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Summary

OBJECTIVE Expression of mRNAs encoding activin
and its antagonists inhibin and follistatin has been
described in human pituitary adenomas, including
clinically nonfunctioning adenomas (NFAs) and gona-
dotroph adenomas (Gn-omas). Since many of the
NFAs and Gn-omas secrete FSH in vitro, we hypothe-
sized that locally produced activin may stimulate
secretion of FSH in these pituitary adenomas.
PATIENTS and METHODS Pituitary adenoma tissue
was obtained from 38 patients diagnosed preopera-
tively as having NFAs (n = 17), Gn-omas (n = 5),
prolactinomas (n=6) or growth hormone (GH)-
producing adenomas (n = 10). Actual protein levels
of activin, inhibin, follistatin, FSH and LH were
measured in media of these 38 cultured pituitary
adenomas. In addition, we investigated correlations
between concentrations of these growth factors and
hormones in NFAs and Gn-omas.

RESULTS Gn-omas were found to secrete signifi-
cantly more activin A in their culture medium than
PRL- and GH-producing adenomas (P < 0-05). Inhibin
A and inhibin B protein levels in culture media were
very low. A positive correlation between levels of
activin A and FSH (r = 0-56, P < 0-005) was found,
while no correlation between activin A and LH could
be detected. Furthermore, levels of follistatin were
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positively correlated with activin A levels (r = 0-73,
P < 0-0005). Comparison of the activin A:follistatin
ratio with the measured FSH protein levels showed an
even stronger relationship (r = 0-79, P < 0-0005).

CONCLUSIONS It is concluded that levels of activin
A, follistatin and FSH in media of cultured nonfunc-
tioning adenomas and gonadotroph adenomas are
positively correlated. This suggests that these ade-
nomas secrete FSH in response to the relatively high
locally produced levels of activin A.

Little is known about the aetiology of human gonadotroph
pituitary adenomas, except that they are clonal (Snyder, 1985;
Alexander et al., 1990). The mutations causing this clonal
origin are not known yet, but theoretically, mutations leading
to increased activin signalling could be involved. The activins
are a group of dimeric peptides (combinations of disulphide-
linked inhibin BA and/or BB-subunits) produced in a wide
variety of tissues including the pituitary gland, which have a
diverse range of actions (DePaolo et al., 1991; Ying, 1988). At
the pituitary level, activins stimulate FSHB messenger RNA
expression and FSH secretion. This action of activin can be
blocked by the inhibins (dimeric peptides consisting of the
inhibin a-subunit, disulphide-linked to either of the 3- subunits,
which are also found in the activins) which antagonize activin
by binding to the activin type IIB receptor (Xu et al., 1995;
Lebrun & Vale, 1997; Martens et al., 1997), after interaction
with B-glycan (Lewis et al. 2000). The activin binding protein
follistatin is also known to block the action of activin by
preventing activin binding to its receptors (Nakamura et al.,
1990; Inouye et al., 1991). Alexander et al. (1995) reported
the expression of BA and BB-subunit mRNA in the normal
human pituitary. These authors also found expression of
inhibin a-subunits in the human pituitary gland. This suggests
that both activins and inhibins can be produced by this tissue.
Since not only the different subunits, but also follistatin and the
activin type I and type II receptors are expressed in the
pituitary gland (Kogawa et al., 1991; Alexander et al., 1996),
these findings indicate possible autocrine and paracrine roles
for activin, follistatin and inhibin in the regulation of FSH
secretion.

485



486 H. T. Wessels et al.

Expression of activin/inhibin subunits, follistatin and activin
receptor mRNAs has also been described in human pituitary
adenomas, including the clinically nonfunctioning adenomas
(NFAs) and gonadotroph adenomas (Gn-omas) (Haddad er al.,
1994; Alexander et al., 1995; Alexander et al., 1996; Demura
et al., 1996; Penabad et al., 1996; Suzuki et al., 1996). Since
many of these adenomas secrete FSH in vitro, we hypothesized
that locally produced activin may stimulate FSH secretion in
NFAs and Gn-omas. To test this hypothesis, we measured
actual protein levels of activin, inhibin, follistatin, FSH and LH
in media of cultured NFAs and Gn-omas and investigated
relationships between concentrations of these growth factors
and hormones.

Subjects and methods
Selection of pituitary adenomas

Pituitary adenoma tissue was obtained at the time the tissue
was excised by transsphenoidal surgery from 38 patients
diagnosed preoperatively as having NFAs (n = 17), prolacti-
nomas (n = 6), Gn-omas (n = 5) or growth hormone (GH)-
producing adenomas (n = 10). Patients consented in the
studies on the tumour materials. If possible, part of the tissue
was frozen in liquid nitrogen and stored at — 80 °C for
extraction of ribonucleic acid (RNA). Gn-omas were defined
as pituitary adenomas accompanied by supranormal circulating
serum levels of one or both gonadotrophins. NFAs are pituitary
tumours which do not cause clinical symptoms of over-
production of pituitary hormones. The NFAs used in this study
were ‘silent’ Gn-omas because of their inability to cause
increased peripheral levels of gonadotrophins in vivo despite
their ability to synthesize and secrete gonadotrophins in vitro
(as reported by Snyder, 1985 and Asa et al., 1986), combined
with immunohistochemical evaluation of the adenoma tissues.
Table 1 shows the preoperative FSH and LH levels of the
patients included in this study together with the coexisting
pituitary insufficiencies.

Tissue dispersion and culture of cells

Adenoma tissue was minced into small pieces and dispersed
with dispase (1000 U/l), erythrocytes were removed by centri-
fugation on a Ficoll gradient and tumour cells were plated into
48-well plastic culture dishes (Costar, Cambridge, USA) in
MEM/Dval (Life Technologies, Paisley, Scotland) containing
10% (v/v) foetal calf serum and penicillin/streptomycin as
described previously (Oosterom et al., 1984). The dishes were
maintained at 37 °C under humidified air containing 5%
carbon dioxide for at least 72 h to allow cell attachment. After
renewal of the media and a further 72 h incubation period the

media were collected and stored at —20°C until assayed for
activin A, inhibin A, inhibin B, follistatin, FSH and LH.

Assays

Total dimeric inhibin A and B, activin A and follistatin were
measured in the conditioned media using commercially avail-
able two-site enzyme-linked immunoassays (Serotec Ltd,
Oxford, UK; School of Biological & Molecular Sciences,
Oxford Brookes University, Oxford, UK). Cross-reactivity
between inhibin A and inhibin B is <0-5% (Lambert-
Messerlian et al., 1994). Cross-reactivities of inhibin A,
inhibin B and follistatin in the activin A assay are 0-5%,
0-4% and <0-1%, respectively (Knight et al., 1996). Within
and between assay coefficients of variation (CVs) were below
8 and 14% for these assays. Detection limits for the activin A-,
inhibin A-, and inhibin B-assays were 10 ng/l, for the
follistatin-assay 19 ng/l.

FSH and LH were measured using Amerlite kits, supplied by
Orange-Clinical Diagnostics, Amersham, UK, or using the
Immulite System (Diagnostic Products Corporation, Los
Angeles, CA, USA). Within and between assays, CVs were
below 3 and 8% for FSH and 5 and 15% for LH, respectively.

All hormone levels were corrected for cell number and
expressed per 100 000 cells.

Extraction of RNA

Frozen tumour tissue was pulverized using an ultra-turrax
(IKA Werk, Staufen, Germany) and total RNA was isolated
using TRIzol reagent (Life Technologies, Breda, the Nether-
lands) according to the manufacturer’s instructions. After
isolation, the RNA was dissolved in RNase free water.
Concentration and integrity of total RNA were determined
by measuring optical densities at 260 and 280 nm.

Reverse transcription (RT) and polymerase chain
reaction (PCR)

Complementary DNA was synthesized from 2.5 ng of total
RNA from seven NFAs by a random hexamer-primed reverse
transcriptase reaction (Van Schaik ez al., 1997). Parallel samples
without added reverse transcriptase were also subjected to this
treatment in order to exclude amplification of genomic DNA.
The reversely transcribed product of each pituitary extract was
amplified for inhibin a-, BA- and B-subunits, activin type I
receptors, activin type II receptors, follistatin, pit-1 and
B-actin. Human placenta DNA was included as a positive
control, water was used as a negative control. Table 2 shows
the synthetic oligonucleotides used (Pharmacia Biotech,
Woerden, the Netherlands). 1-5 wl RT-product was incubated
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Table 1 Preoperative serum FSH and LH levels of patients included in the study

Age at operation Serum Serum (Co-existing)
Type of adenoma Sex (years) FSH (IU/1) LH IuU/1) pituitary insufficiencies
NFA #1 Female 72 1-4 0 (G)/A/T/GH
NFA #2 Male 67 72 19 G/A/T/IGH
NFA #3 Male 65 0-5 0 G/A/T/IGH
NFA #4 Male 65 2:0 0-6 G/A/T/IGH
NFA #5 Female 64 6-9 1-1 (G)/A/T/GH
NFA #6 Male 66 79 34 -
NFA #7 Female 49 0-5 1-3 G/A/T/IGH
NFA #8 Male 56 33 17 G/A/T/IGH
NFA #9 Female 76 1-3 0 (G)/A/T/GH
NFA #10 Male 70 1-5 0-4 G/A/T/IGH
NFA #11 Male 64 11 1-3 G/A/T/IGH
NFA #12 Male 57 n.d. n.d. G/A/T/IGH
NFA #13 Male 59 n.d. n.d. G/A/T/GH
NFA #14 Male 46 8-8 0-4 G/A/T/IGH
NFA #15 Female 60 26-9 10-8 G)
NFA #16 Male 60 23 0-9 G/A/GH
NFA #17 Female 37 n.d. n.d. G/A/T/IGH
Gn-oma #1 Male 60 30-3 0-6 G/T/GH
Gn-oma #2 Female 32 28-4 10-5 G
Gn-oma #3 Male 49 19-0 2:6 n.d.
Gn-oma #4 Female 74 34.3 14 (G)
Gn-oma #5 Male 59 20-1 0-9 G/A/T/IGH
PRL-producing adenoma #1 Female 58 26 0 G
PRL-producing adenoma #2 Male 41 05 0 G/A/T/IGH
PRL-producing adenoma #3 Female 27 0-7 02 G
PRL-producing adenoma #4 Female 21 4.2 16-6 G
PRL-producing adenoma #5 Male 22 1-1 0 G/A/T/GH
PRL-producing adenoma #6 Female 45 0-8 0-1 G
GH-producing adenoma #1 Male 26 3.4 0-8 -
GH-producing adenoma #2 Male 32 39 1-1 -
GH-producing adenoma #3 Female 53 n.d. n.d. (G)
GH-producing adenoma #4 Female 52 572 252 (G)
GH-producing adenoma #5 Male 57 53 3.4 -
GH-producing adenoma #6 Male 46 n.d. n.d. -
GH-producing adenoma #7 Male 34 1.0 0 G/A/T
GH-producing adenoma #8 Male 40 31 2-8 -
GH-producing adenoma #9 Male 49 1.7 0-5 -
GH-producing adenoma #10 Male 57 3.2 1.7 -

n.d. not done; G, gonadal insufficiencies; (G), postmenopausal gonadal insufficiencies; A, adrenal insufficiencies; T, thyroid insufficiencies; GH,

IGF-I levels significantly decreased.

Normal FSH levels: men 2—7 IU/I; women 1-7 IU/I (postmenopausal women 35—150 IU/I). Normal LH levels: men 1-5-8 IU/I; women 1-8 IU/1

(postmenopausal women 15-90 IU/).

with 25 pmol of each pair of specific 5’ and 3’oligonucleotide
primers in the presence of 0-5 mM of each of the four deoxy-
NTPs (Boehringer Mannheim GmbH, Mannheim, Germany),
0-25 U Super Taq DNA polymerase (HT Biotechnology Ltd,
Camebridge, UK), 10 mM Tris-HCI, pH 9-0, 1-5 mM MgCl,,
500 mM KCI, 0-1% Triton X-100 and 0-01% (w/v) gelatin.
PCR-reactions were performed in a Perkin-Elmer/Cetus
thermal cycler (Norwalk, CT, USA). The amplification profile
was divided in denaturation at 95 °C for 1 minute, annealing at
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55 °C for 2 minutes and extension at 72 °C for 2 minutes. The
40 cycles were preceded by a denaturation at 95 °C for
5 minutes and immediately followed by a final extension at
72 °C for 10 minutes The PCR products were electrophoresed
on a 1-5% agarose gel, stained with ethidium bromide and
visualized under ultraviolet light. PCR products were trans-
ferred to nylon membrane filters, and Southern hybridization
was performed with **P-labelled full length cDNA probes at
42 °C for minimal 2 h. After washing with SSC/SDS buffers at
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Table 2 Oligonucleotide primers used for RT-PCR amplification

cDNA Forward primer (53")

Reverse primer (5'3")

Reference

Inhibin « subunit
Inhibin BA subunit
Inhibin BB subunit
ALK2 (ActRIA)
ALK4 (ActRIB)

cgaattctagcagggcecaggtgagct
cgagacagggaagacatgccagg
cgaattcatcagcttcgccgagac
gagtatggcactatcgaagggct
atcgacttgagggtgcce

ActRITA cagggaactggatatctagagagaacttc
ActRIIB cgaattccgetgetgeccattggagge
Follistatin cgaattctttttccaccecccac

Pit-1 agtgctgecgagtgtctacca
B— actin aagaattcctatgtgggcgacgag

tgtaagcttgtggetgggaaaaggat
ggatgetgetggagacaggg
tgtaaagcttgcactgtcaggcgeagecge
gaagatcttcacggcaacatttt
gaatattttcacagccacatcac
tggtectgggtctcgagtaggaacaagtac
tgtaagcttgtggecctcaccacgacace
tgtaagcttctctectactcecaaaccee
tttcttttcctttcatttget

tagaagcttttgcggtggacgatggag

(Mason, 1994)

(Mason et al., 1986)

Patent US seql4: 101852

(Ten Dijke et al., 1994)

(Ten Dijke et al., 1994)

(Donaldson et al., 1992)

(Attisano et al., 1992; Hilden et al., 1994)
(Shimasaki et al., 1989)

(Tatsumi et al., 1992)

(Ponte et al., 1984)

42 °C, autoradiography was performed at — 80 °C with Fuji
Medical X-ray films (Fuji Photofilm co Ltd, Tokyo, Japan).

Statistical analysis

Statistical analysis for comparison of data from more than two
groups, was performed using one-way analysis of variance
(ANOVA) on logarithmically transformed data; concentrations
below the limit of detection were assumed to be equal to this
limit in order to make the transformation possible. This was
followed by Tukey’s test. P-values smaller than 0-05 were
considered to indicate statistical significance. Correlation
coefficients were determined using linear regression analysis,
again after logarithmic transformation of the data.

Results

Expression of inhibin subunit and activin receptor mRNAs
in pituitary adenoma tissue

Using RT/PCR in combination with southern hybridization, we
screened seven NFAs for the expression of the inhibin subunits
and activin type I and type II receptors. The tumours expressed
specific mRNAs for the inhibin a-subunit (seven of the seven),

the inhibin BA-subunit (seven of the seven), and the inhibin
BB-subunit (one of the seven) (Table 3). All adenomas
expressed ALK?2 (activin type IA receptor, ActRIA) mRNA.
ALK4 (activin type IB receptor, ActRIB) mRNA was detected
in three, whereas ActRIIA-and ActRIIB-mRNA was detected
in four and two of the NFAs, respectively. All tissues were
positive for B-actin and negative for pit-1. Since pit-1 is
normally found in somatotroph, lactotroph and thyrotroph cells,
but not in gonadotroph cells (Asa et al., 1993; Friend et al.,
1993), the absence of pit-1 in NFAs indicates the absence of
normal pituitary tissue contaminating the adenomas.

Levels of activin A, inhibin A and inhibin B in medium of
cultured pituitary adenomas

Activin A protein levels were measured in media of six cul-
tured PRL-producing adenomas, 10 GH-producing adenomas,
five Gn-omas and 17 NFAs (Fig. 1). Activin A concentrations
in culture medium from Gn-omas were significantly higher
than in culture medium collected from PRL-and GH-producing
adenomas (P < 0-05). No significant difference was observed
between the amount of activin A secreted by Gn-omas and
NFAs. Inhibin A levels were undetectable in all of the tested

Table 3 RT-PCR results of inhibin subunit-, follistatin- and activin receptor-mRNAs and activin A levels in media of cultured cells of seven NFAs.

n.d. not done

Pat.nr B-actin pit-1 o BA BB Alk2 Alk4 ActRITA ActRIIB folli-statin Act.A (png/l)
#10 + - + + - + - - - + 0-04
#11 + - + + - + - - - - 0-04
#13 + - + + - + - + + + 5-18
#14 + - + + - + + + - - 053
#16 + - + + + + + + - + 0-54
#18 + - + + - + + + + + n.d.
#19 + - + + - + - - - - n.d.

© 2001 Blackwell Science Ltd, Clinical Endocrinology, 54, 485—-492
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Fig. 1 Activin A protein levels in media of cultured pituitary
adenomas. PRL, prolactin producing adenomas (n = 6); GH, Growth
hormone-producing adenomas (n = 10); Gn, Gn-omas (n = 5); NFA,
clinically nonfunctioning adenomas (n = 17). Values are expressed
per 10° cells.

adenomas, except for one, while inhibin B levels were all very
low or undetectable (data not shown).

Activin A, follistatin and gonadotrophins in media of
gonadotroph adenomas in vitro

Activin A and FSH levels in the media of five cultured Gn-
omas and 17 cultured NFAs were positively correlated
(r=0-56, P < 0-005, Fig.?2). No significant correlations
were observed between activin A-and LH-protein levels
(r =0-31) and between FSH and LH protein levels in the
media of the cultured adenomas (r = 0-35; data not shown).
Furthermore, FSH levels in preoperative serum samples and
culture media of the tested adenomas were positively
correlated (r = 0-58, P < 0:-005, Fig. 3).

All of the 16 tested adenomas secreted follistatin into the
culture medium. A positive correlation was observed between
activin A and follistatin in the media of the gonadotroph and
non-functioning adenomas in vitro (r = 0-73, P < 0-0005,
Fig. 4). Finally, since levels of free activin (i.e. the activin
which is not bound to follistatin), rather than the total
concentration of activin, are important for the regulation
of FSH secretion, we calculated activin:follistatin ratios in
the media of the different adenomas. Comparison of the
activin:follistatin ratio with the measured FSH levels revealed
a positive correlation (r = 0-79, P < 0-0005, Fig. 5).

© 2001 Blackwell Science Ltd, Clinical Endocrinology, 54, 485—-492
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Fig. 2 Correlation between activin A- and FSH-protein levels in media
of cultured Gn-omas (O, n = 5) and cultured NFAs (@, n = 17).
r = 0-56, P < 0-005. Values are expressed per 10° cells.

Discussion

The results of the RT-PCR studies on the presence of the a- and
BA-subunit mRNA expression confirm and extend the results
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Fig. 3 Correlation between FSH levels in media of cultured Gn-omas

(O, n = 4) and cultured NFAs (@, n = 14) and in preoperative sera of
patients. r = 0-58, P < 0-01. Values are expressed per 107 cells.
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Fig. 4 Activin A vs. follistatin protein levels in media of cultured
Gn-omas (O, n = 4) and cultured NFAs (@, n = 12). r = 0-73,
P < 0-005. Values are expressed per 10° cells.

of earlier studies in which expression of inhibin subunit
mRNAs in human pituitary adenomas has been described
(Haddad et al., 1994; Alexander et al., 1995; Suzuki et al.,
1996). This indicates, that these adenomas in principle are able

1000

T T TTTTIT

100

T T TTTTIg

10

FSH (1U/1)

T T TTTTI

T T TTTTg

L1 nnl Ll

L gLl Ll
0.01 0.1 1 10 100

Activin A/Follistatin x 1000

01 11 1111

Fig. 5 Activin A:Follistatin-ratio vs. FSH protein levels in media of
cultured Gn-omas (O, n = 4) and cultured NFAs (@, n = 12).
r =079, P < 0-0005. Values are expressed per 10> cells.

to produce inhibin A and activin A. Only one out of seven
tested NFAs expressed BB mRNA, suggesting that, in general,
inhibin B and/or activin B do not play a major role in the
autocrine regulation of FSH-secretion by NFAs. ALK2 mRNA
encoding one of the possible activin type I receptors in the
pituitary, was present in all of the tested NFAs. This contrasts
with findings from Alexander et al. (1996) who could not
detect ALK2 mRNA in nine tested NFAs. ALK4 mRNA was
detected in three out seven NFAs indicating that this type I
receptor can only play a limited role in the pathogenesis
of NFAs. The fact that mRNAs encoding activin type II
receptors (ActRIIA and ActRIIB) were detected only in NFAs
which secrete relatively large amounts of activin A, may
suggest a positive relationship between the amount of activin
A produced by NFAs and the expression of the activin type 11
receptors by these adenomas.

To our knowledge this is the first study in which actual
protein levels of activin A in media of cultured pituitary
adenomas have been measured. We have shown that Gn-omas
release significantly more activin A into the culture medium
than prolactinomas and GH-producing adenomas. In NFAs and
Gn-omas in vitro, a positive correlation was found between
activin A and FSH secretion, suggesting an autocrine action
of activin A in these tumours. These results are in accord-
ance with recently published data (D’Abronzo et al., 1999),
describing no activating mutations in activin type I receptors in
FSH secreting tumours. The positive correlation between FSH
levels in media of the cultured adenomas and FSH levels in
sera of the patients, indicates that our culture system reflects
the in vivo situation as far as FSH secretion is involved. As
expected, no correlations between activin A and LH were
found. Inhibin A and inhibin B protein levels were low,
indicating that there is too little local inhibin production to
affect FSH secretion despite readily detectable expression of
o-subunit mRNA. A recent report (Borgato et al., 1998) also
described the lack of correlation between inhibin A and FSH
production in Gn-omas. Although we suggest a possible
autocrine role for activin A in the pathogenesis of Gn-omas
and NFAs, recently published data indicate an antiproliferative
effect of activin in five out of 16 tested NFAs (Danila et al.
2000).

The presence of mRNA encoding the activin-binding protein
follistatin has been described in normal human pituitary and
human pituitary adenomas (Alexander et al., 1996; Penabad
et al., 1996). Our study shows a positive correlation between
activin A-and follistatin-protein levels in media of cultured
NFAs and Gn-omas, suggesting that activin A can stimulate
follistatin production by these adenomas. Similar effects of
exogenously added activin on follistatin mRNA expression
have been described in cultured rat anterior pituitary cells
(Bilezikjian et al., 1996). However, follistatin levels in NFAs

© 2001 Blackwell Science Ltd, Clinical Endocrinology, 54, 485—-492



and Gn-omas were apparently not high enough to suppress the
effect of activin A on FSH secretion completely, although the
relationship between FSH secretion and the activin/follistatin
ratio was stronger than that between FSH and activin. These
findings contrast with the findings of Penabad (Penabad et al.,
1996) who used semiquantitative RT-PCR to show that
expression of follistatin mRNA in pit-1-negative gonadotroph
adenomas is lower than in nonadenomatous gonadotroph cells
and concluded that decreased follistatin expression in gonado-
troph adenomas leads to an enhanced effect of activin which
would account for increased cell division and FSH secretion.
This indicates again that mRNA levels do not necessarily
correlate with protein production.

In summary, our data show that there are positive corre-
lations between the concentrations of activin A, follistatin and
FSH secreted by nonfunctioning adenomas and gonadotroph
adenomas in vitro. These results suggest that the production of
activin A might be the reason for the relatively high levels of
FSH and follistatin in the media of these cultured adenomas.
However, the amount of follistatin apparently is not sufficient
to antagonize the stimulatory effect of activin A on FSH
secretion.
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