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DEFINITION OF TERMS 

Inhibin: A glycoprotein hormone, consisting of two dissimiiar disulfide-uinked subunits 
termed a and f3 which inhibits pituitary gonadotropin synthesis and/or secretion, preferen
tially that of FSH. 

Follicle Regulatory Protein (FRP): A 15,000 kDa peptide derived fron: medium and small 
sized follicles which inhibits aromatase activity and gonadotropin dependent progesterone 
production by granulosa cells. 

Anti-Miullerian Hormone (AMH) [also called Mullerian Inhibiting Substance (MIS)J:
A glycoprotein hormone consisting of two identical disulfide linked 72K subunits wLich 
inhibits Mullerian duct development in the male fetus. 

Follistatin: Glycosylated single chain proteins of M.W. 35,000 and 32,000, with identical 
N-amino acid terminus, which inhibit the release of pituitary FSH. 

Activin: A glycoprotein hormone, consisting of two similar disulfide linked /3subunits 
of inhibin A and/or B which preferentially stimulate FSH release in vitro. FRP was formerly 
used to designate an FSH releasing protein (activin). 

Gonadrotropin Surge Inhibiting Factor (GnSIF): A putative hormone derived from 
follicular fluid which blocks the surge modc of LH and FSH secretion induced by estrogen 
positive feedback or GnRH. 

Prorenin: Prorenin is the biological precursor of renin which is intimately involved in 
blood pressure and fluid and electrolyte homeostasis through the (pro)renin-angiotensin
aldosterone system. Prorenin is produced by the ovary in resporse to the LH surge and/or 
hCG administration and by the placenta (chorion laeve). 

Oocyte Maturation Inhibitor (OMI): A low molecular weight (<2000 kDa)
substances(s) capable ofmaintaining the developirg oocyte at the diplotene stage (dictyate 
substage) of prophase one during the first meiotic division. 
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The Purification of Native Inhibin
 
and Chemical Characterization
 

DARRELL N. WARD 
KATHERINE K. HINES 
WAYNE L. GORDON 
GEORGE R. BOUSFIELD 

The early history of the isolation of inhibin was complicated by disconsonant reports of 
the molecular size and suitable handling procedures (see reviews). 2,5,7,9, 29 Moreover, the 
investigations utilizing male sources of inhibin were, inseveral instances, led to characterize 
products now known to be of doubtful relationship to inhibin.', ", ,9The situation in the 
male is in a process of clarification and we will not comment further on inhibin isolation 
from male sources in this presentation. 

In retrospect, the initial confusion conceining the properties of inhibin derived from 
ovarian follicular fluid related, in the main, to the fact that there were definite higher 
molecular weight forms of inhibin and that inhibin also tends to form ill-defined associa
tion complexes with other inert proteins in follicular fluid. Our lab wasted some time try
ing to isolate these complexes to be treated by dissociation as a final step.4 We soon learn
ed that was an impractical approach. 

Adsorption and dissociation were used in early studies by several investigators, 2,3,6, 14 

but in 1985 several laboratories developed, within a short space of time, various purifica
tion schemes for both porcine and bovine follicular fluid that had in common the use of 
dissociation conditions at one or more stages in the fractionation. Most importantly, all 
agreed on an inhibin of a minimum size of approximately 32 kilodalton (kDa) pro
teins. 0 , 12, 18,23,25 

NATIVE INHIBIN PURIFICATION 

The approach to inhibin fractionation that we developed - and are still developing 
inour laboratory, after we abandoned the association complex approach, is outlined in 
Figure 1.We looked first for a rapid and efficient method to separate the proteins inovarian 
follicular fluid from the salts and large liquid volumes. 

The acetone precipitation procedure of Huang and Miller 6proved rapid and very effi
cient, i.e. 99-100 percent recovery of activity. The product precipitate isdesignated AP. 
The AP material we next extracted (50 mg/ml) at room temperature with 95% acetic acid 

I 
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SUMMARY OF INHIBIN FRACTIONATION PROCEDURE
 

Porcine follicular fluid 
NICHD Collection 

Acetone Precipitation 
(Huang and Miller) 

I 
95% Acetic acid extraction 

I 

Supernate Residue 

Precipitate with 90X ethanol, dialyze, Iyophilize.
 
1 

0.9 EP
 

I 
Sephacryl S-200 (25 x 100 cm.) developed with 0.126M-(NH.)HCOa.
 

Fraction D, 32 kDa INH, crude. Higher
 
M. wt. forms
 

of INH. 

Sephadex G-75 (2.5 x 135 cm.) developed with 4 M Acetic acid.
 
I 

INH Fraction.

I 

DEAE-Sepharose CL 6B (2.5 x 14 cm.) dt;veloped 2 M urea and a
 
0.0-0.3M-NaCI gradient. (Adapted from Miyamoto *t. al.)


I I 
Fraction 9. INH Fraction 0, ACT
 

HPLC (Vydac C-18) HPLC
 

INH fraction re-run, HPLC
 

Purified INH. 32 kDa.
 

Figure 1.Outline for the 32 kDa porcine inhibin fractionation scheme employed in our 
laboratory. 

overnight. This step provides a strong protein solubilizing action and at the same time in
activates many proteases or potential proteases.' The solubilized proteins were then 
precipitated in the cold with pre-chilled ethanol added slowly to obtain a 90% ethanol 
precipitate. The precipitate (EP) was the starting material for several variations of frac
tionation that we have applied. The procedure outlined in Figure I has been largely describ
ed intwo publications from our lab.2 , 13The EP fraction accounts for 70-90% of the ac
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tivity in the original porcine follicular fluid, based on data acquired in a series of frac
tionations extending over the past four years. 

We believe the strong acetic acid Lnd the following precipitation separates the inhibin 
from proteins with which it tended to associate. At any rate, the material behaves as discrete 
forms of inhibin in our subsequent fractionation steps. 

Our next step is chromatography on a Sephacryl S-200 column in a volatile buffer system 
(0. 126M-amrlonium bicarbonate, pH 8). Four major fractions are observed based on ab
sorption at 280 nm. These are a high molecular weight fraction A which has no inhibin 
activity. Fraction B contains the higher molecular weight forms of inhibin. Fraction C con
tains intermediate molecular weight forms of inhibin mixed with considerable impurities 
similar to albumin. Fraction D contains the low molecular weight form of inhibin (32 kDa) 
at about the I%level of purity. The inhibin activity in fractions B and C rechromatograph 
to the same area of the chromatographic pattern, thus they represent true molecular forms 
of inhibin similar to those so nicely characterized by Miyamoto and colleagues for bovine 
inhibin 22 These higher molecular weight forms account for approximately 80-90% of the 
original inhibin activity. ',us, these larger forms of inhibin comprise a significant part
of the inhibin activity in follicular fluid. As more studies arise comparing purified, or par
tially purified, 32 kDa inhibin to physiological studies that used crude follicular fluid, it 
may prove important to take into account these larger forms of inhibin and their conver
sion and rate of conversion to the 32 kDa form of inhibin. 

For our present discussion we will follow only the 32 kDa foim of inhibin in Fraction 
D from the Sephacryl S-200 column. We have found that this fraction chromatographs 
much better at the HPLC stage if we employ a Sephadex G-75 chromatography developed 
with 4 M acetic acid, as illhstrated in Figure 1.Also, since the HPLC resolves the activin 
from inhibin very poorly we have found that a chromatographic step adapted from 
Miyamoto etal.2' is useful, because their DEAE-Sepharose CL 6B provides a good separa
tion of activin and inhibin activity. We insert this step as indicated in Figure 1. 

Fraction B from the DEAE-Sepharose chromatography can be taken directly to a reverse 
phase chromatography with a 0.1% trifluoroacetic acid development via a gradient to 
acidified acctonitrile. However, the adjacent impurities overlap the inhibin peak the first 
time through the column and it is necessary to rechromatograph the inhibin at least once 
to get a homogeneous preparation. This is a costly procedure in terms of final product, 
and we are working on means of improving the product to load to the HPLC by an affinity 
chromatographic step, such as the lentil lectin column to be discussed below, or an im
munoaffinity step. These latter steps are still under development. 

The Sephacryl S-200 step has now been scaled up to a 25 x 100 cm. column operation 
to provide a chromatography pattern as in Figure 2. The fractions are now collected in 
large flasks, based on this pattern, and concentrated to small volume on a Minitan filter 
system. Fraction D contains the 32 kDa inhibin activity, which is processed on a Sephadex
G-75 column. For this chromatography we use 500 mg fraction D, dissolved in 30 ml of 
25% acetic acid, and applied to a 5 x 150 cm. column developed with the same solvent. 

"The details of the pituitary cell culture assay we use and the reference preparation on which 
we base our units of inhibin have been described previously. 
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Figure 2. Chromatographic pattern obtained with Sepharose S-200 chromatography of
 
the EP product (35 g) in 0.126 M NH4HCO, on a 25 x 100 cm. column, 4°C. Fraction
 
Bcontains high molecular weight forms of inhibin, Fraction C the intermediate molecular
 
weight inhibin forms. The C' Fraction is collected as an overlap area between the in
termediate and 32 kDa form. Fraction Dcontains the bulk of the 32 kDa inhibin.
 

Inactive fractions A and B, followed by the inhibin activity as shown in the fraction C, 
stippled area, Figure 3, are obtained. The inhibin fraction from the Sephadex G-75 col
umn treatment isthen applied to the DEAE-Sephacryl column. The column is developed 
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as indicated in Figure 4. The inhibin is eluted in peak B, the activin in peak D. The in
dicated fractions are collected and worked up separately by (membrane concentration not 
performed), dialysis, and lyophilization. The fractions are then examined by reverse phase 
HPLC. 

0.70 

0.60 

0.50 

0.40 
0 
Go 0.30 

0.20 

0.10 

0.00 t-, 
0 50 100 150 200 

FRACTION NO. 

Figure 3. Sephadex G-75 chromatography of 500 mg Fraction D, on a 5 x 150 cm column 
developed with 25% acetic acid. The inhibin is in Fraction C, stippled area. 

The HPLC chromatogram obtained with the inhibin-rich fraction B from the DEAE-
Sephacryl chromatography provides a pattern as shown in Figure 5. The inhibin fraction 
is cut as indicated in the cross-hatched area. This fraction area is usually cut in two to three 
fractions (manual collection of the effluent), and the pattern of the SDS gels obtained is 
somewhat dictated by the reaction time of the collector. The indicated purity is about 50%. 
Rechromatoraphy will raise this to about 95% purity, but the losses on the 
rechromatography are of the order of 50% and higher, since cuts are made to remove im
purity as much as possible. With the gradient as indicated in Figure 5 the location of in
hibin in the 55-57 minute elution point and at about 39% soivent B is very reproducible. 
This is very near the location of activin under these chromatographic conditions, as may 
be seen in Figure 6. Actually, activin should be slightly in advance of the inhibin, but if 
they are on the same chromatographic run, the inhibin will usually obscure the activin 
response in the assay of the column fractions. 

Figure 7 summarizes the assay data for the first-pass HPLC fractions of inhibin (split 
peak) or activin (Figures 5 and 6, respectively.) The reference standard we routinely employ 
is also represented, but we have no reference prep for activin. 
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Figure 4. DEAE-Sepharose CL6B chromatograph pattern with 160 mg of the Sephadex
 
G-75 Fraction C, applied in 3 ml ofthe initial development buffer, 0.013 M-Tris.HCI, 0.005%
 
CHAPS, 8 M urea, pH 7.5. Agradient, 0-0.2 M-NaCI, was applied as indicated.
 

75
 

/ 
I %II 

I€
 

- I 

- -- '15 

20 40 60 80 
Time (Mina.) 

Figure 5. HPLC of Fraction B,Figure 4, on a reverse phase (C-18) Vydac column (1x 
25 cm), 33 mg in 0.95 ml 0.1% TFA. Column development: 10 minutes isocratic 0.1% 
TFA/H 20 (Solvent A), 10% solvent B (0.1% TFA in acetonitrile); 60 minutes linear gra
dient to 50% B; 10 minutes gradient to 75% B; 10min gradientto 10% B.The inhibin frac
tion, crosshatched, contained 2.0 mg of inhibin of approximately 50% purity. 

6 
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Figure 6. HPLC of Fraction D,Figure 4, 36 mg. Chromatographic conditions as for Figure
5.The activin fraction, crosshatched, contained 1.3 mg of partially purified activin. The 
degree of purity has not been established. 

4 0-0 163-10 
S1200- 0 163-110 120 - 159- 13 

U A- A 159-14 
- 100 0 --G75C 

o -100 v- vS200D 
SHSN-STD 
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in 40 

M 20 

2 0 

0.1 1.0 10.0 100.0 1000.0 1.0E4 1.0E5 

LOG DOSE (ng/ml) 

Figure 7. Summary of the pituitary cell culture assays on the fractions from the Sephacryl
S-200 inhibin (S200-D), the Sephadex G-75 (G-75C), the leading edge (159-13) and trail
ing edge (159-14) from the inhibin fraction in Figure 5.The activin fraction from Figure
6, was assayed as a forward (163-10) and trailing (163-11) portion of the peak. 
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For many studies the inhibin at the first-pass HPLC stage of purification (i.e. approx
imately 50% pure) has been used, as we will d.monstrate below. This is a concession to 
the losses we take at rechromatography ofthe first-pass HPLC inhibin fraction. These losses 
are of the order of 50%, )Idus the additional requirements for the analytical characteriza
tion and assay. After rechromatography on HPLC, our best preparations have an ID50 in 
the pituitary cell culture assay of 0.6 ng/ml, or better than 9000-fold purification over the 
starting follicular fluid. The first-pass HPLC inhibin fractions usually have an ID50 in the 
1.2 	to 2.5 ng/ml potency range. 

After rechromatography the SDS-PAGE gel appears as in Figure 8, which shows on the 
left two lanes the trailing edge cut and on the right the leading edge cut from the re-run 
inhibin peak, each applied to the gel at two levels, here run under reducing conditions. 
The earlier eluting part of the inhibin peak was slightly the better of the two ii this collec
tion. Note the almost doublet appearance of the a subunit at the 20 kDa level and the lighter 
staining of the 3subunit at about the 14 kDa level (here stained with Coomassie Blue). 

~mm66 

45 

- 29 
-24 

20 

1w 2IM 14 

Figure 8. SDS-PAGE electrophoresis pattern (reducing conditions) from an HPLC 
rechromatographed fraction, with an ID50 of 0.6 ng/ml in the pituitary cell culture assay. 
Sample 1 represents 50 and 25 ug of the leading portion of the peak, and sample 2 the 
same for last half of the peak. The print has been overexposed to bring out the traces of 
impurities at 19, 17.5 and 13 kDa, most readily seen in Sample 1. The inhibin CI subunit 
is at 20 kDa, a heavily staining doublet, and the inhibin 0 subunit, a lighter staining doublet 
at approximately 14.5 kDa. Marker proteins were in the two right lanes. Coomassie Blue 
stain. 
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FRACTIONATION COMPARISONS 

We have tabulated some of the published reports on inhibin products obtained fr'm various 
purification procedures. In this table if w. have left a blank in any column it means the 
original paper did not present the data in a manner that would allow us to make the calcula
tion, or, in the case of the high molecular weight forms, these were noted but without com
ment on what quantities were obtained (Table I). Clearly, the highest overall yields have 
been reported by Miyamoto and colleaguesP3 Their procedures rely heavily on the use 
of high urea concentrations in most of their steps. High concentrations of acetic acid (4M 
to 16M) are used to dissolve and dissociate in the procedures of Robertson et al. ,25, 

26 Ling 
eta. ,'sand Gordon et al.,12 while Rivier et a. 

24 used 6M guanidine.lICi. 
The procedure of Ling et al.8 was unique in that it employed a reverse phase HPLC 

step using triethyl amine-phosphate ion pair development and this allowed them to iden
tify an inhibin-A and inhibin-B in their low molecular weight fraction and possibly 
follistatin,3 0 although the descriptive manuscripts on the isolation of follistatin are not 
available at the time of this writing. All the other procedures must either select for the 
inhibin-A form, isolate mixtures of the two, or else the inhibin-B is absent from follicular 

8
fluid of some species. Thus the isolation procedure devised by Ling et al.' was critical 
to the probes subsequently devised for the historic studies by Mason et al. 20 and the wealth 

21 2 7 of recombinant DNA information that has followed. , , 

CARBOHYDRATE ANALYSES 

There are several reports indicating that inhibin is a glycoprotein. For example, de Jong 
et al. 6 showed inhibin activity from follicular fluid was retained on a concanavalin A-
Sepharose column. Subsequently, Miyamoto et al.23 showed that their highly purified 

TABLE I
 
COMPARISON OF PURIFICATION PARAMETERS FOR INHIBIN
 

FROM OVARIAN FOLLICULAR FLUID
 

PARAMETER MIIYAMOTO 

(32 kD form) 
ROBERTSON LINS RIVIER OURS 

Steps 5 3 7 10 5 

i.d.50 
(ng) 

0.9 1-2 0.6 0.3 0.6 

Fold purifie
over pFFI 

d 
0,000 5500 - 10,000 9,900 

Yield/li ter 
pFFI 1.8 - 0.033 0.019 0.15 
(mg) 

High ool.
 
wt. forms
 
in good
 
yield Yes Yes 
 - - Yes 
(>32 kD) 
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preparations of porcine inhibin were completely bound to concanavalin A-Sepharose col
umns. Van Dijk et al.28 extended the binding studies with bovine inhibin to lentil lectin-
Sepharose columns, but observed poor recoveries. 

Lentil lectia has a specificity similar to concanavalin A, but by virtue of its lower affini
ty for mannose residues it is reported to be more selective.'' We have utilized this form 
of affinity chromatography with the inhibin fraction obtained from the Sephadex G-75 step.
This material was poorly soluble in the buffer required for this chromatography (see in
soluble fraction, Table 2). However, the soluble material chromatographed well and eluted 
sharply by a-methyl mannoside as shown in Figure 9. The purification achieved was about 
5-fold, so this is a useful step if we succeed in modifying the developing buffer to increase 
the solubility of this fraction. Note that all the soluble activity was retained, indicating
that there is no inhibin that lacks carbohydrate in this fraction. 

Using preparations of inhibin obtained at our first-pass HPLC purification stage (i.e.
about 50% purity) we have been able to study the carbohydrate composition of porcine
inhibin and to demonstrate that the carbohydrate is limited to the porcine inhibin a subunit. 

For our analysis ofthe neutral and amino sugars in inhibin we turned to the Dionex BioLC 
system with the pulsed amperometric detector. This unit allows the deiection of the neutral 
and amino sugars developed on an anion exchange column with 20 mM NaOH. The sugars 
are detected directly without post-column derivatization. The chromatographic pattern
obtained at the one nanomole level is shown in Figure 10. The operating range for our in
hibin samples has been from this range down to 100 picomoles. The analytical conditions 
employed are essentially those developed by Hardy et al.'5 For our sialic acid determina
tions we used a colorimetric method.1 

It was first essntial to show that any carbohydrate in the preparations was due io in
hibin and not glycosylated impurities. This was done by means of the periodate-Schiff reac
tion on SDS-gels of the samples, as shown in Figure 11. The only staining observed was 
on the ae subunit, here visible in the 20 kDa area of the gel, since the samples were run 
under reducing conditions. The periodate-Schiff rose-red stain was very obviously limited 
to the doublet band observed at the o subunit area, and as visualized or. subsequent stain
ing with Coomassie Blue staining, as shown on the right of the figure. This result indicates 

TABLE 2 
RECOVERY SUMMARY FROM LENTIL LECTIN EXPERIMENT 

Specitic Total Percent 

Fraction 
Height 
(mg) 

ID50 
(ng/ml) 

Activity 
(Units/mg) 

Activity 
(Units) 

Recovery 
(Activity) 

G-75C 43.4 mg 50 40 3906 100 
(Start) 

LL-A 22,.0 >1000 ...... 

LL-B 4.0 10 4I50 1800 46 

Insoluble 14.4 35 130 1872 48 
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Figure 9. Chromatography of 44 mg of the Sephadex G-75 Fraction C material on a I x
15 cm column of Lentil Lectin Sepharose. The inhibin activity was eluted in peak 2 with 
0.3 M-a methyl mannoside. For further details of the chromatography see Table 2, and 
text. 

I 4 

0 10 l5mU. 

Figure 10. Anion exchange chromatography of neutral and amino sugars on a BioLC 
chromatographic unit, using pulsed amperometric detection, 1nanomole of each of the
following sugars: l.fucose, 2.galactosamine, 3.glucosamine, 4.galactose, 5.glucose,
6.mannose. The column was developed at ambient temperature with 20 mmol NaOH, I 
ml/min. Column, Dionex HOIC-AS6. 
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Figure ll. SDS-PAGE gel electrophoresis patterns for the carbohydrate studies on inhibin. 
Lane 1,BRL marker proteins. Lane 2, semi-pure inhibin preparation, 60 ug (see text), 
stained with periodate-Schiff reagent. Lane 3, gel from lane 2 restained with Coomassie 
Blue. Lane 4, Sample run under non-reducing conditions, stained with Coomassie Blue. 
Electrophoresis was run under reducing conditions for all other samples. Note only the 
inhibin a subunit doublet, 20 kDa, showed a positive reaction with the periodate-Schiff 
reagent. Except for the inhibin 0 subunit, 14.5 kDa, the remaining bands represent im
purities in this first-pass HPLC inhibin preparation. InLane 4 the inhibin is the heavy
staining doublet band at 32 kDa. 

that all of the carbohydrate is on the a subunit. Since the cDNA-deduced sequence of por
cine inhibin 20 had one N-linked glycosylation site for the 32 kDa form, position 36 of the 
a subunit, and none for either 1 subunit, this indicates there are no O-linked glycosyla
tion sites on the fl subunits. That cannot be determined for the a subunit on the basis of 
these data, but it seems likely that the one available N-linked position is probably 
glycosylated. 

Knowing no carbohydrate was detectable on the impurities present in these samples, 
as measured by the periodate-Schiff reaction, we analyzed these preparations directly on 
the likely assumption that all the carbohydrate present was attributable to inhibin. The 
analytical values obtained for two such preparations are shown in Table 3,which contains 
the observed value and corrected value. The corrected value adjusts for the theoretical moles 
of inhibin in the sample on the basis of the specific activity of the preparation. 
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TABLE 3
 
CARBOHYDRATE ANALYSIS FOR INHIBIN
 

Sugar Nanomoles Nanomoles per
Component Per Sample anomole a of
 

(Observed) Inhibiln

Sample 1 Sample 2 Sample I Sample 2
 

Fucose 
 0.139 1 0.006 0.158 ± 0.004 0.57 1.02
 
Galactosamlne 0.120 ± 0.024 0.109 ± 0.011 
 0.49 0.70

Glucosamine 0.606 ± 0.045 0.579 
± 0.012 
 2.48 3.72
 
Galactose 0.554 ± 0.064 0.515 ± 0.035 
 2.27 3.31
 
Glucose 0.553 
± 0.045 
 0.899 ± 0.064 2.26 5.78
 
Mannose 0.421 ± 0.049 0.495 ± 0.043 
 1.72 3.18
 
Sialic Acid 
 N.D. (0.417 to N.D.
0 .4 2 4 )b 2.70
 
aThese values been
have corrected for the non-glycosylated impurities
 
present. The correction is based 
on a specific activity of 2200

(Sample 1) 
ann 1400 (Sample 2), assuming pure inhibin has a specific

activity of 9000 in our assay system.
 

bColorimetric method1
 , duplicate determination.
 

N.D. - Not determined.
 

The values obtained (Table 3) are suggestive of typical N-linked carbohydrate values
with the surprising exception of the glucose present. We also examined a third prepara
tion, which also qualitatively had glucose present, but the sample was too small to establish 
reliable ratios among the sugars. Thus, in three separate preparations we have observed 
glucose inthe carbohydrate composition ofporcine inhibin, suggesting itisa routine com
ponent of the carbohydrate in the product isolated from follicular fluid. At this stage we
recognize the caveat that this must be further substantiated with more highly purified
preparations of inhibin, and such studies are underway. Nonetheless, this has prompted
speculation that the carbohydrate on inhibin may in some way be unique. High glucose
is found in the commonly observed glycosylation via the dolichol phosphate pathway, at 
the so-called high mannose stage inthe ER, but this is trimmed in processing via the Golgi
apparatus to the so-called complex carbohydrate form, at which stage the fucose and sialic 
acid is added. So the mixed forms here observed suggest possible early and late stages
in the "conventional" glycoprotein biosynthesis. Perhaps the inhibin in the follicular fluid 
is a mixture of material released prematurely from the ER, and more mature forms of the 
glycoprotein. Further study will be required to determine this. Except for the glucose,
however, the observed ratios in Table 3are close to the mature complex form, not the high 
mannose form. 

We have initiated studies on the deglycosylation of inhibin to learn whether this is an 
essential element for inhibin action. 

DISULFIDE STUDIES 

We tried one more reaction with the first-pass HPLC inhibin product, and that was direct 
-SH alkylation, or reduction and alkylation studies. There has been no evidence that in
hibin had a free -SH group, but our first study was a control on the second. We tried alkyla
tion with 14C-labeled iodoacetic acid on the inhibin without reduction. The product showed 
no label incorporated as studied by radioautography after SDS-gel electrophoresis (non
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reducing conditions). From that we conclude that all the half-cystines in inhibin are in
volved in -S-S- bond formation. We can also conclude that none of the impurities in these 
preparations have free -SH groups, either. When we did the experiment with a reduction 
ofdisulfide bonds by a 10-fold excess ofdithiothreitol, the incorporation was as expected, 
as shown in Figure 12, with heavy labeling of both the 20 kDa and 14 kDa forms of the 
subunits. It is also very clear that almost all the impurities in this fraction had cystine 
disulfide bonds that were labeled. The only thing we can really learn from this is that the 
half-cystine placements in inhibin will be very demanding of the purification procedure 
in order to provide sufficient purified inhibin to conduct the studies. Thus, we should con
tinue to improve the efficiency ofthe overall purification procedure in order to characterize 
native inhibin more extensively. 

200 
97.5 - " 

68 

45 
*0
 

I-I
 

2 25.7 

18.4 

14.4 -I 

1 2 3 

Figure 12. SDS-PAGE electrophoresis pattern from the reduction and alkylation ofa first
pass HPLC inhibin fraction. Lane 1,molecular weight markers; Lane 2, radioautograph 
from 78 ug of reduced and alkylated (14C-iodoacetate); Lane 3, same as lane 2, but with 
Coomassie stain. The xand fl subunits are heavily alkylated, as are most of the impurities 
in this fraction. 
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DISCUSSION 

CHAIRPERSON: VIRGINIA C. UPTON, Ph.D. 

DR. HOFFMAN: Have there been any attempts to try to take the high molecular weight 
forms and manipulate those to increase the yield at alower molecular weight (e.g. 32 kDa) 
form? 

DR. WARD: We are just beginning studies on these higher molecular weight forms 
ourselves. I believe that Dr. Miyamoto has done much more with the higher molecular 
weight forms than any other group. I think that your suggestion ispractical, but condi
tions for doing that have not been established, to my knowledge. It also isnot known how 
the large forms are glycosylated, etc. 
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I would like to mention one thing concerning the glucose in inhibin, which isquite an 
unusual finding as the glycoproteins go. Referring to the HPLC run we did on inhibin, 
as an additional control for whether or not the glucose obtained was an artifact from some 
of the fractionation procedures, we established that another glycoprotein fraction, the ac
tivity of which is not yet known, comes off a few minutes ahead of the inhibin. This is 
a glycoprotein that has undergone all of the same fractionation procedures as inhibin itself. 
It had all ofthe sugars in that analysis, but lacked glucose. So, other glycopeptides in this 
same batch, or fractionation, so to speak, did not contain glucose. We believe this sug
gests that the glucose is an interesting component of the carbohydrate in inhibin. 

DR. SHETH: Are you mostly using the pituitary cell culture system to assay your prepara
tion? Can you give us some information on the assay? 

DR. WARD: Yes. We have published our studies on the assay. We actually developed 
this assay while Cornelia Channing was working with us on her sabbatical. The assay is 
used to monitor inhibin purification. It is quite selective for FSH response to inhibin 
preparations. Our culture conditions include insulin, estradiol and progesterone in the assay

medium. Therefore, you have elevated levels of FSH and LH to work with. We do not see
 
any effect of the inhibin preparations on LH levels, which remain constant.
 

DR. MASON: What did you learn about the disulfide linkages in the studies you men
tioned but did not have time to present?
 

DR. WARD: We have tried alkylation studies using [14C1 iodoacetic acid. As a con
trol. in our studies we did direct alkylation without reduction, and we found no iodoacetate 
incorporation as measured by radioautography. That isnot surprising as I did not previously
think there was any evidence for free -SH groups in inhibin. But we now have direct evidence 
that this is the case. We then went ahead to do dithiothreitol reductions and incorporation 
into the alpha and beta subunits, and we got the expected incorporation. 

The main conclusion that I think we can draw from our disulfide study is that it isgoing 
to take a large quantity of the native inhibin in order to do these characterization studies. 
Therefore, one of the conclusions in my chapter is that we should continue to develop more 
efficient purification procedures in order to do these native characterizations. 

DR. RAJ: I did not notice if you mentioned in vivo testing. Have you given yourprepara
tion, at any stage of purification, to rats, mice, or any other animals? If so, have you observed 
FSH reduction with or without any LH reduction? 

DR. WARD: Yes, we have. Some of our earlier studies were in collaboration with Nina 
Schwartz. We used her assay to monitor many early stage fractions, but not yet for the final 
stage purification. 

DR. SHETH: What are the relative proportions of activin and inhibin in your preparation? 

DR. WARD: That is a difficult question to answer. We use as a reference material the 
same crude follicular fluid preparation that we have used as our lab standard for many years. 
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However, as you know, inhibin suppresses the activin action, and so you do not see ac
tivin in this early stage of preparation. Until you separate them, you cannot detect activin. 
So. in terms of proportions, I could not give you a r.amber. 

DR. UPTON: First, I would like to know if you use apreservative in your columns'? Se
cond. how long did it take, a week or so, to run those columns to obtain the large quan
tities you reported'? 

DR. WARD: Actually, it does not take qujite that long. But these are big columns, so 
'ou can generate big volumes in a hurry. These columns are all run in the cold room for 

the Sephacryl studies and the G-75. We do not routinely use any preservative at all. The 
columns are maintained in the cold, and the recoveries of inhibin activity are very good 
through all the stages except thc last stage, HPLC. Ofcourse, many of the solvents we are 
using are rather obnoxious tbr bacteria, etcetera, to grow. Thus, there is a sort of non
deliberate built-in preservative. 

DR. POMERANTZ: I wonder if you would talk amoment about the Dionex column you 
are using fior directly observing the carbohydrates. 

DR. WARD: The column is called Dionex BioLC. It is an anion-exchange colunmn. 
You develop it with 20mM sodium hydroxide. You have to have the Dionex hardware so 
that everything does not get corroded in that analysis. NaOH is very corrosive. Actually, 
at such a high pH you are ionizing the hydroxyls on your sugars and chromatographing 
on that basis. The real beauty of the Dionex system is its pulse amperometric detection 
system. 

DR. MANBERG: I was wondering if you could comment on the source of the follicular 
fluid that you use in large volumes. Also, have you seen any variability with new supplies? 

DR. WARD: There is some variability, even sometimes in terms of color. Some of it 
is more greenish looking; some is more amber. All of our material is obtained through 
the courtesy of Dr. Bialy's collection program at NICHD, and we do fully acknowledge 
this great source of support that has been available through NICHD. 
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Structure and Recombinant Expression of
 
Human Inhibin and Activin
 

ANTHONYJ. MASON 

The development and maintenance of mammalian reproduction is due to the interplay of 
many hormones originating from the hypothalamic-pituitary-gonadal axis. The central 
players in this complex system are the pituitary gonadotropins, LH and FSH. The syn
thesis and release ofboth of these hormones iscontrolled by acombination of hypothalamic 
and gonadal factors. The recent characterization of two gonadal peptide hormones, ac
tivin and inhibin, which regulate the release of FSH has added a new dimension to the 
complexity of this system. 

Recently four independent laboratories have isolated and partially characterized two 
forms of porcine7', 12 , 17 and one form of bovine follicular fluid inhibin.16 The two forms 
of the inhibin molecule have been shown to be 32 kilodalton (kDa) proteins comprised 
of acomnion 18 kDa a subunit disulphide-linked to different 14 kDa 0 subunits (OA and 
0B). In contrast, the two forms of activin that have been isolated consist of a disulphide 
linked homodimer of the OA subunit of inhibin'" and a disulphide linked heterodimer of 
the 3A and fB subunits of inhibin.8 

STRUCTURE OF HUMAN INHIBIN 
Once preliminary sequence information was obtained from the three porcine inhibin 
subunits7 oligonucleotide nucleotide probes were employed to isolate cDNA ciones for 
the a, iA, and fB subunits from a porcine ovarian cDNA library. Upon sequencing, the 
detailed structure of each of the subunit precursors w iselucidated? Similarly, the full length 
structure of the bovine a subunit and apartial structure of the 0A subunit were determined.6 

In order to determine the structure of the human inhibin subunits, porcine eDNA 
fragments were used to screen a human ovarian cDNA library for homologous sequences.
Clones which hybridized at high stringency with the porcine probes were analyzed in more 
detail. By piecing together sequences from a variety ofcDNA clones we were able to predict
for the first time the complete amino sequences of the a (366 amino acids), 3A (426 amino 
acids) and fB (407 amino acids) precursors of human inhibin.10 The DNA sequences and 
predicted amino acid sequences are shown in Figures 1-3. All of these sequences have been 
confirmed by the sequence analysis of human genomic clones (unpublished data). 

Each of the mature human subunits resides at the C-terminus of a much larger precur
sor. Presumably the subunits are released by proteolytic processing at the basic residues 
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1 10 
Net V41 LOu HIs Lou LAu Lau Ph* Lou LAu Lou Thr Pro Gin Gly101 MGGTGTGAGTTCCCCACTAGCAGCrCCAGGTGGCT ATG GIG CTG CMC CTA CTG CTC TIC TTG CTG CTG ACC CCA CAG GGT 

. 20 30 40Gly His Ser Cys Gin Gly LAu Glu Lau Ala Arg Glu Lou Val Lau Ala Lys Val Ar; Ala Lu Phe Lou Asp Al.1113 GGG CAC AGC TGC CAG GGG CTG GAGCTG GCC CGG GAA CTT GTT CTG GC AG GIG AGG GCC CTG TTC TTG GAT GCC 

50 
 60

Lou Gly Pro Pro Ala Val Thr Arg Glu Gly Gly Asp Pro Gly Val Arg Arg Lu Pro Ar; pkrq His Ala Lou Gly258 TTG GGG CCC CCC GCG GIG ACC AGG CAA GGT GC; GAC CCT GGA GTC AGO CGG CTG CCC CGA AGA CAT GCC CTG GGG 

10 80 90

Gly Ph. Thr His Arg Gly Sor Glu Pro Glu Glu Glu Glu Asp Val Ser Gin Ala Ile Lu Phe Pro Ala Thr Asp333 GGC TTC ACA CAC AGG GGC TCT GAG CCC GAG GAA GAG GAG CAT GTC TCC CAA GCC ATC CTT TIC CCA GCC ACA GAT 

100

Al. S r iCy.jGlu Asp Lys Ser Al Ala Arq Gly Lou Ala Gin 

110 
Glu Ala Glu Glu Gly Lou Phe Ar; Tyr Met Phe408 GCC AGCCTGTJGAG GAC A TCA GCT GCC AA GGG CTG GCC CAG GAG GC GAG GAG GGC CTC TIC AGA TAC ATG TIC 

120 
 130 
 140
Ar; Pro Ser Gin His Thr Ar; Ser Arg Gin Val Thr Ser Ala Gin Lou Trp Ph. His Thr Gly Lou Asp Arg Gin483 CGG CCA TCC CAG CAT ACA CGC AGC CGC CAG GIG ACT ICA GCC CAG CTG TGG TIC CAC ACC GGG CT:- GAC AGG CAG 

I150 
 160
Gly Thr Ala Ala Ser Asn Ser Ser Glu Pro Lou Lou Gly Lou Leu Ala Lou Ser Pro Gly Gly Pro Val Ala Val558 GGC ACA GCA GCC ICC AAT AC TCT GAG CCC CTG CIA GGC CTG CTG GCA CTG ICA CCG GGA GGA CCC GIG CCT GTG 

170 
 180 
 190
Pro Hot Ser Lou Gly His Ala Pro Pro His Trp Ala Val Lou His Lou Ala Thr $erAla Lou Sor Lou Lou Thr633 CCC ATG ICI TCTGGGC CAT CCT CCC CCT CAC TG CC GTG CTG CAC CTG GCC ACC TCT GCT CTC TCT CTG CTG ACC 

.29-210
 
His Pro Val Lou Val Lou Lau Lou Arg Pro LurCys Thr CSer Ala Ar; Pro Glu Ala Thr Pro Phe Lou
708 CAC CCC GTC CTG GTG CTC CTG CTG CGC[L.JCCC CTCTGTACC TGCTCA GCC CGG CCT GAG GCC ACG CCC TTC CTG
 

220 230 aa subunit 240Val Ala HIs Thr Ar; Thr Ar; Pro Pro Ser Gly Gly Glu Ar; Ala Ar; Ar; Sr Thr Pro Lou Net Ser Trp Pro783 GTG GCC CAC ACT CGG ACC AGA CCA CCC AGT GGA GGG GAG AGA GCC CGA CGC TCA ACT CCC CTG ATG TCC 7GG CCT 

260
Trp Ser Pro Sr Ala Lou Arg Lou Lou 
250 
Gin Ar; Pro Pro Glu Glu Pro Ala Ala His Ala Asn- His Ar; Val858 ICG TCT CCCTT GCTCTGCGCCTGCTGCAGAGOCCTCCGGM C ACCGGCTGCCCATGCC AClT JICACGTA 

Ala Lou Asn l1 Ser Phe Gin Glu LAv Gly Trp Glu Ar; Trp 
280 290
 
l1. Val Tyr Pro Pro Ser Phe 1e Ph. His Tyr
933 GCACIC AACATCTCCTIC CM GMG CIG CCC IC GAACCCICC ATCGIG TACCCTCCC MT TIC ATCTIC CACTM 

300 [ I 310 
CyslHi. Gly Gly FC Gly Lou HIs Il. Pro Pro Aso Lou Ser Lou7 Pro Val Pro Gly Ala Pro Pro Thr Pro Ala
1008 LTCAT GGT GGTITGTGGG CTG CAC AIC CCA CCA AAC CTG TCC CTT CCA GTC CCT GGG GCT CCC CCT ACC CCA GCC 

320 
 . . 330 340
Gin Pro Tyr Ser Lou Lu Pro Gly As C! ,1ro [C7yy7.jAla Ala Lou Pro Gly Thr Met Ar; Pro Leu His Val
1083 CAG CCC TAC TCC TTG CTG CCA GG GCC CAG :CC 
 TGTTGCT GCCTCTC CCA GGG ACC ATG MG CCC CIA CAT GTC 

3.1V 

Ar; Thr Thr Ser Asp Gly Gly Tyr Sr Ph* Lys Tyr Glu 

360 
Thr Val Pro Asn Lou Lou Thr Gin His[C s Ala.Cy
1158 CGC ACC ACC TCG GAT GGA GGT TA IC 
 T'TC AAG TAT GAG ACA GTG CCC AAC CTT CTC ACC CAG CACTGTJGCTTLGTJ 

366
 
le 0C.


1233 ATCTAA CGGTGGGGGGTCTTCCTTAACCTGGC GGTGGCCACGCCCCCACCTCATCACTGGGAGGAAAr
CAGAGTTGGGAAATAGATG 

1330 GCTCCCACTCCTCCCCCITTCACTTCTCTGCCTATGGGCTACCCTCCCCACCCCACTTCTATCIAATAAAGAACACAGTGCATATGMM 

1430 AA
 

Figure 1. DNA sequence and deduced amino acid sequence of the a-chain precursor of 
human inhibin. Potential glycosylation sites are overlined. The likely signal sequence 
cleavage site is indicated by an arrow. This sequence was derived from both cDNA and 
genomic clones. 

which precede the NH 2-terminal residues of each subunit. The a-subunit precursor con
tains three possible N-linked glycosylation sites of which two are present in the mature 
sequence. Both 3precursors have only one N-linked glycosylation, each of which resides 
in the prohormone domain. The seven cysteine residues present in the mature a sequence 
can be aligned with 7 of the 9 cysteines present in each cf the mature i subunit sequences. 
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This suggests that these three are evolutionary related. In addition, we noted that the OA 
and OB sequences share approximately 70% homology and also have a significant degree
of structural and primary sequence homology with human transforming growth factor-

I TGC CCTCCAGCCACA)CCTACAGCACTG"TGC7TTCA7CM CCICCMACTTCMAAC, TTmGTTCTTGTTCCAGATT 

201 TGC ,AAGJGGAAA&CACCA*A A) UA TAAAAAAATCCACACACAC AJUUCCTG=CTGAGG GG,GAJ CGG C 

1 10 
Net Pro Lou Lau Trp Lou Aug Gly Ph@ Lau Lou Ala Ser Cys Trp

201 JrTAAJLUGGCAATCACAACAJCTTTTGCTGCCAGGATG CCC TTG CTT TGG CTG AGA GGA TT CTG TTG GCA ACT TGC TGG 

20$t 3 40
lie Ile Val Arg Ser Ser Pro Thr Pro Gly Bar Glu dly His Sor Ala Ala Pro Asp rI7y.Pro .arCYAil LOU282 ATT ATA GTG AGG AGT TCC CCC ACC CCA GGA TCC GAG GGGCAC MC GCG GCC CCC GACITj CCG TCC TGTjGCGCTG 

60Ala Ala Lou Pro Lys Asp Val Pro Asn 
50 
gar Gin Pro GlU NMt Val Giu Alt Val Lys Lys His Ile Lau Asn Net 357 CC GCC CTC -CA AMG GAT GTA CCC AC TCT CAG CCA GAG ATG GIG GAG GCC GTC AAG AAG CAC ATT TTA AAC ATG 

'0 0

Leu His Lou Lys Lys Arg Pro Asp Val Thr Gin Pro Val Pro Lys Ala Ala Lou Lou 

90 
Ann Ala Ile Arg Lys Lou432 CTG CAC TTG AAG AAG AGA CCC GAT GTC ACC CAG CCG GTA CCC AAG GCG GCG CTT CTG AC GCG ATC AGA AAG CTT 

100 
 110
His Val Gly Lys Val Gly Glu Ain Gly Tyr Vii Giu I1 Glu Asp Asp Ile Gly Arg Arg Ala Glu Nt Ain Gbu507 CAT GG GC AA GTC GGG GAGMC GGGTAT GG GAG ATA GAG GAT GAC ATT GGA AGG AGG GCA GAA ATG MAT GM 

120 
 130 
 140
Lou Nat Gbu Gin Thr Ser Glu Ii, Ile Thr Phs Ala Glu Ser Gly Thr Ala Arg Lys Thr Lou His Phe Glu Ile582 CTT ATG GAG CG ACC TCC CAC ATC A"C ACG TT GCC GAG ICA GCA ACA GCC AGG AAG ACG C CA TIC GAG ATT 

150 

Sr Lys Glu Gly Sar Asp LoU 

140 
Ser Val Val Glu Aug Ala Glu Val Trp Lou Phv Lou Lys Val Pro Lys Ala Asn657 TCC AMGGM GGC AGT GAC CCG TCA GTG GTG GAG CCT GCA GAA GTC GG CTC TIC C7A AM GTC CCC AG GCC AAC 

-170 
 180 

Aug Thr Aug Thr Lys Val Thr Ile Arg 

1906
Lou Phe Gin Gin Gin Lys His Pro Gin G y Ser Lou Asp Thr Gly Glu732 AGCAC GG ACC AAA GTC ACC ATC CCC CCC T1C CG CAG CA AAG CAC CCG CAG .GC AGC TTG GAC ACA ,GG GM 

200

Giu Ala Glu Glu Val Gly Lou Lys Gly Glu Arg Ser G Glu 

210 
Lou Lou LoU Ser Lys Val Val Asp Ala Arg Lys807 GAG GCC GAG GAA GTG GGC TTA AMCGGGGAG AG AGT GAM CTG TTG CTC IC? GAA AAA GA GTA GAC GCT CGG AAG 

220 
 230 
 240
Sar Thr Trp His Val Phe Pzo Val Ser Sr Sar 11. Gin Arg Lou Lou Asp Gin Gly Lys Ser Ser Lou Asp Val182 AGC ACC TGG CAT GTC TTC CCT GTC TCC AGC AGC ATC CAG CG TTG CTG GAC CAG GGC MG AGC TCC- CTG GAC GTI 

250 

Gin [Cyi GlSr 

260Aug 01. AlalClu .G(in Gly Ala Sr Lou Val Lou Leu Gly Lys Lys Lys Lys Lys Glu GU957 CGG ATT GCCJLTJfGAG CAG 7GCAG GAG AGT GGC CCC MC TIC GTT CTC CG GGC AG AG AMG AMG AA GAA G 

270 
 280 
 290
lu Gly Glu Gly Lys Lys Lys Gly Gly Gly Gu Gly Gly Ala Gly Ala Asp Giu Giu Lys Giu Gin Ser His Arg
1032 GAG GGG GAA GGGAAA AG AAG GGC GGA GGT GAA GOT GGG GCA GGA GCA GAT GAG GAA AM; GAG CG TCG CAC A"
 

300 3 1" subunitPro Phe Lou Mt Lou Gln Ala Arg Gin Ser Glu Asp His Pro His Arg Aug Au Arg Gly Lau GsuuCynAsp9
1107 CCT TTC CTC ATG CTG CAG GCC CGG CAG ICT GAA GAC CAC CCT CAT CGC CGG CGT CGG COG GGC 7TG GAGTGGAT 

320 7 
 330 
 340

Gly Lys Val Ash Iie.Fy Cy.Lys Lys Gin Pha Ph* Val Ser Phs Lys Asp le Gly Trp Ann Asp Trp hie lie
1182 GGC AM GTC ,AC ATCITG TT AJ AAA CAG TIC TIT GTC AGT TIC ,AG GAC ATC GGC TCG AAT GAC TGG ATC ATT 

.25. 
 360
Ala Pro Ser Gly Tyr His Ala Asn Tyr Glu Gly Glu Pro Ser His hl Ala Gly Thr Ser Gly Ser Ser
 1257 GCT CCC TCT L.GCTAT CAT GCC AC TAC 9 GAG GG GAG _JCCG AC CAT ATA GCA GGC ACG CC GG TCC TCA
 

370 
 380

lau Ser Phs His set Thr Val 1i1 As, His Tyr Aug Met Ag Gi His Ser Pro Phe Alt As, Lou Lys SerfI-ys


1332 CTG TCC TIC CAC TCA ACA GTC ATC AAC CAC TAC CGC ATC CCG GGC CAT GC CCC TT 
 CCC AA.C CTC Am TCGCGj 

Cy. 400 410Val Pro Thz Lys Lou Aug Pro Net ar Het Lou Tyr Tyr Asp Asp Gly Gin Asn ie hie Lys Lys Asp 11,1407[TGT GTG CCC ACC A G CTG AGA CCC ATG TCC ATG TG TAC TAT GAT GAT CT CAA AAC ATC ATC AA AG GAC ATT 

420 -426
 
Gin As, list Ile Va1lG Glu MCysGlyfCys Or AM

1482 CAG AMC ATG ATC GTG GAG GAGITTGGGL.C TICATAG AGTTGCCCAGCCCAGGGGGAAGGGAGCMPaGTTGTCCAGGAAGACAGTG 

1570 GCAA, TGAAGAUTTT TAAGGTTTCGAG TTACC ~kATWAjTTAMJ kU.CA, 

Figure 2. DNA and amino acid sequence of the fA-chain precursor of human inhibin. 
Potential N-linked glycosylation sites are overlined; and the most likely signal sequence 
cleavage site is indicated by an arrow. The DNA sequence was derived from cDNA and 
genomic clones. 
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fl9. Since our initial observation of this related gene family, a diverse range of functions 
have been vdded to the transforming growth factor family-. These include Mullerian
inhibiting sjbstancel, two new forms ofTGF-flI a Drosophila pattern formation gene pro
duct decapentaplegic (DPP), and a Xenopus egg differentiation factor Vgl.19 All of these 
proteins display conservation of the cysteine residue array at the C-terminus of their 
precursors. 

The primary structure of the inhibin subunits has been determined for human, bovine, 
porcine, and rat.4 , 6 , 9 , 0' Comparison of these sequences shows that the a subunit is ap

1 10 
Net Asp Gly Lau Pro Gly Arg Ala Lou Gly Ala Ala

1 CTCCGACGGC. CTCGCGGCGGCGCCCCCCCCCAGCSCCACC ATC GAC GG CC CCC GGT CGG GCG CG GGG GCC GCC 

20 t 30 
CY,9 Leu Lmu Lou Lou Ala Ala Sly Trp Lou Gly Pro Glu Ala Trp Gly gar Pro Thr Pro Pro Pro Thr Pro Ala 

87 TGC CTT CTC CI GCC GCC GCC GG CTG GGG CCT GM GCC TGG GGC TCA CCC ACG CCC CCG CCG ACG CC? GCC 

40 50 60 
Ala Pro Pro Pro Pro Pro Pro Pro Gly Ser Pro Gly Gly Ur Gin Asp ThrrI1 Thr Ser Cys Sly Gly Ph. Arg 

162 GCCGCCCG CCG CCA CCC CCG CCA CCC GGA 'CC CCC GG? GC CC AC ACCL..ACG 7CG IGC GGC GGC TIC CGG 

70 so 
Arg Pro Clu Glu Lou Gly Arg Val Asp Gly Asp Ph. LOu GI,1 Ala Val Lys Arg His Ile Lou Ser Arg Lou Gin 

23? CGG CCA GAG GAG C7C GGC CGA GIG GAC GGC GAC TIC CTG SAC GCG GTG MG CGG CAC ATC TTI AGCCCC CG CAG 

90 100 110 
14o Arg Gly Ar; Pro n Tr His Ala Val Pro Lys Ala Ala Met Val Thr Ala Lou Arg Lys Lou His Ala 

312 ATG CGG GCC CGG CCC AAC ATC ACG CAC CCC C=C CCT AAG GCC GCC ATG GTC ACG GCCC CC JAGC CCC SAC GCG 

120 130 
Gly Lys Val Ar; Glu Asp Gly Arg V l Gu Ile Pro HIs Lou Asp Gly His Ala sar Pro Gly Ala Asp Gly Gin 

387 GGC AAG GG CGC GAG GAC GGC CGC GIG GAG ATC CCG CAC CTC GAC GGC CAC GC AGC CCG GGC GCC C GGC CAG 

140 190 160
 
Glu A Vol rSeGlu 1le Ile Ser phe Ala Glu Thr Asp Gly Lou Ala $or Ser Ar; Vs1 Ar; Lou lyr Phe Phe 

462 GAG CGC OTT TCC GAA ATC ATC 6CC TICCGCC GAG AA GAT GrC CTC GCC TCC TCC CGG GTC CGC CIA TAC TIC TITC 

170 10 
Ile Ser An Glu Gly Amn Gn Amn Lou Phe Val Val Gin Ala Sr Lou Trp Lou Tyr Lou Lys Lou Lou Pro ?yr

537 ATC ?CC AC GAA GGC AAC AN: CTG GG CTT TAC CCG AA CTC CIG CCC TMCCAG CTG TTT GG GTC CAG GCC A-C 

190 200 
 210
 
Val LOu Glu Lys Gly sor Ar; Ar; Lys Vol Ar; Vol Lys Vol Tyr Ph. Gln Giu Gin Gly His Gly Asp Arg Trp 

612 GTC CG GAG AAC GGC AGC CGG CGG AG GG CGG GTC AAA GG TAC TC CAG GAG CAG GC CAC GG? GAC AGG TGG 

220 230 
ken Net Val Glu Lye Arg Val Asp Lou Lys Ar; S Gly Trp His Thr Ph. Pro Lou Thr Glu Ala 11. Gin Ala 

627 AAC ATG GTG GAG AMG AGG G G GAC CCC AMC CGC AC GCC TGG CAT AC TIC CCA CTC ACC GAG GCC ATC CAG GCC 

240 260 260
 
Lou Ph. Glu Arg Gly Glu Ar; Arg Lou Ran Lau Asp Vl Gin Asp 3r Gin Glu Lou Ala Val Val Pro 

762 TG TTI GAG CCG GGC GAG CGG CGA CTC AMC CA GAC S T CM L..GJSGMJAMCITGCICAG GAG CTG CCC GTG GG CCG 

270 280
 
Val Ph. Vol Asp Pro Gly Glu Siu Ser His Ar Pro Ph. Vol Val Va1 Gin Ala Ar; Lou Sly Amp Ser Ar; His 

637 GTG TIC GIG GAC CA CGC GA GAG MCCAC CGG CCC "TI GG GTG GTG CAG GCT CGG CTG GGC GAC A AGG CAC 

290 t 300 --- 310 
Ar; Ile Arg Ly, r; Sly LE9 GluCyh Asp Gly Ar; Thr Amn Lu FysAq Gln Gin Phe Phe Ile Asp Phe 

912 CGC AT? COC AM; CGA GGC CG GAGM GAT GoC CGG ACC AMC CTCIGT TCGG CM CAG TIC TIC AT? GAC TC 

320 330 
Ar; Lou Ile Gly Trp ken Asp Trp Ile Ile Ala Pro Thr Gly Tyr Tyr Gly an Tyr ysGiu Gly s r rE 1Pro 

937 CGC CTC ATC GCC 7CC AMC GAC TGG ATC ATA GCA CCC ACC GC TAC TAC GGG TACLJSASM]JCCA CCCAC TCC 

340 350 
 360 
Ala Tyr Lou Ala Gly Val Pro Gly Ser Ala hor Ser Ph His Thr Ala Vol Val Ann Gln ityr Ar Het Arg Gly

1062 GCC TAC CCC CCA GGG SIC CCC GGC TCC GCC 7CC TCC TTC CAC ACG GCT GTG GG AAC CAG TAC CGC ATS CGG GGT 

370 38J
 
Lou Ann Pro Gly Thr Val Aa. Ser [sSCYSI II. Pro Thr Lys Lou Ser Thr Met Set l Lou Tyr Phe Asp Asp

1137 C G A CCC GGC ACG GTG AAC TCC [... J ATI CCC ACC AAG CTG AGC ACC ATG TCC ATS CTG TM TIC GAT GAT 

390 400 - 407 
Glu Tyr Asn Ile Val Lys Arq Asp Vol Pro An Met Ile Vl Glu Gu lGy Alaop 

1212 GAG TC MAC ATC SIC JG CGG GAC GIG CCC MAC AG AT GTG GAG GAGT _JGGCIGcCC TGA CAGGCAGGCAGGG 

1290 SCMCGGTGGGCACGGAGCAGTCCCGGG GCGCTCTCCAGCCCCCGCGAACGGGCACGGGGCTGAGTACTCATTC TGCTT CT 

Figure 3. DNA sequence and amino acid sequence of the OB chain precursor of human 
inhibin. Symbols are as outlined in Figure I legend. This sequence was deduced by se
quencing cDNA and genomic clones. 
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proximately 80% conserved while the 3 subunit sequences are almost completely con
served (> 95 %homology). This high degree of conservation suggests that the biological
functions of these molecules are highly dependent on their primary structure. The recent 
observation that the flA activin molecule isan erythroid differentiation factor5 suggests
that members of the inhibin family may be involved in many diverse biological functions. 

We determined the structure of each of the inhibin subunit genes. Each gene iscom
prised of only two exons separated by a 2.1 kb intron for the a gene, a 10 kb intron for 
the 3A gene and a 2.8 kb intron inthe case of the 3B gene. Similar results nave been reported
by Stewart et al.17 The human a gene is located on the distal portion of the long arm of 
chromosome 2, the 3A gene is on chromosome 7 while the I3B is situated near the cen
tromere on the short arm of chromosome 2 (D.Barton and U. Francke, unpublished obser
vations). 

RECOMBINANT EXPRESSION OF INHIBIN AND ACTIVIN 

By using the cloned cDNAs for the inhibin precursors we attempted to synthesize biological
ly active inhibin and activin in mammalian tissue culture cells. Our initial experiments
with Chinese Hamster ovary cells (CHO) and SV40 expression vectors demonstrated that 
such a system could produce biologically active inhibin and activin. Thus CHO cells, 
transfected with an expression plasmid containing both the a and 3A subunit sequences
under their own SV40 promoters, secreted biologically active inhibin. Similarly, CHO 
cells, transfected with an SV40-O3A construct, secreted f3A dimers which were biological
ly active in the in vitro pituitary assay.2 Activin and inhibin proved to be extremely dif
ficult to purify from CHO supernatants due to aggregation and inefficient processing of 
the precursors by the CHO cells. 

In order to overcome these problems we screened a large number of cell types to find 
one that would more efficiently process the inhibin precursor. The following studies were 
performed with a mammalian kidney cell line3 which possessed the ability to express the 
inhibin precursors at amuch higher level and could also more efficiently process and assem
ble the subunits. 

The existence of both the a and f3 subunit messages in the same cells in the ovary poses
the problem of how to regulate the production ofeither AB dimers or 3dimers. When one 
transfects tissue cells with an equal ratio of an asubunit expression vector and a OA subunit 
vector, approximately equimolar amounts of both activin and inhibin are secreted (see 
Fig. 4, Lane A). This is not due to individual cells taking up on the 3A subunit plasmid,
since when cells are transfected with a vector containing both subunits a similar result is 
observed. This suggested that in order to only obtain inhibin af3A dimers, the a subunit 
protein needs to be in excess as seen in gonadal tissue? In order to test this hypothesis we 
transfected cells with varying ratios of the a expression plasmid to a constant amount of 
the fA expression vector. In this way we were able to define the optimum ratio ofa subunit 
to fA subunit needed to produce only inhibin a(3A dimers. The secretior pattern of such 
an inhibin producing cell line (#1042) is shown in Lanes 3 and 7 of Figure 5. This cell line 
produces a large excess of free a subunit, at least 2 and maybe 3 isoforms of 30-32 kDa 
inhibin, 58 kDa inhibin and an - 100 kDa form of inhibin. Such isoforms of inhibin have 
been observed from both ovine and bovine sources.' 5 
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Figure 4. SDS-PAGE of the supernatants of mammalian kidney cells transiently transfected 
with: Lane 1,5 fg of a-subunit vector and 5 fg of f3A subunit vector; Lane 2, 5fg of f3A 
subunit vector; Lane 3, 5 fg of flA subunit vector and 5fg of flB subunit vector; Lane 4:, 
5 fg of flB subunit vector. 

Using the same cell line and expression vectors we are also able to produce large quan
tities of biologically active f3A activin. Figure 6 shows the secreted products from two in
dependent cell lines (#619,740) that are producing 24 kDa f3A dimers of activin (Lanes
1,2), which upon reduction split into 14.5 kDa monomers (lanes 3 and 4). The two ac
tivins that have been isolated from natural sources are the homodimer of the OA subunit 
and the heterodimer of the flA and OB subunits!, 11 The possibility exists that a homodimer 
of the flB subunit may also stimulate FSH secretion from pituitary cells. In order to in
vestigate this possibility we transfected cells with an expression vector containing the com
plete flB precursor sequence (see Fig. 3). These cells secreted a /3B dimer of 22 kDa 
in size (see Fig. 4, Lane 4), which displayed biological activity of similar potency to 



25 /Structure and Recombinant Expression of Human inhibin andActivin 

recombinant 3A activin. This for the first time shows that a 3B homodimer can also be 
classified as an activin. It remains to be seen whether such a molecule exists in vivo. 

When cells are transfected with an equimolar ratio of a OA and 3B expression vector, 
the three distinct activin molecules are produced. The homodimers of 3A and OB are pro
duced as well as the heterodimer, in a ratio of approximately 2:2:1. One of several 
possibilities for this result is that each subunit may possess a greater affinity for itself than 
for the non-identical monomer. 
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Figure 5.SDS-PAGE of the 35S-labelled supernatants of stable inhibin producing clones 
(#1042, 1022) and activin 3A producing clones (#740), run under reducing and non
reducing conditions. The molecular weights of the size markers are indicated. 
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Figure 6. SDS-PAGE under reducing and non-reducing conditions of 35S-labeled super
natants from two activin OA producing clones (#740 and #619). The size of the markers 
is as indicated. 
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DISCUSSION 

CHAIRPERSON: PAUL J. MANBERG, Ph.D. 

DR. CROWLEY: Do you have any idea how the body regulates the subunit ratio? Is it 
at the level of expression? 

DR. MASON: Ithink the studies done thus far suggest that FSH has a great effect on the 
expression of the a subunit and a small effect on the expression of the f3 subunit. 
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DR. CROWLEY- I appreciate the effort that has gone into the lovely work you describ
ed. I have gone through similar problems. Have you attempted to express the a ar.d/ 
subunits separately and then subsequently combined them? 

DR. MASON: No. 

DR. SAIRAM: From the outset, have you found the dimers of a in the natural fluid, or 
only in your expression experiments? And if so, what kind of activity is seen? 

DR. MASON: You may get a little bit of a subunit dimer formatio,. In our bioassay it 
has no activity, neither does it appear to act as an antagonist of either inhibin or activin. 

DR. MIYAMOTO: I have one comment on that question. We also produced cell lines that 
have initiated only a cDNA, and we found that only an a monomer is produced in that 
cell culture assay. It has inhibin activiiy by itself, but this is only a preliminary result. We 
Iu','e much more work to do. 

DR. WARD: I noticed that even your expression cells presented here were producing a 
sort ,f a doublet form of the a subunit, and you mentioned this was attributable to the car
bohydrate moiety. Have you studied the aspect of the carbohydrate in detail that is respon
sible for this? 

DR. MASON: We have changed the asparagine residues to glutamine residues, and found 
that the doublet is resolved into one I .-Ad. 

DR. SHETII: Iwould like to show two slides ofthe synthetic peptides. These are fragments 
of porcine -inhibin for which we have determined the structure. I would like to talk about 
this amino acid at the bottom. The next slide shows that, when assayed, we get a twofold 
FSH rise compared to about 20 or 30% obtained with activin. With some modification 
this peptide shows inhibin activity. 

DR. MASON: We and others get about a 100% rise in FSH levels with activin, not the 
20 to 30% rise that you just mentioned. I would like to ask Dr. Sheth what bioassay systems 
he used to measure the activin. 

DR. SHETH: We injected the inhibin preparation once daily for three days. Following 

the last injection, we bled the animals and the serum was assayed. 

DR. MASON: Does it work in any other assays? 

DR. SHETH: Yes, we try to work with in vitro as well as in vivo assays. We are checking 
the preparation also in mice and hamsters. 

DR. MASON: Have you used dispersed pituitary cells? 

DR. SHETH: We have not yet. 
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DR. MANBERG: Have you characterized the activin in in vivo models? 

DR. MASON: No. 

DR. BIALY" Ihave several questions regarding NIH. Have you been able to compare
the relative potencies of the natural and synthetic material? Secondly, what do you mean by
producing "substantial" amounts of materials? And, thirdly, the question you have been 
hoping for, when will it be available for distribution? 

DR. MASON: I will answer the second question first. "Substantial" means large. But 
we are talking about making greater than 10 mg, which isa significant amount. The relative
potencies are being compared in collaboration with people at the SALK Institute. The
ED-50 that we get with the synthetic material compares fairly well with the natural material. 
To answer your last question, we hope to have the activin available to give out to some 
people towards the end of February and the inhibin towards the end of March this year.
We would like to conduct some animal studies. This material will not be suitable for use 
inhuman studies because itwill not have gone through all the preclinical toxicology testing,
etc. that isrequired. Actually, we want to find out what itdoes in an animal before we go
to the trouble and expense of making material that is suitable for human studies. 

DR. MANBERG: Is this material properly glycosolated? Have you looked at any 
glycosolation? 

DR. MASON: We have not compared the synthetic with natural material. But itisdefinitely
glycosolated. We do not seem to get any material that is not glycosolated. 
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The granulosa cells of the ovary secrete into the follicular fluid many proteins which can 
modify the secretion of pituitary follicle stimulating hormone (FSH). Two such proteins, 
named inhibins A and B,which specifically inhibit the secretion of pituitary FSH, have 
recently been isolated from porcine' , 12,13 and bovine follicular fluid5 ,15 The inhibins are 
heterodimeric proteins of relative molecular mass (Mr) 32,000, composed of a common 
glycosylated a subunit of Mr 18,000 and one of two homologous, but distinct 3 subunits 
of Mr 14,000 (inhibin A 5a 3B and inhibin B 50I3 B). The common ae subunit can also 
exist in a larger molecular form of Mr 44,000 and in combination with the f3 subunit of 
inhibin A to form an inhibin of Mr 56,000.14 

Using partial amino acid sequence information, the messages encoding the a, 3A and 
(3B subunits of porcine inhibins were cloned from an ovwrian cDNA library'", as were the 
ct and 3A subunits of bovine inhibin. DNA sequence analyses showed that all of the subunits 
were initially synthesized as large precursor proteins with the mature subunits residing 
at the C-terminal portion of the precursors. Surprisingly, the two 3 subunits, besides be
ing homologous to each other, were found to be structurally related to a homodimeric pro
tein, transforming growth factor f3,, which has totally different biological activities. 
Moreover, in addition to the inhibins, two FSH-releasing proteins of apparent Mr 24,000, 
named activin A or FRP and activin AB, were also isolated from porcine follicular 
fluid.9, 0, 7 The former was characterized as a homodimer, comprised of two(f subunits 
of inhibin A (A( 3A) linked by disulfide bridge(s), while the latter isa heterodimer com
prised of the f3 subunits of inhibins A and B (j3Af3B). Thus, depending on the combina-

This research was supported by NICHD contract NOI-HD-6-2944, Program project grants HD-09690 and 
DK-18811 from the National Institutes ofHealth, and a grant from the Robert J. and Helen Kleberg C. Foundation. 
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tion of the gene products, molecules with totally different biological properties could be 
derived from a limited number of genes (Fig. 1). 

In our original work on the isolation of the two Mr 32,000 inhibins from porcine follicular 
fluid, we had noted a side fraction migrating at the beginning of the first reversed-phase 
high performance liquid chromatography (RP-HPLC) chromatogram, ahead of the ac
tivins and inhibins, which could also specifically suppress pituitary FSH secretion in the 
inhibin bioassay. The fractions containing this activity have now been purified to 
homogeneity to yield two glycosylated single-chain proteins of Mr 35,000 and 32,000, 
respectively. 6 The two proteins have similar amino acid compositions and identical N
terminal amino acid sequences, but structurally they are totally unrelated to the inhibins 
and were named follistatins (FS). In this paper, we present the purification and isolation 
of these two novel FSH release-inhibiting proteins from porcine follicular fluid, as well 
as the molecular cloning of their precursors. 

FSH suppressors 

a a B 

Inhibin A Inhibin B 

,A subunit precursor a subunit precursor Ba subuniI precursor -

BA0a0 

ActivinA ActivinAB Activin B? 

FSH releasers 

Figure 1.Multiple arrangement of gene products from the u, 0A and OB subunit precur
sors of inhibins A and Bthrough disulfide bridging to yield FSH releasers and suppressors. 
18K and 14K denote the Mr 18,000 and 44,000 mature ae subunits, respectively. The broken 
lines indicate a possible product which has not been isolated and characterized. 
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PURIFICATION AND ISOLATION OF FS 

The starting material fbr the purification of FS was aside fraction derived from the purifica
tion of the porcine ovarian inhibins and activins.8 -'0 Briefly, porcine follicular fluid was 
processed batchwise through heparin-Sepharose affinity chromatography and the adsorbed 
proteins eluted with I M NaCI (Fig. 2a). After dialysis in 30% acetic acid (v/v), the af
finity purified proteins were further size-fractionated on aSephacryl S-200 column in 30% 
acetic acid (Fig. 2b). The column fractions were monitored by an in vitro bioassay using
immature female rat anterior pituitary cells in monolayer culture.' Active fractions were 
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Figure 2. a)1-eparin-Sepharose affinity chromatography of porcine follicular fluid pro
teins, showing the profile of the 1 M NaCI/IO mM Tris * CI, pH-7, eluate from the col
umn. b)Sephacryl S-200 gel filtration in 30% acetic acid (v/v) of the inhibin and activin 
proteins recovered from the heparin-Sepharose column [solid bar in a)]. 
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identified by their ability to either inhib~t or increase the basal secretion of FSH, but not 
that of LH, into the culture medium in 48 hours. Fractions containing the Mr 32400 in
hibins and FSH-releasing activities from the column (fractions 35-43 in Fig. 2b) were pool
ed and lyophilized. The lyophilized material (-40 ng) was dissolved in 40 ml of 0.2 N 
acetic acid and filtered through a Millex-HA 0.45 fim filter (Millipore, Bedfbrd MA). The 
filtrate was applied directly to a 10 X 250 mm Vydac 5-1im C4 column (The Separation 
Group, Hesperia CA). After all the filtrate had been loaded, the ,:olumn was washed with 
the triethylammonium phosphate (Et3NHP) solvent system until the UV absorption reached 
baseline. The inhibins and activins were separated with a linear gradient of 27 to 36% 
acetonitrile in the Et3NHP solvent system in 90 minutes at a flow of3 nil/min. Three zones 
of FSH release-inhibiting activity corresponding to FS, inhibin A and inhibin B were 
detected as were two zones of FSH-releasing activity designated as acivin A and activin 
AB,as shown in Figure 3a. The inhibins and activins have been purified to homogeneity 
and their primary structures characterized as reported previously.'1,7, 1,lThe remaining 
FSH release-inhibiting zone (fractions 3 and 4, designated as FS in Fig. 3a) was pooled 
and, after mixing with an equal volume of0.2 N acetic acid, applied directly onto a 10 
X 250 ni Vydac 5-1am C4 column as before.' The active material was eluted from the 
column with a linear gradient of 21 to 30% acetonitrile in tiletrifluoracetic acid (TFA) 
solvent system in 90 minutes at a flow of 3 mil/min as shown in Figure 3b. Fractions with 
FSH release-inhibiting activity (fractions 19-23) detected by the bioassay were pooled and, 
after removing the acetonitrile in a Speed-Vac concentrator (Savant, Hicksville NY) and 
adjusting to pH 6.5 with 0.1 N NH 4OH, were pumped directly onto a 7.5 X 75 mm 
Spherogel-TSK I0-1tm DEAE-5PW column (Toyo Soda, Tokyo JAPAN). After loading, 
the column was washed with buffer A (0.01 M Na2HPO 4, pH 6.5) until the 1JV absorption 
reached baseline. The FS activity was separated with alinear gradient of0 to 0.3 M NaCI 
in buffer A in 90 minutes at a flow of I mIl/min as shown in Figure 3c. The active material 
cluting in fractions 19 to 22 was pooled and, after diluting to four times its original volume 
with 0.2 N acetic acid, further purified on a 10 X 250 mm Vydac 5-am C4 column likewise 
and eluted with a linear gradient of 21 to 30% acetonitrile in the TFA solvent system in 
90 min at a flow of I ml/min as shown in Figure 3d. The active material cluting in frac
tions 33 to 35 (peak I) was pooled and diluted to twice its original volume and 
rechromatographed on a 10 X 250 mm Vydac 5-pm phenyl column with a linear gradient 
of 18 to 27% acetonitrile in the Et3NHP solvent system in 90 min at a flow of I mI/min 
as shown in Figure 3e. Finally, the active material in fractions 34-36 was pooled and after 
dilution with 0.2 N acetic acid, concentrated by chromatography on a 4.6 X 250 mm 
Aquapore l0-yrm RP-300 column, using a linear gradient of 20 to 80% acetonitrile in the 
TFA solvent system in 60 min at a flow of 0.5 ml/min as shown in Figure 3f. Altogether, 
400 ,g of FS were isolated from 18 liters of follicular fluid. 

STRUCTURAL CHARACTERIZATION OF FS 

On NaDodSO4 /PAGE analysis under non-reducing conditions, FS showed asingle band 
migrating at apparent Mr 35,000 after coomassie blue staining as shown in Figure 4a. In 
contrast to inhibins A and B, FS exhibited asingle band that migrated at apparent Mr 42,000 
under reducing conditions (Fig. 4b), indicating that it is comprised ofa single polypep
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Figure 3. HPLC purification of FS. a) The active material denoted by the solid bar in Fig.
2b was chromatographed on a Vydac C4 column and eluted with the indicated gradient
of acetonitrile in the Et 3NHP system. Three zones of FSH suppressing activity (FS, in
hibin Aand inhibin B)and two zones of FSH releasing activity (activin Aand activin AB) 
were recovered. h) ihe active zone corresponding to FS was pooled and further purified 
on a Vydac C4 column with the indicated gradient of acetonitrile in the TFA system. c)
The material denoted by the solid bar in Figure 2b was pooled and, after removing the 
acetonitrile in a Speed-Vac concentrator, applied to a TSK Spherogel DEAE-5PW col
umn and eluted with the indicated gradient of NaC in 10 mM Na2HPO4 buffer, pH 6.5. 
d)Active fractions [solid bar inc)I recovered from the ion-exchange HPLC were pooled
and further purified on a Vydac C4 column with the indicated gradient o acetonitrile in 
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tide chain. Microsequence analyses of FS revealed its N-terminal as Gly-Asn-Cys-Trp
Leu-Arg-GIn-Ala-Lys-Asn-Gly-Arg-Cys-GIn-VaI-Leu-Tyr-- .vs-Thr-Glu-Leu-Ser-Lys-Glu.
Inaddition, 63% of the labeled FS was retained on aconcanavalin A-Sepharose 4B af
finity column which could be displaced with 0.2 M ae-methyl-D-mannopyranoside, in
dicating that FS isglycosylated.16 

Using similar RP-HPLC conditions (data not shown), aMr 32,000 form (Fig. 4c) of 
FS, with an identical N-terminal amino acid sequence as the Mr 35,000 FS, was isolated 
from fractions 36-37 of Figure 3d (peak II). Its amino acid composition isrelated to the 
Mr 35,000 form, and upon reduction, this protein migrated as asingle band at apparent
Mr 40,000 on NaDodSO4/PAGE (Fig. 4d). 

a. b. c. d. 

67--4 67-
67-

67-1 

43--4 

43-- 4- ... 2- 40 

4-35 4 -3 2 

25.7-- 25.7---b 

25.7--* 
25.7---

Figure 4. NaDoSO 4/PAGE analyses of the purified 35K FS from peak I of Figure 3d under 
nonreducing a)and reducing b)conditions, as well a, the purified 32K FS from peak II 
of Figure 3d under nonreducing c)and reducing d)conditiops. Migrating positions of the 
molecular weight standards are indicated at the left side of each gel. Numbers represent 

-
Mr X 10. 

the TFA system. Two peaks of FSH suppressing activity, I and II, denoted by the solid 
bars, were detected. e)The active material corresponding to peak I in (d) was pooled and 
chromatographed on aVydac phenyl column with the indicated gradient of acetonitrile 
inthe Et3NHP system. f)The material denoted by the solid nar in (e)was pooled and con
centrated by chromatography on an Aquapore RP-300 column for character ization, us
ing the indicated gradient of acetonitrile in the TFA system. 
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Six Mr 35,000 FS preparations comprising -6.4 nmol of polypeptides were reduced with 
dithiothreitol, alkylated with 14[C]-iodoocetamide and desalted by RP-HPLC to yield -2.8 
nmol 141C]-carboxyamidomethylated FS as estimated by amino acid analyses.2 This material 
was digested with trypsin and the digestion fragments purified by RP-HPLC as indicated 
in Figure 5. The resulting FS tryptic fragments were characterized by both amino acid 
analysis and gas-phase microsequencing as shown in Table I. In total, I1tryptic peptides 
were characterized in addition to the N-terminal sequence, resulting in the assignment of 
186 amino acids representing -60% of the mature hormone. The availability of this large 
quantity of protein sequence data was a particularly valuable adjunct to cDNA cloning 
and DNA sequencing in the ultimate determination of the primary structure of the protein. 

CLONING AND DNA SEQUENCE ANALYSIS OF FS 

Two long synthetic oligonucleotide probes were designed, using amino acid sequences 
identified in the FS tryptic fragments, FS(36-48) and FS(174-185).2 The specificity of these 
probes was initially established with porcine ovarian RNA blots where both probes hybridiz
ed to a 1.9 kb RNA species (data not shown). Subsequently, 1.5 X 106 clones from an oligo
dT-primed porcine ovarian cDNA library in XgtlO were screened with these probes and 
thirteen clones hybridizing to both probes were identified and purified by rescreening. 
The cl)NA inserts in 12 ofthe 13 clones could be excised with EcoRI and were subcloned 
into Ml3mpl9 phage for sequence analyses.2 

The results of the DNA sequence analyses of five FS cDNA clones with inserts ranging 
in size from 1.1 io 2.2 kb are shown in Figure 6. Only sequence data common to multiple 
clones, amounting to 1070 bp for clones FS12, FS5, and FS18, and 1049 bp for clones FS4 
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Figure 5. RP-HPLC purification of the peptide fragments obtained from trypsin diges
tion of the 1 '4C1-carboxyamidomethylated 35K FS. The pepiides were separated on a 2.1 
X 100 mm Brownlee RP-300 cartridge using the indicated gradient of acetonitrile in the 
TFA system. 
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Table 1. Protein Microsequencing Results from the14[C]-Carboxyamidomethylated Tryptic Fragments of 35K 
Follistatin (FS) 

RP-HPLC Peptide
Fraclon Noc Fragment Structure 

5 10 15 20 

50 FS(32-48) LSTSW TEEDV NDNTL FK 
52 FS(49-63) WMIFN GGAPN CIPCK 
34 FS(87-99) CVCAP DCSaNI TWK 
38 FS(141-159) DVFCP GSSTC VVDQT NNAY 
40 FS(166-185) ICPEP TSSEQ YLCGN DGVTY 
22 FS(201-209) SIGLA YEGK 
46 FS(227-232) CLWDF K 
30 FS(238-249) CSLCD ELCPE SK 
24 FS(250-269) SEEPV CASDabx ATYAS ECAMK 
36 FS(270-282) EAACS SGVLL EVK 
16 FS(283--300) HSGSC NSISE DTEEE EED 

a Potential Asn-linked glycosylation sitebNo identifiable >PhNCS-amino acid released at this cycle. Residue identified 
as Asx by combining microsequencing and amino acid analysis data for this peptide.
Typical Asn-linked glycosylation sequence, Asn-X-(Ser, Thr), suggests that this Asx is 
glycosylated. 

c The No. refes to the chromatographic fractions in Fig. 5. 

and FS6, are presented in Figure 7 and those consensus regions of the clones are diagram
matically indicated in Figure 6. All FS cDNA clones contain a putative initiation Met at 
nucleotides 18-20 which islocated within a sequence favored for eukaryotic initiation sites,'
A/G-X-X-A-U-G-G. Clones FS12, FS5 and FSI8 contain an open reading frame of 1032 
bases encoding aprecursor protein of 344 amino acids (preFS-344) while clones FS4 and 
FS6 contain the same 5'-nucleotidc sequence down to base 970 where atermination codon 
interrupts the precursor coding sequence after 317 amino acids (preFS-317) and begins 
a 3'-untranslated region unrelated to the 3'-noncoding region of clone FSI2, FS5 and FSI8. 
The larger 2.2 kb insert found in eDNA clone FSI8 (Fig. 6) was caused by the insertion 
of two introns between nucleotides 515 and 516, and 740 and 741, as shown in Figure 7. 
The insertion probably occurred during cDNA synthesis. The origin of the two different 
termination signals for the FS clones isprobably derived from alternative splicing of the 
precursor mRNA. 

The first 29 residues of all FS precursors constitute a typical signal sequence fbllowed 
immediately by the N-terminus of the mature proteins as established by gas-phase microse
quencing of both forms of the intact FS.' 2 However, the exact lengths of the different forms 
of the mature proteins are unknown. No C-terminal sequence information could be ob
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tained with the limited quantities of purified natural product available and amino acid 
analyses data on polypeptides of this size are not sufficiently discriminating to identify 
the C-terminal residue. The two groups of clones in Figure 6 encode mature FS sequences 
of 315 (FSI2, FS5 and FSI8) and 288 (FS4 and FS6) amino acids, respectively. The cor
responding calculated molecullar masses of 34.8K and 31.6K, respectively, are in good 
agreement with NaDodSO 4/PAGE estimates of Mr 35,000 and Mr 32,000 for the two dif

FS[(-29)-315] CLONES 

MET(.29) GLY(,I) TRP(315) 

FS12 1554 bp 

FS5 - 1375 bp 

Intronil Intron#2 
TG AG TG.AG 

FS18 2250 bp 
LYS(137) LYS(212) 

1070 bp -I 

FS[(-29)-288] CLONES 

MET(.29) GLY(-1) ASN 88) 

FS4 \1211 bp 

FS6 1116 bp 

1049 bp il 

Figure 6. Schematic representation oftwo populations of FS cDNA clones, FS[(-29)-315] 
and FS[(-29)-2881, identified in the porcine ovarian cDNA library. Coding sequences are 
boxed and the mature coding sequences boxed and slashed. The untranslated sequences 
are represented with a line. The actual length of each of the characterized cDNA clones 
is indicated on the right as well as those sections of the clones whose consensus sequence 
is presented in Figure 7 (1070 bp of clones FSI2, FS5 and FSI8 and 1049 bp of clones FS4 
and FS6). The location of the two introns in clone FSI8 are indicated. 
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Figure 7. Nucleotide and pr,-.dicted amino acid sequences of the porcine FS cDNA in
serts. Nucleotides are numbered at the left and the right and amino acids throughout. The 
cDNA sequence of the clones are identical from nucleotides 1-970, but clones FS12, FS5 
and FS18 diverge from FS4 and FS6 at base no. 971, resulting in the truncation ofthe coding 
sequences of FS4 and FS6 at that point. The putative signal peptide comprises FS(-29 to
-1); the eukaryotic translation initiation site consensus sequence ismarked with ajagged
underline. The mature FS sequence is italicizedand the tryptic peptides characterized by 
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ferent FS species. Additionally, the mature Mr 35,000 FS must minimally contain FS(I-300) 

based on the characterization of the tryptic fragment FS(283-300) in Table 1. 

DNA sequencing identified two potential Asn-linked glycosylation sites in the mature 

hormone at Asn(95) and Asn(259). Sequence analysis of the tryptic fragments containing 

these residues IFS(87-99) and FS(250-269), respectively, in Table 11clearly identified the 

residue at FS(95) as > PhNCS-Asn but no identifiable > PhNCS-amino acid was releas

ed at FS(259). The residue at FS(259) was subsequently identified at the protein level as 

Asn by combining microsequencing and amino acid analysis data obtained lir the tryptic 

fragment FS(250-269), suggesting that Asn(259) is carbohydrate-bound as noted in Figure 

7. 
Inspection of the mature FS sequence reveals several notable features (see Fig. 7). 

1)FS is extremely cysteine-rich, containing 36 cysteines in the N-terminal 287 amino acids, 

suggesting that the mature protein is highly cross-linked with disulfide bridges. 2) Mature 

preFS-317 terminates at Asn(288) while mature preFS-344 possesses an extra acidic C

terminal sequence in FS(292-304), Glu-Asp-Thr-Glu-Glu-Glu-Glu-Glu-Asp-Glu-Asp-GIn-
Asp, which probably "dangles" outside the highly cross-linked protein sphere and is 

available for binding to positively charged elements. 3) The N-terminal 288 amino acids 

of FS are organized into four domains corresponding to FS(3-63), FS(65-136), FS(138-211), 

and FS (215-288). Three of the four domains (11, Ill, IV) are homologous to each other 

as well as to human epidermal growth factor 6 and human pancreatic secretory trypsin in

hibitor,' when aligned for maximum homology as shown in Figure 8. 

The physiological significance of FS is under investigation. Preliminary studies with 

the two porcine proteins' 8 showed that they can specifically inhibit the secretion of FSH 

in rat anterior pituitary primary culture with a potency of approximately one third of that 

of inhibin A on a molar basis (Fig. 9a). In addition, the inhibitory effect is additive to that 

of inhibin to produce the same maximal inhibition of FSH release exerted by either in

hibin or FS alone (Fig. 9b). Moreover, pituitary cells exposed to FS showed significantly 

less depletion of intracellular FSH than those treated with inhibin (Fig. 9c), indicating 

that FS may act primarily on the suppression of FSH release rather than on both release 

and synthesis, as is the case with inhibin.14,'. Further physiological studies must await the 

purification of a large quantity of this material from follicular fluid or its production by 

gene expression. With the unexpected finding that the activins of ovarian origin are the 

same molecules as those produced by the human leukemia cell-line, THP-l, inducing dif

ferentiation of the erythroblasts' it is quite possible that the FS proteins may be similarly 

involved as regulating factors in physiological systems unrelated to ovarian-pituitary 

functions. 

microsequencing are underlined once. Amino acid sequences employed for the design of 

synthetic oligonucleotide probes are underlined twice while the putative Asn-linked 

glycosylated site, Asn(259) is printed in bold. The location of two introns found in clone 
FSI8 is indicated. 

http:inhibin.14
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Figure &Alignment of amino acid sequences ofthe four domains of FS, human pancreatic 
secretory trypsin inhibitor (hPSTI) and human epidermal growth factor (hEGF). Amino 
acids are shown in one letter code and identical residues are shaded. Numbers refer to 
the amino acid positions in the mature protein sequence. 
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Figure 9. The effects of FS and inhibin on FSH secretion and synthesis in rat anterior 
pituitary cells, a) Dose-response curves of inhibin A, 35K FS and 32K FS on the suppres
sion of spontaneous FSH release. b) Additive effect of FS and inhibin on the suppression
of FSH release. Multiple doses of 35K FS alone and in the presence of a constant dose 
of inhibin were added to the cells. The open circles show additivity at the lower doses of 
FS plus inhibin, but identical Emax for FS alone or in combination with inhibin in the 
high doses. c) The effects of inhibin and FS on pituitary FSH content. Inhibin clearly sup
presses the intracellular content of FSH whereas FS is much less effective. 
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DISCUSSION 

CHAIRPERSON: PAUL J. MANBERG, Ph.D. 

DR. KEEPING: Have you been able to show production of follistatin in granulosa cells 
in vitro? 

DR. LING: No, because we do not have the antibody to measure this substance. If you 
use the bioassay, you do not know what you are measuring. But production ofthe antibody
is very difficult. We have prepared many synthetic peptide fragments, but they never pro
duced a,antibody that can read the native molecule. 

DR. MILLER: Can you iodinate follistatin and obtain biologic activity? 

DR. LING: Yes, we have demonstrated that. 

DR. MILLER: Is that done with chloramine-T? 

DR. LING: No, we use the lactoperoxidase method and iodinated follistatin is a very stable
 
molecule.
 

DR. RARDIN: Previously you said that you had seen this molecule in the testis. Have
 
you done any more work on that?
 

DR. LING: Ye,. we did. We have done Northern analysis of rat testes and found that the 
message is there. And we have also cloned the human follistatin from a testicular cDNA 
library derived from a 50-year-old normal man. So this molecule is produced in both the 
male and female. 

DR. BARDIN: Has anyone looked at the bioactivity of either inhibin or follistatin in 
purified pituitary cells (i.e. piirified gonadotropins) or the binding of these peptides to 
pituitary cells? 

DR. LING: With regard to the bioactivity of inhibin or folhstatin in purified gonadotropes,
Ido not believe that has been reported because it is very difficult to prepare a pure population 
of gonadotropes from the heterogeneous mixture of pituitary cells. As far as the binding
studies are concerned, many resea,:ch groups have tried to iodinate inhibin and to establish 
a binding assay with pituitary cells. As far as I know, nobody has succeeded. 

We have undertaken some preliminary studies with the binding assay of follistatin, but 
so far we do not have any good data. All I can say is that you can prepare a stable iodinated 
follistatin molecule. 
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DR. MASON: What happens when you add follistatin and activin together in the inhibin 
bioassay? 

DR. LING: We have not done this yet. In order to see if follistatin will antagonize the 
effect of activin, we need to have activin, which I hope we could obtain from you soon. 

DR. ARD: I have not had a chance to study your sequence information yet. Does it have 

any homology with the subunits of the inhibins? 

DR. LING: The cloning paper un follistatin will come out in the November issue of 

MolecularEndocrinology.There is absolutely no sequence homology between follistatin 

and the efA, and OB chains of the inhibins. They are conipletely different. 

DR. MANBERG: You mentioned earlier that you looked at several fragments when you 

were trying to develop the RIA. Do you have any smaller fragments that retain the biological 
activity? 

DR. LING: No, none of them has activity. 

DR. MANBERG: So you need the full structure? 

DR. LING: Yes. Apparently you do need the full structure to have the biological activi
ty. However, I think this molecule should be a simple compound to prepare using 
biotechnology. 

DR. MANBERG: What has been the problem in the development of the RIA? 

DR. LING: The problem is due mainly to the lack of the native molecule because we 
used so much material on the characterization that we do not really have any more substance 
available for immunization. We are using mainly the synthetic fragments at this moment 
for immunization because we can synthesize peptides in our lab. We have made a lot of 
synthetic fragments. 

So far our luck is not that good in terms of eliciting an antibody that can read the native 
molecule. 

DR. MANBERG: Is there any sequence homology with the human seminal plasma 
inhibins? 

DR. LING: No. Absolutely none. The only sequence homology with follistatin is what 
I have said. There. is some homology with human pancreatic secretory trypsin inhibitor 
(PSTI) and epidermJ growth factor (EGF). 

DR. MANBERG: Earlier there was a question regarding the relative amounts of these 
various inhibin-like peptides. Do you have any feel for the relative amount of follistatin? 
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DR. LING: Icannot say anything about the high molecular weight inhibin-like substances, 
because we totally discount those in our purification scheme. But within the 32K molecular 
weight zone, to my best estimation, there is as much follistatin as there is inhibin. In other 
words, there is a lot of follistatin in follicular fluid. And to dispel your fear about any more 
surprises. Ican say that there is no more inhibin-like molecule, at least in the 32K molecular 
weight region, so there will not be any more surprises. We have searched all through the 
column fractions and thllistatin is the only one remaining that we found. 

DR. WARD: Would you care to explain why you did the additivity experiment between 
inhibin and Ibllistatin and what it means? 

DR. LING: Weli, I should not answer that question because I am not a biologist. My
simple inwrprettion is that since we do not know what the receptor looks like, we cannot 
say that they act at the same receptor. All I can say is that they probably involve the same 
intracellular mechanism in terms of inhibiting the FSH release. However, I do not know 
how the signal is transduced across the cell membrane to the cytoplasm ofthe cell because 
we have never been able to demonstrate receptors for these types of proteins at the pituitary 
level. And ! amn not aware of anybody else doing this. In contrast, activin receptors have 
been demonstrated in pituitary cells and also in lymphocytes at the recent Neuroscience 
Meeting, but not for inhibin. So the bioassay data would imply that they probably involve 
the same or a similar intracellular mechanism. That is as far as I can venture. 

Inhibin and follistatin seem to act in a similar way. You see the same maximal inhibition 
of FSH whether they are used alone in combination. 

DR. WARD: Have you tested any other substances that showed homology with follistatin
 
tbr FSH inhibiting activity'?
 

DR. LING: No, but I doubt very much that they would have biological activity. As a matter
 
of fact, Ibelieve that EGF has been assayed in pituitary cells and it has no effect. I do not
 
know about PSTI.
 

DR. MASON: Do you still find activin activities with TGF$'? The reason I ask is that 
TGF3-like material is in follicular fluid, but you cannot isolate any TGFO with activin ac
tivity. And also, Wylie Vale has not been able to demonstrate activin activity with TGFO 
and neither have we with recombinant TGFfl, 

DR. LING: I think that question should be answered by Shao-Yao Ying, because I do not 
do the bioassay. What I learned is that the bioactivity always depends on who does the 
bioassay. Ican answer the chemistry questions, but for the bioassay I cannot, because it 
seems like an art. 

DR. MASON: Do you really think that TGFO3 has activin activity? How do you know that 
the follistatin has inhibin activity if you do not trust your bioassay? 
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DR. LING: At least we got agreement between different groups, because we are not the 
only group that found the activity with follistatin. As I mentioned before, the group in 
Australia also saw the same thing, apparently, a long time ago, and they were just hesitant 
to publish it. They did finally publish the paper two weeks ago in Biochem Biophys Res 
Commun. As far as I can remember, I think Jock Findlay did publish or said something 
in the Tokyo Inhibin Symposium that they did see FSH releasing activity with TFG3. So 
apparently we seem to agree with the Australian group, as always. But as I said, the 
bioassay is more like an art. There is a lot of mystery with regard to what secret ingre
dients you put into the cell culture. 

DR. MANBERG: Have you ever tested to see how long the follistatin will remain active 
if you expose it to plasma? 

DR. LING: We have not. All I can say is that follistatin is very stable in terms of 
temperature, refrigeration, and lyophilization. You cannot destroy it, because we isolated 
this molecule actually from side fractions from our early days of inhibin purification and 
kept them in the freezer. The activity was not destroyed during the storage. The stability 
is probably explained by all the cysteines in the molecule which bound it tightly together. 



4
 
Distribution and Regulation of Inhibin
 
Subunit mRNAs
 

HELENE MEUNIER 
CATHERINE RIVIER 
AARON J W HSUEH 
WYLIE VALE 

lnhibin is a glycoprotein hormone which has been isolated from bovine and porcine
follicular fluids and from ovine rete testis fluid. In the ovary, inhibin is produced mainly
by granulosa cells, while in the testis Sertoli cells are known to secrete this glycoprotein.
Inhibin is a potent inhibitor of basal FSH release from the pituitary gland, and may play 
a role in the control of both male and female gonadal functions. Recent studies conducted 
in several species have shown that inhibin is constituted of two subunits, ae and 0, linked 
by disulfide bridges.', 5,' 0-12 , Two related 0 subunits have been identified (OA and f3B) 
and, as observed for the a subunit, these subunits are encoded by separate genes. In
terestingly, dimers of the -subunits (3AO3A and flA01B; Activin-A and Activin-AB) were 
found to be biologically active, and exert an opposite effect to that of the inhibin ao3 
heterodimer on FSH secretionY, 1

6 Thus, the elucidation of the primary structure of in
hibin, as well as the isolalion and determination of the nucleic acid sequences for each 
of the inhibin subunits have provided us with invaluable means to study the role of this 
molecule under various physiological conditions. 

We have employed the SI nuclease analysis method to investigate in greater detail the 
patterns of expression of inhibin subunits.'" This technique is based on the ability of sam
ple RNA's to protect small, single-stranded cDNA probes of predetermined sizes for a-,
OA- and 03B-subunits from degradation by the SI nuclease enzyme. The amounts of inhibin-
RNA's were estimated by measuring the concentration of each RNA-protected cDNA probe 
on acrylamide gel after a 2 hour digestion with Sl nuclease. 

REGULATION OF INHIBIN SUBUNIT EXPRESSION IN THE RAT OVARY 

We know from previous studies 2 that FSH stimulates inhibin ae-subunit expression in the 
rat ovary. However, little is known about the effect of FSH on inhibin fl subunits. We have 
investigated changes in inhibin a-, OA- and OB-subunit expression in the immature female 
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rats using the RNA-protection method described above. As seen in Figure 1,PMSG, which 
exibits FSH-like activity in the rat, increases ovarian levels of inhibin ae subunit 5-fold,
while levels of OA- and 3B-subunit RNAs are increased 10- and 8-fold, respectively. 
Diethylstilbestrol (DES) causes similar changes in ae-subunit RNA levels. The levels of 
aA- and aB-subunit RNAs are increased 5- and 20-fold, respectively, in the presence of 
the estrogen. The effect of PMSG was also analyzed in the mature cycling female rat (data 
not shown) and PMSG was found to induce changes similar to the those observed in the 
immature female rat. This strongly suggests that FSH and estrogen both stimulate inhibin 
messenger RNAs in vivo and do so by inducing slightly different patterns of expression.

Changes in inhibin a- and -subunits were also monitored using a well defined granulosa
cell culture system . Cells were incubated for 24 hours with FSH or with forskolhn, an ac
tivator ofadenyl cyclase. Figure 2shows that in vitrostimulation ofgranulosa cells by FSH 
leads to a 7- and 10-fold increase in levels of inhibin (I and 3A subunit RNAs, while for
skolin stimulates levels, respectively, of 10- and 15-Ibld. These results agree with previous
observations showing that FSH and forskolin enhance inhibin production in granulosa cells, 
and suggest that FSH stimulation of inhibin (x-and /3A-subunit expression occurs via a 
cyclic AMP dependent pathway. 

The w13 and 1313dimers of inhibin subunits have been shown to exert opposite paracrine 
effects on LH-stimulated androstenedione production by theca cells.8 Therefore, en
dogenous stimulation of inhibin subtnits expression in the ovary is likely to induce a series 
of physiological responses, both locally and through direct and indirect actions mediated 
at the pituitary level. 

TESTICULAR LEVELS OF INHIBIN a, 3A AND OB RNAs DURING SEXUAL
 
MATURATION
 

In the male rat, earlier observations suggested that the role of inhibin may be restricted 
to the first six weeks of age.6 Because we also observed that relatively low levels ofinhibin 
subunits RNAs were present in the mature testis, we decided to investigate the possibility
that the expression of inhibin subunits might be age-dependent. As shown in Figure 3, in
hibin a-, OA- and OB-RNA levels in the testis were 4- to 10-fold higher in 8 to 15 day-old 
animals when compared to mature (90 day-old) animals. Although the relative abundance 
of all three inhibin subunit RNAs decreased with age, it is clear that the OA-RNA levels 
declined most rapidly. This suggests that regulation ef inhibin 3A- and 13B-subunit expres
sion is controlled in an independent manner during rmaturation of the rat testis, and may
explain, in part, why the OB mRNA could not be detected by RNA gel blot analysis in 
the mature rat testis.3 Using a different approach, we observed that bioactive and im
munodetectable inhibin in testicular extracts aL,, in plasma decrease in a parallel fashion 
in rats of increasing age. The production of bioactive inhibin by Sertoli cells has recently
been confirmed2 by direct measurement ofinhibin a subunit in Sertoli cell culture medium. 
From these observations we conclude that Sertoli cells produce higher levels of inhibin 
ae- and -suunits in the early stage of testicular maturation and eventually reach very low 
levels in the mature animal. 

As demonstrated in the ovary, the 1o3and 131dimers of inhibin mediate, in an opposite
fashion, the LH-stimulated steroid production in testis cell cultures prepared from neonatal 
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Figure I. Effects of pregnant mare gonadotropin (PMSG) and diethylstibestrol on levels 
of inhibin a ,i3A and 3B RNAs in the immature temale ovary. Twenty one-day-old female 
rats were injected with PMSG (200 lU/Kg BW), and ovaries removed after 48 hours. Twenty
one-day old female rats were implanted with a DES capsule and ovaries were removed 
three days later. RNA was prepared by LiCI method and 2.5 ig of RNA was submitted 
to SI nuclease analysis. On the left isone autorad:Dgram showing the respective position 
ofthe cDNA probes. Autoradiograms of several exposures were scanned via densitometer 
and the integrations were corrected according to the specific activity of each probe. On 
the right, the RNA levels are expressed as arbitrary densitometric units. 

and hypophysectomized adult rats The higher levels of inhibin at- and 3-RNA in the testes 
of very young rats suggests that inhibin subunits may regulate pituitary and gonadal func
tions at an early stage in the sexual development of the male rat. 

INHIBIN SUBUNIT RNAs ARE PRESENT IN DIVERSE TISSUES 

We took advantage of the sensitive SI nuclease analysis to investigate a series of tissues 
from mature rats for expression of inhibin a- and 3-subunit RNAs (Fig. 4). As we already 
know, inhibin a-subunit RNA was present in relatively high levels in the mature rat ovary,
while the 3A and 3B-subunit RNAs were about 6- to 10-fold less abundant. Inhibin a-
RNA was detected in lower levels in the mature testis, whereas the 3A- and 03B-subunit 
RNAs were about 50 and 15 times less abundant than the a-chain. Using this analysis, 
we found that inhibin ae-subunit was expressed in other tissues such as the placenta, pituitary, 
adrenal, bone marrow, spleen, kidney, thymus, brain and spinal cord. Various levels of 
O3A-subunit RNA were also detected in term placenta, bone marrow, spleen, brain and spinal
cord, whereas low levels of /3B-subunit RNA were detected in the placenta, pituitary, 
adrenal gland and brain. It is interesting to note that in the placenta, the 3A-subunit RNA 
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Figure 2. FSH- and forskolin-induced increase in inhibin a - and f3A-subunit RNA levels 
in cultured rat granulosa cells. Granulosa cells were obtained from 26-day-old female rats 
implanted with DES-containing silastic cap ;ule (at day 21). Total RNA was prepared from 
cell cultures by the LiCI method, after 24-hour treatment with FSH (30 ng/ml) and for
skolin (10 ptM). RNA was analyzed and cquantitated as described in the legend to Figure 
1. On the left is the autoradiogram, and on the right, the RNA levels for the ax and /3A 
subunits after densitometric evaluation. 
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Figure 3. Expression ofinhibin subunits in the testis during sexual maturation. Total RNA 
was prepared from rat testes at the indicated ages, using the guanidine isothiocyanate (GTC) 
method. Forty micrograms of total RNA from each time point was analyzed and quan
titated by densitometry as described in the legend to Figure 1. 
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is much more abundant than the ci- and B-RNAs. With respect to the absolute RNA con
tent, the f3A-subunit RNA is present in larger quantity in term placenta than in the mature 
ovary. We and others have shown' 3 , 5 that bioactive inhibin is in fact produced by human 
placenta cells in culture. The interaction between inhibin and other placental hormones 
is discussed in more details in a separate chapter. Our finding that 3A RNA is present in 
relatively high levels in rat term placenta suggests that in addition to the hormonal action 
of the inhibin cafheterodimer, homodimers of the OA subunit may play an active role in 
the control of growth and developmental functions in this tissue. 

Another example of preferential 3A-subunit expression is seen in the bone marrow of 
male rats. As shown in Figure 4, significant levels of OA RNA were detected in the bone 
marrow, whereas levels ofa and 3B RNAs remained very low or below the dectable limit. 
Expression of the f3A-subunit in this tissue is supported by the recent work of Eto and 
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Figure 4. Levels of inhibin i,f3A and t3B RNAs in various tissues. Total RNA was prepared
from mature male and female animals (and analyzed as described in legend to Figure 3).
The following tissues from female rats were used: ovary, term placenta, pituitary, adrenal, 
spleen, kidney, brain, spinal cord, and, mammary gland. The following tissues from male 
rats were used: testis, bone marrow, thymus, liver and pancreas. Mammary gland, liver 
and pancreas did not contribute signals above background level and therefore are not in
cluded in this figure. These results are representative of at least three experiments. 
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collaborators4 who isolated from a human leukimia cell line a factor which stimulates a 
mouse Friend cell line to differentiate into erythrocytes. Upon partial sequence analysis 
of the N-terminal. this factor was found to be identical in amino acid composition to the 
inhibin (A-subunit. In adifferent context, we have shown that both activin and inhibin 
modulate in opposite ways the induction of haemoglobin accumulation in a human 
erythroleukaemic cell line, K562, and the proliferation of erythroid progenitor cells in 
human bone marrow cultures.'" Thus, the above findings strongly suggest that healthy bone 
marrow produces OA homodimer molecules that in turn exert a local effect to promote 
differentiation of stem cells, an effect which in vivo could be antagonized by inhibin either 
produced locally in low amounts or produced by other tissues such as the gonads. 

Another interesting observation made in this study is that inhibin Of,OA and OB RNAs 
are present in relatively low levels in the rat brain. In previous experiments, inhibin a, 
OA and OB mRNAs have remained undetectable by RNA gel blot analysis in the rat brain. 
The fact that we are now able to detect these RNAs can be explained by the increased 
specificity and higher efficiency of hybridizations of cDNA probes using the SI nuclease 
method ofanalysis. Because inhibin c, 3A and OB mRNAs are expressed in the brain and 
in the spinal cord, we speculate that these subunits may exert regulatory functions in the 
central and peripheral nervous systems. In the same figure we show that the a- and 3B
subunit RNAs were also present in the piuitary gland, suggesting the inhibin subunits may 
exert autocrige and paracrine effects on the pituitary gland. Finally, the presence of in
hibin a and OA RNAs in the adrenal gland suggests that inhibin may be involved in some 
stress-related responses. 

Inhibin subunit mRNAs are clearly present in avariety of tissues where they appear to 
follow very different expression patterns. Whether the relative proportion ofeach inhibin 
RNA isindicative of which major ce3 or 0f dimer species is produced in aspecific tissue 
tuider given physiological conditions still remains to be determined. Nevertheless, based 
on the above observations, we propose that inhibin subunits may exert hormonal actions 
in discrete tissues remote from their site of production and exert local effects as growth/ 
differentiation factors. 
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CHAIRPERSON. ALAN CORBIN, Ph.D. 

DR. HUiCHISON: Have you done autoradiographic studies to see whether a functional 
corpus luteum expresses inhibin a-subunit? You mentioned thaL a fully degenerated cor
pus luteum did not. 

DR. MEUNIER: We have looked at inhibin ai-subunit expression by in situ hybridiza
tion inold and fresh corpora lutea. In degenerated corpora lutea, silver grains were sparse
and did not contributed to a significantly increased signal. A slightly larger number of 
silver grains were found infresh (30 hour) corpora lutea. No specific hybridization could 
be detected in 50 hour, or older, corpora lutea. 

DR. HUTCHISON: Are the granulosa cells luteinized in your culture? So autoradio
graphical in vitro luteinized granulosa cells are expressing a subunit? 
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DR. MEUNIER: The granulosa cells we used in our studies were treated immediately 
after being put in culture, and harvested within 48 hours. They are not, therefore, luteinized 
cells. 

DR. BARDIN: What is your speculation on why there is so much excess a both basally 
and FSH-stimulated? Everywhere you look with the SI nuclease you show a tremendous 
differential in excess of a. 

DR. MEUNIER: We generally observed a-subunit RNA in excess; however, it is not the 
rule. All I can do at this time is speculate. One possible explanation is that the -subunit 
for the a is lower. In this case, an excess of a could dictate formation ofthe a- and 1-subunit 
dimers; whereas, when the a-subunit is absent or produced in low levels, the 0-1 dimer 
assoc.ation might be favored. 

Another possibility is that the 1-subunit RNAs are less stable than the a-subunit RNAs 
leading to their rapid degradation. 

DR. BARDIN: That was going to be my next question. How do you determine the stability 
of S1 nuclease of the 1-subunit? 

DR. MEUNIER: Well, in fact, the reason we decided to use the SI nuclease analysis is 
that by the conventional technique, that is the RNA gel blot analysis, we found it very dif
ficult to quantitate levels of 1-subunit RNAs. On RNA gel blots, the 1-subunit mRNA ap
peared to be degraded, although we know from studies with the a-subunit that the RNA 
was in excellent condition. Perhaps, the 1-subunit mRNAs are not as stable as the a, or 
are processed rapidly. 

The SI nuclease analysis allows us to look at a short but very specific portion of the in
hibin messages. Thus we can quantitate the RNA levels of this fragment of about 30 bp 
at a given time, with a considerable decrease in background. 

DR. PAULSEN: Did your in vitro studies on the effect of diethylstilbestrol demonstrate 
a direct or indirect effect? 

DR. MEUNIER: The results I have shown describing the stimulatory effect of 
diethylstilbestrol (DES) on inhibin expression were observed 72 hours after the implan
tation of a DES releasing capsule in intact immature female rats. We are now pursuing 
further studies, using hypophysectomized animals, to determine whether we are seeing 
a direct or indirect effect of estrogens on ovarian inhibin expression. 

DR. PAULSEN: Since it is well known that diethylstilbestrol stimulates granulosa cells 
or proliferation in the hypophysectomized immature female -at, I was not clear if your 
inhibin a expression units were per cell. What was your denominator in your granulosa 
cell culture? 

DR. MEUNIER: The effect ofdiethylstilbestrol on ovarian inhibin expression was studied 
using the intact immature rat as a model. Total RNA was extracted from ovaries of treated 



Distribution and Regulation ofInhibin SubunitmRNAs / 55 

and untreated animals, and later normalized to a fixed concentration before SI nuclease 
analysis. The denominator isa constant amount of total RNA from each sample, in this 
case 2.5 tLg of total RNA, and the variable isthe specific levels of inhibin subunits expressed 
under the conditions described. 

DR. DONAHOE: Could you describe the probe that you have used for your in situ 
hybridization, and how long it took you to develop it? 

DR. MEUNIER: The probe we used for insitu hybridization to inhibin a-subunit mRNA 
was relatively short, approximately 300 nucleotides long. This probe w . derived from 
the C-terminal portion of a full length cDNA encoding the rat ai precursor molecule. 

DR. DONAHOE: How long did it take you to develop your films? 

DR. MEUNIER: Emulsion-coated slides were exposed for four days and then developed.
Some information could be derived after 3 to 5-day exposures using Kodak XAR-5 
autoradiograms. Our studies were conducted using 35-S probes. A shorter exposure time 
is generally required for probes labelled with 32-P. 

QUESTION: What units did you use to measure RNA levels? 

DR. MEUNIER: With regard to the question about the units, the units representing the 
levels of RNA in various tissues are 'arbitrary densitometric units' We have chosen to ex
press it in this way because the integration units obtained after scanning vary according 
to the exposure time, although the distribution pattern remains the same. RNA concen
tration was calculated for each sample by taking two different optical density readings of 
serial dilutions. RNA was normalized to a fixed concentration, for example 2.5pg, and 
submitted to SI nuclease analysis. 



5 
Structure and Function of Inhibin and Its 
Related Peptides 

KAORU MIYAMOTO 
YOSHIHISA HASEGAWA 
MASAKI FUKUDA 
MASAO IGARASHI 

Since 1932 when the existence of inhibin in mammalian gonads was first postulated, various 
attempts to identify the hormone had been made by a number of researchers. Recently, 
four groups including ourselves were successful at isolating and characterizing the hor
mone from porcine and bovine follicular fluids.5,9, '4,,9, 20 Inhibin forms isolated so far 
were 32 KDa and 56 KDa molecules, both comprised of dimeric subunits held together 
by disulfide bridges. Two types of 32 KDa inhibin were also isolated from porcine follicular 
fluid and each shown to be a dimer composed of a common a-chain (20 K a-subunit) and 
one of two distinct, but highly homologo: is 13-chains (14 K 3 A and 3B subunits). A 56 
KDa inhibin isolated from bovine follicular fluid was composed of a 44 K a-subunit and 
14 K 1 A subunit. Furthermore a homodimer of 1A subunit and a heterodimer of OA and 
fl B subunits have been isolated from porcine follicular fluid preparations. Such 1-dimers 

° have been reported to possess FSH-releasing activity in vitro.1 ,11 eDNA structures of a, 
13A, and 3B subunits have been determine. , 1, 1,13The DNA sequencing showed that 
all subunits are encoded in different mRNAs and are synthesized as large precursor 
molecules and each precursor contains several potential proteolytic processing sites (i.e. 
clusters of two or more basic residues). Possibly proteolytic processing at different sites 
in combination with various disulfide bridge formations may cause a diversity of inhibin
related molecules composed of such subunits. Actually we have reported the existence of 
several inhibin forms of different molecular weight in both porcine and bovine follicular 
fluids.4,15 

In the first part of this chapter, we will describe the characterization of several forms 
of inhibin in bovine follicular fluid by using monoclonal antibodies specific to each a
and 1- subunit. 

Although the chemical structures of inhibin and its related peptides have been well 
characterized, little is known about their action mechanisms. Now opposite actions of in

2 5 hibin and -dimers have been reported regarding FSH secretion'0 , as well as androgen 
production from Leydig cells or theca cells7 in vitro. Both inhibin and 1-dimers seem to 
act on the pituitary to preferentially alter the FSH secretion. It is well known, however, 
that most gonadotropes in the rat pituitary have secretory granules of both LH and FSH 
in the same cells. Therefore. it is desirable to show an appropriate model that can explain 
how such peptides control FSH secretion without altering LH secretion. In the latter part 

56 
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of this chapter, the action mechanism of inhibin on rat pituitary cells is examined by com
paring it with that of cycloheximide. A possible model for LH and FSH secretion from 
the gonadotrope will be postulated. In addition, it is notable that concentrations of 3-dimers 
in the follicular fluid seem quite low as compared with that of inhibin. This raises a critical 
question as to whether the /3-dimers are actually working on the pituitary to regulate FSH 
secretion in iivo. For in tivo study, a fairly large quantity ofthe hormones must be prepared. 
An immunoaffinity chromatography using a monoclonal antibody to bovine 32 KDa in
hibin, that is used for the characterization of multiple inhibin forms, enables one to isolate 
bovine inhibin on a large scale. Regarding 3-dimers, on the other hand, Etoh el al.3 reported 
that a tumor cell line derived from human leucocyte is producing 3 A-homodimer. The 
authors were also successful at producing recombinant /3A-dimer on a large scale. In this 
report, effects of inhibin and /3 A-dimer on gonadotropin secretion in vivo by using these 
substances will also be described. 

CHARACTERIZATION OF MULTIPLE INHIBIN FORMS IN BOVINE 
FOLLICULAR FLUID 

Gel chromatographic separation of bovine follicular fluid revealed that inhibin activity 
was found in fractions ranging from more than 100 KDa to 30 KDa. The smallest inhibin 
form, namely 32 KDa inhibin, was purified to homogeneity as listed in Thble 1.The 32 
KDa inhibin thus purified is composed of 20 K c-subunit and 13K /3-subunit that are link
ed by disulfide bridges. N-terminal sequencing of the two subunit components revealed 
that the isolated hormone is composed of ax and /3A chains. 

Monoclonal antibodies specific to the ae subunit and the /3subunit, respectively, have 
been prepared by using the purified 32 KDa bovine inhibin as an antigen. As shown in 
Figure I, an immunoblotting analysis revealed thet one of the antibodies named 256H 
specifically recognizes the a-subunit while another antibody, 44H, recognizes the 3
subunit. Both the antibodies recognize the intact 32 KDa inhibin as well. 

Table 1.Purification of Inhibin from 1L bovine follicular fluid 

protein (mg) EDs(ng/ml) total units (103) 
purification 

factor 
over-all 

recovery (%) 

bovine follicular 
fluid 69570 6400 10870 1 100 
Matrex GoI Red-A 10352 1050 9859 6.09 91 
Phenyl Sepharose 2967 320 9273 20.0 85 

Sephacryl S-200 
fr.25-28 (80K) 2428 1250 1942 5.36 17.8 
fr.29-32 (55K) 420 140 3005 47.8 27.6 
fr.36-40 (32K) 113.6 42 2704 159 24.8 

DEAE Sepharose CL6B (32K fraction) 
fr.45-52 6.8 4.5 1510 1422 13.9 
fr.56-59 2.0 13 150 492 1.4 

RP-HPLC (32K.DEAE 
fr.45-52) 1.42 1.2 1183 5330 10.8 
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Figure 1. SDS-PAGE of bFF 32 KDa inhibin imnimunostained by monoclonal antibodies 
(left). Proteins were transferred to a nitrocellulose membrane and immunostained by (A)
256H and (B) 44H. 

SDS-PAGE ofan inhibin preparation obtained after the immunoaffinity chromatography 
(right). Proteins were immunostained by 256H. Inhibin activity of the respective bands 
is indicated by black bars.t5 

The antibody 256H is also used as a ligand for an immunoaffinity chromatography.
Bovine follicular fluid could directly be applied on an column and inhibin 
activity could be recovered by eluting the column with an acidic buffer. Under ideal con
ditions, as shown in Figure 2, almost all the inhibin activity (approximately 98-99%) in
bovine follicular fluid bound to tht.. .esin coupled with the ae-subunit speLitic antibody.
Practically no inhibin or FSH-releasing activity remained in the flow through fraction.
This suggests that inhibin activity inbovine follicular fluid can almost entirely be accounted 
for by molecules that have acommon immunoreactive site for the ae-subunit. It isalso con
ceivable that FSH-releasing activity, namely activin, inbovine follicular fluid may be very
low, since 3-dimers must be found in the flow through fraction after the present immunoaf
finity chromatography. Alternatively, activity of the 

cmcunoaffinity 

-dimers may possibly be hidden by
-dimer binding proteins in the follicular fluid, or some other proteins having inhibin

like activity in the flow through fraction may cancel the -dimer's activity. Ueno et al.24 

recently reported the presence ofa protein having FSH-suppressing activity distinct from 
inhibin in porcine follicular fluid, named follistatin. Further studies have to be done to 
quantify the amount of 3-dimers and follistatin in the follicular fluid. 

Because almost all the inhibin activity could be recovered by the immunoaffinity
chromatography, diversity of inhibin molecules in bovine follicular fluid was examined 
by using the inhibin preparation obtained from the immunoaffinity chromatography. The 
inhibin preparation absorbed on and eluted from the column was then separated on a SDS
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Figure 2. Inhibin activity of fractions obtained after the immunoaffinity chromatography
using oa-chain specific antibody 256H. (-0-) bovine follicular fluid before applying to the 
immunoaffinity column. (-o -) flow through fraction from the immunoaffinity column. 
(-e-) fraction absorbed on the column. Volumes of the fractions used for the bioassay were 
coriected so that the activity is quantitatively compared to each other. Volumes are ex
pressed as ni equivalent to bFE 

PAGE under non-reducing conditions. The gel was sLbjected to an immunoblotting pro
cedure using antibody 256H. At the same time, gel slices were extracted and the extracts 
were subjected to an in vitro inhibin bioassay using rat antetior pituitary cell culture system.
As shown in Figure 1,biological activity of inhibin was found in several regions on the 
SDS-PAGE. Figure 1 also shows that at least seven immunoreactive bands were stained 
by the antibody 256H. Amongst them the band corresponding to 26 KDa seems to have 
no biological activity, while six other bands seem to have an intrinsic inhibin activity.
However, those high molecular weight inhibin forms might not have inhibin activity, since 
those forms are possibly processed to 32 KDa form, that is really active, during the assay
of such large inhibin forms. Further studies should be done to clarify the problem. 
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These apparently bioactive and immunoreactive proteins were further analyzed by two 
dimensional SDS-PAGEs. Multiple inhibin forms were first separated as above on a gel 
under non-reducing conditions. The gel was then incubated in a solution containing 2% 
0-mercaptoethanol for Ihour at 370C. After the incubation, the reduced gel strip was placed 
onto a 10% SDS-slab gel and the'n electrophoresed to the second direction. Figure 3 shows 
immunoreactive spots when stained with both or either of the antibodies 256H and 44H. 
By a pattern stained with both of the antibodies, it is evident that 65 KDa, 55 KDa, and 
32 KDa inhibins are composed of two polypeptide subunits; i.e. 20 K a-subunit and 13 
K f-subunit for 32 KDa inhibin, 44K a-subunit and 13 K fl-subunit for 55 KDa inhibin 
and 57 K a-subunit and 13 K f-subunit for 65 KDa inhibin, respectively. On the other hand, 
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Figure 3. (left) Two-dimensional SDS-PAGEs oi the inhibin preparation from the im
munoaffinity chromatography. Polypeptides were transferred to nitrocellulose membranes 
and immunostained with 1)both 256H and 44H, 2) 256H alone, and 3) 44H alone. 

(right) Schematical drawing of the immunoreactive spois on the two dimensional SDS-
PAGEs. Black circles are polypeptide spots related to f-subunit and dotted circles indicate 
polypeptides related to a-subunit. Hypothetical arrangement of the subunits for the largest 
inhibin form, 120 KDa inhibin, is also shown. 5 
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inhibin forms of higher molecular weights, 120 KDa, 108 KDa, and 88 KDa, inhibins, 
are composed of three polypeptide subunits, i.e., 88 KDa inhibin made up of62 K O-subunit,
20 K a-subunit and 13 K -subunit, and 108 KDa inhibin of 62 K 3-subunit, 44 ae-subunit 
and 13 K -subunit, and 120 KDa inhibin of 62 K 3-subunit, 57 K a-subunit and 13 K13
subunit, respectively. 

A summary of the results follows: 1)Three inhibin torms of smaller molecular weights 
are made up of two subunits. The 57 K, 44 K, and 20 K polypeptides are probably cor
responding to molecules that are differently processed from the ae-subunit precursor. 2)
Three inhibin forms of higher molecular weights are composed of three poiypeptide
subunits. In these inhibins, 62 K 1-subunit precursor is linked to the smaller inhibin forms, 
65 KDa, 55 KDa, and 32 KDa inhibins, to form 120 KDa, 108, KDa, and 88 KDa inhibins,
respectively. The 62 K polypeptide is possibly a precursor of 1-subunit. 

Based on the above findings, a possible structure of inhibin can be drawn as shown in 
Figure 3. for the largest form of inhibin. On the hypothetical inhibin structure, we assume 
that all inhibin forms are derived from the largest form. The organization of inhibin subunits 
in follicles seems so complicated that several inhibin forms are simultaneously present
in the follicular fluid. In addition, 1-dimers could not be produced by the process pro
posed here. Therefore, a process for the formation of1-dimers may be different from that 
of inhibin. Isolation and characterization of such high molecular weight inhibin forms is 
essential to verify the organization of inhibin molecules. 

ACTION MECHANISM OF INHIBIN 

Action mechanism of i.ihibin on the pituitary was examined in vitro by using purified pFF
32 KDa inhibin and a potent inhibitor of protein biosynthesis, cycloheximide. To examine 
effects of inhibin or cycloheximide on the basal secretion of FSH and LH, the following
experimental procedure was used. Dispersed pituitary cells were prepared by the method 
described previousl '. -and 100 Al aliquots of the cell suspensions were placed into each 
well of 96-well plates. PFF 32 KDa inhibin or cycloheximide in 100id medium overa wide 
dose range was then added to each well immediately after cell-plating. At the end of 72 
hour incubation, 100 id and 50 Idaliquots of the resulting incubation media were subjected
to RIA for FSH and LH, respectively, to estimate the basal secretion. 

For the determination of cell contents of gonadotropins, cells were lysed by the addi
tion of 200 pl of 1% BSA containing 0.2% Triton X-100 to the cultures described above 
after removal of the ir ubation media. The cell lysates were then assayed by RIA for LH 
and FSH, respectively. 

As shown in Figure 4, during the first three days of incubation, purified pFF 32 KDa 
inhibin suppressed basal FSH secretion but did not suppress basal LH secretion. At the 
same time, the amount of FSH in the cells (cell contents) was also reduced by the inhibin 
treatment, whereas the amount of LH in the cells was not affected. It is evident, therefore, 
that the total amount of FSH was severely suppressed by the inhibin treatment, indicating
that inhibin acts to suppress biosynthesis of FSH. On the other hand biosynthesis of LH 
does not seem to be affected by inhibin. This is consistent with earlier observations reported
by several investigators,.' 2.22 though they used crude inhibin preparations for their ex
periments. To verify such reaction characteristics of inhibin. the effects of protein biosyn
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Figure 4. Effects of inhibin on basal FSH and LH secretion and on FSH and LH in
tracellular contents. The values are expressed as mean ± SD of quadruplicate determina
tions.6 

thesis inhibitor, cycloheximide, on the basal gonadotropin secretion were next examined. 
Surprisingly, quite similar to inhibin, cycloheximide suppressed only FSH but not LH regar
ding the basal secretion and cell contents as shown in Figure 5.This indicates that sup
pression of FSH is likely to be a consequence of the reduction of intracellular storage of 
the hormone. On the other hand, neither inhibin nor cycloheximide could affect biosyn
thesis of LH, since total amount of LH was not reduced by such treatments during the culture 
period. It should be noted that a general inhibitor of protein biosynthesis selectively sup
pressed FSH secretion from the pituitary cells in appearance. 

On the other hand, the LHRH-stimulated release of both FSH and LH could be sup
pressed by the treatment with purified pFF 32 KDa inhibin as shown in Figure 6, suppor
ting previous observations in which crude inhibin preparations were used.' 21Because the 
crude inhibin preparation had suppressed LHRH-stimulated release of LH as well as FSH, 
ithas been argued whether or not the suppression of LHRH-stimulated release of LH is 
due to another active substance(s) distinct from inhibin in these crude preparations. Our 
present observation clearly indicates that the suppression of LHRH stimulated release of 
LH is one of the intrinsic actions of inhibin on the pituitary cells. As shoawn in Figure 7, 
it should be emphasized again that cycloheximide also mimicked the inhibin actions on 
both FSH and LH under LHRH-stimulated conditions. 

With regard to FSH secretion, since the total amount of FSH is severely reduced by the 
pretreatment with inhibin or cycloheximide during the preculture period, the amplitude 
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Figure 5. Effects of cycloheximide on basal FSH and LH secretion and on FSH and LH 
intracellular contents. The values are expressed as mean + SD of quadrup!icate 
determinations.6 
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Figure 6. Y'he response of FSH ard LH secretion by pituitary cells in culture to a 6 hr in
cubation wih 3.0 ng/ml of LHRH and increasing concentrations of inhibin. The cells had 
been preincubated for 72 hr in identical concentrations of inhibin. The FSH and h in
tracellular contents after the 6 hr incubation are also shown. The values are expressed as 
the mean ± SD of quadruplicate determinations. 6 
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Figure 7. The response of FSH and LH secretion by pituitary cells in culture to a 6 hr 
incubation with 3.0 ng/ml of LHRH and increasing concentrations of cycloheximide. The 
cells had been precultured for 72 hr in identical concentrations ofcycloheximide. The FSH 
and LH intracellular contents after the 6 hr incubation are also shown. The values are ex
pressed as the mean ± SD of quadruplicate determinations.6 

of the LHRH-stimulated release of FSH must be lowered because of depression of the hor
mone. On the other hand, in sharp contrast to FSH, neither cycloheximide nor inhibin 
could alter the total amount of LH as clearly shown in Figures 6 and 7. Therefore, it seems 
unlikely that direct inhibition of LH biosynthesis by inhibin or cycloheximide is a major 
factor causing the suppression of the LHRH-stimulated release of LH. Rather it is likely 
that inhibin acts on the cellular machinery through which LHRH exerts the action on LH 
secretion, because the increment of cellular LH concentrations was observed along with 
the suppression of the LH release into the medium. As in the case of the cycloheximide 
treatment, suppression ofbiosynthesis of certain cellular components may account for such 
a suppression of LHRH-stimulated release of LH. 

As shown in Figure 8, although a calcium ionophore, A23187, and a cyclic AMP analog, 
dibutyl cyclic AMP and a stimulator of adenyl cyclase, cholera toxin, are all effective in 
stimulating the secretion of LH and FSII from the pituitary cells, only TPA (PMA), a po
tent protein kinase C activator, could stimulate LH or FSH secretion to the same extent 
as LHRH in our culture system during the 6 hour incubation. It is well known that TPA 
exerts the action through activating protein kinase C in the cells. 7 , 18,23 Inhibin also sup
pressed the TPA-stimulated release cf both FSH and LH in a dose-dependent manner, in
dicating that inhibin exerts the action, at least in part, by acting on the C-kinase system 
in the gonadotrope. 
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Figure &The response of FSH and LH secretion by pituitary cells in culture to a 6 hr in
cubation with 10 nM of TPA and increasing concentrations of inhibin. The cells had been 
preincubated for 72 hr in identical concentrations ol ;nhibin. The effects of cholera toxin 
(10 pg/ml), dibutyl cyclic AMP (1.0 mM) and A23187 (1.0 mM) on FSH and LH secretion 
are also shown. The values are expressed as the mean ± SD of quadruplicate determina
tions.6 
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Consequently, the following conclusions can be drawn from these experiments: 
1) The purified 32 KDa inhibin suppresses FSH but not LH with regard to the 

basal secretion. However, inhibin actually suppresses both FSH and LH in 
the LHRH-stimulated release of FSH and LH. 

2) 	 Cycloheximide mimics all the inhibin actions on the gonadotropin secretion, 
suggesting that the difference between LH and FSH with regard to the response 
to inhibin or cycloheximide may arise from the marked difference between 
these hormones in susceptibility to biosynthetic inhibition. 

A MODEL FOR LH AND FSH SECRETION FROM PITUITARY GLAND 

Accumulating evidence indicates that discrete changes in serum FSH and LH levels oc
cur frequently under certain physiological and experimental conditions.2' However, there 
is also considerable e .,ence which indicates that both LH and FSH are produced by the 
same gonadotropes with minor exceptions.8, ,6 It is also well known that LHRH is much 
more effective in releasing LH than FSH. Yet, inhibin favors acting on FSH rather than 
on LH. Based on the in vitro experiments described above, a working hypothesis for the 
regulation of gonadotropin secretion from pituitary cells is schematically drawn in Figure 
9, which may afford some explanation for such discrete patterns of LH and FSH secretion 
from the same cells. As previously discussed, LH is much less sensitive to biosynthetic 
inhibition than FSH. It is also likely that most of the synthesized LH is stored in the secretory 
granules and is not able to be released without stimulation by LHRH, because the amount 
of LH in the cells is much greater than that released into the medium under non-stimulated 

Gonadotrope 	 Spontaneousj release 

(Biosynthesis) (Storage pool)
 

Stimulated release
 

Spontaneous release
 

Figure 9. A model for LH and FSH secretion from gonadotrope. 
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conditions. On the other hand, it is likely that FSH is more sensitive to biosynthetic in
hibition and a considerable part of the synthesized FSH is easily released into the medium 
without any stimulation. This is supported by the fact that the amount of FSH released 
into the medium exceeds that in the cells within a 72 hour incubation period under non
stimulated conditions. 

By such a model as Figure 9, factors that promote or attenuate biosynthetic rates of pro
teins in gonadotropes appear to act preferentially on FSH. This is supported by the fact 
that a gcneral protein biosynthesis inhibitor acts specifically on FSH regarding gonadotropin 
secretion. On the other hand, factors that stimulate release of hormones from their secretory
granules, for example LHRH or potassium ion, much more effectively release LH than 
FSH. In fact. FSH secretion is stimulated to only 2 to 3 times that of the basal levels even 
with the maximal doses of LHRH. This is probably because the basal levels of FSH are 
relatively high and the amount ofstored FS is relatively small. LH secretion, on the other 
hand, can be stimulated to even 20 to 30 times that of the basal levels, since the basal LH 
levels are quite low compared to the amount of LH stored in the cellular pool. 

Although our hypothetical model is too simple to explain complicated patterns of 
gonadotropin secretions, it is likely that differences in biosynthetic and storage 
characteristics between LH and FSH themselves play an important role in the discrete 
changes in the serum concentrations of LH and FSH observed under certain physiological 
and experimental conditions. 

ACTIONS OF OA-DIMER ON GONADOTROPIN SECRETION 

As expected from the discussion above, a factor that stimulates preferentially the release 
of FSH in appearance must be promoting FSH biosynthesis. Actually, as shown in Figure
10, the f3 A-dimer activin A absolutely stimulated FSH biosynthesis during the 72 hour 
incubation period. The FSH releasing activity of3-dirmers may be a consequence ofa func
tion of the peptides in the promotion of biosynthesis of FSH (and possibly other proteins
in gonadotropes). The concept is supported by the fact that 3-dimers lack acute effects 
on the gonadotropin secretion. However, one should be very careful in using the in vitro 
FSH releasing assay, because anything that has an ability to alter biosynthetic rates of pro
teins in gonadotrope may possibly be a specific FSH regulator in appearance in the in vitro 
system. For example, we have found strong FSH-releasing activity in human cord serum 
in our in vitro bioassay. However, the active substance in human cord serum turned out 
to be progesterone. Actually, synthetic progesterone has strong FSH releasing activity in 
our bioassay. No one believes progesterone is one of FSH releasing substances, because 
it nas no FSH releasing activity in vivo. Likewise, we believe that FSH releasing activity
of fl A-dimer, that is clearly observed in vitro, should be identified in vivo. Fortunately, 
milligram orders of recombinant /3A-dimer became available and an in vivo experiment 
was carried out to test the substance. As shown in Figure 11, a single injection of 50 jig 
per rat of / /.-dimer could not increase serum FSH levels in adult male rats. The lower 
part of the Figure 11 shows effects of purified bovine inhibin at a dose of 10 jg per rat on 
the suppress.on of serum FSH levels in castrated male rats. Inhibin actually suppressed 
serum FSH levels significantly in vivo, indicating clearly that inhibin is a specific inhibitory 
regulator of FSH. 

http:suppress.on
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It should also he pointed out that the amount. of fl A-dimer in bovine follicular fluid seems 
quite low as compared with that of inhibin. Recent work regarding local actions of f3-dimers 
revealed that they have modulatory effects on LH-stimulated androgen reproduction by 
theca cells or Leydig cells. Beta-dimers also are reported to attenuate cytodifferentiation 
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Figure I0. Effects offl A-dimer on basal FSH and LH secretion and on the FSH intracellular 
contents in vitro. 
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of granulosa cells induced by FSH. Functions of the f3-dimers in vivo might be their local 
actions rather than the FSH-releasing activity. 

Further studies in vivo have to be done to clarify the real function of O-dimers. Produc
tion of recombinant inhibin related peptides may be beneficial to such studies. 
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Figure II. Effects of f3 A-dimer and bFF inhibin on FSH secretion in vivo. (upper) Changes
in the serum FSH levels after a single injection of 50 jig/rat of fl A-dimer (activin A) to 
adult male rats. (lower) Effects of a single injection of 10 pg/rat of bFF inhibin on serum 
FSH levels of castrated adult male rats. 



70 / Structure and Function of Inhibinand Its Related Peptides 

ACKNOWLEDGMENTS 

The collaboration of Dr. K. Kangawa and H. Matsuo, Miyazaki Medical College, is 
gratefully appreciated. We wish to thank Dr. Y. Etoh and H. Shibai, Ajinomoto Co. for 
kindly providing recombinant fl A-dimer. We also wish to thank Dr. A. F. Parlow and the 
National Pituitary and Hormone Distribution Program, NIDDK, for rat gonadotropin RIA 
kits. 

REFERENCES
 

I. 	 BAKER HWG, EDDIE LW, HIGGINSON RE, HUDSON B, KEOGH EJ, NIALL HD: Assay of inhibin. 
In FRANCHIMONT P,CHANNING CP (eds): Intragonadal Regulation ofReproduction, p 193. London, 
Academic Press 1983 

2. 	 DE JONG FH, SMITH SD, VAN DER MOLEN HJ: Bioassay of inhibin-like activity using pituitary cells 
in tstro. I Endocrinol 80:91, 1979 

3. ETO Y,TSUJI T, TAKEZAWA M, TAKANO S,YOKOGAWA Y.SHIBAI H: Purification and characteriza
(ion of erythroid differentiation factor (EDF) isolated from human leukemia cell line TiIP-. Biochem Biophys 
Res Commun 142:1095, 1987 

4. 	 FORAGE RG, RING JM, BROWN RW, McINERY BV,COBON GS, GREGSON RP, ROBERTSON DM. 
MORGAN Fl, HEARN MTW, FINDLEY JK, WE'1TENHALL, BURGER HG, De KRETSER DM: Cloning
and sequence analysis ofcDNA species coding for the two subunits of inhibin from bovine follicular fluid. 
Proc Natl Acad Sci USA 83:3091, 1986 

5. 	FUKUDA M, MIYAMOTO K, HASEGAWA Y, NOMURA M, IGARASHI M, KANGAWA K, MATSUO 
H: Isolation of bovine follicular fluid inhibin of about 32K Da. Mol Cell Endocrinol 44:55, 1986 

6. 	 FUKUDA M, MIYAMOTO K,HASEGAW Y, IBUKI Y,IGARASHI M: Actien mechanism of inhibin in 
vitro: Cyclhoexinide mimics inhibin actions on pituitary cells. Mol Cell Endocrinol 51;41, 1987 

7. 	 HSUEH AJW,DAHL KD, VAUGHAN J,TUCKER E, RIVIER J,BARDIN CW, VALE W: Heterodimers 
and homodimers of inhibin subunits have different paracrine action in the modulation of luteinizing hormone
stimulated androgen biosynthesis. Proc Natl Acad Sci USA 84:5082, 1987 

8. 	 INOUE K, KUROSUMI K: Ultrastructural immunocytochemical location of LH and FSH in the pituitary 
of the untreated male rat. Cell Tissue Res 235:77, 1984 

9. 	 LING N, YING S-Y,UENO N, ESCH F, DONOROY L, GUILLEMIN R: Isolation and partial characteriza
tion ofa Mr 32,000 protein with inhibin activity from porcine follicular fluid. Proc Nal Acad USA 82:7212, 1985 

10. 	 LING N,YING S-Y,UENO N, SHIMASAKI S,ESCH F, HOITA M, GUILLEMIN R: Pituitary FSH is 
released by a heterodimer of the 3-subunits from the two forms of inhibin. Nature 321:779, 1986 

II. 	MASON AJ, HAYFLCK JS, LING N, ESCH F, UENO N, YING S-Y. GUILLEMIN R, NIALL H, 
SEEBURG PH: Complementary DNA sequences of ovarian follicular fluid inhibin show precursor struc
ture and homology with transforming growth factor. Nature 318:659, 1985 

12.
MASON AJ,NIALL HD, SEEBURG PH: Structure of two human ovarian inhibins. Biochem Biophys Res 
Commun. 135:957 1986 

13. 	 MAYO K, CERELLI GM, SPIESS J,RA VIER J,ROSENFELD MG, EVANS RM,VALE W: Inhibin A
subunit cDNAs from porcine ovary and human placenta. Proc Natl Acad Sci USA 83:5849, 1986 

14. 	 MIYAMOTO K, HASEGAWA Y, FUKUDA M, NOMURA M, IGARASHI M, KANGAWA K, MATSUO 
H: Isolation ofporcine follicular fluid inhibin of 32K Daltons. Biochem Biophys Res Commun 129:396, 1985

15. MIYAMOO K, HASEGAWA Y, FUKUDA M, IGARASHI M: Demonstration of high molecular weight 
forms of inhibin in bovine follicular fluid (bFF) by using monoclonal antibodies to bFF 32K inhibin. Biochem 
Biophys Res Commun 136:1103, 1986 

16. 	 NAKANE PK: Classification of anterior pituitary cell tbpes with immunoenzyme histochemistry. JHistochem 
Cytochem 18:9, 1970 

17. 	 NAOR Z, CATI K: Mechanism of action of gonadotropin-releasing hormone. J Biol Chem 256:2226, 1981 
18. NIEDEL JE, KUHN U, VANDERBARK CR: Phorbol diester receptor copurifies with protein kinase C. 

Proc Natl Acad Sci USA 80:36, 1983 



Structure and Function of Inhibin and :Is Related Peptides / 71 

19. 	 RIVIER J,SPIESS J, McCLINTOCK R,VAUGHAN J,VALE W: Purification and characterization of in
hibin form porcine follicular fluid. Biochem Biphys Res Commun 133:120. 1985 

20. ROBERTSON DM, FOULDS LM, LEVERSHA L, MORGAN FJ, HEARN MTW, BURGER HG, WET-
TENHALL REH, De KRETSER DM: Isolation of inhibin from follicular fluid. Biochem Biophys Res Com
mun 126:220, 1985 

21. SCHWARZ NB: Selective control of FSH secretion. In McCANN SM, DHINDA DS (eds): Role of Pep
tides and Proteins in Control of Reproduction, p 193. New York, Elsevier Biomedical, 1983 

22. SCOTT RS, BURGER HG, QUIGG H- A sensitive and rapid in vitro bioassay for inhibin. Endocrinology 
107:1536. 1980 

23. 	SMITH MA, VALE WW: Superfusion of rat anterior pituitary cells attached to cytodex beads: Validatioo 
of a technique. Endocrinology 107:1425, 1980 

24. UENO N, LING N, YING S-Y, ESCH F,SHIMASAKI S.GUILLEMIN R: Isolation and partial characteriza
tion of follistatin: A single-chain Mr 35,000 monomeric protein that inhibits the release of follicle-stimulating 
hormone. Proc Natd Acad "ci USA in press, 1937 

25. 	VALE W, RIVIER H, VAUGHAN J, McCLINTOCK R, CORRIGAN A, WOO W, KARR D, SPIESS J: 
Purification and characterization of an FSH-releasing protein from porcine ovarian follicular fluid. Nature 
321:776, 1986 

DISCUSSION 

CHAIRPERSON:ALAN CORBIN, Ph.D. 

DR. CORBIN: Perhaps Dr. Miyamoto could review briefly the slides that he did not have 
time to present. 

DR. MIYAMOTO: I was going to show the multiple inhibin forms in bovine follicular
 
fluid. They are all derived from the oe and 3 subunit but are processed differently. Secondly,

the concentration of 3 dimers in bovine follicular fluid seems very low compared with
 
that of inhibin. Actions of inhibin, or 3 dimers, on the secretion of gonadotropin seems
 
to be a consequence of the inhibition or the promotion of biosynthesis of proteins in
 
gonadotropes. Finally, under certain conditions, 3dimer is not effective in releasing FSH
 
in vivo. This might bc suggtstive of certain local actions of the 3 'imers rather than an
 
effect on pituitary cells. 

DR. HSUEH: Based on your hypothesis that cycloheximide is doing something very
similar to inhibin, have you tested the possibility that, for example, if you look at the a 
subunits of FSH and LH in the same system, what happened to it in terms of response to 
either cycloheximide or inhibin? 

DR. MIYAMOTO: We did not test the a or13 subunit levels, so Iam not able to comment 
on that. 

DR. DANFORTH: Were you using inhibin A o~r inhibin B for the studies? 

DR. MIYAMOO: We used inhibin A. 

DR. HUTCHISON: In the in vivo rat studies, were you injecting activin, was that IN, 
IP, IV? What was it? 
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DR. MIYAMOO: IV injection. 

DR. PETRAGLIA: When you speculate on the possible effect of inhibin on the LH release 
induced by GnRH, can we hypothesize that the effect of inhibin ison the release more than 
in the synthesis of LI? You showed results that the action could be on the release of the 
storage pool of LH. 

DR. MIYAMOO: Yes. Very little decrease in the storage pool was observed by the in
hibin or cycloheximide treatment. Ido not know why. The storage pool of LH isvery large 
so that the biosynthetic inhibition of LH might not be obvious, even if the inhibition ac
tually takes place by the inhibin or cycloheximide treatment. 

DR. PETRAGLIA: So, v'e can say that the inhibin acts on the release? 

DR. MIYAMOTO: Yes, it does. But the conditions are very limited, i.e. under LHRH
stimulated conditions. 

DR. PETRAGLIA: To what extent was total protein synthesis inhibited? 

DR. MIYAMOTO: It is rather difficult to check it, because inhibin is specific to 
gonadotropes and the population of gonadotropes in the pituitary is very low. Since we 
use the total pituitary system, the extent of inhibition is very difficult to detect. 

DR. PETRAGLIA: How did you determine the dose of cycloheximide then? 

DR. MIYAMOTO: We dosed until the cells were affected. 

DR. CROWLEY I would just offer some evidence in support of your idea that there is 
an LHRH independent mechanism of FSH regulation. Dr. Hall inour group has examined 
a pure GNRH antagonist in a normal wcman inthe early follicular phase over an allowed 
order of doses. We got a very nice dose response inLH inhibition, but we blocked LHRH. 
However, we have minimal to no effect upon FSH release in this human model. This fits 
in with the results of several other investigators showing, at the very least, a differential 
effect or blockade of LHRH receptor on LH over FSH. Similar results have been obtain
ed with GnRH antiserum, 'it over a narrower range of doses. I think there is a growing 
body of evidence to support your theory of GnRH independent regulation of FSH. 

DR. BURGER: if I could just make one additional comment which amplifies that fur
ther. If you look at the model of the hypothalamic-pituitary disconnected sheep which Ian 
Clark has developed, where the influence of hypothalamus on the pituitary isseparated, 
and you pulse that animal with GnRH, inthe ovariectomized animal you maintain normal 
castrate levels of LH and FSH. However, if you stop the GnRH pulses, LH levels become 
undetectable within six hours after the GnRH stimulus isremoved and FSH levels remain 
at the castrate concentration for at least 30 hours afterwards and then decline only very 
slowly They can then be lowered further with inhibin in those circumstances. 
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So, I think that a number of us are developing the notion that in many circumstances 
FSH is a constitutive product of the gonadatrope which is really rather independent of 
GnRH input. On the other hand, LH secretion depends very closely on GnRH and, 
therefore, there are different stimulatory and different inhibitory mechanisms. 

DR. PAULSEN: My question isto Dr. Burger. Have you corrected for the half-life of the 
hormone, because when you inject FSH in the human being in asteady state it takes much 
longer for FSH to disappear with a single dose, and LH goes down very rapidly. So, I am 
not sure that what you have just stated has supported the differential effect on inhibition. 

DR. BURGER: I think the detectability and maintenance ofconcentration islong beyond 
the half-life of FSH in that animal. 
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Monitoring of Bioactive Follicle-Stimulating 
Hormone (FSH) in Normal and Abnormal 
Reproductive States 

KRISTINE D. DAHL 
AARONJ. W.HSUEH 

Gonadotropin-releasing hormone (GnRH) is secreted in a pulsatile manner by the 
hypothalamus to activate and maintain follicle-stimulating hormone (FSH) and luteiniz
ing hormone (LH) synthesis and release. 5 The gonadotropins (FSH and LH) are released 
into the general circulation and are transported to the ovary and testes, where they are 
responsible lbr the regulation of gametogenesis and gonadal steroidogenesis. Precise 
measurements of FSH and LH were not possible prior to the development of specific 
radioini unoassays (RIA).19 Since that time, serum levels of immunoreactive FSH and 
LH have been characterized during puberty, and in various normal and disease states, 2 ,30 

Although essentially all ofthe available data on FSH levels in body fluids have been ob
tained by RIA, ,.ese data do not necessarily reflect bioactivity. Some modified forms of 
FSH may not cross-react with the antibody but still retain their bioactivity, whereas some 
biologically inactive FSH (e.g., deglycosylated forms) may still bind the FSH antibody. 
Marked disparities between bio- and immuno- estimates of both crude and pu. 'fled hor
mone preparations have been observed.', 24,26 The anterior pituitary is capable of secreting 
several fbrms of FSH with differing bio- and immuno-potencies. Animal studies examin
ing pituitary c:,ntent of FSH revealed that various molecular forms of FSH existed, and 
that these forms could be altered by changing the hormone milieu.', 22This molecular 
heterogeneity of FSH suggested that the interactions of FSH with the gonads are not only 
dependent on the amount of FSH released from the anterior pituitary, but potentially also 
on the biopotency of the FSH. However, the role of this FSH pleomorphism in physiologic 
situations is not clear due, in part, to the lack of an appropriate bioassay sensitive enough 
to detect circulating bioactive FSH. 

Our studies of the endocrine, paracrine, and autocrine action of various hormones on 
granulosa cell differentiation resulted in the development of asensitive and specific in vitro 
bioassay for FSH.1' This chapter describes the implementation of the Granulosa cell 
Aromatase Bioassay (GAB) for the measurement of bioactive FSH levels in various 
physiological and pathological conditions. 

74 
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HUMAN MENSTRUAL CYCLE STUDIES 

To demonstate the validity of the GAB assay in measuring bio-FSH levels in human se
rum, granulosa cells were cultured with increasing concentrations of highly purified 
human FSH-3 or a crude pituitary gonadotropin preparation (LER-907) to obtain a stan
dard curve (Fig. 1).12 We have tested the effect of pretreatment with increasing doses of 
polyethylene glycol (PEG) in gonadotropin-free serum to minimize the serum inhibitors 
and to insure total recovery of FSH. Pretreatment ofhuman serum with 12 % PEG minimiz
ed the serum inhibitory effect with an estimated 98 % recovery of exogenously added FSH.' 
All cultures, including the standard curves, were balanced with PEG-treated gonadotropin
free serum (from oral contraceptive pill users) to obtain a final concentration of4 %. The 
human FSH preparation (LER-907) had a working range in the assay between 0.25 to 2.0 
mlU per culture. Our subsequent data are presented in units based on the biological potency
of LER-907 for comparison with RIA results. Thus, all serum samples were pretreated
with 12% PEG to minimize serum inhibitory factors. 

Treatment of granulosa cells with increasing aliquots of PEG-pretreated serum from 
women in various physiologic and pathophysiologic states resulted in dose-response curves 
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Figure 1. Dose-dependent stimulation of estrogen production by FSH preparations and 
by serum from women in various physiologic and pathophysiologic states. 

Granulosa cells were cultured as described for the GAB assay method with increasing 
concentrations of human pituitary FSH preparations (hFSH-3 or LER-907), or with in
creasing aliquots of PEG-pretreated human serum (POF = premature ovarian failure: 
PM = postmenopause; POS = preovulatory surge: HA = hypothalamic amenorrhea: 
OCP = oral contraceptive pill users). 
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parallel to the standard curve (Fig. 1).In contrast, serum from oral contraceptive pill users 
(OCP) did not stinulate estrogen production at the highest aliquot used. In patients with 
hypothalamic amenorrhea (HA), the largest aliquot was within the sensitivity range of the 
assay, and in women during the preovulatory surge (POS), aliquots of 10 and 20 i1 resulted 
in substantial estrogen production. Furthermore, in postmenopausal women (PM) or pa
ients with premature ovarian failure (POF), aliquots of 2.5 to 10li were within the work

ing range of the standard curve. For each serum sample, 3 to 4 aliquots of serum in triplicate 
cell cultures were used. Only samples that yielded dose-response curves parallel to the 
standard curve were used for the calculation of FSH potency. Mean levels of FSH bioac
tivity in these clinical states v ere consistent with the clinical presentation, undetectable 
in oral contraceptive pill users, intermediate in patients with hypothalamic amenorrhea, 
and highest in postmenopausal women and patients with premature ovarian failure. 

Daily serum samples fron, seven women throughout ovulatory cycles were assayed for 
FSH bioactivity or immunoreactivity (Fig. 2). For measurement of t1-SH bioactivity, all 
samples were treated with 12% PFG and aliquots of 5, 10, 15, and 20 Id were used. For 
the purpose of data consolidation and analysis, the day of the LH surge was designated 
as day 0. The mean serum immuno-FSH levels in the seven women were plotted around 
the mid-cycle LH peak and revealed a profile in keeping with that found in previous 
reports.' 23 The serum bio-FSH profile from the same seven women was very similar to 
the immuno-FSH profile (Fig. 2). The corresponding B/I ratios ranged from 1.4 to 3.4, 
with a mean of 2.5 + 0.1. The correlation coefficient of the mean values throughout the 
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Figure 2.Mean levels of bioactive and immunoreactive FSH throughout the menstrual 
cycle. 

Mean levels of bioactive and immunoreactive FSH throughout the menstrual cycle in 
7 regularly cycling women, with data centered around the midcycle LH surge. 
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menstrual cycle obtained by the bioassay and RIA was 0.91 (P< 0.001). Thus, the GAB 
assay detects FSH bioactivity in all women te:cd, and, in general, the results parallel levels 
measu-ed by RIA. 

GNRH AGONIST AND ANTAGONIST TREATMENT 

Synthetic derivatives of GnRH with agonistic and antagonistic properties have been 
developed and tested in several clinical studies including suppression of prostatic cancer 

21 23 3growth and the development of male conraceptives17 , , , Chronic administration of 
GnRH agonistic analogs leads to suppression of gonadal function through a complex
mechanism o: "pituitary desensitization". 7, 11,21 Several studies have focused on qualitative
changes in circulating LH because of the discrepancy between serum LH and testosteron,,
levels.2,9,18Serum immuno-LH and FSH levels are only modestly affected, whereas serum 
bio-LH levels are dramatically rduced. Consequently, the B/I ratio of LH, an index of 
the biopotency, decreased by approximately 90%. However, GnRH agonist treatment did 
not result in reliable suppression of spermatogenesis. When GnRH antagonists are ad
ministered to normal men, there is a decrcase in both bio- and ;mnmuno-LH, and endogenous
testosterone isdecrea! ed to castrate levels, but there isonly a minimal decrease in immuno-
FSH. Therefbre, there are disparate effects of GnRH agonists and antagonists on FSH and 
spermatogenesis. Most of the questions raised in the studies described above specifically
relate to whether immuno-FSH data reflect bio-FSH, or if the disparate results are due 
to the differential regulation of circulating bioactive FSH. Therefore, we examined the 
effects of GnRH analogs on bioactive FSH levels in various endocrine states. 

GNRH ANTAGONIST TREATMENT 7N MEN 

Although GnRH 'ntagonists ciearly suppress circulating LH levels, only minor decreases 
in FSH levels were detected using RIA. In men, immuno-FSH levels in serum decreased 
only 20 to 30%.' We measured serum bio-FSH levels in 5 normal men after asingle in

_jection (20 mg) of apotent GnRH antagonist, RS-69439, [N-Ac-D-Nal(2)',d-pCI-Phe1 D
Trp,D-h(Arg(Et2))6,D-Ala]-GnRH. Although only minimal suppression of immuno-FSH 
was detected, pronounced inhibition (79-89 %)of bio-FSH levels occurred (Fig. 3). Con
comitantly, the ratio of bio- to immuno-FSH levels decreased drastically after the antagonist
administration. These data reinforced earlier expectations that GnRH antagonists might
be potential male contraceptives and provided the first report ofchanges in circulating bio
to immuno-FSH levels. 

The circulating half-life of this GnRH antagonist is about 48 hours. Early studies 
demonstrated that GnRH antagonists have no effect on granulosa cell aromatase induc
tion by FSH. To discount possible interference of antagonists on the bioassay, aconcen
tration (10-6 M) greater than the estimated circulating levels of this peptide was added to 
the cultures. Therefore, the decrease of bio-FSH levels was not due to the effects of cir
culating GnRH antagonist in the bioassay. 
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Figure 3. Effects of GnRH antagonist treatment on bioactive and immunoreactive FSH 
in men. 

Effects of a subcutaneous injection of RS-69439 on bio(b)- and imnmuno(i)- FSH (a) and 
on the B/I ratio (b) in 4 normal men. Levels differing significantly from the pretreatment 
concentrations during the peptide treatment are marked with asterisks (* p < 0.05). 

GNRH ANTAGONIST TREATMENT IN WOMEN 

Since treatment with a GnRH antagonist resulted in changes in the bio- to immuno-ratio 
of FSH in normal male subjects, we tested the effect of treatment with a GnRH antagonist 
(4F, Ac- A --Prol,p-F-D-Phe2,D-Trp 36, GnRH) on female patients. Our results indicate that 
constant intravencus infusion to hypergonadotrapic hypogonadal women resulted in a more 
pronounced decline of bio-FSH levels (62 %)than immuno-FSH levels (30%) with a signifi
cant decrease in the B/I ratio for FSH (Fig. 4)14 indicating substantial microheterogeneity 
of these molecules. Infusion of 4F-antagonist in the midfollicular phase of normal cycling 
women revealed a similar pattern of suppression of bio-FSH and immuno-FSH. When 
4F-antagonist was administered subcutaneously for three days to midfollicular phase 
women, bio-FSH response was biphasic with the maximal decrease on the second day, 
followed by a recovery on the third day (Fig. 5). Correspondingly, there was a precipitous 
decline in serum estradiol (apparent demise of the dominant follicle), followed by a pro
gressive rise in estradiol levels. Thus, in contrast to the immunoreactive FSH levels, 
measurement of bioactive FSH more clearly reflects the biologic actior of FSH on the folli
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Figure 4. Effects of GnRH antagonist treatment on bioactive and immunoreactive FSH 
in a postmenopausal woman. 

Serum bioactive and immunoreactive FSH (a) and B/I ratios (b)were measured at 20 
minute intervals after a 10 hour infusion of the 4F-antagonist (30 pg/kg/h) in a 
postmenopausal woman. 

cle in response to GnRH antagonist treatment in women, and reinforces the importance
of measuring oio-FSH levels in different physiological, pathophysiological, and phar
macological conditions. 

GNRH AGONIST TREATMENT IN NORMAL MEN 

Normal men were treated with a potent GnfH agonist (D-Trp 6, Pro9-NEt-GnRH), 500 p1/ 
day for 16 weeks by sc infusion and testosterrne ethanate (TE), 100 mg im every 2 weeks, 
or GnRH agonist for 20 weeks by sc injection and TE every 2 weeks from week 10 to 20. 
Inthe first study, both bio- and immu~io-FSH declined approximately 57% with no signifi
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Figure 5. Effects of GnRH antagonist treatment during the mid-follicular phase. 
Bioactive and immunoreactive FSH levels, and ovarian estradiol and progesterone levels 

were measured daily after the administration of the 4F-antagonist (80 pg/kc sc twice dai
ly) for 3 days during the mid-follicular phase. 

cant change in the B/I ratio (Fig. 6).2° During the second study, both bio- and immuno-
FSH followed a triphasic pattern, decreasing immediately after initiatioin of treatment, then 
progressively increasing to apeak at week 10 and then, after addition of TE to this regimen, 
decreasing again.20 The B/I changes, however, were not statistically significant except that 
immuno-FSH levels were higher than baseline at week 10. Therefore, in contrast to the 
results observed after GnRH antagonist treatment, chronic GnRH agonist treatment does 
not alter FSH B/I ratios. 

GNRH AGONIST TREATMENT IN MEN WITH PROSTRATE CANCER 

To further study the effect of GnRH agonist treatment on FSH heterogeneity, bio- and 
immuno-FSH levels were measured in serum of five prostrate cancer patients during a 
six month treatment with a GnRH agonist analog (buserlin, 600/ g intranasally x 3/day), 
and up to 12 weeks after subsequent ochidectomy (Fig. 7).10 After treatment wit!h the 
agonist, both bio- and immuno-FSH transiently increased for I to 3 days. The increase 
in bioactivity was more pronounced and the B/I ratio increased at two weeks. With ad
vancing tiae of trewment, immuno-FSH declined below pretreatment levels in 5 days, 
and stayed suppressed for the rest of the treatment. Incontrast, FSH bioactivity did not 
decrease significantly below the treatment level during the 6 month treatment period, 
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Figure 6. Effects of daily infusion of GnRH agonist treatment in normal men. 
Bioactive (bio-) and immunoreactive (IR-) FSH (a) and B/I ratios (b) were measured 

after the administration of GNRH agonist by subcutaneous infusion (11.8 ug/34 minutes) 
and testosterone replacement (100 mg) for 16 weeks. 

although the B/I ratio returned slowly towards pretreatment levels. After orchidectomy, 
the FSH activities showed dramatic increases, and the B/I ratio rose transiently from 1.5 
to 7 in two weeks. In conclusion, the bio-FSH levels increased more acutely than immuno-
FSH after GnRH agonist treatment and orchidectomy. A clear dec''ne during long-term 
agonist treatment is only seen in immuno-FSH, which is in contrast to the concomitant 
decline in serum LH bioactivity reported earlier. The persistence of FSH bioacti "ity may 
partly explain the inconsistent effects of GnRH agonist treatments on the supprLsion of 
spermatogenesis. 
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Figure 7. Effects of GnRH agonist beibre and after orchidectomy in men with prostrate 
cancer.
 

Serum bioactive (bio-) and immunoreactive (immuno-) FSH (a) levels and B/I ratios 
(b) were measured in patients treated for 6 months with ihe GnRH agonist buserlin, and 
for 12 weeks following orchidectomy at 6 months after the initiation of agonist therapy. 
Levels differing significaitly from the pretreatment concentrations during the peptide treat
ment are marked with asterisks (* p < 0.05; ** p< 0.01). 

MOLECULAR BASIS FOR DECREASES IN THE B/I RATTOS OF FSH IN GNRH 
ANTAGONIST-TREATED PATIENTS 

The chromatofocusing method separates proteins based on their isoelectric points.2 9 This 
technique has been shown to be useful in identifying microheterogeneity of FSH molecules. 
We have set up this method, in conjunction with gel filtration (separation of proteins by 
molecular weight), to analyze FSH heteiogeneity when changes in the B/i ratio of FSH 
are detected. 

The lower B/I ratios, and thus decreasing bio-potency of FSH, after GnRH antagonist 
injection may reflect the presence of different molecular species of FSH. Since FSH is 
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a glycoprotein, changes in FSH activity could be due to alterations in the degree of 
glycosylation.4 ,8 The rapid decline in both bio- and immuno-FSH levels suggest that the 
GnRH antagonist may decrease the GnRH-induced FSH biosynthesis and/or release, in
hibit the processing of FSH in the late stages of glycosylation, or alter the metabolism of 
FSH. It is also possible that the GnRH antagonist changes the tertiary structure of the FSH 
molecule, thereby changing itsability to bind to the receptor but not to the antibodies. 
However, the variation in the B/I ratio was not due to differential changes in the secretion 
of alpha and beta subunits because the RIA caly measures intact FSH. Deglycosylated 
FSH has been shown to behave like antagonists in FSH bioassays.17 It is possible that treat
ment with GnRH antagonists results in the secretion of deglycosylated or partially 
glycosylated FSH which decreases the action of intact FSH in tLe same sample. Therefore, 
we investigated the differences in FSH isoforms in postmenopausal women before and after 
GnRH antagonist treatment. 

The FSH isoforms before and after GnRH antagonist treatment were separated based 
on their isoelectric properties using a chromatofocusing column with a pH gradient of 7 
to 4 (Fig. 8. inset).6 Each fraction was analyzed both by RIA (upper panel) and bioassay 
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Figure 8.Chrernatofocusing analysis of serum samples from hypogonadal women before 
and after GnRF-i antagonist infusion. 

Chromatofoctising analysis of serum samples from hypogonadal women before (open 
squares) and after (closed diamonds) GnRH antagonist infusion, with the use of a pH gra
dient of"7/to 4 (inset). Fractionated sam~ples were assayed (A)by RIA, and ('.)by agranulosa 
cell aromatase bioassay. Results are expressed as the percent of total acuivity eluted forn 
the column. 
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(lower panel). Four major hormone peaks were distinguished. Peak IV contained the ma
jority of FSH isoforms based on both assays. Before treatment, peaks IIand III contained 
the most bioactive FSH forms. After GnRH antagonist treatment, a substantial increase 
in the percentage of the most basic peak I was apparent, accompanied by decreases in the 
remaining peaks. The FSH B/I ratios were 0.1, 8, 57, and 2 for peaks 1, II, III, IV, respec
tively, indicating that peak I was the least bioactive. The low B/I ratio in peak I suggested 
that these isoforms may be a mixture of FSH molecules with both agonist and antagonist 
activities. 

IDENTIFICATION OF CIRCULATING FSH ANTAGONIST ISOFORMS 

To estimate the molecular weight (Mr) of the newly formed FSH isoforms, peak I frac
tions, obtained from GnRH antagonist treated patients were pooled and added to an Ultrogel
column which separates proteins by Mr. The applied sample displayed a wide range of 
Mr from 45,000 to 25.000 as assessed by RIA and the bioassay. However, the B/I ratios 
varied. Fractions with Mr and B/I ratios lower than intact FSH were pooled and run on 
achromatofocusing column with a pH gradient from 11to 7.The resulting fractions were 
again analyzed by RIA and bioassay (Fig. 9, upper panel). Fractions from pH 9.6 to 9.4 
contained the majority of the immuno-FSH, but these isoforms were not bioactive. To in
vestigate possible antagonistic effects of these FSH isoforms, column fractions were add
ed together with 2 mlU/ml of human FSH in the bioassay. Samples with pH 9.6 to 9.4 in
hibited FSH-stimulated estrogen production (Fig. 9, lower panel; open squares), but frac
tions with higher or lower pH were ineffective. A dose-dependent inhibition of estrogen 
production by the pH 9.5, but not by the pH 10.1, fraction was fouiia 'ig. 9, inset). To 
rule out nonspecific inhibitory effects, the same fractions were added ,iconjunction with 
tirskolin (10- 5 M), which bypasses the FSH receptor and directly activates adenyl cyclases 
to increase estrogen biosynthesis in the granulosa cells. There was no inhibition of forskolin
stimulated estrogen production by any fractions (Fig. 9, lower panel; crosses), suggesting 
that the suppression of FSH action by these fractions isprobably manifest at steps before 
adenyl cyclase activation. 

To further demonstrate that the antagonistic effect ofthe samples with pH 9.6-9.4 is due 
to FSH-like molecules, immunoneutralization experiments were performed. As shown 
in Figure 10. treatment of cultured granulosa cells with antibodies against human FSH (Ab) 
or pooled fractions pH 9.6-9.4 (iso-FSH) alone did not increase estrogen production, 
whereas a near-saturating dose (1 ng/ml) of ovine FSH increased estrogen production.
Because the Ab is species-specific, no significant decrease in estrogen biosynthesis was 
detected when Ab was added in conjunction with ovine FSH. When the iso-FSH was aad
ed with ovine FSH, there was a 86% inhibition of estrogen production. However, when 
Ab (1:1 or 1:5 dilutions) was added together with ovine FSH and the human iso-FSH, Ab 
blocked the inhibitory effects of iso-FSH in adose-dependent manner. Therefore, the FSH 
antagonist isoforms were preferentially bound by the antibodies such that their receptor
specific inhibitory effects were blocked. 

This isthe first demonstration of a naturally-occurring circulating antagonistic isohor
mone. In tissue extracts of a mouse tumor, aTSH antagonist immunologically re!ated to 
TSH has previously been demonstrated, but this isoform has not been found in the cir
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Figure 9. Chromatofocusing analysis of GnRH antagonist-treated patient samples with 
the use of a pH gradient of 11to 8. 

FSH isoforms with Mr and B/I ratio lower than those of intact FSH from an Ultrogel
AcA 54 column were applied to the chromatofocusing column. (A) Column fractions were 
assayed by RIA, and by bioassay and shown as percent of total activity. (B)Antagonistic
effects of FSH isoforms on FSH-stimulated (open squares) and forskolin-stimulated 
(crosses) estrogen production and dose-dependent inhibition of FSH-stimulated estrogen
production by FSH isoforms (inset). Results were expressed as percent inhibition ofestrogen
production induced by FSH or forskolin (FSK). 

culation. 3 Although fractionated follicular fluid contains FSH antgonist activities,2 these 
uncharacterized factors are probably not FSH isoforms because no associated FSH im
munoreactivity was detected. 

Due to the lack of a sensitive FSH bioassay, earlier studies used radioligand receptor 
assays to assess FSH activity.4 The receptor assay, however, can not differentiate between 
agonistic and antagonistic isoforms of FSH. To facilitate the separation of heterogeneous
agonistic and antagonistic FSH isoforms, we used chromatofocusing techniques to separate
molecules with different pI values, followed by estimation of bioactivity using a sensitive
in vitro FSH bioassay. It is clear that treatment with GnRH antagonist causes the release 
of new FSH isoforms (pl 9.6-9.4) with potent FSH antagonistic properties.

Inconclusion, present in vitro granulosa cell aromatase bioassay provides the tool to 
measure FSH bioactivity indiverse physiological and pharmacological states. We observed 
increases in the B/I ratio of FSH in GnRH agonist-treated patients with prostate cancer 
and decreases in the B/I ratio after GnRH antagonist treatment in both men and women. 
Chromatofocusing analysis of serum from GnRH antagonist-treated patients demonstrates 
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Figure 10. Immunoneutraiization of the FSH isoforms with human FSH antibodies. 
Immunoneutralization of the antagonistic effects of FSH isoforms (pH 9.6 to 9.4) with 

antibodies against humap FSH. Cultured granulosa cells were treated with ovine FSH (o-
FSH), antibodies against human FSH (Ab) (immunoglobulin Gat 750 Ag/ml, and pooled 
fractions p1- 9.6 to 9.4 from the chromatofocusing column alone (iso-FSH) or in combina
tion. The last two columns indicate incubations with ovine FSH, iso-FSH, and two dif
ferent dilutions of the antibody. Estrogen production by granulosa cells is shown. Similar 
results were obtained in 3 separate experiments. 

anaturally occurring circulating "anti-hormone" and provides the basis to elucidate the 
role of hormone antagonists in various physiological, pharmacological, and 
pathophysiological states. Further characterization and eventual purification ofthese FSH 
isoforms could aid our understanding of the glycosylation and action of FSH as well as 
provide ch,'ical approaches for "anti-hormone" therapies. Inaddition to GnRH antagonists, 
the observed FSH antagonist isoforms may provide prototypes for the design of 
contraceptives. 
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DISCUSSION: 

CHAIRPERSON: ALAN CORBIN, Ph.D. 

DR. BURGER: You introduced the last part of your data by referring to studies of FSH 
activity in the urine of prepubertal children, but you did not tell us anything about what 
you found in your FSH bioassay. 

DR. HSUEH: We have about two years of urine samples collected, but ittakes time to 
analyze them and we have not completed the analysis 

DR. CROWLEY" The FSH antagonist is very interesting. Have you had the opportunity 
to look at any patients with premature ovarian failure'? There isa subset of these patients 
that have retained follicles in their ovary and apparently are not reacting to the high levels 
of FSH in circulation. This would be a logical circumstance in which the FSH antagonist 
would potentially play an important role. 

DR. HSUEH: We have only analyzed samples from four patients. We presented results 
from these patients in the original publication of the bioassay (reference 12). We just do 
not have a large enough population of patients in order to. as you say, properly subgroup 
them. 

http:MARSHAI.I.JR
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DR. SAIRAM: I was pleased to see that you have found some evidence for the hypothesis 
that we advanced following years of work with the deglycosylated gonadotrophic hormones 
in iitro. They are r-ally very effective and specific antagonists. 

Have you tested the specificity of the pH 9.5 component which is a FSH antagonist? Does 
it do anything to LH action? 

DR. HSUEH: We did not test that because the FSH bioassay does not respond to LH. 
We are limited by the amount of material we can obtain, so 'ye have not looked at it in the 
LH bioassay. 

DR. KIIAN: I would like to comment on this high pH alkaline FSH that you found. We 
found similar FSH in pituitaries ofcastrated monkeys, both in males and females, but sur
prisingly we had a high biological activity in that fraction corresponding very well with 
immunoactivity. 

The bioactivity was determined by rat Sertoli cell aromatase assay in this case. Would 
you like to comment on that? 

DR. HSUEH: I do not think we are looking at the same molecule. Basically, when we 
see the pH shift, we arejust looking at the removal of sialic acid residues, and many other 
carbohydrate groups still remain. As long as one removes the terminal sialic acids, you 
are going to get the same shift in pH. So the pH nine region can represent many different 
FSH forms. 

I do not think we can really compare your study and this study. You can partially remove 
sialic acid residues, and shift the pH to around the six region. The molecules are much 
more bioactive in vitro, but less active in vivo. Once you have two galactose molecules 
exposed, they are picked up by liver cells. 

DR. KHAN: The molecule that was found in the pituitary of castrated monkeys was not
 
fbund in the intact animals. I think that the molecule is related to the endocrine condition
 
of the monkey.
 

DR. SHETH: Did you check the ratio effect of inhibin on biologically versus im
munologically active FSH? 

DR. HSUEH: We do not have enough inhibin to do this type of study This issue has been 
raised before. 

DR. WINTERS: I was troubled in the studies on aged men. I was surprised that the FSH 
levels in your bioassay did not rise. I was also surprised that w,,hen you treated the men 
with the GnRH agonist, FSH bioassay levels rose and the immunoassay levels fell. This 
seems to be different from the data you went on to discuss laier. How do you explain those 
observations? 

DR. HSUEH: I do not understand why you are surprised by these data. 
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Figure 4.Possible role of inhibin and TSH-related peptides in the mechanism of control 
of hCG secretion from human placenta. 

the implantation of ablastocyst, or of FRP to improve the implantation rate in humans, 
may be hypothesized. 
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DISCUSSION 

CHAIRPERSON: DO WON HAHN, Ph.D. 

DR. ZILBERIYTEIN: Dr. P'etraglia, on which day of culture did you measure the hCG 
or whatever you did subculture? 

DR. PETRAGLIA: The studies for ipnlibin secretion were carried out one week after the 
preparation of the cells. 

DR. ZILBE,?TSTEIN: Did your cells come from the syncytiotrophfiblast? 

DR. PETRAGLIA: There is much r cent evidence showing progressive changes of 
cytotrophoblast to syncytiotrophoblast cells, but you still have both cell populations after 
one week of culture. 

DR. ZILBERSTEIN: At least from our experience, it would be from 24 to '72 hours. Not 
all, but most of the cells are syncytiotrophoblastic. Do you also suggest that the inhibin 
from the cytotrophoblast regulates the syncytiotrophoblast which is producing hCG? 

DR. PETRAGLIA: Regarding the first question, there are other reports showing that the 
changes of the cell population in placernal cultures depends on the culture medium. There 
is no drastic change from one population to another. 

Regarding the second question, we may suggest either a paracrine effect of inhibins go
ing from one cell to another without going into the blood, or that inhibiiis are secret. d 
into the blood and syncytiotrophoblast cells to modulate the hCG release. Both situations 
may exist. 

PR. SHETH: Since your preliminary work was done with term plac'mta, have you seen 
the effect of human placental lactogen, which is more important at the time on plazental 
inhibin concentrations? 

DR. PETRAGLIA: We have not found any effect on human placental lactogen on inhibin 
secretion from cultured placenta! cells. 

QUESTION: What is the level of hCG production after a week of culturing? 

DR. PETRAGLIA: Twenty mM. 
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The study of testicular physiology has been severely limited in the past because of the lack 
ofspecific markers to monitor testicular function under normal and pathophysiologic con
ditions. When it was demonstrated that Sertoli cells secrete a large number of proteins 
into the seminiferotus tubular lumen, many studies were performed in an attempt to isolate 
these proteins and use them to monitor testicular functions (for review see Bardin et al.).' 

Recently, our laboratory developed a novel approach for studying proteins contained 
in the medium prepared from Sertoli cells of 20-day-old Sprague-Dawley rats. Sertoli cell
enriched culture media were pooled (up to 8 liters) and fractionated by anion-cxchange 
HPLC in a preparative HPLC column (Mono Q, HRO/10, 10 x 100 mm i.d.); proteins that 
bound to the column were eluted using a linear salt gradient. The elution profile obtained 

7was virtually identical to that ot an analytical column.6 ,, 9 An aliquot from each fraction 
was subsequently resolved by SDS-PAGE, and proteins were visualized with _ilver nitrate. 
Using this approach, we. have identified gver 30 proteins in tile Sertoli cell-enriched culture 
medium. Many but not all of these proteins are stimulated by FSH, testosterone, or a com
bination of FSH plus testosterone Several of these proteins have been purified and have 

8specific immunoassays established: these include testibunin (CMB-1),, CMB-2,14 

CMB-22 and CMB-23.6 However, their physiologic functions in the seminiferous epithelium 
are not yet known. 

192 



Identification ofa Factor in Fractions ofSerfoli Cell-Enriched Culture Medium Containing CMB-21 / 193 

SERTOLI CELL PROTEINS THAT MODULATE LEYDIG CELL FUNCTIONS 

It has been known for years that testicular Leydig cells and Sertoli cells are the primary 
targets of two pituitary hormones, LH and FSH, respectively. The binding of LH to its 
receptors on Leydig cells Jicits a series of biochemical processes that lead to the produc
tion of androgens. The physiologic consequences of the coupling of FSH to its receptors 
in the Sertoli cells 17,20,26 are facilitation of spermatogenesis 4 and regulation of Sertoli cell 
proliferation during fetal life. 16 hivivo studies using hypophysectomized immature rats 
showed that administration of FSH induced increases in the number of-. H receptors and 
in Leydig cell steroidogenesis, 21 ' 3 These observations suggest that FSH plays a role in 
regulating Leydig cell function. We and others have speculated that FSH induces Seroli 
cells to produce a paracrine factor(s) that modulates Leydig cell function. Studies from 
various laboratoric, have indicated that media from both Sertoli cell-enriched cultures and 
seminiferous tubules contain such a factor(s) which stimulates Leydig cell steroido

5
8 ,1
genesis.11 3 ,1 9 ,2

EARLY STUDIES ON PURIFICATION OF RAT CMB-21 AND ITS STRUCTURAL 
AND IMNIUNOLOGIC HOMOLOG, RAM TESTICULAR CLUSTERIN 

Preliminary investigations from this laboratory indicated that when proteins contained in 
Serteli cell-enriched culture medium were fractionated by anion-exchange HPLC, frac
tions eluted between 0.2 aad 0.3 M NaCI contained a factor(s) that modulates Leydig cell 
steroidogenesis. A protein designated CMB-21 was isolated from these fractions using se
quential HPLC columns involving anicn-exchange. chromatofocusing, and gel permea
tion. The highly purified CMB-21 stained with silver nitrate which has an apparent Mr 
of 43,000 daltons on SDS-polyacrylamide gel under reducing conditions is shown in Figure 
IA. These fractions of highly purified CMB-21 contained Leydig cell stimulating activity 
(see below). 

CMB-21 was electro-eluted from SDS-polyacrylamide gel slices, and a monospecific 
polyclonal antibody was prepared against this protein in rabbit. Use of this antibody for 
immunoblots showed that CME-21 shares immunodeterminants with ram clusterin (Fig. 
IB) which was isolated from a pool of ram rete testis fluid.10 Ram testicular clusterin is 
a heterogeneous glycoprotein of Mr 80,000 daltons consisting of two non-identical subunits 
with the same apparent molecular weights (Mr 40,000 daltons) on SDS-polyacrylamide 
gels run under reducing conditions. In vitro this protein can be assayed by its ability to 
aggregate Sertoli cells or erythrocytes from various species. Based on these observations, 
it was suggested that this protein may be involved in the cell-cell interaction': within the 
seminiferous epithelium.'I hivitro bioassay performed using rat erythrocytes ani purifiej 
CMB-21 indicated that this protein also has biologic activity similar to that of ram clusterin. 
Since highly purified CMB-21 has similar in vitro biologic activity of ram clusterin (Cheng 
and Mathur, unpublished observations), we speculate that CMB-21 in rat may be the 
equivalent ofclusterin in the ram. However, it is of note that antibodies prepared against 
ram clusterin did not cross-react with rat CMB-21 (Chcng, unpublished observations). 
Also, it is of interest to note that mouse Sertoli cell-enriched culture medium also con
tains a protein that shares epitopes with rat CMB-21 (Fig. IB, Fig. 2A). When CMB-21 

http:fluid.10
http:genesis.11
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Figures Fig. 1A, B. Analysis of purified CMB-21 showing its cross-reactivity with Ser
toli cell proteins of other species by immunoblots. (A) Purified CMB-21 eluted from gel 
permeation HPLC was resolved on a 10% T SDS-polyacrylamide gel ar I stained with 
, iver nitrate. Lanes I and 2represent fractions covered the protein peak ofCMB-21 eluted 
from the HPLC column. (B) Immunblots of crude mouse Sertoli cell-enriched culture 
medium (lane I contained about 3ug total protein), crude rat Sertoli cell-enriched culture 
medium (lanes 2 and 3contained about 3 and 30 ug total protein, respectively), purified 
ram testicular clusterin (lanes d and 5 contained about 2 and 5 ug total protein), and 5 ug 
each of BSA and ovalbumin in lane 6. 

was resolved by SDS-PAGE under non-reducing conditions (Fig. 2B), it had an apparent 
molecular weight of about 90,000 indicating that this protein is a dimer consisting of two 
monomers (Fig. 2A,B). However, mouse DMB-21 displayed two immunoreactive bands 
under non-reducing conditions which might represent the molecular variants of this pro
tein because of its carbohydrate heterogeneity (Fig. 2B). 

N-TERMINAL SEQUENCE ANALYSIS OF CMB-21 AND IT COMPARISON 
WITH RAM TESTICULAR CLUSTERIN 

The N-terminal amino acid sequences for both CM13-21 and ram testicular clusterin were 
compared. As noted above, ram testicular clusterin consists of two dissimilar subunits; 
the N-terminal sequences for 'he two subunits have been determined using o
phthalaldehyde.' 0 When one of the clusterin subunits was compared with the N-terminal 
sequence of CMB-21, 9 of 20 amino acids determined were identical. 
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Figure 2A, B. Analysis ofCMB-21 by SDS-PAGE under reducing (A) and non-reducing 
(B) conditions. (A) Mouse (lane I) and rat (lane 2) primary Sertoli cell-enriched culture 
media fractionated by anion-exchange HPLC were resolved by SDS-PAGE in which the 
proteins (total protein content was about I ug per lane) were reduced by 2-mercaptoethanol 
containing in the SDS-saruple buffer (0.125M Tris, pH 6.8, at 22C containing 1%SDS,
1.6% 2-mercaptoethano!). (B) Mouse (lane 1)and rat (lane 2) Sertoli cell-enriched cultume 
media fractionated by anion-exchange HPLC (total protein content was at-cut I ug per lane) 
were treated with SDS-sample buffer without 2-mercaptoethanoi and resolved by SDS-
PAGE. Following electrophorcsis, proteins on the SDS-polyacry!amide gels were elec
trophoretically transferred onto nitrocellulose paper and immunologically stained using 
anti-CMB-21 antiserum. 

In addition to their N-tei minal sequence analysis, similarities between CMB-21 and 
clusterin were evident from the clusterin bioassay and from immunological studies. The 
highly purified CMB-21 preparations were then assayed for activity which stimulates Leydig
cell teroidogenesis and it was shown that these preparations increased testosterone pro
dtiction. However, ram clusterin had no apparent effect on the Leydig cell steroidogenesis. 
These latter observations suggested that CMB-21 perse in view of its similarity to clusterin 
may not be the protein which stimulatel Leydig cells. 

TII.JUE DISTRIBUTION OF CMB-21 

We measured the con:entrations of CMD-21 in different biological fluids using im
munoblots as shown in Figure 3. This protein is present in reproductive tract fluids in
cluding those from rete testis, seminiferous tubule, caput and cauda epididymis. The im
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munoreactive CMB-21 in these fluids displayed two molecular ftrms with apparent 
molecular weights slightly different fron the one detected in the Sertoli cell-enriched culture 
medium (Fig. 3). It is of note that immunoreactive CMB-21 in serum also differs from 
that identified in ',he reproductive tract fluids. In addition, the immunoreactive CMB-21 
in serum ispresent at aconcentration of about 2.5 nmol/ml and its concentration in the 
interstitial fluid is about 1/5 of that of serum. Since most protein hormones are active in 
the nM range, we were again led to the conclusion that CMB-21 may not possess Leydig 
cell stimulating activity. 

IDENTIFICATION OF AFACTOR INTHE HIGHLY PURIFIED CMB-21 PREFARATION 
THAT MODULATES LEYDIG CELL STEROIDOGENESIS 

Since highly purified CMB-21 preparations contain a factor that modulates Leydig cell 
function, we have attempied to isolate it from this material. Fractions obtained from anion
exclhange HPLC containing the factor(s) which stimulates Leydig cel! steroidogenesis were 
pooled, concentrated, and fractionated onto aVydac C4 reverse-phase HPLC column (Fig. 
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Figure 3. The relative distribution of CMB-21 in Sertoli cell-enriched culture medium, 
reproductive tract fluids, and serum demonstrated by immunoblots. Lanes 1-7 represent 
increasing amounts of crude Sertoli cell-enriched culture medium, along with caput 
epididymal fluid (about 10 ug total protein per lane), cauda epididymal fluid (about 10 
ug total protein per lane), male (0.5 ul serum consisting of 30 ug total protein per lane) 
and female rat serum (0.5 ul serum consisting of 30 ug total protein per lane). 
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4A). Proteins were eluted using a linear gradient of ace!onitrile, and a total of 12 protein
peaks were seen. An aliquot from each of these fractions were assayed for Leydig cell 
stimulating activity using an in vitro bioassay system. 

Leydig cell-enriched primary cultures were prepared from testes of 20-day-old Sprague-
Dawley rats using established procedures.'- Briefly, testes were decapsulated in F12/DME 
serum-free medium and treated with 0.05 %collagenase/dispase in the presence of"0.005 % 
soybean trypsin inhibitor. A single cell suspension enriched for Leydig cells was obtai:i
ed by filtration and plated at a concentration of about 0.5 x 106 cells/ml. After 3 hours, 
an aliquot from each column fraction was added onto the well containing I ml Leydig cell
enriched culture. Spent media were collected 21 hours later and androstenedion2 was 
measured by radioimmunoassay. Control incubations were performed using 10 and 50 pg/ml 
of hCG and buffer without Sertoli cell proteins. 

When each of the fractions shown in Figure 4A was bioassayed for Leydig cell stimulating 
activity, at least three peaks of activity designated I, II, and IIlwere observed. Fractions 
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Figure 4A,B. Purification of factors in the Sertoli cell-enriched culture medium that 
modulates Leydig cell steroidogenesis. (A) Samples obtained from anion-exchange HPLC 
which contained activities that modulated Leydig cell functions were pooled and frac
tionated on a Vydac C4 reverse-phase HPLC column (4.6 x 250 mm i.d.). Proteins were 
eluted using a linear gradient ofsolvent B (95 %acetonitrile/5 % water, v/v, containing 0.1% 
TFA). Solvent A was 5% acetonitrile/95% water, v/v, containing 0.1% TFA. An aliquot 
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under Peak II were selected for subsequent studies because they had the most potent 
stimulating activity; inaddition, fractions from Peak IIl were contaminated with CMB-21. 
Fractions under Peak IIwere pooled, lyophilized, and loaded onto a Vydac phenyl reverse
phase HPLC column (4.6 x 250 nmn i.d.) and eluted using a linear acetonitrile gradient 
inTFA as shown in Figure 4B. Itwas shown that the Leydig cell stimulating factor resided 
between fractions 35 and 38 (Fig. 4B). The molecular identity of this factor isnot yet known; 
work is now in progress to isolate this protein and determine its N-terminal amino acid 
sequence.
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from each fraction was withdrawn and assayed for bioactivity using primary Leydig cell
enriched cultures. (B) Fractions under Peak II obtained from Fig. 4A were lyophilized 
and loaded onto a Vydac phenyl reverse-phase HPLC column (4.6 x 250 mm i.d.) using 
the same buffer system as shown inFig. 4A. Bioactivity of each column fraction was deter
mined by measuring the amount of androstenedione produced by primary Leydig cell
enriched cultures. 

CONCLUSION 

A testosterone- and FSH-responsive protein designated CMB-21 was isolated from Ser
toli cell-enriched culture medium. This protein shares common epitopes and structural 
features with ram testicular clusterin. Highly purified CMB-21 but not ciusterin contains 
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a lactor that stimulates testosterone secretion by Leydig cells. The Leydig cell stimulating 
Ithctor
was separated from CMB-21 by reverse-phase HPLC. This novel peptide may be 
a short-loop regulator of Leydig cell functicn 'hat is secreted by Sertoli cells. 
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DISCUSSION 

CHAIRPERSON: DO WON HAHN, Ph.D. 

DR. SHAFIQ KHAN: Did you include testosterone in the Sertoli cell culture media, and 
did you see any influence of this steroid on Sertoli cells? 

DR. CHENG: We have added both FSH and testosterone in our Sertoli cell primary 
cultures. The reason we did that is because studies performed by Dr. Jenny Mather in our 
laboratory many years ago indicated that the inclusion of these hormones would maximize 
the secretion of proteins by Sertoli cells. 

DR. SHAFIQ KHAN: There ;s another factor which has been shown to be present in 
the interstitial fluid of the rat testis, ,hich does not stimulate the basal testosterone pro
duction but does enhance the LH-stimulated testosterone production. Did you detect that 
activity in the Sertoli cell-enriched cultures too'? 

DR CHENG: We do not know at this stage whether this factor is present in the Sertoli 
cell-enriched cultures because we have not done those experiments. 

DR. SHAFIQ KHAN: Why did yGu use 20-day-old rats for your testosterone produc
tion assay? The Leydig cell is not fully differentiated at that age. 

DR. CHENG: We used 20-day-old rats for our bioassay. One of the major reasons is 
that the contamination with germ cells at that age is minimal. 
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DR. SHAFIQ KHAN: During that age, the Leydig cells in the rat testis do not produce 
testosterone as their major product, but 5 a-reduced products. So either you measure total 
androgens or you should not use rats at that age. 

DR. CHENG: We did not measure testosterone. We measured androstenedione because 
it is the major steroid prodiced by Leydig cells at that age. 

DR. KHAN: Androstenedion- is not the major androgen produced by the rat testis, but 
it is the 5a-reduced androgens. 

DR. SHETH: Iwould like to find out whether apart from studying the steroidogenic ef
fects of this protein on Leydig cells, which you have described, have you studied its possi
ble endocrine effects? 

DR. CHENG: No, we have not, because we are just working on the purification of this 
protein. When we have enough material in our hand to allow us to prepare an antiserum, 
then we will perform physiological studies. 
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Ovarian Hyperstimulation in Monkeys:
Evidence for a Gonadotropin Surge-Inhibiting 
Factor 

ROBERT S. SCHENKEN 
GARY D. ;iODGEN 
WENDY H. ANDERSON 

The concept that gonads produce a water soluble substance, termed inhibin, which 
specifically suppresses pituitary follicle stimulating hormone (FSH) secretion has existed 
for over 50 years. The recent purification and molecular characterization of inhibin in 
fbllicular fluid from several species has indeed confirned its selectivity for regulating FSH, 
reportedly lacking significant effects on luteinizing hormone (LH) secretion. , 4 9 20 22 , , , 
During the past decade accumulating in vitro and in ,ivo data have suggested that, in addi
tion to inhibin, follicular fluid contains another peptide that inhibits LH, and perhaps FSH, 

25 3secretion under certain physiologic conditions.', 0 2,15,16, 21 , , 1 In particular, porcine
follicular fluid (pFF) has been shown to contain a factor(s) which inhibits the estrogen
induced LH surge and, depending on test conditions, pituitary responsiveness to 
gonadotropin releasing hormone (GnRH). However, pirification and molecular 
characterization of this factor have not been accomplished 9 

Our earliest observations on the physiological impact of this active factor involved the 
surprising absence of timely LH surges in monkeys receiving human menopausal
gonadotropins (hMG) to induce multiple follicular maturation.6 In more recent studies using 
a pure FSH preparation to induce ovarian hyperstimulation in monkeys, we again observ
ed that, in spite of extraordinary elevation of serum estradiol (E2), expected midcycle-like
LH surges usually did not occur.27 Simultaneously, most human in vitro fertilization/em
bryo transfer programs using cloniphene citrate with hMG or hMG alone to stimulate 
multiple follicular development similarly observed that endogenous LH surges were in
frequent or delayed despite supraphysiologic levels of circulating E2. 28 4 ,

As the data continued to merge, we suggested that primate ovaries secreted a non-steroidal 
factor, perhaps distinct from inhibin, that attenuated the estrogen-induced LH surge dur
ing supraphysiologic gonadotropic stimulation of the ovaries.24 ,26 This entity was termed 
gonadotropin surge-inhibiting factor (GnSIF).2 4 In this chapter we will review the studies 
which led us to conclude that hyperstimulated primate ovaries secrete a non-steroidal fac
tor(s) that regulates the surge mode of pituitary LH/FSH secretion. 

202 
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BLOCKADE OF THE LH SURGE DURING OVARIAN HYPERSTIMULATION 

Preliminary studies in 6 monkeys demonstrated that administration of 25 or 50 .U. of
"'p:,re" FSH (Metrodinc Serono Laboratories, Inc., Randolph. MA) on cycle days I to 
12 resulted in significant ovarian hyrerstimulation, as manifested by development of multi
ple bilateral follicles (Fig.l) and sustained high serum E2 levels (>400pg/rnl for 3 to 5 
days).27 In this study, only I monkey iad a spontaneous LH surge, which occurred on day 
7 of treatment and prior to maximaj ovarian hyperstimulation. 

YY
 

...........
 

Figure 1. Hyperstimulated ovaries noted at laparotomy on day 8 of FSH treatment. Both 
ovaries approached 4 cm in diameter and contained 15-20 large growing follicles; control 
ovaries were about 1.0 cm on the long axis. From Schenken RS, Hodgen GD: Follicle
stimulating hormone induced ovarian hyperstimulation in monkeys: Blockade of the lu
teinizing hormone surge. JClin Endocrinol Metab 57:50, 1983. Reproduced with pern.
sion of the publisher. 
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Studies were then initiated to examine 5 possible explaniations for the exogenous FSH
induced inhibition of the LH surge: 

I. 	Premature or excessive elevations of progesterone since (P4can suppress estrogen
positive feedback for LH. 

2. Multiple follicular development and associated atresia accompanying FSH therapy 
may have elevated serum androgen levels which, in turn, impeded estrogen-positive 
feedback. 

3. Exogenous FSH treatments resulted in hyperprolactinemia which interfered with 
estrogen-positive feedback. 

4. A potential negative hypothalamic-pituitary feedback by the injected FSH may have 
resulted in aberrations of endogenous GnRH secretion or pituitary responsiveness 
sufficient to deter manifestation of estrogen-positive feedback. 

5. 	Persistent supraphysiologic FSH levels led to hypersecretion of an ovarian factor that 
inhibited the spontaneous LH surge. 

MATERIALS AND METHODS 

PRIMATE HUSBANDRY 

Sexually mature cynomolgus monkeys kMacacafascicularis)having regular menstrual 
cycles and long-term (greater than 6 months) ovariectomized rhesus monkeys (Macaca 
mulatta) were used. Housing, feeding and general husbandry practices have been described 
previously.2 ' Body weights were 5.1 + 1.7 kg (mean ± SE). 

TREATMENT PROTOCOLS 

Monkeys (N =24) were divided into study groups as described in Table 1.Blood was col
lected daily under ketamine anesthesia (15 mg/kg, i.m.) for 28 days in group I and for 11 
or more days in groups 2,3,and 4. In group 1,25 or 50 I.U. FSH was administered daily 
in 2 divided doses for 12 days. No exogenous human chorionic gonadotropin (hCG) or 
LH was given and no estrogen or GnRH challenge test was performed. Frequent 
laparotomy/laparoscopy allowed visual assessment of ovarian follicular development in 
this group. FSH (25 I.U.) or normal saline (I ml; control) was administered daily for 12 
days in groups 2,3 and 4. When an estrogen challenge followed the FSH or control regimen 
(group 2), 50 mg/kg E2 benzoate (E2B) in sesame seed oil was irjected at 0800 hour on 
day I ofthe treatment regimen and blood was collected every 8 hours for 96 hours. When 
a GnRH challenge followed (groups 3 and 4), 15 mg/kg GnRH was administered on day 
12 of the FSH or control treatment regimen and blood was collected at -30, 0, 10, 20, 30, 
60, 90, and 120 minutes. Sera were frozen at -15 °C until hormone assays were performed. 

Conventional radioimmunoassay (RIA) of sera were employed for LH, FSH, prolactin 
(PRL), E2, P4 and androstenedione (A), as described previously.5 Also, serum LH was 
measured by a mouse testes interstitial cell bioassay.22 The RIA employed for FSH measured 
both the human FSH (injected) and the monkey's endogenous FSH, whereas the RIA for 
LH did not cross-react with human LH or hCG.6 

The human FSH preparation (Metrodin® ) used was agift from Serono Laboratories, 
Inc. Our findings, by both RIA and bioassay, confirmed that less than I I.U. LH was pre
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Table 1. Study design to evaluate the FSH-induced inhibition of the LH surge 

Group Status N 
FSHadose 
(lU./day) Treatment regimen 

Challenge 
test 

1 Normal intact 
Normal intact 

3 
3 

25 
50 

Cycle days 1-12 
Cycle days 1-12 

None 
None 

2 Ovariectomized 
Ovariectomi',ed 

3 
3 

25 
ob 

12 days 
12 days 

E2Bc 
E2Bc 

3 Normal intact 
Normal intact 

3 
3 

25 

0 b 
Cycle days 1-12 
Cycle days 1-12 

GnRHd 
GnRHd 

4 Ovariectomized 
Ovariectomized 

3 
3 

25 

0 b 
12 days 
12 days 

GnRHd 
GnRHd 

aMetrodin" (Serono Laboratories), injected i.m. in divided dose (morning/evening)
 
bSaline injections, without FSH
 
cOne injection of estradiol benzoate (50 mg/kg,i.m.) at 0800 h on day 11of FSH treatment
 
dOne injection of GnRH (15 mg/kg,i.v.) at 0800 h on day 12 of FSH treatment
 

sent in each 75 I.U. vial. Tests for statistical significance between groups were performed 
using the F statistic. 

RESULTS AND DISCUSSION 

GROUP I 

Uniformly, injections of either 25 or 50 I.U. of FSH daily resulted ai multiple follicular 
growth and concurrent elevations of serum E2. This effect was somewhat less with the lower 
dose during the initial days of treatment. The serum gonadotropin and steroid levels in 
the 5 animals that failed to manifest an endogenous LH surge are presented in Figure 2. 
Note that no discernible changes in serum LH levels as assessed by RIA or bioassay were 
noted. 

Assessment of daily serum P4 levels and PRL and A levels in sera polled every 3 days 
revealed no significant elevation in these hornones as compared to early follicular phase 
levels in primates. Thus, the blockade of the LH surge was not a result of elevations in 
these hormones. 

GROUP 2 

Treatment ofovariectomized monkeys with FSH resulted ina slight increase inserum FSH 
levels (25 + 2.4, #tg/mlmean + SE) compared to levels in controls given normal saline 
(20 + 1.4 ,g/ml mean ± SE). No significant effects of treatment on serum LH, PRL,
E2, P4 or Awere noted. The effects of E2B challenges on circulating gonadotropin levels 
at the end of the FSH or saline treatment regimens are presented in Figures 3 and 4. In 
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Figure 2. Composite patterns (mean ± SE) of serum LH, (RIA, radioimmunoassayable; 
BI, bioassayable), FSH, PRL, E2, P4 and Ain five intact monkeys treated with FSH (25 
or 50 I.U. daily, i.m.; cycle days 1-12). Note the failure of estrogen-positive feedback for 
the LH. Typically, FSH doses of 12.5 L.U. or less daily did not produce ovarian 
hyperstimulation. From Schenken RS, Hodgen GD: Follicle-stimulating hoimone induced 
ovarian hyperstimulation in monkeys: Blockade of the luteinizing hormone surge. J Clin 
Endocrinol Metab 57:50, 1983. Reproduced with permission of the publisher. 
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Figure 3. Retention of typical responsiveness of serum bioassayable (BIO) LH and radioimmunoassayable (RIA) LH and FSH (mean + SE) to an estrogen challenge (estradiol ben
zoate [50mg/kg, i.m. at time zero]) in long-term castrate monkeys given 12 days of"FSH 
pretreatment (25 I.U. i.m. daily). From Schenken RS, Hodgen GD: Follicle-stimulating 
hormone induced ovarian hyperstimulation in monkeys: Blockade of the luteinizing hor
mone surge. J Clin Endocrinol Metab 57:50, 1983. Reproduced with permission of the 
publisher. 
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Figure 4. Typical responsiveness of serum bioassayable (BIO) LH and radioim
munoassayable (RIA) LH and FSH (mean + SE) to an estrogen challenge (estradiol ben
zoate 150 mg/kg. i.m. at time zero]) in long-term castrate monkeys after 12 days of saline 
treatment (control 12 ml, i.m.). From Schenken RS. Hodgen GD: Follicle-stimulating hor
nione induced ovarian hyperstimulation in monkeys: Blockade of the luteinizing hormone 
surge. JClin Endocrinol Metab 57:50. 1983. Reproduced with permission of the publisher. 
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the FSH-treated and control groups. E3B resulted in similar biphasic responses with tran
sient gonadotropin suppression followed by a surge of LH and FSH. These responses were 
indistinguishable between groups, eliminating the possibility that the blockage of the 
estrogen-induced LH surge was due to negative feedback of exogenous FSH on the 
hypothalamic-pituitary axis. 

GROUPS 3 AND 4 

Treatment of intact monkeys with 25 .U. of FSH daily resulted in serum gonadotropin, 
PRL and steroid levels similar to those observed in group 1.Control monkeys in this group 
manifiested normal follicular phise FSH (1.5 + 0.12 Itg/ml, mean + SE) and E2 (105 + 
14.5 pg/ml,mean ± SE) levels. Administration of GnRH to monkeys treated with saline 
resulted in normal 2-3-fold increases in both LH and FSH; however, the LH and FSH 
response to GnRH was blunted in monkeys treated with FSH (Fig. 5). 

Similar to our findings in group 2, treatment of castrate monkeys with 25 lU. of FSH 
daily resulted in increased serum FSH levels (28 + 1.8 pg/ril, mean + SE) as compared 
to control monkeys (19 + 2.6 tg/ml, mean + SE). No significant diftferences in serum 
LH, PRL, E2, P4 or A were noted with FSH treatments as compared to controls. GnRH 
challenges in group 4 resulted in acute increases in LH that were indistinguishable be
tween FSH-treated and control monkeys (Fig. 6). 

The observation that pituitary LH responsiveness to GnRH was maintained in FSH
treated castrate monkeys but not in FSH-treated intact monkeys indicates that a negative 
feedback of FSH on the pituitary was not responsible for the absence of an endogenous 
LH surge. Indeed, these findings indicate that FSH treatments impaired pituitary sensitivity 
to GnRH only when the ovaries were present and manifesting a hyperstimulated condi
tion. Overall, this series of experiments provided persuasive evidence which led us to con
clude that an unidentified ovarian non-steroidal factor prevented the LH surge during FSH
induced ovarian hyperstimulation. 

GONADOTROPIN-INHIBITING ACTIVITY IN OVARIAN VENOUS PLASMA 
DURING FSH TREATMENT 

Concurrent with our studies on the blockade of estrogen-induced LH surges, several groups 
reported that inhibin activity in flblicular fluid obtained during hMG-stimulated cycles 
was 3 to 10 times greater than that observed in the follicular fluid from a dominant follicle 
during a natural cycle.' 1 , 7 Thus, we initiated another study to determine whether FSH
stimulated ovaries secreted a non-steroidal factor(s) which was responsible for inhibiting 
both basal FSH (inhibin activity) and GnRH-stimulated LH secretion (GnSIF activity) 
by rat anterior pituitary cells in culture. 

MATERIALS AND METHODS 

PRIMATE HUSBANDRY 

Three sexually mature female cynomolgus monkeys demonstrating menstrual cycle 
regularity were selected for study. Body weights were 3.2 ± 0.7 kg (mean ± SE). 
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Figure 5. Serum LH and FSH response (mean ± SE) to an acute GnRH challenge (15
mg/kg, iLv. at time zero) in intact monkeys pretreated with either 25 W..FSH daily on cy
cle days 1-12 (0) or I ml saline daily on cycle days 1-12 (o). From Schenken RS, Hodgen
GD: Follicle-stimulating hormone induced ovarian hyperstimulation inmonkeys: Blockade 
of the luteinizing hormone surge. J Ciin Endocrinol Metab 57:50, 1983. Reproduced with 
permission of the publisher. 
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Figure 6. Serum LH levels (mean + SE) in response to an acute GnRH challenge (15 mg/kg, 
i.v. at time zero) in castrate monkeys given 12 days of pretreatment with either 25 .U.FSH 
daily (0) or I ml saline daily (o). From Schenken RS, Hodgen GD: Follicle-stimulating 
hormone induced ovarian hyperstimulation in monkeys: Blockade of the luteinizing hor
mone surge. J Clin Endocrinol Metab 57:50, 1983. Reproduced with permission of the 
publisher. 

TREATMENT PROTOCOLS 

All monkeys received 25 .U. of FSH intramuscularly at 0800 and 1600 on cycle days I 
through 11. Laparotomy was performed on cycle day 10 under ketamine (15 mg/kg) 
anesthesia to visually assess ovarian follicular development and collect bilateral ovarian 
venous blood. Ovarian venous blood samples were collected with a 25-gauge needle in
serted above the anastomosis with the uterine vein. The contralateral utero-ovarian 
vasculature was temporarily occluded to avoid cross-circulation. After collection of the 
samples, all visible follicles on the right ovary were aspirated and cauterized. On cycle 
day 11laparotomy was again performed under ketamine anesthesia to collect ovarian venous 
blood as described above. 

TREATMENT OF FOLLICULAR FLUID AND OVARIAN VENOUS BLOOD SAMPLES 

Follicular fluid was pooled for individual animals and centrifuged at 800 x g for 20 minutes 
at 4C. Supernatants were stored at -20C. Venous blood samples were allowed to clot 
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at room temperature and immediately centrifuged at 1,200 x g for 20 minutes at 4 °C. Sera 
were stored at -20-C. 

For measurement of gonado~ropin-inhibiting activity, an aliquot of each sample was 
charcoal-extracted to remove steroids. This was achieved by mixing 500 i1 of sample with 
500u1l of Dulbecco's modified Eagle's medium DMEM; (K. D. Biologicals, Inc., Lanexa, 
KS) and 50 ml of 10% (weight/volume) dextran-coated charcoal (Norit A, Sigma Chemical 
Co., St. Louis, MO). The mixture was vortexed overnight at -40C and centrifuged at 8,000 
x g for 20 minutes. Supernatants were passed through a0.22-mm Millipore filter (Millipore 
Corp, Bedford, MA). Steroid-extracted follicular fluid and ovarian venous serum (OVS) 
samples contained, <50 pg/ml of E2 and , <0.3 ng/ml of P4 as determined by RIA. 

GONADOTROPIN-INHIBITING ACTIVITY ASSAY 

The effects of steroid-extracted follicular fluid and (OVS) samples on basal FSH and GnRH
stimulated LH secretion by rat anterior pituitary cells in culture were determined by the 
method of Shander et al.92 Briefly, anterior pituitary glands from Sprague-Dawley rats 
were collected and dispersed by 0.1% hyaluronidase and 0.35 %collagenase treatment. After 
initial enzymatic dispersal, the mixture was centrifuged at 500 x g for 2 minutes and the 
pellet resuspended in HEPES-buffer solution containing 0.25 %viokinase. The dispersed 
cells were counted using ahemocytometer and 80% of the cells were viable as determined 
by trypan blue dye exclusion. Viable cells were diluted to a concentration of 
5 x 10- ml in DMEM growth medium consisting of 10% horse serum, 2.5% fetal calfserum, 
0.1 mM glutamine, 1%nonessential amino acids, and penicillin-streptomycin (100 U/ml 
and 100 fg/ml, respectively). Cells were added to Falcon multiwell dishes (#3008, Falcon 
Plastics, Los Angeles, CA) in a volume of 0.5 ml growth medium/well and incubated at 
37°C in a water-saturated atmosphere of 5%C0 2:95 %air. After cell attachment to the 
well surface (3days) the original medium was discarded and cells were washed twice with 
DMEM. 

DMEM containing E2(I x 10-8M), P4(1x 10-7M), and testosterone (1x 10-7M) was added 
to each well and 2%steroid-extracted fbllicular fluid or 20% steroid-extracted venous sera 
were added to 3 replicate wells. Twelve control wells consisted of 20% steroid-extracted 
long-term castrate monkey sera. The castrate serum was charcoal-extracted as described 
above. Steroid-extracted pFF was prepared by centrifuging crude pFF (obtained from Con
traceptive Development Branch, NICHD, NIH) and mixing the supernatant with activated 
charcoal overnight, followed by filtration through a0.22-pni Millipore filter.The pFF stan
dards were added to triplicate wells in dilution of 0.005 %, 0.01%, 0.02 %, 0.05 %, 0.1%, 
and 2 % with DMEM. Cultures were incubated for 24 hours, at which time the medium 
was removed from each well and stored at -20°C until assayed for rat FSH. Then cells 
were washed twice with DMEM and 500 Id DMEM with GnRH (2x 10-10M, Sigma) was 
added to each well. Cultures were incubated for 6 hours and the medium was removed 
and stored at -20'C until assayed for rat LH. 

The concentrations of E2 and P4 in unextracted and steroid-extracted follicular fluid and 
OVS samples were determined by RIA. Concentrations of rat FSH and LH in unextracted 
spent media were determined by RIA as described previously. 
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STANDARD CURVES AND DATA ANALYSIS 

The coefficient of variation ofeach group of 3 replicate wells was calculated. If the coef
ficient of variation was greater than 15 %,the gonadotropin assay was repeated: alternatively, 
I of 3 values was discarded. The mean basal FSH and mean GnRH-stimulated LH secre
tion in control wells containing castrate ;erum was set at 100%. and the FSH or LH secre
tion in each test well was expressed as percentage of control secretion of the respective 
gonadotropin. According to the method of Channing et al., astandard curve was constructed 
in which a percent inhibition of basal FSH secretion of pFF standard wells was plotted 
versus the natural log of the nanoliters oipFF standard added.2 6 Least-squares linear regres
sion was used to construct the standard curves and linear portion of the dose response curve. 
The FSH dose response curve was analyzed by computer program and the inhibin activi
tv in each unknown fluid was determined from the standard curve. Inhibin activity was 
expressed as units/10 tl fluid with I unit inhibin activity defined as that activity in I nanoliter 
of steroid-extracted pFF. 

STATISTICAl. ANALYSIS 

The inhibition of basal FSH and GnRH-stimulated LH secretion by steroid-extracted OVS. 
concentrations of E, and P4 and inhibin activity in sera from the right and left ovarian 
veins before and after aspiration of tbllicles were compared by paired t-test. The inhibi
tion of basal FSH and GnRH-stimulated LH secretion by steroid-extracted OVS. pFF. 
monkey fbllicular fluid (uFF), and control castrate sera was compared by analysis of 
variance and Dunnett's procedure. 

RESULTS AND DISCUSSION 

The effkcts of OVS obtained on cycle days 10 and I1,2% ruFF, and 2% pFF, on 24-hour 
basal FSH secretion are presented in Figure 7.Right and left OVS obtained on day 10 sup
pressed basal FSH secretion to 48% + 9% and 55% + 8% (mean + SE). respectively, 
of the control value. Right OVS obtained after aspiration and cautery of the right ovarian 
follicles also suppressed basal FSH secretion to 78% + 13% (mean + SE) of the control 
value, but the degree of FSH suppression was significantly less (P< 0.05) than observed 
with right OVS obtained on day 10. The inhibition of basal FSH secretion by OVS obtain
ed from the left ovary with intact follicles on day 11was significantly greater (P<0.05) 
than observed with contralatcral OVS obtained the same day. The addition of 2 % ruFF 
or pFF to pituitary well cell cultures resulted in adramatic reduction of basal FSH secre
tion as compared to control (P< 0.01). 

The inhibin activity in the steroid-extracted OVS and the steroid concentrations in unex
tracted Iollicular fluid and OVS are presented in Table 2. Right and left OVS contained 
measurable levels of inhibin activity and high concentrations of E, and P4 prior to aspira
tion of follicles on the right ovary. Aspiration of the righi ovarian follicles resulted in a 
significant decrease in inhibin activity and steroid concentration in the right OVS, whereas 
the inhibin activity and steroid concentration in the contralateral OVS were not significantly 
altered. 
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Figure 7. Effects of 20% steroid-extracted right and left OVS, before and after aspiration
and cautery of right ovarian follicles; 2% steroid-extracted mFF; and 2%steroid-extracted 
pFF on basal 24-hour FSH secretion by rat anterior pituitary cell cultures. FSH concen
trations in spent media are expressed as mean percentages of the FSH concentrations in 
control wells containing 20% steroid-extracted castrate monkey serum. Verticle bars repre
sent the standard error of the mean. Asterisk (*) denotes significant difference (P<0.05) 
versus the preaspiration value for the respective vein. Circles denote significant difference 
(o.P<0.05: 0,P>0.01) versus the control value. From Schenken RS, Anderson WH, 
Hodgen GD: Follicle-stimulating hormones increases ovarian vein non-steroidal factors 
with gonadotropin-inhibiting activity. Fertil Steril 42:785, 1984. Reproduced with permis
sion of the publisher, The American Fertility Society. 

Table 2. 
Inhibin activity and steroid concentration in follicular fluid and OVS before and after 

aspiration of right ovarian follicles 

Before aspiration After aspiration 

Right Left Right Left mFF 

Inhibin activitya(U/10 ml) 13.1 ± 3.1 10.7 ± 2.6 5.1 ± 1.9b 9.9 + 2.1 181.5 ± 22.5 

E2(pg/ml)a 16,167 ± 2983 14,857 ± 2778 4333 ± 140 3 b11,436 ±3100 >4,000,000 

P4(ng/ml)a 4.8 ± 1.1 4.3 ± 1.7 1.8 ± 0.9 b 3.9 + 1.3 437 ± 122 

aValues expressed as the mean ± SE 
bp <0.05 versus before aspiration value 

http:0,P>0.01
http:o.P<0.05
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The high levels of inhibin activity in mFF and demonstration of measurable inhibin ac
tivity in the venous effluent from hyperstimulated ovaries are supportive of a role for a 
non-steroidal thctor(s) in the regulation ofendogenous FSH secretion. These findings are 
also consistent with those of Lee et al.who demonstrated adose-related increase in ovarian 
and peripheral vein inhibin activity with concurrent decreases in endogenous serum FSH 
concentrations after admini:tration of exogenous gonadotropins to rats." 

The etlects of steroid-extracted OVS obtained on cycle days 10 and I1,2% ruFF, and 2% 
pFF on GnRH-stimulated LH secretion by pituitary cell cultures are presented in Figure 
8.Right and left OVS obtained on day 10 decreased GnRH-stimulated LH secretion to 50% 
+ 11%and 45% + 16 %(mean + SE) ofthe control value, respectively (P< 0.05). Right 
OVS obtained subsequent to follicle aspiration and cautery also suppressed GnRH
stimulated LH secretion, but the suppression was less than observed with OVS obtained 
on day 10 (P<0.05). OVS obtained from the left ovary on day II continued to suppress 
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Figure & Effects of 20% steroid-extracted right and left OVS, before and after aspiration 
and cautery of right ovarian follicles; 2%steroid-extracted mFF; and 2 % steroid-extracted 
pFF on LH-RH-stimulated 6-hour LH secretion by rat anterior pituitary cell cultures. LH 
concentrations in spent media are expressed as mean percentages of the LH concentra
tion in control wells containing 20% steroid-extracted castrate monkey serum. Verticle 
bars represent the standard error of the mean. Asterisk (*) denotes significant difference 
(P <0.05) versus the preaspiration value for the respective vein. Circles denote signifi
cant difference (0,P < 0.05 ;,P < 0.01 versus the control value. From Schenken RS, Ander
son WH, Hodgen FD: Follicle-stimulating hormones incieases ovarian vein non-steroidal 
factors with gonadotropin-inhibiting activity. Fertil Steril 42:785, 1984. Reproduced with 
permission of the publisher, The American Fertility Society. 
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GnRH-stimulatedLH secretion to 60% ± 11% (mean ± SE) of the control value. A marked 
suppression ofGnRH-stimulated LH secretion as compared with control values was noted 
with the addition of 2% mFF and pFF to pituitary cell cultures. 

ThLse findings clearly demonstrated that follicular fluid and venous effluents from 
hyperstimulated primate ovaries contain a nonsteroidal factor(s) with GnSIF activity.
Previous studies in vitrohave also demonstrated that pFF contains a non-steroidal factor 
that inhibits LH secretion by rat anterior pituitary cells in culture.'6,3' To date, in vitro 
studies have yielded conflicting results. Some have demonstrated LH suppression after 
pFF injecuions to rodents and subhuman primates,,"'2' ,23 whereas other investigators have 
shown enhanced LH secretion after administration of steroids-extracted follicular fluid.' ,8 

These conflicting results are likely due to the variable follicular fluid concentrations of 
the non-steroidal factors which regulate LH and FSH secretion. 

SUMMARY AND CONCLUSIONS 

Inthese studies we have used the primate model to investigate the inechanism by which 
timely LH/FSH surges are attenuated or blocked during FSH-induced ovarian 
hyperstimulation. This animal model is similar to women in that LH surges are seldom 
elicited after hMG treatment despite overt follicular development and sustained elevations 
in serum E2 levels. Our preliminary studies demonstrated that elevations in serum PRL, 
P4, and Aor negative hypothalamic-pituitary feedback by the injected FSH were not respon
sible for the observed failure of the endogenous LH surge. Our in vitro data demonstrated 
that a non-steroidal factor in the follicular fluid and venous effluent from FSH-induced 
hyperstimulated primate ovaries inhibited both basal FSH and GnRH-stimulated LH secre
tion by rat anterior pituitary cells inculture. Aspiration and cautery of the follicles on one 
ovary resulted in a significant decrease in ip3ilateral inhibin and GnSIF activity in the 
ovarian venous effluent, whereas this activity inthe contralateral OVS was not significantly 
altered. Further, the inhibin and GnSIF activity infollicular fluid was significantly greater
than that observed in the OVS in this study. These findings strongly suggest that the ex
ogenous FSH-induced ovarian hyperstimulation increased the ovarian secretion ofa non
steroidal factor(s) which was responsible for inhiuiting both basal FSH secretion (inhibin 
activity) and the spontaneous estrogen-induced LH/FSH surge (GnSIF activity) in 
monkeys. 

Accumulating evidence now suggests that perhaps different nonsteroidal factors are 
responsible for the observed inhibin and GnSIF activity in follicular fluid, although distinc
tion between inhibin and GnSIF ultimately requires purification of GnSIF to homogenei
ty. The existence of aseparate regulating factor(s) is supported by studies demonstrating 
that a peptide(s) with molecular weight greater than 10,000 daltons will specifically sup
press FSH,3 , 12 while a smaller follicular fluid peptide(s) having a molecular weight less 
than 10,000 will inhibit both LH and FSH secretion by GnRH-stimulated rat antierior 
pituitary cells in culture.6,13 Another study demonstrated that pituitary refractiveness to 
GnRH in monkeys with hMG-induced ovarian hypei stimulated ovaries dissipates for LH 
relase within 60 to 90 minutes after bilateral oophorectomy, whereas GnRH-induced FSH 
release remains subdued.' 5 This suggests that a small labile molecule, which is cleared 
rapidly from circulaton, isresponsible for the GnSIF activity. Further, Sopelak and Hodgen 
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reported that multiple pFF injections in monkeys led to a neutralization of pFF's suppressive 
effect on the E2B-induced LH surge - possibly a result of the intrinsic antigenicity of pFF 
and subsequent antibody formation to GnSIE30 

Danforth and Hodgen have provided additional data to suggest that a peptide, distinct 
from inhibin, has intrinsic GnSIF activity (see following chapter). Collectively, these 
studies provide strong evidence that separate non-steroidal factors may regulate LH and 
FSH secretion in primates. Further work on the isolation and characterization of the pep
tide with GnSIF activity is warranted in view of its potential use as a contraceptive and 
as an inhibitor of spontaneous LH surges in patients undergoing ovarian stimulation. 
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DISCUSSION 

CHAIRPERSON: JEFFREYM. SPIELER 

DR. GOODMAN: IfI understand what you said correctly, the monkeys with intact ovaries 
that were treated with FSH, and had hyperstimulation of the ovaries, responded appropriately to GNRH. Inother words, there is no difference between the animals that did not receive
FSH and the animals that did receive FSH; is that correct? 

DR. SCHENKEN: The intact, normally-cycling primates that were treated with FSH 
had a blunted LH response to GNRH. 
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DR. WINTERS: There seems to be a great deal of steroids in the ovarian venous plasma 
which also changed after you aspirated the dominant follicle. Why is this not a steroid effect? 

DR. SCHENKEN: I do not think it is a steroid effect because the serum samples that we 
used for the in vitro bioassay were charcoal extracted and did not contain significant levels 
of steroids. In addition, in the bioassay we used a concentration of estradiol, progesterone 
and testosterone which was several-fold higher than the levels that we obtained after the 
charcoal extraction. So, Ido not think that the steroids were causing the observed effect. 

DR. RAJ: Did you give Pergonal, which is a FSH/LH preparation, to the monkeys to 
induce hyperstimulation, or did you just use FSH? 

DR. SCHENKEN: All of these studies were conducted with the pure FSH that was pro
vided by Serono. Subsequently, there were studies conducted with Pergonal that showed 
essentially similar results. 

DR. SHETH: Can you ascribe your results to FSH only or is there a joint contribution 
by both FSH and LH? 

DR. SCHENKEN: I think that is a very interesting question. Obviously, with the pure
FSH preparation we observed this effect. We have not looked at LH or hCG administra
tion alone, and we have not quantified the effect to determine whether or not LH is ad
ditive. 

DR. BIALY. These animals were driven with a lot of FSI. What do we have under nor
mal circumstances? Is there any evidence for the presence of this factor? 

DR. SCHENKEN: Yes, I think there are several lines of evidence. You are absolutely 
correct that we have administered a pharmacological dose of FSH to these primates. The 
dose is equivalent to giving humans 400 to 600 I.U. of Pergonal daily. However, as Imen
tioned in the introduction, in IVF programs women undergoing ovarian hyperstimulation 
frequently, but not uniformly, have gonadotropin surges or LH surges that are, in fact, block
ed or attentuated. We have not yet had the opportunity to look at the ovarian venous serum 
from women undergoing hyperstimulation; however, in the studies by Burger, peripheral 
inhibin levels are elevated, and they increase to a much greater degree during 
hyperstimulated cycles than they do during natural cycles. 

So, I think it is entirely possible that this factor, be it inhibin or some related factor, is 
responsible for the observed effect in these hyperstimulated cycles. Clearly, further con
firmation of this is necessary. 

MR. SPIELER: How do you, then, explain the inciderce of premature LH rises in women 
being hyperstimulated, particularly in IVF programs? 

DR. SCHENKEN: There area couple of possible explanations. We also observed in the 
primate model that the blockade or attenuation of the LH surge is not seen in every case. 
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Ipresented data showing that one of the six monkeys treated had a spontaneous LH slrge, 
and this LH surge occurred very early during the stimulation, approximately on day seven. 
We certainly see this in women undergoing ovarian hyperstinmulation, and it could be due 
to a number of factors. It could simply be related to the concentration of GnSIF, or in
hibin, that is being secreted, and there is some evidence to suggest that this is the case. 
Nader and colleagues in Houston conpared a group of women who had spontaneous LH 
surges -'uring ovarian hyperstimulation to another group of women that did not have spon
taneous LH surges (Fertil. Steril. 45:75, 1986). They Ibund that women who did not have 
spontaneous LH surges consistently had a greater number of follicles that exceeded, I 
believe, 15 mm in diameter. Estradiol levels were similar. This suggests that these multi
pie micro-fbllicles were secreting greater quantities of inhibin or GnSIF. 

DR. KHAN: I would like to know if you ever tried unextracted plasma, since charcoal 
treatment of the follicular fluid may remove these factors. I am asking this question because 
some of our studies have shown that if you charcoal extract !he follicular fluid, you ac
tually also remove a lot of biologically active proteins. 

DR. SCHENKEN: That isa very good point. However, we have not studied non-charcoal 
extracted plasma. 

DR. NEKOLA: Has anybody found this factor in a multiparous animal, such as a pig, 
where it might be easier to demonstrate a dose response after removing acertain number 
of follicles? 

DR. SCHENKEN: No, not that I am aware of. 
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The Regulation of Pituitary Gonadotropin 
Secretion by Gonadotropin Surge-Inhibiting 
Factor (GnSIF) and Inhibin 

DOUGLAS R. DANFORTH 
GARY D. HODGEN 

The regulation of pituitary gonadotropin secretion involves a complex coordination of 
ovarian (or testicular) steroids, pulasatile GnRH from the hypothalamus, and non-steroidal 
gonadal factors. The effects of gonadal steroids, and their interaction with GnRH in the 
regulation of LH and FSH secretion has been thoroughly examined.6,, 112,l, 9In contrast, 
the role of nonsteroidal factors from the gonads remains relatively poorly understood. In
hibin is by far the best characterized of these follicular fluid hormones, yet its molecular 
structure and amino acid acid sequence have only been known for three years. 7 , 11 In ad
dition, it is now becoming evident that there are several molecular members of the inhibin 
family with markedly different effects on pituitary gonadotropin secretion.","27 The re
cent elucidation of the molecular structure of inhibin, and the expanding interest in other 
non-steroidal gonadal factors will surely help unravel the intracies of the physiological con
trol of gonadotropin secretion. 

It was almost a decade ago when it was first recognized that administration of exogenous 
gonadotropins to cynomolgus monkeys resulted in persistently elevated levels ofestradiol, 
however no gonadotropin surges occurred.' 0 Subsequently, several investigators have 
observed that administration of hMG to normally cycling monkeys or women for ovula
tion induction rarely culminates in gonadotropin surges; ovulation is blocked unless ex
ogenous hCG isadministered.' 1,7,9 In 1984, the term Gonadotropin Surge-Inhibiting Factor 
(GnSIF) was coined to represent a nonsteroidal factor which blocked the surge mode of 
LH and FSH secretion induced by either a bolus of estradiol or GnRH? 6 In the ensuing 
years, many similar observations in viv016, 2 1,22,23 have strengthened our understanding 
of this putative substance, and revealed the need for an assay system to measure GnSIF 
activity in biological fluids and during a purification procedure. 

In what follows, we describe the development of an in vitro bioassay for GnSIF activity 
in follicular fluid, and discuss the evidence that GnSIF and inhibin may be distinct molecular 
entities, with different physico-chemical characteristics, and differential effects on pituitary 
gonadotropin secretion. 

221 
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MATERIALS AND METHODS 

The detailed methodology for pituitary cell culture has been previously reported.4 Brief
ly, we removed anterior pituitaries from young adult female Sprague-Dawley rats and 
dispersed the tissue for lh at 370 C using Earle's Balanced Salts solution, pH 7.4 contain-, 
ing 0.4% collagenase, 0.1% hyaluronidase, 0.1% DNAse, 3.0% bovim serum albumin 
(BSA), 2.5 mM Hepes, 10 mM dextrose and 100 units/ml Penicillin/l00 jig/ml Streptomycin. 
After dispersion, the cells were washed and counted (using Trypan blue exclusion), and 
suspended in M199 tissue culture media supplemented with Penicillin/Streptomycin, 10% 
horse serum, and 2.5% fetal bovine serum. 

FOLLICULAR FLUID 

Porcine follicular fluid (pFF) was generously provided by the Contraceptive Development 
Branch, Center for Population Research, NICHD. One liter of pFF was extracted twice 
with dextran-coated charcoal, filter sterilized (0.22 pM filters), and stored frozen (-20°C) 
prior to use in bioassay.4 Estradiol and progesterone levels were reduced by this charcoal 
extraction procedure to <20 pg/ml and < 0.1 ng/ml, respectively. All experiments were 
performed with charcoal extracted pFF, hereafter referred to simply as pFF. 

Human follicular fluid (hFF) was collected from patients undergoing hMG stimulation 
for in vitro fertilization. Patients received 150-225 IU hMG (Pergonal, Serono) on days 
3 and 4, followed by 150 IU hMG/day until estradiol levels reached 725-1300 pg/ml. On 
approximately day 11, 34.5 hours after 10,000 IU hCG was administered im, all visible 
follicles were aspirated at laparoscopy. Follicular fluid volumes ranged from 1.5 to 4.0 
ml and were diluted with 4.0 ml PBS, charcoal extracted, and frozen prior to assay. 

HEPARIN SEPHAROSE AFFINITY CHROMATOGRAPHY 

Five ml pFF was applied on a 2.6 x 10 cm column of heparin-Sepharose equilibrated with 
10 mM Tris-HCl buffer at 250 C, pH 7.8 containing 100 mM NaCI. The follicular fluid 
was allowed to absorb into the matrix for 15 minutes, and the the non-bound proteins were 
eluted at I ml/min with buffer until absorbance (280 nM) returned to baseline. The pro
teins bound to the heparin-Sepharose were eluted with 10 mM Tris-HCI contoining 
2.0 M NaCI. Heparin bound and non-bound proteins were concentrated to original volume 
on a Centriprep 10 concentrator at 1500 x g and assayed for GnSIF and inhibin activity. 

RIA's FOR rFSH AND rLH AND PROTEIN ESTIMATION 

Assays for rLH and rFSH were performed using materials provided by the National Hor
mone and Pituitary Program of'the NIADDKD, NIH. Sensitivities of the radioim
munoassays were 0.39 and 3.1 ng/ml, respectively. Protein determinations were performed 
according to the methods of Bradford 2 using BSA as a standard. The total protein concen
tration in "crude" pFF was 90 mg/ml. Charcoal extraction ofpFF reduced the protein con
centration to 62 mg/ml. 
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STATISTICAL ANALYSES 

Mean LH and FSH levels following exposure to pFF and inhibin were analyzed by two
way analysis of variance. After demonstration of significance (p < 0.05) with an F-test, 
comparisons were made between pairs of means with a least significant difference test.25 

Student's t-tests were used to compare GnSIF and inhibin activity in heparin-Sepharose 
bound and nonbound fractions. 

RESULTS 

ASSAY OF GnSIF 

One ofthe major problems in identifying and characterizing gonadal hormones which af
fect pituitary gonadotropiii secretion is the lack ofa standardized and carefully characterized 
bioassay system. As such, we spent considerable effort to maximize the characteristics 
of our pitiutary cell bioassay for GnSIF We carefully examined the effects of different 
dispersion methods, plating time, cell concentration, and GnRH dose and stability. In sum
mary, maximal LH production from pituitary cells was maintained following dispersion
with collagenase (see Methods), plating 500,000 cells/well for at least 48 hours, and in
cubating with a dose of 10-8M GnRH for 4 hours. 

Next we examined the effects of pFF op GnRH.-stimulated LH secretion. Cultures were 
incubated with 0.01-100 A1 pFF for 0-72 hours prior to exposure to GnRH (10-8M) for 4 
hours (Fig. 1). Without prior incubation with pFF (Oh pre-exposure), GnRH-stimulated 
LH secretion was unchanged except at very high doses of follicular fluid (100 /A). Longer 
exposure of pituitary cells to pFF (24-72 hours) prior to GnRH exposure resulted in greater 
inhibition of LH secretion and greater sensitivity of the GnSIF assay; GnSIF activity was 
detected in as little as 0.01 pl pFF following 48-72 hours incubation. Maximal LH secre
tion was beginning to decline following 72 hours preincubation, therefore 48 hours ex
posure was chosen for all subsequent experiments. Figure 2 illustrates the effects of pFF 
on basal and GnRH-stimulated LH and FSH secretion by pituitary cells. The cultures were 
incubated with pFF for 48 hours prior to GnRH stimulation. The presence of 0.01-100,l 
pFF inhibited basal FSH, and GnRH-stimulated LH and FSH secretion ina dose-dependent 
manner. Basal LH production was unaffected. Figure 3 depicts the results of 4 separate 
experiments on the effects of pFF on GnRH-stimulated LH secretion, our GnSIF "stan
dard curve". We have defined one unit of GnSIF activity as the amount required to inhibit 
50% of the GnRH-stimulated LH secretion, and this is contained in approximately 1pl 
pFF (62 jig total protein). Linear regression analysis up to the 10 1 dose revealed a straight 
line with a correlation coefficient (r) of 0.98, and a slope of -16.6. The interassay CV, in
traassay CV, and the index of precision for the GnSIF assay were 14.7%, 8.4%, and 
0.0063 %, respectively. 

INHIBIN ACTIVITY 

That follicular fluids from several species are rich sources of inhibin activity is well 
established. The classical action of inhibin is the suppression of basal FSH release with 
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Figure 1.Inhibition ofGnRH-stimulated LH release from cultured anterior pituitary cells 
by pFF. Following 48 hour plating, cultures (500,000 cells/well) were incubated with 
0.01-100 pl pFF for 0 hour, 24 hours, 48 how , or 72 hours, washed twice, and then in
cubated with 1x 10- 8M GnRH for 4 hours. Each bar represents the mean ± SE of four 
observations. Asterisks denote significant differences from control levels. 

no effect on LH secretion. We examined this inhibin activity in our pFF preparation (Fig. 
4). Pitiutary cells were incubated for 48 hours in the presence of increasing concentra
tions of pFF, and the amount of basal FSH and LH release was measured. The presence 
of 0.01-100,ul pFF inhibited basal FSH release in a dose-dependent manner, with no effect 
on basal LH secretion. However, several investigators, using raw or partially purified 
follicular fluid, have reported that inhibin will also block GnRH-stimulated LH and FSH 
secretion as well as basal FSH release.',, 24 However, it is impossible from these data to 
determine whether the effects were due to a single substance or separate molecules in 
folllicular fluid. More recent studies using pure preparations of porcine and bovine in
hibin reveal that inhibin does indeed block GnRH-stimulated LH and FSH secretion in 
a dose-dependent manner in vitro, although much higher concentrations (10-100x) are re
quired to observe this effect 3,20 (these proceedings). Nevertheless, several in vivo obser
vations suggest that GnSIF activity and classical inhibin activity can be differentiated, sug
gesting that there may be more than one substance in follicular fluid which affects GnRH
stimulated gonadotropin secretion. The differences between the GnSIF assay and the in
hibin assay are outlined below. 
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Figure 2. The effect of pFF on basal (E) and GnRH-stimulated (0) LH and FSH release 
by cultured anterior pituitary cells. After plating, pituitary cells were incubated with 0.01
100 jl pFF for 48 hours, washed twice, and hen incubated in the presence or absence of 
GnRIH (1x 10- 8M)and the appropriate amount of pFF for 4 hours. Each point represents 
the mean ± SE of 4 observations. 
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Figure 3. The effect of pFF on GnRH-stimulated LH secretion. Pituitary cells were in
cubated with 0.1-30 1 l pFF for 48 hours, washed twice, and then incubated with I x 10- 8 M 
GnRH and pFF for 4 hours. LH production is expressed as a percentage of the control 
value (GnRH only, no pFF) and basal LH has been subtracted out. Each point represents 
the mean of four separate experiments with four replicates each. 

INHIBIN ASSAY GnSIF ASSAY 

- plate cells for 48 hours - plate cells for 48 hours
 
- wash, add test substances - wash, add test substances
 
- incubate 48 hours, collect media - incubate 48 hours
 
- ng FSH/m/48 hours 
 - wash, add test substances + GnRH 

- incubate 4 hours, collect media 
-ng LH/ml/4 hours 

THE SEPARATION OF GnSIF ACTIVITY FROM INHIBIN 

Several different methodologies have been employed to purify inhibin from follicular fluid. 
One of the most successful is the use of heparin-Sepharose chromatography.,4 Inhibin is 
among a minor proportion of proteins in follicular fluid which bind to heparin, therefore 
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Figure 4. Inhibin activity in porcine follicular fluid. Pituitary cells were incubated for 
48 hours with pFF and the media was removed and assayed for FSH and LH. Each point 
represents the mean ± SE of four observations. 

heparin affinity chromatography isa very useful step in the early stages of inhibin purifica
tion. We examined the inhibin and GnSIF activity in pFF after passing the follicular fluid 
through aheparin-Sepharose column (Table 1).As expected, inhibin activity was recovered 
among those proteins which bound to heparin. However, at the dose tested, GnSIF activi
ty was exclusively located in the non-bound fraction. Dose-response experiments on the 
bound and non-bound fractions of pFF following heparin-Sepharose chi omatography are 
depicted in Figure 5. Again, GnSIF activity was almost exclusively located in the non
bound fraction; a dose-dependent inhibition of GnRH-stimulated LH secretion was observ
ed with no effect on basal FSH. Conversely, dose-dependent inhibition of basal FSH secre
tion (inhibin activity) was almost exclusively recovered inthe bound fraction; inhibition 
of GnRH-stimulated LH secretion was only observed at elevated doses (10 and 30 Al, data 
not shown). Whereas heparin-Sepharose chromatography does not result in significant 
purification of GnSIF (90-95 %of the total proteins remain in the non-bound fraction), 
it does provide a useful means for removing the confounding influence of inhibin in the 
GnSIF assay. 

As noted earlier, patients undergoing gonadotropin treatment for ovarian stimulation 
rarely exhibit LH surges, suggesting that preovulatory follicular fluids might be rich in 
GnSIF and/or inhibin. We examined inhibin and GnSIF activity in individual follicular 
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fluids obtained from women undergoing hMG/hCG therapy for ovulation induction (Table 
2). Inhibin activity was exclusively recovered from follicles containing mature granulosa 
cells (morphological evaluation at aspiration). In contrast, GnSIF activity was found in 
follicles containing either mature or immature granulosa cells. Importantly, sonic follicular 
fluid samples contained both GnSIF and inhibin, some contained only inhibin, others con
tained only GnSIF, and one sample contained neither. Figure 6 compares the mean GnSIF 
and inhibin levels in follicles containing mature vs immature granulosa cells. Whereas 
inhibin levels were significantly elevated in follicular fluids which contained mature ver
sus immature ganulosa cells, GnSIF activity was similar in both groups. These data again 

TABLE 1 

SEPARATION OF GnSIF AND INHIBIN ACTIVITY BY
 
CHROMATOGRAPHY OF pFF ON HEPARIN-SEPHAROSE
 

Inhibin Activity GnSIF Activity
Basal FSH GnRH-stimulated LH 

ng/mll48 h (%Control a) ng/ml/4 h (%Controlb) 

Unbound 234 + 4 (1070/o) 58 - 6 (49O/)* 

Bound 70 + 2(32%) * 128 + 9 (108%) 

Values are the mean ± SEM, n = 4 
aControl = 219 ± 2 ng FSH/mI/48 h 
bControl = 118 ± 4 ng LH/ml/4 h 
*Significantly different from control p< 005. 

suggest that the expression of GnSIF activity, that is the selective supression of GnRH
stimulated LH secretion with no effect on basal gonadotropin production, can be separated 
from inhibin, both in vitro and in vivo. 

CONCLUSION 

In conclusion, we have developed a reliable and sensitive in vitro bioassay for the detec
tion of GnSIF activity in follicular fluid. We have significant evidence that GnSIF and in
hibin are probably distinct molecular entities, with different physicochemical 
characteristics, and differential effects on pituitary gonadotropin secretion. 
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However, until GnSIF is isolated and purified to homogeniety, and its exact molecular 
structure determined, we must also consider the possibility that GnSIF activity is simply 
an expression of one of the several molecular members of the inhibin family, if not native 
inhibin itself. 

The importance of GnSIF inthe physiological regulation of gonadotropin secretion by
the pituitary remains to be determined. Nevertheless, gonadotropin regulation by ovarian 
"hormones", such as inhibin and possibly GnSIF, may play an important role informulating 
a contraceptive strategy during the next decade. 
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Figure 5.GnSIF activity (top) and inhibin activity (bottom) in the bound and non-bound 
fractions of pFF after heparin-Sepharose chromatography. Pituitary cells were incubated 
with increasing doses of the bound and non-bound fractions for 48 hours and the media 
was removed (inhibin assay, top). The cells were then washed twice and incubated with 
GnRH (1 x 10- 8M) and fractions for 4 hours (GnSIF assay bottom. Each point represents 
the mean ± SE of four observations. 
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Table 2. Inhibin vs GnSIF Activity in Human Follicular Fluid 

GnSIF Activity Inhibin Act,,ity 

Follicle * Granulosa Cell GnRH-Stimulated LH Basal FSH 
Status ng/ml/4ha ng/ml/48hb 

3 

C-1 Mature *66,3. 2 *263 

S-6 Mature 179 43 3 * 49 4-

1 

C-9 Mature *61,.- 10 *3443 1 

C-15 Immature 81 .- 3 115 7

S-8 Immature 194 41- 29 109 .A 4 

S-9 Immature * 87,.- 7 118 .1- 11 

S-10 Immature * 86,.- 9 95 .A 6 

Values are the Mean .- SEM, n-3.
 

a Control (GnRH 10-8 M) - 140 4/- 32 ng LH/ml/4h
 

b Control (Basal) - 119 +.- 12 ng FSH/ml/48h
 

• Significantly different from control (p40.05) 
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Figure 6. Correlation of inhibin and GnslF activity with morphological status of the 
granulosa cells from human follicular fluid aspirates following hMG/hCG treatment. Each 
bar represents the mean ± SE of at least 4 follicular fluid samples assayed in triplicate. 
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DISCUSSION 

CHAIRPERSON:JEFFREYM. SPIELER 

DR. KARTEN: I would like to make a couple of comments regarding the material that 
you were using as an inhibin standard. 

At that time, NIH had contracted with The Salk Institute to prepare inhibin material. 
Now, we assumed it was inhibin, but I think it was labeled as inhibin-like. It has amolecular 
weight of sixty thousand. It was fairly easy to actually make, isolate and prepare. The 
purification factor was approximately tenfold. 

However, more recently, after Dr. Ling had determined the structure of follistatin, we 
were a little concerned as to whether that original material was inhibin. And the only in
formation I can report now is that the material that you received as an inhibin standard, 
which is different from the Ward material, does not cross-react with inhibin. We do not 
know if it is follistatin, but we do know that it does not cross-react with inhibin, and its 
sequence is currently under investigation. 

DR. DANFORTH: Are you talking about the 119-6-4 preparation? 

DR. KARTEN: Yes. 

DR. PETRAGLIA: Did you try to immunoneutralize the in vitro GnSIF activity with 
an inhibin antiserum? 

DR. DANFORTH: Yes and no. We have generated se-eral polyclonal antisera against the 
first 30 amino acids of the alpha chain of human inhibin. All of the antisera that we have 
tested cross-react very poorly with porcine inhibin. One of the antisera cross-reacts very 
well with human inhibin and will neutralize human inhibin activity in vitro. We have not 
tested whether this antisera will block GnRH-stimulated LH secretion as well. We cer
tainly plan to try this. 
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DR. KHAN: Did you do other pituitary hormones in the GnSIF assay to see whether it 
was a specific response? 

DR. DANFORTH: We sporadiczlly measure FSH, but other than that, we ha 'e not check
ed. And, uniformly, GnRH-stimulated FSH secretion is suppressed as well, although often 
not to the same degree as GnRH-stimulated LH secretion. 

DR. KHAN: That is what concerns me, because the 100 j1 dose of follicular fluid you 
use could have a nonspecific effect because of its very high protein content. 

DR. DANFORTH: Iagree. In fact, after the preliminary investigations, we never added 
more than 30 1 of follicular fluid and rarely more than 10 Al. 

DR. KHAN: What is the approximate molecular weight of the GnSIF? 

DR. DANFORTH: Greater than ten thousand. That is all I can tell you. 
We spent a lot of time initially trying to purify this molecule before we knew about the 

effect of heparin, and we made a lot of progress. Our plans now are to use the heparin 
nonbound material as our starting material for subsequent purification steps. 

DR. FAIMAN: I have some diV'culty with the terminology in terms of the GnSIF. The 
presumption here is that you are really talking about, as you have alluded to, LH release 
following a GnRII challenge in vitro. How does this relate to the in vivo surge mechanism? 
Is it, indeed, gonadotropin releasing hormone-dependent? 

DR. DANFORTH: I inherited the terminology, although I think it was appropriate at the 
time. All of our prelimina.y data suggesting that this factor exists came from in vivo ex
periments on the inhibition of the gonadotropin surge. Whether or not the material in the 
nnbound heparin fraction is a gonadotropin surge inhibitor or, more generically, a GnRH
induced LH secretion inhibitor, I do not know at this point. 

DR. GOODMAN: Since you have access to human granulosa cells, have you looked at 
whether media condition by human granulosa cells is active in your assay in the same kind 
of way that the follicular fluid is? And, since you have an antiserum against human inhibin, 
can you immunoneutralize the inhibin out of the human granulosa cell conditioned medium 
and perhaps see an activity remaining that would be an LH suppressor? 

DR. DANFORTH: I have not done any work with the granulosa cells from the IVF pro
gram. We ar-. as I said before, going to try the neutralization experiments with our an
tiserum against the alpha chain of human inhibin. 

DR. TSAFRIRI: I wish to push a little bit further than the question raised by Dr. Faiman. 
In view of the selective preponderance of the GnSIF in early follicular development, would 
you speculate, then, on a physiological action of this factor? 
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DR. DANFORTH: We have constructed a hypothetical profile of inhibin activity and 
GnSIF activity. And this is based on stimulated cycles for IVF, but I think the same pat
tern may hold true in normal cycles. In the follicular phase, estradiol rises and inhibin rises, 
maybe not in exactly the same pattern. But at the time of hCG stimulation and follicle aspira
tion, both estradiol and inhibin decrease, probably more than Ihave shown in the slides. 

Regardless of whether GnSIF peaks early, which agrees with the data from Dr. Schenken, 
or actually peaks a little bit later, it is clear that most of the GnSIF activity is gone by the 
time of ovulation or follicle aspiration. I would speculate, although I have absolutely no 
data for this, that if GnSIF has a physiological role, itwould be in maintaining the ovulatory 
quota and blocking ovulation from occurring at an inappropriate time. GnSIF levels may 
be higher earlier in the fillicular phase; therefore, no ovulation and no LH surges occur. 
Once GnSIF has decreased to an appropriate level, it may be one of the factors involved 
in allowing ovulation to occur. 

DR. RAJ: The estradiol levels as they occurred in one ovulation in your slide did not take 
off and remain elevated. From the data of Dr. Hasegawa and his group it is during the 
descending slope of this estradiol surge that the inhibin drops off. So, I was just wonder
ing whether the GnSIF activity is in some way affecting the estradiol surge in your 
stimulated cycles. What is the relationship between the level of GnSIF and the high levels 
of estradiol that you see in ovarian hyperstimulation to the inhibition of the surge of 
gonadotropin? 

DR. DANFORTH: That is a very good point. I have no idea at this time. I think many 
of the studies on raw fbllicular fluid can be confounded by the presence of inhibin. Until 
we separate the inhibin and GnSIF, and look at their effects independently, I think the ad
ministration of raw follicular fluid does not give us a clear answer on the relationship bet
ween the ovarian steroids to the gonadotropins and to the nonsteroidal factors in follicular 
fluid. 

DR. WILLIAMS: I would like to make a comment directed more at one of the latter ques
tions in Dr. Schenken's presentation about other species. If we think back to the literature 
o" the 1960s when embryo transfer was developing in domestic animals, in this body of 
literature, in pigs, sheep, and cows, with hyperstimulation, ovulation did not occur, and 
it became necessary to administer LH or hCG to induce ovulation. And then as preimplan
tation embryo culture evolved in the late 1960s and Robert Foote and Ralph Mower 
published methodology papers on how to hyperstimulate rabbits and to do preimplanta
tion culture of rabbit embryos, they also reported that ovulation did not occur when they 
hyperstimulated a rabbit. And that is most interesting, because these rabbits were being 
mated and, of course, the rabbit is a reflex ovulator. The fact is that you still had to ad
minister LH to rabbits even after mating to get ovulation when they were hyperstimulated. 
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Using inhibition ofaromatase activity in granulosa cells as the reference bioassay, we iden
tified a protein, referred to as follicle regulatory protein (FRP), which was partially purified 
from human (Chari, unpublished data) and porcine13,19 follicular fluid. These follicular 
proteins have similar molecular weights (15,000 kDa) and isoelectric points (pH 4.5). When 
FRP was tested in vitro for inhibin activity (Channing, Wehrenberg and Campeau, per
sonal communications) or injected into female (Fujimori, unpublished results) and male 
rats,2 3 

,
2 4 no reduction in FSH levels was detected. In addition, FRP demonstrates 

biochemical and biological properties different from those of growth factors which are 
known to influence ovarian steroidogenesis, for example, IGF-I, IGF-11, EGF, TGFo, and 
TGF3. This chapter will summarize data from studies evaluating both cellular and whole 
animal responses to FRP. It is important to remember that in none of these studies was 
homogeneous FRP used, thus effects from contaminants cannot be excluded. The focus 
of this review will be to outline the potential utility for FRP as a male and female 
contraceptive. 

OVARIAN STUDIES 

STEROIDOGENESIS 

FRP inhibits aromatase activity in porcine granulosa cells from medium and small-sized 
follicles.'" However, FRP does not appear to have an effect on the secretion ofestrogen 
by cells from large follicles. Increases in intrafollicular levels of androgens enhance the 
sensitivity of FSH-responsive steroidogenic enzymes in granulosa cells to FRP (Ledwitz-
Rigby and Rigby, unpublished observation). The demonstration that FRP inhibits aromatase 

235 



236 / Experience with FollicleRegulatoryProtein as an InhibitorofFolliculogenesisand SpermatogenesisIn Vivo 

activity primarily in granulosa cells of less mature tbllicles supports the hypothesis that 
FRP may facilitate follicle selection and suggests arole for FRP in atresia.8 Once the folli
cle begins to grow, its ability to aromatize its own androgens reduces the sensitivity of the 
growing follicle to FRP and the likelihood of it becoming atretic. The effects of FRP on 
steroidogenesis in granulosa cells are reversible unless aromatase activity is inhibited by 
more than 85-90% .21 This may correlate with afeature of the preovulatory follicle, name
ly, that if the dominant ovarian structure (follicle or corpus luteum) is destroyed, no other 
follicle can soon take its place. Thus, FRP may irreversibly suppress the ability of non
ovulatory fbllicles to produce estrogen. 

FRP induces abiphasic effect on the secretion of progesterone by granulosa cells from 
sows' and rats.2 At low doses, FRP stimulates the secretion of progesterone while, at higher
doses, it is inhibitory. When FRP is added to hMG-treated human and porcine granulosa 
cells, there is a dose-dependent decrease in the concentrations of progesterone in culture 
media and cytosol as well as microsomal 30-hydroxysteroid dehydrogenase activity (3f
HSD)!- 3 FRP-enriched fractions of follicular fluid stimulate basal levels of progesterone
by porcine granulosa cells from small and medium-sized follicles, but not by granulosa 
cells from large follicles. As estrogen and androgen inhibit 313-HSD activity in granulosa 
cells, the apparent biphasic effects of FRP on the secretion of progesterone by granulosa 
cells may be indirectly mediated by alterations in aromatase activity. Testosterone appears 
to sensitize granulosa cells to FRP-related alterations in the secretion of progesterone 
(Ledwitz-Rigby and Rigby, unpublished observation). It isunlikely that the effects of FRP 
on granulosa secretion of progesterone are due to toxicity of FRP, since FSH in high con
centration is able to overcome the FRP-induced inhibition of progesterone secretion.2' 

Taken together with the findings that FRP modulates other FSH-responsive activities 
in granulosa cells, for example, LH/hCG receptor induction,'8 cAMP formation25 and 
30-HSD activity,' these data indicate that recruitment and selection of the preovulatory 
follicle may occur as a result of early follicular exposure to FSH and a reduction in sen
sitivity to and/or production of FRP by the follicle. These results demonstrate that the ef
fects of FRP on ovarian steroidogenesis are complex and depend on: 1)the concentration 
of gonadotropins, especially FSH; 2) the concentration of FRP; and 3) the availability of 
substrate. 

MENSTRUAL CYCLE 

Levels of FRP rise beginning in the mid-follicular phase to reach their zenith by the 
midluteal phase,' 4a pattern which correlates with the decrease in the number of healthy 
follicles during the periovulatory and midluteal phases of the menstrual cycle.4, 7 FRP is 
secreted by granulosa cells from small and medium-sized porcine follicles, but not ltn thecal 
cells, as determined by both biological 20 , 22 and immunological assays. Enlargement of 
the porcine follicle to preovulatory size (8-10 mm in diameter) leads to a marked reduc
tion in granulosa secretion of FRP.22 Using immunohistochemical techniques, granulosa 
cells in medium and small-sized follicles in the non-luteal porcine ovary were found to 
bind antibodies to FRP; whereas, no staining of the theca was seen. 2 Localization ofanti-
FRP was limited to the perifollicular components outside of the basal lamina in both large
viable and atretic follicles. In porcine ovaries obtained during the luteal phase, staining 
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was restricted to the large cells of the corpus luteum which are thought to be the successors 
ofgranulosa cells from the preceding preovulatory follicle. Recently, Tonetta and Rodgers 
confirmed that single cell suspensions of porcine luteal cells secrete immunoreactive FRP 
in i'itro (unpublished observation). Luteal cells may therefore be aprincipal source of FRP. 

The nadir of FRP levels occur during the early follicular phase, a time which is 
characterized by the largest number of nonatretic follicles during the menstrual cycle.4 In 
the luteal phase nonatretic follicles are not likely to be apredominant source of FRP since 
their number decreases during this time. This temporal correlation between rising levels 
of FRP and atretic follicles provides anew focus for further studies of FRP secretion. The 
small number of healthy follicles available for recruitment by the rise in serum levels of 
FSH during the late luteal-early tbllicular phase may be determined by the numbers of 
tbllicles which survive the early-midluteal phase. Thus, FRP produced in the periovulatory 
interval and subsequent luteal phase may play a role in the reduction of the follicular popula
tion to a number consistent with the ovulatory quota. 

ANOVULATION 

A group ofanovulatory women was recently found to have elevated levels of immunoreactive 
FRP in their peripheral serum. 6 A differential ovarian response to clomiphene citrate by 
these anovulatory patients was observed on days 11-12 of the menstrual cycle. The ap
pearance of'abnormalities of follicular recruitment during the intercycle interval was 
demonstrated by reduced levels of estradiol in serum and concomitant elevations in 
serum levels of FRP 3-5 days after the onset of the last menstrual period. From these 
limited data, it is tempting to speculate that anovulation in these patients may result from 
an overproduction of FRR presumably by the granulosa cells, and subsequent reduction 
in follicular responsivity to stimulation by gonadotropins. Additional exposure to 
gonadotropins was not successful in overcoming this putativc FRP-induced block in 
tollicular maturation. Levels of FRP were elevated in other anovulatory patients 11-12 and 
22-23 days after the onset of the last menstrual period even after receiving clomiphene 
citrate therapy on days 3-7 of the cycle. A separate group of anovulatory patients was iden
tified by both relatively low levels ofestradiol and FRP in serum determined on cycle days 
3-5.6 Follicles in these patients may be understimulated by gonadotropins. Anovulatory 
patients who responded to clominhenc citrate therapy by increasing their peripheral levels 
of estradiol on days 11-12 of the menstrual cycle and presumably ovulated, as evidenced 
by elevated serum levels ofprogesterone on days 22-23, did not have elevated levels of FRP 
during these intervals. Thus, inappropriate exposure to elevated levels of FRP could limit 
the ability of follicles to respond to FSH resulting in suppressed follicular maturation. 

FRP TREATMENT: INHIBITION OF OVULATION 

Female Sprague-Dawley rats (23 days old) received once daily intraperitoneal injections 
of apartially purified preparation of FRP beginning either at estrus, proestrus, or metestrus. 
After 7 days of treatment, all rats manifested leukocytic vaginal smears. Although treat
ment with FRP was discontinued on treatment day 12 (after 5 consistent days of diestrus 
smears), all rats remained in diestrus for at least another 10 days. At this time, animals 



238 / Experience with Follicle Regulatory Protein as an Inhibitorof Folliculogenesis and Spermatogenesis In Vivo 

were sacrificed, ovaries removed for histological evaluation, and trunk blood collected 
for determination of hormone levels by standard radioimmunoassays. All of the rats had 
elevations in serum concentrations ofprogesterone and most of the rats manitisted decreas
ed estradiol levels. Histo!ogical evaluation of the ovaries from these rats demonstrated 
granulosa hyperplasia, thecal and stromal hyperfrophy, and no evidence of ovulation 
(Fig. 1). 

An FRP-enriched fraction of follicular fluid which did not contain inhibin activity was 
administered to normally cycling rhesus monkeys in daily intramuscular injections? Normal 
follicular development was disrupted in all monkeys. Three monkeys treated with FRP 
had menstrual cycles characterized by long follicular phases, low estradiol values, and sub
normal luteal function; two of the monkeys treated with FRP had anovulatory menstrual 
cycles. The association of abnormally long follicular phases and reduced serum concen
trations of estradiol with treatment suggests that FRP has a direct ovarian action which 
disrupts the normal process of folliculogenesis, resulting in diminished production of 
steroids by the corpus luteum (luteal insufficiency).7 In its most complete form, the disrup
tion of folliculogenesis by FRP produced anovulation. 
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Figure 1. Representative ovary from a 23-day old Sprague-Dawley rat treated with par
tially purified FRP prepared from porcine follicular fluid. Follicles contained granulosa 
hyperplasia, thecal and stromal hypertrophy and there was no evidence of ovulation 
(original magnification 100 x). 
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We assessed the effects of partially purified FRP on tblliculogenesis in intact and 
hemicastrated guinea pigs.'' The first day of vaginal opening (either partial or full) in the 
presence of nucleated and/or cornified cells in the vaginal lavage was designated day 0 
o.the estrous cycle. All estrous cycles included in this study were immediately preceded 
by at least two consecutive, regular cycles. The guinea pigs received intraperitoneal in
jections of FRP or vehicle every morning from day 8 of the estrous cycle until they were 
sacrificed. The morphology of ovaries after 3 day's (days 8-10 of the estrous cycle) or 5 
days (days 8-12 of the estrous cycle) of FRP administration demonstrated asignificant in
crease in the percentage as well as the actual number ofatretic follicles. Since alretic tbllicles 
predominantly emanate from the population tf follicles >400 pin in diameter, mor
phometric quantitation ofatretic follicles was performed on those large fbl licles. The size 
distribition of l lidCes on day 10 of the estrous cycle (after 3 days of FRP therapy) showed 
an increase in the number of atretic follicles 500-800 n in diameter. If FRP suppressed 
aroniatization in follicles of all size categories, an increase in the number ofatretic fbllicles 
would have oL, ,rred in each size category. However, an increase in the number of FRP
induced atretic follicles was observed only in the groupof follicles 500-800 Iai in diameter, 
the preferential size range for atresia in the guinea pig. Thus, exogenous FRP did not 
significantly inhibit follicular growth per se, but rather facilitated or amplified ongoing 
atrcsia. 

ANTI-FRP °I'REATMENT 

To determine if treatment with anti-FRP affected ovarian function, 23 day old Sprague-
Dawley rats with regular 4 day estrous cycles were treated beginning on day I of the estrous 
cycle with rabbit antisera prepared against porcine FRP. Treatment was continued for 4 
days (one estrous cycle) or 8days (N=5, 4 respectively). A control group of rats was treated 
with non-speci fic antisera (daily, IP) for 4 (N=5) or 8(N =4) consecutive days. Thereafter, 
the rats were sacrificed by decapitation, ovaries removed for quantitative histology, and 
trunk blood collected f-quantitation of estradiol levels by standard RIA. The mean levels 
ofestradiol in serum from both the 4 and 8 day treatment group were significantly greater 
than the control (P<.05, p <.0l respectively, Fig. 2). Figure 3 displays the distribution 
of viable follicles from these rats determined by standard morphometric analysis. There 
was asignificant increase in the number of large ( > 500 ,m)follicles in the antisera-treated 
rats (p=0.05; Mann-Whitney U). 

PERSPECTIVE 

These studies from a variety of species suggest that exogenous FRP inhibits follicular growth 
by induction ofatresia which becomes morphologically evident at aspecific follicular size 
which is species dependent. For the guinea pig, this follicular size is consistent with the 
follicular diameter at which generalized , tresia typically occurs in the normal estrous cy
cle. Since this amplification of atresia can be prevented, in part, in the rat by administra
tion of anti-FRP, these findi:-gs suggest that FRP may function as a natural atretogen. In 
this context, recruitment and selection of the preovulatory follicle may occur as a result 
ofan FRP-mediated reduction in the number ofhealthy follicles during the follicular phase, 
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Figure 2. Stimulation of serum estradiol levels in 23-day old Sprague-Dawley female rats 
treated with rabbit antisera prepared against porcine FRP for 4 or 8 days beginning on 
cycle day 1.Estradioi concentrations were significantly greater in antisera treated rats com
pared to rats treated with nonspecific antisera. 
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Figure 3. Morphometric analysis or .'ntral follicles without evidence of atresia in ovaries 
t'rom 23-day old SpragueDawley rats treated 4or 8days with rabbit antiseraprepared against 
porcine FRP or nonspecific rabbit antisera. Rats treated with anti-FRP had more viable 
follicles >500#tm cornipared to rats treated with nonspecific antisera (mean + SEM). 



Experience with FollicleRegulatoryProtein as an InhibitorofFolliculogenesisandSpermatogenesis In Vivo / 241 

followed by an FSH-niediated stimulation of the remaining viable follicle(s) in the subse
quent luteal phase. Within the follicle, FRP may mediate adose-response set point for FSH, 
which increasing exposure of the follicles to FSH can override, allowing for the recruit
ment ofovulatory tollicles. When intrafollicular levels of FRP are low, multiple follicles 
are recruited. However, when intralillicular levels of FRP are high, ovarian dysfunction 
(i.e. anovulation) may ensue. High levels of intrafollicular FSH can reduce the action of 
FRP in granulosa cells which may, in turn, allow for enhanced granulosa aromatization 
and the production of estrogen. If FSH isunable to overcome the intrafollicular effects 
of FRP. the follicle becomes atretic. 

TESTICULAR STUDIES 

INHIBITION OF SPERNATOGENESIS 

We evaluated the ekt'ects of a partially purified preparation of FRP derived from porcine 
fllicular fluid on testicular histology in mongrel dogs.'0 Partially purified preparations 
of FRP were administered intramuscularly once each day. Morphometric quantitation of 
th, se testes revealed a reduction in spermatogonial and spermatid forms, suggesting an 
alteration in seminiferous epithelial function. Accordingly, we performed time and dose
response studies to assess the effects of partially purified FRP on the function of rat 
scminif'rous epithelium. After 7524 or 3023 days of intraperitoneal injections, there was 
a significant decrease in sperm head counts in 45 day old Sprague-Dawley rats treated with 
FRP when compared to vehicle-treated controls (Fig. 4). Although a reduction in sperm 
head counts can result from decondensation of nuclei, there were no gross alteratioas in 
elongated sperniatid nuclei in the rats treated with FRP. Rather, the reductions in the number 
of sperm head nuclei by FRP may result from adecrease in progenitor cells. This was sug
gested by the lormation of' ring chromatin in the round spermatids2 3 After 60 days of treat
ment, an insufficient number of round spermatids were present even to identify a discrete 
Stage VII. The presence of ring chromatin in the round spermatids may result from either 
direct toxicity or deficient hormonal stimulation. That these effects, including the forma
tion of ring chromatin, were essentially reversible within 6 weeks of discontinuing FRP 
therapy (Tsutsumi and diZerega, unpublished observation) suggest an involvement of the 
Sertoli-germ cell paracrine system. 

Spent media from cultures of rat Sertoli cells was found to contain enhanced levels of 
immunoreactive FRP (Skinner and Rogers, unpublished observation). Accordingly, we 
tested the effect of FRP on FSH-dependent secretion of proteins by Sertoli cells. 3 In the 
presence of FRP, asignificant increase in secretion of transferring by rat Sertoli cells treated 
in vitro with and without FSH was noted after 48 hours of culture (2 and 1.5-fold, respec
tively). Secretion ofandrogen binding protein (ABP) after administration of FSH also in
creased from control levels. The addition of FRP stimulated a further rise in concentra
tions of ABP with and without FSH (2.5 and 2-fold, respectively). Thus, FRP enhances 
the secretion of these proteins by Sertoli cells in response to FSH treatment in vitro. 

Seminiferous tubules microdissected from rats treated with partially purified FRP were 
markedly more translucent at stage VII of the seminiferous epithelial cycle than those from 
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-vehicle-treated control rats after 45 and 70 days of treatment. The translucent seminiterous 
tubules in rats treated with FRP appeared to result from decreased mature sperm fbrms, 
consistent with the decreased sperm head counts. Squash preparations of semini erous 
epithelial segments contained many abnormal spermatids in FRP-treated rats, which were 
not found in vehicle-treated controls. This suggests failure in condensation of the sper
matid nuclei arrangement on the top of the epithelium, or other fiilures in sperniatid 
development. That the percentage of dark segment lengths decreased at the same time as 
the sperm head count f11 may be related to the overall reduction in the number ofsperma

15 Days 30 Days 

II
 

20 20 __ 

15 15 

10 10 
to 

xI.. 5 

E 
30 0 300 (f' C 100M 9 u9 C OO09 u9
 

<L.. FRP- L._FRP iJ
 

45 Days 70 Doys 

U 20 20 

= 15 15U.J 

• 10 10 

C 100u9 300P r I0i9 300#9
L-_ FRP-J L-FRPJ 

Figure 4. Disruption of seminiferous epithelial function in the rat by partially purified 
FRP. Sperm head counts (mean + SEM) were performed after injection of rats with vehicle 
(C) or follicle regulatory protein (FRP: 100 #g or 300 pg) for 15, 30, 45, and 70 days. Both 
the 100 and 300-pg FRP-treated groups contained significantly decreased sperm head 
counts at 30 (p<O.Oi), 45, and 70 days (p<O.01) of treatment. 
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lids in tubules as FRP therapy continued. The reduction of elongated spermatids alter FRP 
administration may result from either degeneration of these cells or reduction of more im
malure forms. Disruption in spermatogonial maturation in dogs treated with a crude 
preparation of FRP supports the latter possibility. 4 

FERTILITY TESTS 

Fertility was assessed by cohabitating 5 femiale rats with a single male for the last 10 days 
of FRP treatment.24 Each male rat previously received daily intraperitoneal injections of 
FRP for 45 days which was continued during the period of fertility testing. Controls were 
treated in the same tmanner with daily injections ofvehicle. Thereafter, the females were 
separated from the males and subsequently evaluated for implantation sites in their uterine 
horns. The percentage of fi~male rats that conceived when cohabitated with vehicle-treated 
controls was 44% to 68% during the study interval (Fig. 5). Fertility rates for male rats 
treated with apartially purified preparation of FRP for 45 and 60 days were significantly 
lower than those of controls. 
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Figure 5. Reduction of fertility in the male rat by systemic treatment with partially purified
FRP prepared from porcine follicular fluid. Percentage of pregnant rats after 10-days 
cohabitation with males treated with vehicle (C) or FRP for 30 to 60 days. Study design 
was five females per male, five males per treatment group. Females cohabitated with males 
treated with FRP, 100 ag for 45 and 60 days had significantly fewer pregnancies than con
trols. *p < 0.05: data are expressed as percent of total number of females. 
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PERSPECTIVE 

Speculation of potential mechanisms for action of FRP in the testis is less clear than for 
the ovary. However, it is apparent that autocrine/paracrine regulation of spermatogenesis 
by mediators such a FRP provide a special opportunity to reduce the production of mature 
germ cells in the presence of normal levels of steroid hormones in the peripheral circula
tion. However, the duration of treatment required to sufficiently inhibit spermatogenesis 
to allow for azoospermia remains problematic. Although the limited dose-response studies 
performed with FRP in vivo clearly indicate a reduction in male fertility, evidence for rever
sible sterility has not been obtained. Whether higher doses of FRP and/or more prolonged 
treatment cycles will result in a useful male contraceptive awaits further study. 
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DICUSSION 

CHAIRPERSON:JEFFREYM. SPIELER 

DR. KEEPING: Is there any evidence for FRP production in the testis or Sertoli cells? 

DR. DIZEREGA: Yes, there is.Dr. Jorma Toppari, who has been in our lab for the last 
year or so, has looked carefilly at FRP in the testis using immunohistochemical techni
ques. Inthe human testis we find immunolocalization with the Sertoli cells without germ
cell nor interstitial cell uptake.

In terms of Sertoli cell secretion, we can measure .RP secretion in the spent Sertoli 
culture media, not in Leydig cell culture media. And, once again, in response to FSH there 
is no change in immunoreactive FRP levels. 

A number of years ago we published some papers using a much less purified prepara
tion of FRP and found that we could readily reduce the sperm head count in rats treated 
with these impure preparations, and that we could reduce pregnancy rates with cohabited 
females with administration of a partially purified preparation of FRP to the males. 

DR. CORBIN: Did you see any blockade of ovulation in rats treated with FRP that had 
disrupted cycles? Did you look for eggs? 

DR. DIZEREGA: In out studies we did not flush out the tubes nor look for eggs. We have,
however, collaborated with Keith Demerest of Ortho Pharmaceuilca! Company who 
reproduced these stuuies. He did flush out the fallopian tubes and found that in animals 
with disruption of the estrus cycle, as shown by changes in vaginal cytology, that there were 
no eggs in the uterine horns. 



246 / Experience wih F9IlicleNe~ulatory Protein as an InhibitorofFolliculogenesisandSpermatogenesis In Vivo 

DR. CORBIN: Were there any associated hormonal changes? Were any mating studies 
done on these animals to see if they could become pregnant? Did you, or did somebody 
else, try to block the LH surge with FRP? 

DR. DIZEREGA: There were no attempts to block the LH surge. However, we did 
measure serum steroid levels ia FRP treated rats. The estradiol levels were suppressed 
and androgens were questionable; some were slightly elevated and some were slightly sup
pressed. The only unusual finding was that progesterone was elevated in virtually all of 
the FRP treated rats. Although there was luteinization of many of the ovaries, there were 
no corpora lutea to account for the progesterone elevation. 

DR. CORBIN: One other question regarding the relationship between c:incer and FRP. 
Did you say that patients with ovarian cancer have high levels of FRP i their serum? 

DR. DIZEREGA: Thirty-five percent of the patients that we studied - we have studied 
a little over five hundred now - with seious adeno,'arcinomas, mucinous adenocarcinomas, 
or granulosa cell tumors do have elevated levels of FRP in their serum. 

DR. CORBIN: On the other hand, when you gave FRP to the nude mice that have tumors 
growing in them, you got the opposite effect. In the human, it looked like there was some 
relationship between the FRP and the generation of the cancer. 

DR. DIZEREGA . I thirk that is a very importrit point to revisit. In the tumor patients, 
be they male or female, when we find immunoreactive FRP at these very high levels, we 
have never found it to be biologically active. And, as I indicated on that Western blot, the 
positioning of the immunoactivity is not at 15,000 kDa; it is at a much higher molecular 
weight position. We do not know if this is due to post-translational disruption. But quite 
clearly the immunoreactive molecule is biologically inactive. In those tumors, when we 
add FRP either in vitro or in vivo in the nude mice, we find disruption of tumor growth. 

DR. GOODMAN: I was intrigued about the finding of ovarian hyperstimulation in the 
passive immunization studies in the rat. The estradiol levels seem to be very high, and 
one would suspect, then, that the gonadotropins would be low. If so, why are those ovaries 
so big? Do yo have any hormone data from these studies? 

Also, if FRP is in circulation, and if FRP is an aromatase inhibitor, what impact does 
that have on using a FSH bioassay that measures aromatase? And, is FRP an intra-ovarian 
hormone in the sense that follicles are talking to each other through FRP, and FRP in cir
culation is simply an epi phenomenon of the message leading out into the circulation? 

DR. DIZEREGA: If FRP acts as an intragonadal inhibitor of aromatase activity, then the 
increased serum estradiol levels from passive immunization would be expected. In terms 
of gene leakage, we have found immunoactive material from colon, breast, and large, as 
well as oat cell, cancers of the lung. In testicular material, there is really no reason why 
you would expect the elevated immunoreactive FRP leveis in serum from seminoma pa
tients. What the role is, if any, at extragonadal sites, I do not know. I do know that in func
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tional castrates, or in postcastrate men and women, as well as postmenopausal women, 
typically, we do not find immunoactive material ineither serum or urine. So, I really do 
not postulate an extragonadal mode of action. 

Interms of the peripheral effects of FRP, we do think they are important. The amount 
of FRP that Dr. Gregor Westhof got on aper cell basis from perifused whole follicles is 
far more than we get from granulosa cell culture media. And, I wonder if that would be 
the case with inhibin as well, but I have not seen any data on that. 

DR. SAIRAM: Is the FRP confined to the gonad? When you castrate the animal, does 
it appear incirculation'? 

DR. DIZEREGA: The answer to the first question isyes; the second, no. 

DR. SAIRAM: Does FRP affect postcyclic AMP events? And, do you see that effect in 
other tissues as well, like other steroid producing tissues such as the adrenal gland? 

DR. DIZEREGA: We have not studied placental, adrenal, nor adipose tissue. In terms 
ofpostcyclase events, we have submitted an abstract to the Endocrine Society that addresses 
this issue. That data, hopefully, will be presented at the 70th Annual Meeting of the En
docrine Society, June 1988, in New Orleans. 

DR. MASON: Isthe amino acid sequence you presented contained in the larger forms 
that you see in tumors? 

DR. DIZEREGA: I wish I knew, but I have no information at this time. We have not done 
any sequencing at all on those large forms; we nave just recovered them and stored them. 

The only thing I can say about those large forms isthat they are not due to aggregation.
Native FRP readily aggregates, and that iswhy it took us so long to develop the N-terminal 
sequence. We are currently working on cloning the FRP gene. 

DR. CROWLEY" My question stems from an interesting observation ofwhich you might
be aware. A lot of the older literature about patients with ovarian cancer reported avariable 
degree of estrogenization of the vaginal epithelium. It was always an anomalous thing. One 
of the curious features isthat not all ovarian cancer patients have it. It struck me, as I was 
looking at your data, that you potentially had areason why some did not have it, and that 
isbecause they are making an aromatase inhibitor. Have you looked at that in terms of 
clinical expression and levels of FRP in some of these ovarian cancer patients? 

DR. DIZEREGA: It turns out that although it would be nice if there were, there really
isno correlation. It isgreat to put things in little neat packages, but it does not work this 
time. The immunoreactive material isbiologically inactive. In other words, ifwe recovered 
the material from our immunoaffinity chromatography and you put it inthe granulosa cell 
aromatase assays, there would be no inhibition. So, we would not necessarily presuppose 
there to be acause-and-effect relationship there. 
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I think another aspect of physiology that this type oi data will begin to readdress is the 
full role of prolactin in gonadal function. There is a lot of data suggesting that prolactin 
added to granulosa cell systems reduces estrogen production and aromatase activity. And, 
perhaps prolactin will become an important indirect regulator of intra-gonadal function. 
At least we are paying a lot more attention to it now. 

DR. HA ELTINE: As usual, the last slide presented leads to alot of questions. In response 
to further questioning, you mentioned that other tumors, from other sites, produce FRP. 
Have you done any nude mouse studies similar to the one you already reported? 

DR. DIZEREGA: Yes, we have. and it isquite exciting. The ovarian tumors are actually 
some of the more relatively resistant tumors to FRP therapy, and we are getting dose 
response characteristics down in the nanogram levels, well below those of other biologic 
modifiers in terms ofantineoplastic therapy. The tumor that we have found to be the most 
sensitive isthe seminoma. Many breast cancers are also quite sensitive. The ovarian cancers 
are next, and on down the list. We also have quite a few tumors which do not respond to 
FRP therapy. For instance, endometrial adenocarcinoma of the uterus is negative, 
melanomas are negative, and so forth, so there is tissue specificity. 
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We wish to dedicate this paper to the memory of the Late ProfessorM.R.N. Prasad,
Emeritus Scientist at the Department of Biochemistry, Indian Institute of Science, Banga
lore, India. 

Earlier studies from this laboratory have shown that well characterized gonadotropin an
tibodies can be used effectively in understanding the role of LH in regulating luteal func
tion in both the rodent 6,9 and the primate8, I"and that of FSH in regulating the follicular 
maturation process in the rodent'9, 2' and testicular function in the primate.'0 , 17These an
tibodies have also added to our knowledge on gonadotropin-receptor interaction. 2 , ,3FSH 
antibodies are currently being used in our laboratory to further our understanding ofFSH 
regulation of follicular maturation and luteal function as well as the role of FSH in the 
regulation of testicular function in the primate. The results of some of these investigations 
are presented here. 

METHODS 

PRODUCTION AND CHARACTERIZATION OF FSH ANTIBODY 

Both passive and active immunization approaches have been used in the current study. In
the passive immunization study antiserum raised in an adult male monkey to oFSH (an
tiserum #603) has been used. This antiserum neutralizes the biological activity of both 
ovine and primate FSH as determined in the receptor FSH binding inhibition test (Fig.
I). The binding affinity and capacity of antiserum #603 to hFSH was 0.3 x10 0 M-I and
43.8 ,g/ml, respectively. As little as 25 Al of this antiserum isadequate to neutralize en
dogenous FSH over a 8 to 12 hour period when given to cycling female monkeys (Fig. 2).
This antiserum has no effect on bioactivity of primate LH. 

249 
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For active immunization, a purified preparation ofoFSH was passed through an immuno
affinity column of LH antibody to remove any LH contamination. Immunization of adult 
male monkeys with this preparation did not lead to any diminution of testosterone levels, 
anindex of the absence of LH antibodies. Antiserum thus raised was capable of bioneutraliz
ing human and monkey FSH; a binding affinity (ka) of 5-15 x 109 M-I was determined, 
using oFSH as the ligand. 

ANIMAL MODEL 

The non-human primate used in these studies is the South Indian bonnet monkey (Macaca 
rmdiata). The adult females exhibit a regular 28 ± 4.2 day cycle, nine months of the year 
(July-March), whereas the adult males are non-seasonal and continue to produce sperm 
throughout the year. The endocrine profiles of these monkeys as well as details of husban
dry conditions have been described elsewhere. 16, 8 All animals used in this study, unless 
otherwise stated, were proven fertile monkeys. 

ABILITY OF oFSH ANTISERUM (# 603) TO INHIBIT 
125I LABELLED FSH BINDING TO BULL TESTIS RECEPTOR 

100 0o 0 1251 oFSH 
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Figure 1: Demonstration of cross-reactivity of human FSH with oFSH antiserum. 
A bull testis FSH preparation was incubated in the presence of different dilutions ofoFSH 

antiserum (#603) with either 151 labelled oFSH or hFSH for I hour at 37 °C. Non-specific 
binding was determined by carrying out the incubation in the presence of excess unlabelled 
hormone. 
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EFFICACY OF FSH ANTISERUM (* 603) AS A 
FUNCTION OF DOSE. 

IL 
L' 24 

o''20 
Z 

Z
 

16 

U,
Z 0- 12 
LI 

cr J 8 
0 
o 
U,
o 4 

0.025 0.1 0.2 1.0 4.0 10 

oFSH als INJECTED (ml) 

Figure 2: Efficacy of oFSH antiserum (#603) to neutralize endogenous monkey FSH-a 
function of the dose injected. 

Female monkeys on day I of cycle received different volumes of the antiserum injected 
intraperitoneally. Blood samples removed at specific periods were processed for 1251 hFSH 
binding to different dilutions of sera. For comparative purposes 50% binding data is used. 

RESULTS AND DISCUSSION 

EFFECT ON OVARIAN FUNCTION OF PASSIVE IMMUNONEUTRALIZATION OF FSH 
DURING VARIOUS PHASES OF THE REPRODUCTIVE CYCLE 

Using serum estrogen (E2) levels as an index of follicular activity, ithas been observed 
that inthe cycling bonnet monkey the follicular maturation process isalmost complete with 
estrogen levels peaking by day 9-10 of the cycle. While injection of 25 #l ofFSH antiserum 
(antiserum #603) on day 8 had a minimal inhibitory effect (25 %)on day 9 estrogen levels, 
the same dose given on days 7,6, or 5 resulted in differential effects which are summarized 
in Table 1.Of the 4 days tested, the day 7 follicles seem most vulnerable to the lack of 
FSH. The estrogen surge in this group occurs on day 16, indicating the resurgence of a 
new set of follicles shortly after the effect of the antiserum has worn off. The day 5 and 
6 follicles seem to override the effect of the FSH antiserum administered on these days, 
the E2surge occurring inthe day 5group on day 11 instead of day 9, while the day 6 group 
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Table 1 

EFFECT OF NEUTRALIZING FSH ON DIFFERENT DAYS UPON FOLLICULAR FUNCTION 

Day n Dose Effect on E2 Day on Which Luteal Length/ 
of Cycle of a/s Level on next E2 Cycle Length 

(,l) Day 9 Surge Occurred (Days) 

5 4 25 NIL 11 15.0 ± 0.8/27.0 + 1.4 

6 3 25 NIL 14 14.0 ± 2.3/27.3 ± 2.3 

7 9 25 	 reduced 16 13.1 + 2.2/28.2 + 2.6 
by 800/0 

8 4 25 	 reduced - 20.2 ± 2.6/30.2 + 2.2 
by 25% 

9 3 50 NIL - 19.8 + 2.1/29.2 ± 2.8 

1.Normal Midcycle E2 Surge in Bonnets occurs on day 9/10 and the E2 Levels are 610 + 180 pg/ml. 

2. Normal Length of Luteal Phase from E2 Peak on day 9 or 10 to the appearance of next Menses 
range from 18-22 days (Mean + SI): 20.) + 1.6) 

exhibits 2 estrogen surges - one on day 9 and the other on day 14 of the cycle. In the day 
6 group the dominant follicle, though it appears to iverride the effects of the antibody, 
still does not seem capable ofmeeting the ardors ofovulation/luteinization with the result 
that it either undergoes atresia or luteinization with an entrapped ovum. The increase in 
progesterone levels seen between days 9 and 14 in this group suggests the latter possibili
ty. The net result of such treatment is the development of anew dominant follicle which 
is responsible for the E2surge seen on day 14 of the cycle. Laparoscopic examination on 
day 14 confirmed the existence of a new follicle on the contral.teral ovary. 

As far as we are aware, the present study proides the first clear evidence that follicular 
dominance isachieved on day 7 or 8 of the cycle, depending on whether maximal sen
sitivity to FSH (day 7)or independence from FSH support (day 8) is considered the mark 
of dominance. It remains to be seen what cellular events FSH controls in the day 7 follicle. 

The partial neutralization of endogenous FSH during the early phases of follicular 
maturation seems to influence the quality ofgranulosa cells produced, particularly in terms 
of their future ability to luteinize and produce normal levels of progesterone. The experi
ment described below made this conclusion evident. Among the new set of folicles in
itiated to maturation following antiserum injection on day 7, one becomes dominant and 
produces normal levels of estrogen, showing a surge of E2 9 to 10 days later (on day 16 of 
the cycle). The follicle luteinizes normally following ovulation but the newly formed cor
pus luteum fails to sustain function for the normal duration. One of the best ways of find
ing out if the corpus luteum is functioning normally is to ascertain if it can support the 
establishment of pregnancy. A group ofproven fertile female monkeys (n=6), caged for 
the duration of the experiment with individual fertile males, were injected on day 7 of 3 
consecutive cycles, with 25 $1ofantiserum per monkey. The antiserum injection had no 
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effect on cycle length, nor on estrogen and progesterone levels, except fbr the inhibition 
of estrogen (75 %4 ) on day 9. The luteal phase lengths, however, were markedly reduced 
(C: 18.2 - 1.5 vs Expt: 10.8 + 1.9 days) and no pregnancies occurred during the treatment 
period consisting of 18-cycle exposures. However, with the stoppage of the antiserum in
jection. 5 out of 6 monkeys became pregnant within 3 post-tieatment cycles, providing 
a pregnancy index of 83% ,which corresponds to colony norms. It isthus clear that luteal 
tissue of monkeys treated with FSH antiserum on day 7 of the cycle isin some ways defec
tive: incapable of being rescued as shown by the inability of the monkeys to conceive. It 
should be added here that FSH antiserum injection throughout the luteal phase had no ef
fect on luteal function as judged by progesterone levels or luteal phase length. Interestingly, 
neutralization of' FSH during this period had no effect on the tllicular maturation pro
cess in the following cycle. The above experiment could perhaps provide a focal point of 
attack lbr developing a contraceptive capable of blocking or partially neutralizing en
dogenous FSH on day 7 of the cycle, a crucial juncture in the follicular maturation pro
cess of the primate. Interestingly, preliminary studies have indicated that injection of in
hibin (charcoal treated pFF) to bonnet monkeys on day 6/7 ofthe cycle also leads to aluteal 
phase delict, but the mechanism by which this is brought about appears to be different.'5 

EFFECT OF PASSIVE AND ACTIVE IMMUNONEUTRALIZATION OF FSH ON 
TESTICULAR FUNCTION OF ADULT MALE MONKEYS 

We reported earlier that chronic neutralization of endogenous FSH in adult male monkeys 
for a period of 200 days leads to testicular dysfunction. Testicular function was assessed 
in several ways. In addition to showing significant reduction in the rate of 3H thymidine
incorporation into testicular DNA in vitro and testicular hyaluronidase activity, both used 
here as indices of tubular functionality o the animals exhibited markea reduction in the 
quality and quantity of sperm voided during electroejaculation (Fig. 3). However, these 
animals did not show any change in serum testosterone levels, and proved fertile in con
trolled mating experiments. 

The above study prompted us to determine if oFSH can be used as acontraceptive vac
cine in the male primate. Specifically, we would like to discuss two aspects of this study.
The first refers to the use of Flow Cytometric analysis JFCM] to assess the effect of im
munization on the germ cell population in testes and, secondly, determine how FSH im
munization induced oligospermia leads to infertility. In recent years, FCM isgaining ac
ceptance as a method for quantitating the germ cell population in testicular biopsies of 
human 2' 3 and experimental animals.' 

A group of five adult proven fertile male bonnet monkeys 6 to 7 years of age were im
munized with oFSH given adsorbed on Alugel as per protocol standardized earlier in this 
laboratory.14 Testicular biopsy samples (100 mgs of tissue/monkey) were removed aweek 
prior to the start of immunization, and on day 85 of immunization using every precaution 
to minimize permanent damage to the testicular architecture. While one portion of the biop
sy material was used after due processing for determining Johnson's biopsy score accor
ding to standardized procedures the other portion was used for Flow cytometric analysis 
(FCM) using a PHYWE ICP 22 Flow cytometer. 

http:laboratory.14
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EFFECT OF CHRONIC FSH A/S INJECTION ON 
TESTICULAR FUNCTION OF ADULT MALE MONKEYS 
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Figure 3: Effect of chronic FSH neutralization on testicular function of adult male bon
net monkeys. 

Two ml of awell characterized oFSH antiserum raised indonor monkeys was injected 
alternate days for 200 days to proven fertile adult male bonnet monkeys. Fertility was tested 
by caging each of the males (n=4) with a cycling female from days 9-14 of cycle. Each 
male was exposed to four females. Infertility was established by about 150 days of treat
ment and for restitution of fertility it took 150.200 days post-treatment. Passive immuniza
tion had no effect on libido. 

The tissue sample for FCM was processed by mincing the tissue into fine pieces and 
incubating in a DMEM medium containing of 0.10% Trypsin and 17 pg/ml DNAse for 30 
minutes at 37°C! The germ cells released by this procedure were filtered to remove the 
debris, fixed in 70% ethanol and stained with DAPI (diaminido phenyl indole) according 
to standardized procedure. 4 The results clearly show that immunization with FSH does 
affect the spermatogenic process (Table 2). The block at the tetraploid stage (4C- from 
leptotene to diplotene stage) appears most striking. There issignificant reduction in both 
haploid (IC-spermatids and spermatozoa) and diploid cells (2C-spermatogonia and secon
dary spermatocyte) population. Interestingly, .aionkeys having a higher FSH antibody titer 
showed a more pronounced effect on their FCM pattern compared to those having a lesser 
titer. 

Active immunization of monkeys with oFSH for extended periods (beyond 150 days) 
brings about a marked reduction in sperm counts (over 70%). These animals in controll
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ed mating experiments proved infertile. It is generally held that for a male contraceptive 
to succeed it has to bring about azoospermia. Since this assumption is at variance with 
what has been observed in FSH immunization experiments, we attempted to examine the 
quality of sperm voided by FSH immunized monkeys. It isevident from Table 3 that the 
lack of FSH affects markedly the quality of sperm voided. Particular attention is drawn 
to the marked reduction in gel penetrability and sperm acrosin levels. While penetrability 
or motility isnecessar for translocation of sperm from the site of deposition to the fallo
pian tube, the enzymes h.tluronidase and acrosin are required for the dispersion of the 
cumulus and penetration of the zona respectively. We believe it is asummation of effects 
- reduction in sperm counts, viability, forward motility and acrosomal enzyme activity 
- that contributes to the setting in of infertility. For this to be achieved, there should be 
a near total neutralization of FSH for continuous periods. 

TABLE 2 

JOHNSON'S BIOPSY SCORES AND FLOW CYTOMETRIC ANALYSIS OF DNA DISTRIBUTIONS 
IN GERM CELLS OF CONTROL AND IMMUNIZED MONKEYS 

% Distribution of Germ Cells
 
Attributes n Biopsy Score HC 1C 2C 4C
 

Controls (5) 8.1 + 0.3 21.9 + 3.7 57.8 + 2.9 13.8 + 1.2 6.0 ± 1.8 
Immunized (5) 3.8 ± 1.1 74.5 + 7.3 20.8 + 6.1 4.8 ± 1.9 0
 
(90 days)
 
% Change 53 240 64 65 100
 

Values are mean = SD 
See Text for Details of Methodology. 
HC = Hyponaploid; IC = Haploid; 2C = Diploid and 4C = Tetraploid Table 3 

CONCLUSION 

We have tried to highlight here how an FSH antib:)dy can be used to probe FSH regalation 
of the gonadal function. This approach, in addition to furthering our knowledge -ad basic 
understanding of FSH action, provides an opportunity to assess exactly where ve might 
interfere with FSH action to achieve control f fertility. Considering the diffe' ential re
quirement for FSH by the female and the male, it is perhaps feasible to develo p inhibin 
as a female contraceptive and a FSH vaccine as a male contraceptive. 
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TABLE 3 
ASSESSMENT OF QUALITY OF SPERMATOZOA VOIDED BY MONKEYS IMMUNIZED WITH oFSH 

Control Experimental % Change P Value 

1. 	Sperm Counts 361.5 ± 44.5 135.6 ± 26.5 62.5 <0.01
 
(Millions/EJA)
 

2. 	 Viability 75.6 ± 2.5 49.8 ± 4.0 <0.0134.13 

3. 	 Motility %
 
(Overall) 57.0 ± 6.2 
 21.0 ± 3.1 63.17 <0.01 

4. 	 Gel Penetrability
 
Max. Distance (mm) 32.3 ± 3.7 ± 3.1 <0.01
14.4 55.42 
Density at Max.1 5.3 + 2.0 4.5 ± 1.0 15.1 NS AT 
Distance (Number 5% Level 
of Sperms 

5. 	 Acrosin 2
 

(mlU/10 Sperms) 15.57 ± 1.03 3.68 ± 0.73 74 
 <0.01 
6. 	 Hyaluronidase 15.25 + 1.07 10.12 ± 1.61 34 NS AT
 

(ug. NAGA/ 
 50/b Level 
10 sperms/h) 

37. 	 Fertility status 15/26 0/50 - Significant 

at 5% Level 

Values are Mean ± SEM. The Value of n Varied from 8-14. 
Sperm Density in Controls at 15 mm Distance (53.8 ± 0.7) is Significantly Different From That Seen 

in Experimentals at 15.0 mm Distance 

21mlU = Amount of Acrosin causing the Hydrolysis of 1 Nanomole of Benzoyl Arginine Ethyl Ester 
in 1 MTS at Room Temperature.
3Ferfi:ity Status: No. Pregnant/No. Mated. Males of Each Group Tested 5 10. 
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DISCUSSION 

CHAIRPERSON: JEFFREY M. SPIELER 

DR. BURGER: I think that the data you presented on the work of your group in the area
of the dependence of folliculogenesis and spermatogenesis on FSH isreally striking. One
of the really controversial questions to me concerning the control of spermatogenesis, is
whether FSH is really essential and the interaction between FSH and testosterone. 

Have you had the chance to look at any of your immunized monkeys given hCG, par
ticularly during the period that spermatogenesis has been suppressed with FSH immuniza
tion, to see whether, in the presence of FSH antibody, it is possible to reinitiate sper
matogenesis as was done in Dr. Bremner's department in an FSH-suppressed individual? 

DR. MOUDGAL: No, we have not done that specific experiment, though itmay be wor
thwhile. We have, instead, done another experiment testing the effect on testicular func
tion of testosterone supplementation in monkeys whose FSH and LH were suppressed by
about 80 and 60%, respectively, by the continuous infusion of Buserelin via Alzet pumps
for hours on end. Bonnet monkeys exhibit basal levels oftestosterone during morning hours 
and surge levels during the night. Buserelin infusion blocked surge testosterone leve!s,
but not basal levels. Such animals exhibited azoospermia and also a marked shrinkage intestes volume as well as semen volume. In addition to restoration of normal testosterone 
levels in these monkeys by introducing a testosterone implant, some of these animals receiv
ed an additional injection of testosterone (I mg per monkey) in the evenings. This led to
restoration of normal ejaculatory response and semen volume, but sperm counts continued 
to be zero. 

DR. SEGAL: I think that the work you have presented here in the female, and your work 
on anti-FSH in the male, is extremely interesting and should be of considerable interest 
to this group with their particular concern for intragonadal regulation and substances that 
may have a role in FSH regulation. If these substances are ever to play a role in fertility
regulation by interfering with FSH production or activity, a model showing the effectiveness
of FSH immunization isextremely important. I think it is difficult to understand how the
effect that you found is brought about with such a small volume of antibody. That is the
first thing. Secondly, I think that you used the total FSH molecule as the antigen. Did you
have any -roblems with LH or FSH cross-reaction? 

DR. MOUDGAL: The dose of 25 $1of antiserum was arrived at by undertaking a pilot
study wherein monkeys received different volumes of antiserum (from 10 11to 1,000 /zl)
and their sera at different times thereafter was analyzed for antibody capable of binding1251-hFSH. In the experiment 25 l1 of antiserum was capable of neutralizing FSH for a 
minimum period of 12-24 hours. The antiserum used, incidentally, was raised in donor
monkeys to oFSH and, as such, there was no problem of serum incompatibility. Besides
this, the specificity of the effect was established by the fact that the antiserain proved to
be effective only when given at times when the foilick, is sensitive to FSH lack and not 
otherwise. For example, the effect produced by the day 7 injection was dramatic compared 
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to aminimal effect on day 8and no effect on day 9.Similar'y, the follicle on day 5 versus 
6 of the cycle appeared less sensitive to FSH lack compared to that of day 7. 

Inresponse to the second question, this FSH antiserum does not affect either testosterone 
or thyroxine levels, good indices of lack of LH and FSH antibodies. 

DR. ALEXANDER: Would you care to speculate on the polyclonality of the immune 
response which may cause some ,ionkeys to develop more neutralizing antibodies and 
some might develop more antibodies that were specific for the receptor, and how that could 
affect the response in both females and males? 

DR. MOUDGAL: If you are asking whether there is a difference inthe type of antibodies 
produced, receptor blocking versus plain binding depending on the immunogen used, we 
do find that the antibodies raised to intact oFSH are far superior to those raised to the oFSH 
0 subunit. Both antibodies were raised in monkeys. While both the antibodies bind the 
hormone with equal affinity, their behavior on aparticulate FSH receptor or FSH responsive
cell is introduced into the system. The antibody to intact oFSH iscapable of effectively
competing with the receptor in binding and blocking response to FSH. In contrast, the 
antibody to oFSH-03 turned out to be apoor competitor or blocker of response to FSH. 
This work iscurrently being published. 

DR. KOJI YOSHINAGA: Since treatment with anti-FSH seems to affect cyclicity, how
 
do you determine Day 7 of the cycle for the purpose of treatment with antiserum?
 

DR. MOUDGAL: By giving antiseruri. on Day 7of the cycle, we believe the active growth
phase of the dominant follicle isarrested. If one ; Ai.At the estrogen profile in the nor
rnal monkey during this period, the increase inestrogen levels starts from Day 7,peaking 
on Day 9 or 10 of the cycle. The follicle appears most sensitive to the absence of FSH by
Day 7and, unlike that of Day 5or 6,isunable to regain function after 24 hours. The new 
follicle that comes up appears to grow normally as judged by anormal estrogen surge on 
Day 16 (9days post-antisera treatment) followed by ovulation and corpus luteum forma
tion as seen by normal progesterone levels. However, the normality isonly apparent as 
the corpus luteum cannot be rescued from undergoing cyclic demise. We preferred to test 
the rescue process by undertaking mating experiments rather than giving exogenous hCG. 
The effect ofthe antiserum isconfined to only one cycle and the next cycle isnormal, and, 
as such, an effective dose ofantiserum can be administered in consecutive cycles without 
interfering with the normal cycle length. These experiments clearly show that follicles 
developed under partial FSH lack have granulosa cells which are luteinized and developed
into defective luteal cells incapable of being rescued. 
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Follicular Regulation of Oocyte Maturation: 
Role of Oocyte Maturation Inhibitor 

ALEXANDER 7SAFRIRI 

Meiotic maturation in mammalian oocytes is initiated during prenatal life or shortly after 
birth, but the process is arrested (first meiotic arrest) at the diplotene of the prophase of 
first meiotic division, usually referred to as the dictyate stage. The meiotic arrest ismain
tained throughout oocyte and follicular development to the Graafian follicle stage. In vivo 
the meiotic process is resumed only in fully grown oocytes in follicles responding to the 
preovulatory surge ofgonadotropins' or in follicles undergoing atresia.24 At ovulation, in 
most mammalian species, a secondary oocyte arrested at the metaphase of the second 
meiotic division (second meiotic arrest) isreleased. The second meiotic division iscom
pleted only after fertilization or a parthenogenetic stimulus by abstriction of the second 
polar body. We shall use the term "oocyte maturation" to denote the preovulatory resump
tion of the meiotic process including chromatin condensation, germinal vesicle breakdown 
(GVB), completion of the first meiotic division, abstriction of the first pol_. body and for
mation of the second meiotic spindle. Since GVB isthe first change readily observed in 
living oocytes of many species, this istaken in many studies as the criterion for resump
tion of the meiotic process. While the presence of an intact germinal vesicle isa valid 
criterion for the maintenance of meiotic arrest, only the abstriction of the polar body and 
presence of second meiotic spindle confirm the completion of oocyte maturation. 

RESUMPTION OF MEIOSIS: MODELS 

The study of the regulation ofoocyte maturation reflects a common problem inherent in 
biological research. The process is complex, involving a multitude of regulatory 
mechanisms. Therefore, simpler substitute "model systems" which are more accessible 
to investigation were established. It is assumed that these models retain some resemblance 
to the real biological system. In choosing any model system, however, we should be aware. 
that we sacrifice some of the features of the real object of our study, such as the manifold 
intercellular interactions and homeostatic mechanisms that operate in vivo. As we pro
gress from organ to cell cultures and cell-free systems, we may gain greater reduction for 
our analytical approach, but the relevance of our findings to the physiological situation 
is at times entirely lost. It also happens that the investigator so falls in love with his model 
that he becomes oblivious to the original objectives of his study. In the following we shall 
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describe some of the in vitro models that have been exploited to gain an understanding
of the control ofoocyte maturation with special emphasis on follicular regulation and assay 
of oocyte maturation inhibitor (OMI) activity.These models differ in complexity and in 
some respect yield seemingly contradictory results. Thus, mammalian oocytes dislodged
from their folliles will resume meiosis spontareously in hormone-free media, even if col
lected before the onset of the endogenous LH-surge, whereas oocytes explanted within 
(heir intact follicle; , at the same stage of development, fail to do so.22,29 Such follicle
enclosed oocytes, h w,ever, can be induced to undergo maturation by addition of the ap
propriate hormone(s) to the culture medium 27 closely resembling the requirements prevail
ing in vivo. Being a r',ulticompartmental model it does not allow us to draw unequivocal 
conclusions regarding the primary site(s) ofgonadotropin action in inducing oocyte matura
tion and the elucidatio , of the cascade of events involved in this response. 

The contrasting behavior of the isolated oocyte and of follicle-enclosed oocytes led to 
the suggestion that maturation of the mammalian oocyte is normally prevented by an in
hibitory action exerted by follicular cells. In order to test this hypothesis a third model 
was elaborated: co-culture of isolated ooyctes with various follicularcomponents 2 522 29 , , 
Studies employing this model corroborated the concept of follicular inhibitory action and 
led to partial characterization and purification of OMI as detailed by Dr. S.H. Pomerantz 
(Chapter 20). It should be remembered, however, that the coculture of oocytes with 
follicular components can hardly restore the precise follicular interactions between the 
ovum and its micromilieu. Furthermore, OMI purified from the follicular fluid may not 
necessarily be the native molecule regulating meiosis upon direct transfer from follicle 
cells to lhe ovum through the gapjunctions connecilag these two follicular compartments.
At most. we can hope fir an approximation and the gaining of some insight into the 
paracrine mechanisms participating in follicular control of meiosis in situ. 

FOLLICULAR CONTROL OF OOCYTE MATURATION 

The spontaneous maturation of isolated oocytes in culture led Pincus and Enzmann' 9 to 
suggest that follicle cells in mammals "supply to the ovum a substance or substances 
which directly inhibit nuclear maturation." This suggestion was supported by the inhibi
tion of the resumption of meiosis of porcine oocytes co-cultured with segments of follicle 

25wall, but not with its theca 1ayer 9 ,' or ovarian bursa.16 Likewise, meiosis was inhibited 
7in porcne oocytes transferred to host follicles and cultured in hormone-free medium 8, 

and maturation of rat oocytes injected into porcine follicles was markedly delayed.8 Fur
ther, co-culture ofporcine oocytes with porcine granulosa cells inhibited the spontaneous
resumption of meiosis. 20 , 25 The inhibitory effect of granulosa cells depended upon their 
concentration in culture. Granulosa cells collected from small follicles inhibited meiosis 
more effectively than cells from medium or large follicles.2 ,2 : Similarly, when rat oocytes 
were added to rat granulosa cells previously cultured for 24 or 48 hours, resumption of 
meiosis was suppressed and the degree of inhibition depended upon the number ofgranulosa
cells in the culture. This inhitbitory effect of rat granulosa cells was reversed by the addi
tion of LH to the co-cultures.2 ,26 Nuclear maturation of rabbit oocytes was significantly 
deiayed when cultured with granulosa cells.'8 
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Extracts ofgranulosa cells, as well as granulosa cell-conditioned medium, i.e. a medium 
in which granulosa cells were cultured previously, inhibited the resumption of rneiosis, 20 , 
Collectively these results suggest that within the follicle vneiosis is arrested by an oocyte 
maturation inhibitor (OMI) produced by granulosa cells. It was fbund that addition ofFSH 
or prolactin to suspension cultures of porcine granulosa cells increases OMI activity in 
the medium, whereas testosterone or dihydrotestosterone reduces it.' 

Follicular fluid (FFI) from ovaries of rabbit, ovine, bovine, porcine, hamster and the 
human exerted an inhibitory effect upon the spontaneous maturation of isolated 

5 25oocytes., 10, ", ,2 6 This inhibitory effect is not species-specific; thus human FFI in
hibited the maturation of porcine'' and rat oocytes 6 bovine FF1 inhibited hamster oocytes,0 

and porcine FFI inhibited the maturation of rat ooLytes. 28 The OMI activity in porcine FFI 
appears to decline in the course of follicular growth. This was demonstrated by assaying 
FFI freshly collected from small, medium and large follicles2' or fluid collected from pigs 
on specified days of their rep>. ductive cycle.30 Similarly, in FFI collected from vomen 
participating in an in vitro fertilization-embryo transfer program, the OMI activity was 
significantly lower in follicles yielding mature and fertilizable oocytes as compared to 

2
follicles yielding immature or atretic oocytes.4. 1

OMI from porcine follicular fluid inhibited the resumption of meiosis by oocytes cultured 
within their intact cumuli, but it did not interfere with the maturation of denuded oocytes 

-of the pig14 or rat.23 By contrast, porcine FFI attenuated maturation of mouse denuded 
oocytes.7 Nevertheless, this study also showed that the suppression of the resumption of 
meiosis in mouse denuded oucytes was consistently less than in cumulus-enclosed oocytes. 

OMI AS A PHYSIOLOGICAL REGULATOR OF RESUMPTION OF MEIOSIS 

In order to serve as a physiological regulator of meiosis, a substance has to fulfil the 
following criteria: 1)it should be present in acompartmer.t relevant to regulation of meiosis 
at the proper timing; 2) its action should be reversible with no adverse effects on further 
stages of ovum maturation, fertilization and embryonic development; and 3) the 
physiological trigger of resumption of meiosis, gonadotropin, should be able to either 
supersede its inhibitory action oi cause its degradation or removal from the relevant com
partment. The inhibitory action of porcine FFI and of its partially purified fractions could 
be reversed by either transferring the oocytes after an initial 24 hour incubation with the 
inhibitor to amedium without OMI 1 , 14,21 or by the addition of an antibody prepared against 
the low molecular weight fraction ofporcine FFI. 22Thus, the inhibition of meiosis by OMI 
from porcine FFI does not appear to be due to a toxic and irreversible action. 

In ivo or in follicle-enclosed oocytes in vitro resumption of meiosis isinduced by LH. 
Hence the ability of LH (or other gonadotropins) to overcome the inhibition of meiosis 
by FF1 or by coculture with granulosa cells lends support for the physiological role of OMI 
in the regulation of meiosis. It was found that the addition of LH to cultures of porcine 
oocytes with porcine FFI or its purified fractions overcame their inhibition of meiois' 
Also, the inhibitory action of bovine or hamster FF1,10 of porcine FFi, rat granulosa cell 
conditioned medium as well as coculture with rat granulosa cells 22, 2 6were all alleviated 
by the addition of LH, closely resembling the regulation in vivo of oocyte maturation. 
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Follicular OMI activity was demeastrated by several laboratories and by a variety of 
approaches. Some investigators, however, were unable to confirm the presence of OMI 
activity invarious follicular preparations. These varying findings may be related, at least 
in part, to the low OMI activity of follicular fluid and of granulosa cell cultures; the fin
ding that fluid and granulosa cells from large follicles are devoid of inhibitory activity; 
the relative instability of OMI and to differences inthe methods of oocyte collection and 
culture. 

Collectively, the studies reviewed above clearly support the role of local paracrine 
mechanisms in regulation of oocyte maturation. Follicular OMI fulfills several criteria 
of a physiological regulator of meiosis. 
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DISCUSSION 

CHAIRPERSON: MILAN R. HENZL, M.D., Ph.D. 

DR. NEKOLA: Ihave a question concerning the disappearance of OMI or the decrease 
of its concentration in the preovulatory follicles. Would you care to comment on what is
keeping the oocyte arrested if the concentration of OMI is going down? 

DR. 7SAFRIRI: It should be emphasized that OMI is not the sole regulator of resump
tion of meiosis. Thus, itis clear that high oocyte levels of cyclic AMP are inhibitory. As
mentioned during my presentation, OMI and dibutyryl cAMP act synergistically to in
hibit maturation in vitro. Similar mechanisms may operate also in vivo. The concerted ac
tion of OMI, cAMP and probably other, yet unidentified factors, suppresses meiosis in
antral follicles. We have, indeed, observed that the OMI activity in porcine follicular fluidis lower in large as compared to small follicles. But this does not say that OMI activity
inlarge follicles isnot sufficient to maintain meiotic arrest in vivo prior to the LH surge.
Nevertheless, this does suggest a mechanism which facilitates the meiotic response to LH
stimulation. The fact that the present studies on the control of resumption of meiosis in
mammals deal with inhibitory factors should not lead us to the conclusion that positive
stimuli, or regulators, are absent in mammalian follicles, and Iam saying that in spite of 
my failure to demonstrate such positive activity. Insummary, the answer to your question
is that the regulation of meiosis is complex, involving several factors and follicular sites,
which cannot be explained entitely by one regulator such as OMI. 
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Oocyte Maturation Inhibitor:
 
Several Candidates for the Title
 

SEYMOUR H. POMERANTZ 

This chapter offers abrief review of candidates for the title ofoocyte maturation inhibitor 
and the evidence that isavailable to support each one. In these proceedings Dr. Alexander 
Tsafriri has reviewed the general role of an oocyte maturation inhibitor as a regulator of 
oocyte maturation. Here I focus on specific compounds and build on the reviews by Ep
pig and Downs,2' Tsafriri and Pomerantz,54and Dekel 9that have appeared in the past four 
years. No attempt has been made to include all possible citations. 

CYCLIC AMP 

Evidence that aderivative of cyclic AMP inhibits the spontaneous maturation of mam
malian oocytes was first brought by Cho e't al. in 19747 Since that time several lines of 
evidence converge to support the idea that intra-oocyte levels of cyclic AMP help regulate 
oocyte maturation. 

(A) Derivatives of cyclic AMP as well as phosphodiesterase inhibitors such as 
3-isobutyl-l-methyl xanthine (IBMX) inhibit the spontaneous maturation ofoocytes. 0 3',61, 
Gonadotropins reverse the inhibitory action of IBMX and dibutyryl cyclic AMP.'0 Recently
Aberdam et al.' showed that adenylate cyclase of Bordetellapertussis, which invaded the 
denuded rat oocyte, generated cyclic AMP withiiu ihe oocyte and maintained meiotic ar
rest. Cyclic AMP within the oocyte isalso elevated by stimulation of endogenous adenylate
cyclase. Several reports show that cholera toxin,tI which stimulates adenylate cyclase by
binding the GS protein, and forskolin, which activates the enzyme catalytic subunit,'2, 39 

inhibit the spontaneous maturation of cumuus-enclosed, but not denuded, rat oocytes.
There are other investigators, however, who rt'port that forskolin did increase the concen
tration of cyclic AMP of denuded rat or mouse oocytes and inh .ited meiotic matura

50 tion.t9, 20 , ,58 As Dekel points out 9the explanation for these opposite findings may lie in 
the fact that some preparations ofdenuded oocytes probably contain large numbers of pro
jections of cumulus cells embedded in zona pellucida. These remnants may contain 
adenylate cyclase and respond to forskolin. 

(B)Dekel and Beers hypothesized '0,"' that cyclic AMP from cumulus cells istransfer
red to the oocyte by intercellular coupling and that cyclic AMP plays avital role inregulating 
oocyte maturation. This hypothesis has now been amply supported by the work of three 
laboratories. Racowsky39 showed that incubation of cumulus-enclosed rat oocytes with 

The author's research reported here was supported in part by NIH Grant HD-14696. 
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forskolin increased the cyclic AMP content of oocytes and cumulus and there was a signifi
cant positive correlation between the amount of cyclic AMP within the cumulus and that 
in the enclosed oocyte. Racowsky further showed that a gradual increase in germinal vesicle 
breakdown was accompanied by a fall in intra-oocyte cyclic AMP while the cumulus cell 
content of cyclic AMP remained constant. Similar results were obtained b Dekel with 
rat oocytes,9 Bornslaeger and Schultz with mouse oocytes and Racowsky with pig40 and 
hamster 4' oocytes. The earlier report by Schultz et al." that cyclic AMP did not equilibrate 
between cumulus cells and associated oocyte was probably the result of using incubation 
conditions for the complexes which did not completely inhibit the oocyte phosphodiesterase, 
thus allowing the transferred cyclic AMP to be hydrolyzed. 

(C) Dekel9 has observed with rat oocyte-cumulus complexes that the coupling between 
oocyte and cumulus cells, as measured by transport of [3H]uridine, is broken before resump
tion of rmciosis. These results differ from an earlier report by Dekel et al.13 in which elec
trical coupling was used to measure the oocyte-cumulus connection. Dekel9 feels that the 
chemical coupling measurements are better able to show the changes in intercellular com
munication which accompany hormonal stimulus and which occur before conplete un
coupling. In support, Racowsky and Satterlie4 3 showed, with hamster oocyte-cumulus com
plexes, that biphasic changes in ionic coupling precede and accompany meiotic matura
tion while there is a steady decrease in the transfer of [3H]uridine from cumulus to ootyte. 
However, the temporal relation found by Dekel between the breaking of oocyte-cumulus 

20 coupling and meiosis is not supported by results with hamster,43 sheep,3 4 and mouse ,41 
oocytes. These latter investigators show reinitiation of maturation in advance of the reduc
tion in oocyte-cumulus cell coupling. These different observations could be the result of 
species differences. 

(D) Schultz et al.49 and Vivirelli et al.59demonstrated that a decrease in cyclic AMP within 
the mouse oocyte occurs shortly before germinal vesicle breakdown and Dekel 9 reported 
similar unpublished results for rat oocytes. This means that reduction of the concentra
tion of cyclic AMP within the oocyte is an early event in the sequence of reactions leading 
to germinal vesicle breakdown. 

(E) In summary, elevated levels of cyclic AMP within the oocyte prevent the reinitia
tion of oocyte maturation and reductions of those levels are correlated with resumption 
of meiosis. Reduction of intra-oocyte cyclic AMP is an early event in the process ofmeiosis. 
In several species cyclic AMP from cumulus cells can be transferred to the oocyte and in
terruption of oocyte-cumulus communication may precede meiosis. 

STEROIDS 

38Several investigators', 23 , , 4 4 have reported that various steroids augment the inhibition 
of oocyte maturation brought about by dibutyryl cyclic AMP or agents which increase the 
intracellular concentration of cyclic AMP. Steroids are ineffective on their own. 
Testosterone 38 ,44 progesterone,23 and estradio 2 3 were effective. Daniel e! a!."showed that 
19-norandrostenedione, a steroid found at high concentration in pig follicular fluid (2 x 
10-6M), 2 

1 was also effective in augmenting inhibitory effect of cycle AMP. There is some 
disagreement as to whether intact cumulus cell-oocyte complexes are required. Eppig et 
al.2 3 reported that testosterone, progesterone, and estradiol are effective in augmenting 
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inhibition of maturation of denuded oocytes in the presence of dibutyryl cyclic AMP or 
forskolin, but Daniel et al.' found that 19-norandrostenedione was ineffective in adenud
ed oocyte system containing dibutyryl cyclic AMP. There is some ambiguity also with 
dihydrotestosterone: Eppig et al.2" found it to be inactive with the cumulus-oocyte com
plex but it was active in the denuded system, but only in the presence of dibutyryl cyclic
AMP, not forskolin. I agree with the conclusion reached earlier by Eppig and Downs!' 
that a physiological role for steroids in the maintenance of meiotic arrest has not yet been 
demonstrated. The steroids are effective only when an inhibitory intracellular concentra
tion of cyclic AMP has already been reached. 

PURINES 

Downs et al.17 identified hypoxanthine as one of at least two inhibitors of mouse oocyte 
maturation in a low molecular weight fraction of pig follicular fluid. Hypoxanthine ac
counted for most of he activity. In that report several other purines - adenine, guanine,
xanthine, adenosine, guanosine, and inosine-also had activity at 0.5 mM or 1.0 mM con
centration when tested in a system ofcumulus-enclosed mouse oocytes and dibutyryl cycic 
AMP. Except for guanosine-the most active compound - none were active alone. Hypox
anthine was shown22 to be effective in denuded oocytes if the concentration was raised to 
4 to 5 jM and hypoxanthine and adenosine were idetified in mouse follicular fluid at con
centrations of 2-4 mM and 0.35-0.70 mM, respectively. In this report22 adenosine and in
osine were each synergistic with hypoxanthine. Salustri et al.4 6showed that adenosine ac
tion is mediated by reaction with cell surface receptors. 

In a rat system2 guanosine (50 AM) and hypoxanthine (2 AM) alone dccreased oocyte 
maturation and each greatly potentiated the inhibitory effect ofFSH, particularly guanosine. 

3Adencsine had no effect on its own but potentiated the action of FSH.2 , ,46Miller and 
Behrria 3 3 however, report no potentiation of FSH action in the rat oocyte system by adenine 
or inosine but show potentiation by ATP, ADP, or AMP. Preston et al.37 showed that two 
calcium ionophores, in a dose-dependent manner, potentiated oocyte maturation in the 
presence of FSH alone or with FSH and adenosine, and also inhibited a :cumulation of 
cyclic AMP. The ionophores had no effect when maturation was in.:blu.ed by dibutyryl
cyclic AMP. Adenosine reversed ionophore-dependent inhibition ofcyclic AMP accumula
tion and induction of oocyte maturation in the presence of FSH. Adenosine, ionophores, 
or FSH had no effect on denuded rat oocytes. The authors concluded that calcium mediates 
a potentiation of oocyte maturation by inhibiting FSH-dependent accumulation of cyclic
AMP in cumulus cells and that adenosine antagonizes this effect of calcium. 

The mechanism of action by purines has been studied in the mouse oocyte system by
Eppig and colleagues. Downs etal.'6showed that cumulus-enclosed oocytes take up much 
more hypoxanthine or adenosine than do denuded oocytes. Both compounds were com
pletely metabolized in vitro: most of the hypoxanthine was metabolized to uric acid and 
most ofthe adenosine to ADP; a small amount of each vs converted to inosine. The follow
ing reactions probably account for these findings: 

xanthine xanthine 
Hypoxanthine - Xanthine - Uric acid(l) 

oxidase oxidase 

http:in.:blu.ed
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nucleoside 
Adenosine - Adenine (2) 

phosphorylase 

adenine 
Adenine + 5-phosphoribosyl-l-pyrophosphate (PRPP) - AMP (3) 

phosphoribosyl 
transferase 

adenylate 
AMP + ATP - 2 ADP (4) 

kinase 

adenosine 
Adenosine - Inosine (5) 

deaminase 

There are other reactions which can take place with hypoxanthine and adenosine which 
lead to inosine monophosphate (IMP) and the latter compound can be converted to xan
thylic acid (XMP). XMP is the source for guanylic acid (GMP), guanosine, and guanine: 

Hypoxanthine + PRPP - IMP (6) 

adenylate 
AMP IMP (7) 

deaminase 

IMP 
IMP + NAD - XMP (8) 

dehydrogenase 

XMP - GMP - Guaposine - Guanine (9) 

Downs et al.16 emplo, dinhibitors of IMP dehydrogenase in the cumulus-enclosed oocyte 
system and observed that one of these inhibitors, mycophenolic acid, reversed, in a dose
dependent manner, the inhibition of meiosis brought about by hypoxanthine or hypoxan
thine plus adenosine, but it did not reverse the inhibition by guanosine. Mycophenolic acid 
had no effect on the uptake of hypoxanthine by cumulus-enclosed oocytes. The conclu
sion reached was that xanthyl or guanyl compounds or both, produced by the oocyte
cumulus complex, play an important role in maintenance of meiotic arrest. This would 
account for the observation that guanosine was the most active purine in the mouse system 17. 
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Downs and Eppigl'- injected immature mice with inhibitors of purine synthesis to ob
tain further evidence on the role ofguanyl and/or xanthyl compounds in maintaining mejotic 
arrest in vivo. Cumulus-enclosed oocy tes were isolated from ovaries at various times after 
treatment with mycophenolic acid and bredinin, inhibitors of IMP dehydrogenase; 
azaserine, an inhibitor of de novo purine synthesis: and sodium hadacidin and dl-alanosine,
inhibitors ofadenylosuccinate synthetase. Inhibition of IMP dehydrogenase and ofde novo 
purine synthesis each induced maturation in a dose-dependent manner. Fui Lhermore, the 
actions appeared to be direct and not as a result of stimulation of gonadotropin release 
or of atresia. However. the inhibitors of adenylosuccinate synthetase had no effect on 
maturation. The authors conclude that guanyl and/or xanthyl compounds are essential for 
the maintenance of neiotic arrest in vivo. 

The interpretation is clouded however by the following observations: 
(a) There was no showing that the compounds actually did inhibit the appropriate purine 

pathways in the ovary in vivo at the doses used. 
(b) Since both salvage and de novo pathways are operating would one expect acute in

hibition of one pathway to be so disruptive? 
! judge that the data gathered so far on a role for purines in maintaining meiotic arrest 

in the mouse and rat are quite persuasive, but that we must await additional data on the 
biochemical and physiological mechanism .nd on results in other species. So far, we have 
found no effect oif hypoxanthine at 0.5 mM in either pig or toad oocyte assays. In addition 
our OMI activity ch,-onatographs on reverse phase HPLC in a different position from 
authentic hypoxanthine. 

OOCYTE MATURATION INHIBITOR (OMI) IN PIG FOLLICULAR FLUID 

The work that I will describe from my own laboratory is a direct outgrowth of work reported
by Foote and Thibault25 and latcr by Tsafriri and Channing 2 who showed that granulosa 
cells inhibited meiotic maturation of pig oocytes. Tsafriri and Channing5" found in addi
*ion that pig follicular fluid (FFI) inhibited meiotic maturation of pig oocytes. The FFI 
inhibitor is not species specific since pig FFi inhibited the maturation of rat 6 and mouse 
(Channing and Tsafriri, unpublished'4 , 17)oocytes; bovine FFI affected hamster oocytes;26 
and human FFI inhibited pig 27 , rat6 and toad4 oocytes. Although there are reports24,29, 4 2 47 , 
that FFI or a PM-10 filtrate (< 10,000 molecular weight fraction) of FF1 did not inhibit 
oocyte maturation, these observations are explained at least in part by the low activity of 
some batches of FFI, the likelihood that OMI in FFI is sometimes masked by substances 
which stimulate oocyte maturation', 3 6 and the use of small pools of FF 1 7 However, some 
of these authors found that co-culture of granulosa cells with oocytes inhibited meiosis47 

whereas others2 9 did not. The latter group2 9 did find that co-culture with follicle hemisec
tion prevented meiosis3 0 

The action of OMI was reversed by addition of LH to the culture medium5 6 or by replace
ment with control medium. 5' 

ASSAY OF OMI 

Cultures of cu ,'is-enclosed pig oocytes plus the putative inhibitor alone have served 
as the primary. : y.tem for OMI.5 ,52, s5 Tsafriri etal.56showed that rat oocyte cultures 
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could be used to follow the purification. 
Mouse oocytes have been used14,17 to test FFI and crude fractions of FFI for OMI. 

However, the system employed-cumulus-enclosed oocytes together with something which 
increases intracellular cyclic AMP or aderivative of cyclic AMP - is different from the 
conceptually simpler system of cumulus-enclosed oocytes used by us. However, one can 
enhance the activity ofOMI in the rat system by adding dibutyryl cyclic AMP to thz system54 

XENOPUS OOCYTES 

Inhibitory effects of human follicular fluid on toad 4 and frog48 oocytes have been 
demonstrated. Well have now developed an assay for OMI using oocytes from Xenopus 
laevis. This latter assay is easier to conduct than the assay with pig oocytes and gives com
parable results after a certain stage of purification. 

The process of meiotic matration ofXenopus oocytes appears to differ from that ofmam
malian oocytes. For example, Xenopus oocytes require progesterone exposure in vitro 
systems, whereas mammalian oocytes mature spontaneously in culture when they are 
removed from the follicle. However, there are some similarities. A principal one is that 
in both mammalian49 and Xenopus32 oocyte systems there is an early fall in cyclic AMP 
within the oocyte. 

As we developed the assay we learned that oocytes from different toads are quite variable. 
In order to get 60% or more of the eggs to mature we have found it useful to inject toads 
with 12 IU pregnant mares serum gonadotropin (PMSG) from 4 to 10 days before they 
are used. The animals are anesthetized in an ice-water slurry and an ovary is cut off and 
placed in a0.01 M Hepes-Ringer solution, pH 7.8WOThe eggs are harvested by gently scrap
ing the ovary. Stage VI oocytes'8 are selected and counted. Usually 600-1000 oocytes can 
be obtained from one ( 'ary. Hepes-Ringer, OMI standard, and fractions to be tested for 
activity are each placed in groups of 2 or 3 culture wells in the amount of I ml per well. 
Oocytes (15 to 20) are added to each well and after 1hour progesterone (8mM final con
centration; 2.5 pmole/ml) isadded. The incubation is continued at room temperature L i
til there is maximum maturation in the control (5 to 8 hour). The oocytes are scored ,s 
mature (characteristic white spot on the animal pole), immature, or mottled (oocytes which 
have streaked areas in the pigmented hemisphere which make it difficult to determine 
.vhether maturation has occurred). The percent maturation is calculated from the number 
of mature oocytes divided by the total number of oocytes. The data in Figure 115 shows 
one of many trials in which 3 toads were each injected with 12 IU of PMSG and portions 
of their ovaries were removed on different days after treatment. Figure 1shows inhibition 
of oocyte maturation achieved with various dilutions of an OMI standard on 2,3,4 and 7 
days, respectively, after treatment with PMSG. Better inhibition was observed by 4 days 
past PMSG and this response was maintained for at least 7 days. Dose responses were usual
ly seen. The effect of 12 IU of PMSG held up for about 2 weeks and disappeared by 23 
days after injection." In other exoeriments" reversibility of inhibition was found when 
OMI medium was replaced by control medium after 6.5 hour of OMI exposure. 
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INITIAL PURIFICATION AND CHARACTERIZATION OF OMI 

Tsafriri etal reported that OMI passed through an Amicon PM-10 filter. Chromatography 
of the concentrated filtrate on Sephadex G-2512,55 revealed that OMI had amolecular weight 
of < 2000. FI lost its activity when it was treated with trypsin but retained its activity 
on repeated freezing ad thawing, treatment with charcoal, and when heated to 60'C for 
20 minutes. 5 In some unpublished experiments we have found no loss of activity after 
heating a partially purified fraction to 100'C for 15 minutes. In further experiments we 
obtained conflicting results after treatment with trypsin or with a bacterial protease. In 
one experiment we destroyed the activity ofa Biogel P2 fraction (unpublished experiments 
of Pomerantz and Bilello) with either the bacterial protease or with trypsin, but in a later 
experiment with amore highly purified HPLC fraction (see next section), neither trypsin 
nor the bacterial protease destroyed the activity. We have no explanation as yet for these 
contradictory findings. 

In early experiments we tried ion exchange chromatography on CM-Sephadex and 
DEAE-Sephadex.16 These experiments showed that OMI is an acidic compound since it 
was bound to DEAE-but not CM-Sephadex. 

INHIBITION OF OOCYTE MATURATION BY OMI 
AFTER 12 IU PMSG 

.S
Z 10o.W10 0MB DIL. ~1:100 /1:200 4:.00 1:800 
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Figure 1. Inhibition of oocyte maturation by OMI after injection of toads with 12 IU of 
PMSG35. Stage VI oocytes were exposed for 1hour to QAE-Sephadex Fraction A OMI 
dissolved in Ringer solution at dilutions of (1:100), (1:200), (1:400), or (1:800). Then pro
gesterone was added at a final concentration of 8 mM and remained for 6 hours until the 
eggs were scored. The number of oocytes in each group (from left to right in the figure): 
Toad 28: 45, 47, 50; Toad 29: 48, 47, 44, 49, 45, 43; Toad 30: 45, 50, 45, 50, 47, 52, 49. 

http:DEAE-Sephadex.16
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We conclude from these results that OMI is a low molecular weight acidic compound, 
probably not a steroi1j, and possibly containing some peptide linkages. 

CURRENT OMI PURIFICATION PROCEDURES 

The procedure exploits the acidic nature of OMI. The Amicon PM-10 filtrate isdiluted 
with an equal volume of water and passed onto acolumn of QAE-Sephadex. This strong
ly basic ion exchange resin binds OMI and it is ciuted with a steep gradient of NH4HCO3. 
In Figure 253 (upper panel) I show the results of one of six runs made on QAE-Sephadex. 
There were two major areas of OI-I activity which were collected as fractions Aand B 
according to the pig oocyte assay. The lower panel shows the results of a blank run using 

TOTAL UHARGE ON COLUMN :1770 ml PM- I0 DILUTED WITH EQUAL VOL. WATER 
ELUTED WITH 200 ml O.OIM NH4HCO3 THEN WITH A GRADIENT 

750 ml 0.01 MNH4 HCO 3 -'-750 ml 0.7 M NH4 HCO 3
VOL. OF EACH FRACTION: 13 m 1 

0.7

0.6 

05 " I IR00 

• 90. 

00 

G-0 

5o2 

0.2- 40 

0.0I 

10 20 30 40 50 60 70 80 90 100 110 10 cc 

- IQA230  
HACTIVITY BLANK GRADIENT 20. 

10 20 30 40 50 6C _) 80 90 OG 110 120 

TUBL NO.
 

Figure 2. Chromatography of PM-10 filtrate on QAE-Sephadex (5 x 4.5 cm) suspended 
in0.01 M ammonium bicarbonate. 3 1770 ml of PM-10 filtrate (1.5 units/ml; 0.18 units/mg) 
was diluted with an equal volume of water and passed onto the column. The column was 
eluted with 200 ml of 0.01 M ammonium bicarbonate and then with a linear gradient formed 
by passing 750 ml of 0.7 Mammonium bicarbonate into 750 ml of 0.01 Mammonium bicar
bonate. Active fractions were pooled to form fractions A65-69 and B95-'°2 .The lower panel 
shows the result of a BLANK RUN conducted in the same way as the gradient after the 
resin was washed with 1.0 M ammonium bicarbonate and re-equilibrated with 0.01 Mam
monium bicarbonate. 
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the same resin after cleaning and re-equilibration with the same buffer. The results showed 
that no inhibitory activity eluted from the blank resir and that only a small amount of 
material absoibed at 230 nm. 

Fractions Aand Bwere chromatographed separately on a reverse phase HPLC column. 
The data for fraction A is shown in Figure 3.53 The OMI activity was eluted in fractions 
(24+25) and (26+27). These fractions were combined and rechromatographed and the 
results are shown in Figure 4. The OMI activity was entirely in fraction 26. The data for 
HPLC of fraction Bare shown in Figure 5. Only fraction (26+27) had significant OMI 
activity. The activity in tube 15 fell short ofstatistical significance (p< 0.2) but other runs 
have shown significant activity inthis region. The apparent activity in 30-34 was not signifi
cant and inother runs we did not find activity inthis region. The total recovery of activity
from the QAE-Sephadex column was 72%, equally divided between fractions A and B. 
The recovery of activity from fraction Aafter the two HPLC runs was only 50% and that 
of fraction B was 53%. Fraction A was purified 15,000-fold over the PM-10 fraction, 
equivalent to about 150,000-fold over FF. Since fractions A and B give similar reverse 
phase HPLC profiles we are still uncertain whether they are indeed different from each 
other. 

We have compared the results of mammalian and Xenopus oocyte assays on fractions 
obtained from QAE-Sephadex and reverse phase HPLC in order to determine whether toad 
oocyte assays could b.-used in place of pig oocyte assays to follow the purification of OMI. 
The results (not shown) for QAE-Sephadex showed that while the toad and pig assays both 
showed inhibition for two fractions, there were several fractions which were positive by
the toad assay but negative by the pig assay. However, as shown in Figure 6, the results 
of the pig and toad oocyte assays coincided exactly for fractions eluted from reverse phase
HPLC. Similarly, we did some peliminary tri:'of chromatography of a reverse phase
HPLC fraction on an anion exchange HPLC column. The results (not shown) showed ex
act coincidence betweea pig and toaa oocyte assays. As a result of these studies we are 
using the toad oocyte assay to follow OMI purification from the reverse phase HPLC step 
onwards. 

POWYCLONAL ANTIBODIES TO OMI 

7Tsafriri et al.5 were successful in raising antibodies in rabbits against a PM-10 fraction 
of OMI which blocked the action of OMI in a rat oocytc sy,;tem. More recently we have 
generated polyclonal antibodies inthree rats by injecting the animals with a QAE-Sephadex
fraction linked to bovine serum albumin (unpublished experiments of S.H. Pomerantz,
F.Kohen, and A. Tsafriri, 1986). All three antisera were effective in blocking OMI ac
tivity inthe rat and pig oocyte assays, while only one blocked OMI in the toad assay. The 
results of the test using rat oocytes are shown in Figure 7. In this and in the other tests we 
observed that norni l rat serum alone appeared to have some neutralizing capacity even 
though itdid not reach the 95 %level of significance. We hope to be able to use antibodies 
to pure OMI in later studies of its mechanism of action. 
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Figure 3. HPLC of fraction A of Figure V 3Fraction A (1.73 mg; 750 units), acidified 
to 0.1% trifluoroacetic acid (TFA), was chromatographed in two portions on a Whatman 
Magnum 9 reverse phase column. Buffer A was 0.1% TFA in water and B, 0.1% TFA in 
acetonitrile. The column was eluted with Buffer A for 18 minutes, then with a linear gra
dient with Buffer B for 30 min so that at the end of 48 min the final mixture was 25% A: 
75 %B.This last was held for a further 12 minutes to complete the run at 60 minutes Dur
ing the first 18 minutes the elution rate was I ml/min and I ml fractions were collected; 
the rate was then changed to 2 ml/min and fractions of 4 ml were collected. The dashed 
bars show areas of significant inhibition ofoocyte maturation. The length of each bar shows 
the tubes pooled for the assay. Only the height of each bar is indicative of activity. 
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Figure 4.Chromatography of (24 + 25) + (26 + 27) of Figure 3 on HPLC. The active
samples were mixed (0.487 mg/ about 750 units), acidified to 0.1% TFA, and 
chromatographed in three portions on a Whatman Magnum 9 reverse phase column as 
described in the legend to Figure 3. Significant inhibition of oocyte maturation was 
measured 3nly in #26. 

CONCLUSION 

It appears that several compounds probably play roles in the maintenance of meiotic ar
rest and there is the strong possibility that there may be some species variation in the 
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Figure 5.HPLC of fraction B of Figuire 2. Fraction B (0.96 mg; 750 units), acidified to 
0.1% TFA, was chromatographed intwo portions on a Whatman Magnum 9 reverse phase 
column as described in the legend to Figure 3.Significant inhibition of oocyte maturation 
was measured in (26 + 27). 

mechanism and/or the specific compounds involved. Inmice and rats physiological con
centrations of a purine may have an inhibitory role in the presence of suboptimal amounts 
of intracellular (yclic AM0P. They appear to have only minimal activity in the absence of 
agents which increase intracellular cyclic AMP. In the models suggested by Eppig and 
Downs2 either the putative inhibitor is activated by cyclic AMP within granulosa and 
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Figure 6. Reverse phase HPLC on fractions from QAE-Sephadex and comparison of mam
malian (pig or rat) and Xenopus oocyte assays. In all these diagrams the HPLC run was 
conducted as described inthe legend to Figure 3.The pig oocyte assays in Panels A and 
B and the rat oocyte assay in Panel C are shown by open circles and the toad assays by
filled circles. The samples fractionated in Panels A and B were obtained from QAE-
Sephadex chromatography b.-. different from the experiments shown in Figure 2. 

PanelA:Activity diagram from reverse phase HPLC of a peak corresponding to Frac
tion A(594 units; 82 units/mg). The pig oocyte assay was conducted at a dilution of (1:25) 
and the toad assay at (1:50). 

PanelB: Activity diagram from reverse phase HPLC ofa peak corresponding to Frac
tion B(706 units; 1474 units/mg). The pig assay was conducted at a dilution of (1:30) and 
the toad assay at (1:50). 

Panel C: Fraction B (different from that of Panel B) was run on reverse phase HPLC 
and the fraction found to be active in the rat assay (tube 26) was rechromatographed on 
reverse phase HPLC. The activity diagram shows the results of the rat oocyte assay at a 
dilution of (1:9) and the toad assay at (1:20). 
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Figure 7. Rat oocyte assay to detect blocking of the action of OMI by rat polyclonal an
tibodies to crude OMI. Ten groups were ik.cluded: control medium (C); control medium 
+ OMI; normal rat serum (NRS) (1:25); NRS (1:25) + OMI; and each antibody at (1:50) 
(a)and (1:200) (b) + OMI. The concentration of NRS was (1:25) rather than (1:50) because 
its protein concentration was about half that 3f the antibody preparations. The OMI was 
at dilution of (1:100) giving a final concentration of peptide from OMI of 10 ,ug/ml. An
tibody preparations and OMI we incubated for 2 hours before addition of oocytes. The 
number at the bottom of each bar is the total number of oocytes in the group. The percent 
oocyte maturation in each of the seven groups comprising NRS + OMI or antibody + 
OMI were compared with control medium + OMI by CHI-squared analysis. The letters, 
shown near the top of each bar, have the following meanings: NS, not significant; a, p < 
0.05; b, p < 0.025; c, p < 0.01; d, p < 0.005; e, p < 0.0005; f, p < < 0.0005. 

cumulus cells and trarsferred to the oocyte, or else the inhibitor istransferred to the oocyte 
and helps maintain elevated levels of cyclic AMP. Either of these mechanisms could ex
plain the inhibitory activities of purines in rodent systems. 

Since cyclic AMP itself may also be transferred from granulosa and cumulus cells to 
the oocyte, the above models should be modified. It ispossible that the compound(s) that 
we call OMI iscapable of either acting independently of cyclic AMP or else to enhance 
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its
action within (he oocyte. This may be true in rodent as well as in the pig oocyte system.
Interactions between OMI., purines, and cyclic AMP might be the underlying theme in 
the regulation of meiotic arrest. 
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DISCUSSION 

CHAIRPERSON- JEFFREYM. SPIELER 

DR. ZILBERSTEIN: Were the OMI fractions added to fite medium in the Xenopus assay? 

DR. POMERANTZ: Yes. 

DR. ZILBERSTEIN: Did you try injecting the OMI fraction directly into the Xenopus 
oocyte? 

DR. POMERANTZ: No. 

D,'. ZILBERSTEIN: The big advantage of the Xenopus oocyte isthat you can injert direct
ly into it. 

DR. POMERAN7Z: Apparently the fractions work when they are added to the medium. 
I am not so sure if we want to inject into the oocyte. Progesterone, which is tk effector 
required for oocyte maturation in Xenopus, has to work on the outside. Unlike all the other 
steroid receptors, the progesterone receptor in the Xenopus ison the surface of the oocyte. 
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Since Iam not sure how OMI works. I am not sure that there would be any advantage to 
injecting it into the oocyte. I have not tried it, however. It would take a lot of mat ial and 
much more time. Our assays include 40 to 50 oocytes in each dish for each group. 

DR. BUSC4GLIA: We are using asimilar Xenopus assay for OMI at the Salk Institute. 
We obtained very good dose responses with pig follicular fluid. 

Although I agree with your results, we noticed that this assay must be used only under 
very. very stringent conditions because the presence of salts in the culture medium may 
change the ability of progesterone to induce oocyte maturation. For example, low con
centrations of sodium have no effect, but even a small amount of potassium may completely 
inhibit progesterone-induced oocyle maturation in Xenopus. 

DR. POMERAN7Z: I agree with you. The assay appears to be really supersensitive. It 
is much more sensitive than the pig oocyte assay, especially with pig follicular fluid, the 
PM-10 filtrate, and the QAE Sephadex fractions. I think that isbecause there are so many 
different kinds of compounds in follicular fluid which inhibit oocvte maturation. However. 
we are not interested in those substances which do not inhibit the maturation ofpig oocytes. 

Concerning a question about using PMSF in the preparation, we do use it to treat 
Ibllicular fluid, and it does not have any effect on the pig oocyte assay. We depend on the 
pig assay for monitoring the early stages of purification. It is only later on that we use the 
toad assay. 

DR. HENZL: I would like to invite Dr. Karten to make a comment on the assay. 

DR. KARTEN: I would like to hav'c an open discussion on the kinds of animal models 
being used. Is there some agreement on abest assay'? Is there asystem better than the frog 
assay. and if so. why'? I would also like to hear about some of the other problems that the 
investigators in the audience have had in reproducing the test for the elusive, but real, OMI 
factor. And finally, I would like to hear something about the variability in the PFF on a 
batch-to-batch basis in terms of finding the OMI factor. 

DR. HENZL: Does anybody care to comment on Dr. Karten's questions? 

DR. POMERANTZ: I can say something about the variation in the pig follicular fluid 
because we certainly found agreat deal ofvariation from one batch to the other. Until most 
recently, that is. aro.'nd the first of October 1987, we have been using follicular fluid that 
we collected ourselves /rom medium and small-sized pig follicles. And since October, when 
we were funded by CONRAD, I have been able to get follicular fluid in large quantities 
through the courtesy of Dr. Bialy at NICHD. Ihave been able to look at only two batches 
in more detail and they are quite different in their effect ija the pig oocyte assay. With a 
50-50 mixture of medium and follicular fluid, the inhilition was about 75 percent with 
one batch while the other batch only gave 30 percent iriibition. So, I am sure that as "we 
study additional batches we will find,-, lot of variation. 
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DR. G.JONES: I would just like to ask if anybody has considered what the change in 
the granulosa cell from cyclic AMP anl protein kinase A to probably pnosphatol and isoltol 
and protein kinase C may have to do witi oocyte maturation? It seems to me that this could 
have a great deal to do with the cyclic AMP system. 

DR. HENZL. Would you care to answer that question, Dr. Pomerantz? 

DR. POMERANiZ: I do not have any special observations to make on this point. 
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Anti-Miilerian Hormone in the Ovary 

BERNARD VIGIER 
JACQUELINE BEZARD 
NATHALIE JOSSO 

Anti-Mi6llerian hormone (A MH), also called Miillerian-inhibiting substance (MIS) or fac
tor (MIF), is a glycoprotein consisting in the assembly, through disulfide bonds, of two 

5.20identical 72K subunits. 4, The purified protein contains 13.6% carbohydrate and its 
aminoacid composition 9 is very close to that specified by its nucleotide sequence.6 The 
cDNA1 and genes 6 coding for bovine,' 8 and human 6 AMH have been cloned, and the 
gene localiied to the tip of the short arm of human chromosome 19 

The most obvious effect of AMH, the one that led Alfred Jost, in 1953'1, to postulate 
the existence of such a hormone, and which has given it its name, is the inhibition of the 
growth of Mijllerian derivatives in the male fetus. Early in fetal life, Mijllerian ducts develop 
in both sexes, and in timiales, they differentiate into tubes, uterus, and the upper part of 
the vagina. In males, AMH-mediated regression of Miillerian ducts is the first sign of 
masculinization of the internal genital tract. Mtillerian ducts are sensitive to AMH only 
during a short developmental "window," at 14 days in the fetal rat, and before 8 weeks in 

0 2 7 
the human.' 22 4 However. since Sertoli cells, which synthesize AMH in the testis2 ,, 
do so far beyond the period of the AMH-sensitive "window" of Mijllerian ducts," the 
possibility that AMH might have extm-Mi6llerian physiological effects has been entertained 
by various investigators. The discovery that AMH is also an ovarian hormone in the 
adult I 30 gave additional impact to this finalistic view of endocrine physiology. However, 
proof of extra-Millerian effects of AMH can be obtained only by directly testing the ef
fect of the hormone, purified to homogeneity, on its supposed target organs. In this chapter, 
we will review the data relative to the production of AMH in the mammalian ovary, and 
produce evidence fbr an effect of AMH on the morphology and steroidogeiiesis of the fetal 
ovary. 

PRODUCTION OF AMH BY GRANULOSA CELLS 

Granulosa cells of the ovarian follicle and Sertoli cells of the seminiferous tubule share 
many structural and functional characteristics, and Vigier and his colleagues 30 were 
therefore not surprised to detect AMH, a Sertoli cell protein, in the follicular fluid and 
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granulosa ceii incubation medium of adult cows. The highest concentration (45 ng/ml) 
was reached in small follicles, large follicles contained approximately four times less. The 
bioactivity of AMH, purified from bovine follicular fluid, was similar to that of testicular 
AMH (Fig. 1). Necklaws et al.7 confirmed the higher concentration of AMH in small 
follicles - 2 pg/ml versus 0.8 - the difference in the absolute values reported by the two 
groups could be due to contaminants contained in the AMH preparation used as RIA stan
dard by the Boston group. 

OVARIAN AMH TESTICULAR AMH 

4L 
IZ 

,, 

Figure 1. Miullerian duct regression in anterior segment of 14-day-old rat reproductive 
tract exposed to testicular AMH, purified from incubation medium of bovine fetal testes 
(0.7 ig/ml) or to ovarian AMH, purified from bovine follicular fluid ((0.9 pg/ml). Periodic 
acid Schiff, X 350. M : Mullerian duct, W : Wolffian duct. 

Messenger ribonucleic acid (mRNA) isolated from bovine ovarian follicles is a 2 kb 
transcript similar to that prepared from fetal and neonatal testes.P6 8 An additional 1.7 kb 
species is produced by human granulosa cells in culture." The amount of AMH mRNA 
produced by the ovary is however extremely low, less than 2% than that isolaed from the 
fetal testis, 8 and its regulation isalso different. Voutilainen and Miller33 have demonstrated 
that both ovarian and testicular mRNA are insensitive to FSH, and stimulated by cyclic 
AMP, while hCG increases AMH mRNA fourfold in the ovary, but not in the testis. 
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DR. WINTERS: I would have expected that the FSH bioassay !evels would rise commen
surate with the immunoassay levels in men who are older and have damaged testes. 

DR. HSUEH: I am not the best person to answer this question, but there are many cases 
during aging where cells are not functioning as optimally as they are supposed to be. All 
the earlier studies arc based on immunoassay, and this isthe first time abioassay was also 
done. 

DR. WINTERS: For example, in the serum in those specific samples, can the activity 
be neutralized by FSH antiserum? 

DR. HSUEH: I did not have time to present these data. We have characterized the recovery 
ofpurified FSH in PEG-treated samples. By adding FSH to the same serum samples before 
and after PEG treatment we showed that 95 percent of the FSH is recovered. 
DR. WINTERS: What is the molecular weight of the bioassayable material in the serum 

of older men? 

DR. HSUEH: There are many different forms with a pH around 5. 

DR. CORBIN. Dr. Paulsen, can you help clarify this issue? 

DR. PAULSN. To comment on the clinical material to ease Dr. Winters' concerns, these 
patients were entirely well, had retention of normal testicular function, and I think they 
represent a set of men that do not have damaged testes with increased age. 
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Changes in the Serum Concentrations of
 
Initibin in Mammals
 

YOSHIHISA HASEGAWA 

Differences in the regulatory mechanism of LH and FSH secretion from the pituitary gland 
has become an attractive field of research in the area of reproductive endocrinology.
Dissociated changes in serum LH and FSH levels were often observed in various animals 

4including pigs,'6,27,25,34,35 rats3, 5, 12, cows8and primates' under certain physiological 
and experimental conditions. It is widely accepted that LHRH from the hypothalamus 
regulates LH secretion in most cases. On the other hand, FSH secretion seems to be 
negatively controlled by agonadal substance, inhibin. ,'0 The physiological importance
of inhibin in the regulation of serum FSH levels has been demonstrated in vivo using 
follicular fluid) 3 For an understanding of the feedback system possibly existing between 
FSH and inhibin in vivo, it is extremely important to establish a sensitive and reliable in
hibin radioimmunoassay (RIA) system suitable to measure serum inhibin levels. Recent
work conducted by several groups, 9,20,29,30 including ourselves," ,23 on the development 
of pure inhibin preparations enable one to raise antisera to inhibin and to develop specific 
RIA's for inhibin.15,2',36 

As previously reported, we have isolated porcine and bovine follicular fluid 32 kilodalton 
(KDa) inhibins in fairly good yields.' ,23 They were used as immunogens to raise antisera 
in rabbits or chickens. Using the antisera and the pure antigens, we have developed 
homologous RIA systems for pigs and cows. Furthermore, the antiserum against porcine
32 KDa inhibin was found to cross-react with rat inhibin preparations. Similarly, the an
tisera to bovine 32 KDa inhibin also recognized human and goat inhibin as well. Utilizing
such characteristics of the antisera, we next established heterologous RIA systems for rat, 
human, and goat inhibins. Consequently, as shown in Table 1,a sensitive RIA system that 
could measure concentrations of inhibin in peripheral blood during normal cycles was 
established for rat by using an antiserum to porcine inhibin, and for human and goat by
using an antiserum to bovine inhibin. 

In this chapter, we describe changes in the serum inhibin levels during the estrous or 
menstrual cycles of pigs, rats, cows, goats, and women. Changes in the serum gonadotropin 
levels of the respective mammals were also measured to demonstrate apossible feedback 
system between serum inhibin and FSH levels. 

91 
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TABLE 1
 
CHARACTERISTICS OF PORCINE, RAT, BOVINE, HUMAN
 

AND SHIBA-GOAT RIA SYSTEMS.
 

Pig Rat Cow Human 	 Shiba
goat
 

Antigen for 32K PI 32K PI BI after BI after BI after
 
immunization immuno- immuno- immuno

affinity affinity affinity
 

Antibody CA710 CA710 RD926 TNDH-1 TNDH-1
 

(dilution used) 	 (x10 4) (lxi04 (2.5x10 4) (50x104 1 (50x104
 

Tracer 	 32K PI 32K PI 32K BI 32K BI 32K BI
 

Castrated serum 100 100 200 100 100
 

in standard (.1)
 

Binding rate of 26 25 31 29 32
 

tracer (%)
 

Standard 	 PI after PI after BI after hFF gFF
 
Sephacryl Sephacryl ';,ununo-


S 200 S 200 affinity
 

Slope(Log-Logit) -1.17 -1.00 -0.88 -0.88 -0.71
 

Sensitivity(/tube) eq.32KPI eq.32KPI eq.22KBI
 

Minimum detectable 0.03 ng 0.06 ng 0.01 ng 13 nl 0.8 nl
 

dose
 

ED50  0.64 ng 1.36 ng 0.22 ng 230rJ 17 nl
 

Coefficient of
 

variation (%)
 

intra-assay 7.7 4.5 6.3 b,1 6.7
 

Inter-assay 13.2 8.7 	 5.6 6.7 7.5
 

PIj purifieJ porcine inhibin, BI;purified bovine inhibin, hFF; human
 

follicular fluid, gFF; goat follicualr fluid.
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RADIOIMMUNOASSN. SYSTEMS FOR INHIBIN 

PORCINE INHIBIN RIA SYSTEM 

High-titer antisera to porcine follicular fluid (pFF) 32 KL'a inhibin have been raised in 
adult male chickens. We have demonstrated that there are several inhibin forms in pFF
of different molecular weights.5 ,2 3 One of the antisera (CA710) recognizes the higher
molecular weight forms of inhibin as well as the 32 KIa inhibin. A pattern of immunoreac
tive inhibin was piactically identical to that of bioactive inhibin on a SDS-PAGE of pFF,
indicating that the present RIA system rneasure3 total inhibin molecules including such 
higher molecular weight forms. 

In determining serum inhibin levels, interference of .,.rum with binding of the labeled 
antigen to the altiserum is the most serious problem. Such serum effects have been reported
by McLachlan et al.2 I The non-specific effects of serum on the RIA coulId be minimized 
by setting the incubation temperature at 30C during the IA procedure. However, the 
serum effects were still observed in the presence of more thin 100jpl ofserum in the assays 
even under the incubation conditions at 300C. Therefore, a constant volume (100 jil) of 
castrated male pig serum was always included in the standards in order to compensate for 
such serum effects when measuring serum inhibin levels. Figure i shows typical standard 
curves in the porcine RIA system in the presence or absence of 100jpi of castrated male 
pig serum, indicating that the serum effects in this RIA system can be satisfactorily canceled 
when the results were expressed in terms of B/Bo . The mean least detectable amount of 
inhibin, defined as 2 x SD of maximum binding (B0 ) was 30.7 pg/tube. Non-specific bind
ing was always less than 2% of the total readioactivity. Intra- and inter-assay coefficients 
of variations were 7.7% and 13.2%, respectively. 

RAT INHIBIN RIA SYSTEM 

Several lines of eidence indicate that the porcine inhibin RIA system described above is 
also applicable to the measurement of rat serum inhibin levels. First, the antibody used 
in the porcine RIA system could neutralize rat ovarian inhibin activity which was estimated 
by an in vitro inhibin bioassay using a rat anter.or pituitary cell culture system. Second, 
dipl,.ement curves of several rat inhibin preparations, including peripheral serum from 
PM' 7 primed immature female rats, were practically parallel to that of the pFF inhibin 
standard in the porcine inhibin RIA system. Third, it is well documented that serum in
hibin levels can be quantified by an in vitro bioassay when immature female rats receive 
PMSG.'8 As can be seen in Figure 2, serum inhibin levels in PMSG-primed rats deter
ined by the in vitro bioassay were parallel with those by the porcine RIA. These data 

in-icate that the porcine RIA system is applicable to the measurement of-at inhibin levels 
in serum. Since we do not have a purified rat inhibin preparation, a purified porcine in
hibin was used at: a standard and concentrations of inhibin in rat serum were expressed 
as ng/ml equivalent of porcine 32 KDa inhibin. 

http:anter.or
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Figure I(A). The effect of temperature on the RIA standard curves (O:at 30°C and A: 
at 4°C) and on the non-specific displacement of various doses of castrated male serum 
(O:at30°C and A: at 40C). 

(B)Comparison ofthe standards curves obtained with pFF 32K inhibin in the presence 
(0) or absence (0) of 100 1Aof serum from castrated pigs (Hasegawa et al. J Endocrinol 
i18 (in press) 1988). 
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Figure 2. Mean serum concentrations (±:iSEM) of LH, FSH, and inhibin from immature 
female rat (N=5) after injection of 30 IU PMSG. Bioassay of inhibin in serum was car
ried out by using in vitro pituitary cell cultlire sy'stem (Hasegawa et al. unpublished). 
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BOVINE INHIBIN RIA SYSTEM 

A homologous RIA system for bovine inhibin has also been established. In this case, 
castrated male rabbits were immunized with bFF inhibin preparations purified by im
munoaffinity chromatography 2 4 to obtain antisera of high-fiters. A purified bFF 32 KDa 
inhibin was labeled by the method of Hasegawa et al.I" and the labeled antigen was then 
purified on an iinmuncaffinity column. When measuring serum inhibin levels, 200 i of 
castrated male bovine serum were also included in the standards to compensate for the 
serum eflfcts. Incubation was also carried out at 30'C. A sensitavity of the RIA was 
10 pg/tube, average ED50 value was 220 4-70 pg/tube (n~ll). Intra- and inter-assay coef
ficients of variation were 6.3, and 5.6% (n=ll). respectively. 

iUMAN INHIBIN RIA SYSTEM 

Fortunately. the bovine inhibin RIA system described above is also applicable to the 
measurement of human and goat serum inhibin levels. Criteria mentioned in the rat RIA 
system were also fulfilled in this case. One of the antisera to bovine inhibin (TNDH-1) 
could neutralize human inhibin activity in tbllicular fluid. Displacement curves for several 
lots of human lillicular fluid were parallel with that of the bFF inhibin standard. Since 
no one has purified human inhibin from natural sources as yet, we used a pooled human 
fillicular fluid as a standard. Biological potency of the standard was determined by the 
in vitro bioassay. The ED5 0 value of the standard was 230 nl/tube. Concentrations of in
hibmn in human serum were expressed nl/mIl of the standard human follicular fluid. 
Statistical data are also shown in Table I. 

GOAT INHIBIN RIA SYSTEM 

Serum concentrations of inhibin in goats could also be measured by using the bovine in
hibin RIA system. In this case the criteria described in the rat and human inhibin RIA's 
were also fulfilled. Concentrations of inhibin in goat serum were expressed as nl/ml of 
a standard goat follicular fluid. Statistics are in Table 1. 

MEASURING INHIBIN BY RIA 

SERUM INHIBIN LEVELS I)URING THE ESTROUS CYCLES OF PIGS 

In cycling fiemale pigs, an LH surge, which directly induces ovulation, occurs without a 
34 35 concomitant rise of FSH. while seron FSH levels begin to rise after the LH surge.27 , , 

It seems essential to determine serum inhibin levels during the estrous cycle in order to 
understand the regulation of such changes in serum FSH levels. 

We collected daily blood samples at 10:00 a.m. from two cycling sows during the 
ovulatory period of three to five consecutive cycles.7 The day of ovulation was taken as 
day 0 of the cycle. Serum inhibin levels, as well as serum LH, FSH, estradiol and pro
gesterone levels, were determined. As shown in Figure 3.serum LH levels showed asharp 
peak at day -2, the so-called preovulatory LH surge, while FSH levels showed two gcntly

http:surge.27
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Figure 3. Mean plasma concentrations ( ± SEM) of porcine LH, FSH, estradiol-17 and 
progesterone during the estrous cycle of pigs. Day of ovulation designated as Day 0 
(Hasegawa et al. J Endocrinol 118 (in press) 1988). 
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sloping peaks around day -9 and day 0. FSH levels reached maximum levels late in the 
luteal phase (420 ± 44 ng/ml) and then began to decline, reaching minimum at day -4. 
Although serum FSH levels did not increase together with the LH surge at day -2, a signifi
cant rise in FSH Ik:vels was seen two days after the LH surge. On the other hand, serum 
inhibin levels fluctuated between 0.5 ng/rnl and 2.5 ng/ml, showing two small peaks dur
ing the luteal phase and a long plateau-like burst during the follicular phase. The high in
hibin levels during the follicular phase continued for more than 6 days, the duration of 
which was much longer than that of the estradiol surge. Serum FSH levels during the 
follicular phase seem to be inversely related to the serum inhibin levels. Inhitin secreted 
into the peripheral blood may directly regulate FSH secretion from the pituitary gland. 

It is also notable that serum inhibin levels fluctuated showing small peaks during the 
luteal phase, while serum estradio levels remained low. Parlow et al.2 6 reported that dur
ing the luteal phase all follicles present in the ovary are less than 4 mm in diameter on 
day 4, but this is followed on day 10 with an average of about 15 follicles per ovary bet
ween 4 mm and 8 mm in diameter. Our present results may reflect the development and 
degradation of such small follicles present in the ovary during the luteal phase which may 
already be producing inhibin but not yet secreting estradioly Such dissociated secretion 
of inhibin and estradiol from rat granulosa cells was also observed under in vitro culture 

3conditions.2 ., Alternatively, the corpus luteum may be producing inhibin during this 
period, as suggested by Cuevas et al. following their immunohistochemical study.4 High 
inhibin levels were found during the luteal phase of women, suggesting that inhibin plays 
an important role during this phase. 

SERUM INHIBIN LEVELS DURiNG THE ESTROUS CYCLES OF RATS 

Changes in the serum concentrations of LH and FSH during the estrous cycles of rats have 
been well characterized. The most striking feature of the serum gonadotropin changes is 
that following the preovulatory LH/FSH surge which takes place during the afternoon of 
proestrous, asecond discharge of FSH without a rise in LH, the so-called second FSH 
surge, occurs during the early morning of estrus. We have previously demonstrated that 
the second FSH surge isnot dependent on hypothalamic LHRH.' 4 Therefore, cnanges in 
serum inhibin levels during the periovulatory period of cyclic rats may hold the key to the 
solution of what causes the second FSH surge. Our experimental protocol was as f'ollows: 
female Wistar rats exhibiting more than three consistent 4-day cycles were used in this study. 
Groups of five rats each were bled and killed at 3-hour intervals throughout the estrous 
cycle. Anterior pituitaries and ovaries were removed immediately after decapitation. The 
pituitaries and ovaries were then homogenized and centrifuged to obtain extracts. Sera or 
supernatants of tissue extracts were stored frozen at -30'C until hormone assays. Figure 
4 shows changes in serum and ovarian inhibin levels as well as serum and pituitary FSH, 
serum progesterone, and serum estradiol levels. 

Inhibin levels in the ovarian extracts and in peripheral sera correlated well as shown in 
Figure 4. Changes in serum inhibin levels followed the changes in the ovarian inhibin levels 
with a latency of about 6 hours. 

Characteristics of the changes in serum inhibin levels are as follows: 1)Levels were high 
during the morning of proestrous; 2) Levels dropped sharply in the evening of the pro
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Figure 4. Mean serum concenrations ( ±! SEM) of inhibin, FSH, estradiol-17fl and pro
gesterone during 4-day estrouFcycle of the rat (N=5). Pituitary FSH and ovarian inhibin 
contents during cycle were also shown (Hasegawa et al unpublished). 
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estrous day after the first LH/FSH surge; 3) Levels then recovered rapidly, reaching a peak 
at 1500 on estrus: 4) Levels then dropped again to record the second lowest levels at 2400 
on estrus; and 5) Thereafter, inhibin levels increased gradually with small peaks throughout 
the metestrous and diestrous day. 

T he present results clearly show that an inverse relationship exists between the so-called 
second FSH surge and serum inhibin levels from the proestrous evening to the estrous mor
ning. De Paolo et al ,6using a qualitative in vitro bioassay, reported that inhibin levels in 
ovarian venous plasma are low from the proestrous evening to the estrous morning. Our 
present results together with the De Paolo findings suggest that the second FSH surge is 
caused by the sharp drop in inhibin levels during the proestrous evening. It is surprising 
that pituitary FSH content showed a gradual increase during the period of the second FSH 
surge, in spite of the large discharge of FSH into the blood. 

It is noteworthy that a small but distinct FSH rise was observed at 0300 on mctestrous 
in association with the second drop in inhibin levels at midnight of estrus. In addition, 
it is very interesting that serum estradiol levels were not always parallel with serum in
hibin levels. For example, a sharp inhibin peak at 1500 during estrus was not associated 
with a rise in the serum estradiol levels. This suggests that regulation of inhibin produc
tion is somewhat different from that of estradiol production. This speculation was also 
supported by an in vitro study using a rat granulosa cell culture system.3 It can also be 
argued that concentrations of aromatase substrates, for example testosterone, are not suf
ficient to produce estradioi on the day of estrus. Indeed, serum testosterone levels during 
estrus were relatively low, about one third of the maximum levels (Hasegawa et al. un
published). It seems important to identify the mechanism causing the dissociation of in
hibin and estradiol production to understand the development and degeneration of follicles 
in the ovary. 

SERUM INHIBIN LEVELS DURING THE ESTROUS CYCLES OF COWS 

There have been few reports describing changes in the serum concentrations of LH and 
FSH during the estrous cycles of cows, probably because of the relatively low concentra
tions of serum FSH levels during the cycles. Dobson and Kamonpatana reported recently 
in their review" that there is no consistent feature in the changes in serum concentrations 
of FSH during the estrous cycles of female cows. In order to examine the relationship be
tween serum FSH and inhibin levels during the cycles of cows, it is necessary to show a 
detailed feature of cycling changes in FSH levels. Figure 5 shows hormonal changes dur
ing the estrous cycles of cows. Blood samples were collected from three cycling cows dur
ing every two cycles. Cows were bled at 4-hour intervals during the periovulatory period 
and at 12-hour intervals during the rest of the cycle. Serum concentrations of LH, FSH, 
and inhibin were determined by respective RIA's. 

As far as we know, Figure 5 is the first detailed profile of serum levels of FSH during 
the estrous cycles of cows. The FSH profile was quite different from those of pigs and rats. 
In cycling cows, a preovulatory FSH surge, which was associated with an LH surge, was 
striking, while a second FSH surge 24 hours after the first LH/FSH surge was not as evi
dent as corresponding surges in pigs and rats, though the second FSH surge does indeed 
take place in cycling cows. Serum FSH levels were relatively high during the luteal phase 
and then dropped to a low level during the follicular phase. 
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Serum inhibin !evels, on the other hnd, showed characteristic changes during the cy
cle as shown in Figure 5. Serum inhibin levels increased gradually during the follicular 
phase, peaked moderately on the day of the preovulatory LH/FSH surge, then dropped 
sharply after the preovulatory LH/FSH surge. The small second FSH surge correlated well 
with the sharp drop in inhibin levels. Surprisingly, inhibin levels then recovered rapidly 
reaching a maximum 36 to 48 hours after the preovulatory LH/FSH surge. It iswell known 
that ovulation occurs 24 to 36 hours after the gonadotropiii surge in the cow, therefore, 
inhibin levels reached maximum just after ovulation. Inhibin levels then dropped gradually, 
creating small peaks during th%. luteal phase; the inhibin levels were relatively low during 
this period. 

In general, serum FSH and inhibin levels did not correlate as well in cows as in rats or 
pigs. However the second FSH surge seems to be inversely related to serum inhibin levels. 

It is quite interesting that the maximum secretion of inhibin occurs just after ovulation 
when serum progesterone levels still remain at basal levels. This suggests that the highest 
inhibin levels 36 to 48 hours after the gonadotropin surge are not due to possible inhibin 
production from differentiated luteal cells or the corpus luteum. Such a rapid recovery 
of inhibin levels was also observed in cyclic rats just after the second FSH surge. The secre
tion mechanism and the source of inhibin during this period is entirely obscure, but one 
can speculate that the second FSH surge is a trigger for such an inhibin burst. 

SERUM INHIBIN LEVELS DURING THE MENSTRUAL CYCLES OF WOMEN 

Changes in serum gonadotropin levels during the menstrual cycles of women have been 
well characterized. In this study, we examined changes in serum inhibin levels in relation 
to gonadotropin changes. Blood samples were collected once daily from six healthy women 
volunteers. Serum inhibin levels, as well as gonadotropin levels, were determined by RIA's. 
The day of the preovulatory LH/FSH surge was taken as day 0. 

As shown in Figure 6, normal patterns for serum gonadotropin changes were obtained. 
On the other hand, serum inhibin levels show acharacteristic profile that is quite different 
from those of the other mammals. First of all, inhibin levels were quite high during the 
luteal phase. The very high inhibin levels during the luteal phase overlapped with the pro
gesterone burst. Such a profile is characteristic of women, since high inhibin levels were 
not observed during the luteal phase 'f the other mammals examined thus far. McLachlan 
et al.2 2 and Tsonis et al.33 also reported high inhibin levels during the luteal phase in women. 

It is well known that the human corpus luteum is able to produce estradiol, while many 
other mammals cannot secrete this steroid from their corpus luteum. This suggests that 
the human corpus luteum issomewhat functionally different from that of other mammals. 
Therefore, by analogy with estradiol, it is conceivable that the human corpus luteum pro
duces inhibin, accounting for the high inhibin levels present during the luteal phase in 
women. Such an inhibin burst during the luteal phase, when FSH levels remain quite low, 
may arrest the development of antral follicles until the regression of the corpus luteum 
takes place. 

Inhibin levels dropped sharply in association with the regression of the corpus luteum, 
and remained low during the early follicular phase. Serum inhibin levels then increased 
gradually during the late follicular phase reaching a moderate peak on the day of the 
preovulatory LH/FSH surge. 
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Figure 6. Mean plasma concentrations (±- SEM) of LH, FSH, and inhibin during 
menstrual cycle of six women. Day of LH peak designated as day 0 (Hasegawa et al. un
published). 
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Serum inhibin and FSH levels correlate quite well in an inverse fashion, except for a 
few days around the preovulatory gonadctropin surge. During the late follicular phase, 
antral follicles begin to respond not u.ly to FSH but also to LH to produce estradiol and 
inhibin.32'3- Therefore, a strict feedback system between FSH and inhibin may not be feasi
ble during this period. Similarly, since the corpus luteum is responsive only to LH and 
not FSH, a lack of stimulation by FSH, which might cause adrop in inhibin secretion from 
the follicles, seems to have no effect on inhibin secretion from the corpus luteum during 
the luteal phase. 

SERUM INHIBIN LEVELS DURING THE ESTROUS CYCLES OF GOATS 

As described preiously, serum inhibin levels in goats can be measured using a bovine 
inhibin RIA system. Small Japanese Shiba goats were used in the present experiment. 5 

Blood samples were collected from six cycling goats at 2-hour in:ervals during the 
periovulatory period and at 24-hour intervals from day 2 to day 16. The day of the 
preovulatory LH/FSH surge was taken as day 0. 

As shown in Figure 7, serum FSH levels presented a fluctuating pattern during these 
cycles. A small but distinctive second FSH surge was observed about 24 hours after the 
first LH/FSH surge. During the luteal phase FSH levels were relatively low, but fluctuated 
with several small peaks. 

Serum inhibin levels, as shown in Figure 7,fluctuated along with changes in serum FSH 
levels in a reverse fashion. The inverse relationship between FSH and inhibin was quite 
evident during the luteal phase. A drop in FSH levels during the late follicular phase was 
also associated with an increase in serum inhibin levels. The second FSH surge, which 
occurs 24 hours after the fiist LH/FSH surge, seems to be aconsequence of asharp drop 
in inhibin levels following the first surge. 

Unlike human cycles where inhibin levels during the luteal phase are significantly higher 
than the follicular phase, suggesting the major source of inhibhn is the corpus luteum, in
hibin levels in the goat were higher during the follicular phase. They then declined 
significantly during the luteal phase with fluctuations creating small peaks, suggesting that 
the major source of inhibin in the luteal phase goat is the newly developing ovarian folli
cle during that period. It would appear that a strict negative feedback mechanism between 
FSH and inhibin exists during the luteal phase. In other words, during the luteal phase 
ofgoats, inhibin issecreted from FSH-responsive components in the ovary, namely follicles, 
rather than from the corpus luteum, which is not responsive to the FSH stimulation. 

CONCLUSIONS 

Antisera have been raised against purified porcine and bovine ovarian inhibins. We have 
now established RIA systems that can be used for the measurement of inhibin concentra
tions in peripheral sera of cyclic pigs, rats, cows, goats, and women. In cycling pigs, rats, 
and goats, serum inhibin levels are high during the follicular phase and then drop sharply 
after the preovulatory LH/FSH surge. In these animals inhibin levels are relatively low 
during the luteal phase. Several small inhibin peaks are also found during the luteal phase
in these animals. In cycling pigs, rats, and goats, fluctuations in inhibin levels that per
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Figure 7. Mean concentrations (±+SEM) of LH, FSH, inhibin, estradiol-17fl and pro
gesterone during estrous cycle of six Shiba-goats. Time of gonadotropin surge designated 
as day 0 (Hasegawa et al. unpublished). 
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sisted for a fairly long time after ovulation may reflect th development and degeneration 
of follicles present in the ovary during the period. In cycling COWS, serum inhibin levels 
reached a maximum 36 to 48 hours after the preovulatory LH/FSH surge, when serum 
progesterone levels rzmained low. Inhibin levels then dropped and remained relatively low 
during the luteal phase. A clear relationship between FSH and inhibin could not be 
established in cycling cows, except during the period of the second FSH surge. In the 
menstrual cycles of women, serum inhibin levels were quite high during the luteal phase, 
in contrast to the other mammals examined thus far. This suggests that a major source of 
inhibin during the luteal phase is the corpus luteum, at least in women. Therefore, the corpus 
luteum of women seems to be functionally different from that of the other mammals as 
it relates to inhibin production. 

Table 2 summarizes relationships between FSH and inhibin during the cycles of the mam
mals examined so far. 

TABLE 2 
RELATIONSHIPS BETWEEN SERUM CONCENTRATIONS OF INHIBIN AND FSH 
Period 	 Patterns of FSII Animals Feedback Souce of 

and inhibin Anml.eda inhibin
 

- P-- Cow pi. Growing 
Follicular phase Human, Goat Follicles 

Ovary 

Rat, Pig, Cow 

LH/FSI surge Human, Goat Pit. Preovulatory 

Fol icles 

-
Ova ry 

,~-- Rat, Pig, Cow C Pit. N\ Non- ovulated 

Second FSHIsurge Goat Follicles 

Ovary 

(Pit. N Sml 

Pig, Goat Smal 

Luteal phase (A) -- . C---.Cow C Follicles 

(N\ Ovary 

HmnCorpus 
luteum 

Luteal phase (B) Human 

-" '. Ovary 
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DISCUSSION 

CHAIRPERSON: ALAN CORBIN, Ph.D. 

DR. HSUEH: Regarding the role ofthe corpus luteum inthe production ofinhibin, would 
you comment on the rat versus the human study? Ithink the human ispretty clear in terms 
of producing inhibin. 

DR. HASEGAWA: I think you are asking about the production of inhibin from a corpus 
luteum in the pseudopregnant rat. After ovulation, the ovary has a lot of corpora lutea in 
PMSG-primed immature rats. But inhibin levels do not increase. 

DR. DANFORTH: Does your antiserui. cross-react with activin or FRP? 

DR. HASEGAWA: Itested TGF 3 and activin. They did not cross-react in our inhibin 
RIA systems. 

http:characteri.za
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DR. DUNWAY Do you think that progesterone plays a role in the very high levels of in
hibin during the luteal phase in the woman? 

DR. HASEGAWA: I did not test the effect of progesterone en inhibin production. 

DR. SCHENKEN: Have you had the opportunity to determine whether both ovaries 
secrete inhibin during the luteal phase or is it just secreted from the ovary that contains 
the corpus luteum? 

DR. HASEGAWA: I did not investigate that. 

DR. RAJ: You mentioned that you characterized your antiserum by using in vitro im
munoneutralization. Did you investigate the effect on FSH levels by neutralizing inhibin 
with antiserum in vivo? 

DR. HASEGAWA: No, I did not test that because I did not have enough antibody. 
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Ovine pituitary cells in culture, prepared from the pituitaries of mature ewes, are useful 
for studying the synthesis and secretion of follicle-stimulating hormone (FSH). They pro
duce and secrete FSH at a rate equal to or slightly in excess of that observed in normal 
cycling sheep (7to 43 ng/million pituitary cells/h).2 The FSH they secrete is as active as 
the ovine FSH prepared by Sherwood et al. (133 x NIH-FSH-SI). 8 Finally, ovine pituitary 
cultures do not secrete free FSH/5 subunit but only FSHO3 subunit in combination with a
ubunit protein.' 8 

Regulation ofFSH can be studied in culture. Inhibin, 17-estradiol (E2), and progesterone 
(P4) negatively regulate FSH production/secretion in ovine pituitary cultures.3,","8 Our 
laboratory has used these cultures to study the effects of inhibin, E2, and P4 on A) FSH 
secretion, B) messenger RNA levels for the a and / subunits of FSH, and C) rates of 
transcription for the ae- and 0- subunit genes of FSH. Inbrief, we have found that inhibin, 
E2, and P4all share the abilities to decrease both FSH secretion and FSH5 nIRNA levels; 
however, each hormone exhibits distinctive actions that are unique only to itself. We have 
recently found that inhibin can also increase GnRH binding to ovine pituitary cells in 
culture. These data are reported here in preliminary form, since they add a new dimen
sion to inhibin action. This chapter reviews our current understanding of inhibin, E2, and 
P4 actions on ovine gonadotropes in mixed cell pituitary culture. 

INHIBIN, E2, AND P4 DECREASE FSH SECRETION IN OVINE PITUITARY 
CULTURE
 

Porcine ovarian inhibin (abbreviated 11in this text; ED50 = 0.4 ± 0.1 y,/ml), E2, and P4 
can routinely decrease FSH secretion by 60% to 70% in ovine pituitary cultures within 
110 
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24 hours (Fig. 1). The initial effects of these hormones (0-24 hours) are difficult to dif
ferentiate from each other, but each response is distinctive after 24 hours. This subsec
tion examines each kinetic response and focuses on differences that occur. 

Porcine inhibin (Ip) does not significantly change the rate of FSH secretion in culture 
during the first 4 hours of treatment (Fig. 1; see also Fijt. 4A), whereas E2 and P4 usually 
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Figure 1. FSH secretion is inhibited by lp, E2, or P4 in ovine pituitary cultures. Ovine 
pituitary cultures were prepared as described 9 and incubated in 60 mm tissue culture dishe" 
at a concentration of 10 million cells/5 ml. Cultures that were two days old were treated 
with either normal media (control), 5 pg/ml of Ip, 10 nM E2, or 100 nM P4. Culture medium 
was first changed at 40 hours after cell plating (-8 hours in terms of this experiment). 
Cultures were rinsed twice with medium 199 and new control medium was added. Culture 
media were collected from all cultures and stored at -20°C for radioimmunoassay of FSH 
at -6 hour, -4, -2, 0, 2, 4, 6, 8, 10, 12, 18, 24, 48, and 96 hours. Treatments began at time 
= 0 and continued with each media change. Radioimmunoassay (RIA) was performed 
as described10 using a highly purified FSH standard with bioactivity of 125 x NIH-FSH-
SI. All treatments were done in triplicate and iidividual samples were assayed in duplicate 
in one RIA. Results are presented as the mean ± SEM of the Treatment Value divided 
by the mean ± SEM of the Control Value at each time point x 100. 
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decrease FSH secretion 10% by 2-3 hours, and up to 20-30% by 4-6 hours (Fig. I). Because 
of the time scale and multiple data points clustered around time 0-6 hours in Figure 1, it 
is easy to overlook this distinction between the inhibin and steroid actions, but it is 
reproducible and, presumably, reflects a difference in their reaction mechanisms. It should 
also be noted that itonly takes 8-12 hours for lp to reach its maximal effect once the initial 
4-hours delay period passes (TI/2 for decrease of FSH secretion -14-6 h). Thus, after a 
total of 12-16 hours of lp treatment, a new steady-state level of FSH secretion is usually 
reached; the new level typically has a tendency to rebound slowly toward control values 
(Fig. 1: see also Fig. 4B). 

Seven separate experiments provided results similar to those reported in Figure 1. In
hibition of FSH secretion by lp always followed the same kinetics, but the magnitudes of 
inhibition (at 24 hours) ranged from 32% to 70'7 with an average of'607( + 9% (see Figs. 
3 and 4 below). One culture in the past 6 years was inhibited 98% by Ip with respect to 
FSH secretion. The reason(s) for variation is (are) not clear. Animal-to-animal variation 
may account for the diffirences, since identical lp preparations elicited the different 
responses: alternatively. small changes in culture preparation may cause cellular changes, 
such as differential degradation of inhibin receptors, that might cause this variation. 

The eftkct of inhibin on ovine gonadotropes can be totally reversed within 24 hours (un
published results ofS. K. Batra, our laboratory). Reversal has already been characterized 
for a second activity of lp in ovine pituitary cultures, mainly its ability to increase 
gonadotrope responsiveness to gonadotropin-releasing hormone (GnRH)II (see Fig. 7). 
The T1/2 of reversal is 7 hours once Ip is removed from culture media. These data are 
consistent with results from 0. J.Ginther's laboratory, which showed that decreased levels 
of' FSH rebounded within 24 to 36 hours after treatment with bovine inhibin ceased. 7 

Treatment of cultures with E, causes FSH secretion to decrease with a T 1/2 ofapprox
imately 12-15 hours. This is 2-3 times that for lp (Figs. I and 4). The effect of E, on FSH 
secretion is extremely consistent in terms of both kinetics and magnitude of response. E2 
generally causes 75 7(to 85 % inhibition of FSH secretion, and maximal inhibition is always 
maintained as long as E, is present. Removal of E, from culture relieves inhibition, but 
very slowly- FSH secretion does not increase before 48 hours after removal of E2, and 
cultures take 6 to 8 days to recover fully. 8 

Treatment with P4, in contrast to treatments with either Ip or E2, causes a transient in
hibition that is spontaneously reversed, often within 48 to 96 hours. The transient nature 
of the P4 response in vitro is probably accounted for by turnover and depletion of P4 recep
tor molecules in the absence ofE 2. It is well established in several cell types that P4 recep
tors are dependent on E, tor their continued synthesis; 2, 4 although our complete culture 
medium contains 10% sheep serum, the serum is charcoal-treated to remove steroids, and 
the complete culture medium is essentially devoid of E. 8 

Treatment of cultures with P4 consistently causes a more rapid decrease in FSH secre
tion than treatment with E. Inhibition is usually first observed after 2 hours, as with E2 

treatment, but maximum inhibition occurs at approximately 12 hours, giving P4 action a 
T1/2 of about 5 hours. This is equivalent to that of inhibin. Reversal of P4 inhibition oc
curs 3 to 4 days after removal of P4.3 
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SECRETION OF FSH IS HIGHLY DEPENDENT UPON FSH SYNTHESIS IN 
OVINE PITUITARY CULTURE 

Intracellular FSH is not increased in cultures treated with inhibin (unpublished data, 
K. Guzman, our laboratory), E,, or P4.3"8 If secretion itself were inhibited, internal storage 
of FSH should increase unless a compensatory mechanism exists for rapidly degrading 
intracellular FSH. While there issome evidence for amechanism that degrades intracellular 
granules storing gonadotropins, there isalso considerable evidence that E2, P4, and possibly 
Ip decrease FSH secretion by blocking FSH synthesis. 

FSH secretion is highly dependent upon FSH synthesis. In several typical cultures, 
gonadotropes secreted the equivalent of the entire internal contents of FSH every 5-8 
hours.2' 3In addition, our laboratory has reported that FSHI3- subunit protein issynthesized, 
combined with the a subunit, processed, and secreted within 1 h in ovine pituitary 
cultures.21 Thus, ifsynthesis were inh.bited, it would be reflected in decreased FSH secre
tion in about 1hour. 

INHIBIN, E,, AND P4 DECREASE LEVELS OF FSH,3 mRNA; E2 AND P4, BUT 
NOT INHIBIN, DECREASE LEVELS OF aemRNA; P4 ALSO DECREASES THE 
SIZE OF amRNA 

Northern blot analysis ofa and FSHO mRNAs from ovine pituity tissue is shown in Figure 
2. Note that each lane contains total RNA isolated from 2.5 million pituitary cells. 
Figure 2 reveals that ovine pituitary cells in culture contain as much FSHO mRNA as whole 
pituitary tissue. Alpha-mRNA levels are lower in culture than in vivo by 2.7-fold, but they 
still exceed FSHO3 mRNA levels by approximately 8-fold. Figure 2 also shows that max
imally effective treatments with E2, P4, and two different preparations of inhibin decreas
ed FSH3 mRNA levels. Finally, the data show that amRNA is decreased by E2 and P4, 
but not by inhibin. Mercer et al.16have recently analyzed the effects of inhibin on FSH3 
and amRNAs in ovariectomized, hypothalamic-disconnected, GnRH-pulsed ewes, and 
have reported results similar to ours. 

It should also be noted in Figure 2 that the sizes of the aeand FSHfl mRNAs, which are 
consistent with those reported for bovine and rat a and FSHO3 subunits,14, 5 are not chang
ed by any of the treatments except for P4 treatment. Preliminary studies involving com
plete digestion of the 3' poly(A) tail using poly-dT hybridization followed by RNase H 
digestion2 3 indicate that P4 causes shortening of the poly(A) tail. 

Finally, two inhibin preparations were used to obtain the data in Figures 2 and 7 (see 
below). The first preparation of inhibin (1p) as noted above was of porcine origin and had 
an ED, 0 of 0.4 ig/ml. Based on its ED50 , it appeared to be about 0.1% pure when com
pared to the most potent preparations currently available.'2'20 The second preparation of 
inhibin was of bovine origin (IB) and was generously given to us by Dr. K. Miyamoto; 8 

it had an ED5 oof 0.6 + 0.1 ng/ml in ovine pituitary culture. Both inhibin preparations gave 
essentially the same results, except that Ip seemed to cause a greater decrease in FSHae 
mRNA than the highly purified IB (Fig. 2). 

http:cultures.21
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Figure 2. Northern blot analysis of a and FSH mRNAs from whole pituitary tissue or 
pituitary cultures treated with and without lp, 1B,E2, or P4. Total RNA from 2.5 million 
cells ofeither whole pituitary or ovine pituitary cultures was isolated, electrophoretically
fractionated, and transferred to hybridization membranes. Cultured cells were pretreated
fbr 24 hours with or without 5 pg/ml of Ip, 10 ng/ml of 1B 10 nM E2,or 100 nM P4 (see,

lanes above), betbre RNA was isolated. Northern blots were first probed with 13 2 P]FSHO
cDNA which included nucleotides 349-519 of the bovine FSH3 cDNA - (autoradiographic 
exposure =72 hours ) and then with [3 2 P~acDNA from a bovine a clone (palpha-1) (auto
graphic exposure = 1hour). E2, P4, Ip,and 1B decreased FSHfl mRNA by 70%, 71%,
69%, and 64%, respectively. Decreases (increases) for amRNA in the same respective
order were 47%, 44%, (5%), and (23%). (See reference 22 for specific details.) 

TREATMENT WITH E, OR P4 CAUSES PARALLEL DECREASES IN FSH 
SECRETION AND FSHO3 mRNA LEVELS; aomRNA IS DECREASED, BUT NOT 
AS RAPIDLY 

While data in Figure 2 are from one time point (24 hours), the kinetics ofdecrease in FSH 
secretion and FSHO3 mRNA levels after E2 treatment have been compared at 3, 6, 9, 12, 18,
24, 36, and 48 hours (these data will be published elsewhere). 2 The kinetics of FSH secre
tion and FSH/3 mRNA decreases are essentially identical after the first time point at 3 hours. 
At 3 hours the decrease in FSHO mRNA is always greater than the decrease in FSH secre
tion, which suggests a cause-and-effect relationship. This type of kinetic analysis has been 
repeated three times with similar results; the results are also consistent with data from 
cell-free translation studies.' 
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It has also been determined that E, decreases cemRNA, but the kinetics of the decrease 
in amRNA lag behind the decrease in FSH secretion. For example, as reported in ref. 
22, at 24 hours, when FSH secretion decreased by 62 % + 5 %,oamRNA decreased only 
28% + 5%. As shown in Figure 2, E2 decreased FSHO mRNA and FSH secretion (not 
shown) by 70% but cmiRNA by only 47%. Measurement at 3days, however, showed that 
the percent decrease in cmiRNA level matched that observed for FSH secretion (70% + 
10%). 

Progesterone also causes a rapid drop in FSHfl mRNA followed closely by a similar 
decrease in FSH secretion during the first 6 hours of treatment. However, FSHO mRNA 
levels stop declining after 6 hours while FSH secretion declines even further by 12 hours. 
Furthermore, the rebounding increase in FSH secretion from its nadir at 12-24 hours (Fig. 
I) is not always accompanied by an equally rapid increase in FSHO mRNA. These data 
suggest that FSHa levels probably play a role in decreasing FSH secretion, but that P4 
may affect other aspects ofgonadotropin function as well, such as secretion or translation. 

Progesterone decreases cemRNA levels and FSH secretion in a similar manner. In most 
cases P4 does not decrease ameRNA as rapidly or to the same extent as FSH3 mRNA or 
FSH secretion. This is the case in Figure 2 where FSHfl mRNA and secretion (not shown)
decreased by 71% while oemRNA decreased by only 44 %. However, after 24 hours there 
is a general tendency for P4 to alter aemRNA in a pattern that parallels FSH secretion.22 

INHIBIN DECREASES LEVELS OF FSHO3 mRNA AND FSH SECRETION, BUT 
NOT ALWAYS WITH THE SAME KINETICS; ,3mRNA IS NOT AFFECTED BY 
INHIBIN 

Our data indicate that inhibin does not alter cimRNA at any time (Figs. 2 and 4B). These
 
results have been observed 6 or 7 times in culture and have also been observed in ivo during
 
recent studies in the laboratory of I. J. Clark. 6 We have also collected much data to in
dicate that inhibin decreases FSH secretion and FSH3 mRNA to the same extents (Fig. 
3). 1.J. Clark's laboratory has also observed these results in sheep in vivo. Nevertheless, 
all the data in Figure 3 come from studies at a single time point (24 hour) and, even at 
this time point, the correspondence of FSHO mRNA and FSH secretion is not close in 
several cultures (4 and 5). Thus, more complete time-course studies, like those discussed 
above for E2 and P4, were performed. Their unexpected results are shown in Figure 4A; 
the results are in contrast to those observed after treatment with either E, or P4. While 
FSHO3 mRNA did decrease, the decrease neither preceded that of FSH secretion (the data 
points for FSHO mRNA at 3 and 6 h are not significantly different from control values) 
nor did it follow the general pattern or slope of FSH secretion. These data have been repeated
several times with similar results. The data indicate that decreases in FSHO mRNA may 
not be the primary or only cause for the decrease in FSH secretion. 

E2 AND P4 BLOCK TRANSCRIPTION OF FSH-SU3UNIT GENES; PRELIMI-
NARY EVIDENCE INDICATES THAT INHIBIN DOES NOT ACT AT TRAN-
SCRIPTION 

Transcriptional run-off analyses indicate that both E2 and P4 decrease transcription of the 
FSHO-subunit gene by 85 %within 2 hours and 90% thereafter (Fig. 5). Both steroids also 

http:secretion.22
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Figure 3. Inhibin can decrease FSH secretion and FSHfO mRNA levels differentially or 
equally. Ovine pituitary cultures were prepared and treated with ITp for 24 hours as inFigure 
2. Media were collected for RIA of secreted FSH and RNA samples were analyzed either 
by dot-blot (cultures 1,4, and 5)or Northern blot analysis (cultures 2 and 3).12 
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Figure 4. Estradiol decreases FSH secretion and FSHI3 mRNA (A), but not aYRNA (B). 
Ovine pituitary cells were cultured with control media or media containing 5jug/mi of IP. 
Media were replaced daily and 3 hours prioi to collections for RIA samples. At the in
dicated times, media were collected and RNAs were isolated. The amount of FSH secreted 
and the cellular RNA levels of FSHO3 (A)and the ce subunit (B)were determined by RIA 
and dot blot analyses; results are expressed as percentages of control values. (See reference 
22 for specific details.) 
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Figure 5. Estradiol (A) and progesterone (B)decrease transcription of FSHO and a genes 
in ovine pituitary cultures. Ovine pituitary cell cultures were treated with 10 nM E2, P4, 
or control medium for 0, 2, 6, or 12 hours. At the indicated times, cells were collected, 
nuclei were isolated, and transcriptional assays were performed as described.9, 2 2 Each 
hybridization filter contained 2 pg ofpBR322 (control plasmid), and 2 pg each ofpBR322 
plasmid containing cDNA for human x-tubulin, bovine a-subunit, and bovine FSHO. 
RNase- resistant counts bound to filters were detected and quantitated by autoradiography 
and scanning densitometry.22 

block transcription of the ai gene by 70%, but this level of inhibition takes 12 hours. In 
all cases the effects of E2 and P4 on a- and FSH3-gene transcription were compared to 
the rates of transcription ofa-tubulin, which is not regulated by E2 or P4, and did not change 
significantly during the treatments. 

The effects of inhibin on transcription rates were also studied. Addition of inhibin to 
ovine pituitary cultures in a manner which normally caused major decreases in FSH secre
tion by 12 to 18 hours (same conditions used in Figs. 1,4A, and 4B) did not cause a decrease 
in the transcription rate of the FSHO gene. While these studies have been repeated three 
times at various time intervals (2 to 12 hours), the data show no alteration of FSHf gene 
transcription. More studies are planned, however, with longer time intervals. 

The lack of evidence for transcriptional regulation by inhibin, plus the fact that inhibin 
can decrease FSH secretion without first causing a major decrease in FSHO3 mRNA, in
dicates that inhibin acts differently from E2 and P4 to decrease FSH secretion. Studies are 
currently in progress to confirm our preliminary results with inhibin and to initiate studies 
designed to determine if inhibin acts at translation as suggested by Fukuda et al. , subunit 
processing, or secretion. 

http:densitometry.22
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INHIBIN INCREASES GnRH RESPONSIVENESS !N OVINE PITUITARY 
CULTURES: GNRH BINDING IS INCREASED BY INHIBIN 

lnhibin is typically associated with its ability to decrease FSH secretion (noted above) and, 
more recently, with its ability to decrease GnRH-stimulated LH secretion in rat pituitary 
cel! culture.7 It was reported in 1984, however, that porcine inhibin (Ip) increased the respon
siveness ofovine pituitary cultures to GnRH-stimulated LH secretion.' I This positive ac
tivity is not to be confused with FSH-releasing activity found in follicular fluid 3 ,2 4 since 
it does not release LH in the absence of GnRH. In an attempt to understand more about 
the actions of inhibin and GnRH. our laboratory has recently measured the binding of a 
GnRH analog (GNRH-A; des-Gly10-D-Ala 6 J-LHRH-ethylamide) to ovine pituitary 
cultures which had been treated with or without Ip or lB. 

Figure 6 shows that Ip increases GnRH responsiveness and GnRH-A binding to ovine 
pituitary cells to similar extents. Figure 7 shows that the highly purified bovine inhibin 
IB is equally effective in increasing GnRH binding. 

This section on inhibin action has been included in this chapter to emphasize the fact 
that inhibin has at least two, and perhaps more, specific effects on pituitary gonadotropes. 
It will require study at multiple levels of gonadotrope function to determine the 
mechanism(s) ofaction of inhibin and the multiple ways inhibin affects gonadotropin syn
thesis and/or secretion. 

CONCLUSION 

Studies with ovine pituitary culture have shown that estradiol and progesterone block 
transcription of both genes encoding the subunits of FSH. The resulting decreases in ae 
and FSH3 mRNAs appear to account entirely for the decrease in FSH secretion that follows 
treatment with either steroid. FSHO3 mRNA is ;ess abundant than atmRNA in vitro as well 
as in vivo. Because steroid-induced decreases in FSHO3 mRNA precede decreases in FSH 
secretion which, in turn, precede decreases in amRNA, it appears that regulation of the 
FSHO gene is paramount in regulating overall FSH ecretion during abrupt decreases in 
FSH synthesis. The major decrease in amnRNA may influence FSH synthesis long-term. 

Inhibin decreases FSH secretion and FSHfl mRNA levels, but does not alter UmRNA 
levels. The decrease in FSHO inRNA does not appear to account for the decrease in FSH 
secretion, however, and may actually be secondary to that decrease. Inhibin does not 
significantly alter transcription of the gene encoding the FSHO3 subunit. 

Finally, since 1984 it has been known that partially enriched preparations of porcine 
inhibin can increase the responsiveness of ovine pituitary cultures to GnRH.'' The 
preliminary studies reported here are the first, however, to show that this activity is also 
associated with highly purified inhibin (EDo = 0.6 ng/ml) and that inhibin increases GnRH 
binding in ovine pituitary cultures. 
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Figure 6. Porcine inhibin (Ip) increases ovine pituitary responsiveness to GnRH and GnRH 
binding. The data above were obtained by treating 2-day-old cultures (10 million cells/
5 ml/60 mm culture plate) with or without 5 Ag/ml of lp for 24 hours. GnRH binding was 
measured by a modification of the procedure by Moss et al.21' Briefly, cells were gently
scraped from culture plates and incubated for 5 hours with either 200,000 DPM of 
monoiodinated des-Gly '-[D-Ala 6I-LHRH-ethylamide (designated GnRH-A) or 200,000 

-DPM of monoiodinated GnRH-A plus 10 M GnRH-A (non-specific binding). The specific
activity of monoiodinated GnRH-A was approximately 1.5 mCi/ig. Each treatment was 
done in quadruplicate; individual assay tubes contained 7-8 million cells for GnRH bin
ding studies. Responsiveness of ovine pituitary cultures to GnRH was tested using cultures 
that were identical to those used for binding studies. These cultures were washed twice 
with medium 199 and treated with 10 nM GnRH-A for 6 hours. Culture media were assayed
for LH by RIA? Basal secretion for "C" (7.0 + 0.1 ng/million cells/6 h) and for Ip (12.8 
+ 0.75 ng/million cells/6 hour) was subtracted from the LH values prior to plotting (above).
Thus, the value plotted above is due to the effect of GnRH-A only. Results are the mean 
+ SEM of quadruplicate values. 
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Figure 7. Both Ipand highly purified IBincreased GnRH binding in ovine pituitary 
cultures. Cultures were treated with Ip(5pg/ml) or IB(10 ng/ml) for 24 hours prior to 
assaying for GnRH-A binding. Analyses were done as described in Figure 6. Results are 
reported as the mean ± SEM of quadruplicate value. "C"is significantly different from 
both lp and IB(p = 0.01), but Ipis not different from lB. GnRH binding was determined 
as described in Figure 6. 
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DISCUSSION 

CHAIRPERSON: KOJI YOSHINAGA, PH.D. 

DR. ATTARDI: Can you detect any messenger RNA for LH-3 in your cultures? 

DR. MILLER: I would have said "no" two years ago. But we recently changed collagenase 
preparations, and we can detect it now. It ismuch higher than the FSH-0 message. However, 
we still get no net synthesis of LH in our cultures. 

DR. ATIARDI: We have conducted similar studies to those you have described with regard 
to inhibin, and we used a partially purified inhibin preparation from monkey Sertoli cell 
culture medium. We looked at the effect on dispersed rat pituitary cells in culture. I have 
not done as detailed a time-course as you, but I found that there isa parallel decrease in 
FSH-i mRNA and FSH secretion. The mRNA decreased by about 80% after 24 hours 
and remained depressed after 72 hours. FSH secretion was decreased by about 60% under 
those conditions. 

The a mRNA in rats also seemed to be slightly decreased, but only by 20%, however. 
In the rat pituitary cells there was no change in basal LH secretion. There was also no change 
in the LH-1 mRNA, or possibly a slight increase, but there was certainly no suppression. 

DR. MILLER: Dr. Ian Clarke's laboratory has also shown that in sheep there is a large 
decrease in FSH-f mRNA and that there is no decrease in the a mRNA, but apparently, 
ca mRNA goes up and down a little bit, as you saw here. 

We were ready to publish that the FSH mRNA did follow the FSH secretion and then 
put on the brakes when we saw some studies where secretion and FSH-0 mRNA did not 
decrease in parallel. We feel we iteed to do some more studies on this to determine what 
is real. 

In most cases, the FSH message does go down along with secretion. So the slide that 
I showed you was an exception. But the exceptions worry me. 

DR. SHETH: In your studies on mRNAs, have you tried any combinations of various 
peptides and steroids in your experiments? 

DR. MILLER: If you mean with combinations of estradiol, inhibin, and progesterone, 
then the answer is "Yes, but only at the secretion level." They all decrease secretion to 
the same maximal level. Estradiol is maximally effective in these cultures. If you add all 
three hormones together, the decrease looks like the estradiol decrease. 
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DR. MASON: Why do you insist that the decrease in mRNA has to be parallel with the
 
decrease in FSH secretion?
 

DR. MILLER: Iguess we thought that if the mRNA decrease accounted for the decrease
 
in secretion it would have to parallel it. It certainly does seem to parallel it in the case of
 
estradiol.
 

DR. MASON: That does not mean it has to work with the inhibin, does it?
 

DR. MILLER: The slopes are different. Iam just not ready to say yet that message levels
 
account for the decrease in synthesis where inhibin is involved.
 

DR. MAS'ON: I mean the message does go down, correct?
 

DR. MILLER: It does.
 

DR. MASON: Well, therefore, there is going to be less synthesis.
 

DR. MILLER: But, if it isonly 50% down and your synthesis isdown 70%, then it does
 
not seem to mc to correlate.
 

DR. MASON: Again, itcould be acting in another location as well.
 

DR. MILLER: That ispossible.
 

DR. KERDELHUE: What isyour explanation for the increase in GnRH binding sites
 
after treatment with inhibin?
 

DR. MILLER: I think there isapossibility that, since inhibin isrelated to growth fac
tors. itjust might be a general stimulus in those cells. On the other hand, some people

think that it may interact actually at the membrane surface with GnRH receptors.


Since I do not know yet whether it is increased receptor number or increased affinity, 
I cannot really tell.
 

DR. KERDELHUE: You can tell an increase in its number without achange in affinity.

In general, nobody ever sees any change in affinity.
 

DR. MILLER: 
 I suspect that is the case. If that is the case, it would mean increased 
receptor numbers. We have done some studies with cycloheximide and the effect seems 
to be cycloheximide sensitive. So, we think it involves increased synthesis of the GnRH 
receptor. 

DR. WARD: On your a subunit, you showed some instances where it went down as much 
as 70% for your messenger production'? How does this fit with the hypothesis that the a 
levels are not really involved inthe mass law control of the aOf subunit combination? And, 
how would it relate to, say, other things like FSH in the same cultures? 
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DR. MILLER: I have had many discussions with John Nilson on this matter. He has cell 
lines that make ct and 0 together and believes that the a is important in overall production 
of gonadotropin. I think it should be too. 

Inour case, however, ifyou do quantitation on Northern blots, we have about a tenfold 
excess of a over FSH-3 to begin with. If we drop the FSH-3 first, it drops even lower, 
and it may be that aeisalways in excess in these cultures. Even though the ae drops, it may 
still be in enough excess so it does not really affect overall protein synthesis. 

DR. RAJ: I was intrigued by your statement that there was no additive or synergistic 
action when you added estrogen or progesterone and inhibin together. How would you in
terpret this'? Do you mean to say that they are working through acommon pathway? 

DR. MILLER: I think the work with progesterone and estradiol indicates that the steroids 
are working inasimilar manner. They may even be working at the same locus as arepressor 
on the aand FSH-3 genes. That would be acommon pathway. Inhibin seems to work via 
adifferent mechanism that does not involve transcription, but it may be that if you lower 
transcription enough, you just will not see any additional inhibition. It ishard to inhibit 
something that isalmost totally inhibited. 

DR. YOSHINAGA: In your incubation medium, I think you put some indicator. Isthat 
phenol red or something like that? Isthere any possibility that an indicator can inhibit FSH 
secretion? 

DR. MILLER: Phenol red has some estrogenic action for MCF-7 cells, but it does not 
seem to have any action on our primary cultured cells. We detect no action at all. By the 
way, we can get inhibition with physiologic levels of estradiol and progesterone in ovine 
pituitary cultures. The maximum inhibition that I showed you here was clearly with hyper
physiologic levels of steroids, but half maximal estradiol and progesterone actions are with 
physiologic levels that you would normally find in asheep. 
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The testis and ovary are responsible for the production of sex steroids and maturation of 
gametes necessary for reproduction, two functions which are interrelated and depend upon
endocrine pituitary control involving the secretion of follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and prolactin. It isalso evident that these gonadal functions 
are modulated by several autocrine and paracrine mechanisms. The latter not only include 
mediators such as gonadal steroids which play a local regulatory role, but several pep
tides which have been identified, isolated, and characterized biologically. This chapter
will examine several of these sex steroids and gonadal peptides which play an important 
role in neiosis and aromatase activity. 

REGULATION OF MEIOSIS 

METHODS FOR INVESTIGATING MEIOSIS 

For the exploration of oocyte meiosis, the culture technique of Tsafriri and Channing46 

based on the spontaneous 7aeiotic resumption of preovulatory oocytes with adhering
cumu!us cell complexes in vitro is often used. Studies of meiosis in male rats can be car
ried out using flow cytometric methods which rapidly and sensitively measure changes
in testicular tissue. As different steps in the process of spermatogenesis involve distinct 
changes inthe DNA content of the germ cells, the method offers the possibility of monitor
ing such changes on the basis of the incorporation of bromodeoxyuridine, a thymidine
analog, into DNA during the Sphase of the cell cycle, and the calculation of the total DNA 
with specific dyes. For instance, the use of the strong, simple intercalating dye propidium
iodide provides good estimates of cellular DNA content and is therefore used extensively
inestimating ploidy1 Fluorescence emission of individual cells can then be measured by 
a fluorescence-activated cell sorter. In our laboratories, right-angle light scattering (RAS)
and propidium iodide fluorescence are useful in distinguishing six populations of sper-

The study described in this chapter was supported by Grant No. 3.4527.86 of the Belgian Scientific Foundation 
for Medical Research (FRSM). 
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matogenic cells whose S-phase cells (green fluorescence) can also be discriminated. These 
include round and elongated sperniatids, spermatocytes II, and spermatogonia, young sper
matocytes I (leptotene and zygotene). and pachytene spermatocytes I. 

SUBSTANCES INVOLVED IN NIEIOSIS AT PUBERTY 

In the course of preliminary experiments in immature 17-day-old rats, the injection of 
5 ug (5 U FSH) pure human FSH (Metrodin-Serono. Rome. Italy) fbr 10 consecutive days 
leads to the appearance of haploid cells which are not fbund in control animals (Table 1). 
By contrast, LH exerts no such eftct. Therefbre, FSH seems to be involved it. the develop
ment of spermatogenesis and the process of meiosis. These results are not completely in 
agreement with classical observations in the literature whereby LH is considered to be 
the physiological agent inducing maturation of niammalian oocytes. with FSH being equally

14
effective.

TABLE 1.Effect of Pure FSH on the Repartition of Germinal Cells According to their DNA content 

REPARTITION OF GERMINAL CELLS 
(mean % ± SE) 

10-Day Treatment 1 n 2 n 4 n S 

Control 0 59.3 ± 2.7 26.8 ± 2.4 13.7 ± 1.3 

FSH (5 IU/day) 10.7 ± 1.7 49.6 ± 5.9 27.5 ± 2.4 11.8 + 4.6 

SUBSTANCES ARRESTING SPONTANEOUS RESUMPTION OF MEIOSIS IN OOCYTES 

Several substances have been proposed as factors responsible for meiosis inhibition: one 
(or several) polypeptide(s) termed oocyte maturation inhibitor (OMI), adenosine and cyclic 
nucleotides, ovarian steroids, and somatostatin. In addition, we have isolated a peptide 
from ovine rete testis fluid (RTF) with biological properties similar to the follicular OMI 
isolated by Tsafriri el al.4 

OOCYTE MATURATION INHIBITOR 

Several polypeptides have been discovered and termed OMI without knowing if and how 
they are related to one another. One peptide has been identified by Tsafriri et el. 4 4 hav
ing a molecular weight ranging between 1000 and 2000 daltons, with the purest prepara
tion being 15,000 times more concentrated than the original follicular fluid. For their part, 
Sato and Koide4t have isolated athermoresistant peptide from hovine granulosa cells with 
a molecular weight of less than 6000 daltons (oocyte maturation preventing factor or 
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OMPF). In our laboratory, a factor from RTF has been isolated 5 that is capable of in
hibiting the spontaneous resumption of oocyte meiosis and progesterone production by 
cumulus cells (Fig. I). Both effects disappeared when the RTF fraction was subjected to 
pepsin or trypsin digestion. Using polyacrylamide gel electrophoresis, three peptides with 
molecular weights of4600, 12,800, and 24,000 daltons were identified. Their possible rela
tionship with the meiosis-preventing substance (MPS), identified in the epididymis and 
testis of the human male fetus, which prevents germ cells enclosed in seminiferous cords 
during fetal and infantile life from entering meiosis"8 has not yet been investigated. 

GERMINAL VESICLE BREAKDOWN (PROGESTERONE PRODUCTION BY GRANULOSA 
CELLS IN VITRO(ng/rnl) 
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Figure 1. Effect of OMI factor isolated from rete testis fluid on (A) germinal vesicle 
breakdown and (B)progesterone production by granulosa cells in vitro. Inboth instances, 
significant inhibition occurs. 

ADENOSINE AND CYCLIC NUCLEOTYIIDES 

As described elsewhere, the cyclic AMP analogs, phosphodiesterase inhibitors, adenosine, 
as well as adenosine monophosphate (AMP), diphosphate (ADP), and triphosphate (ATP) 
inhibit spontaneous (for cAMP) or FSH-induced oocyte maturation either surrounded by, 
or denuded from, its cumulus.' 3,30 

,41 Hypoxanthine seems to potentiate the inhibitory ac
tivity of cAMP4 3 
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STEROIDS
 

Testosterone, dihydrotestosterone, and progesterone reinforce the inhibitory effect of FSH, 
phosphodiesterase inhibitors, and cAMP analogs on oocyte maturation.', 3 However, these 
steroids are only able to potentiate maturation-arresting activity if sufficient cAMP levels 
are present inside the oocyte. 

SOMATOSTATIN 

Recently, Mori et al.32 have reported a pig ovary extract containing a 1-14 and 1-28 
somatostatin-like immunoreactivity. These authors33 have also shown that 1-14 somnatostatin 
was able to inhibit spontaneous meiosis in porcine oocytes under in vitro culture. Further
more, the percentage of oocytes whose germinal vesicles were undergoing breakdown 
diminished with increasing concentrations of somatostatin. This effect was inhibited by
preincubation with arti-somatostatin serum. Thus, this neuropeptide might be secreted 
by one of the ovarian compartments and play a role in the inhibition of oocyte maturation. 

INHIBITION OF ESTROGEN SYNTHESIS 

All inhibition of aromatization results in defective folliculogenesis and an evolution to 
atresia. Several endocrine, paracrine, and autocrine mechanisms reduce the aromatiza
tion of androgens into estrogens under the influence of FSH. These involve: 1)the role 
of hormones such as prolactin, LH, or human chorionic gonadotropin which will not be 
considered in this chapter; 2) gonadal steroids such as progesterone and reduced non
aromatizable androgens; and 3)polypeptide parahormones including FSH-receptor bin
ding inhibitor (FSH-RBI), follicular regulatory protein(s) also known as aromatase in
hibitor (Al), inhibins and related peptides (activins, transforming growth factor 0i), and 
epidermal growth factor. 

EFFECT OF PROGESTERONE 

The granulosa cell aromatizes androgens originating from the st:oma and theca interna 
into estrogens. This process intensifies with the development of the follicle until the 
preovulatory LH peak; there is a parallel increase of aromatization potential and follicular 
size 9The decrease in aromatization which occurs at the moment of, and following, the 
preovulatory LH peak appears to be associated with two different phenomena. On the one 
h'm:id, LH itself inhibits the activity of 17-20 lyase and the 17-ae-hydroxylase, reducing the 
production of androstenedione, an essential aromatization precursor.4 On the other, pro
gesterone, formed by the granulosa cells in response to the preovulatory LH release, acts 
as an autocrine and paracrine aromatization inhibitor. Fortune and Vincent' 4have, in fact, 
shown that progesterone has a specific and irreversible inhibitory effect on 170-estradiol 
production by rat granulosa cells. The less differentiated the granulosa cell, the more evi
dent the inhibitory effect of progesterone which could constitute a biochemical vector of 
follicular dominance. Through progesterone secretion, the dominant follicle maintains 
its neighboring follicles in an immature state by inhibiting their aromatization potential. 
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As follicular development evolves, the number ofgranulosa-cell LH receptors increases; 
their stimulation by LH induces progesterone production which remains very low during 
follicular maturation until the preovulatory peak. The autocrine inhibitory action of the 
estrogens limits progesterone production. Thus, the human granulosa cells of the 
preovulatory central follicles, although capable of secreting important amounts of pro
gesterone, have their capacity suppressed by physiological concentrations of estradiol found 
in the follicular fluid (from 0.1 to 3 /g/rnl) which inhibit the 3-03-hydroxvsteroid 
dehydrogenase responsible for the transformation of pregnenolone to progesterone.5' 

PARACRINE AND AUTOCRINE INHIBITION OF AROMATIZATION BY 
OVARIAN ANDROGENS 

Non-aromatizable androgens induce atresia. 9 In addition, the follicular fluid of atretic 
follicles ischaracterized by high androgen levels and androgen:estrogen ratios above those 
found in the fluid of normally developing follicles." 

Androgen secretion principally takes place in the theca. However, granulosa cells possess 
5-a-reductase which can transform testosterone and androstenedione into non-aromatizable 
androgens: 5-a-dihydrotestosterone and 5-a-androstane-3.17-dione.2 ' 2 9 At their 
physiological concentrations in the follicular fluid (10- 1M and 10- 6M, respectively) these 
two non-aromatizable androgens are responsible for an important reduction of aromatiza
tion.'9 

THE FSH-RECEPTOR BINDING INHIBITOR 

Darga and Reichert5' 6 were instrumental in isolating a peptide from follicular fluid, 
testicular extracts, and serum which exhibited an inhibitory action on FSH binding to its 
receptor. In follicular fluid, the concer'ration of this substance, termed FSH-receptor bin
ding inhibitor (FSH-RBI), diminishes with increasing follicular size: the smaller the follicle, 
the greater the inhibitory action of the fluid on FSH binding.44 

hi vitro, the inhibition of FSH binding to its receptors isaccompanied by areduced cAMP 
level and a decrease in the number of LH receptors, phenomena normally induced in the 
granulosa cell by FSH.3 6 FSH-RBI also depresses FSH induced estrogen production by 
rat granulosa cells.'7 In vivo, FSH-RBI prevents the compensatory weight gain of the re
maining ovary in the unilaterally ovariectomized mouse.42 

Using immunofluorescence, FSH-RBI has been identified at the level ofgranulosa cells 
present in the antral follicle though not in primordial or preantral follicles.4 0However, such 
FSH-RBI localization does not indicate whether one is dealing with its site ofaction, pro
duction, or both. 

FSH-RBI could be an atretic factor. This hypothesis is supported by the observations 
of Sluss et al.4 4 who found a direct and significant relationship between FSH-RBI levels 
in atretic follicular fluids and the degree of atresia reflected by androgen levels and an
drogen:estrogen ratios. In another study, ovarian cyst fluid was found to contain much higher 
FSH-RBI levels than fluid from healthy follicles. 7 

http:mouse.42
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FOLLICULAR REGULATORY PROTEINS (FRP) 

While searching for lactors involved in follicular dominance, DiZerega el al. determined 
that the Graafian follicle secretes biologically active proteins (FRP) from the fifth day on
wards which affect the response of other follicles to gonadotropin stimulation. 2 This 
regulatory protein was initially found in human" and porcine24 venous blood taken from 
the ovary containing the dominant follicle as well as in human granulosa cell-culture 
media.' 0 Follicular regulatory proteins suppress the follicular response to gonadotropin 
stimulation in viiv while inhibiting estrogen and progesterone production of the granulosa 
cell in vitro. In addition, FRP reduces the number of FSH-induced LH/HCG binding sites 
on the porcine granulosa cell.' The protein is destroyed by heat and trypsin treatment, 
has amolecular weight between 12,500 and 16,000 daltons and an isoelectric point between 
6.1 and 4.5. This molecule is devoid of any effect on pituitary cell culture and does not 
correspond to either inhibins or activins.'7 

The granulosa cell is the source of FRP, whose production diminishes as the cell lu
teinizes and secretes more progesterone or when it is stimulated by gonadotropin.'0 

A positive correlation has been demonstrated between the follicular fluid concentra
tion of FRP and that of both inhibin and 17/3-estradiol.'' By contrast, an inverse relation
ship exists between follicular fluid FRP levels and those of progesterone. These data in
dicate that follicular FRP activity isrelated to follicular functional differentiation which 
diminishes as luteinization takes place. 

The action of FRP on aromatization differs from that on progesterone production. 
Follicular regulatory proteins inhibit granulosa cell aromatase at any concentration, an 
effect which cannot be compensated by addition of excess FSH. Small doses of FRP 
stimulate progesterone production by activating the 3-/3-dehydroxysteroid dehydrogenase,
while a large dose provokes an inhibition of progesterone production which can be cor
rected by adding gonadotropin or eliminating FRP from the culture medium. 

The administration of FRP during the first 15 days of the menstrual period in the monkey 
disturbs the course of follicular maturation as well as that of luteal function: during the 
abnormally long follicular phase, anovulation and low plasma /3estradiol levels are observ
ed, while reduced 17/-estradiol and progesterone levels characterize the luteal phase.y 

INHIBINS, ACTIVINS, AND THE TRANSFORMING GROWTH FACTOR /3(TGF 
/3) 

The nature and structure of inhibin has only recently been discovered.16,3 It consists of 
aheterodimer composed ofan a and /3subunit. The former has amolecular weight of 18,000 
daltons, while the latter is in fact made up of two 14,000-dalton subunits termed /3A and 
/3B. Beta subunits may also be linked by disulfide bridges as ahomodimer/3 A-0 A50 termed 
FSH-releasing protein (FRP) and also known as activin A, or as the heterodiiner /3A-/3 
B,27 termed activin B. Both activins have molecular weights of 28,000daltons. Finally, TGF
/3is ahomodimer consisting of two identical subunits of 12,500 daltons. Both inhibin and 
TGF-0 have biochemically related structures - the /3-subunits of inhibin and TGF-/3 subunit 
possess 9 cysteine and 33 other identical amino acids found in identical positions.5 4 These 
similarities indicate that the two subunits may be derived from acommon ancestral gene. 
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Inhibin not only inhibits FSH secretion but, via an endocrine mechanism, is able to 
reduce aromatization, thereby favoring follicular involution. However, studies by Ying et 
al.11 have also shown that in the rat granulosa cell, inhibin exerts a direct inhibitory effect 
on aromatization. 

More recently, Hsueh eta .2 3 demonstrated that LH-induced production of androgens, 
the substrates for aromatization, is stimulated by gonadal inhibin at the Leydig and thecal 
cell level. In contrast, TGF-0 stimulates FSH release from pituitary cells and induces an 
important increase in aromatization of androgens to estrogens in the granulosa cell.5 3' 54 

This transforming growth factor is produced by ovarian thecal cells and inhibits epider
inal growth factor- (EGF) stimulated growth-promoting effects and regulates functional 
differentiation. 

It has also been recently shown that activin A, a homodimer of the O-A subunit capable
of stimulating FSH secretion, is a powerful inhibitor of aromatization by rat granulosa 
cells, 7 and of androgen synthesis by Leydig and thecal cells.23 

The N-terminal sequence of the inhibin a subunit (ae 1-26 Gly-27-1yr 28-OH) has been 
tested on granulosa cells from immature female rat ovaries cultured with FSH and 
testosterone.20 Although an inhibitory effect by this sequence has been described on pro
gesterone, cAMP, and 170-estradiol production, we have been unable to confirm such results 
in a similar biological model. 7 

EPIDERMAL GROWTH FACTOR 

This factor is known to exert a mitogenic effect on a great variety of epithelial and non
epithelial cells.' When added to bovine and rat granulosa cell cultures, EGF produces an 
increase in DNA synthesis resulting in an increase in mitosis and cellular protein con-
tentY.122 This mitogenic effect is accompanied by a reduction in progesterone and inhibin 
synthesis' 6 as well as by a direct depression of aromatization.2' The inhibitory effect of 
EGF on follicular differentiation is also seen by a reduction of FSH-induced receptor pro
duction.25 

Although EGF could be produced locally, no formal evidence exists at present to sup
port this hypothesis. By contrast EGF receptors have been found on the membranes of 
bovine granulosa cells. 2 The EGF effect occurs after the step involving cAMP synthesis 
since it is able to reduce aromatization induced by adenylcylase activation (e.g., by cholera 
toxin) and by dibutyrl cAMP2 ' 
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DISCUSSION 

CHAIRPERSON: KOJI YOSHINAGA, Ph.D. 

Due to illness, Dr. Franchimontwas unable to attend the Workshop. Dr. Marmenout 
presentedon his behalf. 

DR. BERGER: I found your results very interesting, but I am puzzled by your results 
with activin on aromatase activity.

This group may be familiar with work that was published by Laura Hutcherson which 
suggested that activin actually acts as an anti-luteinization factor for granulosa cells, as 
it was shown that activin stimulates aromatase and inhibits progesterone production.

I wonder if you have any explanation for what obviously is a contradictory finding? 

DR. MARMENOUT" I have no immediate answer, but it is repeatedly found and if we 
make a comparison with other cell lines which produce no activin, then we do not find 
this activity. So it is a reproducible feature with activin cDNA harvested COS cells. 

DR. NEKOLA: Am I correct that the best oocyte maturation studies showed a 30 to 50 
percent inhibition of germinal vesicle breakdown? If so, do you have an explanation of 
why it is difficult to show better inhibition? 

DR. MARMENOUT You are right, maximum inhibition is around 30 to 40 percent of 
the initial value in the absence of OMI. The reason is not evident. Perhaps a synergistic
effect of several factors is needed to get 100% inhibition. 

DR. SCHOMBERG: My question relates to the FSH receptor binding inhibitor. Since 
FSH receptor binding and FSH stimulated EGF (epidermal growth factor) production do 
go down as the follicle develops, I would like to know why you associated this activity with 
follicle atresia. 
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DR. MARMENOU" Being a molecular biologist, I am not in the position to give a 
satisfactory answer to your question. But, since it inhibits aromatase activity, you have 
depressed the levels of estrogens, and ithas been suggested that this phenomenon can lead 
to atresia.
 

DR. SCHOMBERG: That isa good comment with respect to aromatase activity. I was 
just thinking of the FSH receptor population per se, and that populationdoes go down as 
a function of normal follicle development. 

DR. KHAN: With reference to the peptide you found in rete testis fluid which inhibits 
progesterone production and oocyte maturation, does that peptide act similarly in the testis? 
Have you done any studies on whether it inhibits androgenesis or related cell aromatase 
activity of the Sertoli cells in the testis? 

DR. MARMENOUT: No, but studies are presently underway on meiosis appearance in 
pubertal rats, but the results are not yet available. 

DR. MANBERG: As a follow-up to Dr. Burger's comment, itseems very contradictor. 
that you have a compound that would increase FSH on the one hand and inhibit its activity 
on the other. Have you tried doing Ln experiment where you increase the FSH in the 
granulosa cell assay to see whether t can overcome the inhibition of activin? 

DR. MARMENOUT No. 

DR. MANBERG: Can you speculate on the physiological significance of an activin hav
ing two effects that are very contradictory? 

DR. MARMENOUT There may be modulating effects. Activin could be involved in folli
cle recruitment under the influence of its action on FSH secretion without affecting estrogen
production. It could also be involved in the genesis ofthe mid-cycle FSH peak. However, 
this is only speculation on my part. 

DR. TSAFRIRI: I was very impressed with the studies that you presented on OMI ac
tivity. Could you comment on the nature and conditions of the assay? 

DR. MARMENOUT: Again, since Iam a molecular biologist Iam not that familiar with 
the bioassays. But I presume that the assay can be vouched for. 
DR. MASON: In the aromatase assay that you did with the recombinant activin, were 

you using crude supernatants from tissue culture cells? 

DR. MARMENOUT Yes. 
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DR. MASON: So, is it possible that the discrepancy in the results may be explained by 
the presence of another peptide that is encoded in the precursor regions of the activin that 
may be having that effect on aromatase activity? That peptide, presumab!y, would be in 
your supernatant. There may be another biologically-active peptide in the precursor. 

DR. MARMENOUT Yes, coming from the precursor. 

DR. MASON: So the activity that you are seeing may not be activin. 

DR. MARMENOUT: I cannot exclude that possibility right now. 
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Within the past three years, there has been rapid progress in knowledge of the physiology 
of inhibin and inhibin-related peptides. Inhibin was first purified to homogeneity from 
bovine follicular fluid in our laboratories," an achievement based substantially on the 
development of a sensitive and specific bioassay, utilizing the selective suppression of FSH 
content in dispersed, primary cultures of rat anterior pituitary cells. 6 Studies of inhibin 
regulation utilized that assay and a subsequent modification based on measurement of basal 
FSH release.' 6 This modification provided a more sensitive system, applicable to the 
measurement ofinhibin in rat peripheral blood. Following the purification and characteriza
tion of inhibin, radioimmunoassays were developed which opened the way for more detailed 
and extensive studies.' 9 The present review deals with two aspects of inhibin-regulation 
of its secretion in the rat and its mechanism of action on the pituitary. 

FACTORS REGULATING INHIBIN SECRETION IN THE RAT 

FOLLICLE-STIMULATING HORMONE 

The major hypothesis underlying our studies on the regulation of inhibin secretion in vivo 
and in vitro was that inhibin is part of a classic endocrine closed-loop feedback system 
in which gonadal inhibin is an important negative regulator of pituitary FSH secretion and 
gonadal inhibin secretion is in turn under FSH control. Based on the knowledge that the 
administration ofpregnant mare serum gonadotropin (PMSG) to immature female rodents 
results in stimulation of multiple follicular growth followed by ovulation and the develop

137 
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ment of corpora lutea, we reasoned that the immature female rat would be auseful model 
in which to study the regulation of inhibin secretion. 

We established dose-response and time course data for both ovarian and peripheral venous 
concentrations of inhibin in response to gonadotropin stimulation in 21-day old immature 
female Sprague-Dawley rats. Inhibin bioactivity was measured in extracts from 
homogenates ofthe ovaries and extracts made from peripheral venous blood. 7 Peripheral 
and ovarian inhibin concentrations rose in adose-related fashion following the administra
tion of 10, 20 and 40 IU PMSG. At the same time, serum FSH levels fell in an inverse rela
tionship with circulating inhibin. The time course of the response was studied in1 groups 
of animals given 20 IU PMSG.'8 Inhibin levels rose from undetectable basal levels to a 
peak of 452 U/ml at 64 hours. Ovarian inhibin rose from basal values of 2.4 U/mg to 21.7 
U/mg. Groups of immature female rats were also treated with either highly purified ovine 
FSH or highly purified LH in doses of 2 Lg each. Circulating inhibin levels rose to reach 
apeak at 6 hours after the purified FSH, whereas there was no detectable inhibin response 
to the injection of LH. The time course of the response to purified FSH was much shorter 
than that of the response to PMSG, which we interpreted as being due to the difference 
in biological half-life of the two gonadotropin preparations. Further evidence that FSH 
was the specific tropic agent fbr inhibin secretion was obtained in experiments undertaken 
in immature female rats which were hypophysectomized and subsequently treated with 
purified ovine FSH and LH. Animals hypophysectomized on day 25 of age received twice 
daily subcutaneous injections of ovine gonadotropins on days 28 and 29 prior to removal 
of the ovaries on day 30. The inhibin content of ovarian supernatants was measured by 
specific radioimmunoassay. Injection of 0.6 to 5 pg ovine FSH resulted in adose-dependent 
increase in ovarian inhibin and estradiol content, while they were not altered significant
ly by injection of ovine LH, suggesting that inhibin levels were reflecting follicular rather 
than luteal activity. 

The stimulation of inhibin production by PMSG was shown to involve an increase in 
inhibin gene expression. The amount of messenger RNA coding for the inhibin a subunit 
was significantly increased following PMSG treatment of immature female rats.5 Recent 
experiments in the PMSG-primed rat have indicated parallelism between ovarian inhibin 
a-subunit messenger RNA levels, serum inhibin and ovarian estradiol concentrations with 
concomitant suppression of serum FSH levels. 

The evidence for FSH regulation of ovarian inhibin production in vivo was confirmed 
by studies in vitro. Rat granulosa cells were cultured in the presence or absence of purified 
gonadotropins and inhibin release was assessed both by bioassay and radioimmunoassay.29 

Granulosa cells were isolated from immature female Spiague-Dawley rats at 25 days of 
age after treatment for 3days with diethylstilbestrol, amodel in which granulosa cells pro
liferate but do not differentiate. Cells were washed twice in McCoys' 5a medium sup
plemented with 2 mML-glutamine, 100 U penicillin per ml, 100 U streptomycin sulphate 
per ml and seeded into 48-well culture plates at 0.5 x 106 cells per well in I ml cuiture 
medium. The cells were cultured under serum-free conditions for 48 hours in the presence 
of rat FSH in doses from 3 to 300 ng/ml. A dose-related increase in the inhibin concentra
tion in the media was observed following 48 hours incubation, inhibin levels increasing 
approximately sixfold at the highest FSH concentration. These results were in agreement 
with those obtained by other investigators.' 

http:radioimmunoassay.29
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We hypothesized that FSH was acting through cyclic AMP as a second messenger. Ex
posure ofgranulosa cells to either a non-hydrolysable cAMP analog (8-bromo cyclic AMP) 
or to prostaglandin E,, which is known to increase endogenous cellular adenylate cyclase 
activity, stimulated inhibin (measured by RIA) in a dose-dependent manner. The results 
are consistent with the hypothesis that FSH-stimulated inhibin production may be mediated 
through the classic second messenger pathway." 

In addition to the evidence concerning granulosa cells, we have obtained similar evidence 
for FSH regulation of Sertoli cell inhibin secretion. In 90-day old male Sprague-Dawley 
rats, we examined the effects of hypophysectomy at 16 hours, 3, 7and 42 days after surgery.
Unilateral efferent duct ligation was performed 16 hours before death to measure 
seminiferous tubule fluid production and the increment in testicular inhibin values (in
hibin production). There was a decrease in testicular inhibin content and seminiferous 
tubule fluid production by 7days and a decrease in inhibin production by 42 days. Serum 
FSH and LH were suppressed three days after surgery. In 30-day chronically hypophysec
tomized adult rats treated lbr 3 days with twice-daily subcutaneous injections, FSH with 
or without testosterone stimulated an increase in testicular inhibin content, but not inhibin 
or tubule fluid production. Neither hCG nor testosterone acting alone had any effect on 
these parameters. These studies suggested that FSH alone stimulates an increase in testicular 
inhibin. again consistent with the regulatory role of FSH on inhibin production. In fur
ther experiments.1 rats were given subcutaneous implants of high or low dose testosterone 
and 10 days later, hypophysectomy or sham operation was performed. The rats were sacrific
ed 50 days later, 16 hours after unilateral efferent duct ligation. The low dose testosteronc 
implants maintained serum testosterone at control values and decreased testicular weight,
whereas the high dose implants raised serum testosterone threefold and maintained testicular 
weight at 75 to 85%/ of prctreatment values. In intact rats, the low dose implants caused 
no change in testicular inhibin content, but decreased production. No significant changes 
occurred with high dose implants. After hypophysectomy, both values were suppressed
significantly and could not be maintained at control levels either by high or low dose im
plants. However, the high dose implants partly restored inhibin production despite a lack 
of effect on testicular inhibin content. In contrast, tubule fluid production depended mainly 
on intratesticular testosterone levels and occurred normally in intact or hypophysectomized 
rats with high. but not low, dose implants. The results indicated that inhibin and 
seminiferous tubule fluid produ,'ion. which are both Sertoli cell functions, are under dif
ferent hormonal control. The maintenance of inhibin production by the testis required the 
support of pituitary hormones, presumably FSH, while seminiferous tubule fluid produc
tion required testosterone, presumably through LH stimulation of Leydig cells. The find
ings are again consistent with the hypothesis that inhibin is produced in response to tropic 
stimulation by FSH. Data obtained with Sertoli cell cultures in vitro - also indicated that 
they were able to produce inhibin (measured by bioassay) and could be stimulated to in
crease their inhibin production in the presence of FSH. 

LUTEINIZING HORMONE - HUMAN CHORIONIC GONADOTROPIN 

In addition to FSH. LH is also capable of regulating inhibin production in some cir
cumstances. In our initial studies in the immature female rat, highly purified LH in a dose 
of 2 pg had no effect on circulating or ovarian inhibin concentrations." Similarly, in cultured 
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rat granulosa cells, under basal conditions, LH and hCG were without significant effect.3 0 

However, LH/hCG in low doses was capable of increasing inhibin secretion in cultured 
granulosa cells which had been pretreated with FSH.*, 10 Addition of higher doses of hCG 
(0.6-3.0 U/ml) or purified rat LH to cultures containing half-maximal or maximal con
centrations of PMSG/FSH resulted in a dose-dependent inhibition of PMSG/FSH-induced 
inhibin production. These data were in agreement with observations in the PMSG-treated 
immature female rat.' 4 Animals given 20 IU of PMSG and 40 hours later given 20 IU hCG 
showed a rapid decline in circulating inhibin concentrations from 227 down to 66 U/ml 
at 8 hours post-hCG. A similar inhibition was observed 6 hours following the administra
tion of 40 ng rat LH to PMSG-primed animals. 5 Thus, it appears that LH/hCG is capable 
of stimulating inhibin secretion at low doses, following FSH priming, but of inhibiting 
it at high doses. This could explain the fall in circulating inhibin seen following the mid
cycle LH surge in the human menstrual cycle.20 Data recently reported for human luteal 
cells in long-term culture indicate that inhibin secretion from this tissue is stimulated by 
LH (and testosterone), but not by FSH.2 7 

From the above data, it can be conluded that in the granulosa cell, FSH is the predomi
nant regulator of inhibin production. LH is able to release inhibin from granulosa cells 
after their exposure to FSH. Luteal cells, on the other hand, appear to be resistant to FSH, 
but to respond to LH, at least in the human cycle. Sertoli cell inhibin secretion is 
predominantly under FSH control. 

OTHER FAC1TORS 

A number of other factors have been shown to influence inhibin secretion in vitro. We and 
others3', 29 have shown that somatomedin-C (IGF-I) is capable of stimulating inhibin pro
duction by rat granulosa cells in vitro. Somatomedin-C alone was effective over the 
physiological dose range of 3-100 ng/ml.2 9 Concomitant addition of FSH (100 ng/ml) and 
somatomedin-C (3-100 ng/ml) resulted in a significant increase in inhibin production at 
all doses of somatomedin-C. The dose-dependent effects of FSH and somatomedin-C were 
also time-dependent, with a synergisti,. effect apparent after 48 hours of culture. Insulin 
was also shown to be effective, but at 100-fold higher concentration,, 4 whereas fibroblast 
growth factor had no effect. Epidermal growth factor (EGF) has been shown by others 
to inhibit FSH-stimulated inhibin production.3 We have confirmed this observation and 
also demonstrated an inhibitory effect of EGF on basal inhibin secretion after 2 days of 
culture.3' This was sustained over the subsequent 2 days. The effect op basal inhibin secre
tion was dose-dependent and maximal inhibition to 50% of control was observed at a dose 
of 100 ng EGF/ml at day 4. EGF also inhibited basal progesterone secretion in a similar 
manner. EGF caused a dose-dependent inhibition ofFSH-stimulated inhibin secretion with 
an ID5 0 (0.5 ng/mI, 0.08 nM), about one-eighth that in the absence of FSH. In addition, 
EGF inhibited the stimulation of inhibin production by 8-bromo cyclic AMP and prostaglan
din E2. To exclude the possibility that EGF was toxic to the granulosa cells, several 
biochemical parameters related to cell growth were measured. EGF treatment did not alter 
cell number, but slightly increased [PH]-thymidine incorporation into cellular DNA. The 
effect of EGF on "5S-methionine incorporation into cellular protein was biphasic, being 
stimulatory at doses less than 10 ng/ml, but inhibitory at 100 ng/ml. There is thus a direct 
inhibitory effect of EGF hoth on basal and FSH-stimulated inhibia production by granulosa 
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cells, suggesting an important regulatory role of this growth factor on ovarian function; 
the demonstration of EGF in follicular fluid by radioreceptor assay is consistent with this 
concept.12 

The responses of cultured cells to other anterior pituitary hormones were also studied. 
Treatment with prolactin and TSH caused no change in basal inhibin production. Limited 
studies on the direct effecis of steroids have been undertaken. Androstenedione and estradiol 
at 10- 7Menhanced inhibin secretion stimulated by 0.1 U/ml PMSG, but not by higher PMSG 
concentrations. Progesterone (10-7M) inhibited inhibin production at 10 mU/mi PMSG.15 

The above data are consistent with the inhibin hypothesis, namely that FSH isthe ma
jor regulator of inhibin secretion by the gonad. LH may be particularly important inthe 
regulation of secretion by luteal cells, at least inman, and it,role inthe male requires fur
ther study. Other growth factors are clearly involved in the regulation of inhibin secre
tion, with somatomedin-C/IGF-I being stimulatory and EGF being inhibitory. 

MECHAN.IA OF ACTION OF INHIBIN 

Initial studies on the mechanism ofaction ofinhibin require cautious interpretation because 
of the impure nature of the preparations used. Our early studies on the mechanism of ac
tion of ovine testicular inhibin proteins in cultured anterior pituitary cells2" led us to sug
gest that the action of inhibin is specifically on FSH synthesis and does not influence LH 
production. We also found that crude inhibin-containing proteins of testicular origin may 
cause inhibition of FSH relea, !,both in the presence and absence of LHRH, an effect in
dependent of the primary action of inhibin on FSH production. The recent availability of 
highly purified inhibin has allowed a re-examination of the mechanism ofaction of inhibin 
and has considerably extended our original studies? 

Pituitary cell cultures were prepared from anterior pituitary glands obtained from 
4-month old male Sprague-Dawley rats. The pituitaries were diced, washed and en
zymatically digested with 0.15 %trypsin containing 0.01% DNase, followed by disaggrega
tion of the tissue to procluce a single cell suspension. The cells were dispersed at 250,000 
viable cells per ml in the presence of 10% fetal bovine serum. Highly purified bovine 
follicular fluid inhibin, inthe 31kDa form, with an approximate specific activity of 750,000 
U/mg was added at final concentrations from zero to 5.6 U/ml on day 2of culture. Cultures 
were terminated on days 0, 1,2, 3, 4 and 5 and then at increasing intervals up to day 28. 
For cultures which continued beyond 5 days, :btmedium was removed at regular inter
vals (4 or 5 days) and saved to be replaced immediately with fresh medium with or without 
inhibin. At termination, the medium from each culture was saved, cells were washed with 
warm DMEM and lysed with 0.5 ml 0.1% Triton-Xl00. The levels of FSH and LH insamples 
of culture media and cell lysates were determined by radioimnunoassay. 

Basal release of FSH from untreated rat pituitary cells occurred at a constant rate of 1.90 
± 0.24 ng/10 6cells per hour (mean ± SE, n= 6 different cell dispersions) during the first 
10 days of culture and thereafter contint ed at adecreasing rate for up to 28 days (Fig. 1). 

Addition of inhibin on day 2 reduced the rate of basal FSH release over the subsequent 
8 days in a concentration-depeident manner to reach complete inhibition at inhibin levels 
> 2.5 U/ml, with an IC5 oof 0.16 U/ml. Basal release of LH in control cultures was in
itially 1.5 ng/10 6cells per hour, decreasing during the first 2 days to become constant at 
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0.15 ± 0.02 ng/10 6cells/hour between days 2and 12 of culture (Fig. ID). In the presence 
of inhibin, asignificant concentration-dependent reduction of basal LH release was observ
ed with an inhibin IC5oof 0.66 U/ml. Basal LH release was suppressed to 25 %of contiol 
by the highest concentrations of inhibin under the conditions used. Pituitary cell content 
of FSH and LH decreased inculture to approach undetectable levels by day 28. Inhibin 
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FIGURE 1.Temporal changes in the levels of FSH (i-C) and LH (D-F) in rat pituitary 
cell cultures before and after the addition on day 2 (indicated by arrows and dotted lines) 
of medium containing 0, 0.56, or 5.6 U/ml of 31 kDa bovine inhibin. Hormone release 
(A and D), ceil ccntent (Band E), and total (Cand F) (all in nanograms per 106 cells) 
are plotted on acommun scale to facilitate comparison. Each point represents the mean 
± SD of single measuremeits for quadruplicate wells from one representative experiment 
and error bars are given except where they are smaller than the symbols. The medium ± 
inhibin was replaced on days 5, IC,15, 20 and 25 so that the released and total hormone 
data after day 5include contributions from medium-change samples. In cases where mean 
results were combined, the SD given isthe sum ofestimates for the individual contributing 
means. (Reproduced with permission from Farnworth PG et al.) 
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hastened the decrease of intracellular FSH and LH in a concentration-dependent manner 
(Fig. lB and IE). The declines in cell content were first-order processes. The t1/2 for FSH 
disappearance from control cultures was 5 days and fell progressively with increasing in
hibin concentrations to a minimum of 1.8 days. The inhibin IC50 was 0.81 U/ml. The tl/2 
for the reduction in LH cell content decreased in a similar manner, but less dramatically, 
from 5.8 to 3.6 days with an inhibin IC50 of 0.83 U/ml. 

In the absence of inhibin, the total measured FSH rose steadily above initial levels after 
day 4 of culture (Fig. IC). After 10 days, this increase largely reflected released FSH as 
the cell content became negligible. After the addition of maximally suppressing concen
trations of inhibin (5.6 U/ml), total FSH fell in parallel with FSH cell content, until, after 
day 10, it reflected the amount of FSH released into the medium before the addition of in
hibin on day 2. Total LH fell progressively after day 2in control and inhibin-treated cultures 
and primarily reflected basal LH release by day 28 in culture as stored LH became 
negligible. 

The results of this study showed that purified 31 kDa bovine inhibin potently suppress
ed basal FSH synthesis and release by rat anterior pituitary cells in culture, in accordance 
with the previous findings for impure preparations. The investigation revealed less potent 
actions of inhibin on suppression of basal LH release and acceleration of the normal ex
pon-rntial decline in intracellular stores of both gonadotropins. 

An important aspect of the study was the demonstration that FSH synthesis by rat pituitary 
cells continued for many days in vitro in the absence of GnRH. In contrast, total LH in 
untreated pituitary cell cultures did not increase, consistent with the findings in other 
studies' 'that synthesis of LH isdramatically reduced in the absence of GnRH. The tonic 
synthesis of FSH in these circumstances contributed little to its storage and was mainly 
coupled to release ofthe hormone, as previously concluded from rat pituitary cell culrares.2 

The basal rate of LH release declined tenfold during the first 2 days ofculture, analogous 
to the rapid fall in circulating LH levels to the barely measurable range which follows ter
mination of hypothalamic input to the pituitary in gonadectomized animals." 

Against the background of changing levels of FSH and LH in untreated pituitary cell 
cultures, the predominant effect of purified 31kDa bovine inhibin in vitro was the potent 
inhibition of basal FSH release with an IC 50 of 7 pM. We concluded that this blockade 
in turn reflected suppression of tonic FSH synthesis by inhibin. Had FSH release been 
blocked without aparallel inhibition of FSH synthesis, higher cell contents of FSH in treated 
than in control cells would have been expected. This was not observed. This primary ef
fect of inhibin to suppress both FSH tonic synthesis and basal release accords with previous 
findings for impure preparations and correlates with the well established preferential sup
pression of plasma FSH by inhibin in vivo.9 

Inhibin accelerated the normal exponential decline of FSH and LH cell contents during 
the prolonged culture of pituitary cells, but at a higher (though still physiological) con
centration than its effect on FSH synthesis and release. This action may contribute to the 
reduction by inhibin of gonadotropin stores available for release by GnRH. 

Most of the LH release during the first 5 days of culture occurs before inhibin is added 
on day 2. Hence, demonstration of an inhibin effect on LH release isdifficult, but an ef
fect was demonstrable in long-term cultures with an IC50 of 28 pM, significantly higher 
than for the effect on FSH. The similarity of the inhibin dose-response relationships for 
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suppression of FSH/LH cell content and basal LH release suggests that there may be a 
common action of inhibin underlying all three effects. Its site of action appears to involve 
the mobilization and/or degradation of both gonadotropins. It is possible that basal FSH 
release is also suppressed by inhibin in the manner of basal LH release, but that this ac
tion of inhibin is masked by its more potent inhibition of basal FSH synthesis. 

The conditions under which in vitro bioassays for inhibin have been conducted do not 
result in demonstrable suppression of LH release and this criterion still remains useful 
under those circumstances foi the assessment of assay specificity. 

The results of this study showed that purified inhibin inhibits FSH synthesis and the 
release and degradation of both gonadotropins in rat pituitary cell cultures under basal 
conditions. The predominant mechanism involves suppression oftonic FSH synthesis which 
is coupled to FSH release and the secondary mechanisms involve FSH/LH degradation, 
mobilization, or both. 

Further experiments have evaluated the effects of purified 31kDa bovine inhibin on the 
release of FSH and LH stimulated by GnRH or its agonist analog, Buserelin, in 5-day 
cultures of pituitary cells from adult male Sprague-Dawley rats.6 Exposure of the cultures 
to a range of inhibin concentrations for 3days before and during a 4 hour stimulation with 
GnRH resulted in total suppression of basal FSH release at the highest concentrations us
ed and suppression of stimulated FSH release by 80-98% (IC50 = 0.16 to 0.25 U/ml, depen
ding on GnRH concentration). Basal LH re!ease was inhibited by >75 % and stimulated 
LH release was maximally inhibited by 50-80% (IC50 = 0.51 to 1.1 U/ml). Comparable 
data were obtained for Buserelin-stimulated release. The results showed that purified bovine 
inhibin antagonized the release of both FSH and LH stimulated either by GnRH or its po
tent agonist analog in vitro. Inhibin reduced the apparent potency of GnRH agonists and 
decreased the proportion of total available gonadotropin that could be released by excess 
GnRH agonist. Higher concentrations of inhibin were required for these common actions 
against GnRH-stimulated gonadotropin release than for the inhibition of FSH tonic syn
thesis/basal release indicating one or more secondary sites of inhibin action in addition 
to its primary selective action to suppress tonic FSH synthesis. Additional possible 
mechanisms for inhibin action include an alteration in GnRH receptor number or affini
ty; we have recently obtained data suggestive of the former possibility.2 

Consistent with the effect of inhibin on FSH synthesis is the demonstration that cyclohex
imide, an inhibitor of protein synthesis, completely mimicked the action of purified por
cine inhibin on gonadotropin secretion by cultured rat pituitary cells. 0 Inhibin may affect 
FSH gene expression directly; it was recently shown that bovine follicular fluid has a rapid 
and specific effect on FSH-03 mRNA levels in the pituitary glands of ovariectomized, 
hypothalamo-pituitary disconnected sheep given 2-hourly pulses of GnRHP' 

Other gonadal peptides may also inhibit FSH production from the pituitary; we have 
recently isolated and characterized a protein from bovine follicular fluid, different from 
inhibin, which has such properties. 4 

CONCLUSIONS 

The data presented are consistent with the hypothesis that FSH and inhibin form a classic 
closed-loop endocrine feedback system. FSH is a major stimulator of the gonadal secre
tion of inhibin, and inhibin in turn inhibits FSH basal release by a mechanism predominantly 
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affecting FSH synthesis. FSH synthesis and release are closely coupled and can proceed
in the absence of GnRH stimulation. It can be hypothesized that inhibin isthe principal 
and inhibitory regulator of FSH secretion, and therefore has potential as acontraceptive.8 

However, under certain circumstances, LH is able to stimulate inhibin production, par
ticularly from luteal cells. Inhibin in turn can be shown to have a small effect on LH basal 
release, but more clearly inhibits GnRH-stimulated LH secretion. 

The data on interactions between LH and inhibin presented inthis review provide a new 
dimension to our knowledge of the physiology of inhibin which was not previously ap
preciated when considering inhibin as a potential contraceptive.8 
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DISCUSSION 

CHAIRPERSON: KOJI VOSHINAGA, Ph.D. 

DR. KERDELHUE: Do you think that normal concentrations of FSH and LH can ac
count for the production of inhibin? 

DR. BURGER: I am sorry if I did not make myself clear. In the vast majority of cir
cumstances in which we have looked at the effect of FS!,, it is only stimulatory. It is only 
when you go to very high doses of FSH in some circumstances that the dose response curve 
turns over in a manner which is similar to that in many other biological systems. 

LH is biphasic in the presence of pretreatment with FSH. At low doses it stimulates; 
at higher doses it itliibits. My interpretation of the in vivo data is that the preovulatory 
LH surge presumably exposes the granulosa cells to LH concentrations which are in that 
high range and which are inhibitory. Incidentally, we have some preliminary data show
ing switch-off of the ae subunit message in that circumstance as well. At low doses, one 
does not know whether during the follicular phase, for example, there might be some 
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stimulation by LH. The situation, as you will see inthe next paper inthe male, issomewhat 
different and suggestive of a dual role for the gonadotropins in control. 

DR. KERDELHUE: Even when using very high doses of inhibins, you never reach zero 
in terms of FSH production. Do you think that there is some autonomous FSH secretion 
which is not inhibin sensitive or is there another mechanism? 

DR. BURGER: Ithink that isa phenomenon that isvery variable and that perhaps reflects 
the duration of exposure of the cel!. as well as the dose of inhibin used. There are cir
cumstances in some of the cell culture experiments where you occasionally do really get
down to say 20% of the basal level, but you are quite correct that it is very unusual to see 
complete suppression. I can only speculate, as you did, that there may be a level of 
autonomous production. And, as Iindicated before, certainly the concept which we are 
finding useful isthat FSH prociuction appears to be constitutive property of at least some 
gonadotropes. 

DR. DORFLINGER: Have you been able to identify whether anything can change the 
ED50 for inhibin-induced inhibition of FSH at the pituitary level? For instance, would 
estrogen or other steroids alter the ED5o? 

DR. BURGER: We have not really done those experiments. The ED 50 for some of the 
phenomena, of course, is shifted to the right by increasin amounts ofGnRH or buserelin. 
But whether you can change it under the sorts of circumstance you have mentioned is 
something which has not yet been studied. 

DR. MOUDGAL: In the 1987 Serono Symposium on Inhibin in Tokyo, there was a clear 
indication that the corpus luteum secretes inhibin. How would you implicate LH? Would 
it be the primary stimulus? 

DR. BURGER: I do not really want to pre-empt Robert McLachlan's paper because he 
is going to discuss the corpus luteum secretory phenomenon. But you may have seen a 
short paper recently from David Baird's group in Edinburgh which suggested that if you 
took granulosa cells that were harvested from the follicles of women inan in vitro fertiliza
tion program and cultured them for ten to twelve days in vitro, that under those cir
cumstances where they are presumably thoroughly luteinized, it was only LH and 
testosterone which were stimulatory of inhibin production and FSH was without effect. 
The concept we are developing is that the granulosa cell is primarily an FSH-sensitive 
cell, and that the luteal ( ell may well be an LH-sensitive cell, rather than FSH-sensitive. 

DR. BARDIN: Ijust wanted to point out that it is interesting that in the testis, some of 
the regulators are different and even opposite. FSH, of course, is still stimulatory, but EGF 
isalso stimulatory. Testosterone has no effect. Estradiol and androstenedione inhibit, and 
LH does not have any effect at all that we can tell from our studies so far. I guess this real
ly should not surprise us. Since this is obviously a ubiquitous hormone, it is going to 
have adifferent regulatory mechanism inalmost every tissue. However, we thought that 
the testis and ovary might be more similar than they actually are. 
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DR. BURGER: I think that is absolutely so. I guess we are plagued by the fact that we 
have used cultured granulosa cells, and a lot of the data that you mentioned, and data that 
we also obtained - we being David deKretser and people in his laboratory - have used 
cultured Sertoli cells. I suspect, as with so many other things in the testis, the interaction 
between Leydig cells, or whatever other cells you might like to nominate in the interstitial 
space, and the Sertoli cells, and perhaps the germ cells, may play a very important role 
in the final expression of inhibin, or any other product of Sertoli cell synthesis. As you 
will see from the data in the next paper, there is certainly some fairly persuasive evidence 
that LH is a regulator of testicular inhibin production, even though it has no effect on 
cultured Sertoli cells on their own. 

DR. PETRAGLIA: Can you summarize the data on the effect of steroids oil granulosa 
cell production of inhibin? Also, do you have in vivo data on the possible effcct of steroids 
on inhibin plasma levels? 

DR. BURGER: As far as the latter question is concerned, we really have very little in 
the way of data on administration of steroids on in vivo control mechanisms. These are 
experiments that we are currently considering. We do have some suggestive data, but it 
is very preliminary, that testosterone may be able to turn inhibin off in the male. But this 
is yet to be confirmed and expanded. 

As far as the in vitro studies about which I alluded, these were studies in which we used 
inhibitors of steroid biosynthesis, such as cyano-ketor.e, to inhibit various steps in the 
steroidogenic pathwiy. The [ asic gist of the data wa.s that where we effectively inhibited, 
for example, progesterone secretion, we also inhibited inhibin secretion in parallel. 

Victor Lee did some studies, which he published several years ago, looking at the ef
fects of androstenedione, estradiol and progesterone, and from my memory he was only 
able to show effects in the presence of low doses of PMSG in his granulosa cell cultures. 
If I recall correctly, I think that androstenedione showed a degree of enhancement of the 
PMSG effect. I also think that progesterone was mildly inhibitory. The effects of steroids 
in that system were not very striking; they were very small effects. 
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The physiology of inhibin in humans has previously been studied to a limited extent due 
primarily to the inability to reliably measure circulating inhibin levels. Information has 
therefore been obtained inhumans and nonhuman primates by the measurement of inhibin 
in vitro bioactivity in tissue fluids (especially follicular fluid, FF), in cytosolic extracts 
of gonadal tissue and inthe spent media ofcultured gonadal cells. Inagreement with studies
performed in subprimate species regarding the caIlular origin of inhibin, cultured human 
granulosa cells secreted inhibin bioactivity and this secretion was increased by FSH.8 FSH 
administration also increased the levels of inhibin inFF inboth women 9,24and primates 2 

The proposed inhibitory action ot inhibin on FSH secretion in vivo has been examined 
inprimates. The administration of steroid-free porcine FF to female rhesus monkeys in
hibited tie post-castration rise of FS-f and, to a lesser extent, LH.43 Porcine FF treatment 
during the follicular phase ofthe primate menstrual cycle has been shown to decrease FSH
levels and to result in impaired folliculogenesis and subsequent luteal function., 45These 
observations await confirmation using purified inhibin preparations.

Significant limitations of these previous studies have included: I) their reliance on rat 
pituitary cell culture inhibin bioassay systems with their associated problems of insensitivity
and limited specificity; 2)the indirect nature of studies examining FF inhibin levels in rela
tion to ovarian inhibin secretion into serum and, therefore, of the proposed feedback ef
fect of inhibin upon FSH; 3)the doubtful specificity of experiments using crude FF prepara
tions to examine the effect of inhibin in vivo; and 4) the limited number of experimental
paradigms that can be explored in humans and monkeys using in vitro bioassay of FF and 
tissue extracts. The measurement ofcirculating inhibin levels was clearly essential to allow 
further understanding of its role in reproductive physiology in man. 

We have described sensitive and specific heterologous radioimmunoassay (RIA) systems
for inhibin applicable to human serum based on purified bovine FF inhibin.30 ,,3 This paper
will briefly ouline the development of these RIA systems and then discuss their applica
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tion to the study of inhibin physiology in women under a range of physiological and 
pathological conditions. Much of the data is consistent with previous animal and primate 
studies which have used in vitro bioassay. Nonetheless, several novel concepts emerged 
relating to inhibin as a product of the human corpus luteum and the feto-placental unit. 

RADIOIMMUNOASSAY OF SERUM INHIBIN 

We have developed three heterologous RIA systems for human serum inhibin based on 
purified bovine FF inhibin isolated by the procedures of Robertson et al.40 , 4 1 All were 
specific to intact inhibin while each was more sensitive than its predecessor allowing the 
study of a wider range of physiological conditions. 

INHIBIN ANTISERA 

Antisera have been raised in rabbits to purified 58 kDa (As 474, Ref 31) and subsequently 
to 31 kDa (As 749, Ref 30; As 1989, unpublished) bovine FF inhibin. All antisera have 
shown the ability to neutralize the in vitro inhibin bioa~tivity of bovine and human FF. 

IODINATION OF INHIBIN 

Purified 31 kDa bovine FF inhibin was iodinated by the chloramine T procedure and 
purified on acolumn of the dye ligand Matrex Red A to aspecific activity of 40 uCi/ug.31 

This material showed the physiochemical characteristics of the non-iodinated hormone 
and was stable during incubation with serum under RIA conditions. 

RIA PROCEDURES 

Double antibody RIA systems were developed for the measurement of human serum in
hibin. Relative to 31 kDa bovine FF inhibin, a wide range of glycopfGteins, growth fac
tors and proteins structurally related to inhibin (transforming growth factor 0, Mullerian 
inhibiting substance, bovine activin A and free inhibin subunits) all showed < '1%cross
reactivity. Human postmenopausal serum (PMS), serum from women with gonadal failure 
(Turner's syndrome, oophorectomy, premature ovarian failure) and serum from castrate 
men showed either no (As 474, As 1989) or minimal (As 749) immunoreactivity. In order 
to compensate for any nonspecific effects of serum in the RIA systems, PMS was used 
as diluent for all samples and standards. Extended incubation times (2 to 7 days) and delayed 
tracer addition were performed to maximize assay sensitivities. 

RIA STANDARD 

In the absence of purified human inhibin, we have examined various preparations as poten
tial RIA standards with the aim of achieving parallelism between,the dose-response lines 
of the standard and the serum samples. A partial purification of human FF was perform
ed by gel filtration under neutral and acidic conditions followcd by reversed-phase HPLC 
in an analogous way to that described for 31 kDa bovine FF inhibin.30 This material pro
duced parallel dose-response lines to human female and pregnant sera and was calibrated 

http:inhibin.30
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in an in vitro bioassay itself ultimately calibrated in terms of an ovine testicular lymph
preparation of defined unitage lu/mg. 4 In view of the usage of different antisera and stan
dard preparations, some differences in inhibin values under the same physiological set
tings make it difficult to compare inhibin levels between the separate studies described 
below. 

STUDIES OF INHIBIN PHYSIOLOGY IN WOMEN 

THE EFFECTS OF MANIPULATION OF GONADOTROPIN LEVELS ON SERUM
 
INHIBIN
 
The effect of gonadotropin administration and withdrawal on human ovarian inhibin secre

tion have been examined. 

Exogenous Gonadotropin Administration 

The administration of FSH activity (as human menopausal gonadotropin) to women dur
ing ovulation induction for in vitro fertilization (IVF) resulted in marked increases in both 
serum inhibin and estradiol (E2) levels.32 That both inhibin and E2 represented markers 
of follicular development was supported by their correlation with both the number of 
follicles detected on ultrasound and the number of oocytes collected at subsequent
laparoscopy. We concluded that inhibin represented a circulating protein marker of 
granulosa cell function under the tropic influence of FSH. Similarly, studies in rats have 
reported that serum inhibin bioactivity 22 and immunoactivity3" rose sharply following preg
nant mare serum gonadotropin administration. 

LHRH Agonist Administration: Stimulation and Withdrawal of Endogenous
 
Gonadotropins
 

The repetitive administration of an LHRH agonist provides clinicala model for 
gonadotropin stimulation and withdrawal and therefore allows an evaluation of their ef
fects on ovarian inhibin secretion.' Initially, LHRH agonist treatment results in a transient 
hypersecretion of gonadotropins accompanied by increased E2 secretion.2 6 With continued 
administration, functional gonadotropin withdrawal occurs as the result of diminished cir
culating levels of bioactive gonadotropins and from the loss of pituitary .esponsiveness 
to LHRH.36 Based on the reports of Fleming et al.14we have employed a protocol ofovula
tion induction using the LHRH agonist buserelin (D-SER (TBu)6-EA-LRH, SuprefactR,
Hoechst, Frankfurt, FRG) to suppress endogenous gonadotropin secretion and enable 
simplified control of subsequent follicular development using exogenous gonadotropin
therapy. Buscrelin was commenced in the late luteal phase ofmenstruating subjects follow
ing reports in humans and primates that this procedure more rapidly induced
hypogonadism, avoided unopposed estradiol action on the endometrium and lessened the 
incidence of breakthrough bleeding in the following cycle.16 , 7 Buserelin (100 pg 6 times, 
daily by nasal insufflation) was administered until patients were hypogonadal as assessed 
by serum E2 levels (< 150pmol/L) and by the absence of follicular development on ovarian 

http:cycle.16
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ultrasound. Human menopausal gonadotropin (hMG, 225 U im daily; Pergonal, Serono, 
Rome) was co-administered with buserelin and hMG doses increased in order to produce 
multiple folliculogenesis.18 

This treatment protocol was administered in 14 subjects without polycystic ovary syn
drome (PCOS) who had been resistant to conventional ovulation induction treatments.47 

Transient increases in serum gonadotropin levels were observed during the first two days 
of buserelin treatment and were accompanied by rises in serum E2and inhibin (Fig. 1).
In 12 cycles, serum E2 then fell into the postmenopausal range by day 12 ofbuserelin treat
ment and inhibin levels fell in parallel into, or below, the early follicular phase range of 
normal cycles. In 2 cycles, E2 remained above the postmenopausal range and similarly 
inhibin was not suppressed. A significant (p < 0.05) correlation was found between serum 
inhibin and E2 levels in these 14 subjects. Serum progesterone (P) also rose transiently 
following buserelin treatment and showed a significant (p < 0.01) correlation within inhibin 
(Fig. 1). 

This study supported the tropic role of endogenous gonadotropins in ovarian inhibin 
secretion in women. As buserelin was commenced in the late luteal phase, this study also 
suggested that the human corpus luteun secreted inhibin in addition to E2 and Pand that 
all were to some degree under gonadotropic control. This concept is discussed later. 

Another model of gonadotropic suppression in women iscombined oral contraceptive 
(OC) pill usage. We have examined daily blood samples in several women over one cycle 
ofOC treatment and found inhibin levels to be in the early follicular phase range or sup
pressed below the assay limit of detection. 

NORMAL MENSTRUAL CYCLE 

Improvement in RIA sensitivity was obtained using antisera raised to 31 kDa bovine FF 
inhibin (As 749, As 1989). This has allowed examination of serum inhibin levels during 
the normal menstrual cycle. We have recently described inhibin levels during the menstrual 
cycle in 6 normal women who were ovulating regularly (mean cycle 28.0 days; range 25 
to 35 days) and had luteal phase serum progesterone levels> 25 nM/L.3 0 The profiles of 
inhibin, LH, FSH. E2 and P during the menstrual cycle are shown in Figure 2. 

Follicular Phase 

Serum inhibin levels were low during the early follicular phase consistent with the limited 
inhibin biosynthetic capacity of the small follicles present at this time. The well describ
ed perimenstrual FSH rise was observed during this period and isthought to lead to recruit
ment of a cohort of follicles from which the dominant follicle will subsequently arise.2 

During the mid-follicular phase, inhibin levels remained low. This was an unanticipated 
finding as the number of granulosa cells and their capacity to secrete E2 and respond to 
FSH increase!during follicular development. 3 Inhibin, as a protein ma.ker of follicular 
development, may similarly have been expected to increase during this period. In addi
tion, a rise in serum inhibin levels would have been expected along with the significant 
fall in serum FSH that was observed during this time. The failure to observe a rise in in
hibin levels could be attributed to 1)the wide subject variation and small sample number 
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Figure 1. Serum LH, FSH, E2, P and inhibin in a non-PCOS subject during buserelin 
administration (100 ug/6 times daily, intranasally, hatched bar) commenced on day 0. 
Menses is indicated by the solid bar. Note the transient rise of E2 , P and inhibin following
the initial gonadotropin rise induced by buserelin. During continued treatment, functional 
gonadotropin withdrawal is followed by the decline of E, P, and inhibin to low levels. 
Reproduced from Buckler et al., J. Clin Endocrinol Metab 66:798, 1988 with pennission. 
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Figure 2. Serum inhibin, FSH, LH, E2 and P concentrations during the norma!l menstrual 
cycle. Data from 6 subjects is normalized around the end of the day of LH surge (broken 
line). The data are expressed as ageometric mean =67% confidence intervals between 
4 and 6 observations per point. Reproduced from McLachlan et al., J Clin Endocrinol 
Metab 68:954, 1987 with permission. 
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in this study or 2)other factors operating during the mid-follicular phase that operated 
to progressively reduce serum FSH levels despite stable inhibin concentrations (for ex
ample increased pituitary sensitivity to inhibin feedback, the combined effect of a small 
rise in serum E2).

During the late follicular phase serum inhibin and E2levels increased in parallel. This 
observation was consistent with studies showing granulosa cells from large follicles pro
duced more inhibin 6 and the finding of inhibin bioactivity inhuman ovarian venous blood 
during this phase of the cycle.' The finding was also similar to that during the follicular 
phase ofovulation-induced cycles mentioned previously.32 It was interesting that E2reached 
a peak on the day prior to the LH surge while inhibin continued to increase to a midcycle
peak coincident with the LH surge suggesting different regulation of secretion of these 
two parameters of follicular growth. 

Periovulatory Phase 

Despite the mid-cycle peak of inhibin, FSH also rose at this time, indicating disruption
of the proposed reciprocal relationship between these twn hormones. We speculated that 
the FSH rise occurred despite increasing inhibin levels as a result of changes in LHRH 
pulse frequency and amplitude observed at midcycle16,50 In addition, the rising E2 and 

23 P levels, which are also important inthe induction of the midcycle gonadotropin surge 
may be involved in the loss of inhibin feedback on FSH. 

Luteal Phase 

immediately following the midcycle gonadotropin surge, inhibin levels fell slightly perhaps 
as a result of disruption of the follicular architecture at ovulation and the formation of the 
corpus hemorrhagicum. 

A major finding of the study was the rise of inhibin levels during the luteal phase to a 
peak two-fold higher than that at mid-cycle. Other significant correlations were observed 
between inhibin and both P and E2 suggesting that inhibin, in addition to the sex steroids, 
was being produced by the corpus luteum. We reported similar findings during the luteal 
phase ofovulation-induced cycles inwhich inhibin levels rose to a mid-luteal peak of similar 
magnitude to the high levels achieved inthe late follicular phase.29 Inhibin levels then fell 
sharply at the time of menses and showed significant correlations with P throughout the 
luteal phase (Fig. 3a). These findings were unanticipated in view of previous reports that 
bovine' 9 and rat 5 luteal cells in vitro do not secrete inhibin. 

There is now other persuasive evidence to support the corpus luteal production of in
hibin. In a report by Tsonis et al. ,4 human granulosa cells were collected during oocyte
retrieval for IVF and ,iltured for up to 12 days. These cells luteinized in vitro and were 
found to secrete inhibin bioactivity, although at low levels. Of interest was the observa
tion that both LH and testosterone, but not FSH, increased inhibin secretion. The possibility 
exists that inhibin secretion by the corpus luteum, in a way similar to P secretion, may
be at least partially under LH control. In both the rat" and the human female,"2 mRNA 
for the ae subunit of inhibin has been identified incorpus luteal tissue. Both inhibin immuno
and bioactivity was also found in cytosolic extracts of human corpora lutea.'2 Im

http:phase.29
http:previously.32


156 / The Physiology of Inhibin in Women 

a. NON-PREGNANT b. PREGNANT 

0=16S) (n 3) 

4 4 

I 
II 

-

E 2 - 2 

z 

o -. ---------------~--

( 1 

1212- -120 

E_
 
" 0 

6 40 U 

z W 

0 0
 

,G
200 , 20G 

0 2

2-


- 0 

10 12 14 10 1214
 

DAYS FOLLOWING OOCYTE RETRIEVAL DAYS FOLLOWING OOCYTE RETRIEVAL 

Figure 3. Serum inhibin, FSH, P and E2 levels in the sera of (a)nonpregnant patients (n=16) 
and (b)pregnant patients (n=3) on the days following oocyte retrieval for IVE Results are 
expressed as the geometric mean =67 %confidence intervals. The broken line indicates 
the limit of sensitivity on inhibin RIA (0.37 U/roll.The number of subjects showing non
detectable inhibin values is shown in parenthesis. Non-detectable values were given the 
limit of assay detection in the calculation of the mean %confidence intervals. *p< 0.05, 
**p < 0.01, ***p < 0.001 comparing hormone values from the pregnant and non-pregnant 
groups on the same day. Significance values in the second panel of (b)refer to serum FSH. 
Reproduced from McLachlan et al. Fertil and Steril 48:1101, 1987 with permission. 
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munohistochemical staining in the rat corpus luteum has been reported using an antiserum 
raised to a synthetic fragment ofthe NH2-terminal region of the porcine a inhibin subunit.10 

Finally, inhibin in vitro bioactivity has been detected in human serum during the follicular 
and early luteal phases of ovulation-induced cycles and during the luteal phases of both 
ovulation-induced and normal cycles.49 

FUNCTIONS OF INH!BIN DURING TIlE MENSTRUAL CYCLE 

Potentially inhibin may have at endocrine role in the control ofFSH secretion and/or in
tragonadal regulatory actions. 

FSH Regulation 

An inverse relationship was observed between inhibin and FSH during the mid to late
follicular phase ofnormal cycles consistent with the proposed feedback effects of inhibin 
on FSH secretion. It could be proposed that the dominant follicle secretes increasing
amounts of inhibin, and possibly E2, in order to limit further FSH secretion thereby con
trolling its own rate of development and preventing the development ofnew asynchronous 
follicles. 

A significant inverse relationship was also observed during the luteal phase of both 
normal30 and ovulation-induced29 cycles, suggesting a hitherto unsuspected role for in
hibin in the regulation of FSH during the luteal phase. The suppiession of gonadotropins
during the luteal phase has been attributed to the sex steroid products of the corpus luteum 
while the perimenstrual rise of FSH has been attributed to their withdrawal. This concept
isin conflict with data in monkeys showing that P,when administered in amanner designed 
to maintain P levels in the peak luteal range, is not sufficient to prevent the perimenstrual

ris;e of FSH.37 Inhibin must now be considered as a further candidate for the regulation

of luteal phase FSH secretion. It could be postulated that inhibin secretion by the corpus

luteum is important in suppressing FSH levels and therefore in preventing the develop
ment of new follicles prior to regression of the corpus luteum.
 

As yet no direct evidence for these postulates exists in man or primates.
 

Paracine Regulation 

Evidence has accumulated in lower animals, primarily using rat granulosa cells in culture,
in support ofaparacrine role for inhibin and the structurally related protein transforming
growth factor f(TGF-fl). For example, TGF-3 has been shown to modulate the expres
sion of LH receptors in response to FSH expo-ure2' and to increase FSH-stimulated 
aromatase activity and Psecretion.2 0,11 Inhibin has been reported to decrease aromatase 
activity5 but not consistently.20 Activin A enhanced aromatase activity but decreased P 
systhesis in an "anti-luteinization" action. 0 Clearly, during the follicular phase, inhibin 
and/or activin and/or TGF-0 may have important roles in the regulation of follicular growth,
function and maturation. As yet such studies have not been extended to corpus luteal 
physiology nor to man or primates. 

http:consistently.20
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PUBERTY 

During normal puberty, the levels ofgonadotropins and sex steroids increase and a closed
loop feedback system is established between the hormones of the hypothalamo-pituitary 

unit and the gonad.' 5 Based on animal studies, a similar relationship has been postulated 

for inhibin and FSH. In female rats, inhibin levels rose in ovarian homogenates' and in 

serum39 during puberty while a sharp fall in serum FSH was ooserved. 

We have recently described inhibin levels in a cross-sectional study of 102 normal school 

girls and examined the relationship of inhibin to the gonadotropins. E2 and pubertal stage4 

(Fig. 4). Inhibin levels were low during Tanner stage I-I then rose 2.3 fold between stages 

Il-IV into the normal early follicular phase range of adult menstrual cycles. Inhibin levels 
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did ,iot increase further between stages IV-V. Significant correlations were found between 
inhibin and each of LH, FSH and E2. Similar data was also obtained in 99 normal boys 
during puberty in that a 3.1 fold increase in inhibin was observed and significant correla
tions were detected between inhibin and each of LH, FSH and testosterone. Of interest 
was the fact that absolute levels of inhibin were approximately twofold higher in males 
as compared to females. 

It ispostulated that the rise in FSH during puberty stimulates ovarian folliculogenesis 
and, as a consequence, inhibin secretion. With the establishment of normal menstrual 
cycles, inhibin levels rise and the negative feedback relationship between FSH and inhibin 
is established. Nonetheless, itshould be noted that there is no direct evidence in support 
of this postulate in humans. 

POLYCYSTIC OVARY SYNDROME 

The poiycystic ovarian syndrome (PCOS) represents a heterogenous group of clinical 
disorders featuring oligo- or amenorrhea, infertility, hirsutism, obesity and bilateral 
polycystic ovaries. Serum LH levels are often inappropriately elevated in relation to FSH 
levels. It has not been clear whether this abnormal gonadotropin profile resulted from a 
primary defect in the hypothalamic-pituitary axis and/or resulted from inappropriate ovarian 
steroid or inhibin feedback. It has been speculated that in PCOS, elevated inhibin levels 
may be involved in producing the discordant gonadotropin levels by selectively inhibiting 
FSH release.46 

We have recently examined 5 PCOS subjects (age 28 to 36 years) diagnosed on the basis 
of 1)oligo- or amenorrhe, and infertility; 2)an inappropriately elevated LH level in the 
presence of normal or low FSH level in the presence of follicular phase levels of serum 
P; 3) normal serum prolacti and; 4) the presence of a number of other recognized PCOS 
features including an elevated body mass index, hirsutism and the presence of polycystic 
ovaries on ultrasound examination.3 Subjects were bled twice weekly for 4 weeks. Serum 
inhibin levels in these anovulatory women with PCOS were found to be similar to those 
inthe early or mid-follicular phase of normal menstrual cycles. Therefore the abnormali
ty of gonadotropin secretion in PCOS cannot be explained simply by the selective sup
pression of FSH secretion by high inhibin levels. Supportive data comes from mor
phological examination of polycystic ovaries which have shown numerous small follicles 
with hyperplasia of the theca interna but very few granulosa cells. 

We have also examined inhibin levels during ovulation-induction with the LHRH agonist 
buserelin and hMG as described earlic- n this paper. 6 PCOS subjects responded similarly 
to their non-PCOS counterparts. Inhibin and E2 levels rose during initial gonadotropin 
stimulation while P levels remained low consistent with the absence of corpus luteal tissue 
in these anovulatory subjects. During continued buserelin administration, inhibin levels 
fell but rose during follicular development induced with hMG. Inconclusion, no evidence 
has been found to support a primary defect in PCOS inhibin physiology either in terms 
of basal- or gonadotropin-stimulated (exogenous or endogenous) secretion. 

http:release.46
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INHIBIN DURING HUMAN GESTATION 

Apreviously unanticipated area of inhibin research has been the physiology of inhibin dur
ing gestation. With the knowledge that the placenta secretes a wide range of stcrid and 
protein hormones, we examined charcoal-treated cytosolic extracts from normal full-term 
human placenta for inhibin immuno- and bioactivity. Both activities were detected and 
gave parallel dose response lines to the human FF standard in both assay systems.28 In
hibin immunoactivity was also detected in umbilical cord serum. Inaddition, Mayo etal.25 

identified the rnRNA for the human inhibin a subunit ina full-term placental eDNA library 
and we have demonstrated ae and 0 subunit mRNA in placental extracts.' 2 Clearly then 
the full-term placenta is a source of inhibin. 

We have recently reported inhibin immunoreactivity inthe serum of women during con
ception cycles in an IVF program. 29 Rather than falling in the late luteal phase, inhibin 
levels rose to become significantly higher than non-pregnant subjects by day 12 following 
oocyte retrieval (Fig. 3b). Thereafter, inhibin levels increased gradually during gestation 
and showed a twofold increase between the first and second halves of gestation. Asimilar 
early rise, and comparable absolute levels, of inhibin have also been found in 3 subjects 
with premature ovarian failure who conceived as part of a donor oocyte IVF program 27 

(Fig. 5). Inthese subjects the absence ofovarian tissue was confirmed at subsequent cesarian 
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Figure 5.Serum inhibin, FSH and hCG concentration at various times during pregnancy 
in a patient with premature ovarian failure who conceived following donor oocyte in vitro 
fertilization. ET indicates the time of embryo transfer. Repeated serum samples were drawn 
throughout pregnancy, however, due to scarcity of samples, individual aliquots were pooled 
to give 8 pools throughout pregnancy. The horizontal bar at each time point indicates the 
duration over which the serum samples were pooled for the individual result. The horizontal 
broken line indicates the limit of detection of inhibin RIA (0.37 U/mI). Reproduced from 
McLahlan et al., Clin Endocrinol 2/:663, 1987 with permission. 
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section. These studies have shown that inhibin appears in th maternal circulation in ear
ly gestation at approximately the same time as hCG. Inhibin levels continue to rise during
gestation while hCG levels fall fi'om mid-gestation onward, suggesting differing regula
tion of these two placental proteins. The maternal ovary is unlikely to be a major source 
of inhibin during pregnancy in view of the study of donor oocyte pregnancies.

Potential roles for inhibin dLring pregnancy could include the suppression of maternal 
FSH which has generally been attributed to the high circulating leve!s of sex steroids. A 
second, and probably more likely, role would involve a local function for inhibin within 
the fetal-placental unit. In a recent study Petraglia et al3 5 have presented im
munohistochemical evidence for the localization of inhibin in the cytotrophoblast layer
of the human placenta at term and inprimary cultures of human trophoblasts using an an
tiserum raised to a fragment ofthe NH2-terminal fragment of the porcine ot subunit. High
concentrations of hCG stimulated inhibin secretion by cultured placental cells, probably
by acAMP-dependent mechanism. Interestingly, incubation of placental cells with inhibin 
antiserum increased the secretion of hCG and LHRH-like immunoreactivity from 
trophoblastic cells, suggesting that endogenous inhibin may have a local tonic inhibitory
action upon the secretion of these two proteins. Finally, partial primary structural homology
has been reported between inhibin (especially the 0 subunit) and the DPP-C gene product
in Drosophila.3 4 The latter has a key role in embryogenesis in that organism. In view of 
all of the above studies itis tempting to speculate an important growth regulatory role for 
inhibin during human gestation. 

CONCLUSIONS 

The study of human inhibin physiology has advar,', -)r.,pidly in the past few years follow
ing the purification of ovarian inhibin. With the advent of specific radioimmunoassays, 
mRNA probes and sensitive in titrobioassays, itisnow possible to examine both circulating
inhibin levels and inhibin gene expression in various tissues. In this paper, data have been 
presented from studies in adult women relating to the effects of gonadotropin administra
tion and withdrawal on ovarian inhibin secretion, the profiles of serum inhibin during nor
mal and ovulation-induced cycles and the corpus luteal production of inhibin. During human 
puberty, inhibin levels have been shown to rise progressively as ovarian function isestablish
ed. During pregnancy serum inhibin levels are elevated in maternal serum and inhibin has 
been localized to the trophoblast/placenta. As yet, the physiological role of inhibin under 
these various settings is not clear, although indirect evidence suggests it may have both 
endocrine and paracrine functions. 

Such data obtained under normal physiological conditions provide the essential 
background for the future study of inhibin in disorders of reproduction. For example, in 
the polycystic ovary syndrome serum inhibin levels are not elevated as previously suspected
and cannot therefore be directly responsible for the abnormal gonadotropin profile observed 
in that condition. Inhibin, as a protein marker of follicular development, may represent 
a valuable measurement in the study of human infertility and a clinically useful parameter
in the monitoring of ovulation induction. 
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DISCUSSION 

CHAIRPERSON: KOJI YOSHINAGA, Ph.D. 

DR. CROWLEK Are there any particular tricks to facilitate iodinating inhibin? I heard 
it is very difficult to do. Do you know what the half-life of inhibin is in the circulation? 
Finally, can you convert your RIA units into picomoles of standard for comparative pur
poses'? 

DR. McLACHLAN: To answer the last question first, since we do not have purified human 
inhibin we have used a partially purified preparation calibrated according to its in vitro 
bioactivity. However, we can madt,aquess. If we assume that the specific activity of human 
inhibin issimilar to bovine inhibin, then we can calculate that the sensitivity of the assays 
are between 0.2-1.0 ng/ml. 

Concerning the iodination of inhibin, itdid, in fact, take us a long time to develop the 
methodology. The iodination is fairly routine using a chloramine procedure, but the 
purification of the iodinated material was difficult. We found the dye ligand Matrix Red 
A to be highly effective, as described in our first RIA paper. That procedure yields a very 
pure material with identical physicochemical characteristics to the non-iodinated form. 

Finally, we have examined the half life of inhibin in circulation in rats and have found 
a biphasic disappearance curve. The first tl/2 is about 15 minutes, and that is in support 
of Dr. Victor Lee's early studies using the bioassay of serum following castration of PMSG
-!imulated female rats. There isa second decay component with a much lower tl/2 of about 
20 hours. The proportion of these two tl/2 values varies between males and females. 
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DR. CROWLEY Have you looked for evidence of pulsatile secretion of inhibin by the 
corpus luteum, in a similar way to that shown for progesterone? 

DR. McLACHLAN: No, we have not as yet. That isclearly avery interesting point, and 
I suspect that we may demonstrate pulsatility of inhibin as with progesterone. 

MR. SPIELER: I would like a little more discussion on the temporal relationship bet
ween inhibin and FSH secretion. You demonstrated that there was an increase in inhibin 
as the estrogen level increased which was followed by simultaneous surges of inhibin and 
FSH. Is this a result of the feedback mechanism whereby FSH induces inhibin release 
which, in turn decreases FSH, or do the two peaks coincide as a result of infrequent 
sampling?

In other words, do you think that the FSH peak actually occurs at the same time as the 
inhibin peak in the normal menstrual cyLle? 

DR. McLACHLAN: In all the normal menstrual cycles that we have studied, we see a 
midcycle surge of inhibin and, obviously, of FSH. As Dr. Hasegava mentioned earlier,
they also have recently observed the same phenomenon using a different assay system. 

cannot explain why FSH and inhibin peak simultaneously, whereas during the preceding
two to four days they had varied inversely. I suspect that at midcycle it related to interac
tions between LHRH and inhibin at the pituitary level, as previously mentioned by Dr. 
Burger. 

I think that the time frame from minus 48 to plus 24 hours after the LH surge is very
interesting and requires careful study of inhibin and the other hormonal dynamics. I think 
that daily sampling, as performed in our study, is not frequent enough. 

DR. HU7CHISON: Is ityour impressioi, that inhibin is always paralleling progesterone
secretion? And, if you give hCG during the luteal phase for corpus luteum support, do 
you see an inhibin response? 

DR. McLACHLAN: Inhibin and progesterone change in parallel in all subjects examined. 
We have not found a discordant profile yet. With regard to the response of inhibin to hCG 
during the luttal phase, we are currently examining this point. 

DR. GOODMAN: About ten years ago Gary Hodgen and I were looking at the role of 
the corpus luteum inregulating follicle growth during the ovarian cycle. We removed the 
monkey corpus luteun' and then replaced it with a silastic capsule releasing luteal phase
levels of progesterone. We found in that model that we could completely reverse the ef
fects of luteectomy with progesterone alone. The inference we drew was that progesterone 
was the principal luteal hormone regulating follicle growth, and that luteal phase estradiol 
was not very important, which was an issue that Dr. Barrett had been raising at the time. 

Besides the evidence you have that there ismRNA being expressed in luteal tissue, do 
you have any evidence that inhibin isconing frora an extra-luteal component of the ovary?
If it is coming from the corpus luteum, then what is the compelling reason to believe that 
luteal inhibin is important in the regulation of the menstrual cycle? 
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DR. McLACHLAN: Iam aware of your previous publication. There is evidence, on the 
other hand, from Dr. Resko suggesting that the replacement of progesterone alone, in the 
monkey, was not capable of preventing the inter-cycle FSH rise. So, there is some con
troversy on this issue. 

We do not have any evidence for an extra-corpus luteum site of inhibin secretion. We 
believe, at this stage of the cycle, that all of the inhibin is coming from the corpus luteum. 
I cannot explain the aiscrepancy that you are mentioning from the previous study using 
the silastic implants after luteectomy. Nonetheless, apart from the high levels of inhibin 
and its inverse correlation with FSH during the luteal phase, there is currently no other 
compelling evidence for a role for inhibin in controlling luteal phase gonadotropin secre
tion. 

DR. ZILBERSTEIN: Did you have the opportunity to look at what happened to inhibin 

levels after pregnancy or in cases where there was termination of pregnancy? 

DR. McL4CHLAN: No. 

DR. MILLER: Concerning the questions about irphibin and FSH both increasing at mid
cycle, there has been some reported evidence from Tom Landerfelt's laboratory that the 
FSH beta message decreases at that time. So, I would suspect that inhibin probably is caus
ing the reduction in FSH beta and the increase in FSH observed is due to GnRH release. 

DR. McLACHLAN: That is an interesting point. 

DR. SHETH: I would like to point out that both Professor Li and our group reported 
localization of inhibin in the Leydig cells ofthe human, monkey, and dog testis. The stimula
tion of inhibin in men by FSH and LH that you observed may be due to this. 

DR. McLACHL4N: What sort of inhibin did you examine for? 

DR. SETH: Human testicular inhibin and antibodies to this peptide. The above data are 
shortly to be published in the Anatomical Record. 

DR. MANBERG: You mentioned that inhibin levels during follicular stimulation might 
be a good marker of oocyte development. Are there any situations where measuring in
hibin might be advantageous to measuring estradiol or give you additional information? 

DR. McLACHLAN: There was a minority of subjects in our initial study where there 
was discordance between inhibin and estradiol levels in the late follicular phase. In about 
90 percent of ovulation-induced cycles there is concordance throughout the follicular phase 
of ovulation-induced cycles. In a minority, we have found that inhibin began to fall while 
estradiol was'still increasing. This might suggest that the two can be discordant under certain 
circumstances. We do not know the significance of that observation. Perhaps inhibin is 
a better marker of oocyte maturation, and even the occurrence of pregnancy. This is 
something that needs to be looked into further. 
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DR. LAMBERT But have you found, for example, any cases where the inhibin levels 
correlate better to oocyte number than estrogen? 

DR. McLACHLAN: No, they all correlate about the same, but the numbers are small. 
Concerning differences between inhibin levels in conception and non-conception cycles, 
I think we will have to look at a large number of IVF cycles since the conception rate is 
about 15 percent per cycle. 

DR. PETRAGLIA: Have you measured plasma inhibin levels in postmenopausal women? 
And, how do you explain the low inhibin levels found at the begining of pubertal matura
tion? 

DR. McLACHLAN: Postmenopausal serum does not contain any inhibin immunoactivity. 
In fact, we include postmenopausal serum as diluent for all standards and samples. 

Inhibin levels in early puberty, although low, are still measurable being just above the 
limit of assay detection. In addition, serum from castrate and premature ovarian failure 
patients also contain no inhibin immunoactivity. 
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Inhibin has been defined as a glycoprotein hormone of gonadal origin which selectively 
suppresses FSH synthesis and secretion? Incontrast to this view, a few studies inexperimen
tal animals have found that circulat;ng LH levels also fall after inhibin administration.2, ' 
However, these findings were generally attributed to contaminants inthe impure prepara
tions of inhibin used. Nevertheless, the actions of inhibin are only partly understood. 

Although the physiological importance of inhibin inthe regulation of gonadotropin secre
tion inthe male is unknown, adeficiency of inhibin has been proposed to explain the in
creased FSH secretion inmen with severe oligospermia and azoospermia, 13, 15,16,18,19,23 
Interestingly, LH secretion isalso increased inthese men. 9,13,15,16 While there isevidence 
that a reduction intestosterone production could explain this increase in LH levels),35 6 , , 
these data could also reflect an effect of inhibin on LH secretion. 

The use of dispersed pituitary cells for the bioassay of inhibin has produced important
advances inour understanding of inhibin's actions. Most studies of inhibin effects in vitro 
in the absence of GnRH have demonstrated a pronounced inhibition of FSH secretion and 
little or no change in LH secretion8 ,10, 12,20 However, under normal conditions the pituitary
is stimulated intermittently by GnRH. Thu ;he physiological significance of changes
observed in the absence of GnRH can be questioned. In the presence of GnRH, both LH 

'10 ,and FSH secretion are usually decreased by inhibin, z,,although higher concentra
tions of inhibin are needed to suppress LH than FSH (Fig. I). Moreover, the ED5 sS for 
the effects on GnRH-induced secretion are greater than those for basal secretion. 

Previous studies of the effects of inhibin on GnRH-stimulated go;.-dotropin secretion 
in vitro have used cells continuously exposed to GnRH. These static systems ignore the 
fundamental role of the intermittent GnRH signal in normal pituitary function. We have 
therefore used dispersed rat pituitary cells perifused with pulses of GnRH, a model which 
more closely simulates physiological conditions,' to study the time course and selectivity 
of the effect of inhibin on gonadotropin secretion. 
168 
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Figure 1. Influence of inhibin from primate Sertoli cells on FSH and LH secretion by rat 
anterior pituitary cells in monolayer culture. Cells were treated with inhibin at the indicated 
concentrations for 24 hours (bacai secretion), followed by the addition of GnRH (10nM)
for 6 hours. (From Kotsuji F,Winters SJ,et al.: Eff".;ts of Inhibin fr,.m Primate Sertoli 
Cells on Follicle-Stimulating Hormone and Luteinizing Hormone Release by Perifused 
Rat Pituitary Cells, Endocrinology, 122:2796 1988). 

MATERIALS AND METHODS 

Inhibin was partially purified from cynomolgus monkey Sertoli cell cultures, as described 
previously. 17 Sertoli cell culture medium was concentrated with an Amicon apparatus and 
desalted on a Bio-Gel P-6DG column. The eluted protein was then chromatographed on 
a Concanavalin A (Con A)-Sepharose affinity column, since we have previously shown' 7 

that primate Sertoli cell inhibin is completely retairned by Con-A and can be eluted with 
0.2M methyl-D-glucoside. Inhibin-containing fractions were purified further on a Syn
chropak RP-4 silica reverse phase HPLC column; activity eluted at approximately 50% 
acetonitrile. This preparation had an effective concentration (EC50 ) of approximately 10 
ng/ml based upon its ability to suppress basal FSH release from rat pituitary cells cultured 
for 72 hours. 
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Pituitary cell cultures were established using anterior pituitaries from 7-8 week old male 
rats. Pituitaries were rinsed with Hanks-HEPES and divided into 8-10 pieces. Cells were 
dispersed by treatment with 0.4% collagenase (Boehringer Mannheim), 0.03% DNase 
(Sigma) in Hanks-HEPES buffer (pH 7.3) containing 0.4% BSA and 0.2% glucose. The 
minced tissue was mixed for 90 minutes at 80 cycles/minute in a shaking water bath at 37 °C. 
Then cells were digested with 0.25% pancreatin (Sigma) for 8 minutes, washed 3 times 
with Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal calf serum, 
and filtered through 100 ,m stainless steel mesh. The filtrate was centrifuged at 300 x g 
and the cells were resuspended in DMEM containing 10% fetal calf serum. The cell yield 
was 5-9 x l01 per pituitary, and viability was 94-97% based upon trypan blue exclusion. 

Cells were precultured with Cytodex microcarrier beads type 3 (Pharmacia) to increase 
the culture surface area for perifusion experiments. Cells were mixed with beads in a ratio 
of 3.0 x 101 cells: 320 mg beads in 100 ml DMEM and cultured in 10 cm siliconized glass 
Petri dishes for48 hours at 37°C in 10% C02-90% air. Adhesior ofthe cells to the microcar
riers was facilitated by transferring the mixture in fresh medium to a culture vessel con
taining a bulb-shaped rod and stirring at 50 rpm for 24 hours. The cells-beads mixtures 
containing approximately 10 million cells were packed into Lucite columns (LDC/Milton 
Roy) of6.3 mm internal diameter. The columns were placed in a 37 C incubator and perifus
ed at a flow rate of 0.3 ml/minute with DMEM-F12 containing 14.8 mM NaHCO3, 0.2% 
glucose (pH 7.3) and gassed with 5%CO2-95%0 2 at 37 0C. 

RESULTS AND DISCUSSION 

The data from a representative experiment are shown in Figure 2. Cells were stimulated 
with lOnM GnRH for 2 minutes every 60 minutes. Fractions were collected at 10 minute 
intervals. GnRH produced a rapid and concurrent increase in FSH and LH release and 
a return to basal levels within 30 minutes, as is characteristic of pituitary cells from male 
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Figure 2. FSH and LH secretion by male rat anterior pituitary cells stimulated with 10 
nM GnRII every 1hour cultured with Cytodex beads for 72 hours before beginning the 
perifusion. Fractions were collected every 10 minutes. 
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rats? However, the proportional response of LH was consistently greater than the pro
portional response of FSH. In some experiments, both basal and GnRH-stimualted secre
tion declined over the course of the perfusion. 

To examine the selectivity and time course of the inhibin effect on LH and FSH secre
tion by pituitary cells, an infusion of Sertoli cell inhibin was superimposed upon the in
termittent stimulation of cells by GnRH. Asecond column prepared under identical con
ditions from the same cell suspension was perifused simultaneously with GitRH, but was 
not treated with inhibin. Cells were stimulated for 8-12 hours with hourly pulses of 10 nM 
GnRH delivered over 2 minutes. A dose-response effect of inhibin was observed. Higher 
doses ofinhibin led to asignificant reduction inboth FSH and LH release (Fig. 3A), whereas 
lower doses of inhibin suppressed GnRH-stimulated FSH secretion but did not affect LH 
(Fig. 3B). 
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Figure 3. Effect of inhibin on GnRH-induced FSH and LH secretion by perifused anterior 
pituitary cells. Two columns containing cells from the same dispersion were perifused 
simultaneously. One column contained cells treated with inhibin for 5hours, and the se
cond column ; ,. an untreated control. 

In 3A, the d . ,_hibin was 75 ng/ml; Figure 3B, 19 ng/ml. 
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Figure 4 is a summary ofthe results of three experiments at the higher dosage of inhibin 
(75 r/ml). The effect on gonadotropin pulse amplitude was evident within 2 hours (pulse 
5) after adding inhibin to the perifusion medium. At 3 hours (pulse 6) the amplitude of 
FSH pulses was maximally reduced to 46 ± 9% (M ± SE) of control (p< 0.01). The tem
poral pattern of the effect on LH was similar, but the maximal reduction was to 71 ±8% 
of control. The effect on LH was less (p< 0.025) than on FSH. Following removal of in
hibin from the peifusion medium, gonadotropin secretion began to increase toward con
trol levels after a lag of approximately 1hour (pulses 10 and 11). The relative amplitude 
of FSH pulses reached 82 ± 8%of control and LH rose to 88 ± 8% of control at the com
pletion of the experiment 3 hours after removing inhibin from the perifusion medium. 
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Figure 4. Effect of inhibin on FSH and LH pulse amplitude. Each pulse from the pituitary 
cell column exposed to inhibin wa3 compared to the simultaneous pulse from the control 
column, which was designated 1001%. The amplitude of a hormone pulse was calculated 
by subtracting the basal concentration before adding GnRH from the hormone concen
trations in each ofthe three ten-minute fractions after addition of GnRH, which were then 
summed. The data are the mean ± SEM ofthree experiments. (from Kotsuji F.et al.: ibid). 
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We found that longer exposure to inhibin decreased its suppressive effect on GnRH
induced gonadotropin release. Figure 5 illustrates the results of a representative experi
ment inwhich pituitary cells were pretreated with Sertoli cell inhibin (at a dose of 75 ng/ml 
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Figure S.FSH and LH secretion following pulsatile GnRH stimulation of rat pituitary cells
exposed to inhibin (75ng/ml) for 24 hours before beginning the perifusion. Fresh inhibin 
was added to the perifusion medium for 3 hours, and then the cells were treated with medium 
alone. The control column was not treated with inhibin. (from Kotsuji et al.: ibid) 
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as in Figure 3A), for 24 hours before beginning the perifusion and then perifused with 
fresh inhibin for 3 houc. Figure 6 is a summary of the results of three such experiments. 
Maximum suppression ofFSH was to 68 + 1% of control; this suppression was less (p<0.01) 
than that found during the short-term (5 hours) treatment (Fig 3A). Further, this dose of 
inhibin suppressed LH secretion in the short-term experiment but had no effect on GnRH
induced LH secretion by cells pretreated with inhibin for 24 hours. After removal of in
hibin from the perifusate, FSH secretion returned to control levels within 2 hours. The 
decreased effectiveness of inhibin when present for 24 hours prior to perifusion may repre
sent a refractoriness of the pituitary cells due to prolonged continuous receptor occupan
cy like that which occurs with other reptide hormones. Another possibility is that inhibin 
was metabolized under the conditions of this study. However, fresh inhibin was added during 
the perifusion. 
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Figure 6. Effect of inhibin on FSH and LH pulse amplitude in cells exposed to inhibin 
for 24 hours before beginning the perifusion. The results are mean ± SEM of three ex
periments (from Kotsuji et al.: ibid). 
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We also examined the eflIect of inhibin on interpulse gonadotropin secretion, defined 
as the hormone measurable during the 30 minute intervals between GnRH-induced pulses.
It is presently t.clear whether LH and FSH secretion during these intervals isrelated to 
the GnRH stimulus and how these findings relate to gonadotropin secretion ill vivo. We 
fbund aselective effect of inhibin on interpulse FSH secretion in both the short-term studies 
and in the experiments in which pituitary cells were pretreated fbr 24 hours with inhibin 
prior to beginning the perifusion (Fig. 7). This eftfect on FSH but not LH is similar to the 
effect of inhibin we observed on basal secretion from monolayer cultures for 24 hours (Fig. 
1). as well as to the results of many previous studies with various preparations of in
hibin.l, 10,12,20,21l 

Based upon our results, we constructed a schematic diagram illustrating the efflects of 
inhibin on interpulse and GnRH-stimulated FSH and LH secretion (Fig. 8). Clearly, in 
vitro lhictors such as duration of culture and relative purity of the RIA standards used in
fluence this comparison, whereas in vivo the intensity and frequency of the GnRH stimulus 
as well as other central and negative feedback factors such as steroids will modify this rela
tionship. We depict total FSH and LH secretion as equivalent in the absence of inhibin. 
In agreement with the results of studies in vivuo, we found that GnRh-independent (inter
pulse) FSH secretion compri, od a grea.er proportion of total FSH secretion than did in
terpulse LH secretion. According to this model, the negative feedback actions of inhibin 
limit interpulse FSH butt not interpulse LH secretion. Further, both GnRH-stimulated FSH 
and LH release are reduced by inhibin, however, the effect on FSH isgreater than on LH. 
Together, these effects produce a pronounced suppression of FSH secretion and a smaller 
decline in LH secretion. Thus, we believe that two separate mechanisms mediate inhibin 
action, one relates to adecline in FSH synthesis' and the second iscoupled to the action 
of GnRH. 

From these studies, we conclude that inhibin i .tgonadal glycoprotein hormone which 
preferentially, but not selcctively, suppresses GnRH-stimulated FSH secretion by perifused 
rat pituitary cells. Our experiments show that the magn:tude and specificity of the inhibin 
effect on FSH and LH are dependent upon both the doe and Curation of inhibin treatment. 
However. the applicability of these findings to ,'urunde-standin.? of the physiological func
tion ,f inhibin in males must await acomparis,)n of the dosages used in vitro with circulating 
inhibin levels in vivo. 

The rapid onset of the inhibin effect and the escape from inhibin suppression suggest 
that the effect of inhibin on FSH release from the pituitary cao not be completely explain
ed by changes in pituitary FSH content resulting from FSH synthesis. Taken together with 
the ,bserved suppression of GnRH-induced LH release, we believe that the action of in
hibin on the piuitary appears in part to be related to that of'GnRH. Further, the rapidity 
of the inhibin suppression suggests that inhibin could influence ultradian gonadotropin 
secretion in vivo. 

Finally, the observation that inhibin selectively suppressed interpulse FSH secretion was 
possible only through the use of a cell perifusion model. This model isapplicable to the 
study of the various factors thought to influence the ability of the pituitary to respond to 
GnRH. and its further use should broaden our understanding of the mechanisms underly
ing gonadotropin synthesis and secretion. The effect we observed on iiterpulse FSH release 
may be due to a reduction in FSH synthesis' and adecrease in FSHf gene exnression. 
Whether interpulse gonadotropin release in vitro is a valid model representing constitutive 
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secretion in vo, or whether all in vivo gonadotropin secretion is coupled to GnRH stimula
tion remains to be clarified. 
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Figure 7. Effects of inhibin on interpulse secretion of FSH and LH. The top panel represents 
results during the short-term addition of inhibin; the lower panel depicts the results when 
inhibin was added to the cells for 24 hours before beginning the perifusion. 
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A Schema for the Effects of Inhibin 
on Gonadotropin Secretion 
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Figure &Diagramatic representation of the effects of inhibir on gonadotropin secretion. 
Total LH and FSH secretion inthe absence of inihibin was arbitrarily drawn to be equivalent 
(100%). Total LH and FSH secretion during per~fsion was calculated as the area under 
the pulse profiles. That portion of each pulse due to the interpulse level was subtracted 
from the GnRH-induced pulse amplitude; GnRH-iidependent release was summed and 
subtracted from the total hormone release during ti/ study. 
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DISCUSSION 

CHAIRPERSON: DO WON HAHN, Ph.D. 

DR. HOFFMAN: Inyour profiles FSH pilse amplitude was decreased when inhibi was 
added. However. FSH pulse amplitude was decreased in control studies as well. I )ukl 
you explain? 

DR. WINTERS: That is true. !n certain of our experiments, the pituitary cells became 
less responsive to GnRH over the course of the study. This effect has been observed by
others who have done cell perifusion experiments. For this reasoi, wo perifused two col
unms simultaneously in each experiment. One column was treated %%ith inhibin and the 
second was not. Both columns contained cells from the same dispersion, and both col
umns were pulsed with GnRH. All comparisons were drawn between the inhibin-treated 
and its paired untreated column. 

DR. GOODMAN: When you culture cells on Cytodex 3.which isSephadex in amacro
spherical form, is it possible that inhibin is trapped within the Sephadex explaining the 
decreased effect with longer incubation times? 

DR. WINTERS: We have not yet measured immunoreactive inhibin levels in our incuba
tion media to determine whether inhibin was metabolized by the cells, or perhaps as you 
suggest, that inhibin was adsorbed on to the beads. However, we doubt that adsorption
occurred since the anterior pi'iitary cells were allowed to attach to the beads for 48 hours 
in culture medium containing 16/c fetal callserum prior to adding inhibin. Serum glycopro
teins would attach to the beads and should block the subsequent adsorption of inhibin.
Cytodex 3 beads also have a layer of denatured collagen on their surface. Finally, fresh 
inhibin was added during the perifusion. 

DR. MANBERG: Have you looked at the kinetics of the tolerance you observed? Do you
think this phenomenon will limit any therapeutic applications of inhibin? 

DR. WINTERS: We have only performed the 24 hour and short-term experiments I 
presented today. Thctefore, we do not know what duration of exposure is needed for the 
inhibin effect to decline. I believe that the possibility of desensitization to the effect of in
hibin isone with potential clinical importance. Both the dose and method ofdelivery of 
inhibin may be of significance. 



180 / How Does Inhibin Regulate LH and FSH Secretion? Studies in Perifused Rat Pituitary Cells 

DR. MANBERG: Both the data from Dr. Burger's group and your data indicate that in
hibin blocks GnRH-induced FSH and LH secretion. Dr. Burger also showed that inhibin 
reduced GnRH receptor binding by the pituitary cells. Yet this morning, Dr. Miller in
dicated that inhibin increased GnRH-induced FSH secretion. How are these data 
reconciled? 

DR. WINTERS: I believe that this dichotomy results from species differences in 
gonadotropin secretion in vitro. Dr. Miller's convincing data were obtained from ,=ultured 
ovine pituitary cells whereas our studies used pituitary cells from male rats. Dr. Miller 
has previously shown that the control of FSH secretion in vitro is very different in rat com
pared to ovine cells. We have not yet measured GnRH receptor binding. It will be ofcon
siderable interest to investigate both receptor and post-receptor events in inhibin-treated 
anterior pituitary cells. 

QUL STION: Dr. Burger, was the inhibin effect on GnRH receptor number rather than 

a change in affinity? 

DR. BURGER: Yes, that is correct. 
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Role of Inhibin-Related Peptides
 
in Human Placenta
 

FELICE PETRAGLIA 
WYLIE VALE 

The human placenta plays an important role in the initiation and maintenance of pregnan
cy. In particular, the placenta produces a large variety and quantity of peptide and steroid 
hormones which influence several functions of the maternal-fetal unit. The trophoblast
cells have endocrine competence and form the placental villi. Each villus consists of an 
outermost layer of syncytiotrophoblast cells and an inner layer of cytotrophoblast cells. 
S, icytiotrophoblast cells are multinucleated and are rich in the structure required for pro
tein synthesis and secretion (rough endoplasmic reticulum, Golgi complex and mitochon
dria). Cytotrophobls: cells ai -rononucleated and seem to represent the stem cells from 
which the syncyti;'rophoblast cells derive. Hormones produced by the trophoblast cells 
are moasurah!z inthe maternal blood, but lower concentrations ofplacental hormones are 
also prsenl: in the fetal circulation. The regulatory mechanisms for the production of 
placental protein and steroid hormones are well defined.7 33,5 0 In the present study we 
investigated the presence of inhibin-related peptides in human placenta and their possible 
role in regulating the secretion of placental gonadotropin. 

HUMAN CHORIONIC GONADOTROPIN 

From the first days of pregnancy the cells for the trophoblast synthesize and secrete hor
mnnes. The most specific placental hormone detectable in maternal circulation immediately
after implantation is the human chorionic gonadotropin (hCG). This glycoprotein hor
mone iscomposed of two subunits (ce=97 amino acids, identical to that of pituitary LH, 
FSH, and TSH; 0=145 amino acids) and is secreted by the syncytiotropl jblast cells. At 
the time of implantation, the blactocyst covered by the trophoblast penetrates into the e. -
dometrial stroma, projecting the microvilli. The intimate contact between trophoblast cells 
and uterine spiral arterioles explains the presence of hCG in maternal circulation. Between 
9 and 12 weeks of gesLzIon, plasma hCG levels reach their peak values. The exponential 
rise of hCG values is typical during the first trimester of pregnancy, with a doubling time 
of 1.7 to 2.0 days during the first 4 week.5 

, 24 Subsequently, the production rat' of hCG by
placental cells decreases, with a concomitant fall in maternal plasma levels. The r .thesis 
and secretion ofhCG isfundamental to maintain the function of the corpus lute; .nduring

52 sthe first few weeks of pregnancy , In fact, placental hCG stimulates progesterone release 

181 
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by the corpus lueum activating acAMP-dependent protein kinase.45 Moreover, a local 
immunosuppressive action of hCG has been suggested, either modulating the activity of 
maternal lymphocytes or representing an immunologically protective layer on the 
trophoblast's cell surface,38 or stimulating the secretion of progesterone, which is known 
to facilitate the implantation also via an immunosuppressive effect to prevent the rejec
tion of the tItal allograft by the maternal host.4," t 

The importance of hCG in pregnancy is supported by evidence that the measurement 
of plasma hCG correlates with the outcome of pregnancy in patients with threatened abor
tion or in cases of in vitro fertilization embryo transfer, 9 

The mechanisms that control hCG secretion are very complex. Following the isolation 
of an immunoreactive gonadotropin-releasing hormone (irGnRH) in human placenta, the 
presence and action of a local axis similar to the hypothalamus-pituitary-gonadal axis has 
been suoested. 

PLACENTAL GnRH 

Placental irGnRH has astimulatory role inhCG secretion. The addition ofsynthetic GnRH 
increases hCG release from human placental preparation.',3,19, 34 ,47 The evidence that 
a GnRH antagonist is able to decrease hCG secretion in vitro suggests that local GnRH 
has a constant stimulatory role inhCG secretion from human placenta 9 Placental GnRH 
has the same chemical. immunological and biological activities as the hypothalamic 
decapeptide2O'4 6

,' and binding sites for GnRH have been found on placental cell mem
branes.2,10 Cyiotrophoblast cells contain irGnRH and the intensity of the immunostain
ing decrease!; during pregnancy." An irGnRH has been found also in rat pacenta, with 
concentrations decreasing progressively through gestation.42 The release of ,nRH from 
culture trophoblast cells seems to be mediated by an adenylate cyclase/cyclic AMp pathway.6 

The addition of forskolin, an adenylate cyclase activator, or of dybutyrill cAMP, a syn
thetic analog of cAMP, increases the release of irGnRH from placental cultures. Beta 
adrenergic receptor agonists, epinephrine and isoproterenol, stimulate the secretion of 
irGnRH from placental cells activating the formation of cAMP (Fig. 1). Because f 
adrenergic acting substances also increase progesterone release from placental tissue,6a 
role for the cathecolamines in the control of the placental hormone secretions may be 
hypothesized. 

The possible existence of afunctional axis among GnRH, hCG and progesterone issup
po.-ted by several lines ofevidence. However, after the 12-14th week of pregnancy, plasma 
GnRH and hCG dissociate from plasma progesterone levels in natural circulation. While 
peptide hormones reach a steady state concentration, progesterone levels continue to in
creasL until the end of the gestation. This pattern suggests a different mechanism of con
trol regulating the secretion of hCG and progesterone. The second messenger iavolved 
inthe release of hCG and progesterone isthe cAMP'5 and the activity of placental adenylate 
cyclase is known to be modulated by several factors. 29,'4,44 Endocrine and paracrine in
teractions may locally regulate placental hormonogenesis, but maternal and fetal products 
may also influence the activity of the trophoblast cells. This particular system of control 
isunique in nature. The metabolic, endocrine, immune and behavioral changes describ
ed in the maternal compartment during gestation may be due to the secretory activity of 

http:gestation.42
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Figure 1. Dose-related effect ofepinephrine on gonadotropin-releasing hormone (irGnRH) 
release from human cultured cells. Propranolol (I tin), a /3adrenergic receptor antagonist. 
reverses this effect. 

placental cells and, vice versa, the mother may communicate the feedback signals to the 
placenta. However, intraplacental regulation seems to play major role in the control of 
placental hormone secretions. The administration of a GnRH antagonist for 7 days in 3 
pregnant baboons at the first month of pregnancy resulted in 2 stillbirths and I small liveborn 
at delivery." This result suggests a possible important role of a GnRH receptors in the 
maintenance of pregnancy in primates. These in vivo data agree with the evidence that the 
addition of a GnRH antagonist in human placental cultures inhibits the hCG and pro
gesterone release, suggesting a tonic stimulatory action ofGnRH on these hormonal placen
tal secretions. 4 9 

PLACENTAL INHIBIN-RELATED PEPTIDES 

The recent purification ofinhibin from the gonads of various species' 2,21,25,32,40,41 allowed 
study of the possible presence of a placental inhibin. Two forms of inhibin are recogniz
ed, inhibin A and B, both of which are heterodimeric glycoproteins with a moleculFr weight 
of about 32,000 oaltons consisting ofan aind /3subunit. The at subunit is common in both 
forms and there are many homologies among porcine, bovine and human forms. The /3 
subunit is variable and the two fbrms (A and B) are characterized as inhibin A and B, respec
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tively. There is a very high degree of homology between the 3A and the /3B chains of in
hibin and for each chain between species. Disulfide bridges link the a and 3 subunits and 
they are encoded by different messcnger RNAs. No difference has been described in the 
biological properties of inhibins A and B: they both significantly decrease FSH secretion 
from cultured pituitary cells.'' ,2,25,40,41 

Moreover, recent studies revealed that the homodimers composed by two OA chains or 
by a 3A and OB chain have acomplete opposite action, stimulating the pituitary FSH release. 
These polypeptides have amolecular weight ofabout 28,000 daltons and have been called 
FSH--releasing peptide (FRP) or activins.22, 2 3, ' The homology between the 0 subunits 
of inhibin and the transforming growth factor-B (TGF-B), the Mullerian duct inhibiting 
factor (MIF) or the erythroid differentiation factor (EDF) suggests an interesting correla
tion in the evolution of these proteins. The sources of inhibins in all previously mentioned 
studies were the seminal and follicular fluids suggesting the gonads as major sources for 
these peptides. 

McLachlan et al. and our group have recently shown the presence ofbioactive and im
munoreactive inhibin in human placenta. 7 ."1The existence of a placental inhibin was sug
gested by the presence of FSH-inhibiting activity in rabbit and human placentas.,4 6 In 
their study. McLachlan et al7 have shown that extracted placenta inhibin decreases pituitary 
FSH content in a dose-dependent manner, and this effect was parallel to that of human 
follicular fluid inhibin. The same parallelism between placental and follicular fluid in
hibin was found in the radioimmunoassay, suggesting an analogy between placental and 
gonadal inhibins. This similarity was also supported by the evidence that the preincuba
tion of placental extracts with inhibin antiserum completely blocked the inhibin bioac
tivity of the extracts. Mayo et al. reported the presence of inhibin asubunit mRNA in the 
eDNA library of placenta at term. 6 

LOCALIZATION OF PLACENTAL INHIB.N 

Using an antiserum directed against the first 27 amino acids (N-terminal portion) of por
cine inhibin, we have found many immunoreactive cells in the cytotrophoblast layer of the 
human placental villi. The fluorescent staining was localized in the inner cell and not on 
the periphery of the villi. The cytotrophoblast cells are those positive also fot GnRH, 
somatostatin and CRF immunostaining.6,14The observation that these cytotrophoblast
produced peptides have the common characteristic to regulate the secretion of other placen
tal hormones produced by syncytiotrophoblast cells supports the classification of 
trophoblast cells ii two distinct functional populations, with a different hormonal com
petence. The regulatury peptides secreted by cytotrophoblast cells may play an endocrine 
and/or a paracrine role, modulating both maternal and placental hormone secretions. 

SECRETION OF PLACENTAL INHIBIN 

Using asystem of cultured human placental cells, w. hiave studied the possible mechwiiisms 
of secretion of placental inhibin ana the possible action on the sec-retion of irGnRH and 
hCG. Placentas collected from pregnant women at term were used to prepare the trophoblast 
cultures. The cells were dispersed enzymatically and mechanically and suspended in culture 
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medium. 4 The experiments were done one week after plating and inhibin-LI concentra
tions were measurable in the cultvire medium following 48 hours incubation. The addi
tion of acAMP analog, 8bromo cAMP, or cholera toxin, increased the release of inhibin-
LI from cultured placental cells, suggesting that cAMP may be the second messenger also 
in the release of placental inhibin. A significant release of inhibin-LI was observed when 
hCG was added to placental cell cultures." An increase of plasma inhibin-LI following 
hCG injection has been also shown in immature female rats, 9 and this effect seems to reflect 
the action of hCG on cultured rat granulosa cells.' Therefore, the iegulation of inhibin secre
tion in the placenta is identical to that recently shown in the gonads, stimulated by 
gonadotropins via the cAMP pathway. 

We further evaluated the effect of various neuropeptides on the inhibin release from 
placental cultures. Vasoactive intestinal peptide (VIP) and neuropeptide Y (NPY) increased 
the inhibin release in adose-related manner (Fig. 2). No effects have been observed follow
ing the addition of somatostatin, oxytocin or substance P (SP). These results show that 
the activity of placental inhibin may also be influenced by various circulating or placental 
substances. 
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Figure 2. Dose-related effect ofchorion neuropeptides (neuropeptide Y (< NPY >; vasoac
live intestinal peptide <VIP> ; substance P < SP >) on inhibin-like immunoreactivity 
(II) release from human placental cell cultures. 
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ACTION OF INHIBIN ON PLACENTAL HORMONOGENESIS 

Because the gonadal inhibin acts to inhibit FSH release from the pituitary gland, we 
hypothesized a possible action of placental inhihin on hCG release. The addition of an 
antiserum to inhibin in the placental cell cultures significantly increased hCG release, a 
dose-related and time-dependent effect.' 4 This evidence suggests that placental inhibin 
tonically inhibits the release of hCG in human placenta at term. Therefore cytotrophoblast 
inhibin may have a local paracrine action regulating the syncytiotrophoblast release of hCG. 
However. high plasma inhibin levels are present in pregnant women. Also in cord blood 
inhibin-l.l istwo/threefold higher than in the peripheral circulating blood ofnon-pregnant 
subjects, suggesting also an endocrine role of the placental inhibin.27," Indeed, plasma 
FSH levels in pregnant women are very low from the first 10 weeks of gestation and the 
FSH response to GnRH administration is almost absent in pregnant women.' 6 The*7,30 

increase in circulating inhibin, also released by the placenta, may explain this endocrine 
change in the maternal ph iology. As shown before, the control of hCG release is also 
Linder the stimulatory action of placental GnRH and the inhibitory action of inhibin isalso 
mediated by adecrease in GnRH release. Indeed, the addition of an antiserum to inhibin 
in the placental cell cultures increases GnRH release, thus suggesting an inhibitory ac
tion of inhibin on GnRH. The evidence that the antiserum-induced release of hCG from 
placental cultures is blunted by aGnRH antagonist indicates that inhibin acts both on hCG 
and GnRH secretion from the placenta. However. a purified inhibin preparation did nGt 
significantly decrease hCG or GnRH release from placental cell cultures.5 5 This result may 
seem contradictory with the hypothesis that inhibin plays a role in the inhibitory control 
of hCG secretion, but in our culture system it is difficult to detect the decrease of hCG 
or GnRH concentrations. The GnRH-induced increase in hCG release from placental cells 
was reversed by inhibin (Fig. 3), supporting the view that placental inhibin may act on 
the local GnRH-hCG axis.28 

PLACENTAL FRP 

The presence of a placental FRP has been suggested following the identification of the 
human ai subunit homodimer mRNA in aterm placenta. 8 We have investigated the possi
ble effects ofpurified FRP on irGnRH, hCG, and progesterone release from cultured human 
placental cells. The addition of FRP for 48 hours to the placental cultures significantly 
increased the concentrations of irGnRH and progesterone in the culture medium.3 7 

Moreover, FRP augmented tl-e GnRH-induced release of hCG (Fig. 3), suggesting that 
this inhibin-related peptide may also play a role in the mechanism regulating the hCG 
secretion. 

CONCLUSIONS 

The present findings show that inhibin and FRP play an important role in the regulation 
of placental hormonogenesis in vitro. It is difficult to understand the role of these 
heterodimeric and homodimeric proteins in the maternal-fetal physiology. However, 
because of the effect of hCG and progesterone in the initiation and maintenance of human 
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Figure 3. lnhibin (3ng/mnl) decreases and FRP (FSFh releasing peptide) (5ng/mnl) increases 
the GnRH-induced (100nM) release of hCG from human cultured placental cell. Inhibin 
also antagonizes the FRP-GnRH effect on1 hCG. Inhibin and FRP do not change significant
ly basal hCG release. 

pregnancy, the importance of inhibin and FRP derives from their role of regulatory pep
tides. The actual knowledge suggests acomplex model of interaction among GnRH, in
hibin and FRP ininfluencing the release of hCG and progesterone (Fig. 4). It can be pro
posed that during gestation the locally produced releasing factors (GnRH and FRP) may 
have apositive influence on hCG secretion, and inhibin counteracts this effect. From the 
balance among these three factors may depend the typical patter, of maternal plasma hCG 
level changes, with the peak values during the first trimester and stable levels inthe re
maining part of gestation. Moreover, inhibin-related peptides regulating hCG secretion 
may also affect the biological functions related to hCG, possibly contributing to the 
pathogenesis of women's infertility states. Therefore, aclinical use for inhibin to antagonize 
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ONTOGENY OF OVARIAN AMH PRODUCTION 

The ontogeny of testicular and ovarian AMH is also quite different. Whereas AMH pro
duction begins in Sertoli cells immediately after they differentiate in the fetal testis2 8 AMH 
is not detectable in ovine fetal granulosa cells, until the day before birth.' The ontogeny 
of AMH production by granulosa cells has been studied by immunocytozhemical methods 

2 -in the ovary of the developing COW and ewe.' AMH production by granulosa cells is in
fluenced both by the age of the animal - AMH synthesis begins at birth, but is maximal 
in the adult ovary - and by the degree of follicular development - only those granulosa 
cells populating growing and antral follicles are stained by the imniunocytochemical reac
tion. As the follicle grows, peripheral granulosa cells progressively lose their capacity for 
AMH synthesis, in contrast to those lining the an!ra; cavity and the oocyte, which contain 
a high amount of immunoreactivity 3 (Fig. 2). Staining of primordial follicles was never 
observed, whatever the age of the animal.3,25 

A 

"4k o 

. 

Figure 2. lnmunocytochemi al reaction for AMH- in ovaries of developing ewes, using 
a mooonal antibody arid ..n avidin-biotin technique. (A) Small arntral follicle, the daypreceding birth 0: oocyte, A: antrum. X 200. (B) Growing follicle ii a 97 day-old, im

mature animal : strong immunor.~3ctivity is observed. x200. (C) Antral oIbli" e in a 97-day
old animal : note the AMH gradieot from the basal membrane to the antrum and the oocyte. 
No immunoreactivity is observed in thecal cells (X 125). (D) Antral follicle in an adult 
ovary : note AMH immunoieactivity in cumulus cell protrusions across the zona pellucida 
(arrow) 0: oocyte X 200. 
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EFFECT OF AMH ON OOCYTE MATURATION 

Since AMH is produced by granulosa cells of the antral follicle of the adult3',25 and par
ticularly by those in contact with the oocyte2 and since hCG increases this production," 
efforts have been made to find a physiological effect fbr ovarian AMH. Takahashi et al.26 

have reported that "fraction Green-3," a partially purified preparation of bovine AMH 4,1 
at concentrations of 15 fg to 150 pg/rnl, is capable of inhibiting the resumption of meio:is 
in denuded and cumulus-cell enclosed rat oocytes. We have seen no such effect using up 
to 9 ug/ml of bioactive bovine AMH purified to homogeneity by immunoaffinity 
chromatography on a monoclonal antibody as described by Picard and Josso.20 Under thc 
same conditions, a partially purified preparation ofoocyte meiosis inhibitor from porcine 
tlllicuar fluid exerted an approximately 50% inhibition of meiotic resumption of rat ooytes. 
Obviously, fraction Green-3. which causes partial regression of the anterior tip of the rat 
fetal Mullerian duct when added to organ culture medium at a concentration of 6 ,g/inl, 
contains other proteins in addition to pure AMH, which, at a concentration of I to 1.5 
Itg/ml, wipes out the Mijllerian epithelium on its entire length (Fig. 1). The discrepancy 
between the effects of fraction Green-3 and pure AMI-4 could conceivably be due to these 
contaminants, or to differences in assay conditions. 

EFFECT OF AMH ON OVARIAN DIFFERENTIATION 

Since AMH is not produced by prenatal granulosa cells, the developing ovary is not ex
posed to it under normal physiological conditions. Freemartinism" is an exception to this 
nile. When heifers are united to a male twin by chorionic vascular anastomoses, their ovaries 
cease to grow, become depleted of germ cells, and eventually, in approximately half the 
cases, develop seminiferous tubules. 4 Vigier et (11.1

2 have recently shown that purified 
bovine AMH produces the same effects on developing fetal rat ovaries, strongly suggesting 
that AMH is the testicular factor responsible for triggering the morphological abnormalities 
of freemartin gonads. Fourteen-day-old fetal rat ovaries, exposed 5 days to AMH in organ 
culture, lose 80 %of their germ cell population, compared to ovaries cultured in control 
medium (Fig. 3). AMH acts essentially by blocking oogonial replication between days 
14 and 17, meiotic maturation isnot affected, except in extreme conditions, after 10 days 
in culture.32 AMH also mimics the freemartin effect by inducing formation of seminiferous 
cord-like structures, with polarized epithelioid cells aligned along abasement membrane 
(Figs. 4 and 5). After 20 days post-coitum, fetal ovaries are no longer sensitive to AMH, 
therefbre cndogenous hormone, produced by postnatal granulosa cells, cannot affect ovarian 

3 0maturation, just as it is unable to inhibit the development of Miillerian derivatives.

EFFECT OF AMH ON OVARIAN AROMATASE ACTIVITY 

Although estrogen is not essential to female sex differentiation, endocrine differentiation 
of the fetal ovary leading to estrogen formation from appropriate precursors has been 

21described in various species, including inanh iabbit,9, 6 and cow. ,22 Estrogen produc
tion occurs very early, at the time testosterone synthesis begins in the fetal testis, granulosa 

http:culture.32
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EFFECT OF PURIFIED BOVINE AMH UPON NUMBER AND MEIOTIC MATURATION 
OF GERM CELLS IN RAT OVARiES (14-days p.c.) CULTURED 5 DAYS 

10 MEIOTIC STAGES 
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Figure 3. Effect of increasing concentrations of purified bovine AMH upon number and 
meiotic maturation of germ cells in 14-day-old fetal rat ovaries cultured for 5days. AMH
reduces the total number of germ cells inadose-dependent manner. Incontrast, the pro
gression of meiotic prophase isaffecte,4 only at the highest dose used. From Vigier et al., 
1987, with permission. 

cells arc Pat yet differentiited. The capacity for estrogen synthesis can be jeopardized by 
exposure to fetal testicular secretion: the gonads of fit emartin heifers produce testosterone 
instead ofestradiol.23 To determine whether disruptio' of steroidogenic pathways in fetal
ovaries could be mediated by AMH, we have measured testosterone and estradiol produc
tion inovine fetal ovaries exposed to AMH inorgan culture. As shown inFigure 6, 29-day
old fetal ovine ovaries exposed to 2.25 pg/ml AMH underwent endocrine sex reversion: 
the L.qount of immunoreactive testosterone released was comparable to that produced by
fetal testes under similar conditions, and estradiol secretion was atolished (Fig. 6).

Since the main enzymatic difference in the steroidogenic pathway required for 
testosterone and estradiol synthesis isthe presence ofaromatase P450 in the ovary, allow

http:ofestradiol.23
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Figure 4. A X 290. Ovary cultured in coltrol metdium. Germ cell, in leptotene and 
zyge;tcne stages of meiotic prophase. are scattered in an undifferentiated blastema. B X 
290C X450. D X 1125 EfIbct of AMH- (1.5 ;4g/ml) on the structure of 14.5-day-old rat 
kbtal ovaries explanted 10 days in organ culture. Note conspicuous cord-like structures, 
delineated by a basement membrane, lined by fusilbrm mesenchymal cells. Epithelioid 
somatic cells are polarized al'mg the basement membrane. Note thc presen.: of two germ 
cells in meiotic prophase (arrows). Hematoxylin-cosin. From Vigir Ctal., 1987, with 
permission. 

ing estradiol to be fbrnmed from either testostcrone or androstenedione it appeared logical 
to investigate the effect of AMH on aromatase activity. To this effect, undi fferentiated fetal 
(Wine and rabbit ovaries were cultuied in the presence or absence of AMH, and develop
ient of aromatase activity was estimated by conversion of tritiated testosterone or an

drostenedione to either estradIiol (Fig 7) or tritiated water (Fig. 8), as desci ibed respec
tively by' Milewich eta/i. ,lc, and by Ackerman eta1.' Both techniques revealed adramatic 
inhibition of aromatase activity by AMH, 2.25/g/inl. Experiments arc underway to deter
[nine whether AMH can also inhibit aromatase activity in adult granulosa cells. 

CONCLUSIONS 

In conclusion, AMH, produced by postnatal granulosa cells, has been shown to exert 
various deleterious effe~cts upon fetal ovai ian development. Fetal ovaries exposed to AMH 
lose their germ cell population, and become mnasculinized both from amorphological and 
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OVARY (14-days p.c.) CULTURED 
5 DAYS WITH AMH (3pg/mI) 

.4 o 

', 

Figure 5. Sem~'iferous cord-like structures in the anterior pole of a A1-day-old fetal rat 
ovary, cultured 5 days in the presence of AMH- (3 ftg/ml). A Sernithin section (X 285),
showing seminiferous cord-like structures, separated by dense fusifornio mesenchynial 
cells. B Electron mnicrograph showing somatic epithelial-like cells, with abundant, clear 
cytoplasm, joined by intei digitations (arrows) and grouped in cord-like structures. These 
c.olls resemble developing Sertoli cells, except for the lack of rough endoplasmic reticulum. 
Connective tissue isdifferentiating outside the cords. (X 3115). g: germ cell. From Vigier 
et al., 1987, with permission. 
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EFFECT 	 OF AMH ON STEROID PRODUCTION 
BY OVINE FETAL OVARIES 

2.5 - Ovaries in conrol medium 	 (4) 
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Figure 6. Steroid production, over a 3 day period, by 29-30-day-old ovine fetal gonads 
after 3,6, or 9 days in organ culture, ir the presence or absence of AMH. A) Testosterone 
production by fetal ovaries is significanty increased by AMH treatment, and nearly reaches 
male levels B)Estradiol production is annihilated by AMH treatment, down to male levels. 



292 / Anti-Mulerian Hormone in the Ovary 

endocrine standpoint. Fortunately, except in bovine freemartin fetuses, developing ovaries 
arc seldom exposed to AMH, and their sex-reversi,n can hardly be taken as a physiological 
achievement. The eftfct ot'AMH on the adult ovary isacontroversial issue, sinc -, in con
trast to others, we ourselves have been unable to influence oocyte maturation usin purified 
hioactive AMH. Teleological minds insist that AMH nmnut fulfill a physiological "unction 
in the adult ovary, since it isproduced by adult granulosa cells. Another teleologk al view 
can hoever be suggested. Since male and imale gonadal somatic cells produce the same 
proteins, the ovary should produce AMH only after the kniale reproductive tract has 
become impervious to its sexist assault. Adult Sertoli and granulosa cells produce aminimal 
amount of AMH. but at that point. AMH can no longer harm either ovaries or Miillerian 
duct derivatives. By postponing initiation of AMH secretion by the ovary. Mother Nature 
protects timiales from turning into freemartins. 

EFFECT OF AMH ON AROMATASE OF OVINE FETAL OVARIES 

(4) 

1.2 E Ovaries in control medium 

cc Ovaries + AMH (2.25pg/ml) 
CM 0 Testes in control medium 
- 0.9-
E . j Mesonephros incontrol medium 
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Figure 7. Eftct of AMH on ovarian aromatase activity in 29-day-old sheep fetuses, after 
9 days in organ culture in the presence or absence of AMH. Aromatase activity is estimated 
through tritiated estradiol formation from (7-3H) testosterone precursor (0.5 /iM), in the 
course l'a3 hour incubation. Aromatase activity isclearly decreased by AMH treatment 
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EFFECT OF AMH ON ARUMATASE OF RABBIT FETAL OVARIES 
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Figure 8.Effect of AMH on ovarian aromatase activity in 16-17-day-old rabbikt fetuses, 
after 3 days in organ culture, in the presence or absence of AMH. Aromatase activity is 
estimated from tritiated water formation from (I0-1Ht)/A-4-androstenedione (0.5 1AM) as
 
a precursor. AMVH dramatically decreases aromatase activity also in this species.
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DISCUSSION 

CHAIRPERSON: MILAN R. HENZL, M.D., Ph.D. 

DR. SEGAL: You showed that the AMH appears to affect germ cell multiplicatioa dur
ing the l tal ovary. Does it also affect the rate of atresia in the k tal ovary'? 

DR. JOSSO" Not significantly so. You could see that the slope ofdecrease in the number 
oflgerin cells was slightly steeper in the treated ovaries than in the controls. But the dif
ference was not significant. 

DR. SEGAL: What do you believe is the role that AMH plays in the testis after sex 
difl'rentiation? 

DR. JOSSO: I have no idea, but this isaquestion that everybody asks. They say that since 
AMH is produced by Sertoli cells after Mullerian ducts are re,,essed, and since it isalso 
made in the ovary, it must have a function. Well, I do not know what it is. We have tried 
to answer the question using passive immunization. We have immunized a female rabbit 
against AMH and caused her to reproduce. most of her male fituses were born with re
tained Mullerian ducts. We had reasoned that ifAMH in the male was responsible lbr other 
functions, then we should be able to find them. However, other than retained Mullerian 
ducts, these male lictuses were completely normal. So at this point we do not know whether 
AMH has an extra-Mullerian effect in the male fetus and what that effect is. 

DR. UENO: We are working with Dr. Donahoe using the rat. I would like to know more 
about your rat oocyte method. 

DR. JOSSO: Could I pass on the technical question to Alex Tsafriri, who is in the 
audience? 

DR. ISAFR/RI: The oocytes were collected from PMSG treated immature rats, namely 
superstimulated to have multiple fidlicles, and then isolated within 15 minutes. Only oocytes
that had intact cumuli were used. Under the same circumstances we could use the porcine 
preparations of OMI and show the standard inhibition. 

DR. UENO: Dr. Josso. you used the bovine AMH probe in the rat testis. As thr as I 
remember from your slide, the rat testis did not show any cross-reactivity within the bovine 
AMH DNA; is that right? 

DR. JOSSO: I agree that on the slide it did not, but on the film it did. Anyway, our bovine 
AMH probe does cross-react with rodent AMH since we were able, using this bovine probe, 
to localize the gene to the human chromosome 19 using a somatic cell hybridization techni
que. With this probe we were able to see the AMH DNA restriction fragment on the mouse 
and the hamster parent of our cell. (Cohen-Hagvenauer et al., Cytogenetics 66:2, 1987.) 

Iagree with you that probably a longer exposure in this particular case would have been 
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necessary to see the hybidization. But as Idid not show the slide for any species com
parison, I did not think it was very important. 

DR. HASELTINE: I have a question in two parts. The first thing is that it is very interesting 
to note that you are able to get some seminiferous tubular-like structures with the factor. 

Now, what I wanted to ask you is have you looked at these new cultures, these ovarian 
transformed cultures, to see if they produce estrogen and testosterone? 

DR. JOSSO: The histological slides I showed were from rats, and we do not find en
docrine changes in the rat. As you know, not all species make estrogen very early in em
bryonic development. 

DR. HASELTINE: No, that is not my question. In the bovine ovaries where you are now 
measuring the different endocrine changes, are they now making the Mullern inhibiting 
substance or factor? Have they obtained that ability, or are they just responding to exter
nal stimuli? 

DR. JOSSO: We do have very new results in collaboration with G. Charpentior show
ing that the ovaries transformed by AMH are themselves able to induce regression of 
Mullerian ducts. It is a sort of autocrine thing. You put in AMH, and it induces the ovary 
to make AMH in turn. As you know, we have shown this already with the freemartin gonad. 
(Vigier et al., J Reprod Fert, 70:673, 1984.) The freemartin ovary does have anti-Mullerian 
activity, and its seminiferous tubules are immunoreactive. 

DR. HASELTINE: The second question gets back to what it is doing to the germ cell. 
You are able to show that there are fewer meiotic divisions and, therefore, the new gonad 
is ,.ap!eted of oocytes. The oocytes that are present appear to be under normal meiotic 
arrest and surrounded by granulosa cells, or are they just not even preseni? 

DR. JOSSO: No, those that survive are more or less normal. Those that survive undergo 
normal maturation except at the highest doses. But at the highest dose, 3 /g/ml, very, very 
few cells survive, and the surviving cells do not look very healthy. At 1.5 Ag/ml, the cells 
that survive are maturing normally. 

DR. FAIMAN: Could you comment on the autogenesis of AMH presence in the ovary? 
AMH does have an effect on the fetal ovary as you have shown, but when does it normally 
appear? 

DR. JOSSO: In normal circumstances, a fetal ovary does not come in contact with AMH, 
since AMH begins to be made the week before birth in ovine fetuses (Bdzard et al., I 
Reprod. Fert. 80:509, 1987.) At that time, Mullerian ducts no longer respond to the 
Mullerian inhibiting effect. If you take a fetal ovary that is slightly older, it will not res
pond either. So it all fits in very nicely. At the time when AMH would be dangerous in 
the fetus, AMH is not there, and AMH appears just when it will not harm the ovary. 
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Mullerian Inhibiting Substance in the Ovary: 
Function and Mechanism of Action 
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Mullerian Inhibiting Substance in the embryo testis was originally described by Jost 33,'34 
who ingeniously deduced that it caused regression of the Mullerian duct, the anlagen of 
the uterus, fallopian tube and upper vagina. Although originally thought to be present on
ly inthe Sertoli cells of the fetal and early postnatal testicular tissue,3,' 3 , 4,15,16,33,33 subse
quent observations indicated that MIS was also present in the ovary. We first detected MIS 
in avian ovary throughout fetal and adult life; 31 subsequently it was detected in follicular 

39 52 fluid of the bovine ovary , where immunohistochemical techniques localized MIS 
throughout reproductive life to the granulosa cells of the follicles 6 These findings led us 
to further study the function of MIS in the ovary. 

MIS activity in the rat ovary was tested throughout fetal, post-natal, and adult life,19 us
ing astandard organ culture assay. High MIS activity coincided with the period ofoocyte 
meiotic arrest and could be correlated with a high number of Graafian follicles, which 
led us to the hypothesis that MIS might act as an oocyte meiosis inhibitor in the ovary. 
Initially, bovine MIS, purified from calftesticular tissue, was tested for its affecron spon
taneous rat oocyte meiosis in vitro.47 After we cloned both the bovine and human MIS gene 
and succeeded in producing human recombinant MIS using CHO cells transfected with 
the human MIS gene,8 we have tested human MIS for its effect on rat oocyte meiosis. Since 
the mechanism of action of MIS appears to be related to EGF receptor tyrosine kinase 

0activity,1 we studied the interaction of EGF and on MIS in the oocyte. 5 These recent obser
vations will be discussed inthe context of known physiologic modulators of oocyte meiosis, 
and the physiological role ofMIS and its mechanism ofaction inoocytes will be considered. 

MIS IN THE AVIAN OVARY 

During an ontogeny study of MIS production in the chicken testis, before and after birth, 
we also assayed ovary ofsimilar ages for regression ofthe rat embryonic Mullerian duct.14, 3' 
The chick ovary to be assayed was placed adjacent to the urogenital ridge of a 14-1/2 day 
female rat fetus on an agar-coated stainless steel grid of an organ culture dish (Falcon 3037, 
Becton Dickinson, Cockeysville, Md.) over a well containing 1 ml of medium [CMRL 
(Gibco, Grant Island, N.Y.), 10% fetal calf serum 200 U penicillin and 200 mcg strep
tomycin] at 37°C far 72 hour in a humidified atmosphere of 95% air and 5% CO2. 

297 
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Specimens were then fixed, dehydamted, cleared and embedded, and the cranial end of the 
urogenital ridge was cut in serial cross-section, and stained with hematoxylin and eosin,
after which multiple sections were studied by light microscopy and regression ef the rat 
Mullerian duct graded on a scale of 0 to 5 (0-no regression; 5-complete regression).
Embryonic, postnatal, and adult ovary incubated with the urogenital ridge all caused con
siderable Mullerian duct regression,3' (Fig. 1)and raised the question of why Mullerian 
ducts in the female are retained in spite of the presence of MIS. 

TES T/S 

z 17 - 8 
8 
88 

n o 

8 
' ' L ' ' 0 ---- _/I/ 

R. OVARY (OVOTESTIS) 

00 -

0o ooo I
1108 

o l o o 0 0 

. . . .. ...0 L/, .. 

000 1 0 8 0 8 8 
I

0 _ _ _ _ _ _ __to 

0 o
0 

8 012141618 
0 3 2462 

WEEKS MONTHS 

Hatch 

. MIS activity of chick testis, ovotestis and ovary from 6 days of embryonic lifeFigure 
until 18 months after hatching was graded on a semiquantitative scale from 0 to 5. The 

solid line represents the mean of observations at each age. The open circles represent the 

results of each observation (Permission from Journal of Pediatric Surgery). 
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Retemion ofthe Mullerian duct can be produced by estrogens,53 suggesting that estrogen
might inhibit the action of MIS. Consequently, we assayed the testes fbr MIS activity after 
diethylstilbestrol (DES) was injected either into the yolk sac or air sac of the chick em
bryo. Since the Mullerian ducts did not regress, and MIS bioactivity in the estrogen treated 
testes was comparable to that of nontreated or normal testes (Fig. 2), we assumed that 
estrogen inhibited MIS at the receptor level, rather than by modulating MIS synthesis.32-

Subsequently, Newbold e, al.40 inhibited Mullerian duct regression in the mouse by pretreat
ment with DES. Testes in these pretreated animals similarly continued to cause Mullerian 
duct regression, indicating that the estrogen exerted its effect at the receptor level. 

Using 3H cstradiol binding, we then measured estrogen receptors (cyiisolic, and nuclear 
type Iand 1I)in the Mullerian ducts of the zmbryonic chick just betbre regression occurs.16 

w 5+ 5+ 

W5+ 0 

Figure 2. Regression of the rat Mullerian duct (M) in vitro by 16-day chick testes treated 
with DES at 5 days of incubation. (A) Normal testis (5+ regression), (B) DES treated 
left testis (histologic appearance of an ovary) (5+ regression). (C)DES treated left ovary 
(5+ regression). (D) DES-treated mesonephros (no regression-Mullerian duct is normal).
(Hematoxylin and eosin, X230, W:Wollfian duct). (Permission from Journal of Pediatric 
Surgery). 
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Large numbers of right and left Mullerian ducts were collected from 8- and 9- day-old 
chick embyros. Type II nuclear estrogen receptor was significantly elevated in the retain
ed or left Mullerian duct in the female, while cytosolic and type Inuclear receptors were 
equal in both regressed (right) and retained (left) ducts (Fig. 3). When sex linked, feather 
colored chick embryos were injected at 5 days of gestation with steroid synthesis !nhibitors 
and antiestrogens, endogenous MIS in the ovaiy resulted in regression of the left Mullerian 
duct 29 when the embryos were examined at 14 days of gestation. In these same studies, 
Tamoxifen and the LillyR antiestrogens, known to inhibit Type Iestrogen nuclcar recep
tors, did not allow MIS to be expressed, whereas norethindrone did. We therefore pro
posed that norethindrone might be a nuclear Type II inhibitor. Thus MIS is indeed pro
duced in the chick ovary, but regression of the left duct is prevented by estrogen, due to 
interacton between MIS and estrogen at the receptor level. 
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Figure 3. Total specific estradiol binding in cytosol and nuclear preparations of male and 
female, right (R) and left (L) Mullerian ducts in a pool of 9-day-old chick embryos in 3-hour 
37°C incubations (bars). Data are expressed as fentomolez per duct for cytosolic type I 
and nuclear type I and II binding sites. In this study, 146 female and 92 male embryos were 
used. The symbols represent the mean and ranges of this and two similar binding ex
periments using 3 separate pools of 9-day-old Mullerian ducts. The 2 additional pools con
sisted of 146 right or left and 240 right or left ducts, respectively (Permission from 
Endocrinology). 
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MIS LOCALIZATION IN THE BOVINE OVARY 

Bovine MIS was purified from newborn calf testes by sequential column 
chromatography,5 ,6,7 and used to develop monoclonal antibodies?8, 44 These were then used 
to develop a radioimmunoassay with which MIS was detected in the follicular fluid of 
mature bovine ovary.39,52 One of these monoclonal antibodies localized MIS in ovarian 
follicles by immunocytochemical techniques using avidin-biotin28 enhancement of the 
peroxiJase-antiperoxidas,,' techniques that had been so successful in localizing MIS in the 
Sertoli cells of the new!orn calf testis 5 

Fresh bovine ovariaA tissues obtained from the newborn period throughout reproduc
tive life,46 were fixed ;mmediately in Zamboni's solution54 for 3 hours at 4 0C. After washing
in 0.15 Mphosphate buffer containing 7% sucrose, they were embedded in cryomolds and 
frozen at -80'C. Eight ..iicron sections w.-re mounted on gelatin coated slides. Endogenous 
peroxidase activity was eliminated and sections then covered with diluted ,iormai horse 
serum and a monoclonal antibody against bovine MIS, followed by incubation for 45 
minutes at room temperature. After washing they were covered with diluted biotinylated
second antibody (affinity purified horse antimouse IgG) for another 30 minutes. Another 
washing step was followed by incubation for 30 minutes at room temperature with VEC-
TASTAIN ABC Reagent (avidin DH and biotinylated horseradish peroxidase H). Perox
idase was detected by reacting with a mixture of 0.05% 3,3'-diaminobenzidine 
tetrahydrocholoride (DAB) in 0.05 M Tris-HCl buffer and 0.01% hydrogen peroxide for 
7 minutes. The sections were counterstaining with hematoxylin and mounted inPermount 
for study. 

MIS could be easily detected by this method in the cytoplas., of Sertoli cells of the calf 
newborn testis which was used as a positive control. Specific localization of MIS was seen 
in the cytoplasm of ovarian granulosa cells of the Graafian follicles from Iday to 5 years 
of age (Fig. 4), while no staining was found in primary follicles, growing follicles, or cor
pus luteum, or inthe theca cells which surrounded the positively stained granulosa cells. 

MIS ACTIVITY IN THE RAT OVARY 

We next studied the rat, to more precisely outline the ontogeny of MIS production in a 
species which, with the right probes, can be used to uncover factors which control both 
MIS production and response. Ovarian fragments of 1-2 mm total size, from midgesta
tion to adulthood, were assayed for MIS bioactivity in the rat urogenital ridge bioassay,
and the results compared to that produced by testicular fragments from rats of the same 
age. The number of primary, secondary, and mature follicles were analyzed. Primary or 
primordial follicles are ones which the oocyte is surrounded by a single layer of flattened 
epithelial cells; secondary or growing follicles are composed of an oocyte encompassed
by at least two layers of follicular cells; Graafian follicles have multiple layers of granulosa 
cells, and cumulus cells surrounding an eccentrically located germ cell, with multilaminated 
theca cell layer surrounding the granulosa cell layer. The number of these three follicles 
was counted in five sequential 8 micron sections from a pole of each ovary on each day. 
Only primordial follicles were observed in the ovaries of fetal and postnatal rats until 2 
days after birth. Growing follicles begin to appear at 3 days of age, and Graatian follicles 
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Figure 4.The cytoplasm of the granulosa cells in Graafian follicles of various ages stain
ed Specificall Ivsirg auton11omous monoclonal antibody and second antibody con'jugated 
to avidin-biotin horseradish peroxidase for enhancement. Thle peroxidase isthen developed 
with diaminobenzidineC (see text) GC =granulosa cells. A) One-day-old (X190). B)Three-
mo1-OILd (X2(X). C) iwo-and-a-halftjr-old (X 120). D) Five-yr-old (X200) (Permission from 
Biology of Reproduction). 

at 5 days. the proportional number of each type increasing gradually from 5 until 19 days
of age. and thereafter decreasing gradually. After 4 mionths ofage, Graafian tI'olicles were 
no longer seen (Fig. 5). 

MIS activity was expressed in rat testes and ovaries at very different timies. MIS activi
ty is high (Grade V) in thle testes of lital and neonatal rat until 4 days of age. after which 
it decreases dramatically, remaining detectable, but low (Grade I-11) between age 6 and
21 days.' After 5months ofage. MIS activity isno longer detected. Conversely, MIS ac
tivity%as almost never detcted in fetal ovaries. After birth, however, MIS activity in
creases gradually until 20 days ofage. and then decreases again. Between age 15 days and 
21 days. MIS activity in rat ovaries was high (Grade II-IV) but was characterized by ex
treme individual variation. A.fter 5 months ofage. ovarian MIS activity could no longer
be detected in this organ culture syste, assay (Fig. 6). 

Since the Il-day rat ovaries showed the widest range ofMIS activity, we used the flli
cd counts on this day and correlated the grade ofMIS activity with the numberofmature 
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Figure 5. The qualitative and quantitative analysis of follicles in rat ovaries from 14 days 
of embryonic life until 6 months after birth. The numbers of each type of follicle were 
generated by averaging the number of follicles on each slide (n=5) and muitiplying the 
mean of the slides by 5for each tissue ovarian sample at each day. The number of ovaries 
for each day is given in Figure 6. The bar graphs indicate the percentages of primordial, 
growing and Graafian follicles in the total number of follicles counted on each day (per
mission from Alan R. Liss). 
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Figure 6. MIS activity (mean +SD) in rat ovaries at various ages as determined by a semi
quantitative organ culture assay which measures Mullerian duct regression on a scale from 
0 to 5.Numbers over each bar refer to the number of animals providing ovaries for each 
day (permission from Alan R. Liss). 
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Graafian follicles. When the number of follicles per section was high, MIS bioactivity 
was high; if the number of follicles was meager, then bioactivity was low (Fig. 7). This 
bioassay observation in the rat corroborates immunohistochemical evidence inthe bovine 
species using monoclonal antibodies that do not cross species, and indicated that MIS in 
the ovary ispredominantly produced in the Graafian follicles. 

MIS AS AN OCCYTE MEIOSIS INHIBITOR 

The mammalian oocvte enters the first meiotic division during fetal life, becomes arrested 
right after birth,' and does not resume. ineiosis until the gonadotropin surge shortly prior 
to ovulation at puberty. ' 

9,1,43,48,51 The factors responsible for maintaining the oocyte
in the state of meiotic arrest are unknown, but constituents of follicular fluid and granulosa

42cells20 , . 48 have been causally implicated inoocyte meiotic arrest. Since our ontogeny
and morphology studies in the rat showed acorrelation between high MIS oroduction and 
the largest number of Graafian follicles, and since both occurred during the period of 
meiosis arrest, we hypothesized that a function of MIS in the ovary might be to inhibit 
the resumption of oocyte meiosis. 

BOVINE MIS 

It iswell known t.hat when oocytes in meiotic arrest are released from the follicles and 
incubated in vitro they resume meiosis spontaneously?2, 24,4' We used rat oocytes to deter

y0.05x + 0.36 
r =0.829 

p< 0.001 

S lii- n=13 

I'

o I I I 

0 10 20 30 40 50 

NUMBER OF GRAAFIAN FOLLICLES 

Figure 7. A linear relationship isseen between MIS activity and the number of Graafian 
follicles in each rat ovary as"aed at Ii days after birth with a significant positive slope.
Each data point represents the mean of 65 observations. r=0.829 by linear regression 
analysis with p<0.001 (permission from Alan Liss). 
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mine whether natural bovine MIS could inhibit this spontaneous resumption of oocyte 
mejosis in v.itro.47 Briefly, ovaries were dissected from prepubertal rats and placed in 
modified Krebs-Ringer's Bicarbonate solution at 35'C and oocytes were released from 
the follicles by teasing with needles to produce cumulus-enclosed oocytes. To yield denuded 
oocytes, adhering cumulus cells were stripped from released oocytes by rapidly drawing 
them in allt, out of a pipet. Fully grown oocytes containing an intact germinal vesicle either 
with or without cumulus cells were selected and pipeted into 0.2 ml of media under mineral 
oil and cultured for 5 hours, after which oocytes wcre scored immature or mature depen
ding upon whether the germinal vesicle persisted. MIS containing fractions were obtain
ed in our laboratory by sequential ion exchange, carbohydrate affinity and/or dye affinity 
chromatography as described previously.,6,7 After 5 hours of incubation in coitrol media, 
spontaneous maturation or germinal vesicle breakdown (GVBD) occurred in approximately 
80V of either denudcd or cumulus-enclosed oocytes. On the other hand, a significant and 
dose-dependent inhibition of spontaneous GVBD occurred when MIS-containing fractions 
were added to the media of both denuded and cumulus-enclosed oocytes (Fig. 8). 

HIUMAN RE)CONIBINANT NIS 

Human and bovine genes lor MIS were recently cloned. The human MIS gene was 
cotransfected with a dehydrofolic reductase (DHFR) gene into DHFR deficient Chinese 
Hamster Ovary (CHO) cells and selected after methotrexate driven amplification by the 
ability of the conditioned media to cause regression of the rat embryonic Mullerian duct 
in organ culture.8 Conditioned a-MEM media of the transfected, selected, and amplified 
CHO clones were collected, and MIS was purified, initially from media containing 10% 
calftserum, and subsequently from media without serum. Recombinant MIS was purified 
from the conditioned media containing serum by a method similar to bovine MIS that we 
used to purify from testicular tissue, i.e., by sequential ion exchange, carbohydrate affinity 
and/or dye affinity chromatography.5 , 6 Spontaneous rat oocyte meiosis in vitro was then 
inhibited after incubation in MIS samples purified from this 10% serum containing media. 
After adapting CHO clones to serum-free conditions and scaling up production, larger 
volumes of media were collected and loaded onto a Q-Sepharose fast flow (Pharmacia) 
ion-exchange column, and then loaded on a Lentil Lectin Sepharose 4B (Pharmacia) car
bohydrate affinity column.8 Twenty MIS preparations purified from conditioned medium 
without serum were added to the oocyte culture medium. The first 10 biologically-active 
MIS preparations failed to inhibit spontaneous rate oocyte meiosis. However, when a se
cond group of 10 biologically active MIS preparations purified from serum-free condi
tioned medium was tested for oocyte meiosis inhibitory activity using KRB medium con
taining NP-40 at l0-1g/ml, spontaneous rat oocyte meiosis in vitro was significantly in
hibited (Table 1). When the rabbit antiserum raised against human MIS was added to the 
medium containing MIS, the inhibition of spontaneous rat o,-yte meiosis was blocked when 
compared to the significant inhibition caused by the medium containing MIS, or medium 
containing MIS with non-immunized rabbit serum. Recently, MIS was purified to near 
homogeneity (>90%) from conditioned medium by immunoaffinity chromatography using 
mouse monoclonal antibody raised by Biogen Corporation to the MIS 140 kD dimer eluted 
from an electrophoresis gel. This homogenous immunopurified MIS had no significant 

http:v.itro.47
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-activity without NP-40. When NP-40 at 10 7 g/ml, was added to this highly purified MIS 
preparation, however, the inhibitory effect on spontaneous rat oocyte meiosis (Table 2) 
was again observed. 

FACTORS WHICH MODULATE MIS ACTIVITY 

To determine whether MIS inhibitory action against spontaneous rat oocyte meiosis is 
synergistic or antagonistic with other substances, we added the following to the media with 
or without bovine MIS: dibutyryl cyclic AMP, fodicular-stimulating hormone (FSH), lu
teinizing hormone (LH), progesterone, 170estradiol, or testosterone. Addition of dbc

1 Denuded oocytes 

80- I Cumulus cell-enclosed oocytes 

60 

-N 

40-

0 
l_F 

2 -

Control 10-9 10-8 lO-1 10-6 10 - 5 10 - 4 10 - 3 10-2 IBMX
 
. -.. . MIS ( x 1.5
 

1i1. I SIiIYS1 247 196 127 211 149 193 201 205 
 211 231 145 201 162 256 153 186 142 246 25292 

Figure &Effect of MIS and isobutylmcthylxanthine (IBMX) on the spontaneous germinal
vesicle breakdown (GVBD) of denuded and cumulus cell-enclosed rat oocytes. Denuded 
or cumulus cell-enclosed oocytes of rats were cultured for 5 hours in KRB medium without 
(control), with 10- 4M IBMX alone, or with various concentrations (1.5x10- 9 to 10-2 mg
protein/ml) of an MIS preparation. Assuming approximately L0% purity of MIS in the 
active preparation, the molar concentration required for half-maximal inhibition is 8.5 
pM for the MIS preparation. *Indicates a significant (P<0.01 by X2 analysis) difference 
from the denuded oocyte control; **significant (P <0.01) difference from the cumulus cell
enclosed oocyte control. No. =number of oocytes examined. MIS inhibits both cumulus 
cell-enclosed and denuded oocytes (permission from Journal of Molecular and Cellular 
Endocrinology). 
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TABLE 1
 
Oocyte Meiosis Inhibition by MIS Samples Purified From Serum Free Conditioned Medium
 

Mullerian Mean Protein 
Duct Concentration NP-40 % Inhibition 

#Samples Regression* (range) mcg/ml g/ml 

10 4.00 78.3 (13-120) 0 4 
10 4.35 62.5 (29-160) 10-7  21 

*Mean of Mullerian duct regression in organ culture (0-None; 5-Complete) 

Two different groups of MIS samples were tested on spontaneous rat oocyte meiosis. MIS samples 
were purified from serum-free conditioned medium from CHO cells transfected with the human MIS 
gene. Bioactivity was determined in the standardized organ culture assay at 1:40 dilution. The final 
protein concentration of the MIS samples used ior the oocyte assay was 78.3 mcg/ml (range 13 to 
120 mcg/ml) in the first group and 63.5 mcg/ml (range 29 to 160 mcg/ml) in the second group. On reduced 
gels, the characteristic MIS 70 kD band represented 1-20% of the protein on the g '.amples in group
Iwere tested without adding NP-40 to culture med,jm for oocytes while those ;. II were tested 

-in the medium containing NP-40 at 10 7 g/ml. 

AMP had neither synergistic nor antagonistic effects on the MIS inhibition of germinal
vesicle breakdown in the oocytes (Fig. 9). FSH, LH, progesterone, estradiol, and 
testosterone failed to effect the MIS-induced inhibition of rat oocyte meiosis or to in
dependently inhibit or enhance oocyte maturation. 

EGF was added at 25 ng/ml adose which had no effect on oocyte meiosis, to determine 
if EGF could reverse the inhibitory effect ofhuman recombinant MIS against spontaneous
germinal vesicle breakdown inthe oocyte. Medium containing MIS samples significant
ly inhibited spontaneous rat oocyte meiosis in viiro (20% inhibition, p<0.01) (Table 3). 
When EGF was added to the medium before addition of the MIS sample, oocyte meiosis 
inhibition by MIS was blocked (5% enhancement). 

DISCUSSION 

Although the function that MIS may subserve in the female still remains a mystery, its 
presence during the entire reproductive life of the female, but only inthe mature Graafian 
follicle, and its diminished production as both reproductive function and the number of 
Graafian follicles wane, suggests that MIS may make a significant contribution to the 
reproductive function of the ovary. The coincidence of high MIS activity in the rat ovary 
with the period of the oocyte meiotic arrest led us to the hypothesis that MIS might func
tion as an oocyte meiosis inhibitor, which was supported by the observation that a prepara
tion of MIS partially purified from newborn calf testes produced a significant inhibition 
of rat oocyte meiosis in vitro in adose dependent manner.48 Human recombinant MIS, in
itially purified from serum-containing medium by a method similar to that used to purify 
natural bovine MIS, recapitulated the effect produced by bovine MIS by significantly in
hibiting rat oocyte maturation in vitro. 

http:manner.48
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When human MIS was later purified from serum-free conditioned medium, although 
the preparations had high biological activity in the organ culture assay' 4 (Table I), they 
caused virtually no inhibition ofoocyte meiosis. Only when the oocyte incubation media 
contained MIS plus Nonidet-P 40 (NP-40), a non-ionic detergent26 used to reduce 
nonspecific !osses during the final chromatography steps in the purification both of natural 
bovine MIS and human recombinant MIS from conditioned medium containing calf serum, 
and to stabilize the molecule during long-term storage,, 6 was spontaneous meiosis inhibited 
by MIS (Table 1). 

The fiact that antiserum or antibody raised against human MIS could antagonize the ac
tion of the human MIS, however, attests to the specificity of the MIS effect, even in less 
purified but effective preparations. Most importantly, however, the most highly homo
geneous preparation purified by immunoaffinity chromatography, whose MIS bands 
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Figure 9. Effect of dbcAMP on MIS inhibition of spontaneous GVBD of denuded and 
cumulus cell-enclosed rat oocytes. Denuded oocytes (A) and cumulus cell-enclosed oocytes 
of rats (B) were cultured for 5 hours in culture medium (control), in medium with 1.5 X 
10-1 mg protein/nil MIS (MIS), in medium with 50, 100 and 150 X 10-6 M dbcAMP alone 
or with 1.5 X I0- 3 mg protein/ml MIS. t At the top of the bar indicates significant (P< 0.01) 
difference from the control group, f indicates significant (P<0.01)difference from the 
group treated with 50 X 10-6below the bars. The MIS-induced and the cAMP-induced 
inhibition are not additive or antagonistic in either cumulus-enclosed or denuded oocytes 
(permission from the Journal of Molecular and Cellular Endocrinology). 
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TABLE 2 

Effect of Highly Purified MIS on Rat Oocyte Meiosis 

Medium #of Oocytes NP-40 % Inhibition compared
 
examined g/ml to KRB alone
 

KRB alone 468 0 0 
139 10-7 +4 

KRB + MIS 142 0 0 
-7
169 10 -21 

A preparation purified to near homogeneity by immunoaffinity chromatography using a monoclonal 
antibody ra{sed to MIS, showed grade IV to V bioactivity in the organ culture assay at 12.5 mcg pro
tein/mI (estimated amount of MIS is 90% of total protein). Spontaneous oocyte meiosis was not in
hibited by medium containing tie MIS sample alone at 5 mcg protein/ml (0% inhibition compared 
to KRB solution). Only when MIS was added with NP-40 at 10-1 g/ml did the medium containing MIS 

- 7inhibit oocyte meiosis (21% inhibition, P <0.01). NP-40 itselfat 10 g/ml caused no significant inhibitory 
activity on oocyte meiosis (4% enhancement). 

TABLE 3 

Epidermal Growth Factor (EGF) Reversal of MIS Inhibition of Oocyte Meiosis 

Medium # of Oocytes 0EGF % GVBD % Inhibition Compared 
examined to control 

KRB(with NP40) 530 0 78.3 

449 25 mg/ml 75.1 
KRB(with NP40) 535 62.2
0 -20 

+ MIS 457 25 mg/ml 79.4 + 5 

Five MIS samples purified from serum-free conditioned medium were used. Protein concentrations 
ranged from 23 to 520 mcg/ml and MIS represented 1-20% of the protein on the gel. KRB with NP-40 
(at 10-7 glml) and containing the MIS samples, inhibited oocyte meiosis significcntly (20 0 inhibition 
compared to KRB medium with NP-40, p < 0.01). By adding EGF at 25 ng/mI to the incubation medium 
containing MIS, the inhibitory effect was antagonized (5% enhancement), while KRB medium con
taining EGF at 25 ng/ml had no significant effect on rat oocyte meiosis when added alone. 

on gel electrophoresis represent 90% ofthe loaded protein, was also effective in inhibiting 
spontaneous rat oocyte meiosis, which unequivocally confirms that the oocyte meiosis in
hibitory effect observed was due to MIS. 

We do not know which population of oocytes, from the heterogeneous array of oocytes 
present at each stage of the menstrual cycle and at each stage of development in the ovary, 
is most responsive to MIS. It is conceivable that only oocytes from younger and smaller 
follicles may react to MIS. This possibility may explain why higher quantities of MIS were 
detected in smaller rather than larger Graafian follicles in the bovine species,39 ,52 and why 
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inhibition of oocyte meiosis of this heterogeneous population, as measured by germinal 
vesicle breakdown, rarely exceeds 50% .4 

Oocyte meiosis inhibitors have been purified in other laboratories. A low molecular 
weight polypeptide appears to act on cumulus cells and to mediate its effect on the oocyte 
via a cAMP dependent protein kinase.4 ,23,27,49 The mechanism of action by which MIS 
exerts its effects has been studied extensively in our laboratory, 7,' where MIS has been 
shown to antagonize an EGF receptor tyrosine kinase, 10 ,30 Since bovine MIS prepara
tions inhibited spontaneous maturation of both types of oocytes, cumulus enclosed and 
denuded, and since dibutyryl cAMP did not enhance or antagonize this inhibition,47 we 
speculated from these divergent observations that cumulus cells do not mediate the MIS 
effect, and that MIS also might act as an oocyte meiosis inhibitor by acAMP-independent 
mechanism. The present experiments show another antagonism between MIS and EGF, 
i.e., the reversal of the MIS-in'.uced inhibition of spontaneous rat oocyte germinal vesi
cle breakdown by EGF, whicfi suggests that an MIS and EGF receptor tyrosine kinase in
teraction may take place inthe oocyte as itdoes in the embryo during regression of the 
Mullerian duct30 and inthe MIS sensitive A-431 cell membraneY, 10 Alarge body ofevidence 

37 exists to implicate tyrosine kinase activity as important inoocyte maturation.23 , ,45For 
example, EGF itself, in higher concentrations than used inour experiments, can initiate 
oocyte maturation when added to follicle enclosed oocytes. 2 

We have presented evidence that rat oocyte meiosis isinhibited by both bovine and human 
recombinant MIS and that this inhibition is blocked by EGE These findings may elucidate 
not only the MIS-related events that take place during the process of oocyte meiosis, but 
may also provide some clues regarding the role that MIS might play in the regulation of 
the crucial events incellular proliferation in other embryonic or tumor systems. It is clear 
that much work needs to be done to access the physiological significance of the MIS-related 
events and to evaluate its importance in meiotic arrest and maturation. 
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DISCUSSION 

CHAIRPERSON: MIL4N R. HENZL, M.D., Ph.D. 

DR. MASON: You mentioned that EGF reversed the effects of MIS in the OMI assay. 
In the concentration range used in that situation, does MIS block EGF receptor 
phosphorylation? 

DR. DONAHOE: The concentrations that we used in the membrane preparations are in 
the same order of magnitude as in the OMI assay. 
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DR. MASON: But it seems a little confusing, because then you could assume that EGF 
would not have any effect, because it could not stimulate the EGF receptor to 
autophosphyorylate. 

DR. DONAHOE: I have to think about that, but it is probably a timing phenomenon 
related to the relative ontogeny of both ligand and receptor. 

DR. SCHOMBERG: Ihave a follow-up to that question. If EGF is in the granulosa cell, 
and granulosa cells are also producing MIS, and MIS is inhibiting EGF tyrosine kinase 
activity, it is somewhat difficult to see how the granulosa cells grow. 

DR. DONAHOE: At this time, we do not have enough information to answer your ques
tions, nor do we have sufficient quantities of MIS to completely address the question. It 
is necessary to determine MIS concentrations in small, medium, and large follicles. 

I think it is clear that the concentration of the EGF receptor varies throughout the cell 
cycle. How MIS and EGF interact in vivo remains to be seen. We do have good evidence, 
however, that MIS may be a natural substance that inhibits EGF-stimulated tyrosine kinase 
activity. 

It is of interest that there is one other tyrosine kinase inhibitor, a yeast protein, PKP, 
which also requires a protein co-factor. 
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The cyclic process of ovarian lblliculogenesis is an exponential rather than a linear pro
cess marked by dramatic proliferation and differentiation of the developing granulosa cell. 
Although the central role(s) of gonadotropins49 and ofgonadal steroids39 in this explosive 
agenda iswell accepted, the variable fate of follicles afforded comparable gonadotropic 
stimulation suggests the existence of additional intraovarian modulatory systems.37 Among 
potential novel intraovarian regulator,. Somatomedin-C/Insulin-like growth factor I (Sm-
C/IGF-I) has been the subject of increasingly intense investigation.2, 32 Considered in ag
gregate. these studies strongly suggest the existence of an intraovarian autocrine control 
mechanism, wherein (Sm-C/IGF-l) may serve as the central signal, and the granulosa cell 
its site of production, reception, and actic:i. In this capacity, Sm-C/IGF-I may promote 
the replication arid/or cytodifferentiation of the developing granulosa cell, acting largely 
(but not exclusively) as an amplifier of gonadotropin action. In addition, Sm-C/IGF-I 
(presumptively ofgranulosa cell origin) may also provide paracrine input to the adjacent 
theca-interstitial cell compartment in the interest of coordinated follicular development. 

THE GRANULOSA CELL AS A SITE OF Sm-C/IGF-I PRODUCTION 

Ovarian production of Sm-C/IGF-I was initially suggested by studies revealing that the 
immunoreactive (i) Sm-C/IGF-I content of porcine follicular fluid substantially exceed
ed that encountered in serum." Further evidence consisted of the demonstration of 
cycloheximide-inhibitable, gonadotropin (and estradiol)-dependent 6 iSm-C/IGF-I in 
serum-free media conditioned by cultured porcine granulosa cells.3 Although the rat 
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ovarian content of iSm-C/IGF-I appears to be growth hormone-dependent.23 a direct ef
fect of growth hormone at the level of the rat granulosa cell remains to be demonstrated. 
Extending the investigation to the transcriptional level, we have recently shown that the 
adult and immature rat ovary (as well as the isolated. immature granulosa cell) is a site 

'of Sm-C/IGF-I gene expression 4 and that it may be subject to gonadotropic regulation.
Significantly, of all adult rat organs tested 43 the ovary (0) displays the third highest level 
ofSm-C/IGF-I gene expression. the uterus (U)and liver (Li) being fhe most active in this 
regard (Fig. 1). In contrast, human granulosa cells may be asite ofIGF-l rather than Sm-
C/IGF-I gene expression. 48 . ' These observations and the lack of IGF-I1 gene expression

4in the adult rat ovary 3 suggest possible species specificity. However, profound differences 
in the experimental conditions may ivor IGF-Il gene expression as a dediffirentiation (0etal) 
marker. 
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Figure 1: Relative expression ofSm-C/IGF-I gene in various tissues. L = liver; U = uterus;
 
O = ovary.
 

OVARIAN Sm-C/IFG-! GENE EXPRESSION 

To evaluate the possibility of ovarian Sm-C/IGF-I gene expression, polyadenylated RNA 
from the ovaries of immature (21-23 days old: DES-treated) or randomly cycling adult 
(70-80 days old: non-DES-treated) rats was hybridized with a-2P-labelled rat Sm-C/IGF-I
genomic DNA probe 8 (Fig. 2). As in liver,8 northern blot analysis revealed three major
RNA species sized at 1.7. 4.7, and 7.5 kb. Significantly, however, comparison of hybridiza
tion signals indicates a substantially greater abundance of specific Pre Pro Sm-C/IGF-I
RNAs (mostly 7.5 and 1.7kb) in ovaries of immature DES-treated (Lane 2)as compared
with adult (Lane 1)rats. Given that the ovaries of immature DES-treated rats are compris
ed largely (>90%) ofgranulosa cells, these findings suggest measurable Sm-C/IGF-I gene 
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expression at the level of the ovarian granulosa cell. Reprobing of the blots with a ubi
quitin cDNA probe40 revealed asimilar abundance of ubiquitin mRNA in all samples (not 
shown) indicating that the observed differences are not due to differences in the 
polyadenylated message load. The significance and the translational competence of the 
multiple relatively high molecular weight RNA transcripts (the smallest of which is of suf
ficient size to encode Pre Pro Sm-C/IGF-l) remains uncertain. However, it is likely that 
these RNA transcripts represent processing variants since Pre Pro Sm-C/IGF-I is encod
ed by a single gene. 0, 5' ,52 Regardless, these observations are in keeping with the notion 
that the ovary is a site of Sm-C/IGF-I gene expression and that locally rather than 
circulatory-derived Sm-C/IGF-I may play a role in ovarian physiology. The above not
withstanding, additional studies will be required to determine whether the differences 
observed between immature and adult rats are in effect age-dependent or whether DES, 
applied to immature but not adult rats, may play a role in this regard. 

Ovarian Sm-C/IGF-! Gene Exp 'ession: Effect of FSH 

Given the pivotal role of FSH in the promotion of granulosa cell differentiation,37 FSH
regulated Sm-C/IGF-I expression is adistinct possibility. Indeed, FSH did prove capable 
of stimulating porcine granulosa cell iSm-C/IGF-I release. 6To explore the role of FSH, 
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Figure 2: Polyadenylated RNA (20mg/lane) samples are from (1)immature (21-23 days 
old), DES-treated, or (2) randomly cycling adult (70-80 days old) rats. 
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increasing amounts of total RNA from the ovaries of FSH (0, 5, or 10mg/rat/day; bid)
treated. immature hypophysectomized rats were dotted onto Genescreen and hybridized 
with a '-P-labelled rat Pre Pro Sm-C/IGF-IA cDNA probe. 0 As shown in the dot blot 
analysis (Fig. 3), treatment with increasing concentrations of FSH produced dose
dependent increments in the intensity of the Pre Pro Sm-C/IGF-I (but not ubiquitin; not 
shown) hvbridization signal. Although these findings do not conclusively implicate the 
granulosa cell as a site of Sm-C/IGF-l gene expression, the very fact that the granulosa 
cell (rather than the theca-interstitial cell) isa site of FSH reception and action supports 
.iuch a possibility. 

CONTROL 
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Figure 3: Ovarian Sm-C/IGF-I gene expression: Effect of FSH 

Pre Pro Sm-C/IGF-I mRNA Variants: Implications For Regulation and Action 

Recent studies on Sm-C/IGF-I gene expression suggest the existence ofa complex array 
5 °of variably sized messenger RNA species.9,2 , 0 ,5'., 2 In the human, only two types of 

Sm-C/IGF-l mRNA have thus far been defined by molecular cloning studies and shown 
to be the consequence of alternative splicing of the primary (single copy) gene 
transcript.," 52 More recently, a similar phenomenon has been uncovered in the rat50 

wherein differential splicing produces mRNAs coding for precursor molecules homologous 
with respect to the mature Sm-C/IGF-l protein but different in the length and sequence 
of the E domain (trailer) peptide (Fig. 4). Both encode distinct Sm-C/IGF-I precursors 
of 127 and 133 amino acids containing the same initial 108 residues. The two correspon
ding cDNAs differ by the presence or absence of a 52-base pair insert (probably coded 
for by its own exon) as well as in the 5'UT region. As a whole, these studies suggest that 
Sm-C/IGF-l biosynthesis may not only be subject to transcriptional control but that as in 
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the case of ather genes (e.g. calcitonin/calcitonin gene-related peptide), tissue-specific 
regulation of RNA and/or protein processing may also be at play. In addition, these obser
vations raise the possibility that Pre Pro Sm-C/IGF-I may be a polyprotein and that its 
E peptide(s) may subserve discrete tissue-limited biological functions. At this time. the 
full significance of these developments to Smn-C/IGF-I physiology remains unknown. 
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IGF-IA NH2 70AA 1GM 19M COCH 

IGF1B NH2 22M . 70AA 16AA 25AA COOH 
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ROBERTS JR. et al, MOL ENDOCRINOL I: 243, 1987 

Figure 4: Rat Pre Pro Sm-C/IGF-I variants 

THE GRANULOSA CELL AS A SITE OF Sm-C/IGF-I RECEPTION 

Studies carried out in the last several years have clearly established the granulosa cell as 
51 , 2 a site of Sm-C/IGF-I reception. 9 , .

Receptor Characterization 

Freshly obtained porcine granulosa cells possess high affinity (Kd = 0.69-2.1x1O-9 M), 
low capacity binding sites.37 Binding to FSH-primed rat granulosa cells proved time-, 
temperature-, and pH-dependent, optimal steady state conditions being achieved follow
ing an 8 hour incubation at 15 °C and a pH of 8.0.2 Although subject to regulation by the 
cellular density ofplating, the binding ot I125 11Sm-C/IGF-I to its iceptor proved saturable 
(apparent Kd = 3.3xlO- M) as well as reversible, complete or partial tracer displacement 
being effected by competitive inhibition and dilution, respectively.' Scatchard and Hill 
analyses yielded linear plots consistent with a single class of non-interacting binding sites. 
Specificity studies revealed the competition for [125 1]Sm-C/IGF-I binding to follow a rank 
order of potency of Sm-C/IGF-I > MSA > insulin, a pattern compatible with a Type I 
IGF receptor. Limited or no displacement was observed for a series ofchemically-related 
and unrelated polypeptides as well as by a human insulin receptor antiserum.3 Using af
finity cross-linking, we have also been able to observe that whole ovarian membranes of 
untreated (or FSH-treated) immature hypophysectomized, DES-treated rats are endowed 
with specific Type-I IGF receptors.2 Similar results have later been obtained with isolated 
granulosa cells from the same experimental model (unpublished). 
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Receptor Heteroregulation 

We have recently reportedl,1 9 FSH and LH to be capable of upregulating granulosa cell 
Sm-C/IGF-I binding, an effect further augmented by growth hormone but not prolactin. 
Specifically, we were able to show that FSH iscapable of upregulating Sm-C/IGF-I bin
ding ina time- and dose-dependent fashion and that cAMP, its purported intracellular se
cond messenger, may play an intermediary role inthis regard Indeed, granulosa cell Sm-
C/IGF-I binding was enhanced following elevation of the intracellular cAMP content by 
a series of cAMP-generating agonists, inhibition ofcAMP-phosphodiesterase activity, or 
the provision of non-degradable cAMP analogs. High dose forskolin (10-5M), like FSH, 
proved capable of augmenting Sm-C/IGF-I binding by itself, while an essentially inert 
dose (10-7M) synergized with FSH in this regard. Significantly, heterologous receptor 
upregulation was not limited to FSH, similar increments being observed for luteotropic, 
b2-adrenergic, but not lactogenic granulosa cell agonists.3 Related in vivo studies using 
immature, hypophysectomized, DES-treated rats revealed that the ability of FSH to 
upregulate granulosa cell Sm-C/IGF-I binding: a) isnot strictly an in vitro phenomenon 
inthat itcan be fully reproduced in vivo; b) isdue to enhancement of Sm-C/IGF-I binding 
capacity rather than affinity; c) may be subject to diametrically opposed modulation by 
somatogenic and GnRH-like granulosa cell agonists (up- and down-regulation, respec
tively); and d) is best maintained by gonadotropins but no prolactin? Inasmuch as 
gonadotropin-dependence constitutes a unique attribute of the ovarian granulosa cell, our 
findings further suggest that the granulosa cell Sm-C/IGF-I receptor may have thoroughly 
adapted to its unique environment, providing the first example ofacell type for which the 
complement of Sm-C/IGF-I receptors may be cAMP-dependent. 

Given the pivotal role of FSH inthe induction of granulosa cell receptors for luteotropic 
and lactogenic ligands ,7this finding strongly suggests that the acquisition of Sm-C/IGF-I 
responsiveness may be part and parcel of granulosa cell ontogeny. Accordingly, 
gonadotropins may condition the cell to respond optimally to Sm-C/IGF-I, thereby con
ferring selective advantage upon follicles so endowed. 

The above notwithstanding, little is known at this time regarding possible alteration(s) 
in ovarian Sm-C/IGF-I reception in the course of ontogeny, follicular maturation, and lu
teinization. In support of such possibility, we have recently observed significant 
developmental control of ovarian Sm-C/IGF-I reception during the infantile and prepubertal 
periods. At the cellular level, several central issues remain unresolved including the role 
of the Type II IGF receptor in Sm-C/IGF-I hormonal action2 and the molecular 
mechanism(s) underlying the heteroregulation of Type I IGF receptors. 

Ovarian Sm-C/IGF-I Reception: Mid-Infantile to Mid-Prepubertal Period 

Inthe course of studies on the ontogeny of ovarian Sm-C/IGF-I reception, rats were sacrific
ed at weekly intervals on post-partum days 14 (mid-infantile period), 21 (early prepuber
tal period), and 28 (mid-prepubertal period). Following sacrifice, the ovaries from each 
age group (n = 28, 10, and 10, respectively) were removed, pooled, and their Sm-C/IGF-
Ibinding determined (Fig. 5). Specific Sm- C/IGF-I binding proved highest on post-partum 
day 14 situated in the midst of the infantile period (i.e. the period spanning days 7-21 of 
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life). Significantly, however, this was followed by atime-dependent decline in ovarian Sm-
C/IGF-I reception coinciding with the early (day 21) and mid- (day 28) prepubertal period. 
Similar results were obtained when the data was normalized per mg ovarian weight or per 
mg ovarian protein. As such, the pattern of ovarian Sm-C/!GF-I reception appears to closely 
tbllow that of the circulating levels of iFSH (Fig. 5)as described by Ojeda and Ramirez.4 6 

Most importantly. it would appear that the day 14 high observed for ovarian Sm-C/IGF-I 
reception lbllows in short sequence the day 12 peak in the circulating levels of iFSH. Similar
ly. ovarian Sm-C/IGF-I reception appears to decline as the circulating levels of iFSH 
diminish markedly to reach low values at the end of the prepubertal period. Given the ability 
of FSH to upregulate granulosa cell Sm-C/IGF-I binding," it istempting to speculate that 
the ontogeny ofthe ovarian Sm-C/IGF-I receptor during the first month of life may be coup
led. if only in part. to FSH release. Although these findings need not be equated with a 
role tbr intraovarian Sm-C/IGF-I in the inthntile period, they nevertheless suggest that 
ovarian Sm-C/IGF-i reception is well poised to play such a role at this critical point in 
lil . Indeed, it isduring this time that more follicles start to grow (and at a faster rate) than 

-at any time later 4 a situation in which the proliferative potential of Sm-C/IGF-I' 6 could 
be readily applied. 
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Figure 5: Ovarian Sm-C/IGF-I reception: Mid-infantile to mid-prepubertal period. 

THE GRANULOSA CELL AS A SITE OF Sm-C/IGF-I ACTION 

Studies carried out in the last several years have clearly established the granulosa cell as 
a site of Sm-C/IGF-I action.' ,4,6, I0, II ,13,18,23,54, 55,56, 57,58,60 Sm-C/IGF-I action at the level 

of hera,' 
.6,, ,, 2,J ,.3,bt otporcine 45 . ,5 gran ulosa cell appears largely (but 
not exclusively) contingent upon its ability to synergize with pituitary gonadotropins (Fig. 
6). These effects are unaccounted for by enhanced cellular viability, plating efficiency, 
or DNA synthesis.'2 Thus, this ability of Sm-C/IGF-I to augment differentiated phenotypic 
expression of the developing granulosa cell may be distinct from its well established growth 
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promoting property' 2 and was thus considered a novel biologic effect of this polypeptide. 
In this connection, we have been able to show that Sm-C/IGF-I is capable of augmenting
FSH-supported (but not basal) progesteronel ,6, 12and estrogen' biosynthesis as well as the 
FSH-mediated acquisition oft LH receptors.'' More recently, Sm-C/IGF-I was also found 
to augment basal as well as FSH-supported proteoglycan biosynthesis In this respect, 
Sni-C/IGF-I appeared to exert its classic "sultation factor" activity at the level of the 
granulosa cell. the very chondrotropic cffect which led to its discovery. Fractionation of 
the ma jor extracellular proteoglycan species revealed FSH to favor the exclusive produc
tion of dermatan sullate. whereas Sm-C/IGF-I supported the simultaneous biosynthesis 
ofboth heparan and dermatan sullhte. These findings suggest that Sm-C/IGF-I may effect 
marked quantitative as well as qualitative alterations in proteoglycan economy. Given the 
possible role of proteoglycans in oIlicular antrum formation and Ibllicular atresia,20 these 
findings raised the possibility that Sm-C/IGF-I of granu!osa cell origin may partake in the 
growth as well as demise of the developing ovarian follicle. 
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Figure 6: Reported actions of Sm-C/IGF-I in reference to the rat granulosa cell. 

Specifically, Sm-C/IGF-I proved capable of amplifying the FSH transduction sequence 
at a multiple cellular site(s) both proximal 4 , 16, 1',23 and distal 4 to cAMP generation (Fig.
7). Although without effect on cAMP breakdown,4 Sm-C/IGF-I appeared to exert adirect 
stimulatory effect at the level of the adenylate cyclase complex in the face ofunaltered FSH 
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receptor content.4 However, additional studies will be required to distinguish between direct 
effect(s) of this peptide on the stimulatory (Gs = Ns) or inhibitory (Gi = Ni) regulatory
membrane proteins, the catalytic (C) cyclase protein, or combinations thereof. In addi
tion, Sm-C/IGF-I was observed to exert a potent stimulatory effect on cAMP action as 
reflected in cAMP-supported progesterone biosynthesis.4 However, additional studies will 
be required to determine which of the post cAMP events may be involved. The above not
withstanding, there is reason to believe that the ability of Sm-C/IGF-I to enhance FSH 
hormonal action may not be limited to perturbation of intracellular signaling but may also 
involve enhanced intercellular communication e.g. granulosa cell clumping and in
tercellular gap junction formation.4 2 

Sm-C/IGF-I AND THE GRANULOSA CELL
 
MECHANISM(S) AND SITE(S) OF ACTION
 

V cMP
 

Figure 7: Sm-C/IGF-I and the rat granulosa cell: Mechanism(s) and site(s) of action. 
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Figure 8: CM = conditioned media. Sm-C/IGF-I-BPAF = human amniotic fluid Sm-
C/IGF-I binding protein standard. 
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SUMMARY 

We have recently observed that the theca-interstitial, like the granulosa cell, may be a site 
of Sm-C/IGF-I reception and action and that physiological concentrations of Sm-C/IGF-
I may also participate in the regulation ofovarian androgen biosynthesis."1 As such, these
observations are in keeping with the view that Sm-C/IGF-I of granulosa cell origin may
not only play an autocrine role but may also serve as one of several signals through which 
the granulosa cell may communicate in a paracrine fashion with the adjacent theca
interstitial cell compartment. In doing so, the granulosa cell may exert some control over 
its own destiny by enhancing ovarian androgen provision to suit its aromatizing capabilities
and the estrogen requirements of the developing follicle as a whole. This line of reasoning
introduces a level of complexity not previously envisioned, implicating Sm-C/IGF-I in 
the orchestration of the coupling of androgen to estrogen biosynthesis thereby promoting
coordinated follicular development. Thus, Sm-C/IGF-I may subserve at least three cen
tral functions: 
1.Amplification of gonadotropin hormonal action-A key requirement given the ex

ponential nature of follicular development. 
2. Integration of follicular development-An essential facet concerned with the coor

dination of granulosa-theca cooperation. 
3.Selection ofdominant fllicle(s)-A speculativeproposition assuming timely and selec

tive activation of the Sm-C/IGF-I system in "chosen" follicles. 
Aside from its possible role(s) in the course ofestablished follicular cycles, Sm-C/IGF-I

(and/or IGF-Il) may also participate in the very formation ofthe follicularapparatus dur
ing the late fetal/early neonatal period. Although the ovary isgonadotropin-independent 
at that time4 we have previously shown 20,'" that Sm-C/IGF-I (and/or IGF-II) may well
interact with VIPergic input now implicated in the morphodifferentiation ofthe follicular 

2 9 , 0apparatus.14,2 , Similarly, Sm-C/IGF-I may be concerned with the promotion of
juvenile and early pubertal follicuilar development, a time period characterized by low, 
ever declining gonadotropin (FSH) levels,27 , 46 47 but rising titers of serum growth hor
mone38' 44 At the clinical level, ovarian Sm-C/IGF-I may have a bearing on the puberty
promoting effect of growth hormone. Indeed, an association appears to exist between
 
isolated growth hormone deficiency and delayed puberty in both rodents'5 ,'7 , 26 and
 
human4t ,53 subjects, a process reversed by systemic growth hormone 
 rej.:acement
therapy.", 53 Given that ovarian Sm-C/IGF- 23 and its receptor 9may be growth hormone
dependent, it istempting to speculate that the ability of growth hormone to accelerate puber
tal maturation may be due, at least in part, to the promotion of ovarian Sm-C/IGF-I pro
duction and reception with the consequent local potentiation of gonadotropin action. 
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DISCUSSION 

CHAIRPERSON - G. VIRGINIA UPTON, Ph.D. 

DR. PETRAGLIA: Have you any evidence of ovarian vein secretion of IGFI in women? 
Secondly, what are the endocrine effects, or the possible endocrine effects, of IGFI on 
steroid production in the human ovary? 

DR. ADASHI: With respect to the first question, we have not investigated that, but we 
are in the process of doing so. Dr. Robert Williams, here in Norfolk at the Eastern Virginia 
Medical School, has been sampling some subhuman primates for us. 

We do not have any information in the human. What we would, hopefully, like to 
demonstrate is some gradient whereby the ovarian vein concentration of IGF-I would be 
greater than that in the peripl,-ry. 

With respect to the effects ofIGF-I on steroidogenesis, there have generally been positive, 
up regulatory effects; never by themselves, at least not in the Murine model, but usually 
in conjunction with FSH or LH. In the porcine model, as a rule, IGF-I has been active 
on its own, although it did tend to synergize with gonadotropins as well. 
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DR. SCHOMBERG: In the follicular fluid samples which you examined for the 
somatomedin-C binding protein, which was a very nice finding, did you look for IGF-I 
in the same samples? Were they positive? 

DR. ADASHI: Yes, they were positive, but we have never really been able to demonstrate 
IGF-I levels in follicular fluid, per se, that were in significant excess relative to peripheral 
levels. That, actually, has been published in one ofour reviews. So, to answer your ques
tion, we have merely confirmed that, yes, there is IGF-I in human follicular fluid, but the 
levels are not impressive. 

The binding protein levels are rather high and are comparable, in fact, to what we observ
ed in first and second trimester pregnancy in amniotic fluid; those levels are quite high. 
As you can imagine, those samples were used in the initial purification of this binding pro
tein. 

DR. FORD: Will you comment on the specificity of the binding protein for IGF-I in rela
tionship to IGF-ll? 

DR. ADASHI: Yes. It binds both IGF-I and IGF-II with a tremendously high affinity of 
10-9 to 10-10M, but it is unable to bind insulin, a fact which really helps substantially in 
studies that attempt to define the presence of this binding protein on the surface of cells, 
which is one of the next things we are going to do. 

DR. BURGER: I wanted to ask you to what extent you believe that the actions of the 
gonadotropins might be mediated by IGF-I? Do you think you can explain most or all of 
the effects, for example, of FSH by a local induction of IGF-l, and it being a kind of se
cond messenger for FSH? Do you have any thoughts about its role with LH action as well? 

DR. ADASHI: I doubt that IGF-I mediates gonadotropin action. Perhaps it is possible 
to a small degree. I believe your co-workers have, in fact, presented some evidence to the 
effect that PMSG action can be somewhat neutralized by monoclonal antibodies to IGF-
I. It is true that approximately 40 or 50 percent of growth hormone action in the appropriate 
experimental model can be neutralized by monoclonal antibodies to IGF-I. I do not believe 
FSH action is likely to utilize IGF-I production in a significant way. 

DR. PETRAGLIA: Are there any local interrelationships with growth hormone itcelf and 
IGF-I? I am reminded that individuals with isolated growth hormone deficiency seem not 
to enter puberty even into their twenties. 

DR. ADASHI: The information that is available suggests the following: That growth hor
mone does stimulate ovarian IGF-I gene expression and translation, and that it has a 
marginal effect on enhancing IGF-I reception, above and beyond what FSH is capable of 
doing. Thus, growth hormone has a tropic effect on IGF-I at the level of the ovary. I do 
believe it has some bearing on the clinical problem that you mentioned, although that clinical 
problem tends to resolve itself spontaneously as these people ultimately enter puberty. But 
we believe that this is probably due, in part, to the fact that other factors regulate ovarian 



328 / Insulin-like Growth Factor I: A Paradigm ForPutative Intraovarian Regulators 

IGF-I gene expression including FSH, which ultimately rises in these individuals with 
delayed puberty. 

I would like to draw your attention to earlier observations by the late Dr. Vande Wiele 
who, in the late sixties, attempted to induce ovulation with exogenous gonado.ropins in 
hypophysectomized women, and found that the requirements for gonadotropins were much 
higher in hypophysectomized individuals as opposed to intact individuals. He did, in fact. 
attempt to treat some of these women with growth hormone, only to find that the 
gonadotropin requirements had been substantially reduced. Of course, from our biased 
point ofview, we would like to interpret this to mean that gr-wth hormone slimulzaed ovarian 
IGF-I generation locally allowing it to synergize with gonadotropins and, hence, increase 
the inefficacy. 

DR. FORD: Does IGF-I have a role in the testis? 

DR. ADASHI: Yes. I would like to say it has a potential role, and this is the same state
ment I made with respect to the ovary. There is a large body of literature emanating large
ly from France, which has already demonstrated clearly that the testis, i.e. multiple com
partments of the testis are, in fact, targets of IGF-I action. I do not recall specifically whether 
any IGF-I production has, infact, been demonstrated, but multiple IGF-I actions have been 
shown including the promotion of LH-stimulated testosterone production. 

DR. BURGER: Have you any views on the possible role of IGF-I, or IGF-I deficiency, 
in the pathogenesis of polycystic ovary syndrome. 

DR. ADASHI: Not really. I think, if anything, the situation there is such that the IGF-I 
receptors may subserve the relative hyperinsulinemia in some of the patients you encounter, 
and, in fact, may be part of the hyperandrogenic picture of these patients. Thus, I do not 
think IGF-l deficiency would account for it, but I would be very interested inhearing how 
you developed that concept. 

DR. BURGER: My question is really related to the fact that I have heard some anecdotal 
suggestions that growth hormone therapy also improves the ovulation induction response
of patients with polycystic ovarian disease, and it was thought that the lack of growth fac
tor in the ovary may in some way be related to the failure of gcnadotropin induction. 

DR. ADASHI:That is very interesting. I was not aware of that. 

DR. PETRAGLIA: P garding the growth hormone or gonadotropin regulation of IGF-I 
in pubertal maturation, have you any evidence that IGF-I is expressed from the first year 
of life, or following puberty? Do you have any plasma levels showing any possible par
ticipation of IGF-I in reaching puberty? 

DR. ADASHI: The circulating levels of IGF I have been characterized in the human, but 
they do not necessarily reflect ovarian secretion. They probably reflect, for the most part, 
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hepatic production. We do not have any evidence that pertains, specifically, to the ovary 
in the human. However, in the rat, we are in the process of following the ontogeny ofIGF-
I from birth to day 40, attempting to carefully study IGF-I gene expression and reception 
in the ovary as the animal matures. 
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Growth Factors and Reproduction 

DAVID W. SCHOMBERG 

Few recent discoveries in basic biological research have been as dramatic as those linking 
certain growth factors or their receptors, oncogenes, and cancer. Some of these have in
volved cells of the reproductive system. Less dramatic, but no less important, are the 
discoveries relating how growth factors regulate growth and differentiation in normal cells. 
Some of this work also involves cells of the reproductive system. Since the study of growth 
factors in reproduction is truly in its infancy, a selective, but broadly based review of this 
topic is still a manageable task. In this chapter I will attempt to emphasize those studies 
which have demonstrated either production of growth factors or responsiveness to growth 
factors by cells of the reproductive system, including those of the early embryo. 

GENE EXPRESSION AND/OR PRODUCIRON OF GROWTH FACTORS BY NOR-
MAL OR NEOPLASTIC CELLS OF THE REPRODUCTIVE SYSTEM 

Table Icontains a listing of the cell or tissue types and associated growth factors for which 
either mRNA expression and/or the secreted gene product have been identified. 

Since the subject of growth factor production by cells of the reproductive system is in 
its infancy, much remains to be established with respect to definitive demonstrations of 
cellular production. Collectively, several caveats should be kept in mind. Validated radioim
munoassays (RIAs) for several ofthe factors are not yet available. RIAs may also be com
plicated by the simultaneous presence of growth factor binding proteins. I Demonstration 
ofmRNA expression at the cellular level may not necessarily equate with secretion of the 
factor. At this point in time there are only a small number of studies which demonstrate 
conclusively that growth factor production at the transcriptional or secretory levels is hor
monally regulated. Accurate identity of cellular origin is also very important. In a recent 
study, Han et al. made the surprising observation by in situ hybridization histochemistry 
that IGF-I and IGF-H messenger RNAs were localized to perisinusoidal connective tissue 
or mesenchymal cells rather than the hepatocytes of the fetal liver.3 4 This issue becomes 
very important from a practical or strategical perspective in terms of whether or not the 
specific growth factor-producing reproductive target cells of interest can be influenced 
by the pharmaceutical approaches available. Another important consideration is that cell
specific production of a given growth factor might be developmentally dependent as has 
been shown for PDGF in the cytotrophoblast.3 ' Furthermore, production may also be in
fluenced by the developmental program of neighboring cells. The granulosa-theca com
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TABLE 1 
GROWTH FACTOR GENE EXPRESSION OR GROWTH FACTOR PRODUCTION 

BY CELLS OF THE REPRODUCTIVE SYSTEM 

Growth Factor or Cell or Tissue of Reference
 
Oncogene Origin
 

IGF-I ovary, uterus, 35,64,79,21 
Sertoli cell, placenta 

IGF-11 	 granulosa cell, 21,83
 
placenta
 

TGF-a theca, decidua, 53,33,52,57 
pituitary, mammary 

TGF-j-type 1 ovary, bone 37,73,70 

TGF-fl-type 2 	 MCF-7 cells, prosta- 45,58 
tic adenocarcinoma 

EGF ovarian follicle, 40,18
 
ufterus
 

FGF 	 granulosa cells 66 

PDGF 	 cytotrophoblast 31 

HER-2/neu 	 breast 76 

IGF-like 	 breast, granulosa 40,17 
cell 

EGF-like 	 breast 17 

TGF-/3-like 	 Sertoli cell 39 

TGF-fl-like 	 Seroli cell 63 

Seminiferous Sertoli cell 22
 
growth factor
 

partments of the ovarian follicle could perhaps prove to be such an example for a differen
tial pattern of growth factor production seems to be emerging in this tissue.73,74 It is also
Important to keep in mind the well-known facts that: 1)Production of compounds by malig
nant versus normal cells or cells maintained in vitro versus in vivo is not always the same.
2) Production during culture by normal as well as malignant cells may vary qualitatively.
It will be extremely interesting to know the detailed amino acid sequence of the EGF-like
and IGF-like compounds produced by cultured breast cancer cells and whether subtle 
structure-function differences exist between these compounds and the more abundant fac
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tors. Similarly, the HER-2/neu oncogene, overpressed in breast cancer, isclosely related 
to. but not identical with, the erb B (EGF receptor-like) oncogene. Structure-function com
parisons between these genes and gene products might prove extremely useful. 

RESPONSIVENESS TO GROWTH FACTORS BY NORMAL OR NEOPLASTIC 
CELLS OF THE REPRODUCTIVE SYSTEM 

Table 2 summarizes a variety of responses to growth factors by cells of the reproductive 
system. 

TABLE 2 

RESPONSES TO GROWTH FACTORS BY CELLS OF THE REPRODUCTIVE SYSTEM 

Growth Factor Cell Type 

IGF-I, IGF-II, granilosa cell 
TGF-1, EGF 

EGF, FGF, EGF granulosa cell 
plus TGF-13 

IGF-1 granulosa cell 

IGF-1 cytotrophoblast 

IGF-1 human ovary 

IGF-1 mammary epithelial 

IGF-1, TGF-03 granulosa 

IGF-1, EGF theca 

EGF, FGF, EGF granulosa 
plus TGF- l 

TGF-j3 granulosa 

TGF-j1, TGF-a bone 

Response 

enhanced 
steroido-
genesis 

attenuated 
steroidogenesis 

enhanced 
proteoglycan 
production, 
inhibin 
production 

modulated 
steroidogenesis 

receptor binding 

enhanced casein 
gene expression; 
glucose and a-lacta
albumin transport 
activity 
enhanced LH 
receptor induction 

androgen secretion 

attenuated LH 
receptor induction 

variable 3H-thymidine 
incorporation 

development, 
resorption 

Reference 

81,4.1,2, 
6,82,19,48 

42,43,69,8 

5 

84
 

65 

9 

67 

19,3 

36,20 

62,50,23, 
51 

1,60,61 

16,44,45 
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TGF-,3 malignant breast, decreased 49 
prostate mitotic activity 

TGF.i3 normal mammary decreased 72 
mitotic activity 

TGF-3 anterior pituitary increased FSH 55 
secretion 

TGF-f3 Leydig cell attenuated 54 

steroidogenesis 

EGF, FGF, IGFs granulosa increased 60,26,28, 
mitotic activity 29,32 

EGF, PDGF, TGF- testis peri-tubular increased 77 
ornithine 
decarboxylase 
(ODC) activity 

EGF, TGF-fl Sertoli-spermatogenic increased ODC 77 
activity 

PDGF Sertoli-spermatogenic decreased ODC 77 
activity 

EGF ovary in vivo variable mitotic 56,27,68,71 
activity 

EGF malignant breast variable binding 14 

EGF malignant pituitary decreased 47 
growth hormone 

EGF granulosa increased FSH 59 
receptor binding 

EGF testis spermatogenesis 80 

EGF malignant Leydig increased 7 
steroidogenesis 

EGF prostate EGF receptors 78 

EGF, TGF.,3 oocyte enhanced maturation 15,24 

EGF uterus receptor binding 10 

FGF endothelial cells increased 30 
cell growth 

FGF Xenopus embryo maturational 75 
alterations 
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The large number ofdocumented responses by ovarian and testicular cells indicates poten
tially important roles for growth factors in intragonadal regulation which remain to be defin
ed. Similarly intensive investigation of other cell types may reveal many more actions of 
growth factors in nongonadal systems as well. These observations pose several important 
questions for further research. Are these factors mediating secondarily all of the actions 
of the classical reproductive hormones? If not, how do actions ofgrowth factors and those 
of the classical reproductive hormones interact to regulate growth and/or differentiation 
in 	reproductive-hormone-responsive cells'? Are the actions of the growth factors in 
reproductive-hormone-target cells different from their actions in other cell, of the body? 
If the cellular actions ofgrowth factors are basically the same in non-reproductive as well 
as reproductive-hormone-responsive tissues, how are the signalling processes uniquely 
constructed in the responsive cells? 

At amore integrative level, one might ask whether certain growth factors might prove 
to be some of the gonadal "organizers" or "integrators" postulated to exist by earlier 
workers. The topic of thecal cell ontogeny has been recently reviewed by Hirshfield3" in 
abroader context but isgermane to this concept. The demonstration that FGF might be 
one of the "vegetalizing factors" acting on the early Xenopus embryo is also particularly 
germane7 Moreover, certain growth factors might be considered as candidates to help 
mediate stromal-epithelial interactions in reproductive tissues. 2, 11 Lastly, growth factors 
might help to integrate responses between systems as exemplified by the intriguing obser
vations that interleukin 2 attenuates granulosa cell progesterone production and that 

46 
trophoblastic cells are capable of producing interferon-like compounds."' 

Within the context of this meeting, the challenge will be to establish whether the infor
mation forthcoming about this class of nonsteroidal regulators can be used to discover new 
pathways to the control of reproductive function. 
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DISCUSSION 

CHAIRPERSON: VIRGINIA C UPTON, Ph.D. 

DR. BIALY" I think you very wisely put your finger on the difficulties that exist in 
translating certain ihings observed in vitro to the whole animal. 

DR. DONAHOE: We have clearly showot steroid modulation ofgrowth inhibitors as well, 
and I am sure that the bifunctional aspect fits TGF beta. With Mullerian Inhibiting 
Substance, there is clear evidence that estrogen inhibits and testosterone enhances the ac
tivity of this in so many of the systems that we have investigated. 

DR. SCHOMBERG: Yes, I think it will be fascinating to look at the interactions between 
growth factors and what could be called the classical reproductive hormones, e.g., estrogen, 
testosterone and other steroids, or to look at t. '.- eractions between growth factors and 
hormones which act via cyclic AMP-dependent processes. 

DR. DONAHOE: One of the exciting actions is going to be that the steroids presumably 
are acting at trt nucleus and the growth factor is acting at the cell membrane, and how 
that interaction is going to take place. Aid, it also may very well be that some interactions 
occur at the cell surfaue, in the case of steroids, as Clara Siego has been saying for years, 
and as has been demonstit ed with progesterone and oocytes. 
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The classical view of the renin-angiotensin system is that of a hormonal system involved 
with the control of blood pressure, body fluid volumes and electrolyte metabolism.- 6 The 
system consists of a cascade of reactions resulting in the formation of the biologically ac
tive octapeptide, angiotensin 11(Fig. 1). In the first step, renin, a proteolytic enzyme, syn
thesized by the kidney and processed therein from its biological precursor prorenin, is 
secreted into the blood and acts on its subswrate angiotensinogen to form the inactive pep
tide angiotensin I. This decapeptide is acted upon by converting enzyme, which occurs 
in high concentrations in the pulmonary vascular bed, to form angiotensin 1I.Angioten
sin 1Ihas two actions related to the control of blood pressure: it acts on arterioles to cause 
vasoconstriction and on adrenal glomerulosa cells to stimulate aldosterone synthesis which 
in turn causes renal sodium retention and potassium secretion. 

The renin gene is expressed in a number ofendocrine tissues.7 This presentation focuses 
on the fimale reproductive system where its expression appears to have physiological 
relevance as it responds dynamically to biological stimuli. 8',3 0 This extra-renal source 
appears to operate via the biological precursor of renin, prorenin, which was previously 
thought to be enzymatically inactive.2 4 

CHARACTERISTICS OF PRORENIN 

Prorenin, like renin, circulates in the blood but at approximately 10 times the level of renin 4 

Prorenin is not converted to renin in the plasma in i'vo. Rather, the origin of all plasma 
renin is the kidney: this is shown by the absence of renin in the plasma of individuals who 
have undergone bilateral nephrectomy. The concurrent fall of plasma prorenin by about 
90% shows that the kidney is a major source of plasma prorenin as well. Two pathways 
have been postulated for the products of renin gene expression in the kidney. One pathway 
involves packaging of prorenin into secretory granules and subsequent processing into active 
renin: the other involves release of prorenin, without storage or processing?' 5 

We first became aware of the existence of prorenin in the early 1970's, when we observ
ed that renin activity increased in plasmas stored in a faulty freezer (for review see reference 
24). As there were no changes in either the amounts of angiotensinogen or the kinetics 
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ofthe reaction, we suggested that cold activates an inactive Iorm of renin, most likely pro
renin. Other investigators observed that acidification to pH 3.3 activates inactive renin in 
amniotic fluid and in plasma. We and others observed that plasma inactive renin increas
ed in parallel with active renin during reduction in sodium intake, diuretic therapy and 
converting enzyme inhibition. The parallel changes in active renin and prorenin supported 
the idea that a majority of inactive renin was secreted from the kidney; this was confirm
ed by the close to 90 %fall in plasma prorenin that occurred after bilateral nephrectomy. 

Later studies documented that inactive renin is indeed prorenin. Several investigators 
used synthetic peptides based on the partial amino acid sequence of the prosegment ofpro
renin to obtain antibodies. These antibodies bind to inactive renin derived from both plasma 
and renal sources. Both renin and prorenin bind identically to anti-renin antibodies, in
dicating homology of the two.3,4,'5 

Prorenin can be reversibly or irreversibly activated. It is irreversibly activated by many 
ofthe serine proteases, including trypsin. The product of trypsin activation has catalytic 

THE RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM 

Vasoconstriction Na+ retention 

ANGIOTENSIN II -ALDOSTERONE 

Converting 

Angiotensin I K+ excretion 

RENIN N 

Renin 
Substrate 

Figure 1. The circulating renin-angiotensin-aldosterone system. All of the active renin 
in the blood is derived from the kidneys. Prorenin (not shown) is the biosynthetic precur
sor of renin. 
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and chromatographic properties similar to that of endogenous renal renin. In fhct, trypsin 
activation is the basis of our assay for total renin. 2-

Prorenin, like pepsinogen with which it has significant homology, can be reversibly ac
tivated by acid.2, 6 .'1,17 Reversibility of acid activation proceeds by first order kinetics, an 
observation that is not consistent with reassociation of active renin with an inhibitor. Figure 
2 shows the results ofa stud), in which we demonstrated reversible acid activation of purified 
prorenin from human kidney.2 Dialysis to pH 3.3 resulted in almost complete activation 
oflprornin. Subsequent incubation at 37'C in pH 7.4 buffer resulted in essentially com
plete inactivation, i.e. ,reversal ofactivatian. within 2 hours. This loss of activity was not 
due to destruction of renin because renin activity was restored by treatment with trypsin.
The data are not shown but activity was also restored after treatment with acid, which further 
supports complete reversibility ofacid activation. Reversible acid activation in this purified
preparation probably proceeds via an acid-induced change in the conformation of the pro
renin, resulting in a movement of the prosequence away from the molecule and exposure 
of the active site. 
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Figure 2. Reversible acid-activation of partially purified prorenin from human kidney. 
a)After dialysis to pH 3.3, samples were restored to pH 7.4 and then incubated at 37°C 

for various times. Immediately thereafter, renin activity was determined. 0,pH 3.3 dialys
ed; *, trypsin-treated. After 120 minutes at 370C renin activity disappeared, but was 
recovered after re-acidification (not shown) or incubation with trypsin. 
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b) Decline in renin activity during incubation of 10 (A), 20 (Li) or 40 (0) #I of pH 
3.3-dialysed prorenin. The data fit the first-order rate equation -dE/dt = kE (where E 
represents the remaining enzyme activity). Values obtained for k were 0.095, 0.089 and 
0.086 minute-' respectively, with corresponding half times of 7.3, 7.1 and 8.1 minutes. The 
inset demonstrates that the data do not fit the expression -dE/dt = kE2, which would be 
expected for a second-order reaction as would be the case with an enzyme inhibitor com
plex. Abbreviation: ANG I =angiotensin I. 

Irreversible acid activation and irreversible cryoactivation has also been observed in 
plasma and amniotic fluid. This appears to proceed through inactivation of endogenous 
serine protease inhibitors, with a concurrent atcd- or cold-induced change in prorenin con
formation resulting in exposure of the peptide t,'nd between the prosequence and renin, 

23 which can then be cleaved by endogenous plasma proteases5 , 
The important point, however, is that acid, and perhaps also cold conditions, can cause 

the proseqI,=nce to move away from the active site leading to reversible activation of pro
renin. Altogether the data demonstrate that under certain conditions prorenin itself can 
duplicate the function of renin in the renin angiotensin system. The importance of this will 
be apparent later. 
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RENIN INREPRODUCTIVE FUNCTION 

While the kidney is the major source of plasma prorenin, it can arise from other sources. 
A potential source is the reproductive system. Prorenin is the major form of renin in the 
placenta: it is synthesized in the chorionic cclls and seems to be secreted into amniotic 
fluid. where itoccurs in much higher concentrations than in normal human plasma. 1,20 , 32 

Maternal plasma prorenin increases as much as 10-tbld in pregnancy. This increase begins 
during the first 2 to 4 weeks after conception and ismaintained throughout gestation. After 
parturition, plasma levels of both prorenin and hCG fall, but prorenin levels fll much 
more slowly, despite having a much shorter halflife. This slow postpartum hIll of plasma 
prorenin indicates that the placcita isnot the source of elevated plasma prorenin in pregnan

' cy. but that the origin is maternal. -

Since it seemed possible that the rise of the plasma prorenin level during gestation may 
have been initiated during the previous menstrual cycle, we decided to determine whether 
chages in prorenin occurred in normal menstrual cycles. 

We therefore investigated changes in plasma prorenin and renin during the menstrual 
cycle in relation to known changes in luteinizing hormone (L-I), progesterone, and 
estradiol.2 Seven young women, aged from 21 to 28 ',ars, were studied throughout atotal 
of 12 cycles: complete hormonal measurements were made of blood collected 3 times a 
week. every 2 to 3days, during 9apparently normal cyc!&es. Plasma prorenin levels varied 
predictably throughout the normal menstrual cycle. The baseline during the follicular phase, 
when an egg isselected for maturation, was stable. In the early luteal phase, near the time 
of the LH peak, prorenin increased nearly two- 1Old. Prorenin remained above baseline 
during the luteal phase and then declined further after the progesterone peak in the mid
luteal phase (Fig. 3). 

Changes in plasma renin were much less consistent than the changes in prorenin and 
were not synchronized with prorenin. Active renin was only significantly elevated during 
the mid-luteal phase, concurrent with the progesterone peak (Fig. 3). We speculated that 
two independent lctors may be involved with the increase in plasma prorenin during the 
menstrual cycle: the elevated prorenin in the mid-luteal phase may be related to the diuretic 
effect of progesterone. While we could not be certain of the source of prorenin associated 
with the LH surge, we suggested that it was likely due to prorenin synthesis in the ovary 
by the cells of the maturing follicle in response to LH. 

A follow-up study made it possible to more clearly define the temporal relationship be
tween changes in the plasma levels of LH and prorenin at mid-menstrual cycle.2 9Six nor
mal women had blood samples taken every 8 hours during the late follicular phase after 
their plasma estradiol levels rose above 100 pg/mIl. The study was continued for at least 
72 hours after the LH surge (documented by a positive urinary LH test). Figure 4 shows 
the observed hormonal changes. The rise in LH began 16 hours before the rise in prorenin 
and the peak occurred 8 hours before the peak ofprorenin. The prorenin peak lasted about 
40 hours, i.e. until past the time of ovulation; prorenin levels returned to baseline almost 
16 hours later than did LH levels. No change in plasma renin was apparent during the peak 
of prorenin. 

This study clearly shows that the LH ovulatory surge precedes the rise in plasna pro
renin in the early luteal phase of the menstrual cycle. This sequence suggests that prorenin 
is synthesized or secreted in response to the LH surge. 
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Human hCG h~s also been shown to stimulate plasma prorenin. Figure 5 shows the results 
in a woman undergoing ovarian hyperstimulation. She was given Clomid on days 3, 4 and 
5 of her menstrual cycle, followed by Pergonal, a combination of LH and follicle stimulating 
hormone (FSH), on days 6 to 10. Because ovarian stimulated women often do not have 
a spontaneous LH surge, she was given hCG on day 10 to induce ovulation. Plasma pro
renin increased to IO% above baseline after hCG. Plasma prorenin reached its max
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Figure3. Changes in active renin and prorenin during nine cycles in five normal subjects. 
Because active renin fluctuated markedly from day to day, data were averaged from each 
subject during four phases of the cycle. Day zero was taken as the day of the peak of the 
LH surge; follicular phase, from first day of menstruation to day minus 1; early-luteal phase, 
days 0 to 4; mid-luteal phase, days 5 to I1; late-luteal phase, day 12 to last day before 
menstruation. Prorenin increased significantly during the early luteal phase whereas ac
tive renin did not increase until the midlutea! phase when progesterone was high. The data 
represent the mean ± SEM of the average renin or prorenin for each period. * P<0.05; 
**P < 0.01; ***P < 0.001. 
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Figure 4. Plasma prorenin, active renin, LH, estradiol and progesterone changes during 
mid-menstrual cycle in 6 normal subjects. Samples were collected every 8 hours. Plasma 
LH was increased 24 hours before the LH peak whereas plasma prorenin first increased 
16 hours later. Active renin did not change. 
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Figure 5. Effects of Clomid (50 mg on days 3 to 5), Pergonal (75 units intramuscularly
daily, two times, on days 6 to 10), and hCG (10,000 units on day 10) on plasma prorenin,
active renin, estradiol, and progesterone. To estimate changes in prorenin independent
of changes in renin substrate concentration, the prorenin concentration at excess substrate 
concentration (Prorenin Vmax ) was calculated from the plasma prorenin and renin substrate 
levels with the use of the Michaelis-Menten equation and a Michaelis-Menten coefficient 
of 2700 ng/ml. 
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imum level on day 12. Renin also increased in this patient but it was out of phase with the 
changes in prorenin, reaching its maximum on day 16, concurrent with the progesterone 
peak. Exogenous hCG evoked a greater prorenin response than any other previously
:eported stimulus. 26 Subsequently, we found that the plasma prorenin response to hCG 
is directly related to the number of mature follicles present at the time ofaspiration.'" (See 
accompanying report by Itskovitz et al.14). 

Altogether, these results support the view that the rise in prorenin after conception is 
the result of stimulation by hCG and that LH and hCG stimulate prorenin biosynthesis 
or release from the ovary. 

To pursue this idea we measured the prorenin concentration of human ovarian follicular 
fluid at the time of ovulation. 0 Fluid from 18 different ovarian follicles and peripheral 
venous blood were collected from 3 women, ages 29 to 32, after ovarian hyperstimula
tion. All had received Pergonal from day 3 to day 12 or 13 of the cycle; hCG was ad
ministered intramuscularly 36 hours before follicular fluid aspiration on day 13 or 14. The 
results are presented in Table 1. 

In previous studies. 5 plasma prorenin during the follicular phase of the cycle averaged
27 ng/ml/hr, about 10 times the active renin concentration. Plasma prorenin concentra
tions 36 hours after hCG administration were elevated to 188 ± 10 ng/ml/hr. Follicular fluid 
prorenin was much higher; the average was 2170 ng/ml/hr, with a range from 730 to 5430 
ng/ml/hr. Renin substrate was less concentrated in follicular fluid as compared to plasma,
but this most likely reflects sample dilution during collection. The higher concentrations 

TABLE I 

HUMAN OVARIAN FOLLICULAR FLUID PRORENIN, ACTIVE RENIN, RENIN SUBSTRATE,
ESTRADIOL AND PROGESTERONE CONCENTRATIONS 

Plasma Follicular Fluid (FF) FF/Plasma 
(mean ± SEM) (mean ± SEM) ratio 

N-3 N=18 

Prorenin 188±10 2170 ± 267 11.5 
(ng/ml/hr) 

Active renin 8.8±3.8 24 ± 3 2.1 
(ng/ml/hr) 

% Prorenin 95 99 
Renin substrate 4043 ±520 2464 ± 111 0.61 

(ng/ml) 
Estradiol 1.83±1.06 473 259 

(ng/ml) 
Progesterone 3.6 ±0.85 2329 ±321 647 

(ng/ml) 
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ofangiotensins Iand II (not shown, see reference 10) and of active renin in follicular fluid 
as compared to plasma may be artefactual because of inadvertent in vitro activation of pro
renin (see discussion below). Estradiol and progesterone, both synthesized by the cells 
of the maturing ovary, were respectively, 259 and 647 times higher in follicular fluid tha I 
in plasma. 

We were not able to find any differences between prorenin from follicular fluid and pro
renin from kidney.'0 We compared the immunochemical and biochemical properties of 
follicular fluid prorenin with those of partially purified renal prorenin and renal renin. 
Anti-renin antibodies bound follicular fluid and renal prorenins and renin identically. Our 
anti-propeptide anti-serum also bound both prorenins identically, but failed to bind either 
active renin or trypsin-activated follicular fluid prorenin. Trypsin-activated prorenin had 
the same pH optimum as active renin when incubated with purified human angiotensinogen. 

The demonstration that prorenin is the predominant form of renin in follicular fluid at 
the time of ovulation supports the role of the ovary as a major extrarenal source of pro
renin. Other unpublished studies in baboons have demonstrated ovarian secretion of pro
renin at mid-menstrual cycle. 

Altogether, the data suggest that the ovary does not normally synthesize prorenin dur
ing the follicular phase of the menstrual cycle. Prorenin begins to be synthesized by the 
ovary (presumably by the maturing follicle) either just before or at the same time as the 
LH surge. This rise may be related in part to the rise in estradiol or related steroids. High 
concentration; of gonadotropins clearly augment prorenin secretion at this time. We do 
not know if any prorenin is synthesized by the corpus luteum in non-conception, normal 
menstrual cycles. However, the corpus luteum seems able to respond to gonadotropins since 
the ovary apparently secretes prorenin as soon as hCG rises following conception and 
throughout gestation, and prorenin continues to be secreted during the luteal phase of the 
menstrual cycle in IVF patients who have been given hCG (see accompanying paper by 
Itskovitz et al.14). Whether the ovaries are the sole source of the pregnancy-related rise 
in maternal plasma prorenin throughout gestation remains to be established. 

The ovulatory changes in plasma prorenin are not accompanied by any change in active 
plasma renin. If active renin is formed in the ovary in vivo, it does not get into the circula
tion in appreciable amounts. 

ROLE OF PRORENIN IN REPRODUCTIVE FUNCTION 

MECHANISM OF ACTION 

Several lines ofevidence suggest that extra-renal renin systems like that in the ovary operate
via prorenin, not renin.28 ,30 Arguing against this hypothesis, however, is the unassailable 
fact that renin has been identified in amniotic fluid32 and ovarian follicular fluid 8,10 in 
concentrations higher than in concurrently collected plasma. Renin is also often found in 
hign concentrations in extracts of adrenal, testis, uterus, placenta and brain.7 , 9 Nonetheless, 
when ve examined venous plasma from testis3 and ovary and adrenal (unpublished obser
vations), we found no evidence of renin secretion, only prorenin, suggesting that renin 
is not secreted from such tissues. 

Other physiological evidence suggests that prorenin, not renin, is the functional form 
of the extra-renal renin system in primates. Thus, only prorenin circulates in the blood 

http:renin.28


Prorenin and Reproductive Function / 349 

22 of patients after chronic bilateral nephrectomy. ,33 Only prorenin increases in plasma dur
ing the LH surge of the menstrual cycle.2 5 ,29 After hCG is given to induce ovulation in 
hyperstimulated women, initially only prorenin increases in plasma, sometimes to levels 
30 times above baseline.' 3 In the la ter situation renin does increase too, but later when 
the progesterone level rises high enough to interfere with aldosterone action. In addition, 
while ovarian prorenin secretion can on occasion increase the blood levels to as high as 
those seen in patients with a renin secreting tumor, such ovarian hyperstimulated patients 
do not exhibit hypertension or any physiological evidence of excessive renin production. 
Also, there is no pathological state of reproductive function attributable tcrenin excess 
- yet the ovaries can apparently secrete prorenin at rates much higher tha. nose ever pro
duced by the kidneys. 

How, then, can one explain the presence of renin and angiotensins in extracts of extra
renal tissues where the renin gene is expressed? There is no known endogenous renin in
hibitor that could effectively inactivate renin once it is formed in vivo. We were unable 
to detect a renin inhibitor in ovarian follicular fluid or in plasma. The most plausible ex
planation is that the renin that is detected in amniotic fluid, in ovarian follicular fluid and 
in extra-renal tissue extracts is formed in vitro and that once active renin is formed, angioten
sin 11is also formed in vitro. Biochemical studies suggest that this is possible. As discuss
ed above, prorenin can be cryoactivated.14 This appears to involve a conformational change 
in the prorenin molecule as well as proteolytic cleavage of all or part of the prosegment. 
All samples assayed for renin or prorenin are cooled to at least 4C. These conditions favor 
the activation ofprorenin. In plasma where the renin:prorenin ratio is about 1:9, cryoac
tivation of 1Ic of the prorenin could pass unnoticed. But, the prorenin concentration in 
ovarian follicular fluid is about 300 times higher than the active renin concentration of 
plasma.") Cryoactivation of only 1%of the ovarian follicular fluid prorenin would result 
in an active renin level that would be much higher than that in the concurrently collected 
plasma. Thus, one could wrongly come to the conclusion that active renin was normally 
produced by the ovary. The point is that it is very difficult to tell whether the ovary, or 
any other tissue that synthesizes prorenin concurrently produces small amounts of active 
renin. So far, in primates only the kidney has been shown conclusively to secrete active 
renin; other tissues seem to secrete only prorenin.

Those of us who have tried to purify prorenin from plasma or kidney extracts, or who 
have produced it by recombinant DNA technology, are well aware how difficult it is to 
keep prorenin catalytically inactive in vitro. A product that is completely inactive one day 
has some catalytic activity the next, and slowly develops more and more activity as time 
passes. It is our current opinion that prorenin is only completely inactive under physiological 
conditions of temperature. 

If prorenin is catalytically inactive in vivo, how does it function? Wherever the renin 
gene is expressed, including the ovary, angiotensin receptors have been identified, 2 This 
suggests that prorenin functions to produce angiotensin, and supports the view that pro
renin can become catalytically active in vivo. The rest of the evidence suggests that this 
activity is tightly controlled. It is possible but unlikely that sufficient cooling could occur 
in the testis to result in the development ofprorenin activity, but no such situation is likely 
to occur in the ovaries. We have therefore developed the hypothesis that there may be a 
prorenin receptor that binds the prosequence of prorenin and causes the prc:3equence to 

http:cryoactivated.14
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emerge from the active site, thus rendering prorenin catalytically active only tbr as long 
as binding continues.2. 3 ° In this hypothesis, the activity of the extrarenal prorenin system 
would be regulated by the presence or absence of prorenin receptors (Fig. 6a). 

HYPOTHESIS: ACTIVATION OF PRORENIN BY RECEPTOR BINDING 

---- Prosegment 

Recetor 

PRORENIN ACTIVATED PRORENIN
Prorenin -------

HYPOTHESIS: MECHANISM OF ACTION OF PRORENIN 

INSIDE CELL 

cell ProreninAngiotensin cl 

Memb o n e Re c e p tor Co nve rt i n g i Ue p t r M e mnb r ne 

_ Enzyme Recpto 

tAngiotensin I 

Activated T'Angiotensin 

Prorenin Angiotensinogen 

Figure 6. Hypothesis 
(a)Prorenin develops intrinsic catalytic activity following binding to areceptor. 
(b)Prorenin functions as a locally active form of the renin-angiotensin system. 
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The existence of such prorenin receptors remains to be established. For such asystem 
to function tie putative prorenin receptors should be located near converting enzyme, 
angiotensinogen and angiotensin II receptors. Converting enzyme and angiotensinogen 
are widely distributed and, as noted earlier, angiotensin receptors are present in the ovary 
and elscwherc where the renin gene is expressed (Fig. 6b). Thus the stage is set for the 
demonstration ofta locally active renin-angiotensin system whose function is rogulated by 
changes in prorcnin concentration and prorenin and angiotensin receptors. Future studies 
should deflne how prorenin acts in reproductive function without interfering with the ef
fects ot the circulating renin system on the regulation of fluid and electrolyte homeostasis 
and blood pressure. 

PIH YSIOLOGICAL EFFECIS OF THE O\ARIAN PRORENIN-ANGIOTENSIN SYSTEM 

At this time we do not know the physiological role(s) of the extrarenal prorenin-angiotensin 
systems. A report that angiotensin Ifstimulates estrogen production in rat ovarian granulosa 
cells in culture remains to be confirmed.2' The presence of prorenin in tissues that syn
thesize steroids. e.g. ovary, testis, adrenal, placenta, makes attractive the hypothesis that 
prorenin has an effect on steroid biosynthesis. Nonetheless, the physiological clues about 
its role do not clearly point to steroid biosynthesis. Thus, ovarian prorenin reaches peak 
concentrations just after the LH surge, atime when estrogen biosynthesis ismarkedly reduc
ed and progesterone synthesis isonly beginning to increase. In the menstrual cycle when 
estrogen biosynthesis is at peak levels, i.e. just before the LH surge, very little prorenin 
is found in ovarian follicular fluid. When plasma progesterone levels are at their peak, 
plasma prorenin is only slightly higher than baseline - and that could be explained by
the diuretic effict of progesterone action stimulating the renal secretion of prorenin. In 
the placenta the mijor site of prorenin biosynthesis is the chorion laeve',20 which is not 
considered to be an important site of steroid biosynthesis. In this regard, however, in a 
recent study from our group, Lenz observed asignificant relationship between prorenin 
and progesterone concentrations in extracts from placentae that were delivered close to 
term. 8 These relationships are intriguing and studies to dissect out their meaning are on 
the frontiers of renin research. 

Besides steroid biosynthesis, angiotensin II could participate in reproductive function 
as a direct vasoconstrictor agent, or even as avasodilator agent via its ability to stimulate 
vasodilator prostaglandin production. It is also reported to induce neovascularization and 
other reports suggest that it is a mitogenic factor. We have been intrigued by the associa
tion of prorenin with fluid accumulation and transfer, for example in the kidney (glomerular 
filtration), chorion laeve (amniotic fluid), and ovary (follicular fluid). Clearly many 
possibilities exist and it is likely that physiologicai clues derived from studies of the 
biological responsiveness of ovarian, testicular, placental and uterine prorenin will lead 
to the appropriate studies which will define its role. The work described by Dr. Itskovitz 
in the following chapter 4 has already begun to form the basis for such studies. 
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SUMMARY 

The classical concept of the renin-angiotensin system is that of a circulating hormonal 
system that participates in blood pressure and fluid and electrolyte homeostasis. In this 
report we see the renin system through a new and different window, that of prorenin, and 
in a new and different role, that of reproductive function. The ovary is a recently iden
tified source ofprorenin. Ovarian secretion ofprorenin changes dynamically in response 
to biological stimuli, namely achange inplasma gonadotropin levels. Prorenin issecreted 
by the ovary for 3days each month, at the time ofovulation. Following ovarian hyperstimula
tion, ovarian secretion of prorenin can raise the blood level of prorenin to 1000 times that 
of renin without any apparent derangement in blood pressure and electrolyte homeostasis. 
We hypothesize that prorenin can mimic the function of renin, i.e. it can cleave angioten
sin I from angiotensinogen, but only after binding to a specific prorenin receptor. We suggest 
that changes in prorenin concentration, and in prorenin and angiotensin receptor number, 
regulate the function of a localized prorenin-angiotensin system. Identification of the 
physiologic role of prorenin in reproductive function is the focus of current research. 
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DISCUSSION: 

CHAIRPERSON: G. VIRGINIA UPTON, Ph.D. 

DR. HSUEH: Would you comment on any data from your group or any other group on 
the function of this system? Is there really a physiological ro!e? 

DR. SEALEY" We do not know the physiological role. There is one publication which 
needs to be confirmed suggesting that ovarian renin may be involved in estrogen biosyn
thesis. 

Renin isexpressed in the adrenal, testes. ovary, and placenta. Wherever the renin gene
isexpressed you often find steroid biosynthesis. It is interesting to speculate that prorenin
might be involved in steroid biosynthesis. This would not be surprising given that angioten
sin 11is able to stimulate aldosterone biosynthesis. This stimulation occurs, in part, at a 
very early step in the biosynthetic pathway suggesting that it need not be specific for 
aldosterone. But so far, the evidence as to what ovarian prorenin does isnot available. One 
major problem in resolving this isthat we do not have a good non-primate animal model 
to study prorenin. 

DR. HSUEH: How about localization studies? Is there any difference between growing
tollicles and atretic follicles to suggest a function'? 

DR.SEALEY Dr. ltskovitz will address that question in his presentation. 

DR. KHAN: Referring to the question of Dr. Hsueh, you said renin was produced in 
the testes and that prorenin might be involved. Where is it localized in the testes? 

DR.SEALEY" There is evidence from studies in rats and mice that renin is present in 
Leydig cells. Angiotensin II and angiotensin receptors have also been demonstrated in
Leydig cells. But in this regard there isalso negative eN' nce in the human. We have not 
been able to extract renin from the testes, and others have been unable to identify it in human 
testes using in situ hybridization and imnunohystochemical techniques. There may be major
 
species differences.
 

DR. LEAL: What about the half-life between prorenin and renin? I wonder if you never 
detect renin because the half-life may be too short? 

DR. SEALEY" The half-life of active renin is between fifteen and thirty minutes, and the 
half-life of prorenin isprobably between thirty minu.es and two hours, so there is no ma
jor difference between the two. 
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Ovarian Prorenin in Women Undergoing 
Ovarian Stimulation with Gonadotropins 
and During Pregnancy 
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The results from the studies summarized in Chapter 2520 clearly indicate that prorenin, 
the enzymatically inactive precursor of renin, issynthesized and secreted by the human 
preovulatory ovarian follicle in the middle of the menstrual cycle.' 4 .11Ovarian stimula
tion with gonadotropins, which results in the development of multiple lollicles, isassociated 
with remarkable stinluldtion of prorenin secretion from the ovary.H, i.1Pregnancy is also 
associat[L with a maiked rise in plasma prorenin levels soon after the time of implanta
tion and this rise apj.ears to be of ovarian origin.'6 , 17 

Inthis chapter, we have SUlmarized our studies in which we investigated the dynamics 
of'prorenin secretion undrr these two circumstances by examining the time-course of plasma 
prorenin (and active renin) response to FSH/LH and hCG in patients undergoing ovarian 
stimulation for in vitro lertiization (IVF), and in women who conceived following em
bryo transfer. Finally, prelir inary results from studies of follicular fluid prorenin levels 
in relation to lollicular ,tevlopment, oocyte maturation and fOllicular fluid steroid hor
mone concentrations are also reported. 

PLASMA PRORENIN IN OVARIAN-STIMULATED WOMEN 

To test the hypothesis that prorenin issynthesized and secreted from the maturing follicle 
and the corpus luteumn, we examined whether ovarian-stimulated women (who have multiple 
follicles and corpora lut a)have changes in plasma prorenin that are related to the number 
of ovarian fbllicles.1 In 12 patients unuergoing ovarian stimulation with gonadotropins lor 
IVF we measured blood levels of prorenin and active renin during the follicular and the 
luteal phases. Because semum samples were frozen and thawed several times fbr routine 
hormonal measurements, which caused cryoactivation ofprorenin and falsely high active 
renin levels, only total renin (prorenin and active renin) is reported in this group of pa
tients. However, active renin comprised < 20% of the total at all times. Total renin remained 
relatively unchanged during FSH/LH administration in the lollicular phase, until the day
of hCG injection (Fig. 1). A significant 2-fold increase was observed on the day ofhCG 
injection, before hCG was given. This rise occurred whether the patients had been 
stimulated with FSH alone or with a combination of FSH and LH, suggesting that this 

355 
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rise is not due to exogenously administered LH and therefore may suggest that prorenin 
issecreted by the preovulatory follicle before the LH surge. Presumably, the preovulatory 
follicle normally secretes small amounts of prorenin before the LH surge that are undetec
table in the peripheral circulation in the nonstimulated cycle. When tirultiple follicles 
develop, as occurs in a stimulated cycle, it is possible that the secretion of prorenin in
creases enough to be detectable in the blood before hCG injection. 

Following hCG injection (day 0) total renin increased markedly. The levels achieved 
were much higher than those that occur normally during the spontaneous LH surge of a 
natural cycle. 4 , 11 The more sustained rise in total renin isconsistent with the longer half
life of hCG compared to LH. It reached a peak, 9-fold of baseline level on day 4-6 and 
returned to baseline on day 12-14. Infour pregnant women total cenin increased again after 
day 10 and reached a second peak thereafter (see below). 

The height of the circulating total renin response to hCG on day 2 (the day of egg retrieval) 
was directly related to the number of mature follicles (r=0.93, P< 0.001) suggesting that 
prorenin is produced and secreted by the mature ovarian follicles. The highly significant 
correlation between blood total renin levels during the luteal phase and the number of 
follicles (r=0.89, p< 0.001) suggests that prorenin is secreted by the corpora lutea that were 

PLASMA TOTAL RENIN, ESTRADIOL AND PROGESTERONE CHANGES
 
IN 12 WOMEN UNDERGOING OVARIAN STIMULATION
 

WITH GONADOTROPIN
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Figure 1: Serum total renin, estradiol, and progesterone (mean v SEM) in 12 ovarian
stimulated patients. hCG was injected on day 0 and follicles were v.spirated on day 2. The 

shaded area represents the estimated level of serum progesterone (based on the level of 
progesterone on day 14 inthe nonpregnant patients) caused by the injection of progesterone, 
given from day 3 until day 14 (From Itskovitz et rni.8). 
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formed from the follicles. Figure 2 illustrates the spectrum of responses in serum total 
ren:in in representative individual subjects with a low, intermediate, or high number of 
follicles. 

The rising levels of prorenin in the face of falling levels of hCG during the early and 
mid-luteal phase ano the precipitous rise ofprorenin very early in pregnancy demonstrate 
the inhercnt sensitivit.,, of the corpus luteum to produce prorenin in response to hCG 
throughout the luteal phase. However, it is less clear whether the corpus luteum secretes 
prorenin during the luteal phase of the normal menstrual cycle. Only.a small rise of pro
renin occurs at the mid-luteal phase of the menstrual cycle and this peak is also associated 
with a significant increase of active renin at the time when plasma progesterone concen
tration is high.' 4 It is possible that the mid-luteal rise in plasma prorenin and active renin 
is of renal origin and is secondary to the natriuretic effect of progesterone. Nevertheless, 
the initial incrcase in prorenin following the LH surge and after hCG administration is 
clearly not associated with a rise in active renin.8 ,' 4, '8 Thus, in the ovary in contrast to 
the kidney, prorenin is secreted independently of active renin. 

TOTAL RENIN IN OVARIAN HYPERSTIMULATED CYCLES 
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Figure 2" Total serum renin levels throughout stimulated cycles of three patients with dif
ferent numbers of ovarian follicl2s. Shown for comparison are the changes in total renin 
throughout a natural cycle (From Itskovitz et al.8). 
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To further characterize the time-course of prorenin secretion from the ovary in response 
to LH stimulation, we studied a group of ovarian-stimulated patients in which instead of 
hCG we used a GnRH analog to induce LH surge and oocyte maturationY Administration 
of Buserelin 500 jug (12 hours apart) resulted in a significant rise of serum LH within I 
hour, which was maintained tbr about 24 hours. Consistent with the observation made in 
the normal menstrual cycle, plasma prorenin increased within 8 to 12 hours, and reached 
a peak 24 to 36 hours following the injection of the GnRH analog. It Ml1close to baseli:ne 
within 3 to 4 days in patients who disclosed no corpus luteurn function but was above 
baseline for a longer period of time in the patients in whom corpus luteum activity was 
detected. The height of LH response varied between patients but no relationship between 
the magnitude of LH peak and prorenin response was apparent. However, the highest pro
renin levels were observed in patients who had the greatest number of follicles. 

Taken together these results suggest that gonadotropins stimulate ovarian prorenin release 
and that the ovarian renin system seems to function differently from the renal renin system 
in that the rate of change of ovarian prorenin is faster, being measured in terms of hours, 
rather than days.'2 Furthermore, the ovaries appear to secrete prorenin at rates much higher 
than those ever produced by the kidneys. 

PRORENIN IN HUMAN OVARIAN FOLLICULAR FLUID 

Prorenin is the predominant form of ovarian renin and is present in very high concentra
tions in follicular fluid at the time of ovulation.3,5 This ovarian prorenin disclosed im
munochemical and biochemical properties that were identical to purified renal prorenin.5 

However, its relationships to follicular development and oocyte m":,ration are uilknown. 
We therefore measured prorenin concentrations in follicular fluids obtained from patients 
undergoing ovarian stimulation for IVF and correlated these levels with the morphology 
of the oocyte-cumulus complex and the granulosa cells 36 hours following hCG injection 
(unpublished observations). In follicles containing apparently healthy mature oocytes 
(metaphase II, fertilized and cleaved) prorenin averaged 2617 ng/ml/hr but it was only 1/3 
of this level in follicles containing typical immature eggs (germinal vesicle stage, com
pact cumulus, immature granulosa cells). Intermediate levels ofprorenin (1951 ng/ml/hr) 
were detected in follicles containing immature eggs (germinal vesicle stage) that were 
associated with expanded cumulus and matured granulosa cells. Prorenin levels were lowest 
in follicular fluids from immature follicles aspirated during the mid-follicular phase of 
the normal menstrual cycle, and were close to plasma prorenin levels. It is unclear at precise
ly what time prorenin begins to be synthesized by the developing follicle but it seems to 
be eitherjust before or at the time of the LH surge. Whether ovarian prorenin has any role 
in follicular development and oocyte maturation remains to be determined. 

Whereas LH and hCG stimulate ovarian prorenin synthesis or secretion, ovarian steroids 
may also be involved. Regulation of renin gene expression and biosynthesis by testosterone 
has been described in the mouse submandibular gland.7 , 

11,23 Examination of the relation
ship between follicular fluid prorenin and testosterone levels in mature as well as in im
mature follicles revealed a highly significant correlation (unpublished observations), sug
gesting a possible role for testo:sterone in stimulating prorenin biosynthesis in the human 
ovary. 
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PLASMA PRORENIN DURING EARLY PREGNANCY 

Plasma prorenin rapidly increases to about 10 times the level in nonpregnant women and 
6 3remains high throughout the course of pregnancy. 1 ,6 Prorenin is synthesized in the 

0chorionic cells' . 2, 2 and is secreted into the amniotic fluid where it occurs in high con
centrations.2' However, maternal plasma prorenin attains its maximal levels within Ibur 
weeks after conception when placental mass issmall, suggesting that the source of elevated 
plasma prorenin ismaternal. Plasma prorenin begins to rise on days 8 to 12 after embryo 
transfer6 .' 7at the time when endogenous hCG from the implanting embryo is detectable 
in the blood (Fig. 3). The lack of prorenin rise in pregnant patients with ovarian tailure 
who conceived after the transfer ola donated egg 4, ' 7clearly indicates that the secretion 
otprorenin during early pregnancy isof ovarian origin (Fig. 3), although the uteroplacental 

2unit may also contribute to the elevated plasma prorenin levels later in pregnancy.
The early rise in prorenin tollowing conception indicates that the corpus luteum may 

be very sensitive to hCG at this time since increased secretion of prorenin occurs when 
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Figure 3: Plasma total renin, active renin, and hCG measurements during early pregnan
cy in normal pregnancy (upper panel), in ovarian-stimulated patient who conceived follow
ing IVF and embryo transfer (middle panel), and in patient with ovarian fhilure who con
ceived after induction of an artificial cycle and IVF of a donated vocyte (lower panel). 
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hCG levels are only moderately elevated and the maximal level of prorenin in the blood 
is achieved much earlier than the peak of plasma hCG. 

Although the lime-course of the plasma prorenin rise in patients who conceived after 
ovarian stimulation tr IVF and in normal pregnancy is similar, the magnitude of the 
changes is quite different (Fig. 3). As mentioned earlier, the rise of plasma prorenin at 
the luteal phase in response to hCG in ovarian-stimulated women is related to the number 
of follicles.8 Thus, the higher levels of prorenin detected in early pregnancy in women who 
conceived after ovarian stimulation may be due to the existence of muhiple corpora lulea 
during early pregnancy in these patients. 

Although the human ovary seems to synthesize and secrete prorenin at a rate that might
exceed the amount secreted by the kidney, its physiological role remains speculative at the 
present time. However, given so many biological effects of angiotensin II (See Chapter 
25).2o the potential exists that the ovarian prorenin-angiotensin system isinvolved in several 
reproductive funct .:;such as tillicular development, oocyte maturation and extrusion, 
and corpus luteum function. This system, which operates differently and independently
from renal renin, seems to be regulated by changes in prorenin concentration and putative 
prorenin receptors located near angiotensin receptors.'9 
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DISCUSSION 

CHAIRPERSON: G. VIRGINIA UPTON, Ph.D. 

DR. PETRAGLIA: This question is for Dr. Sealey. You measured prorenin, which is a 
precursor mojecule that has no known biological activity. Then you showed that active 
renin does no:; change in any case. You have found the changes in prorenin. Can you 
speculate on what is happening'? 

DR. SEALEY" We think there may be a binding protein that recognizes the prosequence 
of prorenin. Since we know that prorenin can be reversibly activated, we are speculating 
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that once prorenin binds this protein it becomes active, but only as long as it is bound. 
If it dissociates, or if this protein is membrane bound, it could be internalized, resulting 
in a locally active renin-angiotensin system modulated oy changes in prorenin. Prorenin 
does have intrinsic activity even with the prosequence attached. You can expose it by 
acidification or expose to cold temperature. We are now proposing you can expose it by 
binding. 

DR. PETRAGLIA: How can you explain the fact that the changes of angiotensin IIdur
ing pregnancy are completely opposite to the changes you have shown in prorenin? 

DR. SEALEY We think that ovarian prorenin, although part of the renin-angiotensin 
system. acts independently. 

QUESTION: Does an angiotensin converting enzyme inhibitor, such as captopril, have 
an impact on female reproduction? 

DR. ITSKOVITZ: No. To the best of our knowledge, and from the limited information 
available, there is no effect of captopril on female reproduction. 

DR. UPTON: I would like to know what the concentration gradient of prorenin is bet
ween the ovarian vein and the peripheral circulation. Have you ever measured the difference 
simultaneously? 

DR. ITSKOVITZ: We were able to measure prorenin levels across the ovary in a patient 
who conceived after in vitro fertilization and was operated on at 5 1/2 weeks of gestation, 
because of tubal pregnancy. There was about a 25% positive venous-arterial difference 
indicating that the ovary produces and secretes prorenin. We were in some way disappointed 
by the observation of only 25 %, but one should take into account that there may be other 
possible sources (e.g., the uterus) which may contribute to the elevated levels of plasma 
prorenin during early pregnancy. The data from the baboon studies shown by Dr. Sealey 
clearly demonstrate a positive venous-arterial difference of prorenin across the ovary. 

DR. SCHENKEN: Dr. Sealey, in your baboon studies, did you look at the prorenin con
centration in the ovarian venous serum during hyperstimulated cycles only or also during 
spontaneous cycles? 

DR. SEALEY" We looked at both cases, I only showed the data from the ovarian 
hyperstimulation cycles. 

DR. SCHENKEN: Could you tell us how the levels changed during the spontaneous 
menstrual cycle? 

DR. SEALEY" I cannot tell you how the ovarian venous level changed during the cycle. 
We only measured it at one point, and that was at the time when we expected ovulation, 
or after we had given hCG. All I can say is that the highest venous-arterial differences 
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that we observed were after hCG administration; they were much lower in spontaneous 
cycles. 

DR. SCHENKEN: Thank you. 



CLOSING PANEL
 

DR. WAYNE BARDIN 
Center fin"Biomedical Research 
The Population Council 

It isot note that we have heard five papers on the structure of inhibin ar. about seven other 
intergonadal regulators. Still others were left out that could have been spoken about. I think 
tte caveat that I will take away from this meeting isthat there is still an enormous amount 
ot work to do. 

For example, there are about ahundred Sertoli cell proteins that have not been purified; 
there are many more proteins in lollicular fluid; and there are at least thirty or forty pro
tein products of Leydig cells. We think of Leydig cells as steroid-secreting, but there are 
also many proteins secreted by this cell. And, possibly also by the theca cells of the ovary. 
Thus. as we begin to think we un-lerstand gonadal regulation, we realize that we have not 
contemplated fully the task ahead. 

I think that in subsequent meetings we will probably hear about the opiate systems. We 
know that all of the opiate precursors are in the testis and the ovary: POMC, proendor
phin and prolinekethelin. The oxytocin and vasopressin inoiecules are also expressed in 
ovary and testis. Also, we are seeing the increased importance ofoncogenes that were men
tioned by several speakers. 

DR. SHELDON SEGAL 
The Rockefeller Foundation 

This isthe first international workshop in the CONRAD Program. We should all be pleased 
about the success of this one and the prospects for a really important series of workshops 
in the years ahead. 

Some of you may know that several years ago the three private foundations based in New 
York, the Rockefeller, Ford, and Mellon Foundations, decided to sponsor jointly agrants 
program on selected topics in reproductive biology. We asked an Advisory Group con
sisting of Griff Ross, Nina Channing and Bob Ryan to advise on what would be some of 
the important issues of the next decade for which Foundation support might be focused. 
Their wisdom has been confirmed by the events of these two days. First on their list was 
the nonsteroidal gonadal factors. 

What we heard at this workshop makes it clear that several areas of reproductive biology 
are coming into focus. The inhibin, .ory, after at least three decades of uncertainty, has 
reached the stage of maturity, more so from the point of view of our understanding of the 
chemistry and related phenomena than the physiology. But, it seems to me, this is aprior 
condition for being able to understand better the normal physiological role of the substance. 

Knowledge concerning OMI appears to be lagging behind; there is a need to progress 
faster on chemical identification and, ultimately, the molecular biology of the substance. 
This type ofadvance has been evident with respect to the Mulierian inhibiting substance, 
a field that has created great interest. 

We have seen an important extension ofwork on the possible use of FSH antibodies for 
fertility regulation, with the report of Moudgal extending his earlier observations in the 
male nonhuman primate to the female. That work should be taken as a sign of great en
364 
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couragement to those interested in the possible manipulation of FSH as a route to fertility 
regulation. 

There is a great deal in store for us on growth factors. I have the impression from listen
ing to the papers on growth factors that this, too, is an area that has now become a part
of the mainstream of reproductive biology. It is clear that there is atremendous amount 
to be learned, but it isalso evident that we can no longer simply ignore the possible rale 
of various growth factors in trying to understand the total pattern of reproductive cve,,ts.

As fbr the implications of this work fir fertility regulation and reproductive healt,
think it is too early to predict, but that should not be taken as a discouragement.

I think agencies with an interest in fertility regulation should not be discouraged by the
distance there is still to go. It is important to look back and see how far we have come. 

DR. ROY HERTZ 
Georqe Washington University 

The retrospective approach that I am inclined to bring to this discussion goes back to the
original concept of inhibin that arose from a clinical observation made by Dr. Perry
McCullough. He coined the term following his observation that certain infertile individuals 
in whom adequate testicular hormonal ativity was expressed were found to lack
gonadotropin in their urine, as lar as could be assessed using the bioassay techniques of 
the day. Nowadays there seems to be areemphasis on his original concept through the ap
plication of a much more sophisticated approach. 

I believe that our discussions have suffered because of the inadequacy of our definitions 
for the terms employed. Perhaps at the outset this could have been avoided through the 
provision of definitions specific to distinct entities. 

Over the years I have noticed that interest in particular lines of thought has proceeded
azcording to a sort of fashion. An example of this was the tremendous interest in an en
zymological approach to the analysis of tissue response. Everyone was working on alkaline 
phosphatase in the uterus in response to estrogens, and carbonic anhydrase in response
to progestins. Prior to this, Dr. Speeman postulated the existence of "organizers" which 
were substances in one tissue that were capable of altering the genesis and development
of adjacent tissues. This was followed by an active interest in dietary trace factors, and 
the interaction between hormones and vitamins. 

Perhaps we should view such trends with some concern in that they might operate against
the pursuit of alternate and possibly fruitful approaches.

Finally, I would like to call the attenion of this group to the fact that the first nonsteroidal 
ovarian factor of considerable interest in the study of reproduction, which has not been 
mentioned during this program, is the peptide relaxin. Relaxin is found in the placenta
of women almost as early in pregnancy as ishCG. The level of relaxin increases throughout 
pregnancy then drops sharply immediately following delivery, signifying an important
pregnancy-related or other regulatory function internal to the ovary.

My intention in reactivating interest in this particular peptide comes from having per
sonally had the privilege of assisting Dr. Hisaw in some of his later work on the purifica
tion and biological characterization of relaxin. It is a substance which begs a definitive 
function. 
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I feel there has been altogether too much emphasis on research at the nonbasic level, 
even in specific contraceptive development programs. If we pursue fundamental approaches 
with the kind of knowledge available to us today, we will realize more fruitful results from 
our efforts. I am prompted to say this because I remember the day when Dr. R.K. Meyer 
said to Dr. Hisaw: "You know, I kind of think that maybe estrogen given to a rat would 
suppress pituitary gonadotropin." This formed the basis for the development of the oral 
contraceptives 25 years later. 

JEFFREY SPIELER 
Research Division, Office of Population,Agenc, for hternationalDevelopment 

The Agency for International Development (A. I.D.) supports applied research in contracep
tive development. Among other things, we are concerned about providing a broad range 
of improved and totally new contraceptive methods for use in less developed countries. 
The spin-off of our work is better contraceptive methods for couples in developed coun
tries. To meet this objective A.I.D. primarily supports applied research. With some ex
ceptions, A.I.D. does not support basic research, the latter being supported by agencies 
like NIH and national medical research councils. A.I.D. uses Foreign Assistance funds 
and its resources in this area are primarily available for research on short and medium 
term methods, i.e. methods which are already undergoing clinical assessment or which 
will be entering human trials within the next several years. However, research on 
nonsteroidal gonadal factors is one of the exceptions to this general principle. A.I.D. is 
providing some limited funds to the CONRAD Program and the Population Council to 
support work on inhibin, GnSIF and OMI. 

At this first CONRAD International Workshop we have reviewed the results of some 
very interesting research in a field tlhat is accelerating at a remarkable pace, primarily owing 
to the time in history that this work is being conducted. Phenomenal advances in 
biotechnology during the past se~eral years have permitted progress, that was unthought 
of a decade ago. And, what actually is in store for us during the next decade is hard for 
a science administrator, such as myseif, to anticipate. Nevertheless, even with a geometric 
increase in progress, it will probably be some years before the "white powder" has been 
evaluated, pre-clinical pharmacology and toxicology completed, supply issues resolved 
and human trials for contraceptive purposes underway in men and women. 

For A.I.D., and other agencies supporting applied research in contraceptive develop
ment, the nonsteroidal gjnadal factors represent the pipeline from which the third genera
tion contraceptives of the year 2000 will emerge. We believe that it is imperative for all 
investigators, i. cluding the chemists and molecular biolologists, to think in terms of new 
product development and not just basic research and publications. The research scientists 
must be concerned with how their findings can benefit mankind, and in this field that means, 
among other things, broadening the range ofsafe, acceptable and effective methods of con
traception in the near future. 
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DR. ROBIN FOLDESY 
Family Health International 

Because I believe some among you are not familiar with Family Health International (FHI), 
and because my comments will be structured around the kinds of activities conducted by 
FHI, I will begin with a brief d:'scription of our organization. 

Family Health International is a not-for-profit organization located iii Research Triangle 
Park, North Carolina. It grew out of a program that had its roots in the University of North 
Carolina almost two decades ago. The program was known then as the International Fer
tility Research Program. 

The CONRAD Program, here at Eastern Virginia Medical School, and FHI are sister 
organizations funded, in part, by the U.S. Agency for International Development. We are 
committed to providing contraceptive choices to people around the world. Most of our 
work at FHI is directed at the needs of the less developed countries, and focuses primarily 
on Phase Ill and Phase IV clinical research. Although I have been very impressed with 
the kind of work presented at this Works'op, from the perspective of FHI my thoughts 
center around how we begin to move this work towards a product for use in the clinic. Much 
of the discussion over the past two days has, in fact, been centered on basic research. This 
is not intended in any way to be a critic:m. In fact, Dr. Bardin pointed out to me that TPA 
emerged from a very basic research program. There are numerous other examples of even 
more classic pi,armacological agents, such as Tagamet, that grew out of basic research 
programs. However, at some point, the research community needs to think about placing 
this work within the framework of applied research and how we move from the basic aspects 
of this field to the development of these compounds as new contraceptive agents. I think 
Dr. Hodgen may have opened this issue yesterday when he questioned how we are going 
to get adequate supplies of reagents, how we are going to perform the assays, etc. These 
are very important questicas and the first steps in the process of developing new drugs. 

Once we have a supply of compound and standard techniques for measuring it, then there 
are several activities that can go on in parallel. There need to be further studies on the 
clinical endocrinology of this compound. Some very exciting results were presented yester
day, and replication and reexamination of some of this work would be very useful. For 
instance, looking at inhibin in the normal menstrual cycle in greater detail would be useful. 
Looking at what happens to some of these nonsteroidal factors during pregnancy or after 
parturition is very important. Also, what are the levels of inhibin during both lactational 
amenorrhea and reinitiation of the menstrual cycle? 

At the same time, we must begin animal pharmacology and toxicology experiments. 
We must then develop the animal models to test our hypotheses on how these compounds 
can be used as contraceptives. 

In this way, we can establish the efficacy of these compounds, the route of administra
tion, the duration of action, etc. Once we begin to think in this manner, we begin moving 
toward the development of a contraceptive. A lot of physiological questions remain 
unanswered and only the lack of compound prevents us from performing the necessary 
experiments i believe that this is the key to moving from the basic to the more applied 
aspects of r:search on the nonsteroidal gonadal factors. 
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DR. GABRIEL BIALY 
ContraceptiveDevelopment Branch 
Centerfor Population Research 
National Institute of Chil Health and Human Development 

Let me touch on sonic practical matters. I come from NIH, the largest organization in the 
U.S. supporting basic and applied medical research. What we strive for is a healthy and 
happy marriage between basic and applied research. One is not better than the other, and 
I invariably argue that there is need and room for both of them. This meeting has, in a 
certain way, demonstrated the successful marriage ofbasic academic science with the par
ticipation of industry. This union is healthy because there are many things that industry 
is able to accomplish that are exceedingly difficult for the academic scientist. 

One of the important things we have learned is that sustained progress depends on a varie
ty of tools, one of which is certainly financial. Another tool that propels science forward 
is the availability of reagents to all parties. However, it is the responsibility of scientists 
to demonstrate their need for certain compounds, such as inhibin reagents. 

I always find it refreshing to be with Roy Hertz because, in a way, we share a common 
background. We both graduated fiom the University of Wisconsin and one of the very first 
projects I was involved in at NIH dealt with the distribution of hCG. Some of you who 
have used hCG from the NIH most likely did not realize that the prefix code CR stood 
for Canfield and Ross. Even though Griff Ross is gone, we still use this designation for 
the new batches. 

While we should not be fooled into thinking that the distribution of hCG was cheap, con
siderable research followed at no cost to the taxpayers. I think we are re-entering that era 
with some of the gonadal peptides, and I think it is incumbent on all of us to think not just 
in terms of what the availability of reagents does for me personally but, rather, what it can 
do for others as 'ell. We need to consider the value of universal availability and the pro
gress it can facilitate. I think the NIH administration showed imagination in its support 
of reagent distribution. People like Mort Lipsett fully endorsed this practice and the cur
rent administration maintains this position. 

COMMENT - DR. DO WON HAHN 
OrthoPharnaceuticalCorporation 

I have been involved in the contraceptive research and development area for about two 
decades. Each time we start thinking about developing a new contraceptive, the first ques
tion we have to ask is why we need another one, especially when you already have a suc
cessful product. This is a very difficult question to answer. You have to consider the ad
vantages of a new product in light of all the currently available products. 

We now have very successful low-dose oral contraceptives with very few side effects. 
It is our duty, therefore, to think critically about the need for and advantage of a new pro
duct. I would like to call your attention to this type of question when we are thinking about 
inhibin as a new contraceptive. 

I would also like to emphasize the fact that development of a contraceptive takes a long 
time. As Dr. Bardin mentioned previously, academic communities do not understand what 
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it takes to develop a product. Orthojust launched a new oral contraceptive a year ago, and 
it took my colleague, Dr. John McGuire, and myself more than fifteen years of hard, con
centrated work to discover the compound. And then it took us another fifteen years to bring
that compound to the market. So you see, it is not a simple matter to develop a new pro
duct, especially a :ontraceptive. This applies especially to peptides. 

I recall twenty years ago, when Ibegan in contraceptive research. We tried to d~scover 
nonsteroidal estrogenic and progestational compounds. We spent a lot of time on this 
endeavor. We then moved from steroids to prostaglandins. When prostaglandin research 
began, we thought that prostaglandins would solve our contraceptive problems. That 
research lasted about ten years. Then, after prostaglandins, we wcnt into a GnRH agonist 
program. Frcm that we began to understand a little bit about the antagonist. Now we are 
trying to move into the area of inhibin and other nonsteroidal gonadal peptides. 

I think, for example, second generation steroids are now on the market. It is almost thirty 
years since OOC was first introduced, so in my mind either another prostaglandin or GnRH 
related product could be on the market even before you leave here. 
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