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Abstract

1-[6-[17B-3-Methoxyestra-1,3,5(10)-trien-17-yl]Jamino}hexyl]-1 H-pyrrole-2,5-dione (U-73122), an inhibitor of processes involved in
the activation of phospholipase C, was used to assess the role of phospholipase C activation in the synergistic elevation of cAMP induced
by carbachol and prostaglandin E, in human neuroblastoma (SK-N-BE(2)C) cells. Pre-treatment of the cells with U-73122 resulted in
inhibition of carbachol-induced intracellular Ca** ([Ca**],) rise and inositol 1,4,5-trisphosphate (InsP;) generation, with maximal and
half maximal inhibition (ICs,) occurring at approximately 15 uM and 3.2 uM, respectively. U-73122 also inhibited the synergistic
enhancement of CAMP accumulation induced by carbachol and prostaglandin E, in a concentration-dependent manner with maximum
and IC5, at 12+ 4 uM and 3.4 + 0.3 uM, respectively. However, U-73122 did significantly inhibit prostaglandin E,-induced
production. While 1,2-bis(o-aminophenoxy)ethane-N,N,N',N’-tetraacetic acid (BAPTA /AM) treatment decreased the synergistic cAMP
accumulation by 28%, addition of U-73122 further decreased it down to complete inhibition. Furthermore, GTPyS- and AlF, -induced
InsP; generation in digitonin-mediated permeabilized cells was also inhibited by U-73122 treatment. Pre-treatment of the cells with
neomycin, another blocker of the phospholipase C pathway, also resulted in inhibition of the carbachol-induced [Ca®*]; rise, InsP,
generation, and the enhancing effect on cAMP accumulation, to a comparable extent. But, Ca®* chelation by BAPTA /AM in addition to
neomycin treatment further decreased the cAMP accumulation. These results suggest that the increase in cytosolic Ca’* and the coupling
process between muscarinic receptor-linked G-protein and phospholipase C are important for the synergistic activation of adenylyl
cyclase in SK-N-BE(2)C cells.
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1. Introduction Ca’* /calmodulin-dependent kinase (Cali et al., 1994; Xia

et al., 1993; Taussig et al., 1993), while type 6 is inhibited

A variety of extracellular signals stimulate adenylyl
cyclase, one of the principal cell surface signal transduc-
tion systems (Hille, 1992). From various studies, it has
been learned that there are at least 8 different isoforms of
adenylyl cyclase in mammalian tissues (Iyengar, 1993),
and that all the subtypes are commonly stimulated via the
a-subunit of guanine nucleotide-binding G,-protein or di-
rectly stimulated by forskolin (Tang and Gilman, 1992).
However, among the eight subtypes, the type 1, 3 and 8
adenylyl cyclases are specifically activated by
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by direct binding of Ca’* to the molecule (Yoshimura and
Cooper, 1992). In contrast, type 2 and 4 adenylyl cyclases
are activated by By-subunits (Gao and Gilman, 1991;
Feinstein et al., 1991), whereas type 1 is inhibited (Gao
and Gilman, 1991; Taussig et al.,, 1993). Type 2 and 7
adenylyl cyclases are activated by protein kinase C (Hel-
levuo et al., 1995; Lustig et al., 1993; Choi et al., 1993).

We and other groups have demonstrated that the stimu-
lation of the human neuroblastoma ceil lines SK-N-SH,
SH-SYS5Y, and SK-N-BE(2)C with prostaglandin E, or E,
elevates cCAMP levels (Suh and Kim, 1995; Baumgold and
Fishman, 1988; Nakagawa-Yagi et al., 1991). Moreover,
co-treatment of these cells with prostaglandin E, or E, and
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carbachol, the muscarinic acetylcholine receptor agonist,
results in a markedly higher synergistic elevation of the
cAMP level as compared to the treatment with prosta-
glandin alone, although treatment with carbachol alone
does have a small effect on cAMP generation. However,
the mechanism underlying this phenomenon of enhance-
ment is still not fully understood. Our previous studies
have shown that muscarinic receptor-mediated activation
of protein kinase C appears not to be involved in the
activation of adenylyl cyclase (Suh and Kim, 1995).
Baumgold (1992) proposed that By-subunits of G-proteins
generated by the activation of muscarinic receptors may
play a role in the synergistic responses.

In the present study, we used aminosteroid 1-[6-[178-
3-Methoxyestra-1,3,5(10)-trien-17-yl]Jamino}hexyl]-1 H-pyr-
role-2,5-dione (U-73122) and neomycin, inhibitors of pro-
cesses involved in the activation of phospholipase C in
vartous cells, including human neuroblastoma cells
(Thompson et al., 1991), neutrophils and platelets (Bleas-
dale et al.,, 1990; Smith et al., 1990), embryonic kidney
cells (Sandmann et al., 1991), and rat pituitary cells (Smal-
Iridge et al., 1992). Our goal was to investigate the rela-
tionship between carbachol-induced phospholipase C acti-
vation and the synergistic rise in cAMP production in
SK-N-BE(2)C cells. Here we report that U-73122 and
neomycin inhibit the carbachol-induced synergistic eleva-
tion of cAMP production by blocking the signal transduc-
tion pathways to phospholipase C. This strongly suggests
that the synergistic activation of adenylyl cyclase is depen-
dent upon the phospholipase C-linked processes.

2. Materials and methods
2.1. Materials

Carbamylcholine (carbachol) chloride, prostaglandin E,,
(+)-sulfinpyrazone, Triton X-100, guanosine 5-0-(3-
thiotriphosphate) (GTPyS), AICl,, NaF, potassium gluta-
mate, piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES),
ATP, glucose, neomycin, bovine serum albumin and inosi-
tol 1,4,5-trisphosphate (InsP;) were obtained from Sigma
(St. Louis, MO, USA). U-73122, isobutylmethylxanthine
(IBMX) were purchased from Research Biochemicals
(Natick, MA, USA). [*H]InsP, and [*HJadenine were ob-
tained from NEN (Boston, MA, USA) and fura-2 ace-
toxymethylester (fura-2/AM) and 1,2-bis(o-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid
(BAPTA/AM) were purchased from Molecular Probes
(Eugene, OR, USA).

2.2. Cell culture

Human neuroblastoma clone SK-N-BE(2)C cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(GIBCO, Gaithersburg, MD, USA) supplemented with 10%
(v/v) heat-inactivated bovine calf serum (Hyclone, Logan,

UT, USA) and 1% antibiotics (GIBCO) under a humidified
atmosphere of 5% CO, at 37°C. Medium was changed
every 2 days, and cells were subcultured about once a
week.

2.3. Measurement of intracellular Ca’* level

Intracellular Ca>* concentration ([Ca**],) was deter-
mined using the fluorescent Ca** indicator fura-2 as previ-
ously reported (Suh and Kim, 1995). Briefly, SK-N-BE(2)C
cells were loaded with fura-2 pentaacetoxymethyl ester
(fura-2 /AM) to a final concentration of 3 M in complete
medium and incubated at 37°C with stirring for 50 min.
After the loading, the cells were pelleted and washed twice
with Locke’s solution (NaCl, 154 mM; KCl, 5.6 mM;
MgCl,, 1.2 mM; CaCl,, 2.2 mM; Hepes, 5.0 mM; glu-
cose, 10 mM, pH 7.4) to remove the extracellular dye.
Sulfinpyrazone was added to both, the loading medium
and the washing solution, to a final concentration of 250
uM to prevent dye leakage (Di Virgilio et al., 1988).
Fluorescence ratios were taken by dual excitation at 340
nm and 380 nm and emission at 500 nm with an alterna-
tive wavelength time scanning method. Calibration of the
fluorescence signal in terms of [Ca”]i was performed
according to Grynkiewicz et al. (1985).

2.4. Determination of InsP; in whole cells

InsP; concentration in the cells was determined by
[*HlInsP, competition assay in binding to InsP; binding
protein (Downes et al., 1986). To determine the InsP,
production induced by carbachol, SK-N-BE(2)C cells were
grown in 6-well culture plates to about 95% confluency.
The cells were stimulated with agonists for specific peri-
ods of time. The reaction was terminated by aspirating the
medium off the cells followed by addition of 0.3 ml
ice-cold 15% (w /v) trichloroacetic acid containing 10 mM
EGTA. The plates were left on ice for 30 min to extract
the water-soluble inositol phosphates. The extract was then
transferred to an Eppendorf tube and the trichloroacetic
acid removed by four extractions with diethyl ether. Fi-
nally the extract was neutralized with 200 mM Trizma
base and its pH adjusted to about 7.4. 20 ul of the cell
extract was added to 20 ul of the assay buffer [0.1 M
tristhydroxymethyl)aminomethane buffer containing 4 mM
EDTA and 4 mg/ml bovine serum albumin] and 20 ul of
[*HlInsP, (0.1 uCi/ml). Then, 20 ul of solution contain-
ing the binding protein was added and the mixture incu-
bated for 15 min on ice and centrifuged at 2000 X g for §
min. The pellet was resuspended in 100 ul water, and 1 ml
of scintillation cocktail was added to measure the radioac-
tivity. InsP; concentration in the sample was determined
based on a standard curve and expressed as pmol/ug
protein. The InsP, binding protein was prepared from
bovine adrenal cortex according to the method of Challiss
et al. (1990).
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2.5. cAMP accumulation in whole cells

Intracellular cAMP was determined by measuring the
formation of [*H]cAMP from [*HJadenine nucleotide pools
as described previously by Salomon (1991) with some
modifications. The cells were grown in 6-well dishes to
confluency and loaded with [*Hladenine (2 wCi/ml) in
complete medium for 24 h. After the loading, the cells
were washed 3 times with Locke’s solution and pre-in-
cubated with 1 mM IBMX for 15 min in Locke’s solution
to inhibit phosphodiesterase. IBMX was also added to the
stimulating buffer. The reaction was stopped by aspirating
the medium off and adding 1 ml of ice-cold 5% (w/v)
trichloroacetic acid containing ! uM unlabeled cAMP.
The plates were left on ice for 30 min to extract the
water-soluble cAMP. Then, the extracts were transferred to
Eppendorf tubes and centrifuged at 5000 X g for 5 min to
precipitate the cell debris. [*HJcAMP and [*HJATP were
separated by sequential chromatography on dowex
AG50W-X4 (200-400 mesh) cation exchanger and a neu-
tral alumina column. The [PHJATP fraction was obtained
by elution with 2 ml distilled water from dowex column,
and the sequential elution with 3.5 ml distilied water was
loaded onto the alumina column. The alumina column was
washed with 4 ml imidazole solution (0.1 M, pH 7.2), and
the eluant fractions were collected into scintillation vials
containing 15 ml scintillation fluid to count the [*H]JcAMP.
Increase of intracellular cAMP concentration was calcu-
lated as [*H]JcAMP /([*H]JATP + [*HlcAMP) X 10°.

2.6. Permeabilized cell preparation

SK-N-BE(2)C cells were grown to confluency in 6-well
plates. Tissue culture medium was removed, and the cells
were washed with Locke’s solution. The cells were then
permeabilized in KG buffer (139 mM potassium gluta-
mate, 20 mM PIPES, 0.5 mM ATP, 1 mM MgSO,, 5 mM
glucose, pH 7) containing 20 uM digitonin for 10 min and
then stimulated with GTPyS or AICI, and NaF. The
amount of InsP; was determined by competition assay as
described above.

2.7. Statistics

The results are expressed as the mean + S.E.M. values
from the number of determinations indicated. A Student’s
t test was used for comparing individual treatments with
their respective control values. A probability of P < 0.05
was accepted as denoting a significant difference.

3. Results

Stimulation of SK-N-BE(2)C cells with 1 mM carba-
chol resulted in the elevation of [Ca’*]; through inositol
1,4,5-trisphosphate (InsP;) generation after activation of

phospholipase C. U-73122 effectively inhibited the carba-
chol-induced [Ca’*], rise (Fig. 1A). Pre-treatment with
U-73122 for 10 min caused, in parallel, the decrease of the
carbachol-induced elevation of [Ca?* ], and the production
of InsP;. This occurred in a concentration-dependent man-
ner with the maximum effect and half maximal concentra-
tion (ICy,) seen at approximately 15 uM and 3.2 uM,
respectively (Fig. 1B).

When SK-N-BE(Q2)C cells were exposed to various
concentrations of carbachol, the [Ca’*} and InsP, in-
creased in a concentration-dependent manner. As shown in
Fig. 2, the maximum and half maximum response (ECs,)
were obtained at 1 mM and 1-4 uM, respectively. Pre-
treatment with 3 uM U-73122 resulted in a 48% reduction
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Fig. 1. Inhibition of the carbachol-induced intracellular Ca’* rise and
InsP, production by U-73122 in SK-N-BE(2)C cells. (A) Typical pattern
of [Ca?" ], rise after treatment with carbachol (CCh) (1 mM) in the
presence of 2.2 mM extracellular Ca?* (solid trace). U-73122 (5 uM)
was added 10 min before the onset of carbachol treatment (dashed trace)
(n=5). (B) Concentration-dependent inhibition of the carbachol-induced
[Ca?* |, rise (@) and InsP; production (O) by U-73122. Fura-2-loaded
cells were pre-treated with various concentrations of U-73122 for 10 min
and then stimulated with 1 mM carbachol. The peak [Ca?* ], level was
measured. Cells treated with various concentrations of U-73122 for. 10
min were also stimulated with 1 mM carbachol for 1 min to measure the
InsP; content in the cells as described in Section 2. Data are presented-as
increments over the basal levels. The basal Ca’* and InsP; levels were
75+6 and 0.87+0.07, respectively. The maximal increments of Ca’*
(m) and InsP; (1) levels are presented. Each concentration of carbachol
was tested 4 times independently and the mean+S.EM. values are
reported.
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of the 1 mM carbachol-induced responses, but there were
differences in the extent of the inhibition at lower concen-
trations of carbachol (Fig. 2, insets). As shown in the
insets of Fig. 2, 3 uM U-73122 inhibited 65% of the
calcium elevation and 95% of the InsP; generation when
the stimulation was done with 10 uM carbachol. The
discrepancy might be due to a lower inhibitory effect of
U-73122 on Ca?* influx, occurring concomitantly with
Ca®* release from intracellular Ca’>* pools, than on InsP,
generation.

We tested the effect of U-73122 on the elevation of
cAMP by muscarinic stimulation. We have previously
demonstrated that in SK-N-BE(2)C cells, 1 mM carbachol
slightly increased intracellular cAMP, about 1.5-fold.
However, simultaneous treatment of the cells with carba-
chol and prostaglandin E, enhanced cAMP accumulation
synergistically, and the enhancing effect of carbachol could
be abolished by treatment with 5 wM atropine (Suh and
Kim, 1995). Fig. 3A shows that pre-treatment with 10 uM
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Fig. 2. Inhibitory effects of U-73122 on intracellular Ca** rise and InsP,
generation evoked by various concentrations of carbachol. Cells pre-in-
cubated with vehicle (O) or 3 uM U-73122 for 10 min (@) were
stimulated with various concentrations of carbachol, and the peaks of
cytosolic Ca®* (A) and InsP, generation (B) were measured. The basal
Ca®" and InsP; levels are presented as closed squares (M). U-73122 by
itself did not have any effect on both basal levels. Insets: percent
inhibitions of carbachol-induced intracellular Ca’* rise and InsP; genera-
tion by 3 uM U-73122. Each data point was obtained from triplicate
experiments and the mean + S.E.M. values are presented.
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Fig. 3. Effect of U-73122 on the carbachol-induced enhancement of the
prostaglandin E,-stimulated cAMP production in SK-N-BE(Q2)C cells. (A)
The IBMX (1 mM)-pre-treated cells were incubated with carbachol (1
mM), prostaglandin E, (10 uM) and carbachol plus prostaglandin E, in
the absence (solid bar) or presence (hatched bar) of 10 uM U-73122 for
20 min. U-73122 was added to the cells 10 min before the stimulation.
" P <0.05, compared with prostaglandin E,. (B) Concentration-depen-
dent inhibition of carbachol-induced synergistic enhancement of cAMP
accumulation by U-73122 in the absence (O) or presence (@) of
BAPTA /AM. Control cells or BAPTA /AM-loaded cells (30 min with
50 uM) were treated with various concentrations of U-73122 for 10 min
before the cells were stimulated with 1 mM carbachol and 10 pM
prostaglandin E, for 20 min. The net increases of cAMP obtained by
subtracting the prostaglandin E,-stimulated cAMP level from the ago-
nists-induced cAMP level are presented as percentage of the net increase
in the control cells treated with prostaglandin E, plus carbachol in the
absence of U-73122. The basal, 10 uM prostaglandin E,-, and 1 mM
carbachol and 10 M prostaglandin E,-induced cAMP levels were
20+1, 678 +49 and 1,165 + 55, respectively. Synergistic accumulation of
cAMP in BAPTA /AM-loaded cells without any incubation with U-73122
(@) was lower than that of control cells. The experiments were done 3
times and the mean + S.E.M. values are presented.

U-73122 for 10 min completely inhibited the synergistic
enhancement of the cAMP accumulation by co-stimulation
with 1 mM carbachol and 10 M prostaglandin E,. How-
ever, U-73122 did not have a significant effect on the
cAMP production that resulted from treatment with prosta-
glandin E, alone. U-73122 concentration-dependent inhibi-
tion of the carbachol-induced synergistic cAMP production
revealed a pattern similar to the inhibition of the [Ca®*],
rise and InsP; production (Fig. 3B). The IC, and maximal
inhibition were obtained at 3.4 + 0.3 uM and 12 + 4 uM,
respectively. In addition, pre-treatment with BAPTA /AM,
a chelator of Ca®*, also decreased the carbachol-induced
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Fig. 4. Effect of U-73122 on G protein-mediated phospholipase C
activation. (A). The digitonin-permeabilized SK-N-BE(2)C cells were
stimulated with 50 uM GTPyS (@) or 30 uM AICl; and 10 mM NaF
(O) for indicated periods. The reaction was stopped by the addition of
15% (w/v) trichloroacetic acid containing 10 mM EGTA. (B) Cells
pre-incubated with vehicle (solid bar) or 5 uM U-73122 (hatched bar)
were permeabilized and stimulated with 50 uM GTPyS or 30 uM AICl,
and 10 mM NaF for 30 s. The amount of InsP; was determined by
competition assay as described in Section 2. The experiments were done
3 times and the mean+ S.E.M. values are presented. * P < 0.05, com-
pared with U-73122-treatment.

effect by 28%, and addition of U-73122 in the presence of
BAPTA /AM further reduced the synergistic effect on
cAMP production in a concentration-dependent manner
(Fig. 3B).

To investigate the site of action for U-73122, we per-
meabilized the cells with digitonin and directly activated
G-protein with agents like GTPyS and AlF,", thus, bypass-
ing receptor activation. Fig. 4A shows the time courses of

Table 1
Effect of neomycin on carbachol-induced phospholipase C activation
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Fig. 5. Inhibition of carbachol-induced synergistic enhancement of cAMP
accumulation by neomycin in the presence or absence of BAPTA /AM.
Control cells or BAPTA /AM-loaded cells (30 min with 50 uM) were
treated with 2 mM neomycin for 5 min before the cells were stimulated
with 1 mM carbachol and 10 M prostaglandin E, for 20 min. The net
increase of cAMP obtained by subtracting the prostaglandin E,-stimu-
lated cAMP level from the two agonists-induced cAMP level are pre-
sented as percentage of net increase in the control cells treated with
prostaglandin E, plus carbachol in the absence of neomycin. The basal,
prostaglandin E, (10 uM)-, and carbachol (1 mM) plus prostaglandin E,
(10 pM)-induced cAMP levels were 23+2, 501437 and 987 +65,
respectively. Synergistic accumulation of cAMP in BAPTA /AM-loaded
cells without incubation with neomycin was lower than that of the control
cells. The experiments were done 4 times and the mean +S.E.M. values
are presented. ~ P < 0.05, compared with each vehicle. ~* P < 0.01,
compared with control.

InsP, generation by GTPyS and AIF,” in permeabilized
cells and the maximum effects for both agents observed 30
s after stimulation. However, the GTPyS- or AlF, -induced
InsP; generation was also inhibited by U-73122 pre-treat-
ment (Fig. 4B). This result indicates that the site of action
for U-73122 might be at a post-receptor site, and that the
stimulating effect of carbachol on the synergistic cAMP
production occurs at a signal component after muscarinic
receptor activation.

Phospholipase C involvement in carbachol-mediated en-
hancement of cAMP accumulation was further confirmed
by using neomycin, another blocker of the phospholipase
C pathway. Table 1 shows that pre-incubation of cells with
2 mM neomycin for 5 min resulted in inhibition of the
subsequent carbachol-induced [Ca®* ], rise and InsP, gen-
eration by about 47.3 and about 42.5%, respectively. How-
ever, neomycin above a 4 mM concentration has non-

Control Neomycin-treated ‘% Inhibition *
Basal Carbachol Basal Carbachol

[Ca%*]; increase (nM) 78 + 12 412 + 34 61+6 237 + 18 47.3%

InsP; generation (pmol /g protein) 0.57 £ 0.04 3.30 £ 0.31 0.45 £ 0.07 2.02+0.15 42.5%

Fura-2-loaded cells were treated with 2 mM neomycin for 5 min and then stimulated with 1 mM carbachol. The peak [Ca’* ], level was measured. Cells
pre-treated with 2 mM neomycin for 5 min were also stimulated with 1 mM carbachol for 1 min and the reaction was stopped by the addition of
trichloroacetic acid. The [Ca®* ], and InsP; generation were measured as described in Section 2. The values are the mean 1+ S.E.M. values of three separate
experiments done in triplicate. * % Inhibition was calculated by the net increase of values (subtracting basal from carbachol treatment) obtained from the
control and neomycin-treated cells.



240 B.-C. Suh et al. / European Journal of Pharmacology 314 (1996} 235-242

specific effects on the basal [Ca’*]; and InsP, levels, in
decreasing both levels (data not shown). Neomycin also
inhibited the enhancing effect of carbachol on cAMP
accumulation. Fig. 5 shows that neomycin significantly
inhibited the carbachol-induced cAMP enhancement, and
pre-incubation of the cells with BAPTA /AM in addition
to neomycin further decreased the cAMP level. These
results suggest that the signal transduction pathways to
phospholipase -C, including intracellular Ca’* elevation,
play an important role in carbachol-mediated activation of
adenylyl cyclase in SK-N-BE(2)C cells.

4. Discussion

The results of this study show that inhibition of phos-
pholipase C activation can completely abolish the carba-
chol-induced synergistic enhancement of cAMP accumula-
tion as well as the [Ca** ], rise and InsP, generation. They
also suggest that the [Ca’* ], rise partially contributes to
the synergistic elevation of cCAMP induced by carbachol,
since the blockage of the [Ca®*]; rise eliminates 28% of
the synergistic effect.

Several previous reports have suggested a role for phos-
pholipase C in muscarinic receptor-mediated activation of
adenylyl cyclase (Choi et al., 1992; Felder et al., 1989).
There was speculation that the rise in [Ca’*], or the
generation of diacylglycerol induced by muscarinic recep-
tor-mediated phospholipase C activation may account for
the activation of adenylyl cyclase through Ca** /calmodu-
lin (Cooper and Caldwell, 1988) or protein kinase C
(Yoshimasa et al., 1987). This notion is strengthened by
the observation that muscarinic stimulation of adenylyl
cyclase is mediated by Ca’’ and protein kinase C in
SH-SY5Y cells (Jansson et al., 1991). However, protein
kinase C is not responsible for the synergistic elevation of
cAMP induced by either carbachol and prostaglandin E,
(Baumgold and Fishman, 1988) or by carbachol and
forskolin (Nakagawa-Yagi et al., 1991) in SK-N-SH cells,
In the above studies, the stimulation of cells with prosta-
glandin E, and phorbol 12-myristate 13-acetate (PMA)
does not elicit the synergistic effect. The down-regulation
of protein kinase C by long-term pre-treatment with PMA
does not affect the synergistic accumulation of cAMP in
SK-N-SH cells. Moreover, intracellular Ca®* chelation
also does not affect the carbachol-induced synergistic en-
hancement of prostaglandin E,-stimulated cAMP produc-
tion (Baumgold et al., 1992). These results support the
possibility that the subunits of G-proteins may be candi-
dates of adenylyl cyclase activators (Baumgold, 1992).

Recently, we demonstrated that carbachol-induced
[Ca?*]; rise, InsP, generation and synergistic enhancement
of ¢cAMP accumulation exhibit similar concentration-de-
pendent patterns in SK-N-BE(2)C cells (Suh and Kim,
1995). This allowed the hypothesis that the synergistically
elevated cAMP accumulation may be related to muscarinic

receptor-linked phospholipase C activation. Since, in addi-
tion, treatment of the cells with ionomycin evoked cAMP
production, this indicates that Ca’* /calmodulin-sensitive
adenylyl cyclase is expressed. Also, co-treatment with
ionomycin and prostaglandin E, enhanced the prosta-
glandin E,-induced cAMP accumulation, while activation
of protein kinase C was not involved in the carbachol-in-
duced synergistic cAMP accumulation.

We used U-73122 and neomycin to selectively inhibit
muscarinic receptor-coupled phospholipase C-mediated
events. The mechanism by which U-73122 inhibits phos-
pholipase C-mediated processes is not well defined, but
recent studies suggest that the action site of U-73122 is to
be found at an early stage in the signal transduction
pathway, maybe at the level of the GTP-binding protein,
Gq (Caulfield, 1993; Taylor et al., 1991; Smrcka et al.,
1991), or at the link between G-protein and effector en-
zyme (Thompson et al., 1991; Yule and Williams, 1992).
In the present study, we observed that U-73122 lowered
the carbachol-induced synergistic enhancement of cAMP
accumnulation with an IC,;, and a maximum effective con-
centration that was similar to the respective values in its
inhibition of the [Ca’* ], increase and the InsP, generation.
U-73122 also inhibited the GTPyS- and AIlF; -induced
InsP; generation in permeabilized cells, while prosta-
glandin E,-stimulated adenylyl cyclase activation was not
affected in the intact cells. These results imply that U-73122
interferes with the interactions between G-protein and
phospholipase C that and the carbachol-induced adenylyl
cyclase activation is dependent upon the G-protein-media-
ted phospholipase C activation in SK-N-BE(2)C cells. The
experiments with U-73122 were further confirmed by an-
other blocker of phospholipase C, neomycin. Neomycin
treatment decreased the carbachol-induced [Ca?*] rise,
InsP, production, and cAMP accumulation in comparable
patterns. In addition, Ca>* chelation by BAPTA treatment
further enhanced the inhibitory effects of neomycin.

We do not know which adenylyl cyclase isozymes are
present in SK-N-BE(2)C cells, however, the partial inhibi-
tion of the synergistic cAMP accumulation by intracellular
Ca?" chelation means that there is a type of adenylyl
cyclase involved in the carbachol-induced synergistic
cAMP accumulation that is stimulated by Ca’* in the
cells. Several studies have demonstrated that type 1 and
type 8 adenylyl cyclases are directly activated by elevated
Ca®" via Ca’"/calmodulin-dependent kinase, whereas
type 3 is synergistically stimulated only when it is simulta-
neously activated by G.-protein or forskolin (Tang and
Gilman, 1991; Choi et al., 1992; Cali et al., 1994). In our
results, internal Ca’* elevation slightly enhanced both the
basal and the prostaglandin E,-induced adenylyl cyclase
activity, suggesting that type 1 or type 8 might be ex-
pressed and, thus, partly contribute to the synergistic acti-
vation of adenylyl cyclase. The major portion of the
synergistic cAMP accumulation might be generated by
By-subunits liberated during phospholipase C-linked G-
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protein activation. If muscarinic receptors are co-localized
with phospholipase C and type 4 adenylyl cyclase, By-sub-
units generated by muscarinic receptor stimulation would
interact effectively in activating a proximal adenylyl cy-
clase (Inglese et al., 1995). The present results clearly
demonstrate that the transduction of signal from G-protein
to phospholipase C is necessary and prerequisite to mus-
carinic receptor-mediated synergistic activation of adenylyl
cyclase. They also imply that SK-N-BE(2)C cells express
at least two different isozymes of adenylyl cyclase, which
are activated in a Ca’”/calmodulin-dependent pathway
and by By-subunits of G-protein.

Acknowledgements

We wish to thank Dr. J.K. Han for valuable discussion
and Ms. G. Hoschek for editing the manuscript. This work
was supported by grants from POSTECH /BSRI Special
fund, the Korea Science and Engineering Foundation
(KOSEF 95-0401-02) and the Basic Science Research
Institute Program (Project BSRI-96-4435) from the Min-
istry of Education, and the Biotech 2,000 Program from
the Ministry of Science and Technology.

References

Baumgold, J., 1992, Muscarinic receptor-mediated stimulation of adeny-
lyl cyclase, Trends Pharmacol. Sci. 13, 339.

Baumgold, J. and P.H. Fishman, 1988, Muscarinic receptor-mediated
increase in cAMP levels in SK-N-SH human neuroblastoma cells,
Biochem. Biophys. Res. Commun. 154, 1137.

Baumgold, J., R. Paek and G. Fiskum, 1992, Calcium independence of
phosphoinositide hydrolysis-induced increase in cyclic AMP accumu-
lation in SK-N-SH human neuroblastoma cells, J. Neurochem. 58,
1754.

Bleasdale, J.E., N.R. Thakur, R.S. Gremban, G.L. Bundy, F.A. Fitz-
patrick, R.J. Smith and S. Bunting, 1990, Selective inhibition of
receptor-coupled phospholipase C-dependent processes in human
platelets and polymorphonuclear neutrophils, J. Pharmacol. Exp. Ther.
255, 756.

Cali, J.J., J.C. Zwaagstra, N. Mons, D.M.F. Cooper and J. Krupinski,
1994, Type VII adenylyl cyclase, J. Biol. Chem. 269, 12190.

Caulfield, M.P., 1993, Muscarinic receptors-characterization, coupling
and function, Pharmacol. Ther. 58, 319.

Challiss, R.A., E.R. Chilvers, A.L. Willcocks and S.R. Nahorski, 1990,
Heterogeneity of [*Hlinositol 1,4,5-trisphosphate binding sites in
adrenal-cortical membranes, Biochem. J. 265, 421.

Choi, E.J., Z. Xia and D.R. Storm, 1992, Stimulation of type III olfactory
adenylyl cyclase by calcium and calmodulin, Biochemistry 31, 6492.

Choi, EJ., S.T. Wong, A.H. Dittman and D.R. Storm, 1993, Phorbol
ester stimulation of the type I and type III adenylyl cyclase in whole
cells, Biochemistry 32, 1891.

Cooper, D.MLF. and K.K. Caldwell, 1988, Does calmodulin regulate
non-neuronal adenylate cyclase?, Biochem. J. 254, 925.

Di Virgilio, F., C. Fasolato and T.H. Steinberg, 1988, Inhibitors of
membrane transport system for organic anions block fura-2 excretion
from PC12 and N2A cells, Biochem. J. 256, 959.

Downes, C.P., P.T. Hawkins and R.F. Irvine, 1986, Inositol 1,3,4,5-tetra-
kisphosphate and not phosphatidylinositol 3,4-bisphosphate is the

probable precursor of inositol 1,3,4-trisphosphate in agonist-stimu-
lated parotid gland, Biochem. J. 238, 501.

Feinstein, P.G., K.A. Schrader, H.A. Bakalyar, W.-J. Tang, J. Krupinski,
A.G. Gilman and R.R. Reed, 1991, Molecular cloning and characteri-
zation of a Ca’* /calmodulin-insensitive adenylyl cyclase from rat
brain, Proc. Natl. Acad. Sci. USA 88, 10173.

Felder, C.C., R.Y. Kanterman, A.L. Ma and J. Axelrod, 1989, A trans-
fected m1 muscarinic acetylcholine receptor stimulates adenylate
cyclase via phosphatidylinositol hydrolysis, J. Biol. Chem. 264, 20356.

Gao, B. and A.G. Gilman, 1991, Cloning and expression of a widely
distributed (type IV) adenylyl cyclase, Proc. Natl. Acad. Sci. USA 88,
10178.

Grynkiewicz, G., M. Poenie and R.Y. Tsien, 1985, A new generation of
Ca’* indicators with greatly improved fluorescence properties, J.
Biol. Chem. 260, 3440.

Hellevuo, K., M. Yoshimura, N. Mons, P.L. Hoffman, D.M.F. Cooper
and B. Tabakoff, 1995, The characterization of a novel human
adenylyl cyclase which is present in brain and other tissues, J. Biol.
Chem. 270, 11581.

Hille, B., 1992, G protein-coupled mechanisms and nervous signaling,
Neuron 9, 187.

Inglese, J., W.J. Koch, K. Touhara and R.J. Lefkowitz, 1995, GBy
interactions with PH domains and Ras-MAPK signaling pathways,
Trends Biochem. Sci. 20, 151.

Iyengar, R., 1993, Molecular and functional diversity of mammalian
G,-stimulated adenylyl cyclases, FASEB J. 7, 768.

Jansson, C.C., ]J. Kullonen and K.E.O. Akerman, 1991, Muscarinic
receptor-linked elevation of cAMP in SH-SY5Y neuroblastoma cells
is mediated by Ca’* and protein kinase C, Biochim. Biophys. Acta
1095, 255.

Lustig, K.D., B.R. Conklin, P. Herzmark, R. Taussig and H.R. Bourne,
1993, Type II adenylyl cyclase integrates coincident signals from G,,
G, and G, J. Biol. Chem. 268, 13900.

Nakagawa-Yagi, Y., Y. Saito, Y. Takada and M. Takayama, 1991,
Carbachol enhances forskolin-stimulated cyclic AMP accumulation
via activation of calmodulin system in human neuroblastoma SH-
SYSY cells, Biochem. Biophys. Res. Commun. 178, 116.

Salomon, Y., 1991, Cellular responsiveness to hormones and neurotrans-
mitters: conversion of [*Hladenine to [*HIcAMP in cell monolayers,
cell suspensions, and tissue slices, Methods Enzymol. 195, 22.

Sandmann, J., E.G. Peralta and R.J. Wurtman, 1991, Coupling of trans-
fected muscarinic acetylcholine receptor subtypes to phospholipase D,
J. Biol. Chem. 266, 6031.

Smaliridge, R.C., J.G. Kiang, 1.D. Gist, H.G. Fein and R.J. Galloway,
1992, U-73122, an aminosteroid phospholipase C antagonist, noncom-
petitively inhibits thyrotropin-releasing hormone effects in GH, rat
pituitary cells, Endocrinology. 131, 1883.

Smith, R.J., LM. Sam, J.M. Justen, GJ. Bundy, G.A. Bala and J.E.
Bleasdale, 1990, Receptor-coupled signal transduction in human poly-
morphonuclear neutrophils: effects of a novel inhibitor of phospholi-
pase C-dependent processes on cell responsiveness, J. Pharmacol.
Exp. Ther. 253, 688.

Smrcka, A.V., JR. Hepler, K.O. Brown and P.C. Sternweis, 1991,
Regulation of phosphoinositide-specific phospholipase C activity by
purified Gq, Science 251, 804.

Suh, B.C. and K.T. Kim, 1995, Stimulation of adenylyl cyclase mediated
by phospholipase C-linked M ; muscarinic receptor in human neurob-
lastoma SK-N-BE(2)C cells, J. Neurochem. 64, 2500.

Tang, W.J. and A.G. Gilman, 1991, Type-specific regulation of adenylyl
cyclase by G protein By subunits, Science 254, 1500.

Tang, W.J. and A.G. Gilman, 1992, Adenylyl cyclases, Cell 70, 869.

Taussig, R., L.M. Quarmby and A.G. Gilman, 1993, Regulation of
purified type 1 and type II adenylyl cyclases by G protein By
subunits, J. Biol. Chem. 268, 9.

Taylor, S.T., HZ. Chae, S.G. Rhee and J.H. Exton, 1991, Activation of



242 B.-C. Suh et al. / European Journal of Pharmacology 314 (1996) 235-242

the B, isozyme of phospholipase C by (subunits of the G, class of G
proteins, Nature 350, 516.

Thompson, A.K., S.P. Mostafapour, L.C. Denlinger, J.E. Bleasdale and
S.K. Fisher, 1991, The aminosteroid U-73122 inhibits muscarinic
receptor sequestration and phosphoinositide hydrolysis in SK-N-SH
neuroblastoma cells, J. Biol. Chem. 266, 23856.

Xia, Z., E.J. Choi, F. Wang, C. Blazynski and D.R. Storm, 1993, Type 1
calmodulin-sensitive adenylyl cyclase is neuronal specific, J. Neu-
rochem. 60, 305.

Yoshimura, M. and D.M.F. Cooper, 1992, Cloning and expression of a

Ca?*-inhibitable adenylyl cyclase from NCB-20 cells, Proc. Natl.
Acad. Sci. USA 89, 6716.

Yoshimasa, T., D.R. Sibley, M. Bouvier, R.J. Lefkowitz and M.G. Caron,
1987, Cross-talk between cellular signalling pathways suggested by
phorbol-ester-induced adenylate cyclase phosphorylation, Nature 327,
67.

Yule, D.I. and J.A. Williams, 1992, U73122 inhibits Ca™ oscillations in
response to cholecystokinin and carbachol but not to JMV-180 in rat
pancreatic acinar cells, J. Biol. Chem. 267, 13830.



