinositol-3,4,5-triphosphate (14). Inhibition of
the PI-3K activity including treatment with PI-3K inhibi-
tors such as wortmannin and LY294002 abolishes mito-
gen-induced proliferation in cell type– and mitogen-specific
manners (15–18), suggesting that the kinase plays a regula-
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Phosphoinositide-3-kinase (PI-3K) and p70 S6 kinase
(p70S6k) are suggested as important molecules for
mediating mitogenic actions of growth factors and
cytokines in a variety of cell types. The purpose of the
present study was to investigate whether these kinases
were involved in mediation of the mitogenic actions of
not only the growth factor insulin but also cyclic
adenosine monophosphate (cAMP) and estrogen on
rat cultured lactotrophs. Treatment with wortmannin
or LY294002, a PI-3K inhibitor, or rapamycin, a p70S6k

inhibitor, decreased basal levels of 5-bromo-2-deo-
xyuridine (BrdU)-labeling indices of lactotrophs in a
dose-dependent manner. These inhibitors were effec-
tive in blocking an increase in BrdU-labeling indices
induced by insulin. LY294002 and rapamycin also
suppressed an increase in BrdU-labeling indices
induced by forskolin, an adenylate cyclase activator,
or dibutyryl cAMP, a membrane-permeable cAMP ana-
log, as well as that induced by estradiol, a physiologic
extracellular activator of lactotroph proliferation.
However, the dibutyryl cAMP-, but not insulin-induced
proliferation, acquired a resistance to LY294002 and
rapamycin by pretreatment with bromocriptine, a
dopaminergic agonist that is able to suppress lactotroph
proliferation. These results suggest that the mitogenic
actions of cAMP and estradiol on rat lactotrophs are
mediated by PI-3K and p70S6k, and that dopaminergic
inhibition modifies the PI-3K and p70S6k dependence
of the regulation of lactotroph proliferation.
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tory role in proliferation. p70 S6 kinase (p70S6k), first iden-
tified as a kinase that phosphorylates ribosomal protein S6,
has been implicated in the regulation of not only protein
translation but also gene expression and cell proliferation
(19). Inhibition of the p70S6k activity including treatment
with rapamycin blocks cell proliferation induced by a
variety of growth factors and cytokines (20–22). These
results suggest that p70S6k is an essential molecule for pro-
liferation induced by virtually all mitogenic stimuli of
growth factors, cytokines, and phorbol esters. Furthermore,
mitogen-induced activation of p70S6k has been shown to be
mediated partly by its upstream kinase PI-3K (23).

In the present study, we investigated whether PI-3K and
p70S6k were involved in the regulation of proliferation of
rat lactotrophs in culture, using inhibitors of these kinases.
Although numerous studies have shown in detail the
involvement of these kinases in the regulation of prolifera-
tion induced by growth factors and cytokines, little is known
about their involvement in proliferation induced by cAMP
and steroid hormones. In this regard, the lactotroph used in
this study is a good experimental model because its prolif-
eration has been shown to be stimulated by both cAMP and
estradiol. To obtain the results under more physiologic
conditions, we utilized cells in primary culture rather than
tumor cell lines widely used in related studies because these
tumor cells are not normal in the regulation of proliferation.

Results

Effects of Inhibitors of PI-3K and p70S6k on Basal
Lactotroph Proliferation

The dose responses of basal proliferation of lactotrophs
to inhibitors of PI-3K and p70S6k were determined. The
mean 5-bromo-2-deoxyuridine (BrdU)-labeling index of
lactotrophs under basal conditions in which cells were
labeled with BrdU for 18 h was 2.6 ± 0.4% (mean ± SEM,
based on six independent experiments). The basal levels
of BrdU-labeling indices of lactotrophs were decreased after
42 h of treatment with wortmannin and LY294002, PI-3K
inhibitors, in a dose-dependent manner. Wortmannin at
100–300 nM induced a maximal decrease of 40% in BrdU-
labeling indices, compared with vehicle treatment (Fig. 1,
left). LY294002 was more potent than wortmannin, reveal-
ing a maximal inhibition of 67% in BrdU-labeling indices
at 10 µM (Fig. 1 middle). The p70S6k inhibitor rapamycin
was highly effective in inhibiting basal proliferation of
lactotrophs. BrdU-labeling indices were significantly
decreased by rapamycin at as little as 0.1 nM, and a maxi-
mal decrease of 88% was obtained by 10 nM (Fig. 1, right).
Based on these results, 100 nMwortmannin, 3 µMLY294002,
and 10 nM rapamycin were chosen for blocking the activities
of PI-3K and p70S6k in the subsequent experiments.

Fig. 1. Dose responses of lactotroph proliferation to the PI3K inhibitors wortmannin and LY294002 and the p70S6k inhibitor rapamycin.
Anterior pituitary cells that had been cultured in serum-free medium were treated with either vehicle or varying concentrations of
wortmannin (left), LY294002 (middle), or rapamycin (right) for 42 h and were labeled with BrdU for 18 h before the end of treatment.
BrdU-labeling indices of lactotrophs are expressed relative to vehicle-treated control groups. Data are the mean ± SEM of triplicate
determinations from a representative experiment that was replicated three times with separate batches of cell preparation. *A significant
difference at p < 0.05 compared with vehicle treated-groups.
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Effects of Inhibitors of PI-3K and p70S6k

on Insulin-Induced Lactotroph Proliferation

Wortmannin, LY294002, or rapamycin was added into
medium 10 min before 42 h of treatment with 500 ng/mL of
insulin. The inhibitory effects of pretreatment with 100 nM
wortmannin, 3 µM LY294002, and 10 nM rapamycin on
basal proliferation were the same as those seen in Fig. 1.
Treatment with insulin increased BrdU-labeling indices
2.6-fold above the basal level. The insulin-induced increase
in BrdU-labeling indices was lowered to 56% by wortmannin,
31% by LY294002, and 11% by rapamycin (p < 0.01) (Fig. 2).

Effects of Inhibitors of PI-3K and p70S6k on cAMP-
Induced Lactotroph Proliferation

To determine whether PI-3K and p70S6k were involved
in lactotroph proliferation induced by increasing intracel-
lular cAMP levels, the effects of LY294002 and rapamycin
on BrdU-labeling indices of lactotrophs treated with
dibutyryl cAMP (db-cAMP) and forskolin were examined.
On the basis of our results of a previous study (13), doses
of 1 mM for db-cAMP and 1 µM for forskolin were chosen
to effectively increase intracellular cAMP levels. Treat-
ment with 1 mM db-cAMP and 1 µM forskolin increased
BrdU-labeling indices 3.3- and 3.8-fold, respectively,
above the basal level. Pretreatment with 3 µM LY294002
and 10 nM rapamycin decreased the db-cAMP-induced
high levels of BrdU-labeling indices to 56 and 47%, respec-
tively (p < 0.01) (Fig. 3). Likewise, the action of forskolin
on BrdU-labeling indices was markedly inhibited to 39%
by LY294002 and 15% by rapamycin (p < 0.01). We have
previously shown that an increased intracellular cAMP
level changes the cell shape of lactotrophs from round to
flat polygonal cells (13). Because phase-contrast micro-
scopy revealed that neither pretreatment with LY294002
nor rapamycin had effects on db-cAMP- or forskolin-
induced changes in cell shape (data not shown), PI-3K and
p70S6k might not be required for the cAMP-induced change
in cell shape.

Effects of Inhibitors of PI-3K and p70S6k on Estradiol-
Induced Lactotroph Proliferation

Treatment with estradiol at doses of 0.1–1.0 nM for 66
h was chosen to stimulate lactotroph proliferation on the
basis of the results of preliminary experiments. Unlike the
other experiments, lactotrophs were labeled with BrdU for
24 h in this experiment. Treatment for 66 h with 0.1 and 1.0
nM estradiol raised basal levels of BrdU-labeling indices of
lactotrophs 4.7- and 6.1-fold, respectively, compared with
vehicle treatment (Fig. 4). Both 3 µM LY294002 and 10 nM
rapamycin were highly effective in abolishing the increases
in BrdU-labeling indices induced by 0.1 and 1.0 nM estra-
diol (p < 0.01).

Fig. 2. Inhibition of insulin-induced lactotroph proliferation by
wortmannin, LY294002, and rapamycin. Anterior pituitary cells
that had been cultured in serum-free medium were pretreated
with vehicle, 100 nM wortmannin, 3 µM LY294002, or 10 nM
rapamycin 10 min before treatment with either vehicle or 500 ng/
mL of insulin for 42 h and were labeled with BrdU for 18 h before
the end of treatment. BrdU-labeling indices of lactotrophs are
expressed relative to a vehicle-treated control group under basal
conditions. Data are the mean ± SEM of triplicate determinations
from a representative experiment that was replicated three times
with separate batches of cell preparation. *A significant differ-
ence at p < 0.05 compared with the corresponding vehicle-
treated groups.

Fig. 3. Inhibition of cAMP-induced lactotroph proliferation by
LY294002 and rapamycin. Anterior pituitary cells that had been
cultured in serum-free medium were pretreated with vehicle, 3
µM LY294002, or 10 nM rapamycin 10 min before treatment with
vehicle, 1 mM db-cAMP, or 1 µM forskolin for 42 h and were
labeled with BrdU for 18 h before the end of treatment. BrdU-
labeling indices of lactotrophs are expressed relative to a vehicle-
treated control group under basal conditions. Data are the mean ±
SEM of triplicate determinations from a representative experi-
ment that was replicated three times with separate batches of cell
preparation. *A significant difference at p < 0.05 compared with
the corresponding vehicle treated-groups.
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Effects of Pretreatment with Bromocriptine on Actions 
of Inhibitors of PI-3K and p70S6k on Lactotroph Proliferation

We examined whether pretreatment with bromocriptine
modified the inhibitory actions of PI-3K and p070s6k in-
hibitors on lactotroph proliferation. Pretreatment with 1
nM bromocriptine alone for 42 h clearly lowered BrdU-
labeling indices of lactotrophs under basal conditions (p <
0.01). Pretreatment with bromocriptine also attenuated
markedly increases in BrdU-labeling indices induced by 1
mM db-cAMP and 500 ng/mL of insulin, resulting in levels
similar to basal ones in bromocriptine-untreated control
lactotrophs. Treatment with 3 µM LY294002 or 10 nM
rapamycin did not decrease basal levels of BrdU-labeling
indices of bromocriptine-pretreated lactotrophs (Fig. 5).
Although 3 µM LY294002 and 10 nM rapamycin were still
effective in lowering the high levels of BrdU-labeling indi-
ces induced by insulin in the bromocriptine-pretreated
lactotrophs (p < 0.01), the increase in BrdU-labeling indi-
ces induced by db-cAMP was changed by neither LY294002
nor rapamycin.

Discussion
To determine whether the actions of known mitogens on

lactotrophs are mediated by PI-3K and p70S6k, we used
pharmacologic means. To suppress the activity of PI-3K,
wortmannin, a fungal metabolite, and LY294002, a syn-
thetic inhibitor, were used at concentrations of 100 nM and
3 µM, respectively. Although they have proved valuable

agents for studying PI-3K-dependent functions (18,24),
there are several reports indicating that high doses of
wortmannin suppress the activities of other enzymes such
as myosin light chain kinase (25), phospholipase D (26),
and double-stranded DNA-dependent protein kinase (27).
Because the dose of wortmannin we used is lower than that
reported to suppress the other enzymes, its actions on
lactotroph proliferation seen in the present study seem spe-
cific for PI-3K. The specificity of wortmannin is also sup-
ported by the fact that the structurally unrelated PI-3K
inhibitor LY294002 gave essentially the same results as
wortmannin. Rapamycin is a highly specific inhibitor of
p70S6k, preventing phosphorylation and activation of
p70S6k by mitogens without effects on the closely related
family member p90rsk (22). Rapamycin does not suppress
directly p70S6k but target mTOR/FRAP (28), an immedi-
ately upstream molecule of this kinase. Because mTOR/
FRAP also has been shown to activate 4E-BP1/PHAS,
another regulatory molecule for mRNA translation (19),
the possibility that the effects of rapamycin observed in the
present study are attributed to inhibition of kinases other
than p70S6k that are involved in the regulation of prolifera-
tion cannot be excluded completely.

Wortmannin, LY294002, and rapamycin inhibited basal
and insulin-induced proliferation of lactotrophs with doses
comparable to those used in other studies (15, 23, 29, 30).

Fig. 4. Inhibition of estradiol-induced lactotroph proliferation by
LY294002 and rapamycin. Anterior pituitary cells that had been
cultured in serum-free medium were pretreated with vehicle, 3
µM LY294002, or 10 nM rapamycin 10 min before treatment with
vehicle or 0.1 or 1 nM estradiol for 66 h and were labeled with
BrdU for 24 h before the end of treatment. BrdU-labeling indices
of lactotrophs are expressed relative to a vehicle-treated control
group under basal conditions. Data are the mean ± SEM of trip-
licate determinations from a representative experiment that was
replicated three times with separate batches of cell preparation.
*A significant difference at p < 0.05 compared with the corre-
sponding vehicle-treated groups.

Fig. 5. Effects of bromocriptine pretreatment on the inhibitory
actions of LY294002 and rapamycin on insulin- and cAMP-
induced lactotroph proliferation. Anterior pituitary cells that had
been cultured in serum-free medium were pretreated with or
without 1 nM bromocriptine and 10 min later were treated with
vehicle, 3 µM LY294002, or 10 nM rapamycin followed by
vehicle, 500 ng/mL of insulin, or 1 mM db-cAMP for 42 h. The
cells were labeled with BrdU for 18 h before the end of treatment.
BrdU-labeling indices of lactotrophs are expressed relative to a
bromocriptine-pretreated, vehicle-treated control group under
basal conditions. Data are the mean ± SEM of triplicate determi-
nations from a representative experiment that was replicated three
times with separate batches of cell preparation. *A significant
difference at p < 0.05 compared with the group treated with
bromocriptine and insulin.
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Potency of wortmannin less than that of LY294002 for
inhibiting basal and insulin-induced lactotroph prolifera-
tion may be owing to the instability of wortmannin at the
physiologic temperature of culture medium, as reported
elsewhere (31). Insulin, a mitogen usually used in serum-
free culture, is known to stimulate proliferation at high
concentrations mostly through the type 1 insulin-like
growth factor (IGF) receptor (32). Because there is evi-
dence for the production of IGF-1 and the existence of the type
1 IGF receptor in the anterior pituitary gland (33) and stimu-
lation of lactotroph proliferation by IGF-1 (34, unpublished
data), IGF-1 is suggested to be an endogenous growth factor
involved in the regulation of lactotroph proliferation. The
results obtained with lactotrophs are in agreement with the
established view that PI-3K and p70S6k are involved in the
regulation of proliferation induced by a variety of growth
factors in a number of cell types (14,19).

cAMP inhibits proliferation in a variety of cell types but
stimulates it in a limited number of cell types (35). Mol-
ecules involved in the signal transduction pathways of these
cAMP actions are poorly understood except several mol-
ecules including p70S6k, PI-3K, and MAPK. cAMP blocks
interleukin-2 (IL-2) activation of p70S6k and prevents pro-
liferation in CTLL-20 lymphoid cells (30), whereas p70S6k

activation and mitogenesis are induced by cAMP in WRT
thyroid cells and Swiss 3T3 fibroblasts (29,36). These
results indicate a correlation between the activity of p70S6k

and the antimitogenic or mitogenic action of cAMP. Fur-
thermore, rapamycin has been shown to abolish cAMP-
induced p70S6k activation and proliferation in the Swiss
3T3 cell line (29,36). The effectiveness of rapamycin on
cAMP-induced cell proliferation was confirmed by the
present study using lactotrophs in primary culture. Based
on these findings, p70S6k appears to be required for media-
tion of not only the mitogenic actions of growth factors and
cytokines but also that of cAMP. A few reports suggest
involvement of PI-3K in the cAMP actions. In the CTLL-
20 cells, IL-2-induced activation of PI-3K is suppressed by
cAMP (30), although PI-3K activation by cAMP has not
yet been demonstrated in cells in which cAMP stimulates
proliferation. The present study demonstrates that LY294002
blocks cAMP-induced lactotroph proliferation in primary
culture. In the WRT cell line, PI-3K inhibitors block both
cAMP-induced p70S6k activation and proliferation (29),
suggesting that PI-3K is an upstream regulator of p70S6k

regarding the mitogenic action of cAMP as well as growth
factors and cytokines.

It is controversial whether the MAPK cascade is involved
in mediation of the cAMP actions on proliferation. cAMP
has been shown to suppress growth factor-induced MAPK
activation and proliferation in several cells (37,38). How-
ever, whether the MAPK is required for the cAMP-induced
p70S6k activation and proliferation appears cell type depen-
dent. The actions of cAMP on proliferation and p70S6k

activation are not mediated by the MAPK cascade in the
WRT and Swiss 3T3 cells (36,39), and our previous study
showed that the MEK inhibitor PD98059 inhibited lactotroph
proliferation induced by not only insulin but also cAMP
(13). Based on our results of the previous and present stud-
ies, it is possible that in lactotrophs, the MAPK cascade lies
at a point of convergence of the PI-3K/p70S6k and cAMP/
PKA pathways in the regulation of proliferation. Indeed,
recent findings have provided evidence suggesting the ex-
istence of a pathway that consists of PI-3K, MAPK, and
p70S6k (40–42).

The present study demonstrates that estradiol-induced
lactotroph proliferation is blocked by LY294002 and
rapamycin. To our knowledge, this result is the first to sug-
gest involvement of PI-3K and p70S6k in steroid hormone–
stimulated cell proliferation. Although the signal transduction
pathway through which estradiol stimulates cell proliferation
is not fully understood, studies on uterine and mammary
cells have shown that growth stimulation by estradiol is an
indirect process mediated by estradiol-induced, autocrine-
acting growth factors, such as epidermal growth factor,
IGF1, and transforming growth factor (43). Considering
such an indirect regulation by estradiol of cell proliferation,
the inhibition by LY294002 and rapamycin of estradiol-
induced lactotroph proliferation observed in the present
study may merely reflect the effects of these inhibitors on
PI-3K and p70S6k activation by an as-yet unidentified
growth factor secreted in response to estradiol. Alterna-
tively, numerous studies have suggested that estradiol rap-
idly stimulates expression of protooncogenes such as
c-myc, c-fos, and c-jun that are able to induce proliferation
(44–46). Therefore, it is possible that PI-3K and p70S6k are
involved, at some point, in a protooncogene-mediated path-
way of the mitogenic action of estradiol. Whatever mecha-
nism the mitogenic action of estradiol involves in lactotrophs,
it remains to be determined whether estradiol induces phos-
phorylation and activation of p70S6k and whether PI-3K
mediates the estradiol action.

Clear differences in the effectiveness of each inhibitor
are indicated by the results that rapamycin fully inhibited
lactotroph proliferation induced by insulin, forskolin, and
estradiol whereas only partial inhibition was observed by
LY294002. The difference between the effectiveness of
rapamycin and LY294002 observed in the present study
might be accounted for by the existence of some other sig-
nal transduction pathways in parallel with the PI-3K path-
way at the upstream of p70S6k. Indeed, the mitogenic action
of platelet-derived growth factor has been shown to be
mediated independently by PI-3K and phospholipase C
pathways, both of which converge upon the downstream
effector p70S6k (17,23).

Interestingly, in the presence of bromocriptine, an
antimitogenic agent of lactotrophs, LY294002, and rapamycin
had differential effects on cAMP- and insulin-induced
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lactotroph-proliferation: these inhibitors failed to block the
db-cAMP,  but not the insulin-induced lactotroph prolifera-
tion. This result is unexpected because rapamycin abol-
ishes the actions of virtually all mitogens except that of
IGF-2 on L6E9 myoblasts (47), and no agent is known to
antagonize an antimitogenic effect of rapamycin. Our result
suggests that in the presence of dopaminergic inhibition,
PI-3K and p70S6k are not involved in the regulation of the
cAMP-induced proliferation and that, unlike insulin, cAMP
is able to stimulate lactotroph proliferation via a PI-3K/
p70S6k-independent signal transduction pathway. The pres-
ence of the PI-3K/p70 S6k-independent signal transduction
pathway is also suggested by the result that the inhibitors
used were not able to block completely lactotroph prolif-
eration induced by the various mitogens. Indeed, the partial
inhibition by LY294002 might be accounted for by phos-
pholipase C, an upstream regulator of p70S6k, which has
been shown to be involved in the mitogenic regulation in
parallel to PI-3K (19). Because heterogeneity of lactotrophs
has been well documented (48), it is possible that such an
alternative pathway is utilized by a different lactotroph
subpopulation as exemplified in somatotrophs (49).

In conclusion, the activities of PI-3K and p70S6k are
required for lactotroph proliferation induced by not only
growth factors including insulin but also cAMP and estra-
diol. However, under conditions in which bromocriptine
inhibits lactotroph proliferation, the regulation of lactotroph
proliferation seems less dependent on PI-3K and p70S6k.

Materials and Methods

Cell Culture

Experiments were conducted under the guidelines of the
Ethical Committee of Animal Experiments in Yamanashi
Medical University. Six-week-old female Wistar rats pur-
chased from Japan SLC (Shizuoka, Japan) were used for
primary cell cultures. Anterior pituitary cells were dispersed
as described previously (10). Briefly, five anterior pituitar-
ies were minced for suspension in minimal essential me-
dium (MEM) (Sigma, St. Louis, MO) containing NaHCO3,
penicillin G, streptomycin, bovine serum albumin (BSA),
and HEPES. They were incubated at 37°C in the MEM
containing 0.01% trypsin (TRL-3; Worthington, Freehold,
NJ) and 0.005% DNase in a siliconized Spinner suspension
flask with constant stirring for 90 min. The dispersed pitu-
itary cells were treated with trypsin inhibitor and DNase
and subjected to cell counting and viability test. A 100-µL
aliquot of cell suspension containing 1.5 × 105 cells in
Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 20 mM HEPES was placed on poly-D-lysine-
coated 35-mm culture dishes (Falcon ; Becton Dickinson,
Bedford, MA). The cells were subsequently allowed to
attach to the surface of the dishes in a humidified CO2
incubator for 1 h. The pituitary cells were flooded with 2
mL of DMEM containing HEPES, 8.3% horse serum, 1.7%

fetal bovine serum, penicillin, and streptomycin and
precultured at 37°C in a humidified atmosphere of 5% CO2
and 95% air for 1 d. After the preculture with medium con-
taining serum, the pituitary cells were washed with a 1:1
mixture of DMEM and Ham’s Nutrient Mix F-12 without
phenol red and containing 15 mM HEPES, penicillin, and
streptomycin (DMEM/F12), and serum-free cultures were
initiated with a serum-free, chemically defined medium
(the initiation day was designated as d 1 of the experiment).
The serum-free medium was originally derived from
medium described elsewhere (10,50), with some modifica-
tions: DMEM/F12 supplemented with 10 µg/mL of bovine
transferrin, 40 nM sodium selenite, 30 µM ethanolamine,
100 pM triiodothyronine, 5 mM ethanol, and 0.1% BSA.
The serum-free medium was freshly changed on d 2 and 4
during the culture period.

Treatment of Lactotrophs in Culture

Forskolin (Sigma) and bromocriptine methylate (Sigma)
were initially dissolved with ethanol at concentrations of
20 and 1 mM, respectively. db-cAMP was dissolved with
Milli Q water at a concentration of 100 mM. Bovine insulin
(Sigma) was dissolved with the medium. Wortmannin (RBI,
Natick, MA), LY294002 (Sigma), and rapamycin (Sigma)
were dissolved with dimethylsulfoxide (DMSO) at con-
centrations of 2, 100, and 1 mM, respectively. These agents
were diluted immediately before use, the final concentra-
tions of DMSO in medium being 0.1–0.25%. Cultured cells
received 42-h treatments with the inhibitors and mitogens
on d 2 and 18-h treatment with 200 µM BrdU for labeling
proliferating cells on d 3. However, in experiments in which
the effects of the inhibitors on estradiol-induced lactotroph
proliferation were examined, the culture conditions were
changed in part to maximize the mitogenic action of estra-
diol; pituitary cells were precultured with DMEM supple-
mented with 500 ng/mL of insulin instead of serum, and the
treatment time with estradiol was prolonged to 66 h, result-
ing in BrdU treatment on d 4 and completion of culture on
d 5.

At the end of culture on d 4 (d 5 in estradiol experi-
ments), cultured pituitary cells were detached from culture
dishes and redispersed with trypsin as described previously
(10). Cells suspended with Earle’s balanced salt solution
containing HEPES were attached to poly-D-lysine-coated
glass slides by centrifugation with a cytocentrifuge (SC-2;
Tomy, Tokyo, Japan). The cells attached on the glass slides
were fixed with ice-methanol and stored in phosphate-buff-
ered saline (PBS) at 4°C until immunostaining.

Immunostaining

The anterior pituitary cells attached to glass slides were
double immunostained for BrdU and PRL, as described
previously (51). Briefly, the slides were treated with 3 M
HCl for 30 min and 10% normal donkey serum in PBS for
20 min. Double labeling immunofluorescence staining was
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performed by three steps using the following reagents: (1)
a mixture of mouse monoclonal anti-BrdU (Sigma) at 1:200
dilution and rabbit anti-rat PRL (NIDDK IC-5) at 1:4000
dilution; (2) horse biotinylated anti-mouse IgG (Vector,
Burlingame, CA) at 1:50 dilution; and (3) a mixture of
Texas Red–labeled streptavidin (Amersham, Arlington
Heights, IL) at 1:50 dilution and fluorescein isothiocyanate
(FITC)-labeled donkey anti-rabbit IgG (Amersham) at 1:50
dilution. The cells were incubated with 100 µL of each
reagent diluted with PBS containing 10% normal donkey
serum for 1 h followed by 20 min of washing.

The immunostained slides were observed with a fluores-
cence microscope (BX50-FLA; Olympus, Tokyo, Japan)
equipped with a dual band mirror unit for FITC and Texas
Red (U-DM-FI/TX).

Statistical Analyses

A total of 1000–2000 PRL-immunoreactive cells were
examined in randomly chosen fields for each slide to deter-
mine the BrdU-labeling index, which was the percentage of
pituitary cells immunoreactive for both PRL and BrdU of
total PRL-immunoreactive cells counted. Three slides were
analyzed for each treatment group derived from the same
cell preparations. Experiments were replicated three to four
times with separate batches of cell preparations. Differ-
ences between groups were statistically analyzed using one-
way analsysis of variance followed by Fisher’s Protected
Least Significant Difference test.
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