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1 Activation of adenosine receptors in folliculostellate (FS) cells of the pituitary gland leads to the
secretion of IL-6 and vascular endothelial growth factor (VEGF).

2 We investigated the action of adenosine A2 receptor agonists on IL-6 and VEGF secretion in two
murine FS cell lines (TtT/GF and Tpit/F1), and demonstrated a rank order of potency, 50-N-
ethylcarboxamidoadenosine (NECA)42-p-(2-carboxyethyl)phenethylamino-50-N-ethylcarboxamido-
adenosine4adenosine, suggesting mediation via the A2b receptor.
3 NECA-mediated IL-6 release was inhibited by the PLC inhibitor 1-[6-((17b-3-methoxyestra-
1,3,5(10)-tiene-17-yl)amino)hexyl]-1H-pyrrole-2,5-dione, the PI3 kinase inhibitor wortmannin and the
PKC inhibitors bisindolylmaleimide 1 and bisindolymaleimide X1 HCl (Ro-32-0432).

4 NECA-mediated IL-6 release was attenuated (o50%) by the extracellular signal-regulated kinase
MAPK inhibitor 20-amino-30-methoxyflavone, and completely (495%) inhibited by the p38 MAPK
inhibitor 4-(4-fluorophenyl)-2-(4-methylsulphinylphenyl)-5-(4-pyridyl)1H-imidazole.

5 NECA stimulates p38 MAPK phosphorylation that is inhibited by Ro-32-0432 but not by
wortmannin.

6 Dexamethasone inhibits NECA-stimulated IL-6 and VEGF secretion.

7 These findings indicate that adenosine can stimulate IL-6 secretion in FS cells via the A2b receptor
coupled principally to PLC/PKC and p38 MAPK; such an action may be important in the modulation
of inflammatory response processes in the pituitary gland.
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Introduction

FS cells are star-shaped and possess long cellular processes

that surround endocrine and endothelial cells, and comprise up

to 10% of the anterior pituitary cell population (Allaerts et al.,

1990; Matsumoto et al., 1993). They secrete cytokines and

growth factors including IL-6, tumour necrosis factor a,
VEGF and basic fibroblast growth factor (Gloddek et al.,

1999; Turnbull & Rivier, 1999; Lohrer et al., 2000), and thus

appear to regulate pituitary function by playing a supportive

role for neighbouring endothelial and endocrine cells. These

characteristics of FS cells and the fact that they possess

receptors for bacterial lipopolysaccharide (LPS) (Lohrer et al.,

2000) and complement C3a (unpublished observations) suggest

that they coordinate the bidirectional exchange of information

between the immune and endocrine systems (Besedovsky & del

Ray, 1996; Sternberg, 1997). Maintaining this connection is

important for homeostatic control and resistance to disease.

Recently, we described the presence of adenosine A2b

receptors on the TtT/GF and Tpit/F1 murine cell lines, and

showed that adenosine in this setting is a growth regulator

(Rees et al., 2002). However adenosine, along with ATP and

ADP, is ubiquitously expressed during normal metabolic

activity and, under physiological states, adenosine levels are

low and are regulated mainly by the intracellular enzyme

adenosine kinase that phosphorylates it back to AMP. On the

other hand, during ischaemia and inflammation, excessive

ATP breakdown leads to accumulation of extracellular

adenosine such that levels within the vicinity of the receptor

reach as high as 30mM (Van Belle et al., 1987; Matherne et al.,
1990; Latini et al., 1999). In these circumstances, adenosine
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acts as an endogenous anti-inflammatory agent, the levels of

which are controlled by extracellular enzymes such as ecto-

ATPase (CD39) and ecto-50 nucleotidase (CD73) that sequen-
tially degrade ATP to adenosine and adenosine deaminase,

which converts adenosine to inosine (Spychala, 2000).

During cellular ‘stress’, it is conceivable that adenosine

receptors on FS cells mediate the regulation of anti-inflam-

matory pituitary hormones either by direct activation or in

synergy with other proinflammatory mediators (Gloddek et al.,

1999; Lohrer et al., 2000; Kiriyama et al., 2001). The linking

molecule between FS and endocrine cells may well be IL-6,

particularly since it has been shown to regulate growth

hormone, prolactin and adrenocorticotrophin (Naitoh et al.,

1988; Spangelo et al., 1989) secretion as well as adrenal

steroidogenesis (Turnbull & Rivier, 1999). FS cells, like

corticotrophs and somatotrophs, also possess glucocorticoid

receptors, suggesting their involvement in regulating stress and

inflammatory responses (Ozawa et al., 1999). Adenosine

mediates its actions through at least four G-protein-coupled,

cell surface receptors that are linked either positively (A2a and

A2b) or negatively (A1 and A3) to AC. These receptors can

also signal through the mitogen-activated protein kinase

(MAPK) family of molecules, and activation of all the four

adenosine receptor subtypes can lead to phosphorylation of

ERK 1/2 (Schulte & Fredholm, 2000).

In this report, we show that A2b receptors expressed in FS

cells mediate the release of IL-6 via the PLC/PKC pathway

that is coupled principally to p38 MAPK. These findings

suggest that A2b receptors in the pituitary gland may mediate

important actions in the hypothalamic pituitary adrenal

(HPA) axis, thereby influencing inflammation, ischaemia and

hypoxia.

Methods

Materials

Cell culture materials and reagents were obtained from

Invitrogen (Paisley, U.K.), Autogen Bioclear (Calne, U.K.),

Sarstedt Ltd (Leicester, U.K.) and Sigma-Aldrich (Poole,

U.K.). Adenosine receptor agonists and antagonists and signal

pathway inhibitors were either from Sigma-Aldrich or CN

Biosciences (Nottingham, U.K.). ELISA kits for measuring

IL-6 and VEGF were from R and D Systems (Abingdon,

U.K.). Primary antisera to phosphorylated forms of p38

MAPK (V121C, lot 11485605), JNK (V793C, lot 12034104)

and MAPK (V803C, lot 13490702) were from Promega

(Southampton, U.K.). Anti-total p38 MAPK (SC 7149, lot

H011) was from Santa Cruz Biotechnology (Santa Cruz,

U.S.A.). The secondary conjugate, donkey anti-rabbit IgG

(horseradish peroxidase, HRP)-linked whole antibody (NA

934, lot 198465) and Western blotting reagents were from

Amersham Biosciences (Little Chalfont, U.K.). The murine-

derived TtT/GF and Tpit/F1 FS cell lines were kindly

provided by Professor Kinji Inoue (Department of Regulation

Biology, Saitama University, Urawa, Japan).

Cells and culture conditions

TtT/GF (Inoue et al., 1992) and Tpit/F1 (Chen et al., 2000)

cells were cultured as described previously, except that DMEM

and 10% heat-inactivated (HI) FCS were used (Rees et al.,

2002).

VEGF and IL-6 secretion

TtT/GF and Tpit/F1 cells (106 cells per plate) were seeded into

24-well plates and cultured as described above. Cells were

grown to confluency and then incubated overnight in DMEM

with 2% HI FCS. The compounds adenosine, NECA

(universal adenosine receptor agonist) and CGS 21680

(selective A2a receptor agonist) were dissolved in fresh

medium and added to the cultures at various concentrations

for 6 h (TtT/GF) or 24 h (Tpit/F1) as indicated. In some

experiments, adenosine receptor antagonists or signal trans-

duction inhibitors were added 30min prior to adding NECA.

Cell culture supernatants were removed, centrifuged for 10min

at 10,000� g, and stored at �851C prior to assay for IL-6 and
VEGF. The ELISA for IL-6 has a detection limit of

o2 pgml�1, and the intra-assay and interassay coefficients of
variation are 3.4 and 6.4%, respectively. The VEGF ELISA

recognises predominantly the mouse VEGF164 isoform, and

has a detection limit of o2 pgml�1, and the intra-assay and
interassay coefficients of variation are 4.7 and 6.4%,

respectively.

Western analysis

FS cells (106 cells per six-well plate) were cultured in DMEM

supplemented with HI FCS as follows: TtT/GF (2% – 24 h,

0.1% – 16 h and 0% – 8 h) and Tpit/F1 (10% – 24 h, 2% –

16 h and 0% – 2 h). Replicate wells were exposed to 10 mM
NECA in fresh serum-free medium at 371C for the times

indicated. After washing (3� ) in ice-cold phosphate-buffered
saline (PBS) containing 1mM sodium orthovanadate, the cells

were lysed in 0.2ml electrophoresis sample (Laemmli) buffer.

In some experiments, the PLC, PKC and PI3 kinase inhibitors

U-73122, Ro-32-0432 and wortmannin were added 30min

prior to the addition of NECA. Aliquots (0.05ml) of the

samples were electrophoresed in 10% polyacrylamide and then

electroblotted onto polyvinyldifluoride (PVDF) membranes.

Blots were exposed overnight (41C) to antisera to the

phosphorylated forms of p38 MAPK (1 : 5000), JNK

(1 : 2000) and MAPK (1 : 2000), and to total p38 MAPK

(1 : 500). The secondary antisera conjugate was used at 1 : 5000

(1 h at room temperature) and visualised with ECL Plus

reagent. The exposure time was 10–30min.

Statistical analysis

The results were expressed as the mean7s.e.m. and compared
by analysis of variance (ANOVA) with subsequent compar-

isons by the Tukey multiple comparison test. Four replicates

were carried out for each treatment in each experiment, and all

experiments were performed 3–4 times (n).

Results

Adenosine stimulates IL-6 secretion in FS cells

We have previously shown that adenosine can stimulate

proliferation of FS cells via the A2b receptor (Rees et al.,
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2002). In this report, we investigated whether adenosine could

modulate IL-6 and VEGF secretion. To demonstrate this, we

firstly treated TtT/GF and Tpit/F1 cells with 100mM
adenosine, and measured the IL-6 production at different time

points. In TtT/GF cells, IL-6 release under basal conditions

was not detectable at early time points, but rose to

25712 pgml�1 after 24 h. Adenosine induced IL-6 secretion
as early as 1 h (1674 pgml�1) and continued to rise to
200712 pgml�1 after 24 h (Figure 1a). Similar findings were
obtained with Tpit/F1 cells, though the overall IL-6 levels were

considerably lower and 100 mM adenosine only stimulated

levels up to 8–12 pgml�1 after 24 h (Figure 1b). In subsequent

experiments, we used an incubation time of 6 h for TtT/GF

cells and 24 h for Tpit/F1 cells. We did not observe any

significant differences in cell number (Coulter counting of

replicate cultures) between untreated and treated cells for both

the TtT/GF and Tpit/F1 cell lines over the time periods

studied.

Concentration–response curves for IL-6 production in-

duced by adenosine A2 receptor agonists were performed in

TtT/GF and Tpit/F1 cells. In TtT/GF cells, NECA, adenosine

and CGS 21680 stimulated IL-6 secretion in a dose-dependent

manner; detectable effects were seen at concentrations of

10 nM for NECA and X1 mM for adenosine and CGS 21680

(Figure 1c). In addition, IL-6 secretion was maximal at 1mM
NECA (308752 pgml�1), in comparison with 2078 and

Figure 1 Effects of A2 receptor agonists on IL-6 secretion from TtT/GF and Tpit/F1 FS cell lines. TtT/GF (a, c, e) and Tpit/F1 (b,
d, f) cells were preincubated with DMEM and 2% FCS for 24 h prior to experimentation, and then with adenosine, NECA and CGS
21680 (as indicated) for the times shown (a, b) and for 6 h (c, e) or 24 h (d, f). In the time course experiments (a, b), adenosine was
used at a concentration of 100 mM. XAC was added 30min prior to the addition of 1 mM NECA in (e, f). IL-6 was measured by
ELISA. Data points represent the mean7s.e.m. from three (a, b, e, f) or four (c, d) experiments. *Po0.05, **Po0.01, ***Po0.001
when compared with basal values; #Po0.05, ##Po0.01, ###Po0.001 when compared with NECA-stimulated values.
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1078 pgml�1, respectively, for similar concentrations of CGS
21680 and adenosine. We carried out similar experiments in

Tpit/F1 cells. The pattern of IL-6 responses to adenosine,

NECA and CGS 21680 in these cells (Figure 1d) paralleled

those in TtT/GF cells (Figure 1c) though the degree of

stimulation in Tpit/F1 cells was considerably lower

(15–20 pgml�1 for 1mM NECA and a similar number of

cells). The Tpit/F1 cells were additionally exposed to the

agonists for 24 h before significant differences in IL-6 secretion

could be detected.

The observed effect of NECA on IL-6 secretion (Figures

1c, d) also appeared to be biphasic, since NECA concentra-

tions greater than 10 mM reduced the secretion of IL-6

although the levels were still clearly above basal. The

adenosine receptor antagonist XAC (0.1–10 mM) also inhibited
NECA-stimulated IL-6 secretion in both cell lines

(Figures 1e, f). The relative potencies of CGS 21680 and

NECA in these studies (Figures 1c, d) indicate that adenosine-

stimulated IL-6 secretion is mediated via the A2b rather than

the A2a receptor. This was further supported by our studies

showing that alloxazine is a potent inhibitor (IC50o50 nM) of
NECA-stimulated IL-6 secretion from TtT/GF cells (data not

shown).

NECA stimulation of IL-6 secretion involves PLC, PI3
kinase and PKC

The major signal molecule for the A2b receptor is cAMP,

and is likely to be a mediator for IL-6 secretion. Previously,

we showed that adenosine and NECA stimulated cAMP

production in primary pituitary cells and FS cells (Rees

et al., 2002). Our current studies in which forskolin (1 mM)
stimulated IL-6 secretion in TtT/GF cells (data not

shown) concur with previous findings (Tatsuno et al., 1991;

Matsumoto et al., 1993) indicating the involvement of AC in

IL-6 secretion.

However, in addition to the AC pathway, the A2b receptor

can also signal via PLC and Ca2þ (Feoktistov et al., 1999), and

this may be cell type dependent (Fredholm et al., 2001). In our

experiments, 100mM 20,50-dideoxyadenosine (an adenylate

cyclase inhibitor) only inhibited NECA-stimulated IL-6

secretion by 20% (data not shown), suggesting the involve-

ment of other signal pathways. Figure 2 shows the dose-

dependent inhibition of the PLC inhibitor U-73122 and

the PKC inhibitors, bisindolylmaleimide 1 and Ro-32-0432,

on NECA-stimulated IL-6 secretion in TtT/GF cells.

Bisindolylmaleimide 1 and U-73122 also inhibited calcitonin-

induced IL-6 secretion in TtT/GF cells with similar potencies

(Kiriyama et al., 2001). We were, however, unable to use

Ro-32-0432 at concentrations greater than 10 mM due to cell

toxicity (cell death visible under light microscopy). We also

showed that the PI3 kinase inhibitor wortmannin (Marquardt

et al., 1996; Feoktistov et al., 1999) dose dependently inhibited

NECA-mediated IL-6 secretion at the concentrations

used by other authors (Figure 2). Due to concerns regarding

the toxicity of all of these compounds, we were unable to

perform similar experiments on the Tpit/F1 cells where a

prolonged incubation (24 h) is necessary. Nevertheless, it is

clear, at least in the TtT/GF cells, that NECA stimulation of

IL-6 secretion involves mediation via the PLC/PKC and PI3

kinase pathways.

NECA stimulation of IL-6 secretion involves p38 MAPK

We also investigated the role of the ERK MAPK and the p38

MAPK pathways in mediating NECA-stimulated IL-6 secre-

tion. In TtT/GF cells, PD90859 (MAPK inhibitor) and

Figure 2 Effect of PLC, PKC and PI3 kinase inhibitors on IL-6
secretion from TtT/GF cells. TtT/GF cells were preincubated in
DMEM and 2% FCS for 24 h prior to experimentation, and then for
6 h with 1 mM NECA. Inhibitors were added 30min prior to the
addition of NECA. IL-6 was measured by ELISA. Data points
represent the mean7s.e.m. of three experiments. *Po0.05,
**Po0.01, ***Po0.001 when compared with NECA-stimulated
values.

Figure 3 Effect of (a) MAPK and p38 MAPK inhibitors and (b)
anisomycin (activator of p38 MAPK) on NECA-stimulated IL-6
secretion from TtT/GF cells. Cells were treated with inhibitors and
anisomycin at the concentrations indicated for 30min, prior to
incubating with 1 mM NECA for 6 h. IL-6 was measured by ELISA.
Data points represent the mean7s.e.m. of three experiments.
*Po0.05, **Po0.01, ***Po0.001 when compared with basal
values.
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SB203580 (p38 MAPK inhibitor) dose dependently reduced

NECA-stimulated IL-6 (up to 50 and 95%, respectively)

(Figure 3a). SB203580, but not PD90859, also inhibited

forskolin-mediated IL-6 secretion (data not shown). Both of

these compounds also showed ‘toxicity’ when incubated with

Tpit/F1 cells for 24 h. We also showed that anisomycin (an

activator of p38 MAPK) at concentrations up to 0.1 mM,
although having no effects on basal secretion, did potentiate

the effect of NECA-stimulated IL-6 in TtT/GF cells by up to

4–5-fold (Figure 3b). The observed effects of anisomycin are

in fact biphasic, with concentrations greater than 1mM totally
inhibiting the stimulated IL-6 secretion, suggesting possible

toxicity. These findings also indicate that stimulation of p38

MAPK alone is insufficient to drive IL-6 secretion and

agonism at the A2b receptor (or via additional signal

molecules) is also required.

The role of p38 MAPK in NECA-mediated IL-6 secretion in

FS cells was also supported by Western analysis. In TtT/GF

and Tpit/F1 cells, p38 MAPK phosphorylation showed a time-

dependent increase with a peak at between 5 and 10min after

agonist exposure (Figures 4a, b). The phosphorylation of p38

MAPK appeared to be more marked in the TtT/GF cells (5–

10-fold) (Figure 4a) in comparison with Tpit/F1 cells (two-

fold) (Figure 4b), where the phosphorylation appeared to be

more sustained. Total p38 MAPK was similar, indicating

equal sample loading. When the total p38 MAPK antibody

was used, a higher molecular weight band, likely to be p38d
MAPK, was detected in all of the samples. There was,

however, no indication that NECA could stimulate the

phosphorylation of p38d MAPK (Figure 4) in either TtT/GF
or Tpit/F1 cells in our experiments. We also demonstrated that

U-73122 and Ro-32-0432, but not wortmannin, inhibited

NECA-stimulated p38 MAPK phosphorylation (Figure 5).

U-73122 also appeared to inhibit the expression of total p38

MAPK. Using separate sample aliquots from these experi-

ments, we were unable to detect the phosphorylated forms of

ERK1/2 or JNK in either untreated or NECA-treated cultures

(data not shown).

NECA stimulates VEGF secretion in TtT/GF FS cells

VEGF, like IL-6, is highly expressed during hypoxia and

inflammation, and is also secreted by TtT/GF cells (Gloddek

et al., 1999; Turnbull & Rivier, 1999). We thus investigated

whether NECA had a similar effect on VEGF secretion in FS

cells. In TtT/GF cells, basal VEGF (Gloddek et al., 1999), in

contrast to IL-6, was easily measurable after 1 h, and levels

increased linearly with time for at least 24 h (data not shown).

The effects of NECA on VEGF secretion from TtT/GF cells

paralleled those on IL-6 release (Figure 6a) though the

Figure 4 Time course of phosphorylated and total p38 MAPK activation by NECA (10mM) in the TtT/GF (a) and Tpit/F1 (b) cell
lines. Cultures were depleted of serum for either 8 h (TtT/GF) or 2 h (Tpit/F1), and exposed to 10 mM NECA for the times indicated.
The cells were then washed in PBS containing sodium orthovanadate and lysed in Laemelli electrophoresis buffer, and stored at
�851C. Replicate cell extracts were electrophoresed, blotted onto PVDF membranes and exposed to antisera to either p38 MAPK
or phosphorylated p38 MAPK. Both antisera react with p38 and p38d MAPK. Immunoreactive bands were visualised with ECL
plus reagent. The molecular weight marker is indicated. The histograms show arbitary densitometric units for phosphorylated p38
MAPK, and are means7s.e.m. for three experiments. *Po0.05, **Po0.01, ***Po0.001 when compared with basal values.
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magnitude of the response was much reduced (1–2-fold for

VEGF and 4100-fold for IL-6 at 1mM NECA). Both

adenosine and CGS 21680 over the dose range 10 nM–

0.1mM failed to have a significant effect on VEGF secretion.

XAC, as expected, also inhibited NECA-stimulated VEGF

secretion in TtT/GF cells (Figure 6b). Basal VEGF, however,

was undetectable in Tpit/F1 cells, and NECA and adenosine

both failed to stimulate its secretion.

NECA-stimulated IL-6 and VEGF secretion is inhibited
by dexamethasone

FS cells are known to possess glucocorticoid receptors and

thus corticosteroids may also be involved in the modulation of

adenosine receptor signalling. We therefore tested the effect of

the synthetic glucocorticoid dexamethasone on basal and

NECA-stimulated IL-6 and VEGF release from TtT/GF

cells (Figures 7a, b). Dexamethasone (100 nM) was able to

inhibit basal VEGF release and also completely abolish the

NECA-mediated increase in IL-6 and VEGF production

(Figures 7a, b).

Discussion

Adenosine has been shown to mediate the release of IL-6 both

centrally and peripherally, where it regulates immune and

inflammatory responses (Fiebich et al., 1996; Schwaninger

et al., 1997; Sitaraman et al., 2001). We thus investigated

whether adenosine would have a similar role in IL-6 and

VEGF secretion in FS cells. Basal release of IL-6 over a 6-h

period from TtT/GF and Tpit/F1 cells was low and sometimes

undetectable, in agreement with Kiriyama et al. (2001). VEGF,

on the other hand, was easily measurable in TtT/GF cells

(Gloddek et al., 1999) but not in Tpit/F1 cells, although the

latter clearly expressed VEGF mRNA (unpublished observa-

tions). This lack of measurable VEGF protein in Tpit/F1 cells

may simply reflect an overall lower peptide expression when

compared with TtT/GF cells. In TtT/GF cells, NECA had a

much greater effect in stimulating IL-6 release when compared

with VEGF, possibly suggesting that VEGF secretion may be

mediated by an autocrine action of IL-6 (Gloddek et al., 1999).

A comparison of the concentration-related effects of NECA,

CGS 21680 and adenosine on IL-6 secretion parallels that on

cAMP generation in both TtT/GF and Tpit/F1 cells, indicat-

ing that the mediating receptor is likely to be of the A2b

subtype (Rees et al., 2002). This is further supported by

Figure 5 Effects of Ro-32-0432, U-73122 and wortmannin on
NECA-stimulated p38 MAPK phosphorylation in TtT/GF cells.
Cultures were depleted of serum for 8 h and exposed to Ro-32-0432
(10 mM), U-73122 (50 mM) and wortmannin (1 mM) for 30min prior to
the addition of 10 mM NECA for 5min. The cells were then washed
in PBS containing sodium orthovanadate and lysed in Laemelli
electrophoresis buffer, and stored at �851C. Replicate cell extracts
were electrophoresed, blotted onto PVDF membranes and exposed
to antisera to either p38 MAPK or phosphorylated p38 MAPK.
Both antisera react with p38 and p38d MAPK. Immunoreactive
bands were visualised with ECL plus reagent. The histograms show
arbitary densitometric units for phosphorylated p38 MAPK, and are
means7s.e.m. for three experiments. *Po0.05 when compared with
basal values, #Po0.05; ##Po0.01 when compared with NECA-
stimulated values.

Figure 6 Effects of A2 receptor agonists on VEGF secretion from
TtT/GF cells. Cultures were preincubated in DMEM and 2% FCS
for 24 h, and then adenosine, NECA and CGS 21680 for 6 h as
indicated (a, b). XAC was added 30min prior to the addition of
NECA (b). VEGF was measured by ELISA. Data points represent
the mean7s.e.m. of three (b) or four (a) experiments. *Po0.05,
**Po0.01 when compared with basal values; #Po0.05, when
compared with NECA-stimulated values.
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alloxazine being a potent inhibitor of NECA-mediated IL-6

secretion in our experiments. The relatively weak effects

observed for adenosine on IL-6 secretion and cAMP expres-

sion may reflect its short half-life (o1 h under culture

conditions, unpublished observations) and the fact that the

A2b receptor is a low-affinity subtype (Fredholm et al., 2001).

The short half-life of extracellular adenosine may be due to its

rapid uptake and phosphorylation by adenosine kinase

(Spychala, 2000), or its metabolism to inosine at the cell

surface by the enzyme adenosine deaminase (Spychala, 2000).

Furthermore, adenosine deaminase is often colocalised with

adenosine receptors (Herrera et al., 2001), and may serve as an

additional regulatory step by limiting the level of adenosine

available for receptor binding.

The pattern of stimulated IL-6 secretion with peak values

that occur at 10 mM NECA, followed by a reduction in

secretion at higher concentrations of the agonist, parallels

exactly that seen for cell proliferation (Rees et al., 2002). The

reasons for this reduced secretion are unclear. It could, for

example, reflect receptor desensitisation and internalisation as

a result of arrestin binding (Mundell et al., 2000; Mathuru

et al., 2001). The diverse actions of the adenosine A2b receptor

as well as the other subtypes probably reflect the variety of

signals downstream of the receptor itself. The A2b receptor

couples to Gs, and in some cell types to Gq (Feoktistov et al.,

1999; Fredholm et al., 2001). Our data in TtT/GF cells show

that activation of PLC/PKC is important in the NECA

regulation of IL-6 expression. The inhibitory effect of

wortmannin, however, contrasts that seen in mast cells, where

Marquardt et al. (1996) failed to demonstrate an inhibition of

NECA-mediated IL-6 secretion.

NECA is a potent stimulus for TtT/GF cell growth (Rees

et al., 2002), suggesting the involvement of the MAPK

cascades. In our experiments, the MAPK inhibitor PD98059

only partially inhibited NECA- and calcitonin- (Kiriyama

et al., 2001) stimulated secretion of IL-6, suggesting the

involvement of other signal molecules. NECA stimulated p38

MAPK phosphorylation in both TtT/GF and Tpit/F1 cells,

but failed to have a significant effect on ERK1/2 phospho-

rylation. The observed effect on p38 MAPK phosphorylation

is, however, weak in comparison to that reported for LPS in

TtT/GF cells (Lohrer et al., 2000). Furthermore, Ro-32-0432,

in contrast to wortmannin, clearly inhibited NECA-mediated

p38 MAPK phosphorylation. The findings with U-73122 were,

however, difficult to interpret as it inhibited both total and

phosphorylated p38 MAPK. Nevertheless, taken overall, our

studies in FS cells indicate a close relationship between the

A2b receptor, IL-6 secretion and p38 MAPK phosphorylation.

In addition, it is clear that other signal molecules such as

adenylate cyclase, PI3 kinase and the ERK MAPK family are

also involved. Our findings and those of others (Feoktistov

et al., 1999; Gao et al., 1999; Schulte & Fredholm, 2000) show

that A2b receptors are linked to common signal molecules, but

additional pathways may confer a specificity that is unique to

individual cell types.

Subsequently, we showed that dexamethasone was able to

completely inhibit both NECA-stimulated IL-6 and VEGF

secretion as well as basal VEGF secretion in TtT/GF cells.

Similar concentrations of dexamethasone also completely

inhibited LPS and pituitary AC-activating polypeptide (PA-

CAP)-mediated IL-6 release (Chen et al., 2000; Lohrer et al.,

2000), and IL-6- and PACAP-stimulated VEGF release

(Gloddek et al., 1999). These findings are consistent with

glucocorticoid receptor expression in FS cells (Ozawa et al.,

1999), and suggest that IL-6 and VEGF regulation by

dexamethasone is important in the pituitary response to

inflammation. The inhibitory action of dexamethasone may

be mediated by several mechanisms, including the reduction of

cAMP levels (Gerwins & Fredholm, 1991; Svenningsson &

Fredholm, 1997), inhibition of p38 MAPK phosphorylation

(Lasa et al., 2001; 2002) and repression of the IL-6 gene via

binding to a negative glucocorticoid response element (McKay

& Cidlowski, 1999). Interestingly, it has been noted that the

reduction of A2bR signalling by glucocorticoids in DDT1 MF-

2 cells is accompanied by an upregulation in the number of

coexpressed A1 receptors (Gerwins & Fredholm, 1991). A1

receptors are also coexpressed with A2b receptors in TtT/GF

and Tpit/F1 cells (Rees et al., 2002).

In summary, our findings show that, in FS cells, adenosine

stimulates IL-6 secretion via the A2b receptor that is also

linked to the PLC/PKC pathways coupled principally to p38

MAPK. This coupling of adenosine (NECA) to p38 MAPK

and IL-6 secretion, together with its suppression in the

presence of corticosteroids, further indicates a role of

adenosine and FS cells in inflammation, stress and hypoxia.

Our findings are consistent with and extend the preliminary

observations of Ritchie et al. (1997). We hypothesise that FS

cells are able to respond to a variety of immune molecules and

Figure 7 Effect of dexamethasone on NECA-stimulated IL-6 and
VEGF secretion from TtT/GF cells. Cultures were preincubated in
DMEM and 2% FCS for 24 h; dexamethasone was added 30min
prior to the addition of NECA for 6 h. Aliquots of conditioned
media were measured for IL-6 (a) and VEGF (b). Data points
represent the mean7s.e.m. of three experiments. *Po0.05,
***Po0.001 when compared with basal values; ##Po0.01,
###Po0.001 when compared with NECA-stimulated values.
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endotoxins that result in the accumulation of extracellular

adenosine and an autocrine stimulation of IL-6 and VEGF.

This work is supported by a Clinical Endocrinology Trust Training
Fellowship to D.A.R., the Wellcome Trust and the Welsh Office.
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