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SUMMARY
In C6-2B rat glioma cells, agonist-stimulated cAMP accumulation
is potently inhibited after the stimulation of endogenous brady-
kinin receptors or stably transfected substance K receptors,
coupled to phosphatidylinositol hydrolysis. In the present report,
pharmacological tools were used to selectively stimulate either
protein kinase C or Ca2�, the two final effectors activated upon
phosphatidylinositol hydrolysis, and their role in the inhibition of
the C6-2B cell cAMP signaling pathway was investigated. Acti-
vation of protein kinase C by an acute treatment with phorbol
1 2-myristate 1 3-acetate or L-a-1 -oleoyl-2-acetoyl-sn-3-glycerol
did not reduce, but rather enhanced, the cAMP accumulation
elicited by forskolin, a direct activator of adenylyl cyclase [AlP
pyrophosphate-lyase (cyclizing), EC 4.6.1 .1]. This effect was
antagonized by the protein kinase inhibitor H-7 and mimicked by
the protein phosphatase inhibitor okadaic acid. Thapsigargin, a
selective microsomal Ca2�-ATPase inhibitor, evoked a sustained
increase in the intracellular free Ca2� concentration, with an EC50
of 24.8 ± 4.3 nM, and inhibited the cAMP accumulation induced
by the f3-adrenergic receptor agonist isoproterenol with com-

parable potency (IC50 = 1 9.3 ± 0.2 nM), strongly suggesting a
causal relationship between the two phenomena. The inhibition
by thapsigargin of isoproterenol- or forskolin-stimulated cAMP
accumulation was not affected by pertussis toxin or down-
regulation or inhibition of protein kinase C. Dantrolene, a blocker
of Ca2� release from intracellular stores, antagonized 1) the Ca2�
transient in response to thapsigargin and substance K and 2)
the inhibitory effect of these compounds on isoproterenol- or
forskolin-induced cAMP accumulation. Moreover, sequestration
of intracellular Ca2� with the cell-permeable Ca2� chelator ethyl-
ene glycol bis(f.�-aminoethyI ether)-N,N,N’ ,N’-tetraacetic acid
acetoxymethyl ester abolished the cAMP inhibition mediated by
thapsigargin. Finally, isoproterenol- or forskolin-stimulated ad-
enylyl cyclase activity in digitonin-permeabilized cells was not
affected by either thapsigargin or substance K. These data
provide compelling evidence that increases in intracellular free
Ca2� concentration without activation of protein kinase C suffice
and are responsible for the inhibition of cAMP accumulation in
C6-2B cells.

An amazingly complex and cell-specific network of interac-

tions is responsible for integrating multiple transduction sig-

nals and translating them into a final biological response within

the cell. In particular, evidence has been accumulating that

reveals the dualistic potential of Ca2’, as a second messenger
per se and as a modulator of the cAMP signaling pathway.

Beside the well established synergism exerted by Ca2�, via
calmodulin, on the adenylyl cyclase activity in brain and some
peripheral tissues (1), an antagonistic and apparently direct

effect of Ca2 on cAMP formation is now becoming evident in

different cell types (2-9). Adenylyl cyclase activity in plasma

membranes from a variety of sources (2-6, 8, 9) is inhibited by
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Ca2� at submicromolar concentrations but is not affected by
exogenously added calmodulin (2, 4-6). The potential physio-

logical significance of this is demonstrable in intact cells,

wherein stimulation of receptors coupled to P1 hydrolysis and

intracellular Ca2� mobilization inhibits agonist-induced cAMP

accumulation (3, 4).

We have recently reported that in C6-2B rat glioma cells
BK and 5K, acting via endogenous and stably transfected
receptors, respectively, evoke an IP3-mediated release of intra-

cellular Ca2� and potently inhibit cAMP accumulation elicited

by the /3-AR agonist ISO or postreceptor agonists (3). This

inhibitory effect is not mediated by a PTX-sensitive G protein

or by an enhanced phosphodiesterase activity, whereas it is

abolished by sequestration of intracellular Ca2� with the cell-

ABBREVIATIONS: P1, phosphatidylinositol 4,5-bisphosphate; [Ca2�], intracellular free calcium concentration; SK, substance K; DANT, dantrolene;
TG, thapsigargin; ISO, (-)-isoproterenol; FO, forskolin; lP3, 1 ,4,5-inositol tnsphosphate; PMA, phorbol 12-myristate 13-acetate; POD, 4-a-phorbol
didecanoate; OAG, L-a-1-oleoyl-2-acetoyl-sn-3-glycerol; f.�-AR, /3-adrenergic receptor; PTX, pertussis toxin; EGTA, ethylene glycol bis(fl-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; AM, acetoxymethyl ester; IBMX, 3-isobutyl-1-meth-
ylxanthine; BK, bradykinin; PKC, protein kinase C; G protein, guanine nucleotide-binding protein; ION, ionomycin.
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permeable EGTA/AM, suggesting that the 1P3-mediated in-
crease in [Ca211 is causally related to the cAMP inhibition (3).
However, PKC, the other final effector activated by diacylglyc-

erol upon P1 hydrolysis, has been shown to either enhance or
reduce agonist-stimulated cAMP formation, depending on the
cell type (reviewed in Ref. 10). Although phorbol ester and H-
7, a protein kinase inhibitor, failed to block the inhibition by
5K of cAMP accumulation in C6-2B cells transfected with the
5K receptor cDNA (3), we now directly address the question of
whether PKC could play a role in the inhibition of the cAMP

signaling pathway in wild-type C6-2B cells. To this end, cx-

periments were designed to independently stimulate either

[Ca2�]1 increase, with TG, or PKC activity, with PMA, and to

test for their effects on agonist-induced cAMP formation. We

now provide compelling evidence to support our belief that an
increase in [Ca211 without activation of PKC suffices and is
responsible for the inhibition of cAMP formation previously
described in C6-2B cells (3). A plausible explanation for these
results is that in C6-2B cells such inhibition is mediated by
the newly described type VI adenylyl cyclase (11), which is
negatively regulated by Ca’�.

Materials and Methods

Cell culture. C6-2B cells were grown as monolayers in Ham’s F-b

medium/bO% calf serum (GIBCO) in an atmosphere of 95% air/5%

CO2 at 37”. C6-2B cells stably transfected with the 5K receptor cDNA

(A2-3 clone) (3) were grown in the presence of 150 �ig/ml G418

(GIBCO) to maintain selective pressure. Cells (passages 12-30) were

used at confluency.

Biochemical measurements. Cell cAMP content was measured

by the Atto-Flo automated radioimmunoassay (Atto Instruments Inc.,
Rockville, MD). Briefly, after incubation with drugs at 37’ in 10-20

mM HEPES-buffered, serum-free, Ham’s F-b medium (pH 7.4, with

0.3 mM CaCl2) containing IBMX (100-500 �zM) and Ro20-1724 (100-
200 �tM), cells were treated with 0.1 M HC1/0.1 mi�i CaC1, for 15 mm at

room temperature and the acid extract was assayed for cAMP content.
cAMP extruded into the medium was extracted with 0.1 M HC1. P1
hydrolysis was estimated by measuring the accumulation of labeled

inositol phosphates in the presence of 10 mM LiC1 in cells that had

been preloaded with myo-[2-3H]inositol, as described (3). PKC activity
was measured using a PKC enzyme assay system from Amersham,
following the manufacturer’s instructions. In this system, the transfer

of the 32P-labeled y-phosphate group of ATP to a peptide substrate
that is highly specific for PKC is measured as an index of the enzyme
activity. Adenylyl cyclase activity in 0.01% digitonin-permeabilized

cells (12) was measured in the presence of 0.1 mM ATP, 10 �M GTP,
0.1 mM IBMX, and 3 mM MgCl2; the reaction was carried out for 30

mm at room temperature. (-)-[3H]CGP-12177 binding was performed
with intact cells in Ham’s F-b medium containing 10 mM HEPES, 30
�g/ml bovine serum albumin, and 2 nM radiolabeled ligand, for 90 mm

at room temperature. Protein was measured by the method of Bradford
(13).

Ca2� imaging. Single-cell Ca2� imaging was performed as described
previously (14), using an Attofluor digital fluorescence microscopy

system (Atto Instruments). Briefly, cells grown on glass coverslips were
loaded with fura-2/AM (5 MM; Molecular Probes) for 30 mm at 37’,

washed, and imaged at 30-32’ in Ham’s F-b medium buffered with 20

mM HEPES (pH 7.4).

Reagents. 5K and BK were purchased from Peninsula Laboratories,
PTX from List Biological Laboratories, TG from Research Biochemical
Corp., H-7 from Seikagaku America, FO from Calbiochem, Ro20-b724

from Biomol, OAG from Avanti Polar Lipids, Inc., okadaic acid from
GIBCO, fura-2/AM and EGTA/AM from Molecular Probes, and (-)-

[3H]CGP-12177 (38 Ci/mmol) and myo-[2-’H]inositol (10-20 Ci/mmol)

from Amersham. Other chemicals were from Sigma.

Results and Discussion

Role of Ca2� in the regulation of agonist-stimulated
cAMP accurnulation. To evaluate the contribution of Ca2� in
the regulation of the cAMP pathway, we used the non-phorbol

ester tumor promoter TG. TG increases [Ca2’]1 by specifically
inhibiting microsomal Ca2�-ATPase, thus preventing the reup-

take of Ca2’ into the sensitive stores (15). Because TG neither

stimulates P1 hydrolysis (16, 17) nor activates PKC (18, 19), it
is an ideal probe to study the specific role played by Ca2� in

cell responses. In C6-2B cells, various concentrations of TG

transiently elevated [Ca2]1 (Fig. 1). In the presence of 0.3 mM

extracellular Ca’�, both the rate of onset and the peak response

were concentration dependent, although the decay kinetics for

[Ca2�]1 seemed to be independent of the concentration of TG
(Fig. 1). The concentration of TG for half-maximal effect was

24.8 ± 4.3 nM, and the maximal effect was observed at 100 nM
(Fig. 1, inset). C6-2BA23 cells, stably transfected with the SK

receptor cDNA (3), respond to 5K with a transient rise in

[Ca’�]1 that is mediated by the activation of phospholipase C
and consequent formation of inositol phosphates (3). Unlike
TG, SK (1 �zM) produced a sharp rise in [Ca2�]1 with much
faster decay kinetics (Fig. 2A). When the intracellular stores

had been depleted of their Ca2� with the use of TG (100 nM),

cells failed to respond to 5K, although the peak response to the

ionophore ION was not affected (Fig. 2A). The blockade by TG

ofthe SK-evoked [Ca2�]1 increase was not due to an impairment

of 1P3 formation, because the stimulation by 5K of P1 hydrol-

ysis was not inhibited in TG-pretreated cells (Fig. 2B). These

data support the notion that the Ca2� stores discharged and

inhibited by TG include the IP3-sensitive pool (16), and they

indicate that the transient Ca2� response to SK in C6-2B cells

is primarily due to release from internal stores.

In light of our previous observations that, in C6-2B cells,

agonist-stimulated cAMP accumulation is inhibited after stim-

ulation of P1 hydrolysis and intracellular Ca2� mobilization (3),

we investigated the effect of the TG-induced [Ca2]1 rise, which

is associated with neither stimulated P1 hydrolysis (Fig. 2B)

(16, 17) nor PKC activation (18, 19), on the cAMP pathway.

For this purpose, C6-2B cells were exposed to increasing con-

centrations ofTG (1-1000 nM) for 2-S mm and then challenged

with different concentrations of ISO (0.1-10 �M) for 5-15 mm,

and cAMP content was measured. As shown in Fig. 3, TG

inhibited the cAMP accumulation elicited by ISO (10 �M) in a

concentration-dependent manner, with an IC� of 19.3 ± 0.2

nM, which is in excellent agreement with the EC50 (24.8 ± 4.3

nM) of TG for Ca2� release. The possibility that TG could
interfere with the binding of ISO to the 13-AR was ruled out by

the failure of TG to displace (-)-[3H]CGP-12177 binding, as

opposed to (-)-propranolol, a potent fl-AR antagonist (Fig. 3,
inset). Moreover, cAMP accumulation elicited by FO, which is

known to directly activate adenylyl cyclase, was also signifi-

cantly inhibited by TG (Fig. 4). The hypothesis that the de-

creased cell cAMP accumulation in response to ISO and FO

resulted from an enhanced activity of the cAMP efflux pump
(20) upon exposure of the cells to TG and SK (3) was also
considered. However, measurement of agonist-stimulated

cAMP levels in the incubation medium from cells pretreated
with either TG or 5K failed to display an increased efflux,
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Fig. 1. Concentration-dependent effect of TG on basal [Ca2�j in C6-2B cells. Cells were prepared for fluorescence imaging as described in Materials
and Methods and were then exposed to various concentrations of TG as shown. The population means of calcium levels in 30 cells from a
representative experiment are shown. Inset, semiloganthmic concentration-response curve for TG. The ECse for TG was 24.8 ± 4.3 n�.i. Points are
the mean ± standard error of four to six different experiments.
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Fig. 2. Effect of TG on 5K-induced calcium transient and P1 hyrolysis in C6-2B�3 cells. A, Cells were exposed for 8 mm to Ham’s F-i 0 medium in
the absence or presence of 100 nt�i TG, washed for 2 mm with Ham’s F-i 0, and then challenged with SK (1 �M) followed by 10 �M ION. The
population means of calcium levels in 25 cells from a representative experiment are shown. These data were reproduced in five additional
experiments. B, myo-[3H]lnositol-loaded C6-2B�3 cells were exposed for 5 mm to SK (1 �M) (0), to TG (1 �M) (U), or first to TG and then to 5K
(R), in the presence of 10 mM LiCI, and the formation of labeled inositol phosphates was measured as described in Materials and Methods.
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compared with the control (data not shown). Moreover, similar
to SK (3) and BK (3, 4), TG appears to impair agonist-induced

cAMP formation by reducing the synthesis rather than en-
hancing the degradation of cAMP (21), because the inhibitory
effect persists in the presence of two potent phosphodiesterase
inhibitors, IBMX (100-500 �M) and Ro20-1724 (100-200 �LM).

These results, taken together, strongly suggest that the catalytic

unit of adenylyl cyclase is the site for TG-induced inhibition of

cAMP.
A direct negative effect of TG or 5K (3) on adenylyl cyclase,

which could account for their inhibition of cAMP formation,
was ruled out by the failure of either agent to inhibit ISO-
stimulated (data not shown) or FO-stimulated adenylyl cyclase
activity in digitonin-permeabilized cells (Fig. 4, right). Fur-

TIME (Sec)

thermore, the possibility that TG exerts its effect through

coupling with a G protein inhibitory to adenylyl cyclase was
investigated. As we have shown previously (3), an overnight

treatment with PTX (1 �zg/ml) completely prevents subsequent
in vitro ADP-ribosylation of the toxin-sensitive G,0 protein a

subunits in C6-2B cell membranes. In cells pretreated with

PTX, cAMP accumulation in response to ISO and FO was
enhanced, compared with control (Table 1), strongly suggesting
inactivation of the G1 inhibitory input on adenylyl cyclase.
However, under these experimental conditions the ability of
TG to increase [Ca2�j1 (data not shown) and inhibit ISO- or
FO-stimulated cAMP accumulation was not affected (Table 1).

These results indicate that, in intact cells, TG and 5K (3)

impair cAMP formation neither directly nor by a PTX-sensi-
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Fig. 3. Concentration-dependent inhibition by TG of ISO-stimulated
cAMP accumulation. C6-2B cells were exposed to increasing concentra-
tions of TG for 5 mm and challenged with 10 �M ISO, and the cAMP
content was measured after 10 mm. Data are the mean ± standard error
of six determinations from two separate experiments done in triplicate.
Inset, (-)-[3H]CGP-1 21 77 binding was carried out with intact C6-2B
cells in the presence of increasing concentrations of TG or (-)-propran-
olol.
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. cAMP content was measured after a 10-mm challenge.

b Values in parentheses are the percentage of ISO- or FO-stimulated cAMP

accumulation in cells exposed for 5 mm to TG, relative to vehicle (0.01 0/, dimeth-

ylsulfoxide)-treated cells, in either control or PTX-pretreated cultures.
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Fig. 4. Effects of 5K and TG on FO-stimulated CAMP accumulation and
adenylyl cyclase activity. Intact (left) or digitonin-permeabilized (right)
C6-2B�., cells were challenged with 10 �M FO alone (�) or in the
presence of 1 �oM 5K (U) or 1 sM TG (U). cAMP content in intact cells
was measured after 5 mm and adenylyl cyclase activity was determined
as described in Materials and Methods. Data (mean ± standard error)
are from one representative experiment done in triplicate; two other
experiments gave similar results.

tive G110 protein-mediated effect on adenylyl cyclase but, rather,

by acting via a second messenger (absent or not functional in
permeabilized cells), which, in turn, is inhibitory to the adenylyl
cyclase. Given that both TG and 5K, although through different
mechanisms, evoke an increase in [Ca2’]1, it is reasonable to

hypothesize that Ca2� plays a key role in the inhibition of
cAMP accumulation observed in intact cells after exposure to
TG or SK. Furthermore, the inhibitory effects of TG and SK
on agonist-induced cAMP formation in intact cells were not

additive (data not shown). This evidence, together with the
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TABLE 1
Effect of overnight treatment with I ,�g/ml PTX on TG-induced
inhibftion of cAMP accumulation in C6-2B cells

Treatment
CAMP

Contr� PTX

�/mg ofprotein

None(basal) 13.2±1.5 17.6± 1.7
TG (1 tiM) 14.0 ± 1.9 12.0 ± 1.7
ISO(iOzM) 5536±701 9099±248
TG/ISO 1250 ± 57 (23 ± 1%)�‘ I 936 ± 136 (21 ± 1%)
FO (10 �zM) 1804 ± 175 2240 ± 99
TG/FO 1 114 ± 1 51 (61 ± 8%) 1 146 ± 56 (51 ± 5%)

Ca2� imaging data (see Fig. 2A) showing that TG precludes a
subsequent increase in [Ca2�]� stimulated by SK, further sug-

1 06 gests that the two agents act via a common intermediate and
mobilize Ca2� from a substantially overlapping intracellular
pool.

To address the question of whether the increase in [Ca2�]1
evoked by TG is directly responsible for adenylyl cyclase inhi-

bition, we tested the ability of TG to inhibit cAMP formation
under conditions where either the intracellular Ca2� was se-

questered or the release of Ca2’ from internal stores was

blocked. Exposure of C6-2BA23 cells to EGTA/AM precluded
both the increase in [Ca2�j1 and the inhibition of cAMP for-

mation induced by SK (3). In mouse NIH 3T3 fibroblasts, the

TG-induced expression of the c-fos protooncogene was com-
pletely inhibited by chelation of intracellular Ca2� (19). Like-

wise, sequestration of intracellular Ca2� with EGTA/AM (100

�M, 1 hr) abolished the inhibitory effect of TG on agonist-

induced cAMP accumulation in wild-type C6-2B cells (Fig. 5),

strongly indicating that the TG-mediated [Ca2�]1 increase is

causally associated with adenylyl cyclase inhibition.

The muscle relaxant DANT has been widely used as an
inhibitor of intracellular Ca2� mobilization (22). However, the

IP3-releasable pool of Ca2 appears to be sensitive to DANT
only in certain cell types (23-25) and not in others (26-28). In

C6-2BA23 cells, DANT (40 �cM) virtually abolished both the
TG- and SK-induced Ca2� transients measured by fura-2 im-
aging (Fig. 6), without any appreciable effect on the ability of

ION to elicit a response (Fig. 6A). Although DANT itself has
been reported to emit fluorescence at 495 nm when excited at
390 nm (29, 30), our results observed with DANT cannot be

explained by such fluorescence, because DANT alone (Fig. 6)

or DANT and ION (Fig. 6A) increased [Ca2�J1 and the increase
in the 334/380 ratio was due to an increase in 334-nm intensity

and a decrease in 380-nm intensity. Under the conditions of
our experiments, we did not observe any fluorescence of DANT.
The possibility that DANT blocks SK-induced Ca2� release by
precluding receptor-mediated P1 hydrolysis was ruled out by

the failure of DANT to inhibit SK-stimulated inositol phos-

phate formation (data not shown). Consistent with our obser-
vations of negative modulation of cAMP levels by Ca2�, we

found that DANT antagonized the inhibitory effects of TG and

5K on agonist-stimulated cAMP accumulation in our in vitro

model. A 10-mm pretreatment with 50 �M DANT did not

appreciably affect the cAMP response to ISO or FO, whereas

it reduced the inhibitory effect of TG by 35 ± 10% (six exper-
iments) and that of SK by 65 ± 14% (six experiments). A
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of Ca2� is mediated through a Ca2�-binding protein other than

calmodulin cannot be excluded at this time.

Taken together, these results 1) provide strong evidence for

a direct inhibitory effect of elevated [Ca2�]1 on cAMP formation

and 2) suggest that, because the action of FO and receptor-

mediated events are similarly affected, the catalytic unit of

adenylyl cyclase is the most probable site for Ca2�-mediated

inhibition of cAMP accumulation. Our earlier evidence that

adenylyl cyclase activity measured in digitonin-permeabilized

C6-2B cells is inhibited by submicromolar Ca2� concentrations

(3) also supports this interpretation.

Role of PKC activation in the cAMP signaling path-
way. Exposure of C6 glioma cells to 100 nM PMA caused PKC

translocation to the plasma membrane with a t,, of 15 mm (32).

In our experiments, C6-2B cells were exposed to either the

inactive phorbol ester PDD (1 �M) or PMA (1 �tM) for 30 mm
and then tested for PKC activity and FO-stimulated cAMP

formation. In the experiment shown in Fig. 9A, a 3.2-fold
increase in PKC activity was detected in PMA-treated cells,
compared with control PDD-treated cells. Under these condi-

tions, the intracellular cAMP content in PMA-treated cells was

enhanced, compared with control, both under basal conditions

(54 ± 16% increase, four experiments) and upon FO challenge

(72.3 ± 30% increase, six experiments; Fig. 9B). Likewise, when

cells were exposed to the synthetic diacylglycerol OAG (100

�tM) FO-stimulated cAMP accumulation was potentiated (Fig.

10). The enhanced cAMP formation was not due to decreased

cAMP efflux from the cells, because the level of cAMP in the

medium, measured after agonist exposure, was also found to be

increased in PMA- and OAG-treated cultures, compared with

control (Figs. 9B and 10). The presence in the incubation
medium of two potent phosphodiesterase inhibitors, IBMX
(100-500 .cM) and Ro20-1724 (100-200 SM), makes unlikely,

although does not completely rule out, the possibility that the

increased cAMP levels are due to a reduced degradation of
cAMP, secondary to inhibition of cAMP phosphodiesterases

by PKC (Refs. 10 and 33 and references cited therein). Fur-
thermore, the enhanced cAMP accumulation induced by PMA

and OAG was 1) antagonized by 10 �iM H-7 (79 ± 10% decrease

of the intracellular cAMP enhancement, six experiments; Figs.

9 and 10) and 2) mimicked by 1 �M okadaic acid (Table 2), a

specific inhibitor ofphosphatases 1 and 2A (34), thus suggesting

the involvement of a phosphorylation-mediated event. These

results demonstrate that in C6-2B cells an acute activation of

PKC does not inhibit, but rather enhances, FO-stimulated

cAMP accumulation. Whether the potentiation by PKC of the

cAMP response in C6-2B cells is the result of inactivation of

G (35) or a direct effect on the adenylyl cyclase (36) remains
to be elucidated.

Fig. 5. Effect of EGTA/AM on TG-induced inhibition of ISO-stimulated
cAMP. C6-2B cells were treated for 1 hr at 37#{176}with 100 MM EGTA/AM
or 0.1% dimethylsulfoxide, washed thoroughly, exposed for 5 mm to
either vehicle (control) (0) or 1 MM TG (U), and challenged for 10 mm
with 10 �iM ISO. Data are the mean ± standard error from one experiment,
done in triplicate, which was repeated two other times with virtually
identical results.

representative experiment is presented in Fig. 7, which also

shows that the inhibitory effect of BK (1 �zM) (3) on ISO-

stimulated cAMP formation was blocked by DANT. Because

DANT precludes the increase in [Ca2�]1 elicited by TG and 5K

(see Fig. 6), these data further support the involvement of Ca2�

in the inhibition of agonist-stimulated cAMP accumulation by

these two agents. However, whereas we observed a good reversal

by DANT of the SK- and BK receptor-mediated cAMP inhi-

bition, the effect of TG on cAMP accumulation was less effi-

ciently blocked by DANT, the reason for which is presently

unclear.

We then addressed the possibility that PKC, which is known

to either positively or negatively regulate the cAMP pathway

(reviewed in Ref. 10), participates in the inhibition by TG of

the C6-2B cell cAMP accumulation. Continuous exposure of

C6 glioma cells to PMA results in a time- and dose-dependent

loss of PKC activity, such that after 24-hr treatment with 200

nM PMA cells are essentially depleted of PKC activity (31). As

shown in Fig. 8A, in C6-2B cells an overnight treatment with

PMA (1 tiM) resulted in an 80% loss ofPKC activity, compared

with control cells exposed to the inactive PDD (1 �LM). However,

under these conditions the ability of TG to mobilize Ca2� (data

not shown) and inhibit agonist-induced cAMP formation was

unaffected (Fig. 8B). The involvement of PKC in the inhibition

by TG of the cAMP signaling pathway was also ruled out by

the failure of the protein kinase inhibitor H-7 (10 �M) to block

the TG response (data not shown). Finally, the negative mod-

ulation by Ca2� of the C6-2B cell cAMP pathway was not

affected by calmidazolium, a calmodulin antagonist (data not
shown), further suggesting a direct effect of Ca2� on the cAMP

formation. However, the possibility that the inhibitory effect

In the present study, TG and PMA were used as pharmaco-

logical tools to selectively study the role played by Ca2� and

PKC, respectively, the two final effectors activated upon P1

hydrolysis, in the inhibition of the cAMP signaling pathway in

C6-2B cells. An acute activation of PKC by PMA or OAG led
to an enhancement, rather than an impairment, of the FO-

stimulated cAMP accumulation, and this was antagonized by

H-7 and mimicked by okadaic acid. TG transiently mobilized

intracellular Ca2� (EC50 = 24.8 ± 0.2 nM) in the absence of any

significant increase in inositol phosphate formation and inhib-
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Fig. 6. Effect of DANT on 5K- and TG-induced calcium transients in C6-2B�3 cells. Cells were pretreated for 8 mm with either vehicle [0.4%

dimethylsulfoxide (DMSO)] or DANT (40 MM), washed for 2 mm, and then challenged with 5K (1 �M) followed by 10 MM ION (A) or 100 nt�i TG (B).
Population means from 20-45 cells are shown. Similar results were obtained in four to six experiments.

ited agonist-stimulated cAMP accumulation (IC58 = b9.3 ± 0.2

nM). The excellent agreement between the half-maximal con-

centration ofTG required for increases in [Ca2�] and inhibition

of cAMP accumulation is strong evidence for a causal relation-

ship between the two phenomena. The inhibition by TG of

cAMP formation was neither due to a direct negative effect of

TG on adenylyl cyclase nor mediated through a PTX-sensitive

G,0 protein or PKC activation. The blockade of Ca2� release

from internal stores with DANT and the sequestration of

intracellular Ca2� with EGTA/AM antagonized and abolished,

respectively, the inhibitory effect of TG on cAMP accumula-

tion.

Therefore, we conclude that, in C6-2B glioma cells, 1) sub-

micromolar increases in [Ca2�]1, achieved intracellularly by

either P1-coupled receptor activation (3) or Ca2� discharge from

internal stores (results from this study), “directly” inhibit ad-

enylyl cyclase and 2) an acute activation of PKC appears to

play no role, either alone or in combination with Ca2�, in the

inhibition of adenylyl cyclase. The inhibitory effect of submi-

cromolar concentrations of Ca2� on the adenylyl cyclase activity

of digitonin-permeabilized C6-2B cells (3) provides compelling

evidence in support of our conclusion. Moreover, consistent

with this interpretation are the recent data from our laboratory

showing that the [Ca24]1 increase observed upon stimulation by

UTP of P2� purinergic receptors also results in a PTX-insen-
sitive inhibition of ISO- and FO-induced cAMP formation in

C6-2B cells.’

A R. Munshi, M. A. DeBernardi, and G. Brooker. P2u nucleotide receptors in
C6-2B glioma cells: Sequentials changes in the levels of inositol phosphates,
intracellular Ca’� and cAMP are modulated by protein kinase C. Manuscript in
preparation.
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While this work was in progress, Yoshimura and Cooper (11)

reported the cloning from a NCB-20 cell cDNA library of a

novel Ca2�-inhibitable adenylyl cyclase (type VI). In purified

plasma membranes from 293 cells transfected with the cDNA

coding for type VI adenylyl cyclase, FO-stimulated adenylyl

cyclase activity displayed inhibition by submicromolar Ca2�

that was unaffected by the presence of added calmodulin (11),

similar to what was originally observed in NCB-20 cells (4).

The presence of mRNAs of similar size in NCB-20 cells, cardiac

tissue, and pituitary-derived GH3 cells (11), all systems in which

Ca2� negatively modulates the cAMP pathway (4-6), strongly
indicates that this novel adenylyl cyclase isoform is the com-
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Fig. 7. Effect of DANT on the inhibition by TG, SK, and BK of ISO-
stimulated cAMP accumulation. Cells were premncubated for 10 mm with
50 �tM DANT (U) or 0.5% dimethylsulfoxide (El), treated for 5 mm with
100 nM TG, 1 �M 5K, or 1 �M BK, and challenged for 10 mm with 10 �M

ISO. Data (mean ± standard error) are expressed as percentage of the
cAMP accumulation elicited by ISO in the absence of TG, SK, or BK.
The results from one experiment (representative of six for 5K and TG
and three for BK) are shown.
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Fig. 8. Effect of overnight treatment with PMA on PKC activity and TG-
mediated inhibition of FO-stimulated cAMP formation. C6-2B cells were
exposed overnight to 1 �M PDD (�) or 1 �M PMA 4 and processed for
assay of PKC activity (A) or washed thoroughly, treated for 5 mm with 1

MM TG or vehicle (control), and challenged for 10 mm with 10 �M FO (B).
PKC activity was measured in duplicate samples. cAMP results are
representative of at least five experiments done in triplicate.

Fig. 9. Effect of an acute exposure to PMA on PKC activity and FO-
stimulated cAMP accumulation in C6-2B cells. A, Cells treated for 30
mm with 1 �M POD (0) or 1 �M PMA 4 were processed for assay of
PKC activity as described in Materials and Methods. B, Cells were
preincubated for 20 mm in serum-free medium in the presence (�) or in
the absence (D) of 10 �M H-7, treated for 30 mm with 1 � POD or 1 MM

PMA, washed thoroughly, and challenged for 10 mm with 10 MM FO.
Where indicated, H-7 was present throughout the experiment; H-7 did
not inhibit the FO response in control PDD-treated cells. The results in
B are expressed as percentage of increase above FO-stimulated cAMP
accumulation, either intracellularly or in the medium, in control (POD-
treated) cells. Data are the mean (± standard error) of duplicate (A) or
triplicate (B) determinations from a representative experiment.

4 - -

Pretreatment, OAG 100pM 10’

Fig. 10. Effect of OAG on FO-stimulated cAMP accumulation. C6-2B
cells were treated for 10 mm with 100 MM OAG and challenged for 10
mm with 1 0 MM FO either in the presence () or in the absence (�) of 10

MM H-7. H-7 was applied, where indicated, 20 mm before the exposure
of the cells to OAG. The results are expressed as percentage of increase
above FO-stimulated cAMP accumulation, either intracellularly or in the
medium, in control (0.i% dimethylsulfoxide-treated) cells. Data are the
mean ± standard error from one experiment. Three other experiments
yielded similar results.

TABLE 2

Effect of a 30-mm pretreatment with 1 MM okadaic acid on cAMP
accumulation in C6-2B cells

Treatment (10-mm)
CAMP

0.1%DMSO’ Okadaicacid

pmol/mg of protein

None (basal) 55.7 ± 4.2 65.3 ± 3.0
FO(1OMM) 3447±467 9198 ±981
150(10 nM) 1524 ± 25 2i93 ± 138
PGE1 (10 MM) 174 ± 7.3 246 ± 19

a DMSO, dimethytsulfoxide ; PGE,, prostaglandin E,.
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mon site of Ca2�-mediated inhibition. This appears to be indeed
the case, in that C6-2B cells also express the newly identified
type VI cyclase,2 thus very likely accounting for the Ca2�-

mediated inhibition of cAMP formation described in the pres-

ent report.
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