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Redox modulation participates in the regulation of intracellular

free calcium concentration ([Ca#+]
i
) in several cell types. In

thyroid cells, including FRTL-5 cells, changes in [Ca#+]
i
regulate

several important functions, including the production of H
#
O

#
(hydrogen peroxide). As H

#
O

#
is of crucial importance for the

production of thyroid hormones, we investigated the effects of

H
#
O

#
on [Ca#+]

i
in thyroid FRTL-5 cells. H

#
O

#
itself did not

modulate basal [Ca#+]
i
.However,H

#
O

#
attenuated store-operated

calcium entry evoked by thapsigargin, both in a sodium-con-

taining buffer and in a sodium-free buffer. The effect of H
#
O

#
was

abrogated by the reducing agent β-mercaptoethanol. H
#
O

#
also

attenuated the thapsigargin-evoked entry of barium and manga-

nese. The effect of H
#
O

#
was, at least in part, mediated by

activation of protein kinase C (PKC), as H
#
O

#
enhanced the

binding of [$H]phorbol 12,13-dibutyrate. H
#
O

#
also stimulated

the translocation of the isoenzyme PKCε from the cytosolic

fraction to the particulate fraction. Furthermore, H
#
O

#
did not

attenuate store-operated calcium entry in cells treated with

INTRODUCTION

In thyroid cells, as in several other cell types, changes in

intracellular free calcium concentration ([Ca#+]
i
) [1] regulate a

multitude of cellular functions. Several reports have shown that

changes in [Ca#+]
i
evoked by ATP, carbachol, noradrenaline, and

also by thyrotropin (TSH), may regulate the efflux of iodide

[1–3], cellular proliferation [4,5], the expression of receptors for

TSH [6] and the generation of H
#
O

#
(hydrogen peroxide) [7–9].

In the thyroid, the production of thyroid hormones takes place

at the external surface of the apical plasma membrane. In the

iodination and coupling reaction, in which thyroid hormones are

formed, H
#
O

#
acts as an electron acceptor. The system generating

H
#
O

#
uses NADPH as a coenzyme, and together with a thyroid

peroxidase regulates thyroid hormone production. Both of these

enzymes are also found at the apical plasma membrane. Thus as

calcium participates in the regulation of H
#
O

#
production, it is an

important factor in the regulation of thyroid hormone synthesis.

Furthermore, it is feasible to assume that cytosolic calcium may

reach high micromolar levels close to the plasma membrane as a

result of both agonist-evoked release from intracellular stores

and store-operated entry. At these sites the production of H
#
O

#
is also substantial [10]. Although the production of H

#
O

#
is an

important event in the regulation of thyroid cell function, the

effect of H
#
O

#
itself is not well documented. In thyroid FRTL-5

cells, H
#
O

#
either enhances or inhibits iodide entry, depending on

Abbreviations used: [Ca2+]i, intracellular free calcium concentration ; [Ca2+]o, extracellular free calcium concentration ; fura 2/AM, fura 2
acetoxymethyl ester ; HBSS, Hepes-buffered saline solution; IP3, inositol 1,4,5-trisphosphate ; PKC, protein kinase C; TSH, thyrotropin.
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staurosporine or calphostin C, or in cells with down-regulated

PKC. H
#
O

#
depolarized the membrane potential in bisoxonol-

loaded cells and when patch-clamp in the whole-cell mode was

used. The depolarization was attenuated in cells with down-

regulated PKC. This depolarization, at least in part, explained

the H
#
O

#
-evoked inhibition of calcium entry. In addition, H

#
O

#
enhanced the extrusion of calcium from cells stimulated with

thapsigargin and this effect was abolished in cells with down-

regulated PKC and after treatment of the cells with the reducing

agent β-mercaptoethanol. In conclusion H
#
O

#
attenuates an

increase in [Ca#+]
i
. As H

#
O

#
is produced in thyroid cells in a

calcium-dependent manner, our results suggest that H
#
O

#
may

participate in the regulation of [Ca#+]
i
in these cells via a negative-

feedback mechanism involving activation of PKC.

Key words: calcium channels, redox regulation, Ca#+-ATPase,

ion fluxes.

the hormonal status of the cells [11,12], whereas in porcine

thyroid cells H
#
O

#
inhibits iodide uptake and iodine organi-

fication [13] and may induce apoptosis [14]. In other cell

types, H
#
O

#
appears to have a multitude of effects. In ventricular

myocytes, H
#
O

#
slows the inactivation of a tetrodotoxin-sensitive

sodium current [15], evokes changes in [Ca#+]
i
[16,17], and may

have arrhythmic activity [18]. Furthermore, H
#
O

#
has been

shown to activate activator protein-1 (AP-1) and nuclear factor

κB transcription factors [19], and it may evoke apoptosis in some

cells [20,21].

H
#
O

#
is a powerful oxidizing compound, which enhances the

entry of extracellular calcium into some cell types [22,23].

Oxidizing compounds may modulate the release of sequestered

calcium, by sensitizing the inositol 1,4,5-trisphosphate (IP
$
)

receptor at resting levels of IP
$

[24,25], and by sensitizing

the ryanodine receptor [26]. Some oxidizing compounds, e.g.

thimerosal, may activate calcium entry via calcium-release-

activated calcium channels [27]. We have shown that thimero-

sal activates a Ca#+-ATPase and calcium extrusion in FRTL-5

cells [28]. Oxidizing compounds may also inhibit the endo-

plasmic Ca#+-ATPase [29]. In addition, H
#
O

#
may activate

protein kinase C (PKC) [30,31] ; and PKC modulates several

functions in FRTL-5 cells [32], including the regulation of

calcium entry [33].

Reactive oxygen species, including H
#
O

#
, are probably formed

in all cell types, but because H
#
O

#
is of crucial physiological
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importance for the function of thyroid cells, we wanted to

investigate the effect of H
#
O

#
on calcium fluxes in thyroid FRTL-

5 cells. To obtain entry of calcium without any other receptor-

evoked signalling cascades, we induced store-operated calcium

entry using the Ca#+-ATPase inhibitor thapsigargin. Our results

show that H
#
O

#
potently attenuates an increase in [Ca#+]i by two

mechanisms: (1) a PKC-dependent depolarization of the mem-

brane potential and a concomitant decrease of the electrochemical

gradient for calcium; and (2) a PKC-dependent extrusion of

calcium from the cell.

MATERIALS AND METHODS

Materials

Culture medium, serum and hormones needed for cell culture

were purchased from Gibco Laboratories (Grand Island, NY,

U.S.A.), Biological Industries (Kibutz, Beit, Haemek, Israel) and

Sigma (St. Louis, MO, U.S.A.). Culture dishes were obtained

from Falcon Plastics (Oxnard, CA, U.S.A.). Staurosporine and

PMA were purchased from Sigma, H
#
O

#
was obtained from

Riedel-de Haen (Seelze, Germany) and β-mercaptoethanol was

from Fluka Chemie (Buchs, Germany). Fura 2 acetoxymethyl

ester (fura 2}AM), fluo 3 and bisoxonol were purchased from

Molecular Probes (Eugene, OR, U.S.A.). Thapsigargin was

from LC Services Corp. (Woburn, MA, U.S.A.). [$H]Phorbol

12,13-dibutyrate and [γ-$#P]ATP were obtained from Amersham

(Amersham, Bucks., UK). Phosphocellulose paper P81 was from

Whatman (Maidstone, Kent, U.K.). Microtitration plates used

in the phorbol dibutyrate binding assay, and the liquid scintil-

lation cocktails Optiphase SuperMix and HiSafe 3, were

purchased from Wallac (Turku, Finland). All other chemicals

used were of reagent grade. Bovine TSH was a generous gift

from the National Hormone and Pituitary Program (National

Institutes of Health, Bethesda, MD, U.S.A.).

Cell culture

Rat thyroid FRTL-5 cells were originally obtained from the

Interthyr Research Foundation (Bethesda, MD, U.S.A).

The cells were grown in Coon’s modified Ham’s F12 medium,

supplemented with 5% (v}v) calf serum and six hormones [34]

(insulin, 1 µg}ml; transferrin, 5 µg}ml; cortisol, 10 nM; the

tripeptide Gly--His--Lys, 10 ng}ml; TSH, 0.3 m-unit}ml;

somatostatin, 10 ng}ml) in a water-saturated atmosphere of

air}CO
#

(19:1) at 37 °C. Before an experiment, cells from one

donor culture dish were harvested with a 0.1% trypsin solution

and plated on to plastic 100-mm culture dishes. The cells were

grown for 7–8 days before an experiment, with 2–3 changes of

the culture medium. Fresh medium was always added 24 h prior

to an experiment. For the [$H]phorbol 12,13-dibutyrate binding

assay the cells were grown on microtitration plates, and were

used when cells reached confluency (3–4 days after plating).

Measurement of [Ca2+]i
The medium was aspirated, and the cells were harvested with

Hepes-buffered saline solution (HBSS; 118 mM NaCl, 4.6 mM

KCl, 10 mM glucose, 1 mM CaCl
#

and 20 mM Hepes, pH 7.2)

lacking calcium but containing 0.02% EDTA and 0.1% trypsin.

After washing the cells three times with HBSS by pelleting, the

cells were incubated with 1 µM fura 2}AM for 30 min at 37 °C.

Following the loading period, the cells were washed twice with

HBSS buffer, and incubated for at least 10 min at room tem-

perature, and washed once again. Fluorescence was measured

with a Hitachi F2000 fluorimeter. The excitation wavelengths

were 340 and 380 nm, and emission was measured at 510 nm.

The signal was calibrated by addition of 1 mM CaCl
#
and Triton

X-100 to obtain maximal fluorescence. Chelation of extracellular

Ca#+ with 5 mM EGTA and the addition of Tris-base were used

to elevate pH above 8.3, to obtain minimal fluorescence. [Ca#+]
i

was calculated as described by Grynkiewicz et al. [35], using a

computer program designed for the fluorimeter and a K
d

value

of 224 nM for fura 2. In some experiments, the cells were kept in

sodium-free HBSS. In this buffer, NaCl was exchanged with

equimolar concentrations of choline chloride. Furthermore, in

some experiments we measured the calcium extrusion by cal-

culating the change in [Ca#+]
i

of the downward slope of the

thapsigargin-evoked change in [Ca#+]
i
. In these experiments, a

line was drawn and the maximal rate of change in [Ca#+]
i
was

calculated as ∆[Ca#+]
i
over a period of 10 s.

Measurement of extracellular free calcium concentration ([Ca2+]o)

The cells were grown and harvested as for the [Ca#+]
i

exper-

iments. The harvested cells were allowed to stabilize in a water-

saturated atmosphere of air}CO
#

(19:1) at 37 °C for 2 h. The

experiment was performed as described previously [36]. In brief,

the cells were washed and resuspended in calcium-free HBSS in

a quartz cuvette. Prior to an experiment, fluo 3 pentapotassium

salt (final concentration 1 µM) was added to the cuvette. EGTA

was then added to buffer [Ca#+]
o
to 100–200 nM. Next, the cells

were stimulated with vehicle or H
#
O

#
(final concentration

300 µM) for 1 min, and then thapsigargin (1 µM) or DMSO was

added, and the changes in [Ca#+]
o
were measured. Fluorescence

was measured with a Hitachi F2000 fluorimeter. The excitation

wavelength was 480 nm and emission was measured at 530 nm.

The signal was calibrated by addition of 1 mM CaCl
#

and

Triton X-100 to obtain maximal fluorescence. Chelation of extra-

cellular Ca#+ with 5 mM EGTA and the addition of Tris-base

were used to elevate pH above 8.3, to obtain minimal fluor-

escence. [Ca#+]
i
was calculated using a K

d
value of 370 nM for

fluo 3.

[3H]Phorbol 12,13-dibutyrate binding assay

The assay was performed as described by Trilivas and Brown [37]

with certain modifications. Briefly, the medium was aspirated

and the cells were pretreated with vehicle or thapsigargin (final

concentration 2 µM) in medium, and the cells were incubated for

90 s. Subsequently vehicle or H
#
O

#
was added for 60 s, and the

cells were washed three times with ice-cold HBSS. [$H]Phorbol

12,13-dibutyrate (final concentration 10 nM) either with (non-

specific binding) or without (total binding) PMA (final con-

centration 1 µM) was added together with the test compounds.

After washing the cells with HBSS, the radioactivity was

measured using a Wallac Microbeta counter. The results are

shown as specific binding of [$H]phorbol 12,13-dibutyrate per

well.

PKC extraction and assay

Rat brain PKC was extracted and assayed as previously described

[38], with some modifications. Briefly, rat brain was homogenized

in ice-cold calcium-free 10 mM Hepes-buffer (pH 7.5) containing

100 µM leupeptin and 1 mM PMSF. Crude particles were

removed by spinning the suspension at 200 g (for 10 min at 4 °C).

The supernatant was further centrifuged (100000 g, for 60 min

at 4 °C). The resulting supernatant was partially purified

by DEAE-Sephadex (Pharmacia, Sweden) column chromato-

graphy. The protein contents in the fractions were measured

according to Bradford [39]. The fraction showing the highest
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calcium- and phospholipid-dependent kinase activity was stored

in 50% (v}v) glycerol at ®20 °C.

Before the assay, H
#
O

#
and the PKC protein extract were

mixed and incubated for 15 min. The assay was started by adding

the substrate to the mixture. The final reaction mixture (7 mM

MgCl
#
, 0.5 mM EDTA, 0.25 mM EGTA, 0.08 mM substrate

peptide Arg-Lys-Gly-Ser-Leu-Arg-Gly-NH
#
and 10 mM Hepes,

pH 7.5) contained, in a final volume of 100 µl, 1 µg of PKC

protein extract and 100 µM [$#P]ATP, with (total activity) or

without (non-specific activity) 1 mM CaCl
#
, phosphatidylserine

(40 µg}ml) and 1,2-sn-dioctanoylglycerol (8 µg}ml). The reaction

was stopped by spotting the reaction mixture on to Whatman

P81 phosphocellulose paper strips and washing the strips in

75 mM phosphoric acid. The trapped radioactivity was counted

after air-drying. PKC activity was calculated by subtracting the

non-specific activity from the total activity. PKC activity was

calculated as nmol of ATP transferred to substrate}min per mg

of protein extract. The obtained kinase activities were plotted

semi-logarithmically, and EC
&!

-values were calculated (nonlinear

regression; GraphPad Prism 2.0b for Macintosh).

Western blot of PKC isoenzymes

FRTL-5 cells were grown and harvested as for the [Ca#+]
i

experiments. The cells were detached from culture plates and

washed three times with HBSS. After 30 min at 37 °C in HBSS,

cells were treated with 300 µM H
#
O

#
in HBSS for 3 or 15 min at

37 °C. Cytosolic and particulate fractions were prepared as

described by Kass et al. [40]. The protein concentration was

determined using the BCATM Protein Assay Kit (Pierce,

Rockford, IL, U.S.A.). The samples were then quick-frozen in

liquid nitrogen and stored at ®70 °C.

Cytosolic and particulate fractions (15 µg of protein}sample)

were subjected to SDS}PAGE (10% polyacrylamide) for PKC

analysis. The proteins where transferred on to nitrocellulose

membrane (Schleicher & Schuell) by wet-blotting (Hoefer).

Western blot analysis was performed using isoenzyme-specific

PKC antibodies. Mouse monoclonal antibodies raised against

PKCα, PKCδ and PKCε were obtained from Transduction

Laboratories (Lexington, KY, U.S.A.), and rabbit polyclonal

antibody raised against PKCζ was from Boehringer Mannheim.

The secondary antibodies used were horseradish peroxidase-

conjugated anti-mouse and anti-rabbit antibodies (Sigma). The

proteins were detected by enhanced chemiluminescence (ECL2).

Densitometric analysis was performed using the PhotoMagic

and Image Gauge programs.

Measurement of cellular ATP

Cells were grown and harvested as for the [Ca#+]
i
experiments,

and were allowed to rest for 30 min at 37 °C. Aliquots of cells

were then stimulated with vehicle or 300 µM H
#
O

#
for the times

indicated. In some experiments, cells were incubated in the

presence of 10 mM 2-deoxy--glucose and 10 µM oligomycin.

The incubation was stopped by the addition of trichloroacetic

acid (final concentration 0.2%) and EGTA (final concentration

2 mM), and the cellular ATP content was measured using a

commercial ATP-assay kit (BioOrbit, Turku, Finland).

Measurement of membrane potential using bisoxonol

The cells were grown and harvested as for the calcium experi-

ments. After the final wash, the cells were added to a quartz

cuvette, and bisoxonol (final concentration 100 nM) was added.

The cells were equilibrated with bisoxonol for at least 15 min

prior to an experiment. The cells were stimulated with H
#
O

#
or

vehicle. The excitation wavelength was 540 nm, and the emission

wavelength was 580 nm [41]. Each experiment was calibrated by

the addition of 50 mM KCl, in order to make comparison

between different experiments possible. In some experiments the

cells had been pretreated with 2 µM PMA for 24 h to down-

regulate PKC.

Electrophysiological measurements of membrane potential

Electrophysiological recordings were performed using an EPC-9

amplifier and ‘Pulse}PulseFit ’ software (HEKA, Lambrecht,

Germany). The pipettes had a resistance of 5–6 MΩ when filled

with intracellular solution (140 mM KCl, 1 mM CaCl
#
, 11 mM

EGTA and 10 mM Hepes, pH 7.3; calculated free Ca#+ concen-

tration less than 100 nM). Cells grown on small round coverslips

were transferred to the experimental chamber (volume approx.

500 µl) immediately before use and washed extensively with

extracellular medium (Hepes-buffered Dulbecco’s modified

saline solution containing 136 mM NaCl, 2.6 mM KCl, 1.46 mM

Na
#
HPO

%
, 0.9 mM CaCl

#
, 0.49 mM MgCl

#
and 20 mM Hepes,

pH 7.4). After formation of the whole-clamp configuration [42],

the amplifier was switched to ‘slow’ current-clamp mode and the

recordings were initiated approx. 2 min after stabilization of a

cell membrane potential. Test compounds were applied to the

bath using a peristaltic pump (perfusion rate 3 ml}min). Post hoc

statistical analysis and graphic presentationwere performed using

Microsoft Excel Software. In some experiments the cells had

been pretreated with 2 µM PMA for 24 h to down-regulate PKC.

Statistics

The results are expressed as means³S.E.M. Statistical analysis

was carried out using Student’s t test for paired observations.

When three or more means were tested, analysis of variance was

used. The calcium traces shown are representative of at least four

separate experiments from at least two batches of cells. The

traces shown in the Figures are usually from the same batch

of cells. The [$H]phorbol 12,13-dibutyrate binding data were

analysed for homogeneity of group variances using Bartlett’s

test. For analysing parametric data, analysis of variance and

Tukey’s test were used. For non-parametric data, Kruskal-

Wallis analysis followed by the Mann–Whitney U test and the

Dunn–Sidak correction were performed.

RESULTS

H2O2 attenuates calcium entry

We first investigated whether exogenous H
#
O

#
could modify

[Ca#+]
i
in FRTL-5 cells. In control cells, thapsigargin evoked a

rapid increase in [Ca#+]
i

(275³17 nM, n¯ 6), which then

stabilized at a new elevated plateau level, 223³22 nM above the

pre-stimulatory level. The thapsigargin-evoked plateau level is

the result of store-operated calcium entry [33]. In cells treated

with 300 µM H
#
O

#
the initial thapsigargin-evoked increase in

[Ca#+]
i
was 266³12 nM (n¯ 6), whereas the new elevated [Ca#+]

i

level was 138³20 nM (P! 0.05 compared with control cells ;

Figure 1A). H
#
O

#
attenuated the entry of calcium in a

concentration-dependent manner both in a calcium buffer

(Figures 1A and 1B), and when calcium was re-added to cells

stimulated with thapsigargin in a calcium-free buffer (Figures 1C

and 1D). This effect of H
#
O

#
was abrogated by pretreatment of

the cells with 1 mM β-mercaptoethanol (Figure 1E). H
#
O

#
itself

was without a significant effect on basal [Ca#+]
i
, although a small

decrease in the basal level of [Ca#+]
i

was observed in some
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Figure 1 H2O2 inhibits calcium entry

The cells were harvested and loaded with fura 2 as described in the Materials and methods section. (A) Vehicle (a) or 300 µM H2O2 (b) was added to the cells, which were then stimulated with

1 µM thapsigargin (Tg) in a calcium-containing buffer. (B) Dose-dependent effect of H2O2 on the transient increase in [Ca2+]i (*) and the new plateau level of [Ca2+]i (+), in cells stimulated

with thapsigargin. ∆[Ca2+]i gives the change in [Ca2+]i between the pre-stimulatory level of [Ca2+]i and either the transient level or the new plateau level of [Ca2+]i. Each point represents the

mean³S.E.M. of four to seven determinations. (C) The cells were stimulated with 1 µM thapsigargin in a calcium-free buffer containing 100 µM EGTA. Vehicle (a) or 300 µM H2O2 (b) was

then added, followed by calcium (final concentration 1 mM). Control cells were not stimulated with thapsigargin (c). (D) Dose-dependent effect of H2O2 on the transient increase in [Ca2+]i (*)

and the new plateau level of [Ca2+]i (+) when calcium (final concentration 1 mM) was added to cells stimulated with thapsigargin. Each point represents the mean³S.E.M. of four to seven

determinations. (E) The cells were stimulated with 1 µM thapsigargin in a calcium-free buffer containing 100 µM EGTA and 1 mM β-mercaptoethanol. Vehicle (a) or 300 µM H2O2 (b) was then

added, followed by calcium (final concentration 1 mM). (F) Cells in a calcium-containing buffer were stimulated with vehicle (a) or 300 µM H2O2 (b). The traces shown are representative of at

least four separate experiments.

experiments (Figure 1F). In a calcium-free buffer, 300 µM H
#
O

#
itself did not evoke a change in [Ca#+]

i
during a 6-min incubation

(results not shown). The attenuating effect of H
#
O

#
was also

evident in a sodium-free buffer (Figure 2), suggesting that H
#
O

#
did not enhance Na+}Ca#+ exchange. Furthermore, we observed

that H
#
O

#
abrogated the thapsigargin-evoked entry of barium

(Figure 3A). As barium is a very poor substrate for the Ca#+-

ATPase [43], it cannot be extruded from the cells or sequestered

in the cells. We also observed that the manganese-evoked

quenching of fura 2 was attenuated in cells treated with H
#
O

#
,

compared with control cells (Figure 3B). Thus our results suggest

that H
#
O

#
attenuates the entry of calcium. A summary of the

experiments is given in Table 1.

Mechanism of action of H2O2

Oxidizing agents, like H
#
O

#
, may activate PKC [30,31], and

activation of PKC attenuates calcium entry in FRTL-5 cells [33].

In cells pretreated for 24 h with 2 µM of the phorbol ester PMA,

which results in down-regulation of the α, δ and ε isoenzymes of

PKC in FRTL-5 cells [44], the inhibitory effect of 300 µM H
#
O

#
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Figure 2 H2O2 inhibits calcium entry in a sodium-free buffer

The cells were harvested and loaded with fura 2 as described in the Materials and methods

section.The cells were stimulated with 1 µM thapsigargin (Tg) in a sodium-free, calcium-free,

choline chloride buffer containing 100 µM EGTA. Vehicle (a) or 300 µM H2O2 (b) was then

added, followed by calcium (final concentration 1 mM). The experiments were repeated at least

four times.

Figure 3 H2O2 inhibits barium and manganese entry

The cells were harvested and loaded with fura 2 as described in the Materials and methods

section. (A) The cells were stimulated with 1 µM thapsigargin (Tg) in a calcium-free buffer

containing 100 µM EGTA. Vehicle (a) or 300 µM H2O2 (b) was then added, followed by barium

(final concentration 1 mM). (B) The cells were stimulated with 1 µM thapsigargin (Tg) in a

calcium buffer. Vehicle (a) or 300 µM H2O2 (b) was then added, followed by manganese (final

concentration 0.1 mM). The experiments were repeated at least four times.

was totally abolished (Figure 4A). In cells treated with the kinase

inhibitor staurosporine (200 nM for 10 min), the effect of 300 µM

H
#
O

#
on the thapsigargin-evoked entry of calcium was again

totally abolished (Figure 4B and see Table 1). Furthermore, in

cells treated with the PKC inhibitor calphostin C (100 nM for

10 min), H
#
O

#
was without an effect on store-operated calcium

entry (Table 1). The results therefore suggest that H
#
O

#
attenuates

Table 1 Effect of H2O2 on [Ca2+]i
The cells were harvested and loaded with fura 2 as described in the Materials and methods

section. The cells were first stimulated with 1 µM thapsigargin in a calcium-free buffer

containing 100 µM EGTA, and then 1 mM calcium was re-added to the cell suspension and the

changes in [Ca2+]i were measured (Control). Alternatively the cells were treated with 300 µM

H2O2 after the addition of thapsigargin but prior to the addition of calcium (H2O2). In some

experiments, the cells were resuspended in a sodium-free buffer (NaCl was substituted with

equimolar concentrations of choline chloride), or the experiments were performed in the

presence of 1 mM β-mercaptoethanol (βMKEtOH), or the cells were pretreated with 200 nM

staurosporin for 10 min. In some experiments, the cells were pretreated with 2 µM PMA for

24 h to down-regulate PKC (PKC d-r) or with 100 nM calphostin C for 10 min. The values

represent the mean³S.E.M. of three to eight separate experiments. *P ! 0.05 compared with

control cells.

∆[Ca2+]i (nM)

Control H2O2

Peak Plateau Peak Plateau

No treatment 1013³60 563³29 813³57* 381³20*

Sodium-free buffer 1227³64 778³31 1084³69 477³41*

β-MKEtOH 1172³45 691³51 1271³19 652³35

Staurosporine 1307³90 962³96 1382³95 880³23

PKC d-r 1513³70 856³33 1544³20 819³23

Calphostin C 806³54 264³25 773³72 377³52

Figure 4 Inhibition of PKC abrogates the effect of H2O2 on calcium entry

The cells were harvested and loaded with fura 2 as described in the Materials and methods

section. (A) The cells were pretreated with 2 µM PMA for 24 h. The cells were then stimulated

with 1 µM thapsigargin (Tg) in a calcium-free buffer containing 100 µM EGTA. Vehicle (a) or

300 µM H2O2 (b) was then added, followed by calcium (final concentration 1 mM). (B) The

cells were pretreated with 200 nM staurosporine for 10 min. The cells were stimulated with

1 µM thapsigargin in a calcium-free buffer containing 100 µM EGTA. Vehicle (a) or 300 µM

H2O2 (b) was then added, followed by calcium (final concentration 1 mM). The traces shown

are representative of at least four separate experiments.
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Figure 5 Translocation of PKC isoenzymes after stimulation with H2O2

(A) The cells were stimulated with H2O2 and fractionated as described in the Materials and

methods section. The blots show the effect of 300 µM H2O2 on the distribution of PKCα (α),

PKCδ (δ), PKCε (ε) and PKCζ (ζ) between the cytosolic (C) and particulate (P) fractions after

a 3- and a 15-min stimulation. Each experiment was performed three times.

store-operated calcium entry by a mechanism dependent on

activation of PKC.

Effect of H2O2 on activation of PKC in FRTL-5 cells

To test the effect of H
#
O

#
on PKC activity, we measured the

binding of [$H]phorbol 12,13-dibutyrate to PKC. H
#
O

#
(100 µM)

induced a weak (16³4.5%), but significant (P! 0.05) increase

in the binding of [$H]phorbol 12,13-dibutyrate, compared with

control experiments. Higher concentrations did not show an

enhanced effect. In line with previous studies [45], we observed

that H
#
O

#
slightly attenuated PKC activation in a partially

purified preparation of PKC obtained from rat brain. The basal

PKC activity was 149 nmol}mg per min. Addition of H
#
O

#
(10 µM to 10 mM) reduced the specific PKC activity in a

concentration-dependent manner. The EC
&!

for H
#
O

#
was

1540 µM (two independent assays with two parallel deter-

minations). This suggests that the effect of H
#
O

#
on PKC in

intact cells is probably an indirect effect.

Effects of H2O2 on various isoenzymes of PKC in FRTL-5 cells

Using Western blot analysis, we showed that stimulating the cells

with 300 µM H
#
O

#
resulted in a rapid and significant (P! 0.05)

translocation of the PMA-sensitive isoenzyme PKCε from the

cytosolic fraction to the particulate fraction (Figure 5).

Densitometric analysis showed that the relative distribution of

PKCε in control cells was 39³4% and 61³4% in the cytosolic

and the particulate fractions respectively. After 3 min of stimu-

lation with 300 µM H
#
O

#
, the relative distribution of PKCε was

22³5% and 78³5%, and after 15 min 17³4% and 83³4% in

the cytosolic and the particulate fractions respectively. However,

H
#
O

#
was without a significant effect on the distribution of the

PKCα, PKCδ and PKCζ isoenzymes (results not shown). Our

results therefore support our conclusion that H
#
O

#
attenuates the

thapsigargin-evoked increase in [Ca#+]
i
by mechanisms that are

dependent on the activation of PKC.

Figure 6 H2O2 depolarizes the membrane potential

(A) The cells were harvested and loaded with bisoxonol as described in the Materials and

methods section. The dose-dependent effect of H2O2 on membrane potential was determined.

The bar shows the H2O2-evoked depolarization obtained with cells pretreated with 1 µM PMA

for 24 h to down-regulate PKC. At the end of an experiment, the cells were depolarized by the

addition of 50 mM potassium chloride, to make a comparison between different experiments

possible. The results are given as the percentage depolarization of that obtained with 50 mM

potassium chloride. Each point represents the mean³S.E.M. of three to four separate

experiments. (B) Effect of H2O2 on current-clamped cells. Trace a, the cells were perfused with

300 µM H2O2, and the change in membrane potential was recorded. Trace b, the cells were

pretreated with 2 µM PMA for 24 h, and then the effect of 300 µM H2O2 on membrane

potential was tested on current-clamped cells. The traces are representative recordings from

three to five experiments.

Effect of H2O2 on membrane potential

In a previous study we showed that activation of PKCdepolarized

FRTL-5 cells, and thus decreased calcium entry due to a

decreased electrochemical gradient for calcium [33]. In the present

study we showed that H
#
O

#
depolarized the plasma membrane in

a concentration-dependent manner (Figure 6A). In cells treated

with 2 µM PMA for 24 h to down-regulate PKC, the depolarizing

effect of H
#
O

#
was significantly (P! 0.05) attenuated (Figure

6A).

We next investigated the effect of H
#
O

#
on the membrane

potential using patch-clamp in the whole-cell mode [42]. Current-

clamp experiments showed that the mean resting membrane

potential was 39.5³3.7 mV. Addition of H
#
O

#
(final concen-
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Figure 7 H2O2 enhances calcium efflux in FRTL-5 cells

The cells were incubated in a nominally calcium-free buffer in the presence of fluo 3. The extracellular calcium was then adjusted with EGTA to 100–200 nM and the cells were stimulated with

vehicle (Veh) or thapsigargin (Tg). (A) Control cells. (B) Cells treated with 300 µM H2O2. (C) Control cells stimulated with 1 µM thapsigargin. (D) Cells treated with 300 µM H2O2 and then stimulated

with 1 µM thapsigargin. (E) Summary of all the separate experiments described in (A)–(D). Control cells (E), cells treated with 300 µM H2O2 (D), control cells stimulated with 1 µM thapsigargin

(+) and cells treated with 300 µM H2O2 and then stimulated with 1 µM thapsigargin (*). Each point represents the mean³S.E.M. of six to eight separate determinations.

tration 300 µM) decreased the membrane potential to

31.4³3.0 mV (∆V
m

8.2³1.6 mV, Figure 6B). In cells treated

with 2 µM PMA for 24 h to down-regulate PKC, H
#
O

#
was without an effect. In these cells the resting potential was

37.9³3.6 mV and after addition of H
#
O

#
36.2³3.7 mV (∆V

m

2.0³0.5 mV, P! 0.05 compared with the depolarization

observed in cells not treated with PMA).

In cells depolarized with 10 mM KCl, which depolarizes the

cells to the same extent as does 300 µM H
#
O

#
(as measured with

bisoxonol), the addition of calcium (final concentration 1 mM)

to cells stimulated with 1 µM thapsigargin in a calcium-free

buffer, increased [Ca#+]
i
transiently by 774³17 nM, which then

stabilized at a new pleateu level, 432³9 nM above the pre-

stimulatory level of [Ca#+]
i
. In control cells the transient increase

in [Ca#+]
i

was 971³41 nM (P! 0.05) and the new plateau

level was 513³25 nM (P! 0.05). Thus a relatively modest

depolarization can significantly decrease store-operated calcium

entry.

H2O2 enhances calcium extrusion in FRTL-5 cells

The effect of H
#
O

#
on membrane potential was modest, and may

only in part explain the attenuated increase in [Ca#+]
i

after

stimulation with thapsigargin. Thus we measured the

thapsigargin-induced extrusion of calcium from cells treated with

H
#
O

#
. We observed that the initial extrusion of calcium

(4³0.4 nM}15 s) after addition of thapsigargin (final con-

centration 1 µM) was significantly (P! 0.05) enhanced, com-

pared with vehicle-treated cells (2³0.5 nM}15 s; Figures 7C and

7D). H
#
O

#
itself was without an effect, compared with vehicle

(1³0.2 nM}15 s and 1³0.3 nM}15 s, respectively ; Figures 7A

and 7B). A summary of the results is shown in Figure 7(E).

A complete abrogation of the enhancing effect of H
#
O

#
on the

thapsigargin-evoked extrusion of calcium was observed in cells

treated with β-mercaptoethanol (3³0.6 nM}15 s, n¯ 5 and

2³0.6 nM}15 s, n¯ 6, in control and H
#
O

#
-treated cells

respectively), as well as in cells with down-regulated PKC

(4³0.5 nM}15 s, n¯ 4 and 4³0.7 nM}15 s, n¯ 5, in control

and H
#
O

#
-treated cells respectively). Neither β-mercaptoethanol

nor down-regulation of PKC had any effects on the basal

calcium extrusion (i.e. in cells not stimulated with thapsigargin;

results not shown).

Furthermore, when cells in a calcium-free buffer were first

stimulated with 300 µM H
#
O

#
and then with thapsigargin, a

difference in the downward slope of the thapsigargin-evoked

change in [Ca#+]
i

was observed (i.e. in the rate of calcium
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Figure 8 H2O2 enhances calcium extrusion in FRTL-5 cells

The cells were harvested and loaded with fura 2 as described in the Materials and methods

section. (A) The cells were treated with vehicle (a) or 300 µM H2O2 (b) and then stimulated

with 1 µM thapsigargin (Tg) in a calcium-free buffer containing 100 µM EGTA, and the rate

of calcium extrusion (i.e. the downward slope of [Ca2+]i) was calculated (see the Results

section). (B) The cells were pretreated with 2 µM PMA for 24 h and were then treated with

vehicle (a) or 300 µM H2O2 (b) and finally stimulated with 1 µM thapsigargin (Tg) in a calcium-

free buffer containing 100 µM EGTA, and the rate of calcium extrusion was calculated. The

traces shown are representative recordings from seven to eight separate experiments.

extrusion from the cells ; Figure 8A). In cells treated with H
#
O

#
the decrease in [Ca#+]

i
was 33³2.9 nM}10 s, whereas in control

cells the change was 22³1.3 nM}10 s (P! 0.05). In PKC-down-

regulated cells, no significant difference was observed in H
#
O

#
-

treated cells (29³3.3 nM}10 s), compared with control cells

(26³3.1 nM}10 s; Figure 8B).

Effect of H2O2 on cellular ATP

Oxidizing compounds may deplete the cellular ATP content, and

thus interfere with several processes. In FRTL-5 cells treated

with 300 µM H
#
O

#
for 3 min, the cellular ATP content was

74³12% (P! 0.05, compared with control ; results not shown).

Incubation of the cells for 15 min with this concentration of

H
#
O

#
decreased the cellular ATP content to 11³5% of that seen

in control cells, and a 15-min incubation of the cells in the

presence of 10 mM 2-deoxy--glucose and 10 µM oligomycin

almost totally depleted cellular ATP (0.8³0.1% of that seen in

control cells ; results not shown).

DISCUSSION

The present results suggest a novel role for H
#
O

#
in thyroid cells,

i.e. an attenuation of store-operated calcium entry and the

concomitant increase in [Ca#+]
i
, which may be of physiological

importance. We base our conclusion on the following obser-

vations. First, H
#
O

#
clearly inhibited the thapsigargin-evoked

plateau level in [Ca#+]
i
. Second, H

#
O

#
inhibited the thapsigargin-

evoked entry of both manganese and barium in the cells.

Manganese and barium enter the cytosol from the extracellular

space through the same pathways as calcium. Thus if H
#
O

#
attenuates store-operated calcium entry, the entry of both

manganese and barium should also be decreased, as was also

observed in our experiments. Interestingly, the initial rate of

increase in [Ca#+]
i

evoked by re-addition of calcium to cells

stimulated with thapsigargin was not affected by H
#
O

#
(see

Figure 1D). Presently we do not have an explanation for this

observation. However, it is possible that the initial entry of

calcium is necessary to trigger the H
#
O

#
-evoked attenuation

of store-operated calcium entry.

In thyroid cells, including FRTL-5 cells, calcium-mediated

mechanisms are of crucial importance in regulating thyroid

hormone synthesis [7–9]. The activity of a calcium}NADPH-

dependent thyroid peroxidase in the plasma membrane is con-

sidered to be the limiting step in the iodination of tyrosine groups

and the production of thyroid hormones. Thus agonists which

increase [Ca#+]
i
potently activate this system. However, excessive

production of H
#
O

#
may be detrimental to the cells. In other cell

types, H
#
O

#
blocks the endoplasmic Ca#+-ATPase [46], releases

calcium from mitochondria [47], interferes with activation of

transcription factors [19], and may initiate apoptosis [20]. The

results in the present study suggest that a negative-feedback

inhibition of H
#
O

#
production, evoked by H

#
O

#
itself, exists in

thyroid cells. This inhibition is the result of both the H
#
O

#
-

evoked inhibition of calcium entry and the H
#
O

#
-evoked efflux of

calcium from the cells. The sum of these effects would then be a

decreased calcium-dependent production of H
#
O

#
. The mech-

anism may also be of importance in the fine-tuning of the

production of thyroid hormones.

Activation of PKC decreases store-operated calcium entry in

several cell types [48,49], including FRTL-5 cells [33]. At least

in HEL cells and in Jurkat T-cells, activation of the PKCβ

isoenzyme specifically abrogated calcium entry [50]. We obtained

a small, but significant increase in the binding of [$H]phorbol

12,13-dibutyrate in response to H
#
O

#
and a clear translocation of

the PKCε isoenzyme from the cytosolic to the particulate fraction.

Our results suggest that the effects of H
#
O

#
on calcium entry may

be mediated via activation of PKCε, as the effect of H
#
O

#
was

inhibited by staurosporine and calphostin C, and in cells with

down-regulated PKC. It has recently been shown that lengthy

treatment of FRTL-5 cells with PMA down-regulates the α, δ

and the ε isoenzymes, but not the ζ isoenzyme of PKC [44].

Although the increased binding of [$H]phorbol 12,13-dibutyrate

is not a direct measure of PKC activity, it correlates with the in

situ activity [37]. It is, of course, impossible to exclude the possi-

bility that staurosporine, calphostin C or down-regulation of

PKC with PMA attenuated the effect of H
#
O

#
on calcium entry

via some PKC-independent mechanisms. However, the present

results strongly suggest a role for H
#
O

#
that is mediated via

activation of PKC. Several other studies have shown that H
#
O

#
activates PKC in intact cells [30,31], whereas H

#
O

#
may inactivate

purified preparations of PKC [45]. We also observed that H
#
O

#
attenuated PKC activity in a cell-free preparation, suggesting

that the effect of H
#
O

#
on PKC activity in intact cells is indirect.

Our previous results showed that activation of PKC resulted in

a depolarization of the membrane potential [33]. This decreases

the electrochemical gradient for calcium, resulting in a decreased

influx of calcium. In the present study we clearly show that H
#
O

#
depolarizes the cell membrane, and that this effect is attenuated

in cells with down-regulated PKC. This result further supports

our conclusion, that the effect of H
#
O

#
is mediated via PKCε. In

addition, the magnitude of the depolarization is sufficient to

attenuate calcium entry, as a depolarization of the same mag-

nitude as that seen with H
#
O

#
, but evoked with a low con-

centration of KCl, also attenuated calcium entry. Presently we
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do not know by which mechanism(s) PKC depolarizes the

membrane potential in our cells. It is quite possible that PKC

may inactivate potassium channels in the plasma membrane as

has recently been reported [51]. In addition, we also observed

thatH
#
O

#
enhanced the extrusion of calcium from cells stimulated

with thapsigargin. This effect was also inhibited in cells with

down-regulated PKC. Presently we do not know by which

mechanism(s) the H
#
O

#
-evoked extrusion of calcium is mediated.

Several G-protein- and tyrosine kinase-coupled receptors may

activate calcium extrusion by activating a plasma membrane

Ca#+-ATPase [52,53]. We have previously shown that H
#
O

#
does

not enhance plasma membrane Ca#+-ATPase activity [28]. How-

ever, although the antibody used for immunoprecipitation in

those experiments recognizes all the presently known Ca#+-

ATPases, we cannot exclude the possibility that H
#
O

#
activates

some other, presently unknown Ca#+-ATPase (or other calcium

extrusion mechanism). Based on the findings in the present

study, this possibility seems very likely. The small decrease in the

basal [Ca#+]
i

level seen after the addition of H
#
O

#
in some

experiments could also be the result of such an activation of

calcium extrusion. This result also clearly shows that H
#
O

#
does

not release calcium from intracellular stores, although the cellular

ATP content is decreased. Furthermore, as the calcium}
NADPH-dependent thyroid peroxidase is strictly localized to the

plasma membrane in thyroid cells, the produced H
#
O

#
may

efficiently modulate the function of calcium and potassium

channels and calcium extrusion mechanisms. A role for PKC in

this modulation is strengthened by the fact that a substantial

amount of the cellular PKC is already localized to the plasma

membrane in unstimulated cells, where it can rapidly interact

with membrane proteins upon stimulation.

In thyroid cells, some toxic effects of H
#
O

#
have been reported

[12]. In these experiments the cells had to be exposed to a high

concentration of H
#
O

#
(5 mM) for 1 h. Furthermore, recent

results have shown that in pig thyroid cells, incubated with H
#
O

#
(up to 300 µM) for 1 h, only 1% of the cells showed signs of

damage [14]. It is well known that thyroid cells have a remarkable

capacity to degrade H
#
O

#
[54], and the fact that all the observed

effects of H
#
O

#
could be abolished when PKC was inhibited

strongly suggests that our results are not due to a toxic effect of

H
#
O

#
.

In conclusion, the results obtained in the present study define

a new mechanism of action of H
#
O

#
in FRTL-5 cells, i.e. an

attenuation of store-operated calcium entry. This mechanism

appears to be mediated via activation of PKC. The present

observation is especially important if it also occurs in thyroid

cells other than FRTL-5 cells, as the agonist-evoked production

of H
#
O

#
is calcium-dependent in thyroid cells. In addition to

participating in the production of thyroid hormones, the

produced H
#
O

#
may also exert an inhibitory effect on agonist-

evoked increases in [Ca#+]
i
, and thus regulate its own production.

This study was in part supported by the Sigrid Juselius Foundation, the Liv och Ha$ lsa
Foundation and the Receptor Research Program (A/ bo Akademi University), which is
gratefully acknowledged. We are grateful to Dr Lea Sistonen (A/ bo Akademi
University) for PKC antibodies and help with the PKC-translocation experiments. K.T.
was the recipient of a personal grant from the University of Helsinki during part of
this study.

REFERENCES

1 Corda, D., Marocci, R., Kohn, L. D., Axelrod, J. and Luini, A. (1985) Association of

the changes in cytosolic Ca2 and iodide efflux induced by thyrotropin and by the

stimulation of alpha 1-adrenergic receptors in cultured rat thyroid cells. J. Biol.

Chem. 260, 9230–9236

2 Weiss, S. J., Philp, N. J. and Grollman, E. F. (1984) Effect of thyrotropin on iodide

efflux in FRTL-5 cells mediated by Ca2. Endocrinology 114, 1108–1113

3 Raspe! , E. and Dumont, J. E. (1994) Control of dog thyrocyte plasma membrane

iodide permeability by the Ca2+-phosphatidylinositol and adenosine 3«,5«-
monophosphate cascades. Endocrinology 135, 989–995

4 Burch, R. M., Luini, A., Mais, D. E., Corda, D., Vanderhoek, J. Y., Kohn, L. D. and

Axelrod, J. (1986) Alpha1-adrenergic stimulation of arachidonic acid release and

metabolism in a rat thyroid cell line. Mediation of cell replication by prostaglandin E2.

J. Biol. Chem. 261, 11236–11241

5 Takada, K., Amino, N., Tada, H. and Miyai, K. (1990) Relationship between

proliferation and cell cycle-dependent Ca2+ influx induced by a combination of

thyrotropin and insulin-like growth factor-1 in rat thyroid cells. J. Clin. Invest. 86,
1548–1555

6 Saji, M., Ikuyama, S., Akamizu, T. and Kohn, L. D. (1991) Increases in cytosolic

Ca2+ down regulates thyrotropin receptor gene expression by a mechanism different

from the cAMP signal. Biochem. Biophys. Res. Commun. 176, 94–101

7 Lippes, H. A. and Spaulding, S. W. (1986) Peroxide formation and glucose oxidation

in calf thyroid slices : regulation by protein kinase C and cytosolic free calcium.

Endocrinology 118, 1306–1311

8 Bjo$ rkman, U. and Ekholm, R. (1988) Hydrogen peroxide generation and its regulation

in FRTL-5 and porcine thyroid cells. Endocrinology 130, 393–399

9 Raspe! , E., Laurent, E., Corvilain Erjans, B., Erneux, C. and Dumont, J. E. (1991)

Control of intracellular Ca2+-concentration and the inositol phosphate accumulation in

dog thyrocyte primary culture : evidence for different kinetics of Ca2+-

phosphatidylinositol cascade activation and for involvement in the regulation of H2O2.

J. Cell. Physiol. 146, 242–250

10 Bjo$ rkman, U. and Ekholm, R. (1992) Hydrogen peroxide generation and its regulation

in FRTL-5 and porcine thyroid cells. Endocrinology 130, 393–399

11 Sugawarw, M., Yamaguchi, D. T., Lee, H. Y., Yanagisawa, K., Murakami, S., Summer,

C. N., Johnson, D. G. and Levin, S. R. (1990) Hydrogen peroxide inhibits iodide

influx and enhances iodide efflux in cultured FRTL-5 rat thyroid cells. Acta Endocrinol.

122, 610–616

12 Chen, G., Pekary, A. E., Sugawara, M. and Hershman, J. M. (1993) Effect of

exogenous hydrogen peroxide on iodide transport and iodine organification in FRTL-5

rat thyroid cells. Acta Endocrinol 129, 89–96

13 Fukayama, H., Murakami, S., Nasu, M. and Sugawara, M. (1991) Hydrogen peroxide

inhibits iodide uptake and iodine organification in cultured porcine thyroid follicles.

Thyroid 1, 267–271

14 Riou, C., Remy, C., Rabilloud, R., Rousset, B. and Fonlupt, P. (1998) H2O2 induces

apoptosis of pig thyrocytes in culture. J. Endocrinol. 156, 315–322

15 Ward, C. A. and Giles, W. R. (1997) Ionic mechanism of the effects of hydrogen

peroxide in rat ventricular myocytes. J. Physiol. (Cambridge, U.K.) 500, 631–642

16 Dreher, D. and Junod, A. F. (1995) Differential effects of superoxide, hydrogen

peroxide, and hydroxyl radical on intracellular calcium in human endothelial cells.

J. Cell. Physiol. 162, 147–153

17 Hoyal, C. R., Thomas, A. P. and Forman, H. J. (1996) Hydroperoxide-induced increase

in intracellular calcium due to annexin IV translocation and inactivation of plasma

membrane Ca2+-ATPase. J. Biol. Chem. 271, 29205–29210

18 Beresewicz, A. and Horackova, M. (1991) Alterations in electrical and contractile

behaviour of isolated cardiomyocytes by hydrogen peroxide : possible ionic

mechanisms. J. Mol. Cell. Cardiol. 23, 899–918

19 Schmidt, K. N., Traenckner, E. B., Meier, B. and Bauerle, P. A. (1995) Induction of

oxidative stress by okadaic acid is required for activation of transciption factor

NF-κB. J. Biol. Chem. 270, 27136–27142

20 Whittemore, E. R., Loo, D. T., Watt, J. A. and Cotman, C. W. (1995) A detailed

analysis of hydrogen peroxide-induced cell death in primary neuronal culture.

Neuroscience 67, 921–932

21 Sakamoto, T., Repasky, W. T., Uchida, K., Hirata, A. and Hirata, F. (1996) Modulation

of cell death pathways to apoptosis and necrosis of H2O2-treated rat thymocytes by

lipocortin I. Biochem. Biophys. Res. Commun. 220, 643–647

22 Wartenberg, M., Diedershagen, H., Hescheler, J. and Sauer, H. (1999) Growth

stimulation versus induction of cell quiescence by hydrogen peroxide in prostate

tumor speroids in encoded by the duration of the Ca2 response. J. Biol. Chem.

274, 27759–27767

23 Maechler, P., Jornot, L. and Wollheim, C. B. (1999) Hydrogen peroxide alters

mitochondrial activation and insulin secretion in pancreatic beta cells. J. Biol. Chem.

274, 27905–27913

24 Missiaen, L., Taylor, C. W. and Berridge, M. J. (1991) Spontaneous calcium release

from inositol trisphosphate-sensitive calcium stores. Nature (London) 352, 241–244

25 Rooney, T. A., Renard, D. C., Sass, E. J. and Thomas, A. P. (1991) Oscillatory

cytosolic calcium waves independent of stimulated inositol 1,4,5-trisphosphate

formation in hepatocytes. J. Biol. Chem. 266, 12278–12282

26 Islam, M. S., Rorsman, P. and Berggren, P.-O. (1992) Ca2+-induced Ca2+ release in

insulin-secreting cells. FEBS Lett. 296, 287–291

# 2000 Biochemical Society



56 K. To$ rnquist and others

27 Parekh, A. B. and Penner, R. (1995) Activation of store-operated calcium influx at

resting InsP3 levels by sensitization of the InsP3 receptor in rat basophilic leukaemia

cells. J. Physiol. (Cambridge, U.K.) 489, 377–382

28 To$ rnquist, K., Vainio, P., Titievsky, A., Dugue! , B. and Tuominen, R. (1999) Redox

modulation of intracellular free calcium concentration in thyroid FRTL-5 cells.

Biochem. J. 339, 621–628

29 Jones, D. P., Thor, H., Smith, M. T., Jewell, S. A. and Orrenius, S. (1983) Inhibition

of ATP-dependent microsomal Ca2+ sequestration during oxidative stress and its

prevention by glutathione. J. Biol. Chem. 258, 6390–6393

30 Larsson, R. and Cerutti, P. (1989) Translocation and enhancement of

phosphotransferase activity of protein kinase C following exposure in mouse

epidermal cells to oxidants. Cancer Res. 49, 5627–5632

31 Palumbo, E. J., Sweatt, J. D., Chen, S.-J. and Klann, E. (1992) Oxidant-induced

persistent activation of protein kinase C in hippocampal homogenates. Biochem.

Biophys. Res. Commun. 187, 1439–1445

32 Dumont, J. E., Maenhaut, C., Pirson, I., Baptist, M. and Roger, P. P. (1991) Growth

factors controlling the thyroid gland. Bailiere’s Clin. Endocrinol. Metab. 5, 727–754

33 To$ rnquist, K. (1993) Modulatory effect of protein kinase C on thapsigargin-induced

calcium entry in thyroid FRTL-5 cells. Biochem. J. 290, 443–447

34 Ambesi-Impiombato, F. S., Parks, L. A. M. and Coon, H. G. (1980) Culture of

hormone-dependent functional epithelial cells from rat thyroids. Proc. Natl. Acad. Sci.

U.S.A. 77, 3455–3459

35 Grynkiewicz, G., Poenia, M. and Tsien, R. Y. (1985) A new generation of Ca2+

indicators with greatly improved fluorescence properties. J. Biol. Chem. 260,
3440–3450

36 Liu, B.-F., Xu, X., Friedman, R., Muallem, S. and Kuo, T. H. (1996) Consequences of

functional expression of the plasma membrane Ca2+ pump isoform 1a. J. Biol. Chem.

271, 5536–5544

37 Trilivas, I. and Brown, J. H. (1989) Increase in intracellular Ca2+ regulates the

binding of [3H]phorbol 12,13-dibutyrate to intact 1321N1 astrocytoma cells. J. Biol.

Chem. 264, 3102–3107

38 Tuominen, R. K., Hudson, P. M., McMillian, M. K., Ye, H., Stachowiak, M. K. and

Hong, J. S. (1991) Long-term activation on protein kinase C by angiotensin II in

cultured bovine adreal medullary cells. J. Neurochem. 56, 1292–1298

39 Bradford, A. A. (1976) A rapid and sensitive method for quantification of microgram

quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72,
238–259

40 Kass, G. E. N., Duddy, S. K. and Orrenius, S. (1989) Activation of hepatocyte protein

kinase C by redox-cycling quinones. Biochem. J. 260, 499–507

Received 13 December 1999/30 June 2000 ; accepted 12 July 2000

41 Rink, T. J., Montecucco, C., Hesketh, T. R. and Tsien, R. Y. (1980) Lymphocyte

membrane potential assessed with fluorescent probes. Biochim. Biophys. Acta 595,
15–30

42 Hamill, O. P., Marty, A., Neher, E., Sakman, B. and Sigworth, F. J. (1981) Improved

patch-clamp techniques for high resolution current recordings from cells and cell-free

membrane patches. Pfluegers Arch. 391, 85–100

43 Kwan, C.-Y. and Putney, Jr, J. W. (1990) Uptake and intracellular sequestration of

divalent cations in resting and methacholine-stimulated mouse lacrimal acinar cells.

Dissociation by Sr2+ and Ba2+ of agonist-stimulated divalent cation entry from the

refilling of the agonist-sensitive intracellular pool. J. Biol. Chem. 265, 678–684

44 Wang, X. D., Kiang, J. G. and Smallridge, R. C. (1995) Identification of protein kinase

C and its multiple isoforms in FRTL-5 thyroid cells. Thyroid 5, 137–140

45 Gopalakrishna, R. and Anderson, W. B. (1989) Ca2+- and phospholipid-independent

activation of protein kinase C by selective oxidative modification of the regulatory

domain. Proc. Natl. Acad. Sci. U.S.A. 86, 6758–6762

46 Menshikov, E. V., Ritvo, V. B., Shvedova, E. E., Elsayed, N., Karol, M. H. and Kagan,

E. E. (1995) Pulmonary microsomes contain a Ca(2)-transport system sensitive to

oxidative stress. Biochim. Biophys. Acta 1228, 165–174

47 Roychoudhury, S., Ghosh, S. K., Chakraborti, T. and Chakraborti, S. (1996) Role of

hydroxyl radical in the oxidant H2O2 mediated Ca2+ release from pulmonary smooth

muscle mitochondria. Mol. Cell. Biochem. 159, 95–103

48 Montero, M., Garcia-Sancho, J. and Alvarez, J. (1993) Inhibition of the calcium store-

operated calcium entry pathway by chemotactic peptide and by phorbol ester

develops gradually and independently along differentiation of HL60 cells. J. Biol.

Chem. 268, 26911–26919

49 Nofer, J.-R., Tepel, M., Walter, M., Seedorf, U., Assmann, G. and Zidek, W. (1997)

Phosphatidylcholine-specific phospholipase C regulates thapsigargin-induced calcium

influx in human lymphocytes. J. Biol. Chem. 272, 32861–32868

50 Xu, Y. and Ware, J. A. (1995) Selective inhibition of thrombin receptor-mediated Ca2+

entry by protein kinase C beta. J. Biol. Chem. 270, 23887–23890

51 Tian, L., Philp, J. A. C. and Shipston, M. J. (1999) Glucocorticoids block protein

kinase C signalling in mouse pituitary corticotroph AtT20 D16 :16 cells. J. Physiol.

(Cambridge, U.K.) 516, 757–768

52 Zhang, B.-X., Zhao, H., Loessberg, P. and Muallem, S. (1992) Activation of the

plasma membrane Ca2 pump during agonist stimulation of pancreatic acini.

J. Biol. Chem. 267, 15419–15425

53 Nelson, E. J. and Hinkle, P. M. (1994) Thyrotropin-releasing hormone activates Ca

efflux. Evidence suggesting that plasma membrane Ca2 pump is an effector for a

G-protein-coupled Ca2-mobilizing receptor. J. Biol. Chem. 269, 30854–30860

54 Bjo$ rkman, U. and Ekholm, R. (1995) Hydrogen peroxide degradation and glutathione

peroxidase activity in cultures of thyroid cells. Mol. Cell. Endocrinol. 111, 99–107

# 2000 Biochemical Society


