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Abstract

There is increasing evidence that hormones play an
important role in the control of endothelial cell function
and growth by regulating the production of vascular
endothelial growth factor (VEGF). VEGF regulates vascu-
lar permeability and represents the most powerful growth
factor for endothelial cells. In the normal anterior pituitary,
VEGF has been detected only in folliculostellate (FS) cells.
In the present study, the regulation of the release of VEGF
from FS-like mouse TtT/GF cells, and from FS cells of rat
pituitary monolayer cell cultures was investigated using a
specific VEGF ELISA. Basal release of VEGF was dem-
onstrated in cultures of both TtT/GF cells and rat pituitary
cells. Interestingly, the VEGF secretion was stimulated by
both forms of pituitary adenylate cyclase-activating
polypeptide (PACAP-38 and PACAP-27), indicating that
this hypothalamic peptide regulates endothelial cell func-

tion and growth within the pituitary. VEGF secretion was
also stimulated by interleukin-6 (IL-6) whereas basal,
IL-6- and PACAP-stimulated secretion was inhibited by
the synthetic glucocorticoid dexamethasone. The inhi-
bitory action of dexamethasone was reversed by the
glucocorticoid receptor antagonist RU486, suggesting that
in FS cells functional glucocorticoid receptors mediate the
inhibitory action of glucocorticoids on the VEGF secre-
tion. The endocrine and auto-/paracrine control of VEGF
production in pituitary FS cells by PACAP, IL-6 and
glucocorticoids may play an important role both in angio-
genesis and vascular permeability regulation within
the pituitary under physiological and pathophysiological
conditions.
Journal of Endocrinology (1999) 160, 483–490

Introduction

Vascular endothelial growth factor (VEGF) is one of the
most important factors for the development, growth
and function of the endothelium (Dvorak et al. 1995,
Klagsbrun & D’Amore 1996, Ferrara & Davis-Smyth
1997). VEGF is part of a family of structurally homologous
peptides, including placenta-derived growth factor,
VEGF-B, VEGF-C and VEGF-related protein (Ferrara &
Davis-Smyth 1997). Different isoforms of VEGF, which
can be distinguished according to the number of amino
acid residues, are produced by alternative splicing. Human
(h) VEGF121, hVEGF145 and hVEGF165 (corresponding
to mouse (m) VEGF120 and mVEGF164) are secreted
isoforms of VEGF, whereas hVEGF189, (corresponding to
mVEGF188) and hVEGF206 are membrane-associated iso-
forms (Ferrara & Davis-Smyth 1997). Among the VEGF
isoforms, all of which are biologically active, hVEGF165
(mVEGF164) is predominantly produced (Wilting &
Christ 1996, Ferrara & Davis-Smyth 1997). VEGF stimu-

lates endothelial cell proliferation by paracrine and juxta-
crine mechanisms acting via two types of tyrosine kinase
receptors, flk-1/KDR and flt-1 which are predominantly
expressed on endothelial cells (Millauer et al. 1993,
Mustonen & Alitalo 1995, Klagsbrun & D’Amore 1996,
Ferrara & Davis-Smyth 1997). Apart from its growth
stimulatory activity, VEGF is an important regulator of
endothelial cell function by enhancing the vascular
permeability (Dvorak et al. 1995).

Although pituitary folliculostellate (FS) cells were the
first normal cell type in which VEGF was detected (Leung
et al. 1989, Ferrara & Henzel 1989), little attention has
been paid to the regulation of the VEGF release from these
cells and its importance for pituitary endothelial cells. FS
cells represent about 5 to 10% of the anterior pituitary cells
(Rinehart & Farquhar 1953) and are multifunctional
(Allaerts et al. 1990). The FS cell is the only cell
type within the normal pituitary that produces VEGF
( Jabbour et al. 1997). This cell type also synthesizes
other angiogenesis-regulating substances such as basic
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fibroblast growth factor, leukemia inhibitory factor,
and interleukin-6 (IL-6) (Ferrara et al. 1987, 1992,
Vankelecom et al. 1989).

Several years ago, an FS-like mouse pituitary cell line
(TtT/GF cells) was cloned that exhibits most characteris-
tics of normal FS cells (Inoue et al. 1992). In the present
study, we have investigated whether TtT/GF cells also
produce VEGF and can therefore be used as a model to
study the regulation of VEGF secretion. In both TtT/GF
cells and in normal FS cells of rat pituitary cell cultures we
tested whether substances that are known, or assumed to
act on FS cells (Carmeliet et al. 1991, Matsumoto et al.
1993, Renner et al. 1997), such as pituitary adenylate
cyclase-activating polypeptide (PACAP-38, PACAP-27),
vasoactive intestinal peptide (VIP), IL-6 and glucocorti-
coids, represent physiological regulators of the VEGF
release.

Materials and Methods

Materials

Cell culture materials and reagents were obtained from
Gibco (Karlsruhe, Germany), Falcon (Heidelberg,
Germany), Nunc (Wiesbaden, Germany), Seromed
(Berlin, Germany), Flow (Meckenheim, Germany) and
Sigma Chemicals (St Louis, MO, USA). Mouse IL-6
(mIL-6) was obtained from Boehringer Mannheim
(Mannheim, Germany). PACAP-38, PACAP-27 and VIP
were purchased from Bachem (Bubendorf, Switzerland).
Dexamethasone was obtained from Sigma Chemicals and
RU486 from Roussel (Romainville, France).

Cell culture

TtT/GF cells were kindly provided by Professor Kinji
Inoue from the Department of Regulation Biology,
Saitama University, Urawa, Japan. The cells were
grown in 48 multi-well plates at 37 )C and 5% CO2 in
Dulbecco’s modified Eagle’s medium (pH 7·3) supple-
mented with 2% fetal calf serum (FCS), 2·2 g/l NaHCO3,
10 mM HEPES, 2 mM glutamine, 2·5 mg/l amphotericin
B, 105 U/l penicillin–streptomycin, 5 mg/l insulin,
5 mg/l transferrin, 20 mg/l sodium selenite and 30 pM
tri-iodothyronine. TtT/GF cells were cultured until they
were confluent. After a complete monolayer was formed
(approximately 70 000 cells per well in 48-well plates),
cells did not grow further, as described previously (Renner
et al. 1997). The monolayer was washed with PBS and
serum-free culture medium was added for 24 h to wash
out any remaining serum. The cells were then washed
again with PBS and the stimulation was performed
in serum-free culture medium. With the exception of
time-course studies cells were stimulated for 24 h.

Rat pituitary monolayer cell cultures, generated as
described previously (Renner et al. 1995), were cultivated

in the same medium as TtT/GF cells but supplemented
with 10% FCS. The initial density of rat pituitary cells was
100 000 cells per well in 48-well plates. After an initial
attachment period of 48 h and a serum washout period
of 24 h, the cells were stimulated in serum-free medium
for 24 h.

Before and after the stimulation period, cell viability and
numbers were routinely monitored to ensure that these
parameters did not change during the experiment. Cell
viability was determined microscopically after ethidium
bromide/acridine orange staining. Cell numbers were
determined with an adapted Coulter counter (Renner
et al. 1995).

For the determination of the intracellular VEGF con-
tent, TtT/GF cells were washed twice with PBS and lysed
by three freeze-thaw cycles in PBS containing 0·1% BSA
and 400 kIU/ml aprotinin (Bayer, Leverkusen, Germany).
The lysates were centrifuged to remove cell debris and the
supernatants were assayed for VEGF by ELISA.

Stimulation and VEGF measurement

Dexamethasone, IL-6, PACAP-38, PACAP-27 and VIP
were added to the cell cultures alone or in combination at
various concentrations as indicated. After 24 h the cell
culture supernatants were harvested at various time-
intervals in the case of time-course studies, or after 24 h in
the case of the dose–response studies. VEGF was measured
by ELISA (R&D Systems, Minneapolis, MN, USA)
which recognizes the predominantly produced mouse
VEGF164 isoform, but can also be used to detect
the corresponding rat VEGF (cross-reactivity >95%). The
detection limit of the assay was 3 pg/ml VEGF.
The intra-assay coefficient of variation was 4·7%, and the
interassay coefficient of variation was 6·4%.

Statistics

Each of the experiments was repeated at least three times.
The individual experiments were performed with quad-
ruplicate wells. ANOVA in combination with Scheffe’s
test was used for statistics. The data are expressed as
means&..

Results

VEGF secretion in TtT/GF cells

In lysates of the TtT/GF cells, VEGF protein could be
detected by ELISA. The concentrations of soluble VEGF
in extracts of TtT/GF cells varied between 5 and 6 pg/
100 000 cells.

A basal release of VEGF was measured in confluent
monolayer cultures of TtT/GF cells. The accumulation of
VEGF in the supernatants was linear over a period of 72 h
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during which no alterations in cell viability or cell number
could be observed (Fig. 1). The accumulation of VEGF
shown in Fig. 1 corresponds to a VEGF production rate of
106 pg VEGF/100 000 cells per 24 h.

The synthetic glucocorticoid dexamethasone suppressed
the basal release of VEGF in a dose-dependent manner
(Fig. 2). The dexamethasone-induced inhibition was
reversed by the glucocorticoid receptor antagonist

RU486. Thus, functional glucocorticoid receptors seem to
be present in TtT/GF cells that mediate the inhibitory
effect of dexamethasone on the VEGF secretion.

Interleukin-6, PACAP-38, and PACAP-27 dose-
dependently stimulated the release of VEGF from TtT/GF
cells (Fig. 3). Maximal stimulatory effects were achieved at
concentrations of 100 nM PACAP-38 and PACAP-27 or
5 nM IL-6. Only at a concentration of 100 nM was
PACAP-38 significantly more effective than PACAP-27.
Although the use of tenfold increments was critical,
we calculated the approximate ED50 values for IL-6,
PACAP-38 and PACAP-27 to obtain information about
the relative VEGF-stimulating potency of these sub-
stances. From three different dose–response experiments,
ED50 values of 105&42 pM, 45&13 nM and 58&19
nM were calculated for mIL-6, PACAP-38 and
PACAP-27 respectively. VIP, a peptide similar to
PACAP, had no effect on the VEGF release, suggesting
that the stimulatory action of PACAP-38 and PACAP-27
on the VEGF secretion is mediated by the PACAP-
specific PACAP type-I receptor.

Time-course studies of the inhibitory and stimulatory
action of the substances mentioned showed significant
differences between stimulated and basal VEGF secretion

Figure 1 Basal release of VEGF from TtT/GF cells during a 72-h
incubation period. Values are means&S.D.

Figure 2 Inhibition of the basal VEGF production of TtT/GF cells
by dexamethasone (Dex) and its reversion by RU486. **P<0·01,
***P<0·001 vs basal; a, not significant vs basal secretion. Values
are means&S.D.

Figure 3 Effect of mIL-6, PACAP-38, PACAP-27 and VIP on the
VEGF release from TtT/GF cells during a 24-h incubation period.
*P<0·05, **P<0·01, ***P<0·001 vs basal secretion; a, P<0·05 vs
100 nM PACAP-38. Values are means&S.D.
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only after an incubation period of 8 h. A representative
experiment for PACAP-38 is shown in Fig. 4; similar
time-course patterns were also measured for the stimu-
latory effects of IL-6 and PACAP-27 and the suppressive
action of dexamethasone (data not shown).

Dexamethasone not only inhibited the basal release of
VEGF but also suppressed the stimulatory action of IL-6
and PACAP on the VEGF release. This inhibitory action
of dexamethasone was completely reversed by RU486
(Fig. 5).

VEGF secretion in rat pituitary monolayer cell cultures

An accumulation of VEGF could also be measured in
the supernatants of rat pituitary monolayer cultures in
which cells were cultivated at a density of 100 000 cells/
cm2. Interleukin-6, PACAP-38 and PACAP-27 dose-
dependently stimulated the basal release of VEGF from
normal rat FS cells (Fig. 6), whereas VIP had no effect. The
ED50 values of mIL-6, PACAP-38 and PACAP-27
were 730&175 pM, 32&18 nM and 15&7 nM respect-
ively. In contrast to TtT/GF cells, there was no signifi-
cant difference in the VEGF-stimulatory potency of
PACAP-38 and PACAP-27 at any concentration tested.
Dexamethasone inhibited both the basal and the stimulated
VEGF secretion, and RU486 reversed this inhibition
(Fig. 7). In none of the experiments with rat pituitary cells
did changes in the VEGF production result from changes
in cell number or cell viability. Almost no fibroblasts, as
identified by their typical spindle-formed morphology,
could be detected microscopically in the pituitary cell
cultures after the experiments. In summary, the VEGF

production of rat pituitary monolayer cell cultures is regu-
lated in an identical manner as in mouse FS-like TtT/GF
cells.

Discussion

VEGF, probably the most important regulator of endo-
thelial cell growth and function, is secreted by various
normal and neoplastic cell types and acts in a paracrine
manner to stimulate the proliferation and permeability of
endothelial cells (Dvorak et al. 1995, Klagsbrun &
D’Amore 1996, Ferrara & Davis-Smyth 1997). In the
normal pituitary, VEGF expression was only found in FS
cells ( Jabbour et al. 1997) suggesting a central role for this

Figure 4 Time-course of the stimulatory action of PACAP-38 on
the VEGF secretion of TtT/GF cells. No effect of PACAP in
comparison to basal VEGF secretion was observed during the first
4 h of the stimulation period. **P<0·01, ***P<0·001 vs basal
secretion. Values are means&S.D.

Figure 5 Effect of dexamethasone (Dex) on the mIL-6-, PACAP-38-
and PACAP-27-stimulated VEGF secretion of TtT/GF cells. The
inhibitory action of Dex (100 nM) on the stimulated VEGF
secretion could be reversed by RU486 (1 µM). As the data were
obtained from various experiments in which slightly different basal
VEGF values were obtained, the basal secretion is set at 100% and
differences are expressed in % of basal. a, P<0·001 vs stimulated
VEGF secretion; b, P<0·01 vs PACAP-38-stimulated VEGF
secretion; c, not significant vs stimulated VEGF secretion. Values
are means&S.D.
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cell type in the regulation of angiogenesis and vascular
permeability within the pituitary. The present study is the
first in which the regulation of the release of VEGF from
pituitary FS cells has been investigated. To this end, an
FS-like pituitary cell line that contains and secretes VEGF
was used as a model and the results were confirmed with
normal rat pituitary cell cultures. In the latter, the basal
VEGF production was less than in TtT/GF cell cultures
because only the subpopulation of FS cells secrete VEGF
( Jabbour et al. 1997). Normal endocrine cells produce no
VEGF ( Jabbour et al. 1997) and in our experiments only
a few contaminating fibroblasts were visible microscopi-
cally that could contribute to the VEGF production in the
pituitary cell cultures.

Interestingly, we show that the hypothalamic factors
PACAP-38 and PACAP-27, but not the closely related
VIP, stimulate VEGF secretion. PACAP-38 and
PACAP-27 are hypothalamic peptides that are potent
stimulators of the cAMP production in pituitary cells

(Miyata et al. 1989, Rawlings & Hezareh 1996). The role
of PACAP in the endocrine cells of the pituitary is still
under discussion but it appears that PACAP is of consider-
able importance for the regulation of gonadotroph cell
function (Rawlings & Hezareh 1996). The observation
that both forms of PACAP stimulate VEGF release in FS
cells points to a completely new role for this peptide as an
angiogenesis- or vascular permeability-regulating factor
within the pituitary. As the closely related peptide VIP did
not affect VEGF release the VEGF-stimulating effect of

Figure 6 Effect of mIL-6 (/), PACAP-38 (-), PACAP-27 (,) and
VIP (.) on VEGF release from rat pituitary cells during a 24-h
incubation period. *P<0·05, **P<0·01, ***P<0·001 vs basal
secretion. Values are means&S.D.

Figure 7 Accumulation of VEGF in rat pituitary monolayer cell
cultures and alterations in response to dexamethasone (Dex),
mIL-6, PACAP-38 and PACAP-27. Maximal effects from a series of
dose–response studies (24-h incubation period) are summarized.
As the basal VEGF production varied from 18 to 32 pg/ml VEGF in
the different experiments, the results are expressed in % of basal
secretion (=100%). IL-6, PACAP-38 and PACAP-27 stimulated the
VEGF release. Dexamethasone (100 nM) inhibited both basal and
stimulated VEGF production, and RU486 (1 µM) reversed this
suppressive effect. a, P<0·01 vs basal VEGF secretion; b, P<0·001
vs mIL-6- and PACAP-stimulated VEGF secretion respectively;
c, not significant vs basal VEGF secretion; d, not significant vs
mIL-6- and PACAP-stimulated VEGF secretion respectively; e, not
significant vs PACAP-38-stimulated VEGF secretion. Values are
means&S.D.
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PACAP seems to be mediated via the PACAP type-I
receptor, which has a high affinity for PACAP but not for
VIP (Rawlings & Hezareh 1996). Whether PACAP is
involved in the regulation of endothelial cell function and
growth of other PACAP receptor-expressing endocrine
and neuroendocrine tissues remains to be studied.

Interleukin-6 is also a potent stimulator of the VEGF
secretion in TtT/GF and normal FS cells. This cytokine
not only reaches the pituitary via the circulation but is also
intrinsically produced by FS cells (Vankelecom et al. 1989,
Matsumoto et al. 1993, Renner et al. 1997). Therefore,
IL-6 may stimulate the VEGF secretion within the pitu-
itary in an autocrine manner. As PACAP stimulates the
IL-6 secretion in FS cells (Matsumoto et al. 1993), the
PACAP-induced effects on the VEGF release may be
mediated via IL-6. This is however unlikely as VIP
stimulates the secretion of IL-6 in FS cells to the same
extent as PACAP (Matsumoto et al. 1993) but has no
VEGF-stimulating potency. Moreover, as previously
reported (Renner et al. 1997), the PACAP-induced maxi-
mum concentrations of about 0·05 nM IL-6 in TtT/GF
cell culture supernatants are too low to explain the strong
stimulation of VEGF by PACAP. However, in the intact
pituitary tissue with its small intercellular spaces, IL-6,
released by PACAP, may reach concentrations that are
high enough to enhance the direct effect of PACAP on
the VEGF production.

In contrast to IL-6 and PACAP, dexamethasone sup-
pressed the basal VEGF release from TtT/GF and normal
FS cells and also inhibited the IL-6- and PACAP-
stimulated VEGF production. This inhibitory effect on
VEGF release was completely reversed by RU486, indi-
cating that the inhibitory effects of glucocorticoids on
VEGF production are mediated by functional glucocorti-
coid receptors expressed in FS cells. Thus, our observation
confirms previous observations that FS cells contain
glucocorticoid receptors that regulate the synthesis
and/or release of FS cell-derived peptides (Carmeliet
et al. 1991).

The discrepancy between the low intracellular level of
soluble VEGF in TtT/GF cells (about 5 pg/100 000 cells)
and the relatively high amount of VEGF secreted by
TtT/GF cells (approximately 100 pg/100 000 cells per
24 h) suggests that the basal VEGF production is a
consequence of a permanent de novo synthesis and subse-
quent release of VEGF. PACAP, IL-6 or dexamethasone
do not rapidly alter VEGF secretion, indicating that these
substances may not directly affect the release of VEGF
from already existing VEGF pools in TtT/GF cells, but
rather may stimulate or suppress de novo synthesis of
VEGF. This has been shown in recent studies in which
IL-6 was found to stimulate VEGF mRNA synthesis in
various transformed cell lines (Cohen et al. 1996). Gluco-
corticoids inhibit VEGF mRNA expression in glioma cells
(Heiss et al. 1996) and suppress VEGF synthesis induced
by platelet-derived growth factor and platelet-activating

factor in human pulmonary vascular smooth-muscle cells
(Nauck et al. 1997). Estrogen (Cullinan-Bove & Koos
1993, Shifren et al. 1996, Banerjee et al. 1997), progester-
one (Sone et al. 1996) and thyrotropin (Soh et al. 1996)
have also been shown to stimulate VEGF synthesis in
normal and tumoral tissues and cell lines. This suggests that
VEGF production is at least in part under hormonal
control (Shweiki et al. 1993). Hypothalamic PACAP may
fit into this concept as an endocrine-acting regulator of the
intrapituitary VEGF production and may play a role in the
development and maintenance of the portal blood vessel
system and in the control of intrapituitary vascular
permeability.

VEGF is probably the most important factor in angio-
genesis (Ferrara & Davis-Smyth 1997) and is essential for
tumor growth and expansion (Kim et al. 1993, Claffey &
Robinson 1996). In pituitary adenomas, little is known
about the role of VEGF in angiogenesis. Very recently it
has been shown that VEGF is up-regulated in response to
estrogen in as yet unidentified pituitary cells of Fischer 344
rats, indicating an early onset of angiogenesis during the
development of estrogen-induced prolactinomas in these
animals (Banerjee et al. 1997). Furthermore, it has been
reported that TtT/GF cells are essential for pituitary tumor
formation in nude mice, probably by supporting angio-
genesis (Koyama et al. 1995). However, VEGF-producing
FS cells are normally absent or rare within adenomas
(Marin et al. 1992, Ueta et al. 1995), but it has been
reported that a transition zone exists between the adenoma
and the normal pituitary tissue that is extremely rich in FS
cells (Marin et al. 1992, Farnoud et al. 1994). As many
pituitary adenomas produce high levels of IL-6 ( Jones et al.
1994) which probably supports both adenoma cell and FS
cell growth (Arzt et al. 1993, Renner et al. 1997), we
speculate that IL-6 may directly stimulate adenoma expan-
sion as well as the formation of the transition zone. In
parallel, IL-6 might enhance the release of VEGF from the
FS cells of the transition zone inducing endothelial cell
proliferation and the sprouting of vessels into the pituitary
adenoma. In this model, glucocorticoids would suppress
VEGF production and adenoma vessel formation which
would limit the size of the pituitary tumor. Elevated serum
levels of anti-angiogenic glucocorticoids could explain
why in most cases corticotroph adenomas are microadeno-
mas. It should be emphasized that the model of pituitary
angiogenesis we propose is restricted to adenoma initiation
processes and microadenomas. In macroadenomas, VEGF
might also be produced by adenoma cells (Berkman et al.
1993), and other, still unknown mechanisms may regulate
pituitary tumor angiogenesis.

In summary, we have demonstrated that the release of
the most potent angiogenic factor, VEGF, from FS cells is
stimulated by PACAP and IL-6, whereas it is inhibited by
glucocorticoids. This endocrine and auto-/paracrine
regulation of VEGF secretion may be essential for the
development, maintenance and function of the pituitary

J GLODDEK and others · VEGF regulation in pituitary488

Journal of Endocrinology (1999) 160, 483–490

Downloaded from Bioscientifica.com at 08/25/2022 03:22:20PM
via free access



vascular system, and may play a role in pituitary tumor
angiogenesis as well.
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