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1 Microcystin-LR, a speci®c and e�ective inhibitor of serine/threonine phosphatases type 1/2A
which does not permeate cells, was used to distinguish intracellular and extracellular e�ects of
phosphatase inhibitors on insulin secretion by RINm5F cells.

2 Incubation of intact RINm5F cells with microcystin-LR (0.1 ± 2 mM) almost doubled basal
insulin release at 3 mM glucose but left maximal insulin release induced by KCl (30 mM) una�ected.

3 In parallel, there was an increase in cytosolic Ca2+ by up to half maximum, which could be
suppressed by the Ca2+-channel blocker D600.

4 In contrast, microcystin-LR incubation of intact cells did not a�ect phosphatase activity but
signi®cantly reduced phosphatase activity when used in cellular fractions.

5 From these data we conclude that microcystin-LR could a�ect Ca2+-channels and insulin release
by inhibiting an extracellular phosphatase-like activity.
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Introduction

Protein phosphatases play an important role in the regulation
of cellular functions (Schonthal, 1998). Apart other mechan-
isms, their contribution to the phosphorylation state of

calcium channels seems to play a crucial role in the regulation
of the channel function (Levitan, 1994). This is indicated by
studies with heart myocytes, in which increased phosphoryla-

tion of calcium channels or associated proteins caused by an
inhibition of protein phosphatases enhanced channel activity
(Kameyama et al., 1986; Hescheler et al., 1987). In pancreatic

b-cells, the entry of calcium through voltage-dependent Ca2+-
channels is a key event in the stimulus-secretion cascade
(Wollheim et al., 1996). In these cells, a regulatory e�ect of

intracellular phosphorylation (Arkhammar et al., 1994) and
dephosphorylation on calcium-channel function (Haby et al.,
1994; Ammon et al., 1996) has also been shown. However, the
use of membrane-permeating inhibitors of the serine/threonine

phosphatases like okadaic acid gave contradictory results,
either suggesting an increase in [Ca2+]i (Haby et al., 1994) or a
decrease in [Ca2+]i and insulin secretion (Tamagawa et al.,

1992; Ammon et al., 1996). With the discovery of microcystin-
LR as an inhibitor of protein phosphatases 1/2A (Matsushima
et al., 1990), which does not permeate through cell membranes,

another speci®c tool to study the role of phosphatases in cell
function became available. To further clarify the role of
phosphatases in the regulation of cellular calcium-metabolism,

we evaluated the e�ect of microcystin-LR on protein
phosphatase activity, cytosolic calcium-concentration ([Ca2+]i)

and insulin release in the insulin-secreting clonal cell-line
RINm5F.

Methods

Chemicals

RPMI 1640, penicillin G and streptomycin were obtained from

Biochrom/Seromed (Berlin D). Bovine serum albumin (BSA),
tris(hydroxymethyl)-aminomethane (TRIS), EGTA (ethylene
glycol-bis[b-aminoethylether]-N,N,N',N'-tetraacetic acid) and

trypsin inhibitor from soybean were from Sigma (Deisenhofen,
Germany). Microcystin-LR, foetal calf serum, glycogen
phosphorylase b and phosphorylase kinase were supplied by
Life Technologies (Eggenstein, Germany). Fura-2-acetoxy-

methyl ester (fura-2 AM) was obtained from Molecular Probes
(Eugene, OR, U.S.A.). [33P-g]-ATP was from Amersham
Buchler (Braunschweig, Germany). All other chemicals, in the

purest grade available, were from E. Merck AG (Darmstadt,
Germany).

Cell culture

Cells of the clonal rat insulinoma cell line RINm5F (Gazdar
et al., 1980) were cultured in 175-cm2 ¯asks (Greiner,

NuÈ rtingen, Germany) at 378C in a water saturated atmos-
phere gassed with an air-CO2-mixture (95 : 5). The RPMI
1640-NaHCO3 medium supplemented with 10% foetal calf

serum, 11.1 mM glucose, 100 IU penicillin G and strepto-
mycin (100 mg ml71) was used as culture medium (Trier et*Author for correspondence; E-mail: Martin.Wahl@uni-tuebingen.de
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al., 1988). The cells were subcultured weekly and the
medium was renewed after 4 days of culture.

Phosphorylase a phosphatase activity

To determine the e�ect of microcystin-LR on phosphatase 1
and 2A in the di�erent cell fractions phosphorylase a has been

used as a substrate. Therefore, phosphorylase a was obtained
by phosphorylation of glycogen-phosphorylase b using [32P-g]-
ATP and phosphorylase-kinase, as reported earlier (Ammon et

al., 1996).
For the assay, RINm5F cells were washed three times with

TRIS/EGTA (20 mM/0.1 mM) bu�er, harvested after trypsi-

nization and homogenized in TRIS/EGTA bu�er with a
dounce homogenizer (10 strokes). To prevent protease
activities, 0.2 mg ml71 trypsin inhibitor from soybean was

added before homogenization. Protein phosphatase activity
was measured in the homogenates of RINm5F cells by
incubation for 10 min at 308C with [33P]-labelled phosphor-
ylase a as a substrate and subsequent determination of the

release of [33P]i (Cohen et al., 1988). Protease activities were
excluded using the method described by Antoniw & Cohen
(1976). Microcystin-LR was added to homogenates or

fractions immediately before the assay. In order to ®nd out if
microcystin-LR permeates in su�cient amounts to inhibit
phosphatase activities, intact cells were incubated with

microcystin-LR for 60 min in a Krebs-Ringer-HEPES bu�er
containing 0.5% BSA. At the end of the incubation period the
cells were washed ®ve times, harvested, homogenized and

assayed for phosphorylase a phosphatase activity after
fractionation.

Subcellular fractionation procedure

The cells were fractionated according to a method of Salers et
al. (1991). All procedures were undertaken at 48C. The cells

were homogenized as described above. The crude homogenate
was centrifuged at 6006g for 5 min to remove the nuclei and
intact cells. The pellet was resuspended and homogenized

again to disrupt remaining cells and centrifuged at 6006g for
5 min. The pooled two supernatants were centrifuged at
20,0006g for 20 min. The resulting supernatant was
centrifuged again for 60 min at 105,0006g. The 105,0006g

pellet was resuspended, homogenized and pelleted as above.
The two 105,0006g supernatants were pooled and referred to
as the cytosolic fraction. The 6006g and 105,0006g pellets

were resuspended in 500 ml bu�er each and referred to as the
nuclear and membrane fraction, respectively.

Cytosolic calcium [Ca2+]i

Cells being attached to coverslips after overnight culture were
incubated with 2 mM fura-2-acetomethoxymethylester for

30 min at 378C in a modi®ed Krebs-Ringer-HEPES-bu�er
containing 1 mM Ca2+, 2.8 mM glucose and 4% BSA (Pralong
et al., 1990). After washing the cells three times with the

experimental bu�er they were placed in a perifusion chamber
(volume 250 ml) on a temperature-controlled microscopic stage
(35 ± 378C) and perifused with the experimental media. All

Table 1 E�ect of microcystin-LR on phosphatase activity
of intact cells and cellular fractions

Addition prior to
fractionation
(intact cells)
% of control

Addition to fractions
% of control

Homogenate
Membrane fraction
Cytosolic fraction
Nuclear fraction

98.0+5.1
96.9+6.1
98.8+4.7
97.8+5.8

2.1+1.1
1.9+1.2
1.5+0.8
1.2+1.0

Cells were incubated for 60 min in the absence or presence
of 2 mM microcystin-LR. After fractionation, phosphorylase
a phosphatase activity was determined. A portion of the
fractions obtained from the cells which were incubated in the
absence of the inhibitor was supplemented with 2 mM
microcystin-LR prior to the assay to show the inhibitory
potency of microcystin-LR in the homogenates. Values are
expressed as per cent of control (mean+s.e.mean, n=4).

Figure 1 E�ect of microcystin-LR (100 nM± 2 mM) on [Ca2+]i
determined by ¯uorescence measurements. The cells were initially
stimulated by an increase in KCl from 4.8 to 30 mM for a 1 min
period, as indicated by the arrow. After a washout period (400 s)
100 nM (upper panel); 1 mM (mid panel) or 2 mM (lower panel)
microcystin LR was added for 10 min in the respective concentra-
tions as indicated by the arrows. After the end of the microcystin-
LR-incubation period the cells were again depolarized by rising KCl
from 4.8 to 30 mM for 1 min. Each trace is a representative of ®ve
independent experiments.
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experiments were performed at a constant superfusion rate.
Solution changes were completed within 45 s.

[Ca2+]i was determined with a dual excitation system

(excitation wavelength 340/380 nm, emission wavelength
510 nm) based on a photomultiplier tube (Seefelder Mess-
technik, Seefeld and Uhl, MuÈ nchen, Germany). Small clusters
of several cells were analysed for [Ca2+]i by monitoring the

¯uorescence ratio for the two excitation wavelengths at a
sampling rate of 2 Hz using a microcomputer, as reported
earlier (Ammon et al., 1996).

Insulin secretion

RINm5F cells were seeded in multiwells (Greiner, NuÈ rtingen,
Germany) and grown for 3 days in culture to reach

approximately half-con¯uency. For the experiments, the cells
were washed three times with Krebs-Ringer-HEPES bu�er
containing 2.8 mM glucose and 0.5% BSA. Incubation was

performed at 378C in 1 ml bu�er. For kinetic experiments,
RINm5F cells were preincubated with microcystin-LR for
10 min before addition of the stimulus. Insulin was quanti®ed
by radioimmunoassay (Biermann, Bad Nauheim, Germany)

using rat insulin as a standard. Statistical evaluation of
multiple comparisons was done by ANOVA followed by
Newman-Keuls-test or by calculating the slopes by linear

regression and comparing these slopes by ANOVA followed
by Bonferroni's Multiple Comparison Test. Values marked
with di�erent symbols di�er signi®cantly (P50.05).

Results

Phosphorylase a phosphatase activity

To study the e�ect of microcystin-LR on phosphorylase a

phosphatase activity in RINm5F cells, intact cells were
incubated for 60 min in the presence or absence of 2 mM
microcystin-LR. After washing and homogenization, phos-

phorylase a phosphatase activity remained unchanged by the
microcystin-LR-incubation when compared to the controls
(Table 1).

To verify the competence of microcystin-LR as an inhibitor
of phosphorylase a phosphatase activity, the homogenate and
an aliquot of each cellular fraction (membrane, cytosolic,

nuclear) were incubated with 2 mM microcystin-LR for 10 min.

Figure 2 E�ect of microcystin-LR (1 mM) on [Ca2+]i in the presence
of a Ca2+-channel blocker. The cells were initially stimulated by an
increase in KCl from 4.8 to 30 mM for a 1 min period, as indicated
by the arrow. After a washout period (2 min) the cells were incubated
with 50 mM D 600. The subsequent addition of 1 mM microcystin-LR
was as ine�ective on [Ca2+]i as a following depolarization with KCl
(30 mM). After a washout period of 4 min the cells responded again
to the KCl-stimulus (30 mM). The trace is a representative of ®ve
independent experiments.

Figure 3 Time course of the e�ect of microcystin-LR on insulin
release. Incubations were performed in microtiter plates and samples
taken after 2, 8, 10, 15 and 60 min of incubation. Microcystin-LR-
treated cells were preincubated for 10 min prior to stimulation.
Additions as indicated in the ®gure. IRI (ordinate axis): immuno-
reactive insulin. Mean+s.d., n=3±4. For values without given s.d.
the size of the symbols in the ®gure exceeded the error bars.

Figure 4 E�ect of D600 on microcystin-LR-induced insulin
secretion by RINm5F cells. After preincubation of 10 min with
microcystin-LR (0.1 ± 2 mM) the cells were incubated for 30 min with
microcystin-LR both in the presence or absence of D600 (50 mM), as
indicated in the ®gure. IRI (ordinate axis): immunoreactive insulin.
Mean+s.e.mean, n=3± 4. ANOVA, Newman-Keuls-test. Values
marked with di�erent symbols (#,$,&;@) are signi®cantly di�erent
(P50.05).
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Here, phosphorylase a phosphatase activity was nearly
completely inhibited compared to the respective controls in
the absence of microcystin-LR (Table 1).

Cytosolic calcium

Stimulation of RINm5F cells by increasing the extracellular

concentration of KCl from 4.8 to 30 mM for 1 min caused a
steep rise of [Ca2+]i which was followed by a decline.
Adding microcystin-LR (0.75 ± 2 mM) for 10 min in the

absence of other stimulators induced a concentration-
dependent rise in basal [Ca2+]i (Figure 1). However, the
subsequent addition of KCl (to 30 mM) led to an unchanged

elevation of [Ca2+]i in all cases (Figure 1).
Incubation of the cells with 50 mM of the calcium-

channel blocker D 600 prior (5 min) to the addition of

microcystin-LR (1 mM) completely inhibited the microcys-
tin-LR-induced rise of [Ca2+]i. A subsequent stimulation
with KCl (30 mM) was completely suppressed too. After a
wash-out period of at least 250 s the response of the cells

to a depolarization started to recover (Figure 2).

E�ect of microcystin-LR on insulin secretion

Incubation of RINm5F cells in the presence of 2 mM
microcystin-LR showed a signi®cant increase in basal insulin

release. However, depolarization-induced (KCl 30 mM)
insulin release remained unchanged in the presence of
microcystin-LR (2 mM) (Figure 3). At a ®xed incubation

time of 30 min, the concentration-dependent increase in
insulin release induced by microcystin-LR was signi®cantly
(P50.05) reduced by 50 mM of the calcium-channel-blocker
D600 (Figure 4).

Discussion

Protein phosphatases (PP) have been classi®ed by Shenolikar
& Nairn (1991) into ®ve major types (PP-1, PP-2A, PP-2B, PP-

2C and PP-3), depending on their substrate speci®city,
sensitivity to phosphatase inhibitor proteins (inhibitor-1,
inhibitor-2), and their dependence on divalent cations (Ca2+,
Mg2+). Only PP-1 and PP-2A, but not the other phosphatases

possess signi®cant activity when phosphorylase a, a phos-
phorylated enzyme of glycogen metabolism, is used as a
substrate (Ingebritsen & Cohen, 1983).

Microcystin-LR is able to inhibit phosphatases type 1 and
2A of insulin secreting cells almost completely, supporting its
role as a blocker of these phosphatases (Cartus et al., 1998).

This was reported from other tissues before (SjoÈ holm et al.,
1993; Honkanen et al., 1994). However, in insulin secreting
cells the e�ect of microcystin-LR could only be achieved in cell

homogenates. Microcystin-LR was without e�ect on phospha-
tase 1/2A activity after incubation of intact cells, being in
contrast to other inhibitors like okadaic acid (Ammon et al.,
1996). An uptake of microcystin-LR into the insulin-secreting

cells is therefore unlikely, this has been con®rmed by ®ndings
in neuroblastoma cells (Laidley et al., 1997) but is in contrast
to liver cells, where the presence of a carrier-transport-system

for microcystin was reported (Dawson, 1998). In intact cells,
the action of microcystin-LR led, however, to a concentration-

dependent increase in [Ca2+]i. In contrast to the rapid
depolarization induced by KCl, the microcystin-e�ect occurred
slower and did not reach the maximum as with KCl. The

treatment with microcystin-LR did not damage the cells since a
normal depolarization-induced rise in [Ca2+]i was still present.

Insulin secretion is thought to be the consequence of a rise
in the [Ca2+]i (Wollheim & Pozzan, 1984; Wollheim et al.,

1996). As seen for [Ca2+]i, microcystin-LR induced insulin
secretion in a time- and concentration-dependent manner and
did not reach the maximal e�ect as obtained with KCl.

The fact, that both did not act synergistically supports the
view that microcystin-LR may act by the same way as KCl and
due to the already maximal stimulation could not further

increase the secretion. However, it might also be true that the
amount of insulin released by microcystin-LR-treatment is just
too small to be detected beside the large amount released by

KCl.
The underlying mechanism of the increase in [Ca2+]i and

insulin release seems to be the opening of voltage-dependent
Ca2+-channels since both e�ects could be inhibited by a

blocker of the voltage-dependent Ca2+-channel, D600. For
voltage-dependent Ca2+-channels, a dependence of their
function on the dephosphorylation was shown earlier

(Hescheler et al., 1987; Frace & Hartzell, 1993). In addition,
phosphorylation-sites on the channel protein have been
reported before (Bouron et al., 1995). In our hands, dephos-

phorylation in membrane-fractions of insulin-secreting cells is
sensitive to an inhibition by microcystin-LR (Table 1). We
therefore conclude that a dephosphorylation system related to

the calcium-channel function may be accessible from the
extracellular surface. The activity of this extracellular
accessible dephosphorylation system is su�cient to modulate
calcium-channels and insulin release even though its contribu-

tion to the total activity of the membrane related phosphatase
activity was indistinguishable.

The existence of an extracellular action site for phosphatase

1/2A inhibitors could also explain why at low concentrations
okadaic acid, a membrane permeable inhibitor of phosphatase
1 and 2A, increases [Ca2+]i (Haby et al., 1994) and insulin

release (Haby et al., 1994; Tamagawa et al., 1992) but at higher
concentrations reduces [Ca2+]i (Ammon et al., 1996) and
secretion (Tamagawa et al., 1992; Ammon et al., 1996). This
may be due to an extracellular action of the low but an

additional intracellular action of the higher concentrations. As
shown previously (Honkanen et al., 1994; Lin & Chu, 1994),
microcystin-LR posesses high speci®city for phosphatases 1 or

2A. This provides further evidence that the extracellular action
site of microcystin-LR to open voltage-dependent Ca2+-
channels may be of a phosphatase type 1 or 2A. However,

an additional drug-speci®c e�ect di�erent from the inhibition
of the serine/threonine phosphatases type 1 or 2A can't be
ruled out.
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