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1 The role of non-calcineurin protein phosphatases in the cyclic AMP signal transduction pathway was
examined in mouse pituitary corticotroph tumour (AtT20) cells.

2 Blockers of protein phosphatases, calyculin A and okadaic acid, were applied in AtT20 cells depleted
of rapidly mobilizable pools of intracellular calcium and activated by various cyclic AMP generating
agonists. Inhibitors of cyclic nucleotide phosphodiesterases were present throughout. The accumulation
of cyclic AMP was monitored by radioimmunoassay, phosphodiesterase activity in cell homogenates was
measured by radiometric assay.

3 Neither calyculin A nor okadaic acid altered basal cyclic AMP levels but cyclic AMP formation
induced by 41 amino acid residue corticotrophin releasing-factor (CRF) was strongly inhibited (up to
80%). 1-Norokadaone was inactive. Similar data were also obtained when isoprenaline or pituitary
adenylate cyclase activating peptide1 ± 38 were used as agonists.

4 Pertussis toxin did not modify the inhibition of CRF-induced cyclic AMP production by calyculin A.

5 Pretreatment with calyculin A completely prevented the stimulation of cyclic AMP formation by
cholera toxin even in the presence of 0.5 mM isobutylmethylxanthine (IBMX) and 0.1 mM rolipram.
Cholera toxin mediated ADP-ribosylation of the 45K and 52K molecular weight Gsa isoforms
in membranes from calyculin A-pretreated cells was enhanced to 150 ± 200% when compared with
controls.

6 Cholera toxin-induced cyclic AMP was reduced by calyculin A within 10 min when calyculin A was
applied after a 90 min pretreatment with cholera toxin. Under these conditions the e�ect of calyculin A
could be blocked by the combination of 0.5 mM IBMX and 0.1 mM rolipram, but not by 0.5 mM IBMX
alone.

7 Phosphodiesterase activity in AtT20 cell homogenates showed a signi®cant, 2.7 fold increase after
treatment with calyculin A. In control cells phosphodiesterase activity was blocked by 80% in the
presence of IBMX (0.5 mM), or IBMX plus rolipram (0.1 mM). In calyculin A-treated cells
phosphodiesterase activity was also strongly inhibited by IBMX, but because of the stimulating e�ect
of calyculin A, the activity remaining was still 55% of that found in control homogenates. This activity
was reduced to 5% of control by using IBMX and rolipram in combination. Assay of phosphodiesterase
in Ca2+ free conditions showed that calyculin A markedly increases the activity of rolipram sensitive
(type 4) phosphodiesterase.

8 Taken together, blockers of protein phosphatases (PPases) impaired signal transduction through Gs-
mediated pathways and activated cyclic AMP degrading phosphodiesterase(s), indicating that PPases 1
and/or 2A are essential for agonist-mediated regulation of cyclic AMP levels in AtT20 cells, and are thus
important in maintaining the secretory phenotype of the cells.
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Introduction

Protein phosphatases (PPase) are essential elements of cellular
control (Cohen, 1989). However, knowledge about their role in
the generation of the cyclic AMP response to agonists is largely
limited to the control of cell surface receptor recycling (Sibley
et al., 1987; Pitcher et al., 1995). It is generally accepted that in
addition to receptors, G proteins (Houslay, 1994), as well as
adenylyl cyclases (Jacobowitz & Iyengar, 1994; Kawabe et al.,
1994) are substrates for protein kinases. Hence the state of
phosphorylation of these signal-transducing proteins is likely
to be in¯uenced by protein phosphatases. Previous work in S49
lymphoma cells (Clark et al., 1993) and AtT20 corticotrope
tumour cells (Koch & Lutz-Bucher, 1994) has indicated a role

for PPases in receptor-stimulated cyclic AMP production,
which was apparently distinct from the control of cell-surface
receptors.

One of the most prominent PPases, PPase 1, is under the
control of inhibitor-1 and DARPP-32 (Klee & Cohen, 1988).
These are closely related regulatory phosphoproteins which in
the phosphorylated form inhibit PPase 1. The inhibition is
relieved upon dephosphorylation of the regulatory protein by
the Ca2+/calmodulin-activated protein phosphatase calci-
neurin (Klee & Cohen, 1988). The latter mechanism provides
for a functionally co-ordinated PPase (calcineurin-PPase 1)
cascade opposing the actions of protein kinases (Cohen, 1989).
Calcineurin-PPase 1 cascades are thought to operate in a
number of functionally important systems, such as regulation
of glycogenolysis in skeletal muscle (Klee & Cohen, 1988) ion
transport in kidney tubule cells (Aperia et al., 1992) and hip-
pocampal long-term depression (Mulkey et al., 1994).
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Previous work (Antoni et al., 1995) in mouse pituitary
corticotrope tumour (AtT20) cells has shown that calcineurin
inhibits the formation of cyclic AMP induced by the poly-
peptide hormone 41 amino acid residue corticotrophin re-
leasing-factor (CRF). The present study investigated whether
the control of adenosine 3':5' cyclic monophosphate (cyclic
AMP) accumulation by calcineurin involves the operation of a
calcineurin-PPase 1 cascade in this system. The data showed
that inhibitors of PPase 1/2A abolish the regulation of cyclic
AMP levels by Ca2+/calcineurin. This is nominally consistent
with the operation of a PPase cascade. However, there was also
a marked reduction of agonist-induced cyclic AMP responses.
Furthermore, PPase blockers were also e�ective in Ca2+ de-
pleted cells, where calcineurin is inactive, clearly demonstrat-
ing multiple sites of action of PPase 1/2A in the cyclic AMP
signal transduction cascade. Overall, the results suggest that
PPase 1/2A operate in a functionally co-ordinated manner to
maintain the responsiveness of AtT20 cells to receptors cou-
pling to Gs.

A preliminary account of this work has been published
(Antaraki & Antoni, 1994).

Methods

Cells

Mouse pituitary corticotroph tumour (AtT20 D16:16) cells
(passage 18 ± 35) were maintained as previously described
(Woods et al., 1992).

Measurement of cyclic AMP formation

The protocol for experiments with forskolin and agonists of G
protein-coupled receptors has been described previously (An-
toni et al., 1995). Brie¯y, cells in 24-well tissue culture plates
were washed free of serum and incubated at 378C in Hank's
balanced salt solution without Ca2+ and Mg2+ (HBSS, Life
Technologies, Paisley, U.K.), supplemented with 25 mM

HEPES pH 7.4, 2 mM CaCl2, 1 mM MgSO4 and bovine serum
albumin (0.25% w/v).

Thirty to forty ®ve minutes later the medium was re-
placed with fresh medium containing inhibitors of PPases
and cyclic nucleotide phosphodiesterases (PDE). Important-
ly, in all experiments except for those shown in Figure 1b, a
Ca2+-depleting medium was applied at this stage (HBSS,
supplemented with 25 mM HEPES pH 7.4, 2 mM NaEGTA,
1 mM MgSO4, 5 mM A23187, 5 mM nimodipine and bovine
serum albumin (0.25% w/v)), and unless otherwise indicated,
this medium was used in the rest of the experiment. These
conditions were necessary in order to eliminate Ca2+-de-
pendent regulation of cyclic AMP production (Antoni et al.,
1995). In cases where, after preincubation in Ca2+-depleting
conditions, CaCl2 was introduced with the CRF-stimulus to
reach 2 mM free extracellular CaCl2, the pH of the added
CRF containing medium was bu�ered as required to
maintain pH 7.4 during the test stimulation. Because of the
intensive degradation of cyclic AMP by cyclic nucleotide
phosphodiesterase in AtT20 cells (Woods et al., 1992;
Koch & Lutz-Bucher, 1995) 0.5 mM isobutylmethylxanthine
(IBMX) was always added to the cells at this stage. In some
experiments rolipram, a highly selective blocker of type 4
PDE (Beavo & Reifsnyder, 1990) (courtesy of Schering,
A.G., Berlin, F.R.G.), was also included with IBMX as in-
dicated in the ®gure legends.

The cells were incubated for a further 30 min at 378C,
then cooled to 248C for 5 min, after which time inducers of
cyclic AMP formation were added at 248C for 10 min (ex-
cept for time-course studies). This protocol was used because
pilot studies had shown calyculin A to be fully e�ective
within 5 min at 378C, while having no appreciable e�ect
within 30 min at 248C. Test incubations were carried out at
248C, because the e�ects of calcium ions and calcineurin

inhibitors were greater under these conditions (Antoni et al.,
1995). Note, however, that as cholera toxin action required
incubations at 378C, all experiments with cholera toxin and
the analysis of the time-course of calyculin A action in cells
pre-activated by CRF (Figures 4 and 6) were carried out at
378C.

The 10 min test incubation with agonists was terminated by
adding HCl to reach a ®nal concentration of 0.1 mM, and
cyclic AMP was quanti®ed by direct radioimmunoassay
(Brooker et al., 1979). Under the conditions used 90% of the
immunoreactive cyclic AMP was intracellular.

Experiments with cholera toxin

Where intact cells were used, all incubations were carried out
at 378C, in order to ensure that ADP-ribosylation proceeded
optimally. All other procedures for cyclic AMP determination
were the same.

ADP-ribosylation was carried out in cell membranes as
previously described (Longbottom & van Heyningen, 1989).
Brie¯y, approximately 2.56107 cells preincubated for 30 min
in Ca2+ depleting medium with or without 50 nM calyculin
A, were homogenized in 20 mM Tris/HCl (pH 7.4), 1 mM

EDTA, 250 mM sucrose, 0.1 mM phenyl methyl sulphonyl
¯uoride (PMSF) and 2 mM benzamidine. Homogenization
was carried out by 10 strokes of a glass-Te¯on homogenizer
and the membrane fraction was separated from the crude
homogenate by sequential centrifugations at 300, 2,000,
9,800 and 35,000 xg, respectively. Protein content was mea-
sured by the Coomassie blue method (Bradford, 1976). The
ADP ribosylation assay mixture (®nal volume 0.1 ml) con-
sisted of 20 mg ml71 pre-activated cholera toxin, 5 mM [ade-
nylate-32P]-NAD+ (25 ± 35 Ci mmol71), 200 mM K2HPO4/
NaH2PO4 (pH 7.5), 10 mM MgCl2, 2 mM EDTA, 5 mM

ATP, 0.5 mM GTP, 10 mM creatine phosphate, 50 uml71

creatine phosphokinase, 10 mM thymidine and 10 mM iso-
niazide. The reaction was initiated by the addition of 50 mg
membrane protein. The assay mixture was incubated at 308C
for 30 min (maximal incorporation of radioactivity under
these conditions) and the reaction was stopped by the ad-
dition of 1 ml of `ice-cold' 10 mM MOPS/0.13 M NaCl (pH
7.5). Subsequently, the mixture was centrifuged at 9,000 xg,
the pellet solubilized in 60 ml of 0.1% SDS, 50 mM Tris/HCl
pH 7.8, 1 mM dithiothreitol (DTT) and 10 ml aliquots of this
mixture were applied to a 12% polyacrylamide gel (Phar-
macia, Milton Keynes U.K.) and electrophoresed under
denaturing conditions. The gel was stained with Coomassie
blue, dried and autoradiographed on X-ray ®lm or in Mo-
lecular Dynamics phosphorimager cassettes, after which the
optical densities of the radioactive bands were quanti®ed
with the Imagequant software as supplied by the manufac-
turer.

Measurement of cyclic nucleotide phosphodiesterase
(PDE) activity

Crude homogenates of AtT20 cells were prepared in Te¯on/
glass homogenizers in homogenizing bu�er (20 mM Tris/HCl
(pH 8), 1 mM EDTA, 0.2 mM EGTA, 50 mM NaF, 10 mM

sodium pyrophosphate, 50 mM benzamidine, 2 mM PMSF,
0.5 mg ml71 leupeptin, 0.7 mg ml71 pepstatin, 4 mg ml71

aprotinin and 10 mg ml71 soybean trypsin inhibitor) 50 ml/106

cells, in order to minimize proteolytic cleavage and depho-
sphorylation (Sette et al., 1994) of PDE. The radiometric assay
of PDE activity was by column chromatography (Manganiello
& Vaughan, 1973; Kono, 1988) or a co-precipitation/®ltration
assay (Schilling et al., 1994) which gave comparable results.
The PDE assay reaction (250 ml) contained 100 mM TES-HCl
pH 7.5, 5 mM MgSO4, 1 or 10 mM substrate cyclic AMP, [3H]-
cyclic AMP (NET-275, NEN, Dupont) in tracer amounts, and
50 ml of homogenate. In some experiments, 0.5 mM EGTA was
also included to reduce Ca2+-dependent PDE activity to a
minimum.
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In experiments with PDE inhibitors and calyculin A, the
requisite compounds were added to intact cells in order to
reproduce the conditions of cyclic AMP experiments as closely
as possible. PDE blockers were also added at the requisite
concentrations into the PDE assay. The PDE reaction was
terminated when it was linear both with respect to time and the
amount of homogenate protein added, (5 ± 10 mg or 80 ±
100 mg/assay point, at 1 or 10 mM substrate cyclic AMP, re-
spectively), so that quantitative comparisons between treat-
ment groups could be made.

Reagents

Unless otherwise speci®ed, all reagents were from Sigma Ltd
(Poole, Dorset, U.K.). Sources of other materials were as
follows: phorbol 12,13 dibutyrate ester (PdBu), calyculin A
and okadaic acid, LC-Labs Boston (dissolved at 5 mM in
ethanol and stored at 7408C); rat corticotrophin releasing-
factor1 ± 41 (CRF) Bachem U.K. (Sa�ron Walden, Essex, U.K.);
pituitary adenylate cyclase activating peptide1 ± 38 (PACAP)
Peninsula Laboratories, (St Helen, Merseyside, U.K.), A23187
(Calbiochem-Novabiochem, Nottingham, U.K.); nimodipine
Semat Ltd (St Albans, Herts, U.K.); pertussis toxin (List La-
boratories). FK506 (tacrolimus), courtesy of Fujisawa
GMBH, MuÈ nchen.

Data analysis

Student's t test and analysis of variance were used where ap-
propriate and are indicated in the ®gure legends.

Results

Actions of okadaic acid and calyculin A on receptor-
induced cyclic AMP formation

Pilot studies showed that in cells treated with IBMX, both
calyculin A (Figure 1a) and okadaic acid (not shown) in-
hibited CRF-induced cyclic AMP formation irrespective of
the calcium status of the cells. Notably, in the presence of
maximally e�ective concentrations of calyculin A, the en-
hancement of cyclic AMP formation by Ca2+-depletion was
no longer apparent. Furthermore, the enhancement of the
cyclic AMP response by the calcineurin blocker FK506
(Antoni et al., 1995) could not be observed in the presence
of calyculin A (Figure 1b). On the one hand, these data are
compatible with the PPase cascade hypothesis, i.e. the serial
coupling of calcineurin and PPase1, although the marked
reduction of the cyclic AMP response complicates the in-
terpretation of the data. On the other hand, the e�ects ob-
served in Ca2+-depleted cells clearly indicate that type 1/2A
PPases are involved in the control of cyclic AMP accumu-
lation independently of Ca2+calcineurin. In order to examine
this problem further, the subsequent studies were carried out
in Ca2+-depleted cells.

Under these conditions inhibition of CRF-induced cyclic
AMP accumulation by 100 nM calyculin A was evident at all
time-points examined after the addition of CRF (Figure 2a).
Unless otherwise indicated, all reactions were terminated at
10 min. The reduction of cyclic AMP accumulation by 100 nM
calyculin A was observed at all concentrations of CRF that
caused a signi®cant enhancement of cyclic AMP production
(Figure 2b).

The dose-response curves for okadaic acid and calyculin A
revealed that okadaic acid was approximately 80 fold less
potent than calyculin A in reducing CRF-induced cyclic AMP
formation, moreover 1-norokadaone, an okadaic acid analo-
gue that is not bound by PPases (Nishiwaki et al., 1990), had
no e�ect on cyclic AMP formation (Figure 2c).

Similar data were obtained with the b-adrenoceptor agonist
isoprenaline, that activates a b2 adrenoceptor (Heisler et al.,
1983) in AtT20 cells, and PACAP (Figure 2d).

Lack of involvement of pertussis toxin sensitive G-
proteins

The half-e�ective concentration and the maximal e�ect of ca-
lyculin A with respect to CRF-induced cyclic AMP formation
was not altered by preincubation of the cells with pertussis
toxin (1 mg ml71 18 h) (Figure 3a).

The same PTX treatment markedly attenuated the inhibi-
tory e�ect of 10 nM somatostatin (Antoni et al., 1995), a
peptide hormone known to reduce cyclic AMP formation
through Gi proteins in AtT20 cells (Reisine, 1985).
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Figure 1 (a) Inhibition of cyclic AMP accumulation in response to
10 nM CRF by 50 nM calyculin A in (~) Ca2+-depleted cells and
(*) Ca2+-depleted cells repleted with Ca2+ at the time of addition of
CRF (see Methods); 0.5 mM IBMX and calyculin A were added
30 min before CRF. Basal levels of cyclic AMP were 0.65+0.002 and
0.54+0.02 pmol/well (mean+s.e.mean) in the Ca2+-depleted and
Ca2+-repleted groups, respectively. (b) Blockade of calcineurin
modulation of 10 nM CRF-induced cyclic AMP by calyculin A in
AtT20 cells incubated in medium containing 2 mM CaCl2 (without
ionophore) throughout the course of the experiment. All groups of
cells were preincubated with 0.5 mM IBMX, and the indicated
combinations of vehicle (0.4% ethanol), 50 nM calyculin A and 2 mM
FK506 for 30 min; open columns, control; hatched columns, FK506.
Basal cyclic AMP level was 1.6+0.09 pmol/well. Data are means+
s.e.mean; n=4/group. *P50.05 vs vehicle, one-way analysis of
variance followed by Newman-Keuls test.
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Cholera toxin induced cyclic AMP synthesis was blocked
by calyculin A

Pretreatment with 50 nM calyculin A completely blocked the
formation of cyclic AMP induced by cholera toxin despite the
presence of IBMX (not shown and (Koch & Lutz-Bucher,
1994)) or IBMX as well as rolipram (Figure 4).

In view of the complete block of the e�ect of cholera toxin
by preincubation with calyculin A, the e�ects of calyculin A
pretreatment on ADP-ribosylation were examined. In mem-
branes prepared from calyculin A-pretreated cells (Figure 5),
there was a clear increase (50% and 100% expressed in arbi-
trary optical density units in experiment 1 and 2, respectively)
of [32P]-ADP ribose incorporation into two major radiolabel-
led bands corresponding to the two commonly occurring 45K
and 52K molecular weight splice variants (Robishaw et al.,
1986) of Gsa. No di�erential changes in the intensity of
radiolabelling of these bands were discernible.

In order to circumvent the apparent blockade of the acti-
vation of Gs by calyculin A, the cells were activated by cholera
toxin for 90 min, after which PDE blockers and calyculin A
were added in sequence. Under these conditions (Figure 6a)
when only 0.5 mM IBMX was present, a marked inhibition of

cyclic AMP accumulation developed within 10 min after the
addition of 50 nM calyculin A. However, 0.5 mM IBMX and
0.1 mM rolipram in combination blocked the e�ect of calyculin
A at all time points, except at 30 min when a small (20%), but
statistically signi®cant (P50.05, one-way ANOVA followed
by Newman Keuls test) inhibition developed.

As IBMX and rolipram in combination also markedly
(close to 150%) enhanced the cyclic AMP response to cholera
toxin when compared with IBMX alone, the response to 10 nM
CRF was re-examined. This was also increased upon the ad-
dition of 0.1 mM rolipram and 0.5 mM IBMX, but only by
20% when compared with the response observed in the pre-
sence of 0.5 mM IBMX alone (not shown). However, the
profound inhibition by calyculin A either as preincubation
(not shown), or when given 1.5 min after the addition of CRF
(Figure 6b) prevailed even in the presence of 0.1 mM rolipram
and 0.5 mM IBMX.

E�ect of calyculin A on phosphodiesterase activity

Analysis of the time-course of calyculin A action on cholera
toxin-induced cyclic AMP formation (see Figure 6a) indicated
that calyculin A may enhance phosphodiesterase activity in
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Figure 2 Inhibition of CRF-induced cyclic AMP production by protein phosphatase (PPase) blockers in Ca2+-depleted AtT20 cells
in the presence of 0.5 mM IBMX. PPase blockers and IBMX were applied 30 min before the addition of CRF. Data are means and
vertical lines show s.e.mean; n=4± 6/group, and representative of at least two identical experiments. (a) Time-course of cyclic AMP
formation induced by 10 nM CRF in cells treated with (&) vehicle or (&) 100 nM calyculin A. (b) E�ect of (&) 100 nM calyculin A
and (&) vehicle on cyclic AMP production in response to various concentrations of CRF, the reaction was terminated 10 min after
the addition of CRF. (c) Speci®city of PPAse blocker action on cyclic AMP production evoked by 10 nM CRF. Data are expressed
as percentage of the cyclic AMP response to 10 nM CRF. Basal levels of cyclic AMP were 0.79+0.05 pmol/well, CRF-induced
cyclic AMP taken as 100% was 11.3+0.4 pmol/well. E�ects (~) calyculin A, (*) okadaic acid and (&) 1-nor-okadone are shown.
(d) Concentration-dependent e�ect of calyculin A on cyclic AMP accumulation induced by (~) 10 nM CRF, (~) PACAP or (&)
isoprenaline. All stimuli caused comparable increases (10 ± 20 fold basal) of total cyclic AMP.
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AtT20 cells. Measurement of PDE activity in Ca2+-depleted
cells revealed a clear stimulation of cyclic AMP hydrolysis
upon 30 min of pretreatment with 50 nM calyculin A (Figure
7a and b). Treatment with PDE blockers by use of the same
protocol as in the experiments for cyclic AMP accumulation
and also including the blockers in the PDE assay (10 mM
substrate) showed (Figure 7b) that IBMX inhibited PDE ac-
tivity up to 80%. However, because of the marked enhance-
ment of PDE activity in calyculin A treated cells, the activity
remaining in the presence of IBMX was 55% of that found in
control cells. Combination of rolipram with IBMX reduced
this activity to 5% of control.

The time-course of the onset of the e�ect of calyculin A on
PDE activity was assayed under Ca2+ free conditions at 1 mM
substrate thus favouring detection of PDE4. A signi®cant in-
crease of activity was evident within 5 min of addition to the
cells (Figure 7c) and was completely blocked by addition of
10 mM rolipram in the PDE assay (Figure 7c). Addition of
30 nM calyculin A into the PDE assay did not mimic this e�ect,

furthermore, assays in the presence of 100 mM Ca2+, 100 nM
calmodulin and 10 mM rolipram showed no increase of PDE
activity after treatment with calyculin A (results not shown).
Collectively, these data indicate selective activation of a type 4
PDE by calyculin A.

E�ects of calyculin A are not mimicked by activation of
protein kinase C

In view of the possible activation of protein kinase C by ca-
lyculin A (Gopalakrishna et al., 1992) the e�ects of phorbol
dibutyrate ester (PdBu) on CRF-induced cyclic AMP accu-
mulation were also examined. In calcium-depleted cells pre-
treated with 0.5 mM IBMX, 10 nM PdBu produced a
signi®cant (P50.0001, two-way ANOVA) 30% inhibition of
CRF-evoked cyclic AMP, which was also apparent in the
presence of a maximally e�ective concentration (50 nM) of
calyculin A (Figure 8). The actions of PdBu and calyculin A on
CRF-induced cyclic AMP were not additive, PdBu produced a
smaller decrement in the presence of calyculin A (P50.01 for
interaction between PdBu and calyculin A in a linear ANOVA
model). Finally, treatment of Ca2+-depleted cells with 10 nM
PdBu for 30 min failed to alter PDE activity (not shown).

Discussion

Previous work has indicated a prominent role of PPases in
cellular responsiveness through the dephosphorylation of G-
protein coupled membrane receptors (Sibley et al., 1987;
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membranes in ADP ribosylation bu�er only. Quanti®cation of the
optical densities by image analysis indicated a 2 fold increase of
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Pitcher et al., 1995). While it is possible that some of the e�ects
observed in the present study are due to the depletion of cell
surface receptor pools required for a sustained response to
agonist stimulation, the data clearly show e�ects of PPase
blockers downstream of membrane receptors. The reduction of
agonist as well as cholera toxin-stimulated cyclic AMP
synthesis indicates impairment of the activation of adenylyl
cyclase by Gs. Moreover, a marked stimulation of cyclic AMP
phosphodiesterase activity was demonstrated which was
functionally relevant with respect to cyclic AMP accumulation.

Speci®city of PPase inhibitors

The relative potencies of calyculin A and okadaic acid to in-
hibit receptor-induced cyclic AMP formation respectively,
conform with the pharmacology of these compounds to inhibit
PPase1 activity (Cohen et al., 1990). Similarly, a previous study
(Koch & Lutz-Bucher, 1994) found a 100 fold di�erence in the
potencies of calyculin A and okadaic acid to block CRF- and
PACAP-induced cyclic AMP production in AtT20 cells. A
close structural analogue of okadaic acid, 1-norokadaone, that
does not bind to protein phosphatases (Nishiwaki et al., 1990)
was inactive in our system. The cyclic AMP response to for-
skolin, a direct activator of adenylyl cyclase, is unchanged
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Figure 6 (a) Levels of cyclic AMP in AtT20 cells pretreated for
90 min with (125 ng ml71) cholera toxin; 0.5 mM IBMX (~, ~) or
0.5 mM IBMX and 0.1 mM rolipram (*, *) were added 5 min
before vehicle (~, *) or 50 nM calyculin A (~, *) was introduced
at 0 min. Data are representative of two identical experiments. (b)
Levels of cyclic AMP in AtT20 cells pretreated with 0.5 mM IBMX
and 0.1 mM rolipram for 30 min; 10 nM CRF was added 1.5 min
before the addition of vehicle (~) or 50 nM calyculin A (~) at 0 min.
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Figure 7 E�ect of calyculin A and phosphodiesterase (PDE)
blockers on cyclic AMP phosphodiesterase activity in calcium-
depleted AtT20 cells. (a) Time-course of PDE activity in homo-
genates prepared from (~) vehicle (Veh) or (~) 50 nM calyculin A-
treated AtT20 cells with 10 mM cyclic AMP as substrate. Individual
points from a representative experiment. (b) Cyclic AMP PDE
activity in homogenates prepared from AtT20 cells pretreated with
vehicle or 50 nM calyculin A plus 0.5 mM IBMX or 0.5 mM IBMX
and 0.1 mM rolipram (Roli) PDE blockers were also added to the
assay reaction mixture (substrate 10 mM cyclic AMP), the reactions
were terminated at 10 min. Data are means+s.e.mean, n=4/group,
pooled from 3 separate experiments, the basal activity taken as 100%
ranged between 60 and 100 pmol mg71 protein min71 in these
experiments. (c) Cyclic AMP PDE activity of homogenates prepared
from AtT20 cells pretreated with 50 nM calyculin A for the indicated
time intervals. The PDE activity was assayed in the presence of (~)
0.1% (v/v) DMSO (Veh) or (~) 10 mM rolipram the assay bu�er
contained 0.5 mM EGTA and 1 mM cyclic AMP substrate.
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(Koch & Lutz-Bucher, 1994) or even enhanced (A. Antaraki, &
F.A. Antoni, unpublished data), upon treatment with PPase
blockers, which argues against an impairment of adenylyl cy-
clase catalytic activity or a generalized toxic damage to cellular
metabolism. Finally, activation of protein kinase C with
phorbol ester did not mimic the e�ects of calyculin A. It is
therefore reasonable to suggest that the e�ects observed here
are due mainly to blockade of PPase activity, primarily types 1
and 2A, and not to non-speci®c interferences with other me-
chanisms of cellular control.

Blockade of modulation of cyclic AMP by Ca2+ in the
presence of calyculin A

Calcium ions exert a powerful and functionally relevant ne-
gative feedback e�ect on cyclic AMP formation in AtT20 cells
(Shipston et al., 1994; Antoni et al., 1995) which is interrupted
by blockers of calcineurin such as FK506. In the present study
calyculin A blocked the e�ects of calcium depletion and re-
pletion previously (Antoni et al., 1995) shown to enhance and
inhibit the CRF-induced cyclic AMP response, respectively.
Accordingly, the e�ect of FK506 was also abolished. Nomin-
ally, these data are consonant with the calcineurin-PPase1
cascade hypothesis (Figure 9). However, calyculin A caused a
strong net inhibition of the cyclic AMP response to activation
by Gs-coupled receptors, whereas blockers of calcineurin en-
hanced it. Furthermore, the suppression of the cyclic AMP
response by calyculin A was also observed in Ca2+-depleted
cells. Thus, while these ®ndings favour that calcineurin oper-
ates through PPase1 in AtT20 cells as proposed previously for
other systems (Klee & Cohen, 1988), it is clear that further sites
of PPase action are involved that are readily demonstrable in
cells depleted of rapidly mobilizable Ca2+.

E�ects of PPase blockade on Gs mediated responses

Overall, the consequence of PPase inhibition was a marked
reduction of the rate of receptor- as well as cholera toxin-
stimulated cyclic AMP formation. Pertussis toxin sensitive G-
proteins have no apparent role in this e�ect of PPase blockers.

Surprisingly, despite the complete blockade of cholera
toxin-induced cyclic AMP formation by calyculin A, the ADP-
ribosylation of Gsa by cholera toxin was enhanced. As recent
work suggests that Gsa in the heterotrimeric complex with b
and g subunits is a much better substrate for cholera toxin than
the dissociated a-subunit (Toyoshige et al., 1994), these data
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Figure 8 E�ect of 10 nM phorbol 12, 13 dibutyrate ester (PdBu) on
cyclic AMP accumulation induced by 10 nM CRF in Ca2+-depleted
AtT20 cells in the presence (hatched columns) or absence (open
columns) of a maximally e�ective (50 nM) concentration of calyculin
A. Cells were preincubated for 30 min with 0.5 mM IBMX and the
indicated combinations of vehicle (0.4% ethanol), calyculin A and
PdBu. Data are means+s.e.mean, n=4/group, representative of two
experiments. Two-way ANOVA P50.0001 for the e�ects of calyculin
A and PdBu, there was also a signi®cant interaction P50.01 between
the two treatments.
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Figure 9 Schematic summary of multiple sites of PPase modulation of the cyclic AMP (cAMP) signal transduction cascade in
AtT20 cells. Arrows and T-s represent stimulation and inhibition, respectively. The broken e�ector lines indicate that multiple
enzymatic steps may be involved. Ca2+-dependent modulation by PPases: the operation of a calcineurin-PPase1 cascade is suggested
by the loss of Ca2+/calcineurin modulation of agonist-induced cyclic AMP synthesis by calyculin A. The respective protein kinase(s)
that appear to be facilitatory to GS-cyclase coupling remain to be identi®ed. The site of PPase1 action is not known. Ca2+-
independent modulation by PPases: a calyculin A-sensitive mechanism is required for e�cient coupling of GS and adenylyl cyclase
implying the existence of inhibitory phosphorylation. The site(s) of this modulation and the protein kinases are not known.
Calyculin A enhanced the activity of a rolipram-sensitive PDE, indicating constitutive stimulant phosphorylation of a PDE 4
isotype.
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could be interpreted to suggest that the probability of Gs

subunit dissociation, which is a prerequisite for the activation
of adenylyl cyclase (Gilman, 1987), is reduced by calyculin A.
This hypothesis is also compatible with the observation that
after irreversible activation of Gsa by cholera toxin, the prin-
cipal mediator of calyculin A action appeared to be a rolipram/
IBMX sensitive PDE, whereas this was clearly not the case
when calyculin A was applied before cholera toxin. Blockade
of PDE with rolipram/IBMX also failed to prevent the inhi-
bition of CRF-induced activation of adenylyl cyclase by ca-
lyculin A, where cycling of Gsa from the activated (dissociated)
to the deactivated (heterotrimeric) state is likely to be essential
for the stimulating e�ect of the agonist (Gilman, 1987). In
addition, other workers have shown a drastic reduction of the
cyclic AMP response to CRF in membranes of AtT20 cells
pretreated with calyculin A (Koch & Lutz-Bucher, 1994). Thus
calyculin A interferes with the activation of adenylyl cyclase by
Gs. This implies that in AtT20 cells constitutive phosphoryla-
tion/dephosphorylation reactions regulate the coupling of Gs

to adenylyl cyclase.
Phosphorylation of Gsa by a variety of protein kinase

cascades, particularly epidermal growth factor-induced ki-
nase cascades, has been observed previously (see Houslay,
1994; Liebman et al., 1996 for reviews). One apparent out-
come of Gsa phosphorylation by epidermal growth factor-
induced mechanisms is the inhibition of the activation of
adenylyl cyclase by Gs-coupled receptors, which conforms
with the ®ndings presented here. Another potential me-
chanism that could underlie the reduction in the stimulation
of adenylyl cyclase by receptor-activated Gs is the phos-
phorylation of adenylyl cyclase by protein kinases (Premont
et al., 1992). Adenylyl cyclase type 9 is the predominant
cyclase isotype expressed in AtT20 cells (Antoni et al., 1995;
Paterson et al., 1995), which, like other mammalian cyclase
isoforms, is potentially phosphorylated by several protein
kinases (Antoni, 1997). However, the functional relevance of
speci®ed phosphorylation sites in adenylyl cyclases remains
to be investigated.

E�ects on PDE

Calyculin A substantially (2 ± 3 fold) enhanced cyclic AMP
hydrolysis in homogenates from calcium-depleted cells, and
this was also evident in cells incubated in normal, calcium-
containing medium (A. Antaraki, K.L. Ang & F.A. Antoni,
unpublished data) showing that the e�ects are not due to de-
pletion of intracellular calcium stores.

The aim of the preliminary analysis of AtT20 cell PDE
activity presented here was to clarify the results obtained with
cholera toxin. AtT20 cells contain both Type 1 and Type 4
PDE activity (Ang & Antoni, 1996) and calyculin A speci®cally
increased the latter. Moreover, at 10 mM of substrate cyclic
AMP, IBMX blocked 80% of total PDE activity while roli-
pram caused a 40% inhibition. As PDE activity rose almost 3
fold in response to calyculin A, PDE activity was substantial,
55% of that in vehicle-treated cells, in the presence of 0.5 mM

IBMX. Combination of rolipram and IBMX in calyculin A-

treated cells produced close to complete (95%) inhibition of
PDE activity. These results can be correlated with the obser-
vation that when cyclic AMP formation was stimulated by
cholera toxin i.e. irreversibly activated Gsa the combination of
rolipram and IBMX but not IBMX alone blocked the inhibi-
tory e�ect of calyculin A on cyclic AMP accumulation. Thus
under these conditions the e�ect of calyculin A on cyclic AMP
accumulation was largely due to activation of PDE.

These ®ndings indicate that a large proportion of PDE ac-
tivity in AtT20 cells is under stimulant control by constitu-
tively active protein kinase(s) and is inhibited by calyculin A
sensitive dephosphorylation. Regulation of various PDEs by
phosphorylation is an important element of cellular control in
several types of cell (Beltman et al., 1993). Speci®cally, other
investigators have formed an increase of PDE activity by
okadaic acid in adipocytes (Shibata et al., 1991), and phos-
phorylation by protein kinase A in¯uences the activity of Type
4 PDE in a thyroid cell line (Sette et al., 1994). Moreover,
control of calmodulin activated Type 1 PDEs by phosphory-
lation has been also shown (Sharma et al., 1988). However, the
impact of these changes on cyclic AMP signals awaits further
analysis.

Functional implications

A diagrammatic summary of the results presented in this
paper is shown in Figure 9. Taken together, the present
observations suggest that in AtT20 cells multiple phos-
phorylations by constitutively active protein kinases block
cellular responses to cyclic AMP generating agonists. PPases
inhibited by calyculin A and okadaic acid (primarily PPase 1
with possible requirement for concomitant blockade PPase
2A) have essential and functionally consonant actions in
opposing constitutive phosphorylations and thus maintaining
the transduction of extracellular signals operating through
heterotrimeric G protein activation. AtT20 cells have been
cultured as a relatively well-di�erentiated secretory cell line
for almost three decades (Yasumura, 1968), while normal rat
pituitary corticotrophs and human corticotroph adenoma
cells generally dedi�erentiate in similar culture conditions
within a few weeks (Westphal et al., 1986; Childs et al.,
1989). As cyclic AMP may provide the signal for prolif-
eration of a di�erentiated phenotype of endocrine cell
(Dumont et al., 1989) the constitutively active protein ki-
nases are likely to promote non-di�erentiated growth, which
is suppressed by PPases. Evidence speci®cally showing un-
ique patterns of constitutional Ser/Thr phosphorylation and
a resultant increase in the activity of pp60 (c-src) in AtT20
cells has been obtained (Gould et al., 1989). Thus the pre-
sent ®ndings may help to explain the tumour promoter ac-
tions of PPase blockers, i.e. the facilitation of proliferation
without di�erentiation.

We thank the MRC and the British Council for ®nancial support.
A.A. is a Fellow of the British Council.

References

ANG, K.L. & ANTONI, F.A. (1996). Rolipram-inhibitable cyclic
nucleotide phosphodiesterase (PDE) in rat adenohypophysis:
Potential functional role in corticotrophs and somatotrophs. Br.
J. Pharmacol., 116, P361.

ANTONI, F.A. (1997). Calcium regulation of adenylyl cyclase ±
relevance for endocrine control. Trends Endocrinol. Metab., 8,
7 ± 14.

ANTONI, F.A., BARNARD, R.J.O., SHIPSTON, M.J., SMITH, S.M.,

SIMPSON, J. & PATERSON, J.M. (1995). Calcineurin feedback
inhibition of agonist-evoked cAMP formation. J. Biol. Chem.,
270, 28055 ± 28061.

APERIA, A., IBARRA, F., SVENSSON, L.-B., KLEE, C.B. & GREEN-

GARD, P. (1992). Calcineurin mediates a-adrenergic stimulation
of Na,K-ATPase activity in renal tubule cells. Proc. Natl. Acad.
Sci. U.S.A., 89, 7394 ± 7397.

BEAVO, J.A. & REIFSNYDER, D.H. (1990). Primary sequence of cyclic
nucleotide phosphodiesterease isozymes and the design of
selective inhibitors. Trends Pharmacol. Sci., 11, 150 ± 155.

BELTMAN, J., SONNENBURG, W.K. & BEAVO, J.A. (1993). The role
of protein phosphorylation in the regulation of cyclic nucleotide
phosphodiesterases. Mol. Cell. Biochem., 127/128, 239 ± 253.

Phosphatase control of cyclic AMP998 A. Antaraki et al



BRADFORD, M.M. (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilising the
principle of dye-binding. Anal. Biochem., 72, 248 ± 254.

BROOKER, G., HARPER, J.F., TERASAKI, W.L. & MOYLAN, R.D.

(1979). Radioimmunoassay of cyclic AMP and cyclic GMP. In
Advances in Cyclic Nucleotide Research. ed. Brooker, G.,
Greengard, P. & Robison, G.A., pp. 2 ± 34. New York: Raven
Press.

CHILDS, G.V., LLOYD, J., UNABIA, G. & ROUGEAU, D. (1989).
Growth and secretory responses of enriched populations of
corticotropes. Endocrinology, 125, 2540 ± 2549.

CLARK, R.B., FRIEDMAN, J., KUNKEL, M.W., JANUARY, B.G. &

SHENOLIKAR, S. (1993). Okadaic acid induces both augmenta-
tion and inhibition of b2-adrenergic stimulation of cAMP
accumulation in S49 lymphoma cells. J. Biol. Chem., 268,
3245 ± 3250.

COHEN, P. (1989). Structure and regulation of protein phospha-
tases. Ann. Rev. Biochem., 58, 453 ± 508.

COHEN, P., HOLMES, C.F.B. & TSUKITANI, Y. (1990). Okadaic acid:
a new probe for the study of cellular regulation. Trends
Biochem. Sci., 15, 98 ± 102.

DUMONT, J.E., JAUNIAUX, J.-C. & ROGER, P.P. (1989). The cyclic
AMP-mediated stimulation of cell proliferation. Trends Bio-
chem. Sci., 14, 67 ± 71.

GILMAN, A.G. (1987). G-proteins -transducers of receptor-gener-
ated signals. Ann. Rev. Biochem., 56, 615 ± 649.

GOPALAKRISHNA, R., CHEN, Z.H. & GUNDIMEDA, U. (1992).
Nonphorbol tumor promoters okadaic acid and calyculin A
induce membrane translocation of protein kinase C. Biochem.
Biophys. Res. Commun., 189, 950 ± 957.

GOULD, K.L., BILEZIKJIAN, L.M. & HUNTER, T. (1989). AtT20
cells express modi®ed forms of PP60c-src. Mol. Endocrinol., 3,
70 ± 88.

HEISLER, S., REISINE, T. & AXELROD, J. (1983). Densensitization
of b2-adrenergic receptors and adrenocorticotropin release.
Biochem. Biophys. Res. Commun., 111, 112 ± 119.

HOUSLAY, M.D. (1994). Phosphorylation of heterotrimeric G
proteins, In GTPases in Biology. ed. Dickey, B.F. &
Birnbaumer, L., pp. 147 ± 165. Berlin:Springer Verlag.

JACOBOWITZ, O. & IYENGAR, R. (1994). Phorbol ester-induced
stimulation and phosphorylation of adenylyl cyclase 2. Proc.
Natl. Acad. Sci. U.S.A., 91, 10630 ± 10634.

KAWABE, J.I., IWAMI, G., EBINE, T., OHNO, S., KATADA, T., UEDA,

Y., HOMCY, C.J. & ISHIKAWA, Y. (1994). Di�erential activation
of adenylyl cyclase by protein kinase C isozymes. J. Biol. Chem.,
269, 16554 ± 16558.

KLEE, C.B. & COHEN, P. (1988). The calmodulin regulated protein
phosphatase, In Calmodulin. ed. Cohen, P. & Klee, C.B.,
pp. 225 ± 245. Amsterdam:Elsevier.

KOCH, B. & LUTZ-BUCHER, B. (1994). Inhibition of protein
phosphatases by okadaic acid and calyculin-A di�erentially
modulates hormonal- and forskolin-stimulated formation of
cyclic AMP in AtT20 corticotrophs: e�ect of pituitary adenylate
cyclase activating polypeptide and corticotropin-releasing
factor. Cell. Signal., 6, 467 ± 473.

KOCH, B. & LUTZ-BUCHER, B. (1995). Multifactorial regulation of
pituitary adenylate cyclase-activating polypeptide (PACAP)-
induced production of cyclic AMP in AtT-20 corticotrophs:
major involvement of rolipram-sensitive and insensitive phos-
phodiesterases. Mol. Cell. Endocrinol., 112, 27 ± 34.

KONO, T. (1988). Insulin-sensitive cAMP phosphodiesterase in rat
adipose tissue. Methods Enzymol., 159, 745 ± 751.

LIEBMAN, C., GRANEû, A., BOEHMER, A., KOVALENKO, M.,

ADOMEIT, A., STEINMETZER, T., NUÈ RNBERG, B., WETZKER,

R. & BOEHMER, F.-D. (1996). Tyrosine phosphorylation of Gsa
and inhibition of bradykinin-induced activation of the cyclic
AMP pathway in A431 cells by epidermal growth factor
receptor. J. Biol. Chem., 271, 31089 ± 31105.

LONGBOTTOM, D. & VAN HEYNINGEN, S. (1989). The activation
of rabbit intestinal adenylate cyclase by cholera toxin, Biochim.
Biophys. Acta, 1014, 289 ± 297.

MANGANIELLO, V. & VAUGHAN,M. (1973). An e�ect of insulin on
cyclic adenosine 3':5'-monophosphate phosphodiesterase activ-
ity in fat cells. J. Biol. Chem., 248, 7164 ± 7170.

MULKEY, R.M., ENDO, S., SHENOLIKAR, S. & MALENKA, R.C.

(1994). Involvement of a calcineurin/inhibitor-1 phosphatase
cascade in hippocampal long-term depression. Nature, 369,
486 ± 488.

NISHIWAKI, S., FUJIKI, H., SUGANUMA, M., FURUYA-SUGURI,

H., MATSUSHIMA, R., IIDA, Y., OJIKA, M., YAMADA, K.,

UEMURA, T., YASUMOTO, T., SCHMITZ, F. & SUGIMURA, T.

(1990). Structure-activity relationship within a series of okadaic
acid derivatives. Carcinogenesis, 11, 1837 ± 1841.

PATERSON, J.M., SMITH, S.M., HARMAR, A.J. & ANTONI, F.A.

(1995). Control of a novel adenylyl cyclase by calcineurin.
Biochem. Biophys. Res. Commun., 214, 1000 ± 1008.

PITCHER, J.A., STURGIS PAYNE, E., CSORTOS, C., DEPAOLI-

ROACH, A.A. & LEFKOWITZ, R.J. (1995). The G-protein-
coupled receptor phosphatase: A protein phosphatase type 2A
with a distinct subcellular distribution and substrate speci®city.
Proc. Natl. Acad. Sci. U.S.A., 92, 8343 ± 8347.

PREMONT, R.T., JACOBOWITZ, O. & IYENGAR, R. (1992). Lowered
responsiveness of the catalyst of adenylyl cyclase to stimulation
by Gs in heterologous desensitization: a role for adenosine 3',5'-
monophosphate-dependent phosphorylation. Endocrinology,
131, 2774 ± 2784.

REISINE, T. (1985). Multiple mechanisms of somatostatin inhibi-
tion of adrenocorticotropin release from mouse anterior
pituitary tumor cells. Endocrinology, 116, 2259 ± 2266.

ROBISHAW, J.D., SMIGEL,M.D. & GILMAN, A.G. (1986). Molecular
basis for two forms of the G protein that stimulate adenylate
cyclase. J. Biol. Chem., 261, 9587 ± 9590.

SCHILLING, R.J., MORGAN, D.R. & KILPATRICK, B.F. (1994). A
high-throughput assay for cyclic nucleotide phosphodiesterase.
Anal. Biochem., 216, 154 ± 158.

SETTE, C., IONA, S. & CONTI, M. (1994). The short-term activation
of a rolipram-sensitive, cAMP-speci®c phosphodiesterase by
thyroid-stimulating hormone in thyroid FRTL-5 cells is
mediated by a cAMP-dependent phosphorylation. J. Biol.
Chem., 269, 9245 ± 9252.

SHARMA, R.K., MOOIBROEK, M. & WANG, J.H. (1988). Calmodu-
lin-stimulated cyclic nucleotide phosphodiesterase isozymes, In
Calmodulin. ed. Cohen, P. & Klee, C.B., pp. 265 ± 295.
Amsterdam:Elsevier.

SHIBATA, H., ROBINSON, F.W.R.S.T. & KONO, T. (1991). E�ects of
okadaic acid on insulin-sensitive cAMP phosphodiesterase in
rat adipocytes ± evidence that insulin may stimulate the enzyme
by phosphorylation. J. Biol. Chem., 266, 17948 17953.

SHIPSTON, M.J., HERNANDO, F., BARNARD, R.J.O. & ANTONI,

F.A. (1994). Glucocorticoid negative feedback in pituitary
corticotropes: pivotal role for calcineurin inhibition of adenylyl
cyclase. Ann. New York Acad. Sci., 746, 453 ± 456.

SIBLEY, D.R., BENOVIC, J.L., CARON, M.G. & LEFKOWITZ, R.J.

(1987). Regulation of transmembrane signaling by receptor
phosphorylation. Cell, 48, 913 ± 922.

TOYOSHIGE, M., OKUYA, S. & REBOIS, R.V. (1994). Choleragen
catalyzes ADP-ribosylation of the stimulatory G protein
heterotrimer but not its free a-subunit. Biochemistry (U.S.A.),
33, 4865 ± 4871.

WESTPHAL, M., JAQUET, P. & WILSON, C.B. (1986). Long-term
culture of human corticotropin-secreting adenomas on extra-
cellular matrix and evaluation of serum-free conditions. Acta
Neuropathol. (Berl.), 71, 142 ± 149.

WOODS, M.D., SHIPSTON, M.J., MULLENS, E.L. & ANTONI, F.A.

(1992). Pituitary corticotrope tumor (AtT20) cells as a model
system for the study of early inhibition by glucocorticoids.
Endocrinology, 131, 2873 ± 2880.

YASUMURA, Y. (1968). Retention of di�erentiated function in
clonal animal cell lines particularly hormone-secreting cultures.
Am. Zool., 8, 285 ± 305.

(Received December 23, 1996
Revised March 24, 1997
Accepted April 4, 1997)

Phosphatase control of cyclic AMP 999A. Antaraki et al


