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Follistatin is a specific binding protein which controls
bioavailability of activins and inhibins which have an
important role in fetal development. In the first trimester
of pregnancy bioactive dimeric inhibins are found at high
concentrations in the extra-embryonic coelomic fluid, but
the distribution of follistatin and activins is not known. We
have used recently developed immunoassays for follistatin,
activin A and activin AB to determine their presence in
the intrauterine compartments during early pregnancy.
Follistatin was present in highest concentrations in the
extra-embryonic coelomic fluid (11.726 1.70 ng/ml; median
6 SEM), with less in maternal serum (6.356 4.58) and
lowest amounts in amniotic fluid (0.976 0.52). Follistatin
concentrations in extra-embryonic coelomic fluid were
highly correlated with both dimeric inhibin isoforms.
Activin A was present in only barely detectable amounts
in some samples of extra-embryonic coelomic fluid (41%
of samples) and maternal serum (26%) and was undetect-
able in all amniotic fluid samples. Activin AB was undetect-
able in all compartments. The presence of follistatin in the
amniotic and extra-embryonic coelomic fluids may regulate
the availability of bioactive activins and inhibins which are
released into the intrauterine compartments during the
development of the fetus and placenta in early pregnancy.
Key words: activin/decidua/fetal membranes/follistatin/
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Introduction

Activins and inhibins are a family of related hormones initially
identified in gonadal tissue and characterized by their ability
to modulate pituitary follicle stimulating hormone (FSH)
secretion. Activins are dimers of theβ-subunits, with three
forms currently identified: activin A (βA-βA), activin B (βB-
βB) and activin AB (βA-βB). The inhibins are heterodimers
consisting of anα- and a β-subunit and two have been
characterized, inhibin A (α-βA), and inhibin B(α-βB). However,
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other yet to be identified activins and inhibins are predicted
given the recent identification of novelβ-subunits (Hotten
et al., 1995; Fanget al., 1997). Follistatin is a specific binding
protein for activins and inhibins and is important for modulating
their bioactivity (Uenoet al., 1987). It binds to theβ-subunit
with a greater affinity for activins than for inhibins (Shimonaka
et al., 1991; Schneyeret al., 1994).

It is now clear that activins and inhibins are secreted by a
wide range of tissues (Meunieret al., 1988) and that they
share structural homology, through theβ-subunit, with the
transforming growth factor (TGF)-β superfamily (Massague,
1990), suggesting growth factor properties. Indeed, there is
evidence to suggest that follistatin and activins have diverse
and important functions in normal mammalian embryonic
development (Feijenet al., 1994; Matzuket al., 1995a,b,c;
Harkness and Baird, 1997a,b). We have recently shown that
inhibin secretion into the early pregnancy intrauterine compart-
ments is differentially regulated (Rileyet al., 1996). However,
there are no such data for follistatin and activin. The recent
development of sensitive and specific immunoassays for follis-
tatin and activin A and AB (Knightet al., 1996; Evanset al.,
1997a,b) has afforded us the opportunity to measure these
proteins in the compartments of pregnancy present at the end
of the first trimester. We believe that an understanding of these
secretory processes may help elucidate the putative roles of
follistatin and activins in placental and early fetal development.

Materials and methods

Collection of samples

Samples of amniotic and extra-embryonic coelomic fluid were
collected from 27 women between 8–11 weeks of gestation by
transvaginal ultrasound-guided needle aspiration, before termination
of pregnancy under general anaesthesia as described in detail
previously (Wathenet al., 1991). Samples of maternal serum were
collected prior to induction of anaesthesia. Women with vaginal
bleeding or uncertain menstrual dates were excluded from the
study. Ultrasound was used to confirm gestational age by crown–
rump length and fetal viability. All samples were stored at –20°C
prior to assay. These procedures were approved by the Ethical
Committee, St Bartholomew’s Hospital, London, UK and informed
written consent was obtained from all patients that participated.

We have previously reported inhibin A, inhibin B and pro-αC
inhibin levels in 20 of these women (Rileyet al., 1996).

Immunoassay for total follistatin

Follistatin was measured using a specific enzyme-linked immuno-
sorbent assay (ELISA) as reported previously (Evanset al., 1997b).
Immunoassay plates (Nunc, Maxisorp, Life Technologies, Paisley,
UK) were coated passively with a mouse monoclonal antibody (29/9
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Figure 1. Logit absorbance log dose transformed response plot of
the follistatin standard curve (open circles), extra-embryonic
coelomic fluid (two different samples; solid squares) and amniotic
fluid (solid circles) demonstrating parallelism.

raised against follistatin-288; Evanset al., 1997b) and were treated
with dry coating reagent (diluted 1:1; Bionostics, Wyboston, UK)
then stored dry with desiccant at 4°C until required. The standard
used was recombinant (rh-) follistatin-288 (from National Hormone
and Pituitary Program and the National Institute of Diabetes, Digestive
and Kidney Diseases, USA). Standards and samples were treated
similarly and were diluted in dissociating solution (84 mM sodium
deoxycholate; Sigma, St Louis, MO, USA; 3.4% Tween 20, 1% BSA,
5% mouse serum; Scottish Antibody Production Unit, Carluke,
Lanarkshire, UK) which inhibits interactions between activin and
follistatin (McFarlaneet al., 1996). Duplicate standards and samples
were added to the plate which was incubated for 18 h at 23°C. After
washing, the detection antibody (17/2; also raised against rh-follistatin-
288; Evanset al., 1997b) conjugated to alkaline phosphatase was
added and incubated for 2 h at 23°C. Plates were washed and the
alkaline phosphatase signal detected using an amplification kit (Life
Technologies, Gibco, Paisley, UK) according to the manufacturer’s
instructions. Absorbency was measured at 490 nm (Thermomax®;
Molecular Devices, Menlo Park, CA, USA) and the standard curve and
concentrations of unknown samples were calculated using dedicated
software (Softmax®; Molecular Devices). Cross-reactivities with
activin and dimeric inhibin isoforms have been previously reported
as,0.3%, with significant cross-reactivity with follistatin-315 (9.9%;
Evanset al., 1997b). The limit of detection was 19 pg/ml and intra-
and inter-coefficients of variation were 6 and 11%, respectively. Serial
dilution of extra-embryonic fluid and amniotic fluid gave a dose-
response parallel to that of the standard (Figure 1).

Immunoassay for activin A

The amount of total dimeric activin A was measured using a recently
described two-site ELISA (Knightet al., 1996), with some minor
modifications. Activin, partially purified from human follicular fluid,
was used as a standard preparation, calibrated against recombinant
human activin A (Genentech Inc., San Francisco, CA, USA). Briefly,
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samples and standards were diluted as appropriate in phosphate
buffered saline containing 5% bovine serum albumin (BSA) (Sigma).
To prepare samples and to expose antigenic sites, a 125µl aliquot of
sample and standard and an equal volume of 10% sodium decyl
sulphate (SDS) were placed in a bath of boiling water for 3 min,
then allowed to cool. Hydrogen peroxide was added (initial 30%
solution diluted to 2% final vol; Sigma) and tubes were incubated
for 20 min at 23°C. As in the follistatin assay, plates (Nunc, Maxisorp)
were passively coated with the capture antibody (E4) (Knightet al.,
1996) to theβA subunit and stored dry until required. Plates were
then washed, duplicate standards and sample added and incubated
for 3 h at 23°C. The detection antibody, the same as the capture
antibody (E4) but coupled to biotin, was added and the plate was
incubated overnight at 23°C. Plates were washed and specific binding
was determined as in the follistatin assay using a streptavidin alkaline
phosphatase conjugate (Dako Corp., High Wycombe, Bucks, UK)
and an ELISA amplification kit (Life Technologies). Cross-reactivities
were low but detectable for inhibin A (,0.5%), lower for activin B,
inhibin B (,0.4%) and pro-αC inhibin isoforms (0.1%), with no
interference from follistatin orα2 macroglobulin (Knight et al.,
1996). Detection limits were 0.08 ng/ml and intra- and inter-assay
coefficients of variation were 8 and 15%, respectively.

Immunoassay for activin AB

This ELISA assay utilized the same partially purified follicular fluid
preparation in the activin A assay but calibrated against recombinant
activin AB. The capture antibody (E4; to theβA subunit), treatment
of samples and standards and incubation periods were the same as
for the activin A assay (Evanset al., 1997a). To confer specificity
for activin AB, a specific biotinylated antibody to theβB subunit
(12/13) (Evanset al., 1997a) was used as the detection antibody,
which was detected using the same streptavidin-alkaline phosphatase
complex and amplification kit as described for the activin A assay.
Cross-reactivities against dimeric inhibin A and B, activin A and B
were ,0.2%, with no interference with follistatin (Evanset al.,
1997a). The detection limit was 0.19 ng/ml.

Statistical analyses

Data are expressed as median6 SEM and statistical differences were
recognized as significant whenP , 0.05.

Results

Follistatin

Follistatin was present in all samples of extra-embryonic
coelomic fluid, amniotic fluid and maternal serum (Figure 2
and Table I). The median (6SEM) follistatin concentrations
in extra-embryonic coelomic fluid, amniotic fluid and maternal
serum were 11.72 (61.70) pg/ml, 0.97 (60.52) pg/ml, and
6.35 (64.58) pg/ml, respectively. These concentrations were
significantly different between all three compartments (P ,
0.001, amniotic fluid versus extra-embryonic coelomic fluid;
P 5 0.001, amniotic fluid versus maternal serum;P 5 0.03,
maternal serum versus extra-embryonic coelomic fluid; all
Wilcoxon signed rank tests). There were no significant correla-
tions between the levels of follistatin in the three compartments.
However, in extra-embryonic coelomic fluid follistatin was
significantly associated with both inhibin A (r 5 0.63, P 5
0.016, n 5 20) and inhibin B (r 5 0.87, P , 0.0001) as
measured in these samples and reported previously (Riley
et al., 1996). Follistatin in maternal serum was also associated
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Figure 2. The concentrations of follistatin (ng/ml) in matched
samples (n 5 27) of extra-embryonic coelomic fluid, amniotic fluid
and maternal serum, collected from women during the first
trimester (between 8–11 weeks) of pregnancy.

Table I. Concentrations (ng/ml; median6 SEM) of follistatin, activin A,
activin AB in matched samples (n 5 27) of extra-embryonic coelomic fluid,
amniotic fluid and maternal serum, collected from women between 8–11
weeks of pregnancy

Follistatin (ng/ml) Activin A (ng/ml) Activin AB

Extra-embryonic 11.726 1.70 0.096 0.16 n.d.
coelomic fluid

Amniotic fluid 0.976 0.52 n.d. n.d.
Maternal serum 6.356 4.58 0.166 0.27 n.d.

n.d. 5 not detected.

with extra-embryonic coelomic fluid inhibin B (r 5 0.56,
P 5 0.02).

Activin A

The concentrations of activin A in the pregnancy compartments
between 8–11 weeks of pregnancy were very low (Figure 3
and Table I). Activin A was present in 11 (41%) of the extra-
embryonic coelomic fluid samples, in seven (26%) of the
maternal serum samples and was undetectable in all of the
amniotic fluid samples. In the samples with detectable levels
the median (6SEM) activin A in maternal serum and extra-
embryonic coelomic fluid was 0.16 (60.27) ng/ml and 0.09
(60.16) ng/ml, respectively (Figure 3). The levels in maternal
serum were significantly higher than those in extra-embryonic
coelomic fluid (P 5 0.035, Wilcoxon signed rank test). There
was no significant association between concentrations of activin
A in extra-embryonic coelomic fluid and maternal serum.

Activin AB

Activin AB was undetectable in all samples collected from all
compartments (Table I).

Discussion

These studies have shown that follistatin is secreted into both
the extra-embryonic coelomic fluid and amniotic fluid during
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Figure 3. The concentrations of activin A (ng/ml) in matched
samples (n 5 27) of extra-embryonic coelomic fluid, amniotic fluid
and maternal serum, collected from women during the first
trimester (between 8–11 weeks) of pregnancy. A number of
positive samples of extra-embryonic coelomic fluid and of maternal
serum are clustered close to the baseline as they were just on the
detection limit of the assay.

early pregnancy. The placenta and chorion are likely sources
of follistatin in the extra-embryonic coelomic fluid as follistatin
mRNA is expressed in first trimester placenta and follistatin
protein is immunolocalized in term chorion laeve (de Kretser
et al., 1994a; Petragliaet al., 1994). It was observed that
levels of follistatin in extra-embryonic coelomic fluid were
significantly correlated with those of the dimeric inhibins, but
not with activin A. In this compartment follistatin may be
regulating both inhibin as well as activin for which it has a
greater binding affinity (Schneyeret al., 1994). Follistatin in
amniotic fluid could arise from either the fetus or the amnion.
The fetus expresses follistatin mRNA in a variety of tissues
(Tuuri et al., 1994) and, at term, follistatin is immunolocalized
in the amnion (Petragliaet al., 1994). It is possible that one
or both of these sites is the source of amniotic fluid follistatin.
However, during early pregnancy the amnion is not permeable
even to small molecules (Gulbiset al., 1992; Jauniauxet al.,
1993) including dimeric inhibins (Rileyet al., 1996) and it is
therefore unlikely that the follistatin in amniotic fluid originates
from the extra-embryonic coelomic fluid. In addition to the
placenta, it is possible that the follistatin in maternal serum
may be derived from the non-placental chorion laeve (Chard
et al.,1995) or extrauterine tissues including the liver, ovary and
pituitary gland (Yokoyamaet al.,1995; Wakatsukiet al.,1996).

Activin A was present in the highest concentrations in
maternal serum, with only low levels detectable in the extra-
embryonic coelomic fluid and none in amniotic fluid. These
low or undetectable levels are not due to binding to follistatin
or α2 macroglobulin, which do not interfere with this activin
A assay (Knightet al.,1996). Maternal serum levels of activin
A increase during early pregnancy with levels significantly
higher than during the normal menstrual cycle (Haradaet al.,
1996; Muttukrishnaet al.,1996). Previous studies have shown
that activins are present in amniotic fluid from sheep (de
Kretseret al., 1994b; Wongprasaruket al., 1994) and women
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at term (Petragliaet al., 1993). These increased activin A
levels are of feto-placental origin rather than arising from the
ovary (Birdsall et al., 1997; Muttukrishnaet al., 1997) and
the rapid decline following delivery is consistent with this
(Haradaet al., 1996). The absence of activin A in amniotic
fluid prior to amnion–chorion fusion suggests that neither the
amnion nor the fetus is a major source of activin A secretion
into the amniotic fluid during this early period of gestation.
At this stage, the early human fetus expresses mRNA and
protein for theα andβ subunits (Tuuriet al., 1994; Harkness
and Baird, 1997a,b) in several organs. The importance of these
hormones for organogenesis and early fetal development is
demonstrated in studies in the mouse where follistatin,β
subunits and activin receptors have been knocked out resulting
in profound and lethal mutations in several organ systems
(Matzuk et al., 1995a,b,c).

The presence of activin A in extra-embryonic coelomic fluid
is indicative of either a chorionic or decidual origin. Decidua
expresses mRNA for all three inhibin subunits, butβA-subunit
mRNA is only detectable in this tissue at term and only at
very low levels. Consistent with this, immunohistochemical
studies have shown only very sparse staining for the
βA-subunit protein in decidua(Petragliaet al., 1990), so it is
unlikely that the activin A in extra-embryonic coelomic fluid
is derived from the decidua. Trophoblast of the chorion laeve
expresses high levels ofβA-subunit mRNA and is the most
likely origin for activin A in extra-embryonic coelomic fluid.
Inhibin A is also likely secreted from this site (Rileyet al.,
1996). Indeed, the absence of activin A in amniotic fluid and
presence in extra-embryonic coelomic fluid is similar to the
distribution of inhibin A and B (Rileyet al., 1996) and also
to human chorionic gonadotrophin which is a trophoblast
product (Wathenet al.,1991; Ileset al.,1992). These hormones
are only present in amniotic fluid subsequent to the obliteration
of the extra-embryonic coelomic cavity on fusion of the amnion
with the chorion at approximately 11–12 weeks of gestation.
Activin AB was undetectable in both intrauterine compartments
and maternal serum. This is not surprising as follicular fluid
is the only biological fluid in which this isoform has so far
been detected (Yokoyamaet al., 1995; Evanset al., 1997a).
In early pregnancy, both activin B and inhibin B are undetect-
able in maternal serum (Rileyet al., 1996; Woodruffet al.,
1997) but are present in amniotic fluid slightly later in gestation
and in cord serum at term (Petragliaet al., 1993; Wallace
et al., 1997). This may reflect the later expression of theβB-
subunit mRNA and protein. The activin assays used, although
highly specific, are not especially sensitive and it is possible
that low levels may be present. Although the appropriate
mRNA to all subunits can be expressed by decidua and chorion
cells, there is clearly a highly specific temporal and spatial
regulation of the differentα- andβ-subunits for the selective
formation of the appropriate isoforms and the directional
control of secretion into the uterine compartments and maternal
circulation.

Follistatin exists as several isoforms (Suginoet al., 1993;
de Kretseret al.,1994a, Yokoyamaet al.,1995) but this assay
for follistatin does not recognize all isoforms with equal
affinity. It predominantly recognizes follistatin-288 but it also
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has a significant cross-reactivity with the follistatin-315 isoform
(Evanset al., 1997b). Studies using other assays have shown
the presence in maternal serum of follistatin-315 (Wakatsuki
et al., 1996) and immunoreactive follistatin (Gilfillan and
Robertsonet al.,1994) in concentrations similar to those found
in the present studies. However, the cross-reactivities with
various isoforms remain unclear. Therefore, the amount of
follistatin measured may not be the total present because of
the presence of other truncated and glycosylated isoforms
(Suginoet al.,1993). Nevertheless, the assay remains a useful
tool and the current studies further define the follistatin
isoforms which predominate during pregnancy.

These studies have demonstrated the differential secretion
of follistatin and activins into the intrauterine compartments
during early pregnancy. Follistatin and activins are important
in early mammalian development although their role in human
development remains to be fully defined. The control of the
bioavailability of activins and inhibins by follistatin may be
important for normal fetal and placental development.
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