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SUMMARY
The role of mobilization of intracellular Ca2� in the adrenergic-
stimulated cAMP accumulation in rat pinealocytes was inves-
tigated with thapsigargin, an agent that inhibits endoplasmic
reticulum Ca2�-ATPase. It was found that although thapsigar-
gin alone had no effect on the basal cAMP accumulation, it
potentiated the p-adrenergic-stimulated cAMP response by
isoproterenol in a dose-dependent manner. The potentiation
was abolished with ethylene glycol bis(j3-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid-acetoxymethyl ester (EGTA-AM) but
persisted in the presence of isobutylmethylxanthine, indicating
that thapsigargin enhances cAMP synthesis through elevation
of cytosolic intracellular Ca2� concentration ([Ca2�]�). However,
when the pinealocytes were stimulated by norepinephrine, a
mixed a1 - and j3-adrenergic agonist, thapsigargin dose-depen-
dently inhibited the cAMP response. To investigate this inhibi-
tory effect of thapsigargin, we substituted ionomycin, a [Ca2i�-

elevating agent, and 4j3-phorbol-12-myristate 13-acetate, an
activator of protein kinase C, for the a1-adrenergic component
of the norepinephrine-stimulated response. Although thapsi-
gargin had no effect on the potentiation of the isoproterenol-
stimulated cAMP accumulation by ionomycin, it significantly
inhibited the potentiation by 4�-phorbol-1 2-myristate 13-ace-
tate. Furthermore, the inhibitory effect of thapsigargin was not
affected by cotreatment with EGTA-AM or ionomycin, suggest-
ing that this effect is independent of [Ca2�]1. Similar results
were obtained when cyclopiazonic acid was used to inhibit the
Ca2�-ATPase. Taken together, our results indicate that thapsi-
gargin enhances the f3-adrenergic-stimulated cAMP accumu-
lation through its action in elevating [Ca2�J� but inhibits the
potentiation of the fJ-adrenergic-stimulated cAMP response by
protein kinase C, as a consequence of Ca2�-ATPase inhibition.

The production of cAMP in rat pinealocytes is regulated by
NE acting through synergistic dual-receptor mechanisms in-

volving both a1- and f3-adrenoceptors (1-3). Activation of the

f3-adrenoceptor by itself produces a 7-10-fold increase in the

accumulation of cAMP. Selective activation of the a1-adreno-
ceptor alone, although having no effect on its own, potenti-
ates the j3-adrenergic-stimulated cAMP response. The �

adrenergic-mediated potentiation has been shown to involve

elevation of[Ca2�i1 (4, 5) and activation of PKC (6, 7). This is
based on the findings that a1-adrenergic activation elevates

[Ca2�J1 (5), which in turn causes translocation of PKC (6).
Both experimental elevation of [Ca2�’i� (8) and activation of
PKC (7) potentiate the f3-adrenergic-stimulated cAMP re-
sponse. However, in the case of elevated [Ca2�]�, the Ca2�/

calmodulin-dependent kinase has also been shown to be in-
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volved (9). This is based on the finding that although

inhibitors of Ca2�/calmodulin-dependent kinase have no ef-

fect on the potentiation by an activator of PKC, they signif-

icantly inhibit the potentiation by [Ca2�]�-elevating agents

(9). Thus, it appears that [Ca2�]1 plays a central role in the

regulation of cAMP in rat pinealocytes.

Thapsigargin, a selective inhibitor of endoplasmic reticu-

lum Ca2�-ATPase (10), has been used to differentiate be-

tween Ca2�-dependent and -independent consequences of ag-

onist stimulation of phospholipase C (10-12). The acute

effect of thapsigargin on intact cells occurs through elevation

of [Ca2�], without formation of inositol phosphates (11, 12).

Although thapsigargin is a tumor promoter, unlike phorbol

esters it does not directly bind to or activate PKC (13). There-

fore, through its ability to increase [Ca2�]1 by a mechanism

that is not dependent on activation of phospholipase C, thap-
sigargin has been used extensively to investigate the role of

[Ca2�]1 in Ca2�-reguiathd physiological processes.
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In the current study, we used thapsigargin to characterize
the specific role of [Ca2�]1 in the adrenergic regulation of

cAMP in rat pinealocytes by comparing its effect with those of
other [Ca2�]1-elevating agents. We found that although thap-
sigargin, like other [Ca2�11-elevating agents, enhanced the

f3-adrenergic-stimulated cAMP response, it inhibited the
PKC-mediated potentiation of the j3-adrenergic-stimulated

cAMP response. The inhibitory effect of thapsigargin was

shared by another inhibitor of Ca2�-ATPase, cyclopiazonic

acid, but not by other [Ca2�i�-elevating agents.

Experimental Procedures

Materials. NE, ISO, IBMX, cyclopiazonic acid, PMA, phosphati-

dylserine, and W7 were obtained from Sigma Chemical Co. (St.
Louis, MO). Thapsigargin and ionomycin were purchased from Cal-

biochem (San Diego, CA). Fura-2 and the acetoxymethyl esters of
Fura-2 and of EGTA were purchased from Molecular Probes (Eu-
gene, OR). The PKC substrate peptide Ac-MBP(4--14) was obtained
from GIBCO-BRL (Gaithersburg, MD). DMEM was purchased from
Biofluids (Rockville, MD). [‘251]cAMP and [‘y�2P]ATP were obtained

from ICN (Costa Mesa, CA). All other chemicals were of the purest
grades available and were obtained commercially. Antibody for the

radioimmunoassay of cAMP was a gift from Dr. A. Baukal (National

Institute of Child Health and Human Development, National Insti-
tutes of Health, Bethesda, MD).

Preparation and treatment of rat pinealocytes. Pinealocytes
were prepared from male Sprague-Dawley rats (150 g; University of

Alberta Animal Unit, Edmonton, Alberta, Canada) through
trypsinization as described previously (14-16). The cells were sus-
pended in DMEM containing 10% fetal calfserum and maintained at
370 for 24 hr in a gas mixture of 95% air/5% CO2 before use.

Aliquots ofcells (2 x 10” cells/0.4 ml) were treated with drugs that

had been prepared in 200x concentrated solutions in water or dim-
ethylsulfoxide. The final concentration of the latter never exceeded

0.5%. The duration of the drug treatment period was 15 mm for

cAMP determination. At the end of the treatment period, cells were

collected through centrifugation (2 mm at 10,000 x g), and the
supernatant was aspirated. The cell pellets were immediately frozen

by being placed on solid CO2 and lysed by the addition of5 mM acetic

acid (100 pJ). The lysates were then boiled for 5 mm and stored

frozen at -20#{176}until analysis.
For the determination ofthe PKC translocation, aliquots ofcells (2

x io� cells/0.5 ml) were treated with drugs for 6 mm, and the cells

were collected through centrifugation. To separate the membrane
and cytosol fractions, the pinealocytes were permeabiized through
resuspension and incubation (7 mm, 4#{176})in 100 j.il of 50 �M digitonin

in buffer A (20 mM ThsHCl containing 0.5 mi� EDTA, 0.5 mM EGTA,

2 m� phenylmethylsulfonyl fluoride, 25 j.�g/ml leupeptin and aproti-

nm, pH 7.5) as described previously (6, 17). The samples were then

centrifuged (1 mm at 12,000 x g) to separate the cytosol from the
membrane fraction. The membrane fraction was solubilized in 0.1%
Triton-X (in buffer A) before assay. The presence ofEGTA and EDTA

ensured that only the chelator-stable form of membrane-associated

PKC was analyzed.

cAMP assay. The lysates from the cell pellets were centrifuged
(10 mm at 12,000 x g), and samples of the supernatant were used to

estimate cellular cAMP content according to a radioimmunoassay
procedure in which samples were acetylated before analysis (18-20).
Because there was a small batch-to-batch variation in the cyclic
nucleotide responses between cell preparations, all comparisons

were performed within the same batch of cells.

Determination of [Ca2i�. [Ca2�]� was determined with the use
ofa fluorescent Ca2� indicator, Fura-2 (21, 22). Briefly, 5 x i0� cells
were pelleted and resuspended in culture medium (DMEM with 25

mM HEPES, pH 7.4). The cells were loaded with Fura-2 through
incubating with 5 �M Fura-2/AM for 45 mm at 37#{176}.After being

washed twice with DMEM, the pinealocytes were suspended in a

fresh buffered salt solution (buffer B: 140 nmt NaCl, 5 mM KC1, 2 mi�,i

CaCl2, 1.2 zni�t MgC12, 1.2 mM KH2PO4, 25 mM HEPES, 6 mM glucose,

pH 7.4). In some experiments, a low Ca2� medium was used, which
was identical in composition to buffer B with the exception that it

contained only 0.1 mM CaCl2. Fura-2-loaded cells (3 x iO� cells/1.5
ml) were transferred to a cuvette for fluorescence signal determina-

tion with the use of a SLM Arninco DMX-1000 fluorescence spectro-

photometer with a thermostatically controlled cell holder fitted with

a magnetic stirrer. The excitation wavelengths that were used were

340 and 380 am, and the emission was monitored at 510 nm. Free
Ca2� concentration was calculated according to the equation estab-

lished by Poenie et al. (23): [Ca2�J1 = K’� x F,,/F8 x (R - R0)/(R8 - R),
where Kd �5 the dissociation constant of Fura-2/Ca2� complex (225

nM); F0 and F8 are the fluorescence intensities at 380 nm for free (o)

and Ca2�-saturated (s) dye; and R, R0, and R,, are the ratios of the
dye fluorescence intensities at 340 nm and 380 nm for unknown, free,

and Ca2�-saturated dye, respectively. Both F’8 and R8 were deter-

mined by lysing the cells with Triton X-100 (0.1%), whereas F0 and
R0 were determined through the addition of 5 mM EGTA to the lysed
cell suspension.

PKC assay. PKC activity was measured in duplicate (6, 17). The

reaction mixture contained 20 mi� TrisHCl, 1.0 mM CaCl2, 20 mM

MgC12, 50 MM Ac-MBP(4-14) as substrate, 0.5 mg/ml leupeptin, and

0.1 mM ATP (1-5 x 106 cpm of[’y-32PIATP). Phosphatidylserine (280

�g/ml) and PMA (10 .tM) were added to some tubes to demonstrate

phospholipid-dependent protein kinase activity. The reaction was

initiated by the addition of 1-2 p.g of protein, and the incubation (6

mm at 37#{176})was stopped by immediate spotting of the reaction

mixture onto phosphocellulose discs. The disks were then washed
twice with 1% phosphoric acid and three times with distilled water.
The radioactivity retained by the filter disc was determined through

scintillation counting. PKC activity was calculated from the differ-

ence in 32P incorporated into the PKC substrate peptide in the
presence and the absence of added phospholipids.

Statistical analysis. Data were presented as mean ± standard

error based on four aliquots ofcells for the cAMP measurements and
on three aliquots of cells for the PKC measurements. Each experi-

ment was repeated at least twice. Statistical comparisons were an-

alyzed through analysis ofvanance with the Newman-Keuls test for

the cAMP and PKC measurements. The paired t test was used for the

analysis of [Ca2�]� measurements. Statistical significance was set at
p = 0.05.

Results

Effect of thapsigargin on basal and adrenergic-stim-

ulated [Ca2i�. The effects of thapsigargin on the basal and
NE-stimulated [Ca2�i� were examined with the use of fura-2

as a fluorescent [Ca2�]1 indicator. The basal [Ca2�}� in the

pinealocytes was 153 ± 18 nM, which increased rapidly after

treatment with NE (10 p.M) as in previous reports (5, 24). It
reached the maximal level within 1 mm (318 ± 26 nM) and

stabilized at 283 ± 22 nr�i, which was sustained for �10 mm

(Fig. la). Treatment with thapsigargin (100 nM) caused a

more gradual increase in [Ca24i�, which reached a sustained
plateau level (545 ± 35 nM) after 5 mm (Fig. ib). The effect of
thapsigargin on [Ca2�]1 was dose dependent. The addition of

NE (10 �tM) during the plateau phase of the thapsigargin-

stimulated elevation of [Ca2�]1 did not further increase the
[Ca2�i� level (Fig. ic).

We next determined the effect of thapsigargin on the in-
tracellular Ca2� store (Fig. 2). In this experiment, a low Ca2�

(0. 1 mr�t) buffer B was used. As shown in Fig. 2a, chelation of

extracellular Ca2� by EGTA (1 mM) caused a gradual de-

crease in [Ca2�J�, and the addition of ionomycin (1 �M) 4 mm
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Fig. 1. Effects of NE and thapsigargin on [Ca2�], in rat pinealocytes.
Rat pinealocytes were prepared and loaded with the fluorescent Ca2�
indicator Fura-2. Ratio of the fluorescence emission signal at 51 0 nm,
excited at 340 and 380 nm, was continuously recorded and calibrated
as described. Traces, representative of at least three experiments. a,
The addition of NE (1 0 �.u�i) alone. b, The addition of thapsigargin [(Tg)
a = 100 nM, b = 30 n�i, c = 10 nM]. c, the addition of thapsigargin (0.1
�M) followed by NE (10 p.M). For further details, see Experimental
Procedures.
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Fig. 2. Effects of thapsigargin on intracellular Ca2 stores in rat pine-
alocytes. Rat pinealocytes were prepared and loaded with the fluores-
cent Ca2� indicator Fura-2. Experiments were performed in low Ca2�
(0.1 mM) medium. Ratio of the fluorescence emission signal at 51 0 nm,
excited at 340 and 380 nm, was continuously recorded and calibrated
as described. Traces, representative of at least three experiments. a,
The addition of EGTA (1 mM) followed by ionomycin [(ION) 1 �M] and

CaCl2 (2 mM). b, The same as in a, except that thapsigargin [(Tg) 0.1 �M]

was added 8 mm before EGTA. For further details, see Experimental

Procedures.

later caused a small and transient elevation in [Ca2�]1. This
transient elevation probably occurred through release of in-
tracellular Ca2� stores because the full ionomycin response
(see Fig. 7) was restored when 2 mist CaCl2 was added to the
medium. In comparison, in parallel experiments, when the

mm before the addition of EGTA and ionomycin (Fig. 2b),
ionomycin had no effect on [Ca2�J1. These data indicate that
thapsigargin causes depletion of intracellular Ca2� store in

rat pinealocytes within 8 mm of treatment.

Effect of thapsigargin on ISO-stimulated cAMP ac-

cumulation. In the first series of experiments, we investi-

gated the effect of thapsigargin on the j3-adrenergic-stimu-
lated cAMP response. Stimulation with ISO (1 �M) alone

increased the cAMP level by 10-fold (Fig. 3). The addition of
thapsigargin alone, although having no effect on basal cAMP
level, dose-dependently (1 nrvi-1 pM) enhanced the ISO (1
�tM)-stimulated cAMP response. At 1 pM, thapsigargin in-

creased the ISO-stimulated cAMP response by -2-fold (p <

0.05) (Fig. 3). To determine whether the potentiating effect of
thapsigargin was due to increased synthesis or decreased

breakdown of cAMP, we used IBMX (1 mi�i), a phosphodies-

terase inhibitor. As shown in Table 1, the potentiating effect
ofthapsigargin persisted in the presence of IBMX, indicating

that this effect of thapsigargin was due to increased synthe-
sis of cAMP.

Our previous studies have established that [Ca2�i1-elevat-
ing agents potentiate the stimulated cAMP responses by

activating both PKC (6) and Ca2�/calmodulin-dependent Id-
nase (9). To determine whether these two kinases are also
involved in the potentiating effect of thapsigargin, we used a
specific PKC inhibitor, calphostin C, and a Ca2�/calmodulin-

dependent kinase inhibitor, W7. As shown in Table 2, cal-
phostin C (0.1 �.tM) was most effective in reducing the PMA

potentiation of the ISO-stimulated cAMP response (a 70%
inhibition; p < 0.05). Calphostin C also reduced the potenti-

ating effects of thapsigargin and ionomycin by 30% and 40%,

respectively (p < 0.05 for both). In comparison, W7 had no

effect on the potentiation by PMA but reduced the potentiat-
ing effect of both thapsigargin and ionomycin by 45% (p <

0.05). These data indicate that both PKC and Ca2�/calmod-

ulin-dependent kinase are involved in the potentiating effect

0.8 ISO+Thaps
U)

� ::

�O.2

0

0.0 -�-�

009876

-log Thaps (M)

Fig. 3. Dose responses of thapsigargin on ISO-stimulated cAMP ac-
cumulation. Pinealocytes (2 x 1O� cells/0.4 ml) were incubated for 15
mm with ISO (1 j.u�i) in the presence or absence of graded concentra-
tions of thapsigargin (Thaps). Points, mean ± standard error of cAMP
determinations done in duplicate on four samples of cells. For further
details, see Experimental Procedures.
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pinealocytes were first treated with 0. 1 p�M thapsigargin for 8
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Fig. 4. Dose responses of thapsigargin on NE-stimulated cAMP accu-
mulation. Pinealocytes (2 x 1O� cells/0.4 ml) were incubated for 15 mm

with NE (1 0 jiM) in the presence or absence of graded concentrations of
thapsigargin (Thaps). Points, mean ± standard error of cAMP determi-
nations done in duplicate on four samples of cells. For further details,
see Experimental Procedures.
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a Significantly different from the corresponding treatments with 50 (p < 0.05).
b Significantly different from the corresponding treatments without protein

kinase inhibitor (p < 0.05).
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TABLE 1
Effects of thapsigargin on the cAMP responses stimulated by
ISO and ISO plus PMA in the presence of a phosphodiesterase
Inhlbftor
Pinealocytes (2 x iO� cells/0.4 ml) were incubated for 15 mm with 50 (1 �i) or
ISO(1 �.u�i) plus PMA(0.1 �a�i)and thapsigargin (0.1 �u�i) in the presence or absence

of BMX (1 mM). Neither PMA nor thapsigargin alone had a significant effect on the

basal CAMP accumulation. Each value represents the mean ± standard error of

four samples.

Treatment
cAMP

-IBMX +IBMX

pmoI/Wl� cells

ISO 438 ± 28 1,520 ± 182
ISO + thapsigargin 936 ± 38� 2,41 1 ± 96�
ISO + PMA 3,313 ± 261 11,473 ± 423
ISO + PMA + thapsigargin 1 ,661 ± 9& 8,380 ± 7318
Control 63 ± 13 1 83 ± 21
a Significantly different from the corresponding treatments without thapsigar-

gin (p < 0.05).

Effects of protein kinase inhibitors on the potentiating effect of
thapsigargln on the cAMP responses stimulated by ISO
Pinealocytes (2 x 10� cells/0.4 ml) were incubated for 15 mm with ISO (1 g�) or

ISO (1 � plus thapsigargin (0.1 pi.i) in the presence or absence of caiphostin C
(0.1 pi�i) or W7 (10 �a�i). Treatments with ISO plus PMA (0.1 �.u.i) and 150 plus
ionomycin (10 pi�i) were also included for comparison. Thapsigargin, PMA, and
ionomycin alone had no significant effect on the basal CAMP accumulation. Each
value represents the mean ± standard error of four samples.

cAMP
Treatment

Alone + Caiphostin C + W7

pmot/Wfl cells

ISO 443 ± 33 467 ± 29 421 ± 33
ISO + thapsigargin 886 ± 42� 646 ± 76” 546 ± 36”

ISO + PMA 3,183 ± 31 1,033 ± 110” 3,011 ± 321
ISO + ionomycin 2,41 3 ± 142k 1 ,546 ± 96” 867 ± 29”
Control 58 ± 9 63 ± 1 1 44 ± 5

of thapsigargin, whereas the potentiating effect of PMA in-
volves only PKC.

Effect of thapsigargin on NE-stimulated cAMP accu-

mulation. To investigate the effect of thapsigargin on the
combined /3- and a1-adrenergic-stimulated cAMP accumula-

tion, we used NE. NE (10 ,.LM) alone stimulated the cAMP

accumulation up to 50-fold as reported previously (3, 19) (Fig.
4). In contrast to the ISO-stimulated cAMP response, the

addition ofthapsigargin (1 n�i-1 �.tM) dose-dependently inhib-
ited the NE-stimulated cAMP response (Fig. 4). At 1 jiM,

thapsigargin inhibited the NE-stimulated cAMP response by

-45% (p < 0.05) (Fig. 4). Thapsigargin reduced the maximal
NE-stimulated cAMP response without shifting the EC50 of
this response (Fig. 5).

Comparison of the effects of thapsigargin with other
[Ca211-elevating agents. The effects of thapsigargin on

the ISO- and NE-stimulated cAMP responses were compared
with those of a depolarizing concentration of K� and ionomy-

cm, two established [Ca2�J1-elevating agents. Both ionomy-
cm (10 jiM) and K� (30 mr�t) enhanced the ISO-stimulated

cAMP response by >5-fold, which was substantially higher
than that for thapsigargin (Table 3). Regarding the NE-
stimulated cAMP response, in contrast to thapsigargin, nei-
ther ionomycin nor a depolarizing concentration of K� had a

U)

a)
C)

0
0
0

0

0

0

E
C

0

4.0 NE+Thaps

3.0

2.0

1.0

009876

-log Thaps (M)

00765

-log NE (M)

Fig. 5. Effects of thapsigargin on NE-stimulated cAMP accumulation.
Pinealocytes (2 x i0� cells/0.4 ml) were incubated for 15 mm with
varying doses of NE in the presence or absence of thapsigargin [(Thaps)
0.1 jiM]. Points, mean ± standard error of cAMP determinations done
in duplicate on four samples of cells. For further details, see Experi-
mental Procedures.

significant effect on the NE-stimulated cAMP response (Ta-

ble 3).

Comparison of the effects of thapsigargin with cy-
clopiazonic acid. To determine whether the effects of thap-

sigargin are due to Ca2�-ATPase inhibition, we used another

Ca2�-ATPase inhibitor, cyclopiazonic acid. As shown in Table
4, similar to thapsigargin, cyclopiazonic acid (50 jiM) was

effective in enhancing the ISO-stimulated cAMP response
2-fold (p < 0.05) while inhibiting the NE-stimulated cAMP

response by -40% (p < 0.05).
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TABLE 3

Effect of different [Ca2i�-elevating agents on the ISO- and NE-
stimulated cAMP response
Pinealocytes (2 X 1 O� cells/0.4 ml) were treated with ISO (1 MM) or NE (1 0 �M) in

the presence or absence of different [Ca2�]-elevating agents for 1 5 mm with ISO
(1 mM). Each value represents the mean ± standard error of four samples of cells.

Treatment cAMP

pmoI/1O� cells

Control 39 ± 13
ISO 414±31

+Thapsigargin (1 jiM) 716 ± 448

+K� (30 mM) 2,037 ± 1838
+lonomycin (10 jiM) 2,238 ± 1148

NE 2,897 ± 261
+Thapsigargin (1 jIM) 1 735 ± 116”
+K4 (30 mM) 3,177 ± 305
+lonomycin (10 jiM) 3,316 ± 189

a Significantly different from ISO-stimulated response (p < 0.05).
b Significantly different from NE-stimulated response (p < 0.05).

TABLE 4

Effect of cyclopiazonic acid on the ISO-, NE-, and ISO plus PMA-
stimulated cAMP responses
Pinealocytes (2 x iO� cells/0.4 ml) were incubated for 15 mm with ISO (1 �i) or

ISO plus PMA (0.1 �M) in the presence or absence of cyclopiazonic acmd [(CPA) 50
p�M]. Each value represents the mean ± standard error of four samples.

Treatment
cAMP

-CPA +CPA

pmol/lt’P cells

ISO 427 ± 35 1,005 ± 168
NE 2,312 ± 103 1,324 ± 96�
ISO + PMA 3,525 ± 157 2,192 ± 1038

Control 34 ± 1 2 41 ± 5
a Significantly different from the corresponding treatment without CPA (p <

0.05).

Effect of thapsigargin on the potentiation of the ISO-

stimulated cAMP accumulation. One possible explana-
tion for the differential effects of thapsigargin on the ISO-

and NE-stimulated cAMP responses is that thapsigargin

may specifically inhibit a component of the a1-adrenergic-

mediated potentiating mechanism of the NE stimulation.
This possibility was tested in the following studies with the

use of PMA, which activates PKC directly (4, 7), and ionomy-

cm, which elevates [Ca2�]� directly (8) as substitutes for the

a1-adrenergic component of the NE response.

As shown in previous studies (6, 7), the addition of PMA

(100 nM) enhanced the ISO (1 jiM)-stimulated cAMP response

10-fold (Fig. 6). However, cotreatment with thapsigargin (1
nM-i jiM) dose-dependently inhibited the cAMP response

stimulated by ISO plus PMA. At 100 nM, the ISO-plus-PM.A-

stimulated cAMP response was reduced by 50% (p < 0.05)
(Fig. 6). This inhibition was not due to enhanced degradation

of cAMP because a similar degree of inhibition was observed

in the presence of IBMX (Table 1). Similar to thapsigargin,

cyclopiazonic acid (50 jiM), another Ca2�-ATPase inhibitor,

inhibited the ISO-plus-PMA-stimulated cAMP response (Ta-

ble 4).

Treatment with 1 jiM ionomycin alone elevated [Ca2�i�
from 143 ± 12 to 785 ± 89 nM (Fig. 7b), and at 10 jiM, the

elevated [Ca2�1, reached a level that probably saturated the

Fura-2 present inside the cell and therefore cannot be deter-
mined accurately. Cotreatment with thapsigargin did not

significantly affect the ionomycin-stimulated elevation of

009876

-log Thaps (M)

Fig. 6. Dose responses of thapsigargin on ISO and PMA-stimulated
cAMP accumulation. Pinealocytes (2 x iO� cells/0.4 ml) were incubated
for 15 mm with ISO (1 jiM) and PMA (0.1 �M) in the presence or absence
of graded concentrations of thapsigargin (Thaps). Points, mean ± stan-
dard error of cAMP determinations done in duplicate on four samples of
cells. For further details, see Experimental Procedures.

a Tg

800

400�

200

100L

Fig. 7. Effects of ionomycin and EGTA-AM on thapsigargin stimulated
[Ca2�], elevation in rat pinealocytes. Rat pmnealocytes were prepared
and loaded with the fluorescent Ca2� indicator Fura-2. Ratio of the
fluorescence emission signal at 510 nm, excited at 340 and 380 nm,

was continuously recorded and calibrated as described. Traces, rep-
resentative of at least three experiments. a, Thapsigargin [(Tg) 0.1 jiM]

in the presence and absence of EGTA-AM (1 0 jiM). b, lonomycin [(ION)

1 jiM] in the presence or absence of EGTA-AM (added 2 mm before the

addition of ionomycin). c, lonomycin (1 jiM) plus thapsigargin (0.1 jiM).

For further details, see Experimental Procedures.

[Ca2�]1 (Fig. 7c). Similar to previous reports (4, 8), the addi-
tion of ionomycin (10 jiM) enhanced the ISO (1 jiM)-stimu-
lated cAMP response 5-fold (Fig. 8). Under this condition,
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a Significantly different from �. , � � � cells (p < 0.05).
b Significantly different from the corresponding treatment without thapsigargin

(p < 0.05).
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Fig. 8. Dose responses of thapsigargin on ISO- and ionomycin-stim-
ulated cAMP accumulation. Pinealocytes (2 x 1O� cells/0.4 ml) were
incubated for 15 mm with ISO (1 jiM) and ionomycin [(ION) 1 0 jiM] in the
presence or absence of graded concentrations of thapsigargin (Thaps).
Points, mean ± standard error of cAMP determinations done in dupli-
cate on four samples of cells. For further details, see Experimental
Procedures.

thapsigargin (1 jiM) had no effect on the ISO-plus-ionomycin-

stimulated cAMP response (p > 0.05) (Fig. 8). A similar
result was obtained when a depolarizing concentration of K�

(30 mM) was used to elevate [Ca2�}1 (data not shown).

The role of [Ca2�]� in the effects of thapsigargin on

the ISO- and ISO-plus-PMA-stimulated cAMP in pine-

alocytes. To investigate the role ofchanges in [Ca2�}, on the
effects of thapsigargin on the ISO- and ISO-plus-PMA-stim-
ulated cAMP responses, the membrane-permeable Ca2� ch-
elator EGTA-AM was used to suppress the changes in

[Ca2�],. Direct [Ca2�]1 measurement showed that the simul-

taneous addition of EGTA-AM (10 jiM) significantly blunted
the thapsigargin-stimulated elevation of [Ca2�11 (Fig. 7a).
Pretreatmnet with EGTA-AM (10 jiM) for 2 mm was also

effective in reducing the ionomycin (1 jiM)-stimulated [Ca2�]1
elevation, indicating rapid hydrolysis of EGTA-AM in the

pinealocytes (Fig. 7b). Treatment with EGTA-AM (10 jirvi)

had little effect on the ISO-stimulated cAMP response (Table
5). However, EGTA-AM treatment abolished the potentiating

effect of thapsigargin on the ISO-stimulated cAMP response,
suggesting that this effect of thapsigargin was due to its

action on elevating [Ca2�i�. In comparison, the inhibitory
effect of thapsigargin on the ISO-plus-PM.A-stimulated
cAMP response was not affected by treatment with EGTA-

AM, suggesting that the inhibitory effect may not be related

to the thapsigargin-mediated elevation of [Ca21, (Table 5).

To further investigate the inhibitory effect of thapsigargin,

the ISO-plus-PMA-stimulated pinealocytes were cotreated
with ionomycin (10 jirvO. The addition of ionomycin had no

significant effect on the ISO-plus-PMA-stimulated cAMP re-
sponse. Under these conditions, thapsigargin remained effec-
tive in reducing the cAMP response (Table 6). These results

further indicate that the inhibitory effect of thapsigargin on
the cAMP response may be independent of changes in

[Ca2�]1.

TABLE 5
Effect of EGTA-AM on the effect of thapsigargin on the ISO- and
ISO plus PMA-stimulated CAMP responses
Pinealocytes (2 x iO� cells/0.4 ml) were incubated for 15 mm with ISO (1 �u.i) or

ISO plus PMA(0.1 p�) in the presence or absence of thapsigargin (0.1 �M) and/or
EGTA-AM (10 � Each value represents the mean ± standard error of four

samples.

Treatment

cAMP

-EGTA-AM +EGTA-AM

pmol/lfTfl cells

ISO
ISO + thapsigargin
ISO + PMA
ISO + PMA + thapsigargin
Control

383 ± 27 428 ± 25
738 ± 60” 41 3 ± 1 9�

3,321 ± 250 3,632 ± 257
1 941 ± 1 1 6” 1 ,832 ± 156”

63 ± 3 83 ± 5

isu-oius-tnaosioaroin-treatea

TABLE 6
Effect of lonomycin on the effect of thapslgargln on the ISO and
ISO-plus-PMA-stlmulated cAMP response
Pinealocytes (2 x 1o� cells/0.4 ml) were incubated for 1 5 mm with ISO (1 p.�.i) or
ISO plus PMA (0.1 � in the presence or absence of thapsigargin (0.1 �.a.i) and/or
ionomycin [(ION) 10 MM]. Each value represents the mean ± standard error of four
samples.

cAMP
Treatment

-ION +ION

pmoVWP cells

ISO 365 ± 18 2,061 ± 169

ISO + thapsigargin 696 ± 438 2,243 ± 67

ISO + PMA 3,631 ± 245 3,346 ± 216

ISO + PMA + thapsigargin I ,998 ± 96� 1 873 ± 169�
Control 58 ± 3 78 ± 4

a Significantly different from the corresponding treatments without thapsigar-

gin (p < 0.05).

Effect of thapsigargin on PKC activity. The above
results suggested that thapsigargin selectively inhibits the

potentiating effect of a PKC activator, PMA. The possibility
that thapsigargin may have a direct inhibitory effect on PKC

activity was investigated. As shown in Table 7, H7, an estab-

lished inhibitor of PKC (25), reduced PKC activity by 85%.

Under the same condition, thapsigargin (�l jiM) had no
inhibitory effect on the in vitro PKC activity in the pinealo-

cyte. Even at 10 jiM, thapsigargin reduced the in vitro PKC
activity by only 30%.

The effects of thapsigargin on the PMA- and NE-mediated
translocation of PKC in intact pinealocytes were also deter-

TABLE 7
Effect of thapsigargin on the In vitro PKC activity
PKC activity of the cytosollc fractions of pinealocytes were determined in the
absence or presence of graded concentrations of thapsigargin. Ac-MBP(4-14)
was used as substrate. H7 was included In this experiment as a positive control.
Each value represents the mean ± standard error of determinations done in

duplicate on three samples of cell preparations. For further details, see Experi-
mental Procedures.

Treatment PKC activity

nmo!/mg proteirsMr

No treatment
+H7 (100 phi)

+Thapsigargin (10 jiM)

+Thapsigargin (1 jiM)

+Thapsigargin (0.1 jiM)

40.6 ± 1.0

6.9 ± 0.48
27.5 ± 1.2k
40.2 ± 1.6
41.3 ± 2.2

a Significant inhibition of the in vitro PKC activity (p < 0.05).
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mined. As shown in Table 8, PMA (0.1 jiM) caused a 4-fold

increase in PKC activity associated with the particulate frac-

tion while reducing the cytosolic fraction by 60% (7, 17).

Although thapsigargin alone caused a small but significant

(p < 0.05) increase in the membrane-associated PKC activ-

ity, it had no effect on the redistribution of the PKC activity

stimulated by PMA. Thapsigargin also had no significant

effect on the NE-stimulated increase in PKC activity associ-

ated with the particulate fraction (Table 8). Therefore, it

seems unlikely that thapsigargin inhibits the NE- or ISO-

plus-PMA-stimulated potentiation of cAMP responses by re-

ducing the translocation of PKC.

Discussion

As with other cell types (12, 27-32), thapsigargin is effec-

tive in elevating [Ca2�]� in rat pinealocytes. The source of the

initial increase in {Ca2�1, is presumably derived from intra-

cellularly sequestered Ca2 � whereas the sustained increase

in {Ca2�J1 is related to influx of extracellular Ca2� (29-32).

Compared with other Ca2tmobilizing agonists, such as NE,

the initial increase by thapsigargin is slower, but the mag-

nitude of increase by thapsigargin (0. 1 jiM) is similar to that

of NE (10 jiM). This slow rate of increase in [Ca2�1�, coupled

with the rapid hydrolysis of EGTA-AM in the pinealocytes,

could explain why EGTA-AM is effective in blunting the

response without pretreatment.

Similar to studies that used a depolarization concentration

of K�, ouabain, or ionomycin to increase {Ca2�]1 (4, 8, 22),
thapsigargin was found to potentiate the ISO-stimulated

cAMP response in rat pinealocytes. This potentiation by

thapsigargin is directly related to its effect on [Ca2�I, eleva-

tion as treatment with EGTA-AM, which significantly

blunted the effect of thapsigargin on the [Ca2�]�, abolished

this effect. In addition, both PKC and Ca2�/calmodulin-de-

pendent kinase seemed to be involved downstream from the

[Ca2�l� elevation in the potentiating effect of thapsigargin.

This is based on the observations that thapsigargin treat-

ment alone caused a small but significant translocation of

PKC to the membrane and that calphostin C, a PKC inhibi-

tor, and W7, a Ca2�/calmodulin-dependent kinase inhibitor,

were both effective in abolishing the potentiating effect of

TABLE 8

Effect of thapsigargin on the PMA- and NE-mediated
translocation of PKC activity in rat pinealocytes
PKC activity of the membrane and cytosolic fractions of pinealocytes was deter-
mined in the absence or presence of indicated drugs. Each value represents the
mean ± standard error of determinations done in duplicate on three samples of
cell preparations. For further details, see Experimental Procedures.

Treatment

PKC activity

Cytosol Membrane

pmoI/1c.� cells/6 rn/n

Experiment 1

Control 1 520 ± 38 226 ± 8
PMA (0.1 jiM) 643 ± 54� 1 073 ± 458

Thapsigargin (0.1 jiM) 1,491 ± 26 266 ± 138

PMA (0.1 jiM) + thapsigargin (0.1 jiM) 589 ± 47� 1 ,1 49 ± 658
Experiment 2

Control 1,749 ± 52 253 ± 11
NE (10 jiM) 1,673 ± 26 352 ± 18�
Thapsigargin (0.1 jiM) 1 712 ± 28 313 ± 16�
NE (10 jiM) + thapsigargin (0.1

a Significantly different from control

jiM) 1,653 ± 39 378 ± 13�

(p < 0.05).

thapsigargin. Furthermore, the potentiating effect of thapsi-

gargin persisted in the presence of a phosphodiesterase in-

hibitor, IBMX, indicating that thapsigargin potentiates the

cAMP responses by increasing the synthesis rather than by

reducing the degradation of cAMP. Because similar effects

were observed with other [Ca2�1�-elevating agents, including

ionomycin and a depolarizing concentration ofK� (1, 4, 8, 9),

it seems that the potentiation mechanism is similar for thap-

sigargin and other [Ca2 �]�-elevating agents in the adrener-

gic-stimulated cAMP accumulation. The observation that cy-

clopiazonic acid, another chemically unrelated Ca2 � -ATPase

inhibitor, was equally effective as thapsigargin is consistent

with the interpretation that the enhancing effects of thapsi-

gargin are related to elevation of [Ca2�I1 through inhibition

of Ca2�-ATPase.

Although there are major similarities, there also are dis-

tinct differences between thapsigargin and other [Ca2�1�-

elevating agents. First, thapsigargin significantly inhibits

the cAMP response stimulated by the mixed j3- and a1-ad-

renergic agonist NE, an effect that is not shared by other

[Ca2�11-elevating agents. Second, even though thapsigargin

elevates {Ca2�1� to the same magnitude as NE or a depolar-

izing concentration of K� , the magnitude of the enhancing

effect of thapsigargin on the ISO-stimulated cAMP response

is substantially smaller than that of a depolarizing concen-

tration of K� . These results suggest that thapsigargin may

have a separate inhibitory action on the cAMP accumulation

and that this action may be independent of its elevation of

[Ca2�J,.

It has been established that c�1-adrenergic activation po-

tentiates the i3-adrenergic-stimulated cAMP response via el-

evation of [Ca2�J� (8) and activation of PKC (4). Considering

that thapsigargin inhibits the mixed a1- and j3-adrenergic-

stimulated cAMP response, it is possible that thapsigargin

may mediate this inhibition by modulating one of these sig-

nalling pathways involved in the potentiation. Our results

indicate that thapsigargin has no effect on the NE-stimu-

lated PKC translocation. However, thapsigargin selectively

inhibits the potentiating effect by a PKC activator while

having little effect on the potentiation by other [Ca2�i1-ele-

vating agents. The lack of effect of thapsigargin on the po-

tentiation by [Ca2�i�-elevating agents may be accounted for

by current and earlier findings that, in addition to PKC,

[Ca24i� elevating agents use Ca2�/calmodulin-dependent Id-
nase in securing its potentiating effect (9). However, unlike

its potentiating effect on the ISO-stimulated response, the

inhibitory effect of thapsigargin on the PKC-mediated poten-

tiation is not affected by the cotreatment with EGTA-AM

(which blunts the [Ca2�I�-elevating effect of thapsigargin) or

ionomycin (which raises and maintains [Ca2�1� at a substan-

tially elevated level). Therefore, thapsigargin, in addition to

its [Ca2i�-elevating effect, seems to inhibit the PKC-medi-

ated potentiation through a mechanism independent of its

elevation of [Ca2�]1. This additional effect may account for

the inhibitory effect of thapsigargin on the NE-stimulated

cAMP response and the smaller enhancing effect of thapsi-
gargin in comparison to other [Ca2i�-elevating agents.

The observation that thapsigargin does not have a direct

inhibitory effect on the PKC activities or the PMA-mediated
translocation of PKC indicates that thapsigargin likely in-

hibits the PMA-mediated potentiation at a site subsequent to

PKC activation. Interestingly, another structurally unre-
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lated Ca2�-ATPase inhibitor, cyclopiazonic acid, has the

same inhibitory effects as thapsigargin. Therefore, rather

than a nonspecific effect of the drug, the inhibitory effect of

thapsigargin could still be due to its action on Ca2 �-ATPase,

although the subsequent elevation of [Ca2�1� may not be

directly involved. The precise mechanism through which in-

hibition of endoplasmic reticulum Ca2�-ATPase leads to a

reduction in the PMA-mediated potentiation of the cAMP

response remains unresolved.

Apart from elevating [Ca2�]�, another consequence of

Ca2�-ATPase inhibition is the depletion of endoplasmic re-

ticulum Ca2 � stores. This depletion of endoplasmic reticulum

Ca2� stores has been linked to interruption of events occur-
ring both inside and outside the endoplasmic reticulum (33,

34). It is possible that this depletion also affects the PMA-

mediated potentiation of the cAMP response. However, if

depletion of intracellular Ca2 � stores is the mechanism in-

volved, ionomycin, which could also deplete intracellular

Ca2� stores, should have a similar effect. Indeed, in one of
our earlier studies, we found that the addition of another

Ca2� ionophore, A23187, also had no effect on the ISO-plus-
PMA-stimulated cAMP response, even when extracellular

Ca2� was removed with the use of EGTA (4). In the absence
of extracellular Ca2 � the A23 187 treatment would be ex-

pected to deplete intracellular Ca2� stores. Thus, it seems

unlikely that the inhibitory effect of thapsigargin on the

potentiation of the cAMP response by PMA is due solely to

depletion of intracellular store. Additional experiments are

required to clarify the mechanism through which inhibitors

ofCa2tATPase reduce the potentiating effects ofPKC on the

adrenergic-stimulated cAMP response.

In summary, our data suggest a complicated interaction

between thapsigargin-mediated intracellular Ca2� redistri-

bution and the potentiation of the adrenergic-stimulated

cAMP by PKC. Thapsigargin, by elevating [Ca2�i�, potenti-

ates the f3-adrenergic-stimulated cAMP response through ac-

tivation of PKC and Ca2�/calmodulin-dependent kinase.

However, due to either its direct inhibition of the endoplas-
mic reticulum Ca2�-ATPase or other [Ca2�]1-independent
mechanism, thapsigargin also acts at a step distal to activa-

tion of PKC in reducing the effectiveness of the PKC-medi-

ated potentiation of the cAMP response.
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