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SUMMARY
The activation of P2-punnergic receptors on C6-2B rat glioma
cells caused a transient increase in cytosolic-free Ca2� concen-
tration ([Ca2�]) as detected by Fura 2 fluorescence ratio imaging
of single cells. These punnergic receptors are of the P2� subtype
because UTP and ATP were equipotent and substantially more
potent than the P2w- and P2�,�-seiective agonists a,fl-methylene
ATP and 2-methylthio ATP, respectively. There was homologous
desensitization of the Ca2� responses between UTP and ATP
but no heterologous desensitization between these nucleotides
and another Ca2�-mobiiizing receptor agonist, a-thrombin. The
UTP-induced peak [Ca2�] rise was insensitive to chelation of
extracellular Ca2� with EGTA. However, the response was abol-
ished after either depletion of intracellular Ca2� stores with the
microsomai Ca2-ATPase inhibitor thapsigargin or blockade of
Ca2� release from intracellular stores with the muscle relaxant
dantrolene. The activation of P2,,.punnergic receptors and throm-

bin receptors increased the formation of total inositol phosphates
(IPs) and inhibited cAMP accumulation elicited with either the fi-

adrenergic receptor agonist (-)-isoproterenol, or forskolin, a
direct activator of adenylyl cyciase. UTP- and a-thrombin-induced
changes in the levels of IPs, cytosoiic Ca2�, and agonist-elicited
cAMP accumulation were dramatically inhibited (>80%) by acute
treatment of the cells with the protein kinase C activator 4fl-
phorboi 12-mynstate 1 3-acetate but not with the inactive ester
4a-phorbol 1 2,1 3-didecanoate. We conclude that in C6-2B cells,
the increase in [Ca21 after activation of P2�,-purinergic receptors
is primarily a result of IPs-mediated release of Ca2� from intra-
cellular stores with secondary influx of Ca2� by capacitative
mechanisms. Also, the inhibition by UTP and a-thrombin of
agonist-elicited cAMP accumulation is mediated through an in-
crease in [Ca2�],.

There is now a considerable body of evidence to suggest that
ATP serves as a neurotransmitter and/or neuromodulator in

the central nervous system (1, 2). Recently, miniature and

evoked synaptic currents mediated through ATP receptors in

the central nervous system have been recorded (3), indicating
that ATP can act as a fast excitatory transmitter at synapses

between neurons. The various effects of ATP in the central

nervous system and peripheral tissues are mediated through

cell surface P2-purinergic receptors (1, 2). Five subtypes of P2

receptors, namely P2x, P2y, P2T, P2z and P2u, have been identi-

fled based on the structure activity profile of some nucleotides
(4). Of these, P2� and P2y are the most widely studied subtypes

and exhibit distinct structure activity profiles: AMPCPP is the

most potent nucleotide at P2x and 2-methylthio ATP is the
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most potent nucleotide at the P2y subtype. The P2T and P2�

receptors mediate the proaggregatory effect of ADP in platelets

and the plasma membrane permeabilization effect of the un-
chelated form of ATP4, respectively, in Swiss 3T6 fibroblasts,

mast cells, and macrophages (1, 2). P2� is the most recently
described subtype of P2 receptors that displays equal potency

for ATP and the pyrimidine nucleotide UTP. AMPCPP and 2-
methylthio ATP are only weakly active at raising [Ca’�]1 (1, 4).

P2U receptors have now been identified on a variety of cell types
including PC12 cells, HL-60 differentiated leukemia cells,

HSG-PA human submandibular duct cells, CF\T43 human
airway epithelial cells, and NCB-20 mouse neuroblastoma x

Chinese hamster brain explant hybrid cells (5). The first goal
of this study was to investigate if P2-purinergic receptors are
present on C6-2B glioma cells.

Activation of P2-purinergic receptors evokec an increase in
[Ca2]1 through P2x receptor-operated calcium channels in ar-

ABBREVIATIONS: [Ca2�J, cytosolic-free calcium ion concentration; IPs, total inositol phosphates; 1P3, 1 ,4,5-inositolt,isphosphate; P1, phosphatidyl-
inositol; PLC, phospholipase C; PKC, protein kinase C; G� inhibitory guanine nucleotide-binding protein; G�, guanine nucleotide binding protein
coupled to phosphoiipase C; THR, a-throm�n; TG, thapsigargin; AMPCPP, a,fl-methylene ATP; SK, substance K; DANT, dantroiene; ISO, (-).

isoproterenol; FO; forskolin; PMA, 4fl-phorbol 12-mynstate 13-acetate; PDD, 4a-phorbol 12,13-didecanoate; DMSO, dimethylsulphoxide; PTX,
pertussis toxin.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


1186 Munshietal.

terial smooth muscle cells (6) or P2y or P2� receptor-mediated

P1 metabolism in several other cell types including HL-60 cells,

NCB-20 cells, turkey erythrocytes, and RINm5F insulin-se-

creting cells (1, 2, 4). ATP-sensitive P2 receptors have been

identified recently on C6 glioma cells by Lin and Chuang (7),

although in this study the P2 receptors were not subtyped. Also,

in their paper Lin and Chuang suggest that ATP receptor-

gated Ca’� channels are present on C6 glioma cells (7). The
second goal of our study was to subtype the P2 receptor on C6-

2B glioma cells and test the hypothesis that nucleotide-gated

Ca2� channels are present on these cells.
Furthermore, the activation of P2�-purinergic receptors on

rat hepatocytes (8) and P2� receptors on NCB-20 cells (5)

inhibits agonist-elicited cAMP accumulation through G1 and a

rise in [Ca’�], respectively. In C6-2B cells, increase in [Ca2�]1

either by the activation of stably transfected 5K receptors or

by the inhibition of a microsomal Ca2�-ATPase pump with TG

causes inhibition of agonist-stimulated cAMP accumulation (9,

10). The third goal of this study was to investigate whether

activation of P2-purinergic receptors on C6-2B glioma cells

stimulates P1 metabolism (thereby increasing IPs formation

and [Ca’�J1) and inhibits agonist-elicited cAMP accumulation,

and if the latter effect is transduced through G or occurs
indirectly through the PLC-mediated rise in IPs and [Ca’�]1.

Activation of PLC causes an increase in the levels of 1P3 and

the endogenous PKC activator diacylglycerol. An increase in

the levels of IP:, causes the release of Ca2� from 1P3-sensitive
intracellular stores. An increase in the levels of diacylglycerol

is thought to act as a feedback inhibitor of the Ca2� response

by activating PKC (11). To this end, the activation of PKC

with phorbol esters has been shown to negatively regulate the

agonist-stimulated activity of PLC (11, 12). The fourth goal of

this study was to use phorbol esters as a tool to further test the

hypothesis that a causal relationship exists between the in-

crease in [Ca2�j and inhibition of cAMP accumulation in C6-
2B glioma cells.

In this study, we provide evidence for the presence of the P2u

subtype of purinergic receptors on C6-2B glioma cells. These

receptors are coupled to the IP3-mediated increase in [Ca2�j1

but not to nucleotide-gated Ca2�-channels. Furthermore, we

demonstrate that the changes in the levels of IPs, [Ca2�]1, and

agonist-elicited cAMP accumulation after activation of these

receptors are insensitive to PTX and modulated by PKC,

providing strong support to the hypothesis of a cause-effect

relationship between increase in [Ca2�], and inhibition of

cAMP.

Materials and Methods

2-Methylthio ATP and TG were purchased from Research Biochem-

icals, Inc. (Natick, MA). ATP, AMPCPP, UTP, THR (bovine plasma),

HEPES, EGTA, DANT, PMA, and PDD were purchased from Sigma

Chemical Co. (St. Louis, MO). FO was purchased from Calbiochem

(San Diego, CA), Ro-20-1724 from BIOMOL Research Labs, Inc.

(Plymouth Meeting, PA), PTX from List Biochemicals, Inc. (Campbell,

CA), Furs 2-AM from Molecular Probes, Inc. (Eugene, OR), and myo-

[2-3H]inositol (18.3 Ci/mmol) from Amersham Corporation (Arlington

Heights, IL). Suramin was a gift from Dr. Anton Wellstein, (George-

town University Medical School, Washington, DC).
Cell culture. C6-2B rat glioma cells were grown as monolayers in

Ham’s F-b medium and 10% calf serum at 37’ in the presence of 95%

air and 5% CO2. The C6-2B�3 clone (C6-2B cells stably transfected

with 5K receptor cDNA) (9) was grown as described (10).

Single cell Ca2� imaging. An Attofluor digital microscopy system
(Atto Instruments Inc., Rockville, MD) was used for single cell Ca2�

imaging with the fluorescent Ca’� indicator Fura 2 (13). The cells were

grown on 25-mm-round and 1-mm-thick glass coverslips and loaded at
37’ for 30 mm with the cell-permeable acetoxy methyl ester of Fura 2

(Fura 2-AM) (5 MM) in Ham’s F-b medium supplemented with 20 mM

HEPES, pH 7.4. Cells were then washed and imaged in the same

medium at 30 to 32� with a Zeiss Axiovert 35 microscope and a 63x oil

immersion objective.

Measurement of cAMP. An Atto-Flo automated radioimmuno-
assay system (Atto Instruments) was used to measure cAMP content
in intact cells. Drug treatments were performed at 37’ in serum-free

Ham’s F-b medium buffered to pH 7.4 with 10 to 20 mM HEPES in

the presence of 100 to 500 MM 3-isobutyl-1-methylxanthine and 100 to

200 MM Ro20-1724 to prevent cAMP breakdown (9, 10).

Measurement of IPs. The accumulation of IPs was measured as
described (9). Briefly, after pretreatment with 1 MCi/2 ml of myo-[2-

3H]inositol (18.3 Ci/mmol) for 40 to 48 hr, C6-2B cells were washed in

serum-free medium and treated for 5 mm with 10 mM L1C1, which was

included in all subsequent drug treatments.

Results and Discussion
Rat glioma C6-2B cells are a useful model for studying the

interaction of the second messengers cAMP and Ca2� because

these cells accumulate cAMP when challenged with ISO or FO
and are rich in type VI adenylyl cyclase (14), which can be
inhibited by concentrations of Ca2� in the submicromolar range

(9, 15). However, C6-2B cells, unlike the parent C6 glioma cells
(16, 17), do not consistently respond to several receptor agonists
(such as endothelin, carbachol, and angiotensin II) with an

increase in [Ca2�]1.’ Therefore, to study the interaction of Ca2�
and cAMP, we stably transfected SK receptor cDNA in C6-2B

cells and demonstrated SK-induced Ca2� transients in the C6-

2BA23 subclone (9). We now report that C6-2B cells consist-

ently respond to activation of at least two endogenous cell

surface receptors with an increase in [Ca2�]. One of these

receptors is activated by ATP and the other by THR.
Identification of the P2 purinergic receptor subtype on

C6-2B glioma cells. Several cell types respond to activation
of P2x, P2y and P2� receptors with an increase in [Ca2�]1 (1, 4).
Preliminary experiments revealed that C6-2B cells also respond

to ATP with an increase in [Ca2�]1. This effect on [Ca2�]1
was not a result of the breakdown of ATP to adenosine and

the subsequent effect of adenosine on P, purinergic receptors

(18) because the response persisted in the presence of adenosine

deaminase (data not shown). Inosine, the product of adenosine
deamination, is not active at P, receptors (19). Moreover, when

the cells were challenged with 5 �zM ATP (approximate concen-

tration for half maximal response, EC�, of the nucleotide for
[Ca2’�]1 rise; see below), the cytosolic Ca2� response was inhib-
ited by the non-selective P2 purinergic receptor antagonist,
suramin (1, 4) (data not shown), indicating that the ATP-
evoked response is mediated through P2-purinergic receptors.

Four different nucleotides were used to identify the P2-
purinergic receptor subtype on C6-2B glioma cells. These cells

responded weakly to the P2x- and P2y-purinergic receptor-

specific agonists, AMPCPP and 2-methylthio ATP, respec-

tively (EC50 > 100 zM; n = 3) (Fig. 1). However, the endogenous
nucleotides UTP and ATP were much more potent and dis-

played comparable potencies for elevation of [Ca2�]1 (mean ECac

1 R. Munshi, M. A. DeBernardi, and G. Brooker, unpublished observations.
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NUCLEOTIDE (Ml
Fig. 1. Concentration-dependent effect of nucleotides on [Ca2�] in C6-
2B cells. Cells loaded with Furs 2-AM were exposed to various concen-
trations of nucleotides between 1 and 100 MM as shown. The peak
[Ca21 from a total of four to six coverslips (22-51 cells per coverslip in
a single field) in three different experiments were averaged and the
population mean ± standard error was plotted on a semi-logarithmic
scale.

± standard error = 5.0 ± 0.7 and 3.6 ± 0.7 �M, n = 3,
respectively), indicating the presence of P2u-purinergic recep-
tors on C6-2B cells. Similar EC�o values for UTP and ATP at
P2u-purinergic receptors on NCB-20 (5) and CF/T43 (20) cells

have been reported. These half-maximal concentrations of the

nucleotides are not unphysiologic because much higher concen-

trations can be achieved during exocytosis and repetitive nerve

stimulation (1, 2).
To investigate whether UTP and ATP both activated the

same population of P2-purinergic receptors, the cells were pre-

treated for 20 mm with 100 �tM UTP or ATP, washed, and

rechallenged with the nucleotides. Each nucleotide homolo-

gously desensitized the Ca2’ response to the other; the desen-

sitized peak [Ca2�]1 were 24 to 29% that of the control (Fig. 2).

Under these conditions, the peak [Ca2’]1 after addition of

another Ca2�-mobilizing receptor agonist (THR) did not dimin-
ish in that 98 to 100% of the control response was observed

(Fig. 2), indicating a lack of heterologous desensitization be-
tween the nucleotides and THR. Pretreatment of the cells with

THR also caused homologous desensitization of its response

(<10% of the control response), but under these conditions, the

response to the nucleotides was >90% of their control response

(Fig. 2).

Mobilization of intracellular Ca2� by UTP. To investi-

gate if the nucleotide-evoked cytosolic Ca2� increase had intra-

cellular or extracellular origin, C6-2B cells were challenged
with 20 �tM UTP either in the absence or presence of EGTA.

When the cells were pretreated with 2 mM EGTA for 2 mm,

the peak [Ca2�]1 was minimally affected (from an average of

266 ± 95 flM in the absence to 211 ± 67 nM in the presence of

EGTA; n = 3) (Fig. 3A). These data indicate that a UTP-

induced rise in [Ca2’]1 primarily involves the mobilization of

Ca2� from intracellular stores and is not a result of Ca2� influx.

Although the rate of onset of the response was comparable, the

rate of decay was about 4 times higher in the presence of EGTA
(t,12 of decay approximately 37 sec in the presence and >154

seconds in the absence of EGTA (Fig. 3A). This difference in

PRETREATED FOR 20 MIN

Fig. 2. Homologous desensitization of the Ca2� increase by the nucleo-
tides and THR in C6-2B cells. Cells loaded with Furs 2-AM were exposed
to either 100 �tM UTP, 100 �M ATP, or 10 �M (0.69 NIH U/mI) THR for
20 mm. After washing of the agonists for 2 mm, the cells were rechal-
lenged with the same concentrations of nucleotides or THR as above.
The data from four to six coverslips (25-48 cells per coverslip in a single
field) in two to three experiments was pooled and the population mean
± standard error was plotted. The agonist-evoked delta [Ca2�J for each
cell was calculated by subtracting the average resting [Ca2�] of the cell
from the peak [Ca2�], measured over 15 to 25 seconds before drug
addition.

the two decay slopes is likely a result of the capacitative entry

of Ca2� triggered by the depletion of internal stores (10, 11, 21).

Further support for the hypothesis that intracellular Ca2� is

the single main source of the cation for the peak response to

UTP came from experiments in which the internal stores were
depleted of Ca2� with the microsomal Ca2�-ATPase inhibitor
TG (10, 11) or the release of Ca2� from the stores was blocked
with DANT (10), a drug used clinically to treat malignant
hyperthermia (22). When C6-2B cells were challenged with 40

nM TG (concentration that produces submaximal Ca2� re-

sponse) (10), the [Ca2’j1 peaked between 7 to 8 mm after the
application of TG and and decayed slowly to levels slightly
above the resting [Ca2’j1 within 20 mm (Fig. 3B). In these TG-

treated cells, the response to 100 zM UTP, added after washing,
was blocked, although in the same experiment another group
of cells not pretreated with TG responded to UTP as shown in
Fig. 3B. When C6-2B cells were exposed to DANT (40 �sM),

there was a 2- to 3-fold increase in the resting [Ca2’]� (Fig. 3C)

(10). After 8 mm, the drug was washed off and the cells were

challenged with 20 zM UTP in the absence of DANT. The
response to UTP was blocked, whereas in the same experiment,

another group ofcells pretreated with the vehicle (0.4% DSMO)
responded to UTP as shown in Fig. 3C.

Although it is conceivable that blockade of Ca2� release from
intracellular pools triggers a slow influx of Ca2� from the

extracellular space, the exact mechanism of DANT-induced
increase in [Ca2�]1 is currently under investigation. Because the
increase in [Ca2�]1 in response to UTP (but not ionomycin) is
abolished under conditions when there is no Ca21’ release from
intracellular stores, there must not be a primary influx of Ca2�
after exposure of the cells to UTP. These data are in sharp

contrast with those of Lin and Chuang, who suggest that ATP-
gated Ca2� channels in C6 glioma cells may account primarily
for the Ca2-transient response to the nucleotide (7). Lin and
Chuang’s nucleotide gated Ca2� channel hypothesis is based
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Fig. 3. Mobilization of intracellular Ca2� by LJTP in C6-2B cells. A, Cells
loaded with Fura 2-AM were challenged with 20 �tM UTP in Ham’s F-i 0
medium as shown. In parallel, cells were pretreated for 2 mm with Ham’s
F-i 0 medium containing 2 mM EGTA to chelate extracellular Ca2�. Then
20 �M UTP was added in EGTA-containing medium. B, The cells were
treated with the F-i 0 medium either in the absence or presence of 40
nM TG for 20 mm, washed for 2 mm with the medium, and challenged
with 100 zM UTP in the absence of TG. C, The cells were treated with
either 40 �zM DANT or the vehicle (0.4% DSMO) for 8 mm, washed for 2
mm with F-i 0 medium, and challenged with 20 �M UTP in the absence
of DANT/DSMO. The data represent the population mean from one
coverslip and are representative of five to six coverslips (1 2-35 cells per
coverslip in a single field) in two to three different experiments.

upon partial sensitivity of the Ca2�-response (but not the P1

response) to 1 mM La3� and a Ca2�-response to ATP in BAPTA-

AM-pretreated cells. One wonders if there are differences be-
tween the parent C6 and the subclonal C6-2B glioma cells, at
least with respect to P2-purinergic receptor signalling pathways.

It is possible that the parent cells have two populations of P2

receptors (one coupled to PLC and the other to a receptor-

gated Ca2� channel (7)) whereas the subclonal cells have a

single population of P2-purinergic receptors coupled to PLC.

Because P2x receptors are known to couple to a receptor-gated
Ca2� channel, such as in arterial smooth muscle cells (6), it is
conceivable that C6 glioma cells have a P2,� and either a P2y or

P2U receptor subpopulation. Lin and Chuang did not subtype
the ATP-sensitive receptors in C6 glioma cells (7). On the other

hand, P2� and P2y receptor-specific nucleotides are only weakly
active in C6-2B cells (Fig. 1), indicating the functional absence

of these receptors in the subclonal cells.

Effect of UTP on IPs formation. In several cell systems,

DANT-sensitive intracellular Ca2� stores comprise the IP3-and

TG-sensitive stores (10). Because UTP-induced Ca24 increase

was sensitive to both DANT and TG, we investigated if UTP

released Ca2� through the activation of PLC and consequent

formation of IPs. When C6-2B cells prelabeled with myo-[2-

3H]inositol were challenged with 100 �zM UTP, there was an
increase in the basal level of IPs formation by over 40% (Fig.

4A). We have shown previously that overnight treatment with

1 zg/ml PTX quantitatively ADP-ribosylates the toxin-sensi-

tive G proteins in C6-2B glioma cells (10). However, there were

no detectable changes in either IPs formation (Fig. 4A) or

[Ca2�]� rise (Fig. 4B) stimulated by UTP in cells treated for 20

to 24 hr with 1 �g/ml PTX compared with control, toxin-

untreated cells. P2� receptors couple to PLC either partially

through PTX-sensitive G proteins in CF\T43 cells (20) and

human fibroblasts (23) or exclusively through toxin-insensitive

G proteins in HSG-PA (24) and NCB-20 cells (5). The lack of

sensitivity to PTX of both IPs formation and the subsequent

rise in [Ca2�]� indicates that, in C6-2B cells, P2� receptors

couple to PLC not through G but possibly Gq (11, 25). The

activation of PLC could be mediated by a- or fir-subunits of G

proteins (26). It has been shown recently that PLC-fl2 isozyme

is specifically stimulated by G protein �3r-subunits (27, 28). In

C6-2B cells, release of fir-subunits through activation of G1-

coupled adenosine A1 receptors (18) with 100 nM cyclopen-

tyladenosine (in the presence of 4 U/ml adenosine deaminase)

did not affect either the IPs formation or resting [Ca2�]1,’
indicating that PLC-�32 isozyme may not be present in these

cells unless there is compartmentalization of G proteins and

600
_ P.rhj#{149}sis Toxin #{149}Psctussis Toxin

� 500

rI_� �400I& __c� 300� 200a 10:
UTP UTP

Fig. 4. Effect of UTP on IPs formation, [Ca2i, and cAMP accumulation
in C6-2B cells. A, The formation of Ps was measured as described in
Materials and Methods. The cells were incubated for 20 to 24 hr with 1
�g/ml PTX and then challenged with (uP for 5 mm. The basal level of
conversion of cell-incorporated myo[2-3H]inositol, at 37#{176},in the presence
of 10 m� LiCI was 2.13 ± 0.07% and 2.23 ± 0.03% in control and PTX-
treated cells, respectively. The data from a single experiment in triplicate
are shown. B, The cells were treated with PTX, loaded with Furs 2-AM,
and imaged. The resting [Ca2�] was 47 ± 18 and 58 ± i 3 n� in control
and PTX-treated cells, respectively. The mean ± standard error of delta
peak [Ca2�] after addition of 100 �M UTP from nine coverslips (25-45
cells per coverslip in a single field) in three experiments are shown. C,
Control and PTX-treated cells were challenged for 5 mm with ISO (10
�zM) or FO (1 0 hiM) in the absence or presence of 20 MM LJTP and CAMP
accumulation was measured as described in Materials and Methods. The
basal level of CAMP accumulation was 42.6 ± 1 .5 and 56 ± 9.5 pmol/
mg protein in the control and PTX-treated cells, respectively. The data
are mean ± standard error of two to three experiments each in triplicate.
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PLC. The UTP receptor in C6-2B cells may, therefore, couple

to other isozymes of PLC through Gqa-subunit.

Effect of UTP on cAMP accumulation. In C6-2B cells,
agents that elevate [Ca2�]1, such as the PLC-coupled receptor

agonist SK or the microsomal Ca2�-ATPase inhibitor TG,

inhibit the accumulation of cAMP elicited by ISO or FO (9,

10). Also, agents that prevent the rise in [Ca2�]1, such as the

cell-permeable Ca2� chelator EGTA-AM and the intracellular

Ca2� release blocker DANT, inhibit the effect of SK and TG

on ISO- and FO-elicited cAMP accumulation (9, 10). In C6-2B
cells, UTP inhibited ISO- and FO-elicited accumulation of

cAMP by approximately 40 and 30%, respectively, without
affecting the basal cAMP accumulation (Fig. 4C). Furthermore,

pretreatment of C6-2B cells overnight with 1 j.tg/ml PTX (9)
had no appreciable effect on UTP-induced inhibition of ISO-

and FO-elicited cAMP levels (Fig. 4C). These data rule out a

direct inhibition of adenylyl cyclase by UTP transduced

through G and indicate that the effect is mediated through a

PTX-insensitive rise in [Ca2�]1. The lack of sensitivity of both
the UTP-induced increase in IPs formation and [Ca2�]1 to PTX,

as well as UTP-induced inhibition of ISO- and FO-elicited

cAMP accumulation, are consistent with the notion that there

is a causal relationship between the activation of PLC and

inhibition ofagonist-elicited cAMP accumulation, as previously

reported for C6-2B (9, 10) and NCB-20 cells (5).

Molecular cloning studies have indicated structural diversity
in the adenylyl cyclase family, and cDNAs for eight isoforms

of the enzyme have been isolated (29). Although all adenylyl
cyclases can be inhibited by millimolar concentrations of Ca2�

(presumably by competing at the Mg�� binding site) (30), the

type VI cyclase is inhibited by concentrations of the cation in

the submicromolar range (14, 15) that are achieved during
activation of P2-purinergic and other cell surface Ca2�-mobiliz-

ing receptors on C6-2B cells (Figs. 1 and 2). Because type VI is
the predominant adenylyl cyclase expressed in C6-2B cells (14),
it is conceivable that a UTP-induced rise in [Ca2�J1 inhibits
ISO- and FO-elicited cAMP accumulation by negatively regu-

lating type VI adenylyl cyclase.
A key step in P1 turnover is the reaction whereby phospha-

tidylinositol 4,5-bisphosphate is hydrolyzed by PLC isoforms

to produce IP3 and diacylglycerol. Both of these reaction prod-

ucts are second messengers involved in the control of intracel-

lular Ca2� fluxes and the activation of PKC, respectively (11).

The IP3-induced release of intracellular Ca2� is then negatively
regulated by the diacylglycerol-mediated stimulation of PKC
(11). Therefore, if the UTP-evoked cytosolic Ca2 increase in

C6-2B cells is a result of enhanced IPs formation, then activa-
tion of PKC should inhibit this response. Pretreatment of C6-

2B cells for 15 to 20 mm with the PKC-activator PMA (1 �M)

dramatically reduced (by >80%) the Ca2� response to 30 �zM

UTP added 2 mm after washing the cells with PMA-free

medium (Fig. 5). To ascertain that the effect of PMA on UTP-

induced increase in [Ca2�j1 is a result of activation of PKC, we

used the inactive phorbol ester PDD (1 �M) (31, 32) as a control

and found that the magnitude of Ca2� response in PDD-pre-

treated cells was comparable to that in cells treated with the
vehicle (0.01% DMSO) (compare peak [Ca2�]1 in Fig. 5 with

that in Fig. 3, A and C). We have reported previously that in
C6-2B glioma cells, a 30-mm pretreatment with 1 zM PMA

(but not with 1 �M PDD) increased the total cellular PKC

400

300 �PDD
� WASH UTP TG
c� �PM.A I

��‘2O0

�1o:�1::

0 300 600 900 1200 1500 1800 2100 2400

TIME (Sac)

Fig. 5. Sensitivity of UTP-induced Ca2� response to inhibition by PKC in
C6-2B cells. Cells loaded with Fura 2-AM were treated with either POD
or PMA, i �zM each, for 20 mm, washed with phorbol ester-free F-i 0
medium for 2 mm, and challenged with 30 �M UTP, followed by i 00 n�i
TG. The data are the population mean from one coverslip (i 2-42 cells
per coverslip in a single field) and is representative of a total of five
coverslips from three experiments. The mean ± standard error of delta
peak [Ca2�] is shown in Fig. 6B.

activity (10), demonstrating specificity of the effect of PMA in

these cells.

We exploited this regulatory property of PKC (regulation of
the agonist-stimulated transient Ca2� response) to investigate

if, in PMA pretreated cells, the inhibition of the UTP-stimu-

lated PLC activity and the subsequent rise in [Ca2�], would
result in a reversal of the UTP-induced inhibition of the

agonist-elicited accumulation of cAMP. Pretreatment with
PMA not only inhibited the IPs formation and the [Ca2�], rise
evoked by UTP, but also reversed the UTP-induced inhibition

of agonist-stimulated cAMP accumulation (Fig. 6, A-C). Acti-

vation of THR receptors on C6-2B cells and SK receptors on

C6-2BA23 subclonal cells also increased the levels of IPs and
cytosolic Ca2� and decreased the agonist-elicited cAMP accu-

mulation. The changes in all three parameters were sensitive

to inhibition by PMA, but not by PDD (Fig. 6, A-C). However,

increase in [Ca2�]1 and inhibition of cAMP accumulation by

TG, which acts at a step distal to PLC, remained unchanged
after pretreatment with PMA (Fig. 6, B and C). These data

provide strong support for our hypothesis that there is a causal

relationship between the rise in [Ca2�]1 and the inhibition of

cAMP accumulation (9, 10, 14).
The inhibition of the responses to all three agonists also

indicates that regulation by PKC occurs at a site common to

all three agonists (UTP, THR, and 5K). This common site of

regulation could be Gqa, PLC, or distal to PLC. Lounsbury et
al. (33) recently showed that in permeabilized platelets, under

conditions promoting PMA-stimulated phosphorylation of G�,,

Gqa �5 not phosphorylated, indicating that the Gq subunit is
probably not the target for regulation by PKC. Two lines of
evidence indicated that in C6-2B cells the effect of PKC is not

distal to PLC. First, the rise in [Ca2�]1 in response to TG, which
does not affect IPs formation in C6-2B cells (10), was not

sensitive to PMA (Figs. 5 and 6B). Second, the activation of
PKC inhibited not only the agonist-evoked [Ca2�]1 changes but

also the formation of IPs (Fig. 6A).

Although the agonist-induced increase in IPs formation was
inhibited by activation of PKC (Fig. 6A), the basal level of IPs
formation was not inhibited. Percent conversion of myo[2-3H]

inositol into total [3HJIPs in the presence of PDD and PMA

was 2.3 ± 0.1 and 2.4 ± 0.2, respectively (n = 3, each in

triplicate). This shows that activation of PKC did not affect
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the intrinsic activity of the effector enzyme and indicates that

PKC phosphorylates a site on PLC such that its interaction
with the activated Gqa 15 compromised. In permeabilized cells,

IPs formation can be stimulated either indirectly through G
proteins with GTPTS or directly by activating PLC with exog-

enously added Ca2� (26). Pachter et al. (34) recently reported
that in permeabilized rat 6 fibroblasts stably overexpressing
the cDNA for PKC-fll, GTPrS-stimulated 1P3 accumulation

was greatly reduced compared with mock transfected cells,
whereas the IP3 accumulation elicited by exogenously added

Ca2� was similar to the mock transfected cells. In the same
study, desensitization of THR-stimulated PLC activity was

greater in PKC-$1 overexpressing cells. These data indicate

that PKC may modulate G protein-PLC coupling in other cell
systems as well. Furthermore, Ryu et at. (35) showed that
treatment of C6Bu1 glioma, PC12, and NIH 3T3 cells with 1
�M PMA caused phosphorylation of serine residues in PLC-�

but not PLC-r and PLC-#{244}.In the same study, in vitro phos-

phorylation of PLC-fl resulted in stoichiometric incorporation

of phosphate at serine 887 without any effect on the activity of

PLC-�3 isoform, strongly indicating that serine phosphorylation
by PKC alters the interaction of PLC-�9 with a putative G

protein. The serine residue phosphorylated by PKC probably
lies in the carboxyl-terminal domain of PLC because removal

of this region in PLC-fl, by either the Ca2�-dependent protease

calpain (36) or a series of truncations and deletions of PLC-�91

cDNA (37), abolished the activation of PLC-�3 by Gqa without

affecting the catalytic activity measured in the absence of the

G protein subunit (36, 37).
In conclusion, we have demonstrated that C6-2B rat glioma

cells possess cell surface receptors for nucleotides and THR.

The activation of these receptors stimulated PLC enzyme caus-

ing accumulation of total IPs, mobilized Ca2� from TG- and
DANT-sensitive intracellular Ca2�’ pools, and inhibited ISO-

and FO-elicited cAMP accumulation. There was no direct

evidence for an extracellular nucleotide-gated Ca2� channel.
The UTP-induced changes in the levels of IPs, [Ca2�]1, and

agonist-elicited cAMP were mediated through PTX-insensitive

G proteins (possibly Gq), mimicked by another Ca2’ mobilizing
agonist THR, and sensitive to inhibition by PMA but not PDD.

The lack of sensitivity to PMA of the basal levels of both IPs

and cytosolic Ca2� indicates a negative regulation by PKC of

the coupling of PLC with Gqa. Furthermore, our data strongly
support the hypothesis that rise in [Ca2�]1 through activation

of receptors coupled to PLC is a prerequisite for the inhibition

of cAMP accumulation in C6-2B glioma cells.
ATP has been shown to be released from stimulated hippo-

campal slices (38), and the brain is an especially rich source of

UTP (39). These nucleotides may mediate neuron-glial inter-
action through glial cell P2u-purinergic receptors.
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