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ABSTRACT

Inhi bin, a glycoprotein that preferentially suppresses follicle-stimulating hormone (FSH) secretion, has been

isolated from follicular fluid as a heterodimer of two dissimilar subunits linked by disulphide bonds. The larger

subunit is termed a and the smaller is designated 13. Two forms of inbibin termed A and B have been isolated,

the differences being due to variations in the amino acid sequence of the 13-subunit; Inhi bin A consists of a�,L3A

and Inhibin B of a-�’J�. Dim ers of the 13-subunit, termed activins, have also been found in follicular fluid; these

stimulate pituitary FSH secretion.

Inhibin is produced in the female by the granulosa cell and corpus luteum under the control of FSH and

luteinizing hormone (LH), respectively. The levels in serum rise to peak at mid-cycle and in the mid-luteal phase

of the human menstrual cycle, and decline prior to menstruation. In pregnancy, the late-lu teal phase decline in

inhibin does not occur and the levels increase slowly. Studies suggest that the levels in pregnancy arise from an

embryonic source, particularly the placenta.

In the male, inhibin is produced by the Sertoli cells under the control of FSH by mechanisms involving

cyclic adenosine 3’, 5’-monophosphate. Testosterone exerts a minor inhibitory control at supraphysiological

levels (iO� M), but human chorionic gonadotropin stimulation results paradoxically in a rise in serum inbibin

levels. Disruption of spermatogenesis in the rat by cryptorchidism, heat treatment, or efferent duct ligation

results in a decline in inbibin levels and a rise in FSH levels, findings consistent with the negative feedback

action of inhibin on FSH secretion.

As well as their roles in the reproductive system, inhibin and activin have more widespread actions in the

haemopoietic, immune and nervous systems as evidenced by the finding of mRNA for its subunits in a range

of tissues. Other studies have shown actions on erythroid differentiation and on mitotic activity in thymocytes.

These actions suggest that inhi bin and acrivin may function as growth factors as well as regulators of FSH.

INTRODUCTION

The term “inhibin” was proposed originally by

McCullagh in 1932 to denote the activity of an

aqueous extract of the testis that has the capacity to

suppress castration cell formation in the anterior

pituitary gland. The concept of inhibin emerged from

studies (Mottram and Cramer, 1923) showing that

castration cells appear in the pituitary following

damage to the seminiferous tubules. It is important to

realize that the term “inhibin” was proposed before

the gonadotropins, follicle-stimulating hormone (FSH)

and luteinizing hormone (LH), were defined as

separate entities and indeed before testosterone was

isolated as a pure substance.

In the intervening years, the term inhibin has been

used to designate a nonsteroidal gonada! product with

‘Reprint requests.

the capacity to specifically suppress FSH secretion.

Though considerable circumstantial evidence for

inhibin emerged from studies using specific bioassays

and immunoassays to measure FSH and LH (de

Kretser et al., 1977; Main et a!., 1978, Franchimont

et a!., 1980), the isolation of this molecule was a slow

process and did not occur until 53 years after the

original postulate.

Isolation and Characterization of Inbi bin

Direct evidence for the existence of inhibin emerged

from several studies between 1970 and 1980 when

extracts of seminal plasma (Franchimont, 1972), rete

testis fluid (Setchell and Sirinathsinghi, 1972;Setchell

and Jacks, 1974; Baker et al., 1976), testis extracts

(Keogh et al., 1976), and ovarian follicular fluid (de

Jong and Sharpe, 1976) were shown to have the

capacity to suppress FSH secretion. Subsequently,

the isolation of inhibin proved difficult due to
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FIG. 1. This diagrammatic representation shows the structure of

inhibin, transforming growth factor � (TGFI3), Miillerian Inhibiting

Substance (MIS), the decapentaplegic gene complex of drosophila

(DPP-C), and the Xenopus VG-, gene. The solid bar indicates the iso-

lated portion of the molecule. Note the cysteine residues (two vertical

black bars) the dibasic processing sites (�3), and potential glycosylation

sites (). The extended a-subunit of inhibin forming part of the 58 kDa

form of inhibin is shown (diagonal stripes).
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the nature of the molecule and its hydrophobicity,

the use of a variety of assays with differing specific-

ities-each with the potential for nonspecific inhibi-

tion, and the failure of investigators to consider the

recoveries and specific activities of their extracts.

The initial isolation of inhibin was achieved from

bovine follicular fluid (bFF) as a 58 kDa glycoprotein

consisting of two disulphide-linked subunits of

apparent molecular masses 43 kDa and 15 kDa

(Robertson et a!., 1985). The introduction of a pH

precipitation step during purification led to the

isolation of a 31 kDa form consisting of two sub-

units of 20 kDa and 15 kDa, leading to the postulate

that the 31 kDa form results from cleavage of the 43

kDa subunit (Robertson et a!., 1986a). A similar form

from bFF was also isolated by Fukuda et a!. (1986).

Miyamoto and colleagues (1985) also reported the

isolation of a 32 kDa glycoprotein from porcine

follicular fluid (pFF) consisting of two subunits of 20

kDa and 13 kDa, a finding confirmed by Ling et al.

(1985) and Rivier et al. (1985). The larger subunit

has been termed a, and the smaller, the 13-subunit.

Ling and colleagues (1985) isolated two forms of

inhibin, termed Inhibin A and Inhibin B, identified

by the differing NH2 -terminal amino acid sequences

of their 13-subunits, now termed 13A and

In sheep, a 30 kDa form with 20 and 16 kDa

subunits has been isolated from follicular fluid

(Leversha et al., 1987) and from rete testis fluid, the

latter representing the first purification of inhibin

from a male source (Bardin et a!., 1987). Bardin et a!.

(1987) found two forms of inhibin characterized by

different a-subunits, one of which was 16 amino acids

shorter at the NH2 -terminal end, due presumably to

differential processing of the a-subunit.

Structural Analysis and Homologies

Details of the entire structure of inhibin emerged

from the cloning of the genes controlling the pro-

duction of the inhibin subunits from porcine and

bovine sources (Mason et al., 1985; Forage et a!.,

1986). Separate genes code for the precursors to the

a, 13A’ and fiB-subunits that are subsequently processed

at sites of paired arginine residues to yield the 43 kDa

a-subunit and the 15 kDa 13-subunit (Fig. 1). The 43

kDa a-chain is further processed to render the smaller

20 kDa a-chain sequence found in 31 kDa inhibin.

Whether the latter processing occurs prior to or after

dimerization is unknown, but contact with serum

- , - L_2OKD..... INHIBIN cc CHAIN

43KD

*

-- “ - INHIBIN,B�, CHAIN
� 18K 0

:: � #{149}cjc�� ‘ MU I I - INHIBIN,8B CHAIN

� 18K D *

results in conversion of 58 kDa inhibin to the 31 kDa

form (McLachlan et a!., 1986b).

The structure of the genes encoding for the inhibin

subunits of human, ovine, and rat inhibin has been

obtained recently (Mason et al., 1986; Mayo et a!.,

1986; Stewart et al., 1986; Bardin et al., 1987;

Woodruff et al., 1987). In humans, sheep, and rats,

the presence of the a, 13A’ and fiB-subunits have been

identified, but in cattle, only mRNA for the

subunit has been found, although the fiB-subunit

sequence is present in genomic libraries.

Significant homology exists between the structure

of the a- and 13-chain within and between species

(Forage et a!., 1987). The sequences of the a-chain

show 85% homology between cattle, humans, and

pigs. Even greater conservation is seen with the

13A-subunit, in that a single amino acid difference was
found in the ovine from that seen in the bovine,

porcine, rat, and human molecules. Where it is

present, the fiB-subunit shows over 85% conservation

of structure.
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Inhi bin fl-Subunit Dimers

(Activin A and AB)

Recently, two proteins that stimulate FSH secre-

tion from the pituitary gland were isolated indepen-

dently from pFF. These substances were shown to be

dimers of the fl-subunits of inhibin and have been

termed Activin A �13A � and Activin AB � 13�)(Ling

et a!., 1986; Vale et a!., 1986). The concentrations

required to half-maximally stimulate FSH are

0.4-1 ng/ml, and the EC50 is comparable to in-

hibin (0.3-1 ng/m!) and tenfold less than that

found for gonadotropin-releasing hormone (GnRH)

(Vale et a!., 1986), Activin A also has been isolated

from bFF and shows similar in vitro characteristics

(McLachlan et al., 1987b). No data are available to

indicate whether activin is secreted into the blood-

stream or whether it acts only locally as a regulatory

molecule (Hutchinson et a!., 1987). However, it

should be noted that castration in both males and

females removes negative feedback and not positive

feedback on pituitary gonadotrophin secretion,

suggesting that if activin circulates, its action on FSH

secretion is obscured by inhibin.

The structure of the inhibin subunits also has

significant homology to a series of other proteins

(Fig. 1), namely transforming growth 13 (TGF 13),

M#{252}llerian Inhibiting Substance (MIS), the decapenta-

p!egic gene complex in Drosophila, and the VG1 gene

in Xenopus (Derynck et a!., 1985 ; Mason et a!., 1985;

Cate et a!., 1986; Padgett et a!., 1987; Weeks and

Milton, 1987). The homology is particularly evident

in domains surrounding the highly conserved cysteine

residues. The homology of inhibin to proteins with

widespread actions on a number of tissues raises the

possibility-for which evidence is emerging-that

inhibin has actions that extend beyond its proposed

role in the feedback regulation of gonadotropin

secretion.

Other Pep tides with FSH-

Inhi biting Properties

Seminal plasma inhibins. The existence of inhibin-

like activities in seminal plasma has been found in

several studies from a number of species (Franchi-

mont, 1972; Franchimont et a!., 1975; Thakur eta!.,

1978). Two distinct proteins showing inhibin-like

activity in some bioassays have been isolated. From

human seminal plasma, Thakur et al. (1978) isolated

a glycosylated 19 kDa protein. This protein, termed

fi-inhibin has been shown to be structurally identical

to that of a sperm-coating antigen called 13-micro-

seminoprotein of prostatic origin (Johansson et al.,

1984; Akiyama et a!., 1985). Recent studies have

raised doubts about its capacity to suppress FSH

(Gordon et a!., 1987).

The second protein, also isolated from human

seminal plasma, has been termed a-inhibin. Three

molecular mass species (35, 52 and 92 kDa) have

been identified and all three suppress the GnRH-

stimulated FSH rise by whole mouse pituitaries in

culture and also suppress the FSH levels in castrated

rats (Seidah et al., 1984; Li et al., 1985). Conflict-

ing claims regarding the bioactivity of a synthetic 31

amino acid peptide have been made (Yamashiro

et a!., 1984; Liu et al., 1985). The sequence of this

peptide has been shown to be the NH2 -terminal part

of a larger molecule, namely the major degradation

product of the gel-forming protein of semen secreted

by the seminal vesicle (Lilja and Jeppsson, 1984).

Recent studies have shown that the larger molecule

has FSH-suppressing activity in vivo (Yu et a!., 1988).

Neither Inhibin-a nor Inhibin-fl bears any structural

similarity to inhibin as isolated from follicular fluid

and their low biological activity raises serious ques-

tions as to their role in the control of FSH. Further-

more, since inhibin is regarded as a product of the

gonads, the use of the term inhibin in the nomen-

clature of these seminal plasma-derived proteins is

unwise.

FSH-suppressing protein (FSP or follistatin).

During the purification of inhibin from bFF and pFF,

a fraction was found that suppressed FSH in the

inhibin bioassay but had no immunological activi-

ty in specific inhibin radioimmunoassays. We have

isolated three molecular mass species of 31, 35, and

39 kDa from bFF, all with a common NH2 -terminal

sequence that show no homology to the a, 13A’ or

fiB-subunits of inhibin (Robertson et al., 1987). In
studies using pFF, Ueno et a!. (1987) identified two

molecular mass species of 32 and 35 kDa that also

show no homology to inhibin. The bioactivity of

these substances is 10-30% that of inhibin.

The porcine molecule, termed follistatin, has been

cloned and shown to be the product of one gene,

with the deduced amino acid sequence demonstrating

homology to a human pancreatic trypsin inhibitor

(Esch et al., 1987). The role of this protein in the

physiology of the ovary and the feedback regulation

of FSH must await further studies.
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36 de KRETSER AND ROBERTSON

Assays for Inhi bin

Attempts to isolate inhibin depended on the

development of specific assays based on the suppres-

sion of FSH. Many of the bioassays developed were

not adequately defined in terms of specificity,

sensitivity, and precision and failed to take into

account that the use of the inhibition of FSH as the

endpoint of the assay could lead to nonspecific

effects. Following the purification of inhibin, radio-

immunoassays have now been developed that offer

relatively rapid, practical, and sensitive methods to

measure inhibin.

In vitro bioassay. The rat pituitary cell bioassay for

inhibin has been used in a number of studies measuring

either the release of FSH into the medium (Eddie et

a!., 1979) or the changes in the FSH cell content

(Scott et al., 1980) as the endpoint in the system.

Recently, a sensitive bioassay has also been developed

that used ovine pituitary cells in culture, which

enables the measurement of bioactive inhibin levels in

serum in some physiological situations (Tsonis

et al., 1986). The demonstration that follicular fluid,

and potentially serum, may contain activin or FSP

raises significant problems with biaossay potencies,

since the presence of activin could lead to the under-

estimation of inhibin potencies and the presence of

FSP would result in an overestimation.

Radioimmunoassay. The demonstration that the

synthesis of the inhibin subunits are controlled by

separate genes raises strong possibilities that free a-

and fl-subunits may eixst at the site of production of

inhibin or may pass into the circulation. Further-

more, the identification of fl-subunit dimers of

inhibin also raises questions of specificity in the

radioimmunoassays for the inhibin molecule. It is

important that any assay system developed should

clearly specify the cross-reactivities of free a- or

fl-subunit and inhibin-related proteins. Two approaches

have been used in the development of radioimmuno-

assays for inhibin-immunization with the native

molecule and immunization with short synthe-

tic peptides derived from the sequence of inhibin.

The first radioimmunoassay for bovine and human

inhibin was generated with antisera developed to 58

kDa and 31 kDa bovine inhibin (McLachlan et a!.,

1986b,c). Two further assay systems with increased

sensitivity have been developed in our laboratory

with the 31 kDa form of bovine inhibin used as the

immunogen (McLachlan et al., 1987a,b; Robertson et

al., 1988b). These antisera have been used in hetero-

!ogous system, 31 kDa bovine inhibin acting as the

tracer in the measurement of human, rat, ovine, and

porcine inhibin. These assays do not cross-react to a

significant degree with activin A, TGF13, MIS, or the

free a- and 13-subunits of inhibin obtained after

reduction and alkylation of the native molecule. More

recently, Hasegawa and colleagues (1987) used 32

kDa porcine inhibin and partially purified bovine

inhibin to develop specific radioimmunoassay systems

that are applicable to the measurement of rat, por-

cine, and bovine inhibin in serum.

Several investigators have used synthetic peptides

to develop assays for inhibin; the most common is

immunization with a peptide consisting of the first 26

amino acids of the a-subunit of porcine inhibin

(Rivier et a!., 1986). These assays have been capable

of measuring the concentrations of rat and porcine

inhibin, the results being reported in terms of the

mass of synthetic peptides rather than the use of a

native inhibin standard. While excluding cross-

reactivity to free fl-subunit and activin, these assays

have the potential to significant!y cross-react with

free a-subunit.

Mechanism of Action

Although a number of investigators have demon-

strated suppression of FSH in vivo and in vitro by

impure preparations of inhibin, these results should be

viewed with caution since activin and FSH-supporting

protein (FSP) are present in follicular fluid, which com-

monly was used as the source of the impure inhibin pre-

parations. However, in a recent study, the infusion of

pure 31 kDa bovine inhibin to castrated sheep demon-

strated a dose-related FSH suppression (Findlay

et al., 1987).

Similarly, a number of investigators have explored

the action of inhibin in vitro on pituitary cells or on

pituitary halves in culture but have utilized impure

preparations from both male and female sources (see

Hudson et a!., 1979, for review). As with the in vivo

studies, these results should be interpreted with

caution due to the presence of activin, inhibin, and

FSP in the active fractions. The studies showed that

these preparations have an inhibitory effect on basal

FSH release, cell content, and synthesis with minor

effects on LH, thyroid-stimulating hormone (TSH),

prolactin, and growth hormone. Furthermore, they

demonstrated proportionally greater effects on FSH

release following GnRH stimulation, but many

studies also showed an effect on LH release under the

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/4
0
/1

/3
3
/2

7
6
3
7
5
5
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



INHIBIN PHYSIOLOGY 37

same conditions. Recently, two studies using purified

inhibin from follicular fluid have confirmed these

effects on pituitary cells in culture (Robertson et a!.,

1986b; Fukuda et a!., 1987).

In our recent studies, we demonstrated that to

understand the effects of inhibin on FSH and LH

secretion, a knowledge of the behavior of pituitary

cells in culture is required (Farnworth eta!., 1988a,b).

These studies showed that during prolonged culture

there is a continued, steady release of basal FSH that

is tenfold greater than that of LH. Although the FSH

cell content decreases, there is a net increase in the

accumulation of FSH in the culture well. In con-

trast, both LH release and LH cell content decrease

markedly during prolonged culture, leading to a net

decrease of LH in the culture well. The addition of 31

kDa bovine inhibin to the culture results in a pro-

gressive and dose-dependent suppression of basal FSH

release that is totally inhibited within 6 h and is the

most sensitive parameter to the action of inhibin.

These results support previous studies using crude

bovine follicular fluid on rat pituitary halves (Jenner

et a!., 1983). This suppressive effect on FSH release

could be maintained in culture for at least 25 days.

At fivefold higher inhibin concentrations, the FSH

cell content is also suppressed, frequently to levels

below that of control cultures, indicating that inhibin

promotes intracellular degradation of gonadotro-

phins. At similar concentrations of inhibin, LH

release and cell content-though low are also sup-

pressed by inhibin in a dose-dependent manner.

These results indicate two separate mechanisms of

the action of inhibin on FSH secretion: at low

concentrations, inhibin rapidly suppresses FSH

release and synthesis; at a higher concentration, the

cell content of both gonadotropins is affected by the

degradation of intracellular stores of FSH and LH. In

a recent study, Fukuda et al. (1987) demonstrated

that inhibition of protein synthesis by cycloheximide

can mimic the action of inhibin in causing a decrease

in FSH secretion, supporting the view that inhibin

causes an inhibition of FSH biosynthesis. Earlier

studies had demonstrated that these effects are

reversible after the removal of inhibin from the

culture medium (Scott et al., 1980; Jenner et al.,

1983).

Several studies using impure preparations of

inhibin have demonstrated that inhibin decreases the

GnRH-stimulated release of FSH and LH (de Jong et

al., 1979; Eddie et al., 1979; Scott et a!., 1980;

Jenner et al., 1983). Recent studies using pure inhibin

preparations have also confirmed that inhibin exerts

suppressive effects on the release of FSH/LH fol-

lowing GnRH stimulation (Robertson et a!., 1986b;

Farnworth et a!., 1988b). The mechanism of this

inhibition is interesting because it also involves a

decrease in the sensitivity of cells to GnRH and a

decrease in the maximal GnRH-stimulated FSH and

LH secretion (Farnworth et a!., 1988b). It is of

interest that this effect of inhibin is antagonised by

the GnRH agonist, Buserelin, raising questions as to

the manner in which inhibin affected GnRH-stimulated

gonadotropin release. Recent studies by Wang et a!.

(1988a,b) have shown that inhibin decreases the

number of GnRH receptors on pituitary cells in

culture and also diminishes the up-regulation of

GnRH receptors by GnRH.

Source of Inhi bin

STUDIES IN THE FEMALE

The demonstration that follicular fluid is a potent

source of inhibin activity (de Jong and Sharpe, 1976)

occurred simultaneously with the demonstration that

rat granu!osa cells in culture produce bioactive

inhibin (Erickson and Hsueh, 1978). Subsequently, a

number of studies using both in vitro bioassay and

radioimmunoassay methods have confirmed these

results in rats (Hermans et a!., 1982; Croze and

Franchimont, 1984; Sander et al., 1984; Bicsak et al.,

1986; Zhang et a!., 1987a), cattle (Henderson and

Franchimont, 1981), pigs (Channing et a!., 1982),

humans (Channing et a!., 1984), and other primates

(Noguchi et a!., 1987). Several studies have shown

that the amount of inhibin produced by granulosa

cells from large follicles is greater than that from

small follicles (Channing et al., 1982), and this fact is

reflected in the concentrations of inhibin in the

fo!licular fluid (Tsonis et al., 1983). In their study,

Tsonis et a!. (1983) showed that inhibin activity

correlates significantly with the estradiol concentra-

tions and aromatase activity of the granu!osa cells.

Recent radioimmunoassay studies have demonstrated

that a similar good correlation can be obtained

between the circulating levels of estradiol and inhibin

in women undergoing ovarian hyperstimulation for in

vitro fertilization (IVF) (McLachlan et a!., 1986c).

That study also demonstrated that the circulating

inhibin levels reflect the mass of active granulosa cells
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in the ovary, since they correlate significantly with

the number of follicles detected by ultrasound.

Recent studies have also shown that the corpus

!uteum is a significant source of inhibin in the luteal

phase of the menstrual cycle (McLach!an et a!.,

1987a,b). This view has been supported by in vitro

studies demonstrating that human granulosa cells

allowed to luteinize in culture have the capacity to

produce inhibin: these cells can no longer be stimu-

lated by FSH but respond to LH and testosterone

(Tsonis et a!., 1987). Additional evidence that the

luteal cells can produce inhibin comes from the

demonstration that the rat and human luteal cells

contain mRNA for the a-subunit of inhibin (Davis et

a!., 1986, 1987) and that inhibin can be detected in

these cells by immunocytochemistry using an anti-

serum to a synthetic fragment of the porcine inhibin

a-subunit (Cuveas et a!., 1987; Merchenthaler et a!.,

1987).

Confirmation that the ovary is the major source of

circulating inhibin comes from the rapid disappear-
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FIG. 2. The disappearance of inhibin from the circulation after cas-

tration is shown with radioimmunoassay measurements. (Reproduced

with permission from Robertson et at., 1988, Mol. Cell. Endocrinol. In

press.)
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ance of serum inhibin levels following oophorectomy

(Fig. 2) (Robertson et a!., 1988a) and is of impor-

tance since mRNA for the a- and 13-subunits of

inhibin has now been demonstrated in a number of

extra-gonadal tissues (Meunier et a!., 1988). The

initial half-time of disappearance of inhibin in these

studies is 15 mm; this value correlates well with that

obtained by the bioassay measurements of inhibin

after ovarectomy in pregnant mare’s serum gonado-

tropin (PMSG)-stimulated rats (Lee et a!., 1982).

Control of Inhibin Secretion

by Granulosa Cells

Several studies by Lee and colleagues (1981,

1982), using bioassay measurements of inhibin in the

circulation and in ovarian cytosols, have demon-

strated that FSH has the capacity to stimulate inhibin

production. These data have now been confirmed by

a number of studies using granu!osa cells in culture

(Bicsak et a!., 1986; Zhang et a!., 1987a). The latter

studies demonstrated that in addition to FSH, IGF-1

can stimulate inhibin secretion by the granu!osa cells

in vitro, but the cells are not responsive to LH or

prolactin. However, if the granulosa cells are kept in

culture for 2 days in the presence of FSH, the induc-

tion of LH receptors results in the capacity of LH or

human chorionic gonadotropin (hCG) to further

stimulate inhibin production (Bicsak et a!., 1986).

Using bovine granulosa cells in culture, Henderson

and Franchimont (1983) showed that in addition to

FSH, testosterone also stimulates inhibin secretion,

and that this effect can be reversed by anti-androgens.

These effects of FSH on inhibin secretion appear to

be mediated through a cyclic adenosine 3’, 5’-mono-

phosphate (cAMP) mechanism, since inhibin produc-

tion by rat granulosa cells can be stimulated by cAMP

analogues, phosphodiesterase inhibitors, and by

forsko!in (Bicsak et al., 1986). Inhibin secretion

by both bovine and rat granulosa cells can be sup-

pressed by epiderma! growth factor (Franchimont et

a!., 1986; Zhanget a!., 1987b).

Levels of Inhibin during

Reproductive Cycles

I I I I I I I I Menstrual cycle. The availability of sensitive

0 2 4 6 8 10 12 radioimmunoassays has enabled the measurement of

HOURS circulating levels of inhibin during the menstrual

cycle. Studies by McLach!an et a!. (1987a,b) demon-

strated that inhibin increased late in the fo!licular

phase, reaching a peak coincident with the LH surge.
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The levels subsequently declined slightly, then rose

to peak in mid-luteal phase to levels approximately

twice those seen at mid-cycle. Late in the luteal

phase, consistent with the decline in corpus luteum

function, the levels decrease prior to the onset of the

next menstrual cycle. This study demonstrated

significant inverse relationships between FSH and

inhibin during both the fol!icu!ar and lutea! phases

of the cycle, observations consistent with the concept

that inhibin is a feedback regulator of FSH secretion.

The levels of inhibin correlate positively with both

estradiol and progesterone levels in the luteal phase,

providing circumstantial evidence that the corpus

!uteum produces inhibin. The declining levels of

inhibin prior to the next menstrual cycle, rather than

the declining levels of estradiol and progesterone,

may provide the major signal for the rise in FSH that

occurs prior to the onset of menstruation and pre-

sumably is involved in the stimulation of follicular

development for the next cycle.

The inverse relationships between inhibin and FSH

are in accord with the concept of a tropic hormone

and its feedback substance. This relationship is

supported by a number of studies (Stouffer and

Hodgen, 1980; di Zerega et a!., 1981) using follicu!ar

fluid as an impure source of inhibin showing that the

administration of such extracts to rhesus monkeys in

the follicular phase of the menstrual cycle decreases

FSH and interferes with folliculogenesis, leading

to reduced follicular phase levels of estradiol and

lower lutea! phase levels of progesterone. It is also in

keeping with the inhibition of the post-castration rise

of FSH and, to a lesser extent, of LH in female rhesus

monkeys by fo!licular fluid extracts (Schenken et al.,

1984). Studies in other species have also demon-

strated that impure preparations of inhibin can

suppress FSH during proestrus and estrus (de Paolo et

al., 1979; Hermans et a!., 1982a; Hoffman et a!.,

1979) and also have shown that this produces a

decrease in FSH release in response to GnRH (de

Pao!o et al., 1979).

Estrus cycle. Using a heterologous radioimmuno-

assay system, Hasegawa et al. (1987) noted that

inhibin levels in the circu!ation of rats during the

estrus cycle are high during the follicular phase but

drop sharply during proestrus, suggesting that the

proestrus rise of FSH can be attributable to a fall in

inhibin secretion. This view would be in accord with a

recent study by Woodruff et al. (1988) demonstrating

that mRNA for the a- and fl-subunit of inhibin rises

steadily during diestrus to peak late in the afternoon

of proestrus. However this study did not show the

presence of mRNA for the inhibin subunits in the

corpus luteum from cycling animals in contrast to

earlier studies (Davis et al., 1986; Cuevas eta!., 1987;

Woodruff et a!., 1987) that detected inhibin subunit

mRNA and inhibin by immunocytochemistry in the

rat corpus luteum.

Inhi bin in pregnancy. A striking difference has

been seen in the inhibin levels in women on an IVF

program when pregnancy occurred. The decline in

inhibin levels late in the luteal phase of normal

menstrual cycles is not seen in conception cycles, the

levels of inhibin being maintained and in fact in-

creasing significantly (McLachlan et a!., 1987a,b).

The difference between the patterns of conception

and nonconception cycles first become discernible on

the ninth day after oocyte retrieval and coincides

with the first detectable rise in hCG levels in these

women. Studies in three women with no ovaries who

achieved pregnancy after oocyte donation showed

that the inhibin levels during early pregnancy are

similar to those in women with ovaries who achieve

pregnancy (McLach!an et al., 1987b). These results

strongly suggest that the rise of inhibin during the

latter part of conception cycles do not involve

continued corpus luteum secretion but result from

the production of inhibin by the early embryo or the

decidua. An embryonic source of inhibin is supported

by our studies demonstrating that the placenta has

the capacity to produce both immunoactive and

bioactive inhibin (McLachlan et a!., 1986c). Observa-

tions by Mayo et a!. (1986) and Davis et a!. (1987)

indicating that the placenta contained mRNA for the

a- and flA-subunits and of inhibin strongly support

this view. In subsequent studies, Petraglia et al.

(1987) showed that placental cultures have the

capacity to produce inhibin and that this substance

can be localized immunocytochemical!y to the

cytotrophoblast of the placenta, a view confirmed by

Merchenthaler et a!. (1987). Although the role of

inhibin early in pregnancy remains to be elucidated,

the significant homology that was noted between

inhibin and the decapentaplegic gene complex in

Drosophila and the VG1 gene of Xenopus, both of

which are involved in early embryogenesis, raises

the possibility that inhibin may also be involved in

embryonic differentiation. This view is supported by

the recent demonstration that TGF13, a protein with

significant homology to inhibin, plays an important

role in various embryonic events (Heine et a!., 1987).

Inhi bin levels during sexual maturation. Using
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radioimmunoassay, Rivier and Vale (1987) demon-

strated a slow increase in inhibin levels in the circula-

tion of female rats until Day 17, after which levels

rise dramatically, reaching values at Day 30 that are

not statistically different from those of adult female

rats. The dramatic rise between Days 15 and 30

correlates inversely with the FSH levels, which fall

during this period. In girls passing through puberty,

the levels of inhibin rise progressively during pubertal

maturation and correlate positively with stage of

puberty and the levels of FSH (Burger et a!., 1989).

The latter observation suggests that the pubertal

transition involves a reestablishment of new feedback

relationships between FSH and inhibin.

Pathophysiological conditions in the female.

Several investigators have speculated that in patients

with polycystic ovarian syndrome elevated serum

inhibin levels may be involved in producing the

elevated LH and somewhat suppressed FSH levels

(Tanabe et a!., 1983; Franks et a!., 1985). In a recent

study of five subjects with po!ycystic ovarian disease,

Buckler et al. (1988) demonstrated that inhibin levels

are not significantly different in the early or mid-

fol!icu!ar phase and that the inhibin levels in the

late-luteal phase, at mid-cycle, and during the mid-

luteal phase are significantly lower than in normal

cycles. Furthermore, the normal subjects and those

with polycystic ovarian disease show no differences in

inhibin levels following the endogenous gonadotropin

rise and effective gonadotropin withdrawal that

occurs after continued administration of !uteinizing

hormone-releasing hormone (LhRH) agonists. These

studies strongly suggest that there is no primary

defect of inhibin secretion in the polycystic ovarian

disease syndrome.

Source of Inhi bin

STUDIES IN THE MALE

The study by Steinberger and Steinberger (1976)

showing that immature Sertoli cells in culture pro-

duce a substance capable of suppressing FSH has now

been extended by extensive bioassay and immuno-

assay data confirming that these cells are the site of

inhibin production in the testis (Le Gac and de

Kretser, 1982; Verhoeven and Franchimont, 1983;

Ultee van-Gessel et a!., 1986; Bicsak et a!., 1987).

These observations confirm earlier studies that

seminiferous tubules in culture (Eddie et a!., 1978)

and mouse organ cultures (Demoulin et al., 1979) can

produce inhibin. The increase observed by Au et a!.

(1 984a) in the inhibin content of the testis 24 h after

efferent duct ligation also confirms that the Sertoli

cells are the site of production of inhibin in vivo.

That the testis is the major source of circulating

inhibin in the male can be concluded from the

demonstration that castration leads to a rapid decline

of serum inhibin levels (Fig. 2) with an initial half

time of 15 mm (Robertson et a!., 1988a). Further

data supporting the view that the Sertoli cells are the

major source of inhibin arise from the demonstration

that mRNA preparations from the testis contain

mRNA for the a-, �A-� and fiB-subunits (Meunier et

a!., 1988; Toebosch et al., 1988).

Control of Sertoli Cell

Production of Inhibin

Immature Sertoli cells in culture produce inhibin

for prolonged periods (15-20 days) in the absence of

hormonal stimulation (Le Gac and de Kretser 1982;

Ultee van-Gesse! et a!., 1986). These cultures respond

to FSH stimulation in a dose-dependent manner with

an increase in inhibin levels detected by both bioassay

and radioimmunoassay (Le Gac and de Kretser, 1982;

U!tee van-Gessel et a!., 1986; Bicsak et a!., 1987).

More recently, Gonzales et a!. (1988), using segments

of seminiferous tubules from adult rats in culture,

showed that the adult Sertoli cell has the capacity to

respond to FSH secretion in a dose-dependent man-

ner. The demonstration that Sertoli cell production

of inhibin is stimulated by analogues of cAMP and

phosphodiesterase inhibitors strongly suggests that

FSH stimulates inhibin by a cAMP-dependent mecha-

nism (Bicsak et al., 1987). The decline in testicular

bioactive inhibin levels following hypophysectomy in

the rat is consistent with the requirement for FSH

stimulation (Au et a!., 1985). Au et a!. (1985) have

shown that the testicular content of inhibin after

hypophysectomy can respond to FSH stimula-

tion in vivo but does not respond to testosterone.

In genera!, the results of studies concerning the

role of testosterone in the control of inhibin secretion

are confusing. Le Gac and de Kretser (1982) showed

no action of testosterone on inhibin secretion by

immature Sertoli cells in vitro, but contradictory

evidence was obtained by Verhoeven and Franchi-

mont (1983) using a slightly different experimen-

tal design. More recent studies, extending over a

large range of testosterone doses, have not demon-

strated a significant effect of testosterone on basal
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inhibin secretion but, at doses of 10� and 10_6 M, a

suppression of the FSH-induced rise of inhibin was

found (Bicsak et a!., 1987, Bardin et a!., 1987;

Gonzales et a!., 1988). This failure of testosterone to

significantly influence inhibin production in vitro is

in accord with the failure of testosterone to cause a

rise in the testicular inhibin levels 30 days after

hypophysectomy (Au et a!., 1985). Even if testoster-

one is given immediately after hypophysectomy, the

testicular inhibin levels can not be stimulated, although

the production of seminiferous tubule fluid is re-

stored to normal (Au et a!., 1986a). The rise in

inhibin levels in serum following the destruction of

Leydig cells by the cytotoxin ethane dimethane sul-

phonate (EDS) is in accord with an inhibitory influ-

ence of testosterone on inhibin secretion (de Kretser

DM et a!., unpublished results). However, restoration

of testosterone levels in the circulation to the physio-

logical range by the use of Si!astic implants of testoster-

one that maintain normal FSH levels does not alter the

rise in serum inhibin levels after the use of EDS.

These data further strengthen the view that the rise in

inhibin following EDS is related to the destruction of

the Leydig cells or, alternatively, resu!ts from changes

in the seminiferous epithe!ium induced by testoster-

one deprivation.

Although the above studies suggest that the role of

testosterone is, if anything, inhibitory, we recently

demonstrated that stimulation of the Leydig cells by

hCG results in a significant rise in inhibin levels 24 h

after the single injection (Drummond AE et al., un-

published results). This rise in inhibin does not occur

if hCG is given to rats following the destruction of

Leydig cells by EDS, indicating that the

hCG-mediated rise of inhibin is due to stimulation

of Leydig cells. This observation, together with

the ineffective action of testosterone on inhibin

production, strongly suggests that the Leydig cells

may influence inhibin secretion by other mechanisms.

The results of a number of studies in men support

the view that pituitary gonadotrophin support is vital

for the maintenance of inhibin secretion; the levels of

inhibin are low in patients with hypogonadotrophic

hypogonadism and rise following stimulation by FSH

and LH or, alternatively, when stimulation is achieved

by pulsatile GnRH administration (Scheckter et al.,

1988; Burger HG et a!., unpublished results). Further-

more, when men are given clomiphene citrate, there is

a significant rise of serum inhibin levels, presumably

via the rise in FSH and LH (Tenover et al., 1988),

and, in elderly men, the testes’ ability to respond to

clomiphene citrate in terms of inhibin secretion is

impaired relative to the response in young men.

Removal of FSH and LH stimulation of the testis

by the long-term administration of testosterone to

norma! men results in a decline in serum inhibin

levels, emphasizing the importance of this stimulation

in maintaining inhibin secretion by the testis (Mc-

Lachlan et a!., 1988). When FSH or LH is coadminis-

tered with testosterone, the suppressed levels of

inhibin rise significantly, thereby specifically deline-

ating a role for both FSH and LH in maintaining

inhibin secretion; the stimulation by LH, presumably

via the Leydig cells, is in accord with the rise in

inhibin levels seen following hCG stimulation of rat

Leydig cells (Drummond AE et a!., unpublished

results).

Local Actions of

Inhi bin in the Testis

The potential that inhibin may exert a significant

local action has been explored using the incorpora-

tion of � H-thymidine by dividing a testicular cells in

vitro. Using this model, Franchimont et a!. (1981)

and van Dissel-Emiliani et a!. (1988) have demon-

strated an inhibition of the incorporation of tritiated

thymidine into spermatogonia using partially purified

preparations of inhibin. This concept of a paracrine

action requires further evaluation with purified

inhibin preparations. The potential for inhibin to

exert a local action on the meiotic process in the male

also requires exploration in view of our recent demon-

stration that inhibin can inhibit germinal vesic!e

breakdown in mouse oocytes (0 et a!., 1989).

The concept that inhibin and activin may act on

the Leydig cells to modify steroidogenesis has been

explored by several groups. Hsueh et a!. (1987)

showed that inhibin stimulates and activin suppresses

steroidogenesis in crude cultures of Leydig cells from

immature rats and cultures of testicular cells from

hypophysectomized rats. Using both crude and

Percoll-purified Leydig cells, we have been unable to

demonstrate any action of inhibin, activin, or FSP on

basal or hCG-stimulated testosterone production

(Risbridger GP et a!., unpublished results). The rea-

sons for these differing results is yet to be determined.

Inhi bin Levels during

Sexual Maturation

Our bioassay studies demonstrated that the testicu-

lar content of inhibin rises slowly over the first 10
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days, in parallel to testis weight (Au et a!., 1986 ).

This increase is probably due to the mitotic activity

of Sertoli cells, resulting in an increase in the total

number of Sertoli cells. Subsequently, inhibin levels

increase markedly between 20 and 35 days of age;

this increase correlates with the rising levels of FSH,

in particular, but also with LH and testosterone. The

levels subsequently decline slightly between 60 and

80 days of age. These results are in keeping with

those demonstrated during the study of inhibin levels

duirng pubertal maturation of boys, which show a

strong positive correlation with FSH levels and stage

of puberty. Correlations have also been noted with

LH and testosterone levels (Burger et a!., 1989), The

data support a resetting of the relationship of FSH

and inhibin after pubertal maturation.

Inhibin Levels after

Spermatogenic Damage

The induction of spermatogenic damage by heat,

cryptorchidism, or pressure atrophy following pro-

longed efferent duct ligation causes a decline in the

bieassayable testicular inhibin levels (Au et al., 1983,

1984b, 1987). Recent studies using radioimmuno-

assay have confirmed that serum inhibin levels decline

following the induction of cryptorchidism in rats,

confirming the previous bioassay measurements. The

decrease in inhibin levels closely parallel the decline

in other parameters of Sertoli cel! function, such as

those of seminiferous tubule fluid production and

androgen-binding protein secretion (Hagenas and

Ritzen, 1976;Jegou eta!., 1983).

In our study (Au et al., 1987), which utilized a

single exposure of the rat testis to heat (43#{176}Cfor 15

mm), we demonstrated that inhibin levels in the

testis, along with other markers of Sertoli cell func-

tion, do not change for 7 days after the heat treat-

ment. They subsequently decline reaching a nadir 21

days after the treatment, and then rise in conjunction

with the recovery of spermatogenesis. That we did

not observe a change in these parameters of Ser-

toli cell function, including inhibin, for 7 days after

the heat treatment strongly suggests that these

parameters are not directly due to the acute detri-

mental effect of heat on Serto!i cell function. The

changes suggest that the alteration in Sertoli cell

function may well result from the loss of a germ cell

type from the epithelium. The pattern of results

correlates strongly with the loss of spermatids from

the seminiferous epithelium. Further studies are

clearly necessary to investigate the paracrine mecha-

nisms that may be involved in the control of inhibin

production by the Sertoli cell in vivo.

The expected inverse correlations that occur

between FSH and inhibin levels in the rat during

testicular damage are consistent with the concept that

inhibin acts as a feedback substance for FSH secre-

tion. However, our results, from radioimmunoassay

measurements of inhibin levels in serum in men with

testicular disorders, have not confirmed this relation-

ship (Burger et a!., 1989; de Kretser et a!., 1989). The

mean levels of inhibin in serum in groups of men with

testicular disorders of varying severity do not change.

No correlation has been observed with serum FSH

levels, testicular size, or sperm count. The failure to

demonstrate a close relationship between FSH and

inhibin levels may result from the fact that FSH is

controlled by both testosterone and inhibin levels

(see below). Several studies have suggested that

Leydig cell function is impaired in men with testicu-

lar disorders of increasing severity, as evidenced

by elevated LH levels and marginally low testosterone

levels (de Kretser et a!., 1972, 1975; Hunter et a!.,

1974). The recent study by Booth and colleagues

(1987) has confirmed that the production rates of

testosterone in men with testicular disorders decline

by 30%. It is possible that this decline in testosterone

production causes a rise in FSH that in turn acts on

responsive Sertoli cells to stimulate inhibin levels:

these changes would therefore obscure any direct

relationship between inhibin and FSH. Alternatively,

a decline in inhibin levels, transiently resulting from

testicular damage, could result in an elevation of FSH

levels, which in turn stimulate the impaired Sertoli

cell to produce normal levels of inhibin but at a

higher setting of FSH, namely a state of compensated

Sertoli cell failure. More radically, the recent demon-

stration by Lee and colleagues (1988) that the

Leydig cell may have the capacity to produce activin,

which-if released into circulation-may stimulate

FSH, requires a reevaluation of the pituitary testicu-

!ar relationships during spermatogenic disruption.

The Role of Inhibin and Testos-

terone in the Control of FSH

Much of the early argument against the existence

of inhibin was that testosterone had been demon-

strated to inhibit FSH secretion, as shown by progres-

sive suppression of both FSH and LH by increasing

doses of testosterone (Lee et a!., 1972; Baker et al.,
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1976; Decker et a!., 1981; de Kretser et al., 1987).

However, in studies in rats, the use of very high doses

of testosterone in castrated animals-while sup-

pressing LH levels to the undetectable range-does

not lower FSH !evels below the normal range (Decker

et al., 1981; de Kretser et a!., 1987). These results

support a differential effect of testosterone on LH

and FSH secretion. The rise in FSH that accompanies

the lowering of testosterone levels when Leydig cells

are destroyed with the drug EDS strongly supports

the view that testosterone can suppress FSH secretion

(Jackson and Morris, 1977; Jackson et a!., 1986).

However, it should be noted that FSH levels in these

normal rats treated with EDS rises only to 50% of

levels in castrated rats, indicating the existence of an

inhibitory effect of the testis on FSH levels. This view

would be consistent with the demonstrated rise in

serum inhibin levels following treatment of normal

rats with EDS (de Kretser DM et a!., unpublished re-

sults). The concept of a dual role of inhibin and testos-

terone in the control of FSH secretion is further sup-

ported if EDS is given to rats that are already cryptor-

chid. In this experimental model, the already elevated

FSH levels, induced by a decrease in inhibin levels fol-

lowing the induction of cryptorchidism (Au et a!.,

1983), rise to the range exhibited by castrated rats

following the removal of testosterone by the action

of EDS (O’Leary et a!., 1986).

Further support for a dual control on FSH secre-

tion comes from the studies of Plant (1982) who

demonstrated that testosterone could completely

abolish the rise in FSH and LH in rhesus monkeys

following castration. However, during a recent

reevaluation of this relationship, Dubey et a!. (1987)

noted that if GnRH secretion is maintained by

pulsatile administration in monkeys with arcuate

nucleus lesions, testosterone alone can not control

the post-castration rise of FSH. These results support

a role for inhibin in the control of FSH, a postulate

that was recently supported by the experiments of

Abeywardene et a!. (1988), which demonstrated that

infusions of porcine follicular fluid are able, in this

model, to suppress the post-castration rise of FSH.

Extra-Gonadal Actions

of Inhi bin and Activin

Observations by Meunier et a!. (1988) have sup-

ported the view that inhibin and activin may have

more widespread actions than those in relationship to

the reproductive system, showing that the a- and

fl-subunits of inhibin can be demonstrated in a large

number of tissues such as the brain, spleen, adrenal,

pituitary, kidney, and bone marrow.

Action on hemopoiesis. Eto and colleagues (1987),

during investigations of a factor causing erthryroid

differentiation of leukemic cell lines, noted that the

isolated active protein has the same structure as

Activin A. This is consistent with the demonstration

that the fl-subunits of inhibin can be identified in

bone marrow cells (Meunier et a!., 1988). More

recently, the action of Activin A on erythroid differ-

entiation in normal bone marrow cells has been

shown by Vu and colleagues (1987), who noted that

activin synergized with erythropoietin in stimulating

erythroid differentiation. These investigators also

noted that inhibin opposes this action of activin.

Lymph oid tissue. We have recently shown that

inhibin stimulates the uptake of 3H-thymidine into

rat thymocytes both in the presence and absence of

the lectins phytohaemagg!utinin and concanava!in A

(Hedger et a!., 1989). This action occurs with an

ED50 of 0.74 nM and is inhibited by bovine Activin

A (ID50, 0.35 nM) and by porcine TGF13 (ID50, 3.7

pM). The observation that bovine Activin A stimu-

lates 3H-thymidine incorporation into 3T3 fibroblasts

contrasts with its action on thymocytes and indicates

that the effects on cell proliferation are cell-type-

specific (Hedger et al., 1989). The actions of inhibin

and activin described above support an immunomod-

ulatory role for these proteins.

Neural tissue. The demonstration of mRNA for

inhibin in the brain and spinal cord strongly suggests

a regulatory role for these proteins in the central

nervous system (Meunier et a!., 1988). This view has

been supported by the demonstration that the

neurons of the nucleus tractus solitarius that project

to the paraventricular nucleus contain the 13-subunit

of inhibin as shown by immunocytochemical localiza-

tion (W. Vale, personal communication).
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