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SUMMARY
The ATP signaling mechanism in neuroblastoma x glioma hybrid
NG1 08-1 5 cells differentiated by exposure to dibutyryl-cAMP
was characterized. In cells loaded with fura-2, ATP rapidly raised
the cytosolic Ca2� concentration ([Ca21); the magnitude of the
rise was inversely proportional to the extracellular Na� concen-
tration. Large increases in cytosolic Na� concentration, meas-
ured with the fluorescent Na� indicator sodium-binding benzo-
furan isophthalate, were dose-dependently elicited by ATP. ATP
also evoked the entry of ethidium bromide into cells, and this
process was inhibited by Mg2�. lnositol-1 ,4,5-trisphosphate (1P3)
generation induced by ATP was totally blocked by removal of
extracellular Ca2, but residual lP3 generation still remained in
nondifferentiated cells. In addition, ATP produced a concentra-
tion-, time-, and Mg2�-dependent biphasic uptake of 45Ca2�. A
range of nucleotides and AlP analogues, including CTP, UTP,

and GTP, induced only 9-29% of the ATP response. However,
adenosine 5’-thiotnphosphate evoked 79% of ATP-induced
45Ca2� uptake. 45Ca2� uptake elicited by ATP could be potently
blocked by purinoceptor antagonists, but other tested reagents
less effectively blocked the action of ATP. When bradykinin was
used as an agonist, the [Ca2�] rise was transient and was
insensitive to the extracellular Na� concentration. Na� influx,
entry of ethidium bromide, and 45Ca2� uptake were unaffected
by bradykinin. Furthermore, bradykinin-evoked lP3 generation
was insensitive to extracellular Ca2�. Neither ATP nor bradykinin
had any effect on cAMP levels within cells. These data suggest
that ATP induces a [Ca2�] rise in differentiated NG1 08-1 5 cells
via two distinct Ca2� influx mechanisms, i.e., a receptor-operated
cation channel and pores formed by ATP�. These mechanisms
are distinct from those elicited by bradykinin.

ATP serves as an extracellular transmitter molecule to evoke
various cellular responses in many tissues (1). Evidence sug-

gests that ATP exerts its action through specific receptors

termed P2 purinoceptors. On the basis of the potencies of the

responses to various agonists, P2 purinoceptors have been clas-
sified into five subclasses, namely P21, P2�, P2�, P2�, and P2� (2).

Accordingly, six distinct intracellular signaling mechanisms are

coupled to occupancy of P2 purinoceptors in various tissues, (i)
activation of phospholipase C, which in turn generates diacyl-
glycerol and 1P3, subsequently triggering internal Ca2� release

(3); (ii) activation of a receptor-operated cation channel that is
permeable to Ca2� and Na� (4, 5); (iii) formation of pores by
ATP�, allowing molecules to pass through after being screened
nonspecifically by size (6, 7); (iv) activation or inhibition of

adenylate cyclase, which consequently modulates cytosolic
cAMP levels (8); (v) activation of phospholipase A2 to release
arachidonic acid, consequently followed by synthesis of its
oxidative metabolites (9); and (vi) activation of phospholipase
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D (10). The first three mechanisms elicited by ATP result in

an increase in [Ca2�]1. However, not all mechanisms are nec-

essarily present within the same cell.

Previously, we reported that, in neuroblastoma x glioma

hybrid NG1O8-15 cells differentiated by exposure to dibutyryl-

cAMP, ATP specifically elevated [Ca2�]1. This process de-

pended on the presence of extracellular Ca2� (11). The ATP-

induced [Ca2�]1 increase was not affected by pretreatment with

either thapsigargin or bradykinin, indicating independence

from the degree of filling of internal Ca2� pools. We therefore

suggested that the [Ca2�]1 rise induced by ATP is caused mainly

by an influx of extracellular Ca2�, which is distinct from the

induction mechanism evoked by bradykinin. Briefly, bradyki-

nm stimulates phospholipase C to generate IP3 and diacylglyc-
erol, and then IP3 triggers Ca2’ release from internal Ca2�

stores (12, 13). The phospholipase C-independent increase in

[Ca2�J1 in response to ATP that we observed in NG1O8-15 cells

also occurs in a number of other cell types (14, 15).

NG1O8-15 cells have been used to study the signaling path-

ways for activation of various receptors. We have proposed two

ABBREVIATIONS: 1P3, inositol-i ,4,5-trisphosphate; SBFI, sodium-binding benzofuran isophthalate; AMPCPP, aj3-methylene-ATP; AMPPCP, /3,-y-

methylene-ATP; 2-MeS-ATP, 2-methylthio-ATP; ATP’yS, adenosine 5’-thiotriphosphate; AMPPNP, 5’-adenylyl-fl,’y-imidodiphosphate; PCMPS, p-
chloromercuriphenylsulfonic acid; DIDS, 4,4’-diisothiocyano-2,2’-disulfonic acid stilbene; TMB-8, 8-(N,N-diethylamino)octyl-3,4,5-trimethoxyben-
zoate; IBMX, 3-isobutyl-i-methylxanthine; HEPES, 4-(2-hydroxyethyl)-i-piperazineethanesulfonic acid; [Ca21, intracellular Ca2� concentration.
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distinct mechanisms for the [Ca2�]� rise induced by ATP in

NG1O8-15 cells, i.e., ion channels that are permeable to Ca2�

and Na� and pores formed by ATP4 (11). Here we characterize

further how the induction mechanism of ATP in dibutyryl-
cAMP-differentiated NG1O8-15 cells differs from that in non-
differentiated cells. The results confirm that bradykinin and

ATP activate distinct signaling mechanisms. Direct evidence

shows that ATP triggers Ca2� influx through either ATP4-
activated nonselective pores or ATP-operated cation channels.

Furthermore, neither phospholipase C nor adenylate cyclase is
activated by ATP in differentiated NG1O8-15 cells.

Materials and Methods

Culture of NG1O8-15 cells. NG1O8-15 cells obtained from Dr.
M. Nirenberg, National Institutes of Health (Bethesda, MD), were

used between passages 21 and 35. The cells were cultured in Dulbecco’s

modified Eagle’s medium (with high glucose) supplemented with 10%

fetal bovine serum, 100 zM hypoxanthine, 1 j�M aminopterin, and 16
�M thymidine. Cells were grown at 37’ in 100- X 20-mm tissue culture

dishes (Falcon) in a humidified atmosphere of 10% C02/90% air.
Differentiation was induced by incorporation of 1 mM dibutyryl-cAMP

into the medium and reduction of serum to 5% for a period of 5 days.

Half of the volume of growth medium was replaced daily with fresh

medium.

Measurement of[Ca2’]1. NG1O8-15 cells (106 cells/ml) were loaded

with fura-2 by incubation at 37#{176}for 30 mm with 5 �iM fura-2/acetoxy-

methyl ester in buffer containing 150 mM NaCl, 5 mM KC1, 1 mM

MgC12, 2.2 mM CaC12, 5 mM glucose, and 10 mM HEPES, pH 7.4
(designated as loading buffer). After loading, cells were washed twice,
resuspended in loading buffer, and kept on ice before use. The fluores-
cence of cell suspensions (2 x iO� cells) was measured in a cuvette

using a dual-excitation wavelength fluorometer (Spex; CM Systems).

The [Ca2]1 was calculated from the ratio between the fluorescence
values at the two excitation wavelengths, as described previously (16).

A Kd of 224 flM for fura-2 and Ca2� equilibrium was used. For experi-
ments in which Na� was omitted, the Na� in the loading buffer was

replaced equiosmolarly by Tris. All experiments were performed at

least three times using different batches of cells. Results from one

representative experiment are illustrated graphically and mean ±

standard deviation values for peak [Ca2�]1, calculated from n experi-

ments, are shown.
Measurement of 45Ca2� uptake in NG1O8-15 cells. Aliquots of

cell suspension (0.4 mg of cell protein) were added to test tubes

containing 3 mM ATP, ‘�Ca2� (1 �zCi/ml), and various agents (as

indicated in the figures) in loading buffer, with a total assay volume of

220 ,�l. For experiments to measure the time dependence of Ca2� uptake,
we used single larger vials for uptake, with a starting volume of 2.6 ml,
from which O.2-ml samples were withdrawn at appropriate times;

uptake was rapidly terminated as for individual tubes (see below). At

indicated times, ATP-dependent Ca2� uptake was terminated by addi-

tion of 4 ml of ice-cold loading buffer containing 1 mM LaC13, followed

by immediate vacuum filtration of the cells onto Whatman GF/C glass

fiber filters. After another four washes, radioactivity remaining on the
filters was counted, and the amount of calcium that had accumulated
within cells was thereby deduced.

Determination of intracellular Na� concentration. Cells (106

cells/ml) were loaded with the sodium indicator SBFI by incubation at

370 for 2 hr with 10 j.oM SBFI/acetoxymethyl ester and 0.024% (w/v)

pluronic F-127 in loading buffer. After loading, cells were washed twice,

resuspended in loading buffer, and kept on ice. The 340/380-nm fluo-

rescence ratio of cell suspensions (4 x iO� cells), with an emission
wavelength of 505 nm, was measured in a cuvette using a dual-

excitation wavelength fluorometer (Spex; CM Systems). The increase

in intracellular Na concentration was expressed as the increase in the

340/380-nm fluorescence ratio, as described previously (17). All exper-

iments were performed at least three times using different batches of
cells. Results from one representative experiment are illustrated graph-

ically and mean ± standard deviation values for the initial rate of

change of the 340/380-nm fluorescence ratio, calculated from three

experiments, are shown.

Determination of ethidium bromide uptake. Aliquots of cells (4

x i0� cells) were resuspended in 3 ml of loading buffer containing 25

�M ethidium bromide, in a cuvette. To calculate ethidium bromide

uptake, fluorescence measurements were made using a Spex fluorom-
eter (CM Systems), with 310- and 580-nm wavelengths for excitation

and emission, respectively (18). All experiments were undertaken at

least three times, with similar results. Results from one representative

experiment are illustrated graphically.

Determination of 1P3 generation. 1P3 generation within cells
activated by ATP or bradykinin was measured under the same condi-

tions used for [Ca2�]1 measurement. Aliquots of cell suspensions (0.6

mg of cell protein) were incubated at room temperature for 15 sec with

3 mM ATP or 15 �tM bradykinin, in a total volume of 100 �tl of loading

buffer, with or without Ca2�. 1P3 generation was terminated by addition

of 20 � of 20% (v/v) perchloric acid and incubation at 4’ for 20 mm.

The precipitated cells were removed by centrifugation at 12,000 x g for

5 mm. The supernatant was neutralized to pH 7.5 with 1.5 N KOH and
60 mM HEPES, and precipitated KC1O4 was removed by centrifugation.

Aliquots of supernatant were used for determination of 1P3. 1P3 was

quantified by the D-myo-[3HJ1P3 radioreceptor assay system (catalog
no. TRK 1000; Amersham), as described in the manufacturer’s instruc-

tion manual. In some experiments, nondifferentiated cells (without

dibutyryl-cAMP treatment) were also used to determine the effect of
extracellular Ca2� on 1P3 production activated by ATP or bradykinin.

Measurement of cAMP production. Cells were first treated with
0.5 mM IBMX for 30 mm in culture. After harvesting, aliquots of cells

(0.6 mg of cell protein) were incubated at 37#{176}for 15 mm with 1 pM
prostaglandin E,, 10 pM leucine enkephalin, 15 pM bradykinin, or 3

mM ATP, in a total volume of 100 pl ofloading buffer. cAMP production

within cells was terminated by addition of 10 pl of 1 N HC1. Cells were

then chilled on ice for 1 hr to extract cAMP. After boiling for 1 mm,
cells were centrifuged at 12,000 x g for 10 mm and supernatants were
neutralized to pH 7.4 with 1.5 N KOH and 60 mM HEPES. Aliquots of

extracts were used for measurement of cAMP. cAMP concentrations
were determined by the [3H]cAMP assay system (catalog no. TRK 432;

Amersham), as described in the manufacturer’s instruction manual.

Materials and miscellaneous procedures. Dulbecco’s modified
Eagle’s medium, fetal bovine serum, and hypoxanthine/aminopterin/

thymidine were purchased from GIBCO. The fluorescent Ca2� indicator

fura-2/acetoxymethyl ester and the Na� indicator SBFI/acetoxymethyl
ester were obtained from Molecular Probes (Eugene, OR). ATP, bra-
dykinin, prostaglandin E1, leucine enkephalin, IBMX, ADP, AMP,

ruthenium red, DIDS, diltiazem, Basilen Blue E-3G, Cibacron Blue

3GA, ethidium bromide, and PCMPS were purchased from Sigma
Chemical Co. (St. Louis, MO). 2-MeS-ATP, AMPCPP, ryanodine, and

TMB-8 were obtained from Research Biochemicals Incorporated (Na-
tick, MA). CTP, UTP, GTP, AMPPCP, ATP’yS, and AMPPNP were

supplied by Boehringer Mannheim (Mannheim, Germany). 45Ca2�

(35.12 mCi/mg) was bought from New England Nuclear (Boston, MA).

The [3H]1P3 assay system and [3H]cAMP assay system were obtained
from Amersham Corp. The chloride salts of Ni2�, Ba2�, Sr�, Co2�,

Mn2�, Cd2�, and La3� metal ions were of the highest available grade
from Merck (Darmstadt, Germany). All other chemicals used were of
analytical grade and were obtained from Merck.

Protein concentrations were determined by the method of Lowry et

al. (19), using standards of bovine serum albumin. All experiments for

measurements of �Ca2� uptake, cAMP production, and 1P3 generation
were carried out at least three times in triplicate, with similar results,

and the data presented are mean ± standard deviation values from one

representative triplicate experiment.

Results

The effect of extracellular Na� concentration on the ATP-

or bradykinin-induced [Ca2�]1 rise is shown in Fig. 1. The
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Fig. 1. Effect of extracellular Na� on LCa2i, rise evoked by ATP or
bradykinin (BK) in NG1 08-1 5 cells. A, ATP (3 mM) or bradykinin (1 5 pM)

was added as indicated (arrowheads) to fura-2-loaded NG1 08-i 5 cells
in the presence (traces a and c) or absence (traces b and d) of extracel-
lular Na�. In traces b and d, Na� was replaced by Tris equiosmolarly. B,
The basal level (#{149})and the maximal levels of [Ca2�] evoked by bradykinin
(0) or ATP (A), measured at various concentrations of extracellular Na�,
are illustrated. Data shown are the mean ± standard deviation of three
independent experiments.

extracellular Na� concentration was changed by replacing Na�

in the loading buffer equiosmolarly with Tris. In response to 3
mM ATP, in the presence of 150 mM extracellular Na�, the

[Ca2�j1 ofNGlO8-15 cells rapidly increased from a mean resting

level of 70 ± 4 nM (mean ± standard deviation, n = 12) to a

mean peak of 600 ± 40 nM (n = 12) (Fig. 1A, trace a). When
extracellular Na� was completely replaced with Tris, the resting

[Ca2�J1, 78 ± 2 nM (n = 12), showed a smaller rise. However,

the peak [Ca211 elicited by 3 mM ATP was greatly elevated to
1090 ± 60 nM (n = 12) (Fig. 1A, trace b). After reaching the

peak, the [Ca2�J1 decreased to a mean plateau level of 198 ± 10

nM in the Na�-containing solution and 768 ± 42 nM in the

Na�-free bathing solution, by 120 sec after ATP addition.
Bradykinin (15 pM) caused a smaller rise in [Ca2]j than did

ATP. The mean peak levels were 395 ± 25 nM (n = 8) and 387

± 23 nM (n = 8) in the presence and absence of extracellular

Na�, respectively (Fig. 1A, traces c and d). Therefore, there was
no clear distinction in the [Ca2�]1 rise stimulated by bradykinin

between the Na4-containing and Na�-free solutions. In addi-
tion, the [Ca2�J1 rise activated by bradykinin declined to the

basal level within 30 sec after bradykinin addition (Fig. 1A,

traces c and d). Fig. lB illustrates the dependence ofthe changes

in [Ca2�]1 elicited by ATP or bradykinin on extracellular Na�

concentration. There was a negative linear relationship be-

tween the concentration of Na� and rises in [Ca2�]1 induced by

ATP. Thus, the magnitude of the [Ca24]1 rise decreased as the

extracellular Na� was increased. On the other hand, resting

[Ca2�]1 or bradykinin-induced [Ca2�j1 changes remained at the
same level without significant difference for all extracellular

Na� concentrations tested (Fig. 1B).

The results described above suggest that ATP may activate
a cationic channel that is nonselective for Na� and Ca2�. We

therefore examined the change in cytosolic Na� level elicited

by ATP or bradykinin by using the 340/380-nm SBFI fluores-

cence ratio. SBFI has been proven to be a Na�-responsive

indicator (17). The 340/380-nm fluorescence ratio of SBFI

correlates linearly with cytosolic Na� levels in the physiological

concentration range (20). Fig. 2 depicts the response of the
340/380-nm fluorescence ratio within NG1O8-15 cells to stim-
ulation by ATP or bradykinin. Upon addition of 3 mM ATP,
the fluorescence ratio increased immediately and reached a

plateau within 50 sec; thereafter, it remained steady over sev-

eral minutes (Fig. 2A, trace b). Furthermore, the magnitude of

the increase in the 340/380-nm fluorescence ratio depended on

the ATP concentration (Fig. 2A). Fig. 2B summarizes the
statistical data. The dependence of the initial rate of fluores-

cence change on the ATP dose (Fig. 2B) contrasts with the

lack of change in fluorescence ratio observed when cells were

treated with 15 � bradykinin (Fig. 2A, trace d), a well char-
acterized agonist that activates phospholipase C (12).

ATP4 has been proposed to form pores in many cells (1, 6,

7) and might be responsible for the effect of ATP on [Ca2�]1

rise in NG1OS-15 cells (11, 21). We therefore examined the

effect of ATP on ethidium bromide uptake, to assess membrane
permeabilization. The fluorescence of ethidium bromide-DNA

complexes within NG1O8-15 cells increased steadily upon ATP
addition; half-maximal responses occurred after 60 sec (Fig. 3,
trace e). To examine whether reduction of ATP4 lowered the

permeabilization of the membrane by resealing it, 1 mM Mg��

was added at various times after ATP addition. The fluores-

cence increase could be halted by the addition of MgC12 at any

time (Fig. 3, traces b-d). On the other hand, no fluorescence

increase could be detected after addition of bradykinin to

NG1O8-15 cells (Fig. 3, trace a).

Previously, using dibutyryl-cAMP-differentiated cells, we

have shown that the [Ca2�]1 rise stimulated by ATP depends
absolutely on extracellular Ca24 (11). We therefore examined

the effect of extracellular Ca2� on ATP-induced IP3 production.

Table 1 illustrates agonist-stimulated IP3 generation. Both

differentiated and nondifferentiated cells were challenged with

ATP or bradykinin in the presence or absence of extracellular
Ca2�. In the presence of Ca2�, ATP and bradykinin elicited 1P3

generation of 48.1 ± 5.1 and 53.8 ± 3.2 pmol/mg, respectively,

with a basal value of 11.1 ± 1.3 pmol/mg in differentiated cells.
The removal of extracellular Ca2’ reduced the 1P3 generation

by approximately 51%, 88%, and 54% in basal, ATP-stimu-

lated, and bradykinin-stimulated cells, respectively. Thus, in

the absence of extracellular Ca2� the IP3 generation evoked by
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Fig. 2. Effect of extracellular ATP on intracellular Na� concentration in
NG1 08-i 5 cells. A, ATP (trace a, 10 mM; trace b, 3 mM; trace c, 1 mM)

or bradykinin (BK)(15 pM)(trace d) was added as indicated (arrowheads)
to SBFI-loaded-NG1 08-1 5 cells. The SBFI fluorescence ratio (340/380
nm) was monitored. B, Various concentrations of ATP were added to
cells and the initial rate of SBFI fluorescence ratio change is demon-
strated. Data in B are the mean ± standard deviation from triplicate
assays.

ATP was completely abolished. The 1P3 production induced by

ATP was identical to that of control cells. These results are

consistent with [Ca2’]1 measurements from our previous studies
(11). In nondifferentiated cells, 1P3 generation elicited by ATP
or bradykinin was slightly less than in differentiated cells

(Table 1). Similarly, the responses of 1P3 generation to agonist
stimulation were reduced when Ca2� was removed from the

extracellular buffer. Residual 1P3 generation activated by ATP

still remained in the absence of extracellular Ca2� in nondiffer-

entiated cells, however.
ATP-stimulated �Ca2� uptake within NG1O8-15 cells is il-

lustrated in Fig. 4. 45Ca2� accumulation stimulated by ATP
continued to increase almost linearly for >10 mm, whereas the
�Ca2� uptake activated by bradykinin was negligible. Satura-

tion of 45Ca2� accumulation was not attained until 16 mm after

ATP addition. The mean maximal 45Ca2� accumulation was

110.4 ± 9.3 nmol of Ca2’/mg (n = 4) (Fig. 4A). Fig. 4B depicts
the ATP dependence of 45Ca2� uptake in the presence or ab-

BK

b

ATP

A�Pd

Fig. 3. Eftect of Mg2� on the fluorescence of DNA-ethidium bromide
complexes within NG1 08-1 5 cells promoted by ATP�. ATP (3 mM)
(traces b-e) or bradykinin (BK) (1 5 pM) (trace a) was added as indicated
(arrows) to cells bathed in loading buffer containing 25 pM ethidium
bromide. The entry of ethidium bromide was measured by the fluores-
cence of the DNA-ethidium bromide complex. Mg�� (1 mM) was added
to cells as indicated (arrowheads).

sence of � A biphasic relationship existed between ATP

concentration and 45Ca2� uptake. ATP levels higher than 3 mM
inhibited uptake. In the absence of exogenously added � a

similar biphasic relationship between ATP concentration and

45Ca2� uptake was observed (Fig. 4B); the maximum 46Ca2�

uptake was about 40% less than that in the presence of �
The effects of a variety of nucleotides and ATP analogues

on 45Ca2� accumulation are demonstrated in Table 2. ADP at 3

mM caused an increase in �Ca2� accumulation that was 29% of

ATP action. However, AMP at the same concentration had no

significant effect on 45Ca2� uptake (Table 2). Among the non-
hydrolyzable ATP analogues, ATP’YS was more potent than

AMPPNP or AMPPCP in stimulation of �Ca2� uptake (Table

2). The P2, agonist AMPCPP, the P� agonist 2-MeS-ATP,
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TABLE 1

Effect of extracellular Ca� on IP, generation stimulated by ATP or
bradykinin in differentiated or nondifferentiated NGIO8-15 cells
Aliquots of differentiated or nondliferentlated cells (about 0.6 mg of cell protein)
were stimulated wfth 3 mM ATP, 15 pM bradykinin, or buffer at room temperature
for 15 sec, in eIther loading buffer or Ca�-free loading buffer. lP3 was extracted
and determined by radloreceptor assay, as described in Materials and Methods.
Results are mean ± standard deviation values of triplicate experiments.
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‘P3

Different ated cells Nondiffere ntiated cellS

+Ca2� -Ca2� +Ca2� -Ca2�

Basal
ATP
Bradykinin

11.1 ± 1.3
48.1 ± 5.1
53.8 ± 3.2

�/mg

5.6 ± 1.8 5.8 ± 0.9
5.8 ± 1 .0 33.1 ± 1 .6

24.8 ± 5.7 38.4 ± 3.9

2.6 ± 0.2
5.2 ± 0.6

13.9 ± 1.4

CTP, GTP, and UTP all slightly affected 45Ca2� accumulation

(Table 2).

Agents including Reactive Blue 2 (Cibacron Blue 3GA and
Basilen Blue E-3G), PCMPS, and DIDS have been studied for

their P2 purinoceptor antagonist activities (22). We next ex-
amined their potency as antagonists of ATP-stimulated �Ca2�

uptake. All reagents at the indicated concentrations were in-
dividually added to the 45Ca2� uptake reaction mixture, and
after 16 mm at 37#{176}the 45Ca2� accumulated within cells was
measured. In the absence of antagonists, the mean maximal
ATP-stimulated 45Ca2� uptake was 116.4 ± 19.3 nmol/mg (n =

29). The inhibition by antagonists was expressed as the per-

centage of total �Ca2� uptake in the absence of antagonists, as

shown in Figs. 5 and 6. Fig. 5 suggests that Cibacron Blue 3GA

and Basilen Blue E-3G inhibited ATP-evoked �Ca2� uptake in

a concentration-dependent manner; the IC� values were 3 �M

and 10 kiM, respectively. Similarly, DIDS antagonized ATP-
induced 45Ca2’ uptake, with an IC� of 15 tiM. A sulfl�ydryl
reagent, PCMPS, also acted as a purinoceptor antagonist in

NG1O8-15 cells, with an IC�,o of 35 �M (Fig. 5).
To further characterize ATP-stimulated 45Ca2� uptake, we

measured the effect of divalent cations, trivalent cations, and
several compounds that have been reported to affect Ca2� flux.

Vanadate was ineffective up to 1 mM, and only at 1 mM did
ryanodine inhibit �Ca2� uptake (Fig. 6A). TMB-8 was ineffec-
tive up to 30 zM, but at higher concentrations it blocked ATP-

induced 45Ca2� uptake significantly (Fig. 6A). Ruthenium red

and diltiazem did not inhibit uptake at concentrations below
10 �tM but partially inhibited 45Ca2� uptake at higher concen-
trations tested (Fig. 6A). Of the divalent and trivalent cations,
the most effective ion for blocking ATP-stimulated �Ca2�
uptake was Cd2�, with an IC�,o of 1 j�M (Fig. 6B). Nickel, cobalt,

and strontium ions were uniformly much less potent than
cadmium in blocking 45Ca2� uptake. Barium, manganese, and
lanthanum did not affect ATP-evoked 45Ca2� uptake at concen-
trations up to 100 pM.

To examine the effect of P2 purinoceptor activation on the
cAMP signaling pathway, we measured cAMP production in

NG1OS-15 cells in response to stimulation by a variety of
agonists. The basal cAMP accumulation during a 15-mm in-

cubation period at 37#{176}was 87.8 ± 0.4 pmol/mg (n = 3) (Fig. 7).
Prostaglandin E1 at 1 pM induced an increased cAMP genera-

tion of 308.3 ± 20.9 pmol/mg (n = 3), whereas leucine enkeph-
alin at 10 pM decreased the cAMP level to 62.8 ± 9.0 pmol/mg
(n = 3) (Fig. 7). ATP and bradykinin did not significantly
affect the cAMP signaling pathway; the cAMP values were 91.3

± 7.5 pmol/mg and 100.2 ± 10.4 pmol/mg upon ATP and

bradykinin stimulation, respectively (Fig. 7).

0 4 8 12 16

TIME (mm)

0 0030.1 0.3 1 3 10

[ATP] (mM)

+ Mg2’ 0.8 2.6 7.9 26 78 202

- Mg2’ 1�0 5.2 15.7 52 150 522

[ATP4] (pM)

Fig. 4. Time, concentration, and Mg2� dependence of 45Ca2� uptake
stimulated by ATP or bradykinin in NG1 08-1 5 cells. A, The time depend-
ence of 45Ca2� uptake is shown after addition of 3 m� ATP (A), 15 pM

bradykinin (#{149}),or buffer (0). B, The effect of Mg2� on the ATP depend-
ence of 45Ca2� uptake is shown. 45Ca2� uptake was measured for 5 mm
after addition of ATP at the concentrations shown and proceeded in the
presence (#{149})or in the absence (0) of Mg2�. The concentrations of ATP�
shown were calculated according to an equation described previously
(29). Data described are the mean ± standard deviation of three inde-
pendent experiments.

Discussion

We have identified and characterized the response pathways

induced by ATP in neuroblastoma x glioma NG1O8-15 cells.
These responses are clearly distinguishable from bradykinin-

induced reactions, which are present within the same cells.
Previously, we showed that ATP induces Ca2� influx in NG1O8-

15 cells (11). Two possible mechanisms for Ca2 influx have
been proposed; ATP may directly activate a receptor-operated

cation channel that is permeable to Ca2� and Na�, or ATP4
may promote pore formation in the plasma membrane, allowing
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Effect of nucleotides and ATP analogues on UCa2+ uptake in
NGIO8-15 cells
Aliquots of NG1 08-1 5 cells (0.4 mg of cell protein) were incubated with 3 m�
concentrations of the indicated nucleotides in 220 �l of loading buffer containing
�Ca2�. Uptake was determined at 37#{176}for 16 mm, as described in Materials and
Methods. The response induced by 3 m� ATP is expressed as 100%. Data are
mean ± standard deviation calculated from triplicate experiments.

compounci 45Ca2� uptake Response

nmol of Ca2�/mg %

Control 9.8 ± 0.3 9
ATP 101.1±1.0 100
ADP 29.3 ± 1 .0 29
AMP 9.1 ± 0.3 9
ATP-1’S 79.7 ± 1 .5 79

AMPPNP 19.2±1.1 19
AMPPCP 21.2 ± 0.1 21
AMPCPP 15.1 ± 0.2 15
2-MeS-ATP 22.2 ± 1 .0 22
CTP 23.2±1.0 23
UTP 18.1±0.2 18
GTP 19.2±0.8 19

10 100 1000

[ antagonist] (pM)

Fig. 5. Inhibition of ATP-elicited 45Ca2� uptake by purinoceptor antago-
nists. Basilen Blue E-3G (0), Cibacron Blue 3GA (#{149}),DIDS (Lx), or PCMPS
(A)was added to the cells at the indicated concentrations, simultaneously
with 3 mM AlP. 45Ca2� uptake was measured for 16 mm after ATP
addition. The inhibition by various antagonists is presented as a per-
centage of maximal 45Ca2� uptake. The mean maximal Ca2� uptake in
the absence of antagonists was 1 1 6.4 ± 1 9.3 nmol/mg (n = 29). Results
shown are the mean ± standard deviation from three independent
experiments.

molecules smaller than 831 kDa to pass through. Here we show
that in NG1O8-15 cells ATP induced an increase in [Ca2’]1 that
was inversely dependent on external Na� (Fig. 1) and Na�

influx was stimulated by ATP (Fig. 2). Our findings suggest

that a nonselective cation channel is activated by ATP in
NG1O8-15 cells. Indeed, ATP-stimulated �Ca2� uptake into

NG1O8-15 cells could be inhibited by ATP-sensitive cation
channel blockers, such as DIDS, Cibacron Blue 3GA, Basilen

Blue E-3G, and PCMPS (Figs. 4 and 5) (22). In addition, direct

evidence demonstrates that pores formed by ATP� are also

responsible for the action of ATP in NG1OS-15 cells. The entry

of ethidium bromide induced by ATP was inhibited by Mg��

(Fig. 3). Furthermore, no second messenger generation in re-

sponse to ATP was observed in this study (Fig. 7; Table 1),

0

0.01 0.1 1 10 100 1000

[Blocker] (pM)

0.01 0.1 1 10 100

[IoN] (pM)

Fig. 6. Effect of various agents and cations on ATP-evoked 45Ca2�
uptake in NG1 08-15 cells. A, Vanadate (C), ryanodine (a), diltiazem (0),
TMB-8 (0), and ruthenium red (A) at the indicated concentrations were
added to cells simultaneously with 3 m� ATP. B, Divalent cations Mn2�
(s), Ba2� (0), Sr�� (), Ni�� (#{149}),�2+ (A), and Cd2� (Y), as well as the
trivalent cation � (0) at the indicated concentrations, were added to
cells together with 3 m�.i ATP. After 16 mm, 45Ca2� accumulation within
cells was determined; the total amount of 45Ca2� taken up without any
added agents or cations was 1 1 6.4 ± 19.3 nmol/mg (n = 29). The
inhibition by various agents and cations is presented as a percentage of
total 45Ca2� uptake. Data are the mean ± standard deviation from three
independent experiments.

although activation of phospholipase C or adenylate cyclase
has been proposed to be coupled with occupancy of P2 purino-

ceptors in other cell types (1, 8). The results described above

indicate that two distinct ATP signaling mechanisms operate
in NG1O8-.-15 cells.

Because NG1O8-15 cells possess ATP purinoceptors (11),
activation of ATP-sensitive channels could plausibly induce

entry of Na� and Ca2�. Previously we have shown that (i) the
effect of ATP on [Ca2�]1 rise is specific, inasmuch as other

nucleotides are less effective; (ii) external Ca2� is absolutely

required for observation of the [Ca2�’j1 rise induced by ATP;

and (iii) the ATP-induced [Ca2�]1 change is not affected by the

level of filling of internal Ca2 pools (11). Here we further
demonstrate that (i) 45Ca2� uptake is specifically stimulated by

ATP (Fig. 4); (ii) a negative linear relationship exists between
the concentration of Na� and changes in [Ca2�]1 induced by
ATP (Fig. 1); (iii) Na� influx is induced by ATP (Fig. 2); (iv)

45Ca2� uptake stimulated by ATP can be efficiently inhibited

by Cibacron Blue 3GA, Basilen Blue E-3G, DIDS, and PCMPS

(Fig. 5); and (v) no change in 1P3 or cAMP generation occurs
in response to ATP (Fig. 7; Table 1). We present no direct

evidence that the observed Na� and Ca2� influx is related to a
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basal PGE1 EK BK ATP

Fig. 7. Effect of various agonists on cellular cAMP accumulation. After
incubation with 0.5 mM IBMX for 30 mm in culture, aliquots of cells (0.6
mg of cell protein) were stimulated at 37#{176}for 15 mm with 1 pM prosta-

glandin E1 (PGE1), 10 pM leucine enkephalin (EK), 3 m� ATP, 15 pM

bradykinin (BK), or buffer (basal), as indicated. Cellular cAMP accumu-
lation was determined as described in Materials and Methods. Results
are mean ± standard deviation values of triplicate experiments.

specific receptor subclass. Nevertheless, our findings are con-
sistent with the hypothesis that ATP activates a cation channel

that is nonselectively permeable to Na4� and Ca2� in various
cell types, e.g., sensory neurons (23), lacrimal acinar cells (24),

arterial smooth muscle cells (25), ventricular myocytes (26),

urinary bladder cells (27), hepatoma cells (28), and PC12 cells

(14).
We previously suggested that P2� purinoceptors may be re-

sponsible for Ca2’� influx in NG1O8-15 cells (11). Recently,
other investigators have shown that the magnitude of the

increase in [Ca211 elicited by ATP correlates with the concen-
tration of ATP4 in the medium and not with the concentration

of MgATP2 in NG1O8-15 cells (21). Pores formed by ATP4
can be detected by observing the uptake of the fluorescent dye

ethidium bromide, which stains DNA (6, 18). In this study, a

large increase in fluorescence was observed at an ATP4 con-

centration of 78.5 pM and was halted by addition of excess

� indicating that ATP4 was the active ATP species.
If the changes in [Ca2�]1 were entirely dependent on the

nonselective pores formed by ATP4, it seems unlikely that the

[Ca211 change would be negatively correlated with external

Na� concentration (Fig. 1). Therefore, nonselective pores

formed by ATP4 are only partially responsible for the Ca2�

influx in NG1O8-15 cells. Other data also argue against ATP4-
formed pores being exclusively involved. Firstly, the maximal
�Ca2� uptake evoked by ATP in the absence of Mg�� was 40%

less than uptake in the presence ofMg� (Fig. 4). In the presence

of � the concentration of ATP required to induce half-
maximal �Ca2� uptake was greater. However, the calculated

EC� values of ATP4 according to an equation described pre-

viously (29) for �Ca2� uptake were close, i.e., 26.2 pM and 23.2

pM in the presence and absence of � respectively (Fig. 4).

This result indicates that, in addition to ATP4, MgATP2 also

plays a role in Ca2 flux. In addition, 45Ca2� uptake in response

to ATP should not be efficiently blocked by purinoceptor

antagonists (Fig. 5) if 45Ca2� uptake occurs via ATP4-formed

pores. In contrast to our present study, when we previously

measured [Ca2�]� rise evoked by ATP the action of ATP was

inhibited by Mg�� (11). If Mg�� is required to remove increased

cytosolic Ca2�, a greater [Ca2�]� rise would be expected in the
absence of Mg�� due to the slower action, which might account

for the difference in results.

The enhancement of 45Ca2� uptake by Mg�� indicates that

MgATP2 actively induces plasma membrane Ca2�-permeable

channels. The ineffectiveness of nonhydrolyzable ATP ana-

logues in 45Ca2� uptake (Table 2) and in [Ca2’�]1 rise (11) implies

that an ATPase or a kinase is involved in ATP action in

NG1O8-15 cells. MgATP2 is required for either ATPase or

kinase action. Indeed, NG1O8-15 cells display ectokinase activ-
ity (30), and ATP-induced 45Ca2� uptake correlates with surface

protein phosphorylation activity (31). Consistent with our hy-

pothesis, in ventricular myocytes an ATP-mediated phos-

phorylation mechanism has recently been proposed to be re-

sponsible for the ATP-stimulated Ca2� influx (26). At present

we have no explanation for the stimulation of 45Ca2� uptake by

ATP�yS (Table 2).

We have recently shown that bradykinin and ATP activate

distinct signaling mechanisms (11); the ATP-stimulated [Ca2�}1

rise was dependent on external Ca2� and was insensitive to

thapsigargin, whereas the bradykinin-stimulated rise was in-

dependent of external Ca2� and was sensitive to thapsigargin.

This suggests that bradykinin triggers internal Ca2� release via

IP3 generation, whereas ATP activates a Ca2�-permeable chan-

nel. Similar observations have been reported for PC12 pheo-

chromocytoma cells (14). Evidence from our present study

supports previous findings. Firstly, activation of IP3 generation

by ATP was completely inhibited by removal of external Ca2�

in dibutyryl-cAMP-treated cells, whereas bradykinin-mediated

IP3 generation remained unaltered (Table 1). Secondiy, Na�

influx, entry of ethidium bromide, or 45Ca2� uptake, activated
by ATP, did not respond to bradykinin (Figs. 2-4). Our results

show that ATP and bradykinin regulate Ca2� homeostasis in

dibutyryl-cAMP-differentiated NG1O8-15 cells by very differ-

ent mechanisms.

In contrast to our findings, ATP has been reported to induce
an increase in [Ca2�]1 in the absence ofexternal Ca2 in NG1O8-

15 cells (21, 32). In addition, UTP also induces [Ca2�]1 rise in
NG1O8-15 cells (21). However, in agreement with our findings,

other investigators have demonstrated that the ATP-mediated

[Ca2�]1 rise is blocked by the removal of extracellular Ca2� and

ATP-induced [3H]IP accumulation is largely inhibited in the

presence of La3’� to block Ca2� entry in NG1O8-15 cells (31).
Unlike the cells in our study, the cells used in those studies

had not been treated with dibutyryl-cAMP, which might ex-

plain the difference in results. When we used untreated NG1O8-

15 cells (nondifferentiated cells), the IP3 generation activated

by ATP was still observed in the absence of external Ca2�

(Table 1). Recently, it has been shown that removal of extra-
cellular Ca2� reduces but does not block opioid-induced [Ca2�]1
rise in nondifferentiated NG1O8-15 cells, whereas the response

is completely blocked by removal of extracellular Ca2� in dif-

ferentiated cells (33). In the presence of extracellular Ca2�, IP3

generation in response to ATP might be due to the indirect

activation of phospholipase C by the influx of Ca2� stimulated

by ATP (Table 1) (34).

In general, P2 purinoceptor subclassification is entirely based

on the potencies of the responses to various agonists (2). Using

dibutyryl-cAMP-differentiated NG1O8-15 cells, we previously
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demonstrated that the P2,, agonist AMPCPP, the P2� agonist

2-MeS-ATP, and UTP each had no effect on the [Ca2�]1 change
(11). In this study, the nucleotides AMPCPP, 2-MeS-ATP, and

UTP showed little ability to activate 45Ca2� uptake in the same

cells, i.e., approximately 2 times basal activity, as opposed to

10-fold activity for ATP (Table 2). On the basis of our obser-

vations, P2,,, P2�, and P2,, receptor subclasses are not involved

in the Ca2� flux mechanism in differentiated NG1O8-15 cells;

P2z receptors are very likely partially responsible.
Inorganic Ca2� channel blockers such as Cd2�, Ni2�, and Gd3�

have been used to distinguish the subclass of voltage-sensitive

Ca2� channels in differentiated NG1O8-15 cells (35). Cd2� but
not other ions significantly inhibited the ATP-stimulated

�Ca2� uptake (IC50 = 1 pM) (Fig. 6), which suggests that the
ATP channel acts as a voltage-sensitive Ca2� channel. In our

study ATP stimulated Na� influx (Fig. 2), which may have
activated the voltage-sensitive Ca2� channels. However, the

ATP channel itself is not a voltage-sensitive Ca2� channel,
because a larger ATP response was observed in Na�-free solu-
tion (Fig. 1). On the other hand, the supersensitivity of ATP

action to Cd2’� in NG1O8-15 cells differs from the situation in
PC12 cells, where Cd2’� at up to 300 pM is ineffective in

inhibiting ATP-mediated secretion (36, 37).

In conclusion, our evidence suggests that ATP responses in
dibutyryl-cAMP-treated NG1O8-15 cells are mediated by two
distinct pathways, i.e., pores formed by ATP4� and a cation

channel permeable to Na� and Ca2�.
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