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Background and Aims:Activin was originally found as a stimulating factor of follicle stimulating
 

hormone in pituitary cell cultures. To establish a simple culture system for studying the effects of activin
 

on prolactin production,we examined the effects of activin in rat somatolactotroph derived GH3 cells
 

cultured in a serum free condition. Methods:GH3 cells were cultured in Ham’s F10 medium contain-

ing 2 mM L-glutamine and 0.1％ (w/v)BSA with activin,follistatin (an activin binding protein),or a
 

vehicle(control). Results:The cell viability was between 80 to 90％ throughout the 96 hour incuba-

tion period in the three groups. Activin stimulated prolactin production in a time dependent (24-96
 

hours)and dose dependent(75-300 ng/ml)manner. A co-treatment with graded doses of follistatin and
 

100 ng/ml of activin suppressed the increase of prolactin production brought about by activin in a dose
 

dependent manner,and the production decreased to the control level after the addition of 300 ng/ml of
 

follistatin. Conclusions:The present study demonstrated the stimulatory effect of activin on prolactin
 

production and the antagonism between activin and follistatin in GH3 cells in a serum free condition.

This culture system is thus useful to study the effects of activin on prolactin production.（Kitakanto Med
 

J 2006；56：１～９）
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Introduction
 

Activin,initially isolated from the gonads based on
 

its ability to stimulate the secretion of follicle stimulat-

ing hormone(FSH), is a member of the transforming
 

growth factorß(TGF-ß)superfamily. It is produced
 

in a broad range of tissues, including the anterior
 

pituitary gland, and has a wide variety of biological
 

actions;it is a key regulator of the autocrine and
 

paracrine functions of the pituitary gland.

Activin stimulates FSH synthesis by inducing the
 

expression of the FSH beta subunit mRNA without
 

changing the expression level of the luteinizing hor-

mone(LH)beta subunit. On the other hand,activin
 

have also been reported to have suppressive effects on
 

the secretion and production of other pituitary hor-

mones. Activin was shown to suppress the secretion
 

of adrenocorticotropic hormone in the rat corticotroph
 

derived AtT20 cells. Somatotrophs and lactotrophs
 

have also been shown to be target cells for the actions
 

of activin. Both the basal and stimulated secretion of

 

growth hormone (GH) and PRL were found to be
 

suppressed by activin in primary rat anterior pituitary
 

cell cultures. In primary pituitary cell cultures,

the number of PRL producing cells decreased in the
 

presence of activin. Activin also suppressed PRL
 

synthesis in GH3 cells,a rat pituitary cell line,cultured
 

in a serum containing medium. Activin was shown
 

to have inhibitory effects on both cellular proliferation
 

and PRL synthesis in another pituitary cell line,

GH4C1. Activin reportedly suppressed cell
 

growth and Pit-1 and PRL gene expression through
 

Smad2 and menin in GH4C1 cells. It was reported
 

that activin decreased GH expression through
 

multilevel regulation of the transcription factor Pit-1
 

in MtTW15 cells, derived from a rat pituitary
 

somatotroph tumor.

On the other hand,activin has also been shown to
 

have stimulatory effects on GH production in GH3
 

cells. GH3 cells are a well-established cell line
 

derived from a rat anterior pituitary tumor, that
 

produce both GH and PRL. They are widely used
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to investigate the actions of polypeptides and have
 

also been shown to express both type I and typeⅡ

membrane receptors for activin.

Cross talk has been reported between activin signal-

ling and other signalling pathways of growth factors,

many of which are contained in the serum. Follis-

tatin,found in the serum,has been shown to modify
 

the effects of activin. Therefore, it is not easy to
 

conclusively determine whether the observed changes
 

of PRL production in cells cultured in the presence of
 

serum are attributable only to the effects of activin or
 

are also a result of the modifying actions of other
 

serum factors affecting activin signalling. Therefore,

we used GH3 cells cultured in a“serum free”condi-

tion,a simple culture system,to investigate the effects
 

of activin on PRL production. Cell proliferation
 

assay was conducted by measurement of the extent of
 

BrdU incorporation,and PRL production was deter-

mined by measurement of the amount in the culture of
 

PRL protein,the end product of PRL gene expression.

Materials and methods
 

Reagents
 

Recombinant human activin A, kindly provided
 

by Dr.Yuzuru Eto,Ajinomoto Co., Inc (Kawasaki,

Japan),was used for the experiments. Recombinant
 

human follistatin-288 was used as follistatin,and the
 

recombinant human follistatin-288 (Lot No. B4384)

and rat PRL RIA kit were obtained through NHPP,

NIDDK &Dr.A.F.Parlow(Bethesda,MD & Harbor
-UCLA Med Ctr,Torrance,CA). GH3 cells(ATCC

 
CCL-82.1) were purchased from Dainippon Co.,

(Oosaka,Japan). All the other chemicals used were
 

of commercial grade.

Cell culture
 

GH cells were maintained in Ham’s F-10 medium
 

supplemented with 2 mM L-glutamine, 15％ horse
 

serum and 2.5％ FBS without antibiotics,for a maxi-

mum of 10 weekly passages.

On the day of the experiment,the cells were washed
 

three times with Ham’s F-10 medium and seeded in
 

multi-well plates with 24 or 96 non-coated wells

(Becton Dickinson Labware,Franklin Lakes,NJ)at a
 

density of 2.5×10 cells/cm. Ham’s F-10 medium
 

supplemented with 2 mM L-glutamine and 0.1％ (w/v)

BSA without antibiotics was used in the experiment.

Cells were cultured in a humidified atmosphere
 

containing 5％ CO-95％ air,at 37C.

Cell Proliferation
 

Cell  proliferation was measured using  a
 

hemocytometer,and by the 5-bromo-2’-deoxyuridine

(BrdU)incorporation method.

Cells were plated at the density of 50,000 per 2 cm

well(25,000 cells/cm)in 300μl of serum free medium,

in the presence of activin (100 ng/ml),follistatin (100
 

ng/ml),or a vehicle(control). After 24-96 hours of
 

incubation, the cells were detached from the well by
 

the addition of 10μl ethylenediaminetetraacetic acid

(0.1 M) for 10 min at 37C and resuspended in the
 

well. An aliquot of the cell suspensions was loaded
 

on to a hemocytometer with trypan blue dye (1:1,

vol/vol), the cell number was counted, and the cell
 

viability was determined by dye exclusion.

The cell proliferation activity was also determined
 

using a colorimetric immunoassay for the quantifica-

tion of cell proliferation,based on the measurement of
 

BrdU incorporation during DNA synthesis. The
 

BrdU enzyme-linked immunosorbent assay was perfor-

med in accordance with the manufacturer’s instructions

(Catalogue No.1-444-611,Roche Diagnostics,Mann-

heim, Germany). Briefly, cells were seeded into 96
-well multititer plates at a density of 8,000 per 0.32 cm

well(25,000 cells/cm)in 100μl of serum free medium,

in the presence or absence of activin or follistatin.

After incubation for the indicated times,10μl of 100

μM BrdU solution was added to each well, and the
 

cells were reincubated for another 2 hours. The cul-

ture medium was removed,the cells were fixed,and the
 

DNA was denatured. The cells were then incubated
 

with mouse anti-BrdU monoclonal antibody conjugat-

ed to peroxidase at room temperature for 90 minutes.

After removal of the antibody,the immune complexes
 

were detected by subsequent reaction with tetramethyl-

benzidine. The reaction product was quantified by
 

measuring the absorbance at 370 nm with a reference
 

wavelength of 492 nm in Wallac 1420 ARVOsx(Wal-

lac,Turku,Finland). The extent of BrdU incorpora-

tion into the cells in each well of the 96-well multititer
 

plate was assessed by the absorbance in each well after
 

subtraction of the average absorbance in four blank
 

wells.

Hormone Assay
 

Cells were plated at a density of 8,000 per 0.32 cm

well of a 96 multi-well plate(25,000 cells/cm)in 200

μl of serum free medium,with or without activin or
 

follistatin. After a predetermined incubation period,

the culture medium was removed and the cells were
 

lysed by incubation with 0.1％ (w/v) Triton X-100,

0.5％ BSA,PBS,followed by freezing and thawing as
 

previously described. The PRL concentrations in
 

the medium and the cell lysate were measured with the
 

rat PRL RIA kit,using rPRL RP-3 as the standard.

The intra-and interassay coefficients of variation were
 

10.4％ and 11.4％,respectively.
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Effect of activin on PRL production vs. on cell
 

proliferation
 

The ratio of PRL production per BrdU incorpora-

tion after 72 hours of culture was calculated using the
 

data from four independent experiments. GH3 cells
 

were cultured in Ham’s F10 medium containing 2 mM
 

L-glutamine and 0.1％ (w/v)BSA in the presence of
 

activin (100 ng/ml),follistatin (100 ng/ml),or a vehi-

cle(control),for 72 hours. The assays in each experi-

ment were conducted in quadruplicate. PRL produc-

tion,calculated as the sum of the amount of PRL in the
 

medium and in the cell lysate in each well,was divided
 

by the value of BrdU incorporation, as determined
 

based on the absorbance,in the corresponding well.

Statistical analysis
 

The data from quadruplicate cultures are presented
 

as the mean±SE. Comparisons between groups were
 

performed using one-way ANOVA. The significance
 

of the differences between the mean values in the
 

control group and in each treated group was tested
 

using Fisher’s PLSD test. P＜0.05 was considered to
 

be statistically significant.

Results
 

Previous studies had shown that activin decreased
 

the number of PRL producing cells in pituitary cell
 

cultures and the cell proliferation activity in GH4C1
 

cells. Therefore, first we characterized the effects of
 

activin on the cell proliferation activity in GH3 cells
 

cultured in our serum free condition,by trypan blue
 

dye exclusion with hemocytometry and measurement
 

of BrdU incorporation. Determination of the total
 

cell number and the viable cell number in activin(100
 

ng/ml)-, follistatin (100 ng/ml)-, or vehicle-treated
 

cell cultures revealed a time dependent increase of the
 

two parameters over a 24 to 96 hour period.

Although the total cell number in the activin treated
 

cell cultures were 142％ and 136％ of that in the
 

control after 72 hours and 96 hours,the difference was
 

not significant at either time point. The cell viability
 

was between 80 to 90％ throughout the 96 hour incuba-

tion period,and there were no statistically significant
 

differences among the three groups. The time course
 

of changes in the cell proliferation activity,determined
 

based on the extent of BrdU incorporation, were
 

measured in the GH3 cells cultured in the presence of
 

activin (100 ng/ml) or a vehicle after 96 hours of
 

incubation. The absorbance at 370 nm and the rela-

tive absorbance of the activin treated cells to that of the
 

control at each indicated time point are shown in
 

Figure 1. Activin stimulated BrdU incorporation in
 

the GH3 cells. After 72 hours, significantly greater
 

BrdU incorporation (156％ relative to that in the

 

vehicle treated control)was noted in the activin treated
 

cells than in the control. BrdU incorporation in the
 

cells cultured in the presence of 100 or 300 ng/ml
 

activin was also estimated after 72 hours of incubation,

and a dose dependent increase in the BrdU incorpora-

tion was observed (Fig.2).

Next,we examined the effect of activin on the PRL
 

production in the GH3 cells. Cells were incubated
 

with activin (100 ng/ml),follistatin (100 ng/ml),or a
 

vehicle (control). Both the basal secretion and the
 

total PRL production increased over time in all the
 

three groups (Fig.3). Furthermore, the addition of
 

activin accelerated the time dependent increase of PRL
 

production. The PRL production was significantly
 

higher after 72 hours of incubation in the cells cultured
 

in the presence of activin. The PRL production in the
 

cells cultured in the presence of activin was 175％ and
 

249％ relative to that in the control after 72 hours and

 

Fig.1 Effects of activin on cell proliferation in GH3 cells
 

cultured in the absence of serum over time. GH3 cells
 

were plated at a density of 8,000 cells per 0.32 cm well in
 

100μl of Ham’s F10 containing 2 mM L-glutamine and
 

0.1％ (w/v)BSA,in the presence of activin(100 ng/ml)or
 

vehicle(control). At the indicated time points (24,48,

72,and 96 hours),10μl of 100μM BrdU solution was
 

added to each well, as described in Materials and
 

Methods. In each experiment,the absorbance at 370 nm
 

was measured after 20 minutes of substrate reaction. The
 

filled rectangles represent activin and the clear circles
 

represent the control. The results from the assays con-

ducted in quadruplicate are shown as mean± SE (n＝

4). ＊,P＜0.01 as compared with the value in the control
 

at each time point.
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96 hours of incubation. Follistatin, on the other
 

hand,suppressed the time dependent increase of PRL
 

production, although no significant difference was
 

observed until 96 hours of incubation.

To examine the dose dependent effect of activin on
 

PRL production,GH3 cells were cultured in a serum
 

free medium in the presence of various concentrations
 

of activin,for 72 hours. Activin was found to stimu-

late PRL production in a dose dependent manner;the
 

PRL production in the presence of 300 ng/ml was

 

194％ of that in the control (Fig.4). However, no
 

significant effect of follistatin, at concentrations
 

between 37.5 to 300 ng/ml was observed on PRL
 

production after 72 hours’incubation.

To assess whether the increase in hormone produc-

tion observed in the presence of activin was a conse-

quence of the increase in the cell proliferation activity,

the effect on the PRL production vs. on cell prolifera-

tion was analyzed after 72 hours of culture. The PRL
 

production per unit BrdU incorporation in the cells

 

Fig.2 Dose-related effect of activin on cell proliferation in GH3 cells cultured in the absence of serum.

GH3 cells at a density of 8,000 per 0.32 cm well in 100μl of Ham’s F10 containing 2 mM L
-glutamine and 0.1％ (w/v)BSA were incubated with 100 or 300 ng/ml activin for 72 hours,and

 
the BrdU incorporation was measured as described in Materials and Methods. The absorbance

 
at 370 nm is shown as mean± SE(n＝ 4). ＊,P＜0.05 as compared with the control value. ＊

＊,P＜0.01 as compared with the control value.

Fig.3 Effects of activin and follistatin on PRL production in GH3 cells cultured in serum free medium over time. GH3 cells at a
 

density of 8000 cells per 0.32 cm well were cultured in Ham’s F10 containing 2 mM L-glutamine and 0.1％ (w/v)BSA,in the
 

presence of activin (100 ng/ml),follistatin(100 ng/ml),or vehicle(control). At each of the indicated time points,the culture
 

medium was removed,the cells were lysed,and the amount of PRL in the medium and cell lysate were measured,as described
 

in Materials and Methods. Closed rectangles:activin. Closed triangles:follistatin. Open circles:control. The result
 

from the assays conducted in quadruplicate are shown as mean± SE(n＝ 4). ＊,P＜0.05 as compared with the control value
 

at each time point. ＊＊,P＜0.01 as compared with the control value at each time point. Left panel:PRL concentrations
 

in the medium. Right panel:PRL production per well,calculated as the sum of the amount of PRL in the medium and in
 

the cell lysate.
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cultured in the presence of activin (100 ng/ml) was
 

significantly higher than that in the control (236±

2.3％ of that in the control;P＜0.01),indicating that
 

the effect of activin on PRL production was more
 

pronounced than that on the cell proliferation activity.

However, there was no significant difference in this
 

parameter between the cells cultured in the presence of
 

follistatin (100 ng/ml)and the control cells.

Follistatin is an activin binding protein known to
 

antagonize the biological activity of activin. To

 

assess this antagonistic effect of follistatin on activin,

GH3 cells were cultured in the presence of various
 

concentrations of follistatin plus 100 ng/ml of activin,

for 72 hours. The PRL production increased signifi-

cantly in the cells cultured in the presence of activin,

however,co-treatment with follistatin suppressed this
 

activin-induced increase in PRL production,in a dose
 

dependent manner. The PRL production was sup-

pressed to the level observed in the control in the
 

presence of 300 ng/ml follistatin in cells treated with

 

Fig.4 Dose-related effects of activin on PRL production in GH3 cells cultured in serum-free medium.

GH3 cells at a density of 8,000 per 0.32 cm well were cultured in Ham’s F10 medium containing
 

2 mM L-glutamine and 0.1％ (w/v)BSA in the presence of various concentrations of activin,for
 

72 hours. The results are shown as the mean± SE(n＝ 4). ＊,P＜0.05 as compared with the
 

control (activin;0 ng/ml)value. ＊＊,P＜0.01 as compared with the control value.

Fig.5 Dose-related effects of follistatin on PRL production in GH3 cells cultured in serum-free
 

medium in the presence of 100 ng/ml activin. GH3 cells at a density of 8,000 per 0.32 cm well
 

were cultured in Ham’s F10 medium containing 2 mM L-glutamine,0.1％ (w/v)BSA and 100
 

ng/ml activin in the presence of various concentrations of follistatin,for 72 hours. Open bars

(control):PRL production of in GH3 cells cultured in the presence of neither activin nor
 

follistatin. Diagonal bars:PRL production in GH3 cells cultured in the presence of 100 ng/ml
 

follistatin but no activin. Closed bars:PRL production in GH3 cells cultured in the presence
 

of 100 ng/ml activin and follistatin at various concentrations of follistatin. The results are
 

shown as the mean± SE(n＝ 4). Bars with different letters(a-c)denote significant differences

(P＜0.05).
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100 ng/ml of activin(Fig.5). Thus,in the presence of
 

a molar ratio of follistatin:activin of greater than 2:

1,the stimulatory effect of activin on PRL production
 

was antagonized by follistatin.

To determine whether the stimulatory effect of
 

activin on PRL production was affected by the pres-

ence of serum,we added 15％ horse serum and 2.5％

FBS instead of 0.1％ BSA to the medium,and the GH3
 

cells were cultured for 72 hours. The results revealed
 

that PRL production was suppressed by activin in the
 

presence of serum(Fig.6).

Discussion
 

Activin has been shown to have antiproliferative
 

effects against many types of cells, including PRL
 

containing cells of the rat anterior pituitary and other
 

rat somatolactotroph derived cell lines, such as
 

GH4C1. On the other hand,several types of cells
 

have also reported to show enhanced proliferative
 

activity in response to treatment with activin. In
 

our serum free system, activin stimulated GH3 cell
 

proliferation. Kojima et al reported that activin
 

inhibited DNA synthesis in Balb/c 3T3 mouse fibrob-

lasts cultured in the presence of serum but stimulated
 

the synthesis in a serum free medium. Activin was
 

much less potent than platelet-derived growth factor in
 

stimulating DNA synthesis, and they speculated that
 

the stimulatory actions of activin were not detected in
 

the presence of serum,since serum contained a signifi-

cant amount of platelet-derived growth factor.

Opposite effects of a ligand on cell proliferation in
 

the presence/absence of serum has also been reported
 

in GH3 cells. Epidermal growth factor inhibited the
 

proliferation of GH3 cells in a serum supplemented
 

medium, whereas a stimulatory effect was seen in a

 

serum free medium.

It is noteworthy that most,if not all,reports of the
 

stimulatory effects of activin on cell proliferation are
 

based on studies using cultures performed under a
 

serum free condition. On the other hand,many
 

reports describing the inhibitory effects of activin used
 

serum supplemented medium for the cell culture.

Serum contains growth factors that stimulate cell cycle
 

progression,therefore,it may be difficult to detect the
 

stimulatory effect of activin on cell proliferation in the
 

presence of serum.

Activin is produced in the pituitary gland and act
 

as an autocrine/paracrine factor. Although there is
 

not such a definitive report supporting the physiologi-

cal role of activin on the production and secretion of
 

PRL,as on those on FSH,it is reported that activin
 

inhibited the production and secretion of PRL in a
 

primary pituitary cell culture using immature female
 

rat pituitary cells. It is also reported that activin
 

decreased the percentage of PRL secreting cells and
 

mean PRL secretion per cell in a primary pituitary cell
 

culture using mature female rat pituitary cells. In
 

our study,activin stimulated PRL production in GH3
 

cells cultured in a serum free medium,and this is the
 

first report of the stimulatory effect of activin on PRL
 

production. The anterior pituitary is composed of a
 

complex network of endocrine and non-endocrine
 

cells,which affects PRL production. It may be easier
 

to detect the stimulatory effect of activin on PRL
 

production in a single cell population such as GH3
 

cells,which does not possess the plural components in
 

the anterior pituitary gland.

The effect of activin on PRL production switched
 

from stimulatory to inhibitory with the addition of
 

serum to the culture medium in our system. The

 

Fig.6 Effect of activin on the PRL production in GH3 cells cultured in serum-supplemented medium.

GH3 cells at a density of 8,000 per 0.32 cm well were cultured in Ham’s F10 medium containing
 

15％ horse serum and 2.5％ FBS with various concentrations of activin for 72 hours,and the
 

amount of PRL produced was measured. The results are shown as the mean± SE(n＝ 4). ＊,

P＜0.01 as compared with the control value.
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inhibitory effect on PRL production in GH3 cells
 

cultured in a serum supplemented medium is consistent
 

with a previous report using GH3 cells cultured in a
 

serum supplemented medium. In GH4C1 cells,

activin suppressed PRL production both in a serum
 

containing medium and in a serum free or low serum

(2％ FBS) condition as shown in the previous
 

reports. Even though both the cell lines are closely
 

related,opposite effects of a ligand on the PRL produc-

tion have been reported between GH3 and GH4C1
 

cells ;Insulin-like growth factor-1 decreased PRL
 

mRNA expression in GH3 cells, while it increased
 

PRL mRNA expression in the GH4C1 cells. The
 

opposite effect of activin on PRL production reported
 

between our study and previous reports could be
 

attributable to the difference in the cell types used for
 

the study.

Follistatin is produced in a number of diverse
 

tissues, including gonadotrophs, somatotrophs and
 

folliculostellate cells in the anterior pituitary gland,

and has been presumed to control the effects of activin
 

in the anterior pituitary cells in a paracrine or auto-

crine manner. Although follistatin alone showed no
 

significant effect on PRL production even at doses up
 

to 300 ng/ml until 72 hours of culture,a decrease in
 

PRL production was noted after 96 hours of incuba-

tion. Expression of the inhibin/activin βA subunit
 

mRNA and protein has been reported in GH3 cells.

Follistatin may play a role in decreasing PRL produc-

tion by neutralizing the endogenous activin.

The actions of follistatin are mostly attributed to
 

their ability to form a complex with activin and
 

biologically antagonize its effects. A ternary com-

plex is presumed to be composed of two follistatin
 

molecules bound to one activin molecule via its twoß

subunits. When graded doses of follistatin were
 

added together with 100 ng/ml of activin to cell cul-

tures,a dose dependent effect was seen. A reversal of
 

the effects of activin on PRL production occurred after
 

72 hours of culture,when the follistatin:activin molar
 

ratio exceeded 2:1. It has been reported in several in
 

vitro systems that co-incubation with a constant
 

amount of activin but increasing concentrations of
 

follistatin prevents the biological activities of activin
 

when the follistatin:activin molar ratio is greater than
 

or equal to 2:1. Our present observations show
 

antagonism between the actionss of follistatin and
 

activin on PRL production for the first time. How-

ever,this result was consistent with previous reports on
 

other types of cells concerning the negative regulation
 

of other biological effects of activin,such as the stimu-

lation of FSH production,by follistatin.

Insulin has been shown to stimulate PRL promoter
 

activity in GH3 cells. Insulin is contained in serum

 

and is often used a supplement in serum free cell
 

cultures. Since our culture system was simply com-

posed of Ham’s F10 and BSA without insulin, the
 

basal PRL production was lower in our system as
 

compared to that in media containing serum,and the
 

effect of activin on PRL production was switched from
 

stimulatory to inhibitory by the addition of serum.

Although the mechanism involved in this switch
 

remains clarified,it appears that our system is useful
 

for investigating the effects of ligands in the serum that
 

affect activin signalling on PRL production.

In conclusion,using GH3 cells cultured in a serum
 

free medium,we showed that activin has stimulatory
 

effects on cell proliferation and PRL production,and
 

that follistatin antagonizes the stimulatory effect of
 

activin on PRL production. The addition of serum
 

caused a switch of the effect of activin on the cellular
 

PRL production from stimulatory to inhibitory. Our
 

culture system is thus useful for further investigation of
 

the effects of activin on the cellular PRL production.

Acknowledgements
 

We would like to thank Dr. Yuzuru Eto,

Ajinomoto Co., Inc., for his generous gift of recom-

binant human activin A;Dr.Albert F Parlow,NHPP
 

and NIDDK for providing recombinant human follis-

tatin-288 (Lot No.B4384)and the rat PRL RIA kit.

We are also grateful to Ms. Hiroko Matsuda, Ms.

Nobuko Kuwabara,and Ms.Kiyoko Ubukata for their
 

assistance in the hormone iodination. This work was
 

supported by a Grant-in-Aid (No.12671577)from the
 

Japanese Ministry of Education, Science, Sports and
 

Culture.

References
 

1. Vale W,Rivier J,Vaughan J,et al. Purification
 

and characterization of an FSH releasing protein
 

from porcine ovarian follicular fluid. Nature.

1986;321:776-779.

2. Ling N,Ying SY,Ueno N,et al. Pituitary FSH
 

is released by a heterodimer of the beta-subunits
 

from the two forms of inhibin. Nature 1986;

321:779-782.

3. Mason AJ,Hayflick JS,Ling N,et al. Comple-

mentary DNA sequences of ovarian follicular
 

fluid inhibin show precursor structure and
 

homology with transforming growth factor-beta.

Nature 1986;318:659-663.

4. Lebrun JJ,Chen Y,Vale WW :Receptor serine
 

kinases and signaling by activins and inhibins.

In:Vale WW (ed). Inhibin,activin,and follis-

tatin:regulatory functions in systems and cell
 

biology. New York:Springer-Verlag, 1997:

1-21.

7



5. Phillips DJ, de Kretser DM. Follistatin:a
 

multifunctional regulatory protein. Front Neur-

oendocrinol 1998;19 :287-322.

6. Schwartz J,Cherny R. Intercellular communica-

tion within the anterior pituitary influencing the
 

secretion of hypophysial hormones. Endocr Rev
 

1992;13:453-475.

7. Carroll RS, Corrigan AZ, Gharib SD, et al.

Inhibin, activin, and follistatin:regulation of
 

follicle-stimulating hormone messenger ribonu-

cleic acid levels:Mol Endocrinol 1989 ;3:1969-

1976.

8. Bilezikjian LM,Blount AL,Campen CA,et al.

Activin-A inhibits proopiomelanocortin messen-

ger RNA accumulation and adrenocorticotropin
 

secretion of AtT20 cells. Mol Endocrinol 1991;

5:1389-1395.

9 . Tasaka K, Kasahara K, Masumoto N, et al.

Characterization of activin A-, activin AB-and
 

activin B-responding cells by their responses to
 

hypothalamic releasing hormones. Biochem Bio-

phys Res Commun 1994;203:1739-1744.

10. Kitaoka M,Kojima I,Ogata E. Activin-A:a
 

modulator of multiple types of anterior pituitary
 

cells. Biochem Biophys Res Commun 1988;

157:48-54.

11. Billestrup N,Gonzalez Manchon C,Potter E,et
 

al. Inhibition of somatotroph growth and
 

growth hormone biosynthesis by activin in vitro.

Mol Endocrinol 1990;4:356-362.

12. Murata T,Ying SY. Transforming growth fac-

tor-beta and activin inhibit basal secretion of
 

prolactin in a pituitary monolayer culture system.

Proc Soc Exp Biol Med 1991;198:599-605.

13. Miyamoto S, Irahara M, Ushigoe K, et al.

Effects of activin on hormone secretion by single
 

female rat pituitary cells:analysis by cell im-

munoblot assay. J Endocrinol 1999 ;161:375-

382.

14. Tamura N,Irahara M,Kuwahara A,et al. Effect
 

of activin on production and secretion of
 

prolactin and growth hormone in cultured rat
 

GH3 cells. Eur J Endocrinol 2000;142:506-

511.

15. Ramsdell JS. Transforming growth factor-alpha
 

and -beta are potent and effective inhibitors of
 

GH4 pituitary tumor cell proliferation. Endo-

crinology 1991;128:1981-1990.

16. Lacerte A,Lee EH,Reynaud R, et al. Activin
 

inhibits pituitary prolactin expression and cell
 

growth through Smads, Pit-1 and menin. Mol
 

Endocrinol 2004;18:1558-1569.

17. Struthers RS, Gaddy Kurten D, Vale WW.

Activin inhibits binding of transcription factor Pit

-1 to the growth hormone promoter. Proc Natl
 

Acad Sci,USA 1992;89 :11451-11455.

18. Gaddy Kurten D,Vale WW. Activin increases
 

phosphorylation and decreases stability of the
 

transcription factor Pit-1 in MtTW15 somatotrope
 

cells. J Biol Chem 1995;270:28733-28739.

19. Tashjian AH Jr, Yasumura Y, Livine L, et al.

Establishment of clonal strains of rat pituitary
 

tumor cells that secrete growth hormone:Endo-

crinology 1968;82:342-352.

20. Bancroft FC, Tashjian AH Jr. Growth in sus-

pension culture of rat pituitary cells which pro-

duce growth hormone and prolactin. Experimen-

tal Cell Research 1971;64:125-128.

21. Patricia MH. Interaction of peptide hormones
 

with rat pituitary tumor cells in culture. In:

Black PM (ed). Secretory Tumors of the Pitui-

tary Gland. Progress in Endocrine Research and
 

Therapy. New York:Raven Press,1984:25-43.

22. Ying C,Zhang Z,Huang G, et al. Expression
 

and localization of inhibin/activin and activin
 

receptors in GH3 cells, a rat pituitary adenocar-

cinoma cell line. J Endocrinol Invest 1996;19 :

6-11.

23. Moustakas A,Takumi T,Lin HY,et al. GH3
 

pituitary tumor cells contain heteromeric type I
 

and type II receptor complexes for transforming
 

growth factor beta and activin-A. J Biol Chem
 

1995;270:765-769.

24. Funaba M, Zimmerman CM, Mathews LC.

Modulation of Smad2-mediated signaling by
 

extracellular signal-regulated kinase. J Biol
 

Chem 2000;277:41361-41368.

25. Dupont J,McNeilly J,Vaiman A,et al. Activin
 

signaling pathways in ovine pituitary and
 

LbetaT2 gonadotrope cells. Biol Reprod 2003;

68:1877-1887.

26. Nakamura T, Takio K, Eto Y, et al. Activin
-binding protein from rat ovary is follistatin.

Science 1990;247:836-838.

27. Murata M, Eto Y, Shibai H, et al. Erythroid
 

differentiation factor is encoded by the same
 

mRNA as that of the inhibin beta A chain. Proc
 

Natl Acad Sci U S A 1988;85:2434-2438.

28. Inouye S, Guo Y, DePaolo L, et al. Recom-

binant expression of human follistatin with 315
 

and 288 amino acids:chemical and biological
 

comparison with native porcine follistatin. En-

docrinology 1991;129 :815-822.

29. Fukuda M, Miyamoto K, Hasegawa Y, et al.

Action mechanism of inhibin in vitro-cyclohex-

imide mimics inhibin actions on pituitary cells.

Mol Cell Endocrinol 1987;51:41-50.

30. Kojima I,Mogami H,Kawamura N,et al.Modu-

8 Stimulatory Effect of Activin on PRL Production



 

lation of growth of vascular smooth muscle cells
 

by activin A. Exp Cell Res 1993;206:152-156.

31. Kojima I,Ogata E. Dual effect of activin A on
 

cell growth in Balb/c 3T3 cells. Biochem Bio-

phys Res Commun 1989 ;159 :1107-1113.

32. Yokota H,Yamada K,Liu X,et al. Paradoxical
 

action of activin A on folliculogenesis in im-

mature and adult mice. Endocrinology 1997;

138:4572-4576.

33. Yajima Y, Saito T. The effects of epidermal
 

growth factor on cell proliferation and prolactin
 

production by GH3 rat pituitary cells. J Cell
 

Physiol 1984;120:249-256.

34. Castillo AI,Aranda A. Differential regulation

 

of pituitary-specific gene expression by insulin
-like growth factor 1 in rat pituitary GH4C1 and

 
GH3 cells,Endocrinology 1997;138:5442-5451.

35. Shimonaka M, Inouye S, Shimasaki S, et al.

Follistatin binds to both activin and inhibin
 

through the common subunit. Endocrinology
 

1991;128:3313-3315.

36. Sugino H,Sugino K,Hashimoto O,et al. Follis-

tatin and its role as an activin-binding protein. J
 

Med Invest 1997;44:1-14.

37. Hayakawa J, Ohmichi M, Tasaka K, et al.

Regulation of the PRL promoter by Akt through
 

cAMP response element binding protein. Endo-

crinology 2002;143:13-22.

9


