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ntil the 1920s, it was assumed that the sole 
gonadal hormones modulating anterior pitui- U tary glandular secretions were lipid-soluble en- 

tities called steroids. Experimental evidence then sur- 
faced during the ensuing decade that demonstrated that 
the testis also contained a hydrophilic material that 
might also influence pituitary secretory activity (1,  2). 
The name “inhibin” was given to this novel substance 
in view of its ability to inhibit hypertrophy of pituitary 
cells in castrated rats (2). Work in later years evoked 
the concept that inhibin could be an important regula- 
tor of follicle-stimulating hormone (FSH) secretion (3, 
4). Thus, as a consequence of these landmark studies, 
investigators began a search to elucidate the chemical 
nature of the inhibins. 

Although inhibin was discovered as a potential 
secretory product of the testis, it was almost 45 years 
later that a nonsteroidal FSH suppressor was demon- 
strated in the ovarian follicular fluid of cows ( 5 ) .  Iron- 
ically, it was the ovarian follicular fluid from which 
chemists eventually isolated what was most likely the 
putative inhibin molecule described in the 1920s and 
30s (6-9). Chemical characterization of the purified 
FSH-suppressing material revealed that inhibin is a 3 1 - 
to 32-kDa heterodimer consisting of two distinct poly- 
peptide chains, 01 and p. In pig follicular fluid, two 
inhibin heterodimers, A and B, were isolated and found 
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to consist of a common a-subunit chain linked by 
disulphide bridges to a PA- or &-subunit chain, respec- 
tively. Both inhibins were essentially equipotent in 
suppressing FSH secretion in the dispersed anterior 
pituitary cell bioassay system (6). 

At long last, the elusive inhibin had been proven a 
true chemical entity-a major breakthrough in repro- 
ductive endocrinology. However, little did anyone 
know that the gonads produced other FSH-regulatory 
polypeptide factors besides inhibin, and that the ability 
of these other factors to modulate FSH secretion could 
be only the tip of the iceberg with regard to the multi- 
functional properties of these factors, thereby extending 
their importance to other areas of biology. It is these 
other factors and their potentially important relation- 
ship to each other that is the primary focus of this 
review. Although the biological actions of inhibin will 
be alluded to, several excellent review articles primarily 
devoted to the chemistry and biology of inhibin have 
been published in recent years ( 10- 12). 

Discovery of Follistatin and Activin 
Two years after the chemical identification of in- 

hibin, it was discovered that the FSH-suppressing activ- 
ity of ovarian follicular fluid may not be due entirely 
to the inhibins. Two laboratories independently uncov- 
ered another compound that could inhibit FSH secre- 
tion, although it was less potent than the inhibins and 
was structurally unique (1 3, 14). This new compound 
was given the name FSH-suppressing protein (14), or, 
as it is more commonly referred to, follistatin ( 1  3). In 
contrast to inhibin, follistatin is a single-chain, glyco- 
sylated protein present in follicular fluid in at least three 
isoforms of 31-32, 35 and 39 kDa (13, 14), all with 
equal potency in inhibiting FSH secretion. 
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In addition to the two FSH-suppressing materials, 
follicular fluid also harbored factors that were capable 
of stimulating FSH release. Two laboratories identified 
the chemical structure of these FSH stimulators and 
appropriately named them activins ( 1  5,  16). Interest- 
ingly, the activins were dimers of the @-subunits of 
inhibin. The homodimer of the PA-chain was designated 
activin-A, and the @A@B-heterodimer was designated 
activin-AB. Subsequent to the identification of the 
ovarian activins, an erythroid differentiation factor was 
also isolated from conditioned medium of the THP-1 
human monocytic cell line and found to be identical 
to activin-A (17, 18). In addition, the mouse (19) and 
frog (20) homologs of activin-A have recently been 
isolated from WEHI-3 murine myelomonocytic leuke- 
mia cells and Xenopus XTC cells, respectively, and 
found to be potent mesoderm-inducing factors. More- 
over, a separate induction factor for body axis pattern- 
ing present in frog (21) and chicken (22) blastulae may 
be a homolog of the mammalian activin-B homodimer 
(@B@B), since activin mimics the inductive effects of this 
factor, and expression of the inhibin-pB subunit gene in 
inductive hypoblast of the chick embryo commences at 
the time axial patterning is initiated (22). 

Multifunctional Properties and Localization of Activin 
and Follistatin 

In addition to stimulating FSH synthesis and re- 
lease, activin has a broad range of activities that includes 
effects on cell growth, differentiation, and maturation. 
These varied actions on the growth and differentiation 
of a variety of cell types no doubt reflect the partial 
sequence homology of the inhibin-@ subunits to an 
ever-growing family of growth/differentiation factors 
that includes transforming growth factor-0 (23), the 
product of the decapentaplegic gene complex in dro- 
sophila (24), mullerian-inhibiting substance (25), the 
Xenopus protein Vg-1 (26), and bone morphogenic 
proteins 2 through 6 (27). A list of specific activities 
thus far ascribed to the activins, along with the appro- 
priate reference numbers, is presented in Table I. While 
viewing this table, the reader should keep in mind that 
many of these actions require confirmation by other 
laboratories. A case in point is the failure of Tsafriri et 
al. (60) to observe an effect of activin-A on the spon- 
taneous maturation of oocytes, even though Itoh et al. 
(52) subsequently reported stimulation of oocyte mat- 
uration by activin-A. 

In view of the wide spectrum of activities exerted 
by the activins, it is not too surprising that the mRNA 
encoding the inhibin-@ subunits is found in a multitude 
of diverse tissues, including the gonads, pituitary, pla- 
centa, and bone marrow (Table 11). However, while 
data on individual subunits often lead one to conclude 
that activin dimer is produced in a particular tissue, 
additional data are necessary before such claims can be 

Table 1. Distribution of lnhibin @-Subunit and 
Follistatin mRNA in Rat Tissuesa 

Groupb Tissue &-Subunit ,%-Subunit Follistatin 

1 Ovary 
Testis 
Pituitary 
Adrenal 
Brain 
Bone Marrow 

2 Spleen 
Placenta 

3 Heart 
Lung 
Thymus 
Skeletal Mus- 

cle 
Gut 
Uterus/decidua 
Kidney 
Pancreas 

4 Liver 

+ 
+ 

? 
? 

+ 
+ 
+ 
+ 
- 

- 
- 
+ 
? 
? 
? 
3 

? 
? 

+ 
+ 
+ + 
fC 
+ d  

+ 
+ 
+ + 
- 

a Information compiled from references 61 through 64. +, mRNA 
present; -, mRNA not detectable: ?, tissue not analyzed for mRNA. 

Group 1, both @-subunit and follistatin mRNA: Group 2, ?-subunit 
mRNA only: Group 3, follistatin mRNA only; Group 4, neither p- 
subunit nor follistatin mRNA detected. 

Cortex, cerebellum. 
See Figure 1 of this review. 

considered scientifically accurate. Tantamount to such 
claims are data which demonstrate that the gene prod- 
ucts are actually transcribed and that the dimer actually 
exists in the tissue. Until now, @-subunit protein has 
been visualized by immunohistochemistry only in the 
brain (69 ,  gonads (66-70), and pituitary gland (71). 
On the other hand, activin dimers have yet to be 
demonstrated in a normal mammalian tissue or fluid, 
other than ovarian follicular fluid from which it was 
originally purified and the conditioned media of several 
cell lines (see above). With the exception of bone mar- 
row, in which only the @-subunit gene is expressed, the 
demonstration of activin dimer in tissues is critical, 
since the tissues may produce only a@ dimers (66). 
Should activin dimers eventually be demonstrated in 
tissues expressing @-subunit genes, then the fact that 
tissues that produce activin (i.e., gonads, pituitary. and 
marrow) are also major target tissues for activin’s ac- 
tions leads one to propose that activin is primarily a 
modulator at the local level. Nonetheless, if the recent 
explosion of information regarding the multiple actions 
of activin is any indication, then one can safely predict 
that new functions and tissue distributions for activin 
and its subunits will be discovered in the very near 
future. such that both Tables I and I1 will require 
updating by the time this minireview sees the printed 
page. 

In sharp contrast to the activins, there have been 
only a few actions of follistatin that have been docu- 
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Table II. Multifunctional Properties of Activin in Mammals 

Effect Tissue Action References 

Proliferation P19 embryonal teratoma cells 
Human luteinized granulosa cells 
Fetal rat osteoblasts 
Rat spermatogonia 
K-562 human erythroleukemic cell line 
Erythroid progenitor cells in normal 

human bone marrow 
Mice BALB/c 3T3 cells 
Rat thymocytes 
Chinese hamster ovary (CHO-K1) 

Rat pituitary somatotropes in re- 

Human fetal adrenal cells 
K-562 human erythroleukemic cell line 
L8057 murine megakaryoblastic cell 

Hematopoietic progenitor cells of hu- 

Erythroid progenitor cells of bone 

Antiproliferation 

cells 

sponse to growth hormone-releas- 
ing hormone 

Differentiation 

line 

man bone marrow 

marrow 

Rat ovarian granulosa cells 

Bovine ovarian granulosa cells 

Rat testicular Leydig cells 

Maturation Rat oocyte 

Hormono- Rat anterior pituitary cells 
genesis 

Rat pancreatic islets 

Human placental cells 

Other Rat hepatocytes 

Rat ovarian follicles 
Human monocytes 

Hemoglobin accumulation 
Induction of acetylcholin- 

Enhance colony forma- 

Stimulate erythropoiesisa 

Augmentation of FSH- 
stimulated estrogen 
and progesterone 
production 

Augmentation of FSH- 
stimulated LH recep- 
tor induction 

Stimulation of FSH recep- 
tor induction 

Stimulation of inhibin se- 
cretion 

Stimulation of inhibin 
subunit mRNA 

Inhibition of oxytocin and 
progesterone secre- 
tion 

Inhibition of LH/human 
chorionic gonadotro- 
pin-stimulated testos- 
terone production 

Stimulate meiotic matura- 
tion 

Inhibit basal and growth 
hormone-releasing 
hormone-stimulated 
GH secretion 

Inhibit thyrotropin-releas- 
ing hormone-stimu- 
lated prolactin re- 
lease 

Stimulate insulin secre- 
tion 

Increase release of LHRH 
and progesterone 

Stimulate glucose pro- 
duction 

Atresia' 
Increase migration 

esterase 

tion 

in rats 
in mice 

activity 

28,29 
30 
31 
32 

19, 20, 33,34 
33 

35 
36 
37 

38 

39 
18, 33, 34 

40 

41.42 

43 
44 

45.46 

45 

47 

45, 48 

48 

49 

50. 51 

52 

38, 53, 54 

54 

55 

56 

57 

58 
59 

a in vivo effects. 



mented, other than its FSH-suppressing action. These 
actions include diminution of FSH-stimulated estrogen 
and inhibin secretion from cultured rat ovarian granu- 
losa cells (46), augmentation of FSH-stimulated pro- 
gesterone secretion from cultured granulosa cells (46), 
and a modest suppression of pituitary luteinizing hor- 
mone-releasing hormone (LHRH) receptors (72). De- 
spite the paucity of actions thus far ascribed to follis- 
tatin, follistatin mRNA transcripts have been detected 
in no less than 14 different tissues, including our recent 
detection of follistatin mRNA in bone marrow using 
the polymerase chain reaction (Fig. 1 and Table 11). 
Indeed, this diverse distribution could predict that fol- 
listatin, like activin, has tissue-specific effects or that 
follistatin may have a universal action on different cell 
types. Follistatin protein, on the other hand, has been 
demonstrated only in ovarian tissue (73, 74; see below) 
and anterior pituitary gland (75, 76). Interestingly, little 
or no follistatin was detected by immunohistochemistry 
in the kidney using a polyclonal antibody raised in our 
laboratory, in spite of an abundance of follistatin mes- 
sage in this organ (62, 64; authors’ unpublished obser- 
vations). Clearly, further work is necessary and is cur- 
rently underway to determine whether follistatin pro- 
tein is present in tissues expressing the follistatin gene. 

Relationship of Activin to Follistatin 
By the time follistatin was isolated and character- 

ized, it was clear that inhibin was a major endocrine 
regulator of FSH secretion, at least in the rat. What 
then was the purpose of a separate FSH-suppressing 
protein that was less potent than inhibin? Surely it did 
not make much sense for the ovary (or testis) to release 
the less potent follistatin when it could release fewer 
inhibin molecules into the circulation to effectively 
regulate FSH biosynthesis and release. Indeed, follista- 
tin was perceived by many as being just a weak inhibin 
agonist, a quirk of nature so to speak. In spite of this 
apparent apathy for follistatin and for lack of a better 
approach, we embarked on a series of studies with the 
goal of defining a classic endocrine role for follistatin 
in regulating FSH secretion. About the time these stud- 
ies commenced, a report appeared which showed that 
bovine pituitary folliculostellate cells secreted follistatin 
(75), thus implying that the role of follistatin in regu- 
lating FSH secretion may be as a local, rather than as a 
classical, endocrine modulator. A subsequent study, 
however, would chart the course for future studies on 
follistatin. In search of activin receptors in the rat ovary, 
Nakamura et al. (73) instead uncovered a binding pro- 
tein for activin that was structurally identical to follis- 
tatin. Thus, as a consequence of this landmark study, 
the biology of follistatin became intertwined with the 
biology of the activins. 

Despite documentation of the many diversified 

Figure 1. (Top) Amplification of follistatin mRNA target sequences in 
rat femur bone marrow by polymerase chain reaction (PCR). Total 
RNA was extracted from bone marrow of female rats and used to 
prepare single-stranded cDNA. The cDNA was used as template for 
PCR using the two primers 5’-GAG TGT GCC ATG AAG GAA G’C- 
3’ ,and 3’-CTT CTG GTC CTG ATG TCG AA-5‘, encoding follistatin 
amino acid sequences Gl~~~~-Cys-Ala-Met-Lys-Glu-Ala~~‘ and GIu30’- 
A~p-GIn-Asp-Tyr-Ser-Phe~~~, respectively, to obtain the targeted 127- 
bp fragment. PCR products (100 ng) were examined by gel electro- 
phoresis using a mixture of 3% NuSieve GTG agarose and 1 O/O Sea 
Kern ME agarose (FMC Bioproducts, Rockland, ME). Lane 1 corre- 
sponds to the positive control from a rat follistatin cDNA clone (62), 
Lane 2 is the negative control from a DNA-free sample, and Lanes 3 
and 4 correspond to cDNA prepared from intact and hypophysecto- 
mized female rat marrow, respectively. (Bottom) Southern blot analy- 
sis of PCR products from the upper panel, with the exception of Lane 
2, in which 10 ng of PCR product from intact marrow cDNA were 
electrophoresed. 

actions of activins, we know little about the true phys- 
iological import of these intriguing dimers. Conse- 
quently, there is little to guide the investigator as to the 
potential physiological implications of follistatin as an 
activin-binding protein or vice versa. Nonetheless, we 
have decided to pursue our studies concerning the 
biological implications of the follistatin-activin relation- 
ship from the perspective of a local regulatory control 
system. This approach was chosen based on the follow- 
ing observations. First and perhaps foremost, in terms 
of our decided course of study, was the widespread 
tissue distribution of inhibin-0 subunit and follistatin 
mRNA (Table 11). As alluded to earlier, this implies, 
but does not conclusively demonstrate, that activin and 
fo [listatin proteins are made locally. Furthermore, the 
potential for local production of a particular factor by 
a given tissue does not in itself exclude the possibility 
that the same factor produced extrinsically (by another 
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tissue) may act as a classical endocrine modulator on 
that tissue. Such is likely the case for inhibin, in which 
the presence of a- and @-subunit proteins in the anterior 
pituitary gland suggests local production of the a3 
dimer, yet it has been established. at least in the rat, 
that inhibin of ovarian origin is an important endocrine 
modulator of FSH secretion ( 10). 

This brings us to our second observation that nei- 
ther follistatin nor activin appears to circulate in the 
bloodstream in amounts that would warrant their clas- 
sification as endocrine modulators. This statement is 
based on our recent preliminary observations using a 
follistatin radioimmunoassay and indirect evidence 
concerning the FSH-suppressing activity of rat ovarian 
venous plasma. In the case of follistatin. serum follis- 
tatin levels in rats were found to be very low, approxi- 
mating only 100 fmol/ml (value expressed in terms of 
a highly purified porcine follistatin standard [77]). in 
contrast to immunoreactive inhibin levels in adult, 
cycling female rats. which vary between 500 and 2000 
fmol/ml (78, 79). Moreover, the serum level of follis- 
tatin is relatively the same irrespective of cycle stage. 
sex, and whether the gonads. anterior pituitary gland. 
or one kidney is removed from the rat. With regards to 
activin, when ovarian venous plasma collected from 
rats at various times during the estrous cycle was char- 
coal-extracted and added to a dispersed pituitary cell 
bioassay system. the plasma either significantly inhib- 
ited basal (non-LHRH stimulated) FSH secretion or 
had no effect (80-82). At no time did the plasma 
significantly stimulate FSH secretion. Since the bioac- 
tivity of the plasma likely reflects the balance of FSH- 
stimulating and inhibiting factors potentially being se- 
creted by the ovary. one could infer from these data 
either that activin is not secreted by the ovary or that 
activin is secreted in amounts insufficient to offset the 
inhibitory effects of inhibin. The latter case, however, 
would appear inconsistent with a role for activin as an 
endocrine regulator of FSH secretion. 

For the remainder of this review, we would like to 
present recent evidence that implicates the potential 
existence of a local regulatory system within two diverse 
tissues involving the interaction of activin and follista- 
tin. The tissues that have been chosen are the anterior 
pituitary gland and the ovary. As can be seen from 
Table 11, the genes encoding the primary structure of 
one or both inhibin-@ subunits, as well as of follistatin, 
are expressed in these tissues. Although our subsequent 
discussions will focus on activin and follistatin. it is not 
our intention to disregard or downplay the importance 
of inhibin in regulating certain functional aspects of 
these tissues. Rather. we will attempt to integrate as 
best we can the evidence for local regulatory control of 
tissue-specific functions by activin and follistatin into 
the overall regulatory schema, which undoubtedly in- 
cludes inhibin to one degree or another. When consid- 

ered in this light, however. it will become increasingly 
evident to the reader that one of the major challenges 
in establishing the activin-follistatin relationship as an 
important local regulatory system is to distinguish the 
relative participation of local follistatin versus both 
local and systemic inhibin in the total regulatory sce- 
nario, since in addition to inhibiting FSH release, in- 
hibin and follistatin may share other biological actions. 

Anterior Pituitary Gland 
Like all hormones of the anterior pituitary (AP), 

FSH synthesis and release are controlled to a significant 
extent by neuropeptides secreted into the pituitary por- 
tal vasculature from nerve terminals of the median 
eminence. The most important neuropeptide in this 
regard is LHRH, although the existence of a separate 
releasing factor for FSH has been proposed for several 
decades (83). However. there has been mounting evi- 
dence that indicates that a portion of FSH secretion is 
autonomous, i.e., independent of diencephalic influ- 
ences. Such lines of evidence stem from both in vivo 
(84. 85) and in vitro (86) data showing a persistence of 
FSH secretion in the face of low to immeasurable 
secretion of luteinizing hormone (LH). The divergence 
of LH and FSH secretion is also observed during the 
natural estrous cycle of rodents. For example, preovu- 
latory increases in LH and FSH secretion on proestrous 
afternoon are followed by a second increase in FSH 
secretion, but not in LH secretion, on estrous morning 
(78, 80). The primary stimulus for this second rise in 
circulating FSH levels has been shown to be the de- 
creased secretion of ovarian inhibin that occurs during 
the afternoon and evening of proestrus, thereby releas- 
ing the FSH-containing gonadotropes from negative 
feedback inhibition (78-80). Whereas preovulatory in- 
creases in circulating gonadotropin concentrations may 
be abolished by ablation of the hypothalamus (87), 
removal of the diencephalon (88), or administration of 
potent LHRH antagonists (87, 89) or antisera (90, 91) 
prior to the initiation of the preovulatory surges, such 
experimental manipulations, when performed after the 
preovulatory LH and FSH surges but prior to the 
second FSH increase, fail to influence this portion of 
periovulatory FSH release. Coupled with the potent 
direct inhibitory effects of inhibin on AP FSH synthesis 
and secretion. these data strongly imply that while 
centrally mediated preovulatory LH and FSH surges 
are essential for the fall in ovarian inhibin secretion 
and consequent elevation in FSH levels on estrus, this 
second phase of FSH secretion, which is important for 
recruiting new follicles for ovulation in the next cycle, 
is an event intrinsic to the AP. 

Another experimental condition in which circulat- 
ing FSH levels are elevated independently of LH is 
shortly after ovariectomy (OVX) of rats on diestrus-1 
of the cycle. Following removal of the ovaries, increased 
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levels of circulating FSH are observed by 4 hr whereas 
initial increments in LH levels generally occur 1-3 days 
later (92, 93). Administration of an LHRH antagonist 
24 hr before OVX revealed that a significant compo- 
nent of the acute FSH hypersecretory response to OVX 
was readily apparent, despite neutralization of LHRH 
bioactivity (93). This suggested to us that the LHRH- 
independent secretion of FSH might represent an au- 
tonomous component of the total FSH regulatory sys- 
tem, mediated perhaps by a factor(s) produced and 
secreted by pituitary cells themselves acting in a para- 
crine and/or autocrine fashion. 

To test this hypothesis further. it was considered 
desirable to use an animal model in which the AP is 
isolated from direct central nervous system intervention 
such that AP responses to OVX may be studied without 
the confounding influences of endogenous neural secre- 
tions. An animal model that meets this criteria is the 
hypophysectomized rat bearing AP allografts under- 
neath the kidney capsule. To ascertain whether OVX 
can elicit FSH hypersecretion from AP allografts, hy- 
pophysectomized/grafted (H/G) rats, as well as H rats 
not bearing AP grafts, were injected with pregnant 
mare's serum gonadotropins (PMSG) 4-7 days follow- 
ing transplantation of AP tissue. Control H and H/G 
rats received the saline vehicle. The PMSG was given 
to some animals in order to enhance the secretion of 
negative feedback effector substances, such as estradiol- 
17p and inhibin, since serum levels of these hormones 
in H or H/G rats are extremely low due to the lack of 
gonadotropic stimulation of the ovaries (94, 95). Thus, 
it was reasoned that a response to removal of negative 
feedback signals, in this case the increase in FSH secre- 
tion, can only be observed if such signals are present 
initially. Forty-eight hours later, rats were either ovari- 
ectomized or sham castrated and blood was collected 
from indwelling atrial catheters inserted 1 day earlier. 
As shown in Figure 2, OVX of H rats bearing three AP 
allografts elicited an FSH, but not LH (data not shown), 

HI3G-PMG 4 -  

- - C S O V X ( 6 )  *t 

0- , 
0 4 8 12 16 20 24 

TIME (h after OVX) 

Figure 2. Pituitary FSH response to sham OVX or OVX in H rats 
bearing three pituitary allografts (3G) treated 48 hr previously with 30 
IU PMSG (PMG). Numbers in parentheses represent the number of 
animals per group. Each point and vertical bar represents the mean * SE. ** P -= 0.01 vs sham control (from Ref. 95). 

hypersecretory response, not unlike the divergent secre- 
tion of the gonadotropins observed acutely after OVX 
of pituitary-intact rats (92, 93). No such increases in 
FSIl occurred in H/G rats given saline or in H rats 
given either PMSG or the saline vehicle (95). These 
data, when taken in the context of other evidence cited 
in preceding paragraphs, provide unequivocal support 
for the expression of an autonomous component of 
FSH secretion from pituitary-intact rats following OVX 
and during the secondary FSH increase, and further 
indicate that such central nervous system-independent 
secretion is activated by declining levels of inhibin (and, 
to a lesser degree, estradiol) in the circulation. 

Having addressed the first part of our hypothesis, 
concerning whether autonomou$ FSH secretion can 
occur from AP tissue in vivo, what is the current evi- 
dence regarding the potential participation of locally 
derived activin in regulating autonomous secretion of 
FSIH? First, inhibin /&-subunit mRNA levels in the AP 
are elevated 3 weeks after OVX relative to pre-OVX 
levels (7 1). However, since a-subunit mRNA levels are 
also increased after OVX, one cannot establish based 
on this piece of evidence whether OVX increases the 
production of inhibin-B or activin-B or both. More 
convincing evidence for mediation of autonomous FSH 
secretion by activin is provided by the finding that basal 
FSlH secretion from cultured AP cells is suppressed by 
co-incubation with a monoclonal antibody directed 
against activin-B (96). Although these latter data were 
derived from in vitro experiments, evidence from the 
H/G rat model would appear consistent with a role for 
activin in mediating autonomous FSH secretion. One 
day after OVX, H/G rats treated previously with PMSG 
weire injected with 60 pg of purified porcine follistatin 
or saline. As depicted in Figure 3, serum FSH levels 
were suppressed to 63% of levels measured prior to 
injection. whereas levels of this gonadotropin were not 
altered by saline injection (95). Since a major portion 

0- --- 
0 4 8 12 16 20 24 

Time (h after Injection) 

Figure 3. Effects of highly purified porcine follistatin on OVX-induced 
FSti hypersecretion in PMSG-treated H/G rats. Hypophysectomized 
rats bearing two pituitary transplants received 30 IU PMSG and were 
castrated 48 hr later. Twenty-four hours after OVX, rats received 
either Saline or 60 pg of follistatin iv. **  P < 0.01 vs saline-treated 
rats. See Figure 2 for further details (from Ref. 95). 
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of the FSH-suppressing action of follistatin is seemingly 
attributed to its ability to bind activin (96), these in vivo 
data provide substantive support for a role of activin in 
mediating enhanced autonomous FSH secretion. It 
should be noted that while the activin-B antiserum does 
recognize free subunit as well as dimer (Drs. T. Wood- 
ruff and J. Mather, personal communication), follista- 
tin binds only to intact dimer (Fig. 4). Nonetheless, 
considering that inhibin a- and PB-subunit immuno- 
reactivity are localized exclusively within the gonado- 
tropes (71), regulation of FSH by AP-derived activin 
would appear to be autocrine in nature. 

Evidence for participation of locally produced fol- 
listatin in regulating FSH secretion is at best suggestive 
to this point. As alluded to earlier, follistatin has been 

1 2  1 2  

- 110 
-84  
- 47 

Ligand/lmmunoblot - 33 
- 24 - 16 

- 110 
rrl - 8 4  PA lmmunoblot - 47 

- 33 
- 2 4  
I- 16 

Figure 4. Specific recognition of activin-A homodimer by follistatin 
utilizing a ligand/immunoblotting procedure developed in our labora- 
tory (top panels) and an inhibin-p, subunit Western blot (bottom 
panels). Thirty nanograms of recombinant human activin-A and inhi- 
bin-A (supplied by Drs. T. Mason and R. Schwall, Genentech, Inc., 
South San Francisco, CA) were applied to Lanes 1 and 2, respec- 
tively, and electrophoresed on sodium dodecyl sulfate-polyacrylamide 
gel. The migration positions of prestained molecular weight standards 
run on an adjacent lane are indicated on the right (M, x 1 O-3). Samples 
and standards were run in both blotting systems under nonreducing 
(left panels) and reducing (right panels) conditions. For the ligand/ 
immunoblot procedure, the filter (after transfer) was first incubated 
with 5 nM purified porcine follistatin followed by incubation with a 1/ 
500 dilution of an antiserum (Rb-32) raised in our laboratory against 
porcine follistatin. For the @-subunit immunoblot, the filter was incu- 
bated with a 1 /500 dilution of an antiserum raised against a synthetic 
fragment (amino acids 90-1 07) of the inhibin-p, subunit (provided by 
Dr. M. Culler, National Institute of Environmental Health Services, 
NIH). Following incubation with the antisera, the filters were washed 
and incubated with a second antibody conjugated to horseradish 
peroxidase and then treated with a mixture of luminol, p-phenyl- 
phenol, and hydrogen peroxide. Such treatment allowed chemilumi- 
nescent detection of the immunoreactive bands following develop- 
ment of the films. Note that the ability of follistatin to detect inhibin 
(top left) is far less than its ability to detect activin dimer. The 
differential binding of follistatin to activin and inhibin likely relates to 
our recent demonstration that activin has two binding sites for follis- 
tatin, whereas inhibin has only one binding site (117). In addition, 
note the absence of low molecular weight immunoreactive proteins 
in the ligand/immunoblot under reducing conditions (top right) in 
comparison to the detection of free @-subunit (M, = 14,000) in the p- 
subunit Western blot (bottom right). 

identified as a secretory product of bovine folliculostel- 
late cells (75) and follistatin mRNA transcripts have 
been demonstrated in the pituitary gland (64). Studies 
are currently underway to examine the regulation of 
follistatin gene expression in the AP. However, the 
production of follistatin by folliculostellate cells raises 
an important issue regarding the potential local actions 
of follistatin given the widespread distribution of folli- 
culostellate cells in the AP (97). In addition to produc- 
ing factors with paracrine actions on other AP cell types, 
additional functions have been ascribed to folliculostel- 
late cells, including ones of support, growth, phagocy- 
tosis, and ion transport (97). Hence, it may be that 
follistatin influences an array of functions not only of 
the gonadotropes, but of other cell types as well, al- 
though it should be pointed out that other products of 
folliculostellate cells, such as basic fibroblast growth 
factor (98) and vasoactive intestinal peptide (99; Dr. A. 
Canillo, personal communication), may mediate some 
of these diverse functions. Clearly, more comprehensive 
studies are required to address the potential significance 
of follistatin as a local modulator of FSH secretion in 
the AP, particularly in light of the well-established role 
of inhibin as an important endocrine modulator of 
FSH. 

With regard to the regulation of other AP hor- 
mones, activin has been shown to inhibit basal and 
growth hormone-releasing hormone-stimulated growth 
hormone (GH) biosynthesis and secretion (Table I and 
38, 53, 54). In marked contrast to its opposing actions 
on activin-stimulated FSH secretion, inhibin could not 
counteract the effects of activin on GH secretion (38). 
Interestingly, the suppressive effects of activin and so- 
matostatin were additive, suggesting different mecha- 
nisms of action of activin and somatostatin to inhibit 
GH (53). Assuming that the production and secretion 
of activin are solely a property of the gonadotropes (7 l), 
the effects of activin on GH synthesis/secretion may 
indicate an important cell to cell communication link 
between gonadotropes and somatotropes, the physio- 
logical significance of which remains to be determined. 
However, if a communication link between these two 
cell types via activin does in fact exist, then one could 
theorize that activin-dependent increases in FSH secre- 
tion, as might occur in female rats during the secondary 
FSH surge or acutely after OVX, should be accom- 
panied by decreases in G H  secretion. A detailed ex- 
amination of circulating FSH and GH levels during 
selective elevations of FSH may yield essential infor- 
mation that either supports or refutes this theory. 

Ovary 
As with the AP, much of the evidence purporting 

to the existence of a local regulatory system involving 
activin and follistatin within the female gonad is sugges- 
tive, but it is more substantive than the evidence for 
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the AP. Initial studies designed to examine possible 
local effects of activin and follistatin within the ovary 
were conducted in vitro, using granulosa cells obtained 
from immature rats given diethylstilbesterol for several 
days prior to sacrifice to induce the development of 
preantral follicles. These studies revealed that exoge- 
nous activin-A enhanced FSH-stimulated estrogen, pro- 
gesterone, and inhibin production, as well as the induc- 
tion of LH receptors by FSH (45, 46, 48). In addition, 
activin by itself stimulated induction of FSH receptors 
(47), inhibin-subunit gene expression, and secretion of 
immunoreactive inhibin (48). These effects of the in- 
hibin-6 dimers are likely mediated by specific receptors 
for activin (58, 100). 

On the other hand, Xiao et al. (46) examined the 
effects of follistatin on granulosa cell differentiation and 
found that, in contrast to activin, follistatin suppressed 
FSH-induced increments in aromatase activity and in- 
hibin secretion while augmenting FSH-stimulated pro- 
gesterone production similar to activin. Since p-subunit 
and follistatin messages and proteins are co-localized in 
granulosa cells (see below), these in vitro data indicate 
that activin and follistatin may interact within the 
granulosa cell microenvironment to regulate certain 
differentiative processes. Interestingly, the effects of 
follistatin manifested on these ovarian cell types are 
similar to changes in cell function normally associated 
with cell demise (101, 102). An additional observation 
worth commenting on is the failure of inhibin to con- 
sistently alter granulosa cell steroidogenesis (45, 103, 
104), thereby indicating that in contrast to the AP, in 
which the actions of pituitary activin on FSH secretion 
are presumably regulated by systemic inhibin and per- 
haps local follistatin, the differentiative actions of acti- 
vin observed in ovarian cell culture may be closely 
regulated by locally derived follistatin to the exclusion 
of inhibin. 

Using a different approach to study possible intrao- 
varian actions of activin, Woodruff and colleagues (5 8) 
made the intriguing and unexpected observation that 
ovarian intrabursal administration of activin to imma- 
ture rats caused follicular atresia. When injected in 
conjunction with systemically administered PMSG, ac- 
tivin prevented the development of healthy follicles 
characteristic of the follicle growth-promoting actions 
of PMSG. Intrabursal injection of inhibin, in contrast 
to activin, promoted development of healthy follicles 
similar to the effects observed following systemic ad- 
ministration of PMSG. 

Evidently, the in vivo effects of activin appear to 
suggest a detrimental role for activin on the follicle, as 
opposed to its differentiative role inferred from the in 
vitro data. In an attempt to reconcile these divergent 
data, one obvious issue pertains to the different exper- 
imental systems used for study. In this regard, it has 
been reported that while estrogen treatment of imma- 

ture rats promotes development of follicles to the prean- 
tral stage, many of these follicles are undergoing some 
degree of atresia (105). Consequently. the examination 
of granulosa cell function in vitro using cells obtained 
from estrogen-treated. immature rats has been called 
into question (105). On the other hand, the physiolog- 
ical implications of the in vivo approach used by Wood- 
ruff et al. (58) may also be questioned, in that the atretic 
effects of activin observed following injection into an 
immature rat ovary that contains only follicles in early 
stages of development may not accurately reflect the 
actions of this dimer in an adult ovary that contains 
corpora lutea in addition to a heterogenous population 
of both healthy and atretic follicles, all of which could 
modify the direction of activin’s actions perhaps via the 
secretion of other growth factors (i.e., transforming 
growth factors, insulin-like growth factors, and epider- 
mal growth factor). Alternatively, the follicular response 
to activin may be determined by the degree of exposure 
to gonadotropins. Hence, it would be interesting to 
determine the effects of intrabursal injection of activin 
on follicular development 1 day after (rather than in 
conjunction with) PMSG administration, when the 
ovary has been adequately exposed to gonadotropins. 
Regardless of the seemingly contradictory implications 
as to the intraovarian role of activin emanating from 
these reports, it is certain that future studies aimed at 
resolving this issue will yield important new informa- 
tion regarding the nature of the local control mecha- 
nisms governing the processes of follicular recruitment 
and atresia. 

While additional in vitro and in vivo data should 
help elucidate the intricate roles of activin, as well as of 
follistatin, in regulating folliculogenesis, detailed in situ 
hybridization, histochemical, and immunohistochemi- 
cal analyses of inhibin subunit and follistatin mRNA 
and protein in the ovary of cycling rats have already 
been conducted and may provide pertinent clues to the 
potential importance of an intraovarian activin-follis- 
tatin regulatory system. Again, bearing in mind that 
subunit gene expression and protein does not in itself 
constitute conclusive proof of activin production, re- 
sults from histochemical studies have revealed that p- 
subunit mRNA and protein are localized exclusively to 
the granulosa cells of healthy follicles and show cyclic 
fluctuations according to specific days of the estrous 
cycle (66, 106). In general, variations in the expression 
of both inhibin-p subunit genes correlated with the 
intensity of staining of the respective subunit protein. 
On a developmental basis, p-subunit mRNA and pro- 
tein were first observed in late secondary and tertiary 
follicles early on estrous morning, presumably as a 
result of the secondary FSH rise, since PMSG treatment 
of immature rats activates p-subunit gene expression in 
secondary follicles (67). @-Subunit protein and mRNA 
levels then are maintained through proestrous morning, 
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after which pronounced decreases in @-subunit mRNA 
and protein occur during proestrous afternoon coinci- 
dent with the morphological and functional changes 
associated with luteinization of granulosa cells heralded 
by the preovulatory discharges of LH and FSH. 

In a recent study conducted by our laboratory, 
both follistatin mRNA and protein. like the P-subunit 
cell products, were localized exclusively in the granulosa 
cells (74). However, several differences were noted be- 
tween the expression of follistatin and inhibin-@ subunit 
genes in the rat ovary during the cycle. Most notable 
was the detection of follistatin mRNA in healthy, as 
well as atretic, follicles. Importantly, whereas the signals 
for the @-subunit message and protein decrease between 
proestrus and estrus, the signals for follistatin mRNA 
and protein and, in particular, for the mRNA remain 
intense. Finally, follistatin gene expression and trans- 
lation of mRNA transcripts do not appear to be coor- 
dinately regulated; whereas follistatin mRNA is present 
in healthy and atretic follicles, follistatin protein is 
detected only in healthy follicles. Despite these differ- 
ences, one should be cautious in assigning physiological 
import to these differences pending a detailed analysis 
of cyclic fluctuations in inhibin-subunit and follistatin 
mRNA and protein levels performed on the same or 
adjacent sections of ovary by the same laboratory. since 
methodology and subjective analysis of data could differ 
between labs. 

How then might histochemical data help resolve 
the conflicting in vitro and in vivo data reviewed earlier? 
Unfortunately, interpretation of histochemical data al- 
most always evokes multiple scenarios that often results 
in further complication of an already complex situation. 
Regardless of whether one aligns oneself with the im- 
plications of activin’s effects in vivo or in vitro, it is 
almost certain that the ability of activin to promote 
granulosa cell differentiation or follicle death is likely 
dependent on a ratio of follistatin to activin in the 
granulosa cell microenvironment. Thus, by virtue of its 
ability to bind activin, it could be inferred that follistatin 
might offset the atretic actions of activin. However, an 
intraovarian system solely between activin and follis- 
tatin for regulation of atresia, while plausible in theory, 
may be difficult to demonstrate experimentally since 
inhibin, like follistatin, can seemingly counteract the 
process of atresia by promoting development of healthy 
follicles (58). 

Concluding Remarks 
In the preceding discussions, we hope we have 

presented some provocative evidence to suggest the 
existence of an intrinsic regulatory system between 
activin and follistatin that acts to modulate tissue- 
specific functions. Much of the evidence stems from 
tissue localization studies, which, as mentioned previ- 
ously, are open to a great deal of speculation concerning 
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the potential physiological functions and interactions 
of the two proteins. To date, none of the evidence 
clearly establishes that the system is an integral com- 
ponent of cellular homeostasis. Nevertheless, an array 
of queries and issues arises from this research that 
deserve comment. For one, how and where does follis- 
tatin interact with activin? This is a very pertinent 
question, the answer for which likely will vary depend- 
ing on the tissue. Furthermore, since some of the ac- 
tions of activin, particularly those exerted on the gon- 
adotrope and granulosa cell, are likely autocrine in 
nature, it is imperative to determine whether these 
autocrine actions are exerted within the cell interior 
and/or externally after secretion of activin. Such data 
will aid in our understanding of the actual site of 
interaction. In addition, a recent report shows binding 
of follistatin to granulosa cell-surface proteoglycans, a 
finding which will undoubtedly impact on the kinetics 
of interaction between follistatin and activin, at least in 
the ovary (107). 

In this review. we have concerned ourselves with 
only the possible existence of a local system modulating 
folliculogenesis and hormonogenesis in differentiated 
organs after birth. In light of the actions of activin on 
embryogenesis and the turning on of P-subunit genes 
at critical points during this process ( 19-22), one might 
ponder whether activin and follistatin interact on de- 
velopmental processes prior to birth. Very recent evi- 
dence suggests that such an interaction may be of 
functional significance prior to birth, since the expres- 
sion of follistatin mRNA was found to occur at the 
same stage of Xenopzis embryogenesis that PB-subunit 
mRNA is first detected (21, 108). Consequently, the 
interaction of these two proteins may be important for 
a number of growth and differentiation processes prior 
to and after birth. 

On a different note, whereas the detection of 
mRNA transcripts for both follistatin and the inhibin- 
/3 subunits in a wide variety of tissues provides a major 
impetus to suggest a functionally important regulatory 
system between follistatin and activin, the data in Table 
I1 clearly reveal that there are tissues in which mRNA 
for only one of these proteins is detected. Thus, this 
would suggest that follistatin may possess activities in 
these as well as in other tissues that are independent of 
its binding to activin, thereby leading one to predict the 
existence of bona fide receptors for follistatin. In addi- 
tion, these data also would suggest that some actions of 
activin are not tightly regulated by binding to follistatin. 

While it is quite obvious from previous data that 
gonadotropins are major activators of follistatin and p- 
subunit gene expression and translation (62, 67, 107, 
109), we would like to impart one final comment 
pertaining to an intriguing hypothesis concerning the 
potential for androgens to be common stimulators of 
activin production in the AP and ovary. For many 



years, androgens have been implicated as causative 
factors in promoting atresia ( 1  10-1 12). Likewise. an- 
drogens have been shown to selectively stimulate basal 
production of FSH under both in vitro ( 1  13) and in 
vivo (1 14) conditions. Moreover, increasing serum tes- 
tosterone levels during proestrous afternoon have been 
shown to exert a modulatory role on the extent of FSH 
secretion during the secondary FSH surge (1 15, 1 16). 
Consequently, if it is assumed that activin has intrinsic 
atretogenic activities coupled with its characteristic abil- 
ity to stimulate FSH secretion, then one could easily 
envision that the atretic and FSH-stimulating actions 
of androgens may well be mediated through stimulating 
the synthesis of P-subunit dimers. 

What began as a search for an FSH-suppressing 
protein has now resulted in a new frontier, not only in 
reproductive biology, but in other areas of biology as 
well, As with other revolutions in biology in its forma- 
tive stages, we cannot fully comprehend the significance 
of these peptides in all areas of biology. Part of this is 
attributable to the technological advances of our time 
that allow the identification of compounds before we 
can assign a biological role to them, which is in direct 
contrast to earlier times, when the biological signifi- 
cance of compounds were known before their identifi- 
cation. It is anticipated that the reader, regardless of 
scientific interest, will come away from this review with 
an air of both astonishment at the vast array of func- 
tions already assigned to activin and enlightenment at 
the potential importance of the follistatin-activin rela- 
tionship to many areas of biology. 

Note added in proof. Since the submission of this 
review, Kaiser et al. (73rd Annual Meeting of the 
Endocrine Society, Washington, DC, 199 1 [Abstract 
1 13 I ] )  reported the detection of follistatin mRNA in a 
subpopulation of rat pituitary gonadotropes. Conse- 
quently, this finding suggests that, similar to the rat 
ovary, activin and follistatin are produced by the same 
cell type in the rat anterior pituitary gland, thereby 
buttressing the case for an intrinsic activin-follistatin 
system within gonadotropes for regulation of FSH bio- 
synthesis and secretion. 
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00309 (L. V. D.). 

~~ 

1.  Mottram JC, Cramer W. On the general effects of exposure to 
radium on metabolism and tumour growth in the rat and the 
special effects on testis and pituitary. Q J Exp Physiol 13:209- 
229, 1923. 

2. McCullagh DR. Dual endocrine control of the testes. Science 
76:19-20, 1932. 

3. Klinefelter HF, Reifenstein EC, Albright F. Syndrome charac- 
terized by gynecomastia. aspermatogenesis without a-leydigism, 
and increased excretion of follicle-stimulating hormone. J Clin 
Endocnnol2:6 15-627, 1942. 

4. Del Castillo EB, Trabucco A. de la Bake FA. Syndrome pro- 
duced by absence of the germinal epithelium without impair- 
ment of the Sertoli or Leydig cells. J Clin Endocrinol 7:493- 
502, 1947. 

5 .  de Jong FS, Sharpe RM. Evidence of inhibin-like activity in 
bovine follicular fluid. Nature 263:7 1-72, 1976. 

6. Ling N. Ying S-Y. Ueno N, Esch F, Denoroy L, Guillemin R. 
Isolation and partial characterization of a Mr 32,000 protein 
with inhibin activity from porcine follicular fluid. Proc Natl 
Acad Sci USA 82:7217-7221, 1985. 

7. Rivier J, Spiess J, McClintock R, Vaughan J, Vale W. Purifi- 
cation and partial characterization of inhibin from porcine 
follicular fluid. Biochem Biophys Res Commun 133: 120- 127, 
1985. 

8. Robertson DM, Foulds LM, Leversha L, Morgan FJ, Hearn 
MTW, Burger HG, Wettenhall REH, de Kretser DM. Isolation 
of inhibin from bovine follicular fluid. Biochem Biophys Res 
Commun 126:220-226, 1985. 

9. Miyamoto K, Hasegawa Y ,  Fukuda M, Nomura M, Igarashi 
M. Kangawa K. Matsuo H. Isolation of porcine follicular fluid 
inhibin of 32K daltons. Biochem Biophys Res Commun 
148: 15 13- 1 5 19. 198 5 .  

10. de Jong FS. Inhibin. Physiol Rev 68555-607, 1988. 
11. Ling N, Ueno N, Ying S-Y, Esch R, Shimasaki S, Hotta M, 

Cuevas P, Guillemin R. Inhibins and activins. In: Aurbach GD, 
McCormick DB, Eds. Vitamins and Hormones: Advances in 
Research and Applications. New York: Academic Press, Vol 

12. de Kretser DM, Robertson DM. The isolation and physiology 
of inhibin and related proteins. Biol Reprod 40:33-47, 1989. 

13. Ueno N, Ling N, Ying S-Y, Esch F, Shimasaki S, Guillemin R. 
Isolation and partial characterization of follistatin: A single- 
chain Mr 35.000 monomeric protein that inhibits the release of 
follicle-stimulating hormone. Proc Natl Acad Sci USA 84:8282- 
8286. 1987. 

14. Robertson DM. Klein R, de Vos FL, McLachlan RI, Wettenhall 
REH, Hearn MTW, Burger HG, de Kretser DM. The isolation 
of polypeptides with FSH-suppressing activity from bovine fol- 
licular fluid which are structurally different to inhibin. Biochem 
Biophys Res Commun 149:744-749, 1987. 

15. Ling N, Ying S-Y, Ueno N. Shimasaki S, Esch F, Hotta M, 
Guillemin R. Pituitary FSH is released by a heterodimer of the 
P-subunits from the two forms of inhibin. Nature 321:779-782, 
1986. 

16. Vale W, Rivier J, Vaughan J, McClintock R, Comgan A, Woo 
W. Karr D, Spiess J. Purification and characterization of an 
FSH releasing protein from porcine ovarian follicular fluid. 
Nature 321:776-779, 1986. 

17. €to Y, Tsuji T, Takezawa M, Takano S. Yokogawa Y ,  Shibai 
H. Purification and characterization of erythroid differentiation 
factor (EDF) isolated from human leukemia cell line THP- 1. 
Biochem Biophys Res Commun 142:1095-1103, 1987. 

18. Murata M. Eto Y, Shibai H. Sakai M, Muramatsu M. Erythro- 
differentiation factor is encoded by the same mRNA as that of 
the inhibin PA chain. Proc Natl Acad Sci USA 85:2434-2438, 
1988. 

19. Albano RM, Godsave SF. Huylebroeck D. Van Nimmen K, 
Isaacs HV, Slack JMW, Smith JC. A mesoderm-inducing factor 
produced by WEHI-3 murine myelomonocytic leukemia cells 
is activin A. Development 110:435-443, 1990. 

20. Smith JC, Price BMJ, Van Nimmen K, Huylebroeck D. Iden- 
tification of a potent Xenopus mesoderm-inducing factor as a 
homologue of activin A. Nature 345:729-73 1. 1990. 

44: ppl-46, 1988. 

FOLLISTATIN AND ACTlVlN 509 



21. Thomsen G,  Woolf T, Whitman M, Sokol S, Vaughan J, Vale 
W, Melton DA. Activins are expressed early in Xenopus embry- 
ogenesis and can induce axial mesoderm and anterior structures. 
Cell 63:485-493, 1990. 

22. Mitrani E, Ziv T, Thomsen G,  Shimoni Y. Melton DA, Bril A. 
Activin can induce the formation of axial structures and is 
expressed in the hypoblast of the chick. Cell 63:495-501, 1990. 

23. Mason AJ. Hayflick JS, Ling N, Esch F, Ueno N, Ying S-Y, 
Guillemin R. Niall H, Seeburg P. Complementary DNA se- 
quences of ovarian follicular fluid inhibin show precursor struc- 
ture and homology with transforming growth factor-p. Nature 

24. Padgett RW, St. Johnston RD, Gelbart WM. A transcript from 
a Drosophila pattern gene predicts a protein homologous to the 
transforming growth factor-p family. Cell 51:86 1-867, 1987. 

25. Cate RL, Mattaliano RJ, Hession C, Tizard R, Farber NM, 
Cheung A, Ninfa EG. Frey AZ, Gash DJ, Chow EP, Fisher RA, 
Bertonis JM, Torres G, Wallner BP, Ramachandran KL, Ragin 
RC, Manganaro TF, Maclaughlin DT, Donahoe PK. Isolation 
of the bovine and human genes for Mullerian inhibiting sub- 
stance and expression of the human gene in animal cells. Cell 

26. Weeks DL, Melton DA. A maternal mRNA localized to the 
vegetal hemisphere in Xenopus eggs codes for a growth factor 
related to TGF-6. Cell 512361-867, 1987. 

27. Wozney JM, Rosen V, Celeste AJ, Mitsock LM. Whitters MJ, 
Knz RW, Hewick RM, Wang EA. Novel regulators of bone 
formation: Molecular clones and activities. Science 242: 1528- 
1534, 1988. 

28. Schubert D, Kimura H, LaCorbiere M, Vaughan J, Karr D, 
Fischer WH. Activin is a nerve cell survival molecule. Nature 

29. Hashimoto M, Kondo S, Sakurai T, Etoh Y. Shibai H, Mura- 
matsu M. Activin/EDF as an inhibitor of neural differentiation. 
Biochem Biophys Res Commun 173:193-200, 1990. 

30. Rabinovici J, Spencer SJ, Jaffe RB. Recombinant human acti- 
vin-A promotes proliferation of human luteinized preovulatory 
granulosa cells in vitro. J Clin Endocrinol Metab 71:1396-1398, 
1990. 

3 1. Centrella M, McCarthy TL, Canalis E. Activin-A binding and 
biochemical effects in osteoblast-enriched cultures from fetal- 
rat parietal bone. Mol Cell Biol 11:250-258, 1991. 

32. Mather JP, Attie KM, Woodruff TK, Rice GC, Phillips DM. 
Activin stimulates spermatogonial proliferation in germ-Sertoli 
cell cocultures from immature rat testis. Endocrinology 

33. Yu J, Shao L, Lemas V, Yu AL, Vaughan J, Rivier J, Vale W. 
Importance of FSH-releasing protein and inhibin in erythrodif- 
ferentiation. Nature 330:765-767, 1987. 

34. Miyamoto Y, Kosaka M, Eto Y, Shibai H, Saito S. Effect of 
erythroid differentiation factor on erythroid differentiation and 
proliferation of K-562 cells. Biochem Biophys Res Commun 

35. Kojima I, Ogata E. Dual effect of activin A on cell growth in 
Balb/c 3T3 cells. Biochem Biophys Res Commun 159: 1107- 
1113, 1989. 

36. Hedger MP, Drummond AE, Robertson DM, Risbridger GP, 
de Kretser DM. Inhibin and activin regulate [3H]thymidine 
uptake by rat thymocytes and 3T3 cells in v i m .  Mol Cell 
Endocrinol61:133-138. 1989. 

37. Gonzalez-Manchon C, Vale W. Activin-A, inhibin and trans- 
forming growth factor-0 modulate growth of two gonadal cell 
lines. Endocrinology 125:1666-1672. 1989. 

38. Bilestrup N, Gonzalez-Manchon C, Potter E, Vale W. Inhibition 
of somatotroph growth and growth hormone biosynthesis by 
activin in vitro. Mol Endocrinol 4:356-362, 1990. 

39. Spencer SJ, Rabinovici J, Jaffe RB. Human recombinant acti- 

318:659-663, 1985. 

45:685-698, 1986. 

3441868-870, 1990. 

127:3206-3214, 1990. 

168:1149-1156, 1990. 

vin-A inhibits proliferation of human fetal adrenal cells in vitro. 
J Clin Endocrinol Metab 71:1678-1680, 1990. 

40. Fujimoto K. Kawakita M, Kato K, Yonemura Y, Masuda T, 
Matsuzaki H, Hirose J, Isaji M, Sasaki H, Inoue T, Takatsuki 
K. Purification of megakaryocyte differentiation activity from a 
human fibrous histiocytoma cell line: N-terminal sequence ho- 
mology with activin A. Biochem Biophys Res Commun 

41. Yu J, Shao L. Vaughan J, Vale W, Yu AL. Characterization of 
the potentiation effect of activin on human erythroid colony 
formation in vitro. Blood 73:952-960, 1989. 

42. Broxmeyer HE, Lu L, Cooper S, Schwall RH, Mason AJ, 
Nikolics K. Selective and indirect modulation of human mul- 
tipotential and erythroid hematopoietic progenitor cell prolif- 
eration by recombinant human activin and inhibin. Proc Natl 
Acad Sci USA 899052-9056, 1988. 

43. Schwall R, Schmelzer CH, Matsuyama E, Mason AJ. Multiple 
actions of recombinant activin-A in vivo. Endocrinology 

44. Shiozaki M, Sakai R, Tabuchi M, Eto Y, Kosaka M, Shibai H. 
In vivo treatment with erythroid differentiation factor (EDF/ 
activin A) increases erythroid precursors (CFU-E and BFU-E) 
in mice. Biochem Biophys Res Commun 165:1155-1161, 1989. 

45. Sugino H, Nakamura T, Hasegawa Y, Miyamoto K, Abe Y, 
Igarashi M. Eto Y, Shibai H, Titani K. Erythroid differentiation 
factor can modulate follicular granulosa cell functions. Biochem 
Biophys Res Commun 153:281-288, 1988. 

46. Xiao S, Findlay JK, Robertson DM. The effect of bovine activin 
and follicle-stimulating hormone (FSH) suppressing protein/ 
follistatin on FSH-induced differentiation of rat granulosa cells 
in vitro. Mol Cell Endocrinol69: 1-8, 1990. 

47. Hasegawa Y, Miyamoto K, Abe Y, Nakamura T, Sugino H, 
Eto Y, Shibai H, Igarashi M. Induction of follicle stimulating 
hormone receptor by erythroid differentiation factor on rat 
granulosa cell. Biochem Biophys Res Commun 156:668-674, 
1988. 

48. La Polt PS, Soto D, Su J-G, Campen CA, Vaughan J, Vale W, 
Hsueh AJW. Activin stimulation of inhibin secretion and mes- 
senger RNA levels in cultured granulosa cells. Mol Endocrinol 

49. Shukovski L, Findlay JK. Activin-A inhibits oxytocin and pro- 
gesterone production by preovulatory bovine granulosa cells in 
vitro. Endocrinology 126:2222-2224, 1990. 

50. Hsueh AJW, Kahl KD, Vaughan J, Tucker E, Rivier J, Bardin 
CW. Vale W. Heterodimers and homodimers of inhibin sub- 
units have different paracrine action in the modulation of 
luteinizing hormone-stimulated androgen biosynthesis. Proc 
Natl Acad Sci USA 84:5082-5086, 1987. 

5 1. Lin T, Calkins JH, Moms PL, Vale W, Bardin CW. Regulation 
of Leydig cell function in primary culture by inhibin and activin. 
Endocrinology 125:2 134-2 140, 1989. 

52. Itoh M, Igarashi M, Yamada K, Hasegawa Y, Seki M, Eto Y, 
Shibai H. Activin A stimulates meiotic maturation of the rat 
ooctye in v i m .  Biochem Biophys Res Commun 166:1479-1484, 
1990. 

53. Bilezikjian LM, Comgan AZ, Vale W. Activin-A modulates 
growth hormone secretion from cultures of rat anterior pituitary 
cells. Endocrinology 126:2369-2376, 1990. 

54. Kitaoka M, Kojima I, Ogata E. Activin-A: A modulator of 
multiple types of anterior pituitary cells. Biochem Biophys Res 
Commun 157:48-54, 1988. 

55. Totsuka Y, Tabuchi M, Kojima I, Shibai H, Ogata E. A novel 
action of activin A: Stimulation of insulin secretion in rat 
pancreatic islets. Biochem Biophys Res Commun 156:335-339, 
1988. 

56. Petraglia F, Vaughan J, Vale W. Inhibin and activin modulate 
the release of gonadotropin-releasing hormone, human cho- 

174:1163-1168, 1991. 

125: 1420-1423, 1989. 

3: 1666- 1673, 1989. 

510 FOLLISTATIN AND ACTlVlN 



rionic gonadotropin, and progesterone from cultured human 
placental cells. Proc Natl Acad Sci USA 8651 14-51 17, 1989. 

57. Mine Y, Kojima I. Ogata E. Stimulation of glucose production 
by activin-A in isolated rat hepatocytes. Endocrinology 

58. Woodruff TK, Lyon RJ, Hansen SE, Rice GC, Mather JP. 
Inhibin and activin locally regulate rat ovarian folliculogenesis. 
Endocrinology 127:3 196-3205, 1990. 

59. Petraglia F, Sacerdote P, Cossarizza A, Angioni S, Genazzani 
AD, Franceschi C, Muscettola M, Grasso G. Inhibin and activin 
modulate human monocyte chemotaxis and human lymphocyte 
interferon-? production. J Clin Endocrinol Metab 72:496-502, 
1991. 

60. Tsafriri A, Vale W, Hsueh AJW. Effects of transforming growth 
factors and inhibin-related proteins on rat preovulatory Graa- 
fian follicles in vitro. Endocrinology 125:1857-1862, 1989. 

6 1. Meunier H, Rivier C, Evans RM, Vale W. Gonadal and extra- 
gonadal expression of inhibin a, PA, and PB subunits in various 
tissues predicts diverse functions. Proc Natl Acad Sci USA 

62. Shimasaki S, Koga M, Buscaglia ML, Simmons DM, Bicsak 
TA, Ling N. Follistatin gene expression in the ovary and extra- 
gonadal tissues. Mol Endocrinol3:65 1-659, 1989. 

63. Kaiser M, Gibori G,  Mayo KE. The rat follistatin gene is highly 
expressed in decidual tissue. Endocrinology 126:2768-2770, 
1990. 

64. Michel U, Albiston A, Findlay JK. Rat follistatin: Gonadal and 
extragonadal expression and evidence for alternative splicing. 
Biochem Biophys Res Commun 173:401-407, 1990. 

65. Sawchenko PE, Plotsky PM, Pfeiffer SW, Cunningham ET Jr, 
Vaughan J, Rivier J, Vale W. Inhibin P in central neural 
pathways involved in the control of oxytocin secretion. Nature 

6 6  Meunier H, Cajander SB, Roberts VJ, Rivier C, Sawchenko PE, 
Hsueh AJW, Vale W. Rapid changes in the expression of inhibin 
a-, PA-, and PB-subunits in ovarian cell types during the rat 
estrous cycle. Mol Endocrinol2:1352-1363, 1988. 

61. Meunier H, Roberts VJ, Sawchenko PE, Cajander SB, Hsueh 
AJW, Vale W. Periovulatory changes in the expression of inhi- 
bin a-, PA-, and &-subunits in hormonally induced immature 
female rats. Mol Endocrinol3:2062-2069, 1989. 

68,. Shaha C, Moms PL, Chen C-LC, Vale W, Bardin CW. Immu- 
nostainable inhibin subunits are in multiple types of testicular 
cells. Endocrinology 125:194 1-1950, 1989. 

69. Roberts V, Meunier H, Sawchenko PE, Vale W. Differential 
production and regulation of inhibin subunits in rat testicular 
cell types. Endocrinology 125:2350-2359, 1989. 

70. Schwa11 RH, Mason AJ, Wilcox JN, Bassett SG, Zeleznik AJ. 
Localization of inhibin/activin subunit mRNAs within the pri- 
mate ovary. Mol Endocrinol4:75-79. 1990. 

7 1 .  Roberts V, Meunier H, Vaughan J, Rivier J, Rivier C, Vale W, 
Sawchenko P. Production and regulation of inhibin subunits in 
pituitary gonadotropes. Endocrinology 124552-554, 1989. 

72. Wang QF, Farnworth PG, Findlay JK, Burger HG. Chronic 
inhibitory effect of follicle-stimulating hormone (FSH)-sup- 
pressing protein (FSP) or follistatin on activin- and gonadotro- 
pin-releasing hormone-stimulated FSH synthesis and secretion 
in rat anterior pituitary cells. Endocrinology 127: 1385-1 393, 
1990. 

73. Nakamura T, Takio K, Eto Y. Shibai H: Titani K, Sugino H. 
Activin-binding protein from rat ovary is follistatin. Science 

74. Nakatani A, Shimasaki S, DePaolo LV, Erickson GF, Ling N. 
Cyclic changes in follistatin messenger RNA and its protein in 
the rat ovary during the estrous cycle. Endocrinology 129:603- 
611, 1991. 

75. Gospodarowicz D, Lau K. Pituitary follicular cells secrete both 

125~586-591, 1989. 

85~247-251, 1988. 

334:615-617, 1988. 

247:836-838, 1990. 

vascular endothelial growth factor and follistatin. Biochem Bio- 
phys Res Commun 165:292-298, 1989. 

76. Kogawa K, Nakamura T, Sugino K, Takio K, Titani K, Sugino 
H. Activin-binding protein is present in pituitary. Endocrinol- 

77. Sugawara M, DePaolo L, Nakatani A, DiMarzo SJ, Ling N. 
Radioimmunoassay of follistatin: Application for in vitro fertil- 
ization procedures. J Clin Endocrinol Metab 71:1672-1674, 
1990. 

78. Rivier C, Vale W. Immunoneutralization of endogenous inhibin 
modifies hormone secretion and ovulation rate in the rat. En- 
docrinology 125: 152-1 57, 1989. 

79. Haisenleder DJ, Ortolano D, Jolly D; Dalkin AC: Landefeld 
TD, Vale WW, Marshall JC. Inhibin secretion during the rat 
estrous cycle: Relationships to FSH secretion and FSH beta 
subunit mRNA concentrations. Life Sci 47:1769-1773, 1990. 

80. DePaolo LV, Shander D, Wise PM, Barraclough CA. Channing 
CP. Identification of inhibin-like activity in ovarian venous 
plasma of rats during the estrous cycle. Endocrinology 105:647- 
654, 1979. 

8 1. DePaolo LV. Anderson LD, Hirshfield AN. Possible existence 
of a long-loop feedback system between FSH and inhibin. Am 
J Physiol 240:E544-549, 198 1. 

82. DePaolo LV. Age-associated increases in serum follicle-stimu- 
lating hormone levels on estrus are accompanied by a reduction 
in the ovarian secretion of inhibin. Exp Aging Res 13:3-7, 1987. 

83. McCann SM, Mizunuma H, Samson WK, Lumpkin MD. Dif- 
ferential hypothalamic control of FSH secretion: A review. 
Psychoneuroendocrinology 8:299-308, 1983. 

84. Bishop W, Fawcett CP, Krulich L, McCann SM. Acute and 
chronic effects of hypothalamic lesions on the release of FSH, 
LH and prolactin in intact and castrated rats. Endocrinology 

8 5 .  Hamernik DL, Crowder ME, Nilson JH, Nett TM. Measure- 
ment of messenger ribonucleic acid for luteinizing hormone 6- 
subunit, mubunit ,  growth hormone. and prolactin after hypo- 
thalamic disconnection in ovariectomized ewes. Endocrinology 

86. Sheridan R. Loras B, Surardt L, Ectors F, Pasteels JL. Autono- 
mous secretion of follicle-stimulating hormone by long term 
organ cultures of rat pituitaries. Endocrinology 104: 198-204, 
1979. 

87. Rush ME. Effects of LH-releasing hormone antagonist or lesions 
of the medial basal hypothalamus on periovulatory gonadotro- 
pin release in female rats. J Endocrinol 106:361-366, 1985. 

88. Blake CA, Metcalf JP, Hendricks SE. Anterior pituitary gland 
secretion after forebrain ablation: Periovulatory gonadotropin 
release. Endocrinology 111:789-793, 1982. 

89. Condon TP, Heber D, Stewart JM, Sawyer CH, Whitmoyer DI. 
Differential gonadotropin secretion: Blockade of periovulatory 
LH but not FSH secretion by a potent LHRH antagonist. 
Neuroendocrinology 38:357-36 1, 1984. 

90. Hasegawa Y, Miyamoto K, Yazuki C. Igarashi M. Regulation 
of the second surge of follicle-stimulating hormone: Effects of 
antiluteinizing hormone-releasing hormone serum and pento- 
barbital. Endocrinology 109: 130-135, 198 1.  

9 1.  Blake CA. Kelch RP. Administration of antiluteinizing hor- 
mone-releasing hormone serum to rats: Effects on periovulatory 
secretion of luteinizing hormone and follicle-stimulating hor- 
mone. Endocrinology 109:2175-2179, 1981. 

92. Brown-Grant K. Greig F. A comparison of changes in the 
peripheral plasma concentrations of luteinizing hormone and 
follicle-stimulating hormone in the rat. J Endocrinol 65:389- 
397, 1975. 

93. Berardo PV, DePaolo LV. Different neuroendocrine mecha- 
nisms regulate the acute pituitary follicle-stimulating hormone 

Ogy 128:1434-1440, 1991. 

91:643-656, 1972. 

119:2704-2710. 1986. 

FOLLISTATIN AND ACTlVlN 51 1 



94. 

95 

96 

97 

98 

99 

I00 

101. 

102. 

103. 

104. 

response to orchidectomy and o\ariectomq, Neuroendocrinol- 
ogq 433511-518. 1986. 
Rivier C. Vale W. Immunoreactive inhibin secretion b! the 
hypophysectomized female rat: Demonstration of the modulat- 
ing effect of gonadotropin-releasing hormone and estrogen 
through a direct ovarian site of action. Endocrinology 125195- 
198. 1989. 
DePaolo LV. Hypersecretion of follicle-stimulating hormone 
(FSH) after ovariectomy of hypophysectomized pituitan- 
grafted rats: Implications for local regulatory control of FSH. 
Endocrinologq 128: 173 1- 1740. 199 I ,  
Comgan 42. Bilezikjian LM. Carroll RS. Bald LN. Schmelzer 
CH. Fendly BM. Mason AJ. Chin WW. Schwa11 RH. Vale W. 
Evidence for an autocrine role of activin B within rat anterior 
pituitan cultures. Endocnnologq 128:1682-1684. 1991. 
Allaerts W. Denef C. Regulator\. activity and topological distri- 
bution of folliculo-stellate cells in rat anterior pituitan cell 
aggregates. Neuroendocnnology 49:409-4 18. 19 89, 
Ferrara N. Schweigerer 1. Seufeld G. Mitchell R. Gospodarou- 
icz D.  Pituitary follicular cells produce basic fibroblast growth 
factor. Proc Natl .4cad Sci USA 845773-5777. 1987. 
Lam KSL. Lechan RM. Minamitani N. Segerson TP. Reichlin 
S. Vasoactive intestinal peptide in the anterior pituitan is 
increased in hypothqroidism. Endocrinology 124: 1077-1084. 
1989. 
Sugino H. Yakamura T. Hasegawa Y. Miqamoto K. Igarashi 
M. Eto Y, Shibai H.  Titani K. Identification of a specific 
receptor for erythroid differentiation factor on follicular pranu- 
losa cell. J Biol Chem 263: 15249-1 5.252, 1988. 
Braw RH. Tsafriri A. Follicles explanted from pentobarbitone- 
treated rats provide a model for atresia. J Reprod Fertil 59259-  
265, 1980. 
Tsonis CG. Quigg HE. Lee VLVK. Le\ersha L. Trounson 40. 
Findla1 JK.  Inhibin in individual ovine follicles in relation to 
diameter and atresia. J Reprod Fertil 67533-90, 1983. 
Ying S-Y. Becker .A, Ling N. Ueno N. Guillemin R. Inhibin 
and beta type transforming groath factor (TGF3) ha\e  opposite 
modulating effects on the follicle stimulating hormone (FSH)- 
induced aromatase activity of cultured rat granulosa cells. 
Biochem Biophys Res Commun 136:969-975. 1986. 
Hutchinson L.4. Findlab JK. de Vos FL, Robertson DM. Effects 
of bovine inhibin, transforming growth factor-8. and bovine 
activin-A on granulosa cell differentiation. Biochem Biophys 

105. Sadrkhanloo R. Hofeditz C. Erickson GF.  Evidence for wide- 
spread atresia in the hypoph>sectomized estrogen-treated rat. 
Endocrinology 120:146-155. 1987. 

106. Woodruff TK. D’Agostino J. Schwartz NB. Mayo KE. Dynamic 
changes in inhibin messenger RYAs in rat ovarian follicles 
during the reproductive cycle. Science 239: 1296- 1299. 1988. 

107. Saito S. Nakamura T, Titani K. Sugino H.  Production of 
activin-binding protein by rat granulosa cells iri vitro. Biochem 
Biophqs Res Commun 176:413-422. 1991. 

108. Tashiro K. Yamada R. Asano M. Hashimoto M. Muramatsu 
M. Shiokawa K. Expression of mRNA for activin-binding pro- 
tein (follistatin) during early embryonic development of Xeno- 
pus laeyis. Biochem Biophys Res Commun 174: 1022-1027, 
1991. 

109. Klein R. Robertson DM,  Shukovski L, Findlay JK. de Kretser 
DM. The radioimmunoassay of follicle-stimulating hormone 
(FSH)-suppressing protein (FSP): Stimulation of bovine granu- 
losa cell FSP secretion by FSH. Endocrinology 128: 1048-1056. 
1 9 Y l .  

110. Louvet J-P. Harman SM. Schreiber JR. Ross GT.  Evidence for 
a role of androgens in follicular maturation. Endocrinology 

1 1 I ,  Bagnell CA. Mills TM. Costoff A. Mahesh VB. A model for the 
stud! of androgen effects on follicular atresia and ovulation. 
Biol Reprod 27903-9 14. 1982. 

112. Farookhi R. Effects of aromatizable and nonaromatizable an- 
drogen treatments on luteinizing hormone receptors and ovu- 
lation induction in immature rats. Biol Reprod 33:363-369, 
1985. 

113. Drouin J. Labrie F. Selective effect of androgens on  LH and 
FSH release in anterior pituitarq cells in culture. Endocrinology 
98:3528-1534. 1976. 

1 14. Wierman ME. Wang C. Androgen selecti\ely stimulates follicle- 
stimulating hormone4 mRN.4 levels after gonadotropin-releas- 
ing hormone antagonist administration. Biol Reprod 42:563- 
571. 1990. 

I 15. Gay VL, Tomacari RL. Follicle-stimulating hormone secretion 
in the female rat: Cyclic release is dependent on circulating 
androgen. Science 184375-76. 1974. 

116. Jones HM.  Vernon MW. Rush ME. Androgenic modulation of 
periovulatory follicle-stimulating hormone release in the rat. 
Biol Reprod 37268-276. 1987. 

1 17. Shimonaka M, Inouye S, Shimasaki S. Ling N. Follistatin binds 
to both activin and inhibin through the common beta-subunit. 

97~366-372. 1975. 

Res Commun 146:1405-1412. 1987. Endocrinologq 128:33 13-33 15. 1991. 

512 FOLLISTATIN AND ACTlVlN 




