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Inhibition by Zn?* of uridine 5'-triphosphate-induced
Ca?*-influx but not Ca®* -mobilization in rat

phaeochromocytoma cells

Schuichi Koizumi, Ken Nakazawa & 'Kazuhide Inoue

Division of Pharmacology, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya, Tokyo 158, Japan

1 Uridine 5'-triphosphate (UTP)-evoked increase in intracellular Ca?* concentration ([Ca];) and release
of dopamine were investigatéd in rat phaeochromocytoma PC12 cells. UTP (1-100 uM) evoked an
increase in [Ca); in a concentration-dependent manner. This response was decreased to about 30% by
extracellular Ca?*-depletion, but not abolished. This [Ca]; rise was mimicked by 100 uM ATP but not by
100 uM 2-methyl-thio-ATP or a,f-methylene-ATP in the absence of external Ca%*, suggesting that the
response was mediated by P,y purinoceptors, a subclass of P,-purinoceptors.

2 The UTP-evoked [Ca]; rise consisted of two components; a transient and a sustained one. When
external Ca?* was removed, the sustained component was abolished while the transient component was
decreased by about 70% but did not disappear. These results suggest that UTP induces Ca?*-
mobilization and, subsequently, Ca?*-influx.

3 The UTP-evoked increase in [Ca]; was not affected by Cd?* (100 and 300 uM) or nicardipine (30 uM),
inhibitors of voltage-gated calcium channels, but was significantly inhibited by Zn?* (10-300 uM) in the
presence of external Ca?*. Zn2*, however, did not affect the Ca®* response to UTP in the absence of
external Ca?*.

4 UTP (30 uM—1 mM) evoked the release of dopamine from the cells in a concentration-dependent
manner. This dopamine release was abolished by Ca?*-depletion or Zn?* but not by Cd** or
nicardipine.

5§ Taken together, the data demonstrate that UTP stimulates P,y-purinoceptors and induces a rise in
[Ca]; both by Ca?*-mobilization and Ca?*-influx in PC12 cells. The dopamine release evoked by UTP
requires external Ca?* which may enter the cells through pathways sensitive to Zn>* but insensitive to

Cd?* or nicardipine.
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Introduction

Several lines of evidence show that adenosine 5'-triphosphate
(ATP) has a functional role as a neurotransmitter or mod-
ulator in the peripheral (Bean, 1992; Evans et al., 1992) and the
central nervous system (Inoue et al., 1992; 1995; Edwards et
al., 1992). The receptors for ATP, purinoceptors, are classified
into several subclasses according to a potency rank order for
some agonists (Burnstock & Kennedy, 1985; Abbracchino &
Burnstock, 1994; Fredholm et al., 1992). Recently, the cDNAs
encoding P,-purinoceptors coupled with GTP-binding protein
(G-protein) (Lustig et al., 1993; Webb et al., 1993) and those
forming non-selective cation channels (Brake et al., 1994;
Valera et al., 1994) have been cloned and characterized.

We have investigated ATP-evoked responses in PC12 cells,
a cell line derived from a rat phaeochromocytoma (Greene &
Tischler, 1976), and demonstrated that ATP activates non-se-
lective cation channels (‘P,x-purinoceptors’), leading to Ca2*-
influx and the release of dopamine (Inoue et al., 1989; Inoue &
Nakazawa, 1992; Nakazawa & Inoue, 1992). Both the rise in
intracellular Ca®* concentration ([Ca);) and the release of do-
pamine evoked by ATP appear to be mediated by the influx of
extracellular Ca2* through P,x-purinoceptor channels (Naka-
zawa & Inoue, 1992). It has been reported that uridine
§'-triphosphate (UTP), a pyrimidine nucleotide, stimulates
another subclass of purinoceptors, P,y-purinoceptors, leading
to [Ca]; elevation in PC12 cells (Majid et al., 1993; Raha et al.,
1993; Nikodijevic et al., 1994; de Souza et al., 1995).
P,u-purinoceptors have been identified in various types of cells
including neuroblastoma x glioma NG108-15 cells (Lin et al.,
1993) and C6-2B rat glioma cells (Munshi et al, 1993).

! Author for correspondence.

P,u-purinoceptors are coupled to IP; formation and Ca2*-
mobilization from IP;-sensitive Ca?* -stores, resulting in a rise
in [Ca]; in PC12 cells (Murrin & Boarder, 1992; Majid et al.,
1993; Raha et al., 1993; Barry & Cheek, 1994; de Souza et al.,
1995; Nikodijevic et al., 1994). There have, however, been
contradictory reports of the effect of UTP on catecholamine
secretion from PC12 cells. Majid et al. (1993) found that UTP
stimulates the secretion whereas Barry & Cheek (1994), de
Souza et al. (1995) and Nikodijevic et al. (1994) did not ob-
serve such secretion.

In the present study, we first characterized [Ca}; rise evoked
by UTP and its relation to dopamine release in PC12 cells. We
found that UTP stimulated both Ca?*-mobilization and Ca?*-
influx, and that the release of dopamine requires Ca?*-influx.
We next examined the effects of Zn?* on the UTP-evoked
responses because (1) Zn2* is an endogenous trace element
which is present in synaptic nerve endings in relatively high
concentration in the brain (see Frederickson, 1989; Harrison &
Gibbons, 1994 for reviews) and is released by excitatory sti-
mulation (Assaf & Chung, 1984), and (2) Zn?* has been shown
to enhance the P,x-purinoceptor-mediated responses in PC12
cells (Koizumi et al., 1995). In contrast to the reported en-
hancement of P,x-mediated responses, Zn?* suppressed do-
pamine release mediated by P,y-purinoceptors by inhibiting
Ca?* -influx, but not Ca?*-mobilization, in these cells.

Methods

Cell culture

PC12 cells were the kind gift of Dr Terry Rogers, Johns
Hopkins University School of Medicine, Baltimore, MD,
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U.S.A. Culture conditions were as described previously (Inoue
& Kenimer, 1988). In brief, the cells were received in our la-
boratory at passage 46 and were expanded. A seed lot was
frozen at passage 47 and stored in liquid nitrogen. All ex-
periments described in this paper were performed with cells at
passage numbers between 53 and 68. Cells were cultured in
75 cm? flasks in Dulbecco’s Modified Eagle’s Medium con-
taining 7% foetal bovine serum (GIBCO, NY, U.S.A.), 7%
heat-inactivated (56°C, 40 min) horse serum (Cell culture La-
boratories, Ohio, U.S.A.), 2 mM L-glutamine (M.A. Biopro-
ducts, MD, U.S.A)), and 50 ug ml~! gentamicin sulphate
(Boehringer Mannheim GmbH, Germany) in a humidified
atmosphere of 90% air and 10% CO, at 37°C. Cells were re-
moved from flasks for subculture and for plating into assay
dishes in a Ca%*/Mg?* -free solution containing 172 mm NaCl,
5.4 mM KCl, 1 mM NaH,PO,, and 5.6 mM glucose, pH 7.4.
After 5 min in this solution, the cells were detached by gently
tapping the side of the flask. The cells were removed, plated
onto collagen-coated 35 mm polystyrene dishes (1 x 10° cells/
dish) and used 2 days later. For the measurement of [Ca]; in
single cells, cells were plated onto poly-L-lysine (Sigma, MO,
U.S.A.)-coated glass coverslips (24x60x 0.15 mm, Flex-
iperm, W.C. Haraeus GmbH, Hanau, Germany) at a density
of 2.5x10° cells per well (8 x 11 mm), and cultured for an
additional 2 days.

[Ca]; concentration

The increase in [Ca}; in single cells was measured by the fura-2
method as described by Grynkiewicz et al. (1985) with minor
modifications (Koizumi et al., 1994). All the procedures in-
cluding incubation, washing and drug application, were made
with a balanced salt solution (BSS) of the following compo-
sition (in mM): NaCl 150, KCl 5.0, CaCl, 1.2, MgCl, 1.2,
NaH,PO, 1.2, D-glucose 10, ethylenediaminetetraacetic acid
(EDTA) 0.1 and N-2-hydroxyethylpiperazine-N'-2-ethanesul-
phonic acid (HEPES) 25, pH adjusted to 7.4 with NaOH. For
Ca?*-free experiments, we used a medium where Ca?* was
removed and 1 mM glycoletherdiaminetetraacetic acid
(EGTA) was added (Ca?*-free BSS). The cells were washed
with BSS and incubated with 10 uM fura-2 acetoxymethylester
(fura-2 AM) in BSS at 37°C. After 30 min incubation, the cells
were washed with 0.2 ml of BSS. The coverslips were mounted
on an inverted epifluorescence microscope (TMD-300, Nikon,
Tokyo, Japan) equipped with a 75 W xenon-lamp and band-
pass filters of 340 nm wavelength (F340), for measurement of
the Ca?*-dependent signal, and 360 nm wavelength (F360), for
measurement of the Ca2*-independent signal. Measurements
were carried out at room temperature. Image data, recorded by
a high-sensitivity silicon intensifier target camera (C-2741-08,
Hamamatsu Photonics, Co., Hamamatsu, Japan) were pro-
cessed by Ca?*-analyzing system (Furusawa Laboratory ap-
plicance Co., Kawagoe, Japan). The absolute [Ca]; was
estimated from the ratio of emitted fluorescence (F340/F360)
according to a calibration curve obtained by using Ca?*-buf-
fers (Molecular Probes Inc., C-3712 with 1 mM MgCl,).

Dopamine release

Released dopamine was measured as previously described
(Ohara-Imaizumi et al., 1991). All the procedures including
incubation, washing and drug application, were carried out
using 1 ml/dish of BSS or Ca2*-free BSS. Dishes were washed
twice and incubated with BSS for 1 h at room temperature.
After washing once with BSS, UTP or its related compounds
were added to the dishes and incubated for 1 min. At the end
of the incubation period, the solutions were transferred im-
mediately to sample cups containing 0.25 ml of 1 N HCIO, for
measurement of dopamine released into the solution. The
cellular dopamine was extracted with 0.2 N HCIO, by sonica-
tion in the dish. After centrifugation (at 4°C for 2 min,
1000 g), supernatants of both the incubation solutions and the
sonicated cellular solutions were collected for measurement of

dopamine content. Dopamine content was determined with a
h.p.lc.-e.c.d. system (Bioanalytical systems, West Lafayette,
IN, U.S.A)). The percentage of release was calculated from the
values obtained for the dopamine content in the incubation
solution (A) and the dopamine content remaining in the cells
(B) with the following equation: % of total dopami-
ne=100 x A/(A + B).

Drugs

Drugs and chemicals were obtained from the following sour-
ces. Adenosine 5'-triphosphate disodium salt (ATP) was pur-
chased from Yamasa Co. (Choshi, Japan), zinc acetate, uridine
§'-triphosphate disodium salt (UTP), nicardipine hydro-
chloride and cadmium chloride were from Sigma (St. Louis,
MO, US.A); a,f-methylene adenosine 5'-triphosphate
(2,f-meATP) and 2-methyl-thio-adenosine 5'-triphosphate
(2-meSATP) were from Research Biochemical International
(Natick, MA, U.S.A)), and EGTA, HEPES and fura-2AM
were from Dojin (Kumamoto, Japan). Other drugs were pur-
chased from Wako Pure Chemical (Osaka, Japan). Nicardipine
was dissolved in dimethyl sulphoxide at a concentration of
10 mM and then dissolved in BSS to appropriate concentra-
tions. Other drugs were directly dissolved in BSS or Ca?*-free
BSS.

Statistics

Statistical differences in values for dopamine release and [Ca};
increase were determined by analysis of variance and Dun-
nett’s test for multiple comparisons.

ATP 30s
c
Ca?*-free Ca?*-free Ca?*-free Ca?*-free
ATP 2-meSATP UTP QIB-meATP nMm
30s

Figure 1 Typical Ca?* -responses to ATP and its related compounds
in PC12 cells. (a) A rise in [Ca); evoked by 100uM ATP in the
presence and absence of external Ca?* in a PC12 cell. ATP failed to
produce the rise in [Ca]; when external Ca?* was removed
(horizontal stippled bar) in this cell. Horizontal solid bars show the
application of 100 uM ATP. (b) A rise in [Cak evoked by 100 um ATP
in the presence and absence of external Ca* in another cell. Unlike
the cell shown in (a), ATP produced the rise in [Ca); even when the
external Ca?* was removed from the medium (horizontal stippled
bar). Horizontal solid bars show the application of 100 uM ATP. (c)
Changes in [Ca]; evoked by 100uM ATP (solid bar), 2-meSATP
(hatched bar), UTP (open bar) and a,B-meATP (cross-hatched bar) in
the absence of external Ca®* (horizontal stippled bars). ATP and
UTP, but not 2-meSATP or «,f-meATP, produced a rise in [Ca]; in
the same cell. Vertical and horizontal scale bars represent 100nM and
30s, respectively.



1504 S. Koizumi et al

Effects of Zn>* on UTP-evoked responses

Results

Figure 1 shows typical Ca®>* responses to ATP and related
compounds in the presence and absence of extracellular
Ca?* in PCI12 cells. When ATP (100 uM) was applied to the
cells for 15 s, it produced a rise in [Ca); in the presence of
external Ca?* but failed to stimulate the [Ca]; rise in the
absence of external Ca?* in about 70% of cells tested which
were responsive to ATP (62 out of 94 cells) (Figure 1a). The
cells which responded to ATP in the absence of external
Ca?* (Figure 1b) also responded to 100 uM UTP but not to
2-meSATP (100 uM) or a,f-meATP (100 uM) (n=32) (Figure
Ic). On the other hand, none of these compounds produced
responses in those cells which did not respond to ATP in the
absence of external Ca?* (n=62).

Figure 2 shows the concentration-dependence of the UTP-
evoked [Ca); rise in the presence (Figure 2a(i)) and absence
Figure 2a(ii)) of external Ca2*. UTP stimulated the rise in [Ca);
in a concentration-dependent manner over a concentration
range from 1 to 100 uM, either with or without external Ca?*,
though the response with Ca’* was significantly larger than
that without Ca?* (Figure 2a(i)(ii) and 2b). The rise in [Ca};
evoked by UTP or ATP in the presence of external Ca®>* was
decreased to about 30% or 15% by Ca?*-depletion, respec-
tively. In the absence of external Ca®*, the [Ca]; rise evoked by
100 uM UTP was comparable to that evoked by 100 uMm ATP
(Figure 2b). Suramin (100 uM), a competitive antagonist at P,-
purinoceptors, abolished the [Ca]; rise evoked by 100 um UTP
(Figure 2a(iii)).

Figure 3a shows a typical time-course of the UTP-evoked
[Ca); rise. UTP (100 uM) was applied to the cells twice for a
longer period (1 min) in the absence or presence of external
Ca?* (Figure 3a). The Ca®* response to UTP in the absence of
Ca?* was scaled up to the same size as the response in the
presence of Ca?*, and then superimposed and their time-
courses were compared (Figure 3b). In addition to the tran-
sient component that is observed in the absence of extracellular
Ca?*, UTP appears to evoke a sustained [Ca)]; rise when ex-
tracellular Ca?* is present. To evaluate this sustained com-
ponent, the Ca®* response to UTP at 1 min after UTP
addition (indicated as # in Figure 3b) was calcuated as a per-
centage of the maximal response (Figure 3c). The sustained
[Ca); rise was significantly smaller in the absence of external
Ca* (Figure 3c).

UTP evoked the release of dopamine from PC12 cells in a
concentration-dependent manner over a concentration range
of 30 to 300 uM in the presence of external Ca%* (Figure 4).
The dopamine release evoked by 100 or 300 um UTP was
abolished in the absence of extracellular Ca®*, suggesting that
extracellular Ca?* is essential for the UTP-evoked dopamine
release.

Figure 5 shows the effects of Zn?*, Cd*>* and nicardipine on
the release of dopamine evoked by 100 uM UTP. The voltage-
gated Ca?* channel blockers, Cd** (100-300 uM) and ni-
cardipine (30 uM), had no effect on the UTP-evoked dopamine
release. In contrast, Zn>* significantly inhibited the release in a
concentration-dependent manner over a concentration-range
from 10 to 300 uM with an IC;s, value of about 50 uM.

Finally, the effects of Zn?* on the Ca®* responses to UTP
(100 pMm) in the absence (EGTA was omitted to avoid chelating
Zn**) and presence of external Ca*>* were examined (Figure 6).
UTP (100 uM) was applied to the cells twice for 15 s separated
by a 2 min interval and the first and second responses to UTP
were defined as S1 and S2, respectively. The first treatment was
always with UTP alone and the second treatment was given
under various conditions. The ratio of the second response
over the first response (S2/S1) was calculated and adopted as
an index to compare the data among different cells. When UTP
was applied to the cells twice under Ca®*-free conditions, the
Ca?* response to the second UTP application was drastically
attenuated (data not shown). To avoid this attenuation, Ca?*
(1.8 mM) was added to the cells for 30 s between the first and
the second UTP-application. The Ca®>* responses to the second
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Figure 2 Concentration-dependence of UTP-evoked peak rise in
[Ca); in PC12 cells. (a) Representative traces of the rise in [Ca];
evoked by various concentrations of UTP and 100uM ATP in the
presence (i) and absence (ii) (horizontal stippled bars) of extracellular
Ca*. Horizontal solid and open bars show the application of UTP
and ATP, respectively. (iii) The effect of suramin (100 uM) on the
UTP (100 uM)-evoked [Ca); rise in the presence of external Ca’*.
Horizontal hatched bar shows the application of 100uM suramin.
Vertical and horizontal scale bars show 100nM and 30s, respectively.
(b) Concentration-response relationships of the UTP-evoked [Ca}; rise
in the presence (control: O) and absence (@) of external Ca®*; (A)
and (A) show the rise in [Ca); evoked by 100 uM ATP in the presence
and absence of extracellular Ca2*, respectively; ([J) shows the Ca?* -
response to 100uM UTP with 100 uM suramin in the presence of
external Ca®*. Values show the maximal [Ca}; rise above basal. Data
are mean+s.e.mean of 30-32 cells tested. Significant differences
from control: #P<0.05; ##P<0.01).
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Figure 3 The time-course of UTP-evoked increase in [Ca]; in PC12 cells. (a) Typical Ca?* -responses to 100 uM UTP in the absence
and presence of external Ca>*. UTP was applied to the cells twice for 1 min (horizontal solid bars) separated by a 3 min interval.
The first and the second stimulation were performed in the absence (horizontal stippled bar) and presence (horizontal open bar) of
external Ca2*. Vertical and horizontal scale bars represent 100nM and 1min, respectively. (b, ¢) The traces shown in (a) are
superimposed and their time-courses are compared in (b). #s show the [Ca}; at 1 min after UTP-application in the presence (+Ca?*)

and absence (Ca®*-free) of external Ca?*, which are summarized inzgg). Values show % of the maximal responses at # in the

presence (open column) and absence (stippled column) of external Ca

. Data are mean +s.e.mean of 10 (+Ca®*) and 7 (Ca®*-

free) cells tested. Asterisks show a significant difference from the response in the presence of external Ca?*: **P<0.01.
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Figure 4 Concentration-dependence of UTP-evoked dopamine
release from PC12 cells (O). These are results from a typical
experiment with each data point being the mean:ts.e.mean of
triplicate measurements. The curve was fitted to the Hill equation
with a Hill coefficient of 2 and EDsy of about 30 uM. Two such
experiments were performed; (@) responses in the absence of external
Ca®*. Significant difference from basal release: **P<0.01.
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Figure 5 The effects of Zn?*, Cd’>* and nicardipine on the UTP-
evoked dopamine release form PC12 cells: (O) and (@) show
spontaneous dopamine release and the release evoked by 100 um UTP
alone, respectively; the effects of Zn?>*, Cd>* and nicardipine on the
UTP (100 pM)-evoked responses are indicated: Zn?* (A), Cd*>* (A)
and nicardipine ([J). These are results from a typical experiment and
each data point is the mean=s.e.mean of triplicate measurements.
Three such experiments were performed. Asterisks show significant
difference from the response evoked by UTP alone: **P<0.01.
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Figure 6 The effects of Zn*>* on the UTP (100 uM)-evoked rise in [Ca]; in the presence and absence of extracellular Ca?* in PC12
cells. (a) Typical Ca®* responses to UTP in the absence (i and ii) and presence (iii, iv and v) of external Ca2*. UTP was applied to
the cells twice for 15s separated by a 2min interval. Typical Ca* responses to UTP alone (i) and UTP with Zn2" (ii) in the
absence of external Ca?* and those to UTP alone (iii), UTP with 100 umM Zn?* (iv) and UTP with 30 um nicardipine (v) in the
presence of external Ca* are shown. The agents were applied simultaneously with UTP except that nicardipine was applied to the
cells 30s before and during UTP application. Horizontal solid bars show the UTP (100 um)-application. Horizontal stippled,
hatched and cross-hatched bars show the removal of extracellular Ca*, the application of Zn?* (100 uM) and nicardipine (30 uM),
respectively. Vertical and horizontal scale bars show 100nM and 30s, respectively. (b) Summary of the ratio of the second response

to the first response (S2/S1), as obtained in (a). Data are mean+s.e.mean of 15-23 cells tested. Significant differences from the ratio
obtained with UTP alone **P<0.01.
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UTP application in the absence (Figure 6a(i)) and presence
(Figure 6a(iii)) of external Ca’* were similar to those to the
first UTP application, and the S2/S1 ratios were 1.1+0.07
(n=15) and 1.0£0.06 (n=23), respectively. Zn>* (100 uM)
had no effect on the Ca%* response to UTP in the absence
of external Ca’>* (Figure 6a(ii)), but inhibited the response
in the presence of external Ca®** (Figure 6a(iv)). The S2/S1
ratios obtained under various conditions are summarized in
Figure 6b. Zn®>* (30-300 uM) significantly inhibited the
UTP-evoked responses only in the presence of external
Ca2?*. Cd** (100 and 300 uM) or nicardipine did not affect
the UTP-evoked [Ca); rise in the presence of external Ca?*
(Figure 6a, b), in agreement with the dopamine release data
shown in Figure S.

Changes in emitted fluorescence intensity excited by a
360 nm ultraviolet ray (F360), a Ca?*-independent signal,
were investigated to examine whether Zn?* influenced Ca?*
signals by interacting directly with fura-2 molecules (see Dis-
cussion). When UTP was applied to the cells with 1.8 mM
Ca?*, the F360 remained unchanged in the absence or presence
of Zn?* (100 and 300 uM) (data not shown).

Discussion

ATP stimulated a rise in [Ca); in the absence of extracellular
Ca?* in about 30% of PC12 cells, and the response was mi-
micked by UTP but not by «,f-meATP or 2-meSATP (Figure
1). These results suggest that functional P,y-purinoceptors are
present in PC12 cells and that activation by ATP or UTP of
these receptors induces Ca?*-release from intracellular Ca?*-
storage sites. This Ca?*-release may result from IP; formation
linked to P,y-purinoceptors as has been suggested for PC12
cells by other investigators (Majid et al., 1993; Raha et al,,
1993; Barry & Cheek, 1994; Nikodijevic et al., 1994; de Souza
et al., 1995). When UTP was applied to the cells for 1 min, it
caused not only a transient [Ca]; rise but also a sustained rise in
the presence of external Ca?*, whereas it produced only the
transient Ca?* response in the absence of external Ca’*
(Figure 3). Thus, it is suggested that, in addition to Ca?*-
mobilization which causes the transient Ca’* response, UTP
also stimulates Ca*-influx. It is, however, still unclear whe-
ther the transient or the sustained response observed with ex-
ternal Ca?* exclusively arises from Ca?*-mobilization or
Ca?* -influx, respectively.

UTP stimulated the release of dopamine from the cells,
though the amount of dopamine evoked by 100 uM UTP was
less than 50% of that evoked by 100 uM ATP. In contrast to
our results, several groups have reported that UTP fails to
stimulate the catecholamine secretion from PC12 cells (Barry
& Cheek, 1994; Nikodijevic et al., 1994; de Souza et al., 1995).
The Ca?* response to UTP was found in only about 30% of
PC12 cells in the present study. Thus, one possible explanation
for this discrepancy is that only a small proportion of PC12
cells have functional P,y-purinoceptors. The amount of the
UTP-evoked dopamine or noradrenaline release is generally
measured as a sum of the response of about 10° to 107 cells. If
functional P,y-purinoceptors were present only in a small
population of cells, the secretory response, unlike our present
study, may not be detected. The second possible explanation
for the discrepancy is that the rise in [Ca]; evoked by UTP may
not reach a level sufficient to cause the secretion in PC12 cells
used by other investigators because of the small number of
functional P,y-purinoceptors in individual cells. The third
possible explanation for the discrepancy is that intracellular
signalling mechanisms linked to P,y-purinoceptors may be
different among PC12 cells. In any case, PC12 cells may be
heterogeneous with respect to sensitivity to UTP.

The UTP-evoked dopamine release was inhibited by Ca®*-
depletion and Zn?>* but not by nicardipine or Cd**. These
results suggest that the dopamine release evoked by UTP re-
quires an influx of extracellular Ca?* through an jonic path-

-

way that is different from voltage-gated calcium channels.
Furthermore, Zn** inhibited the UTP-evoked [Ca]; rise only in
the presence of external Ca?*, with no effect observed in the
absence of external Ca?*. Thus, Zn?* may suppress the do-
pamine release by inhibiting the Ca?*-permeable ionic path-
way; not by affecting the UTP molecule itself or P,y-
purinoceptors. P,y-purinoceptors do not form ion channels,
but they are coupled with G-proteins (Abbracchino & Burn-
stock, 1994; Fredholm et al., 1994). The mechanism of Ca?*-
influx that is activated by this type of receptor is totally un-
known. It has been reported that the depletion of intracellular
Ca?*-stores can induce Ca?*-influx without any receptor ac-
tivation in non-excitable cells (Puteny, 1986). Recently, this
store-dependent Ca’*-influx was also observed in excitable
cells such as smooth muscle cells (Pacaud et al., 1993). Ran-
driamampita & Tsien (1993) have reported that the depletion
of Ca?*-stores stimulates the release of an intracellular mole-
cule, named Ca?*-influx factor (CIF), which induces Ca2*-
influx from extracellular spaces. Thus, the UTP-induced Ca?*-
influx in PC12 cells may be mediated by the depletion of Ca2*-
stores or a CIF-like substance. Another possibility is that some
cellular signals resulting from activation of P,y-purinoceptors
promote the Ca?*-influx independent of Ca?*-stores, as sug-
gested for bradykinin- or carbachol-evoked Ca?*-influx in
PC12 cells (Clementi et al., 1992). In any case, it is emphasized
that UTP induces Ca?*-influx via a Zn**-sensitive, Cd?>*- and
nicardipine-insensitive, pathway. Zn>* may be a key substance
to characterize Ca?*-influx mediated by activation of P,y-
purinoceptors or other G-protein coupled receptors.

We used a fluorescent dye, fura-2, as an indicator of [Ca};
changes. Fura-2 binds Zn?* with a dissociation constant
around 2 nM which is about 100 times lower than that for
Ca?* (Grynkiewicz et al., 1985). Zn** may enter cells and
affect the fluorescence intensity of the Ca%*-fura-2 complex. If
Zn?** enters upon UTP-stimulation, the emitted fluorescence
signals excited at 360 nm (F360) should be increased because
the Zn?*-fura-2 complex, unlike the Ca?*-fura-2 complex,
increases the emitted fluorescence intensity excited at this wave
length as well as that at 340 nm. Thus, we investigated the
effects of Zn?>* on F360 intensity, a Ca?*-independent signal.
Zn** did not affect F360 signals, suggesting that, even if Zn>*
enters the cells, the amount may be negligible.

Zn?* has been reported to potentiate the ATP-evoked re-
sponses mediated by Ca?*-permeable P,x-purinoceptor chan-
nels in superior cervical (Cloues et al., 1993; Li et al., 1993) and
coeliac ganglia (Li et al., 1993) and PC12 cells (Koizumi et al.,
1995). On the contrary, our present observation suggested that
Zn** inhibits the Ca®*-influx mediated by G-protein-coupled
P,u-purinoceptors. Zn’>* may have opposite effects on the
ATP-evoked Ca?*-influx mediated by these two types of P,-
purinoceptors. The concentration of Zn?* at synapses in the
hippocampus has been estimated to be as high as 100—-300 uM
(see Frederickson, 1989; Harrison & Gibbons, 1994 for re-
views) and these two types of regulation occur at concentra-
tions <100 um (Figures 5 and 6 and Koizumi et al., 1995).
Thus, this reciprocal regulation by Zn>* of P,-purinoceptor-
mediated responses may be an event of great physiological
consequence when it modulates actions evoked by endogenous
ATP. Similar reciprocal regulation has been reported for glu-
tamate receptor channels. Zn?*-inhibited NMDA receptor
channels, but potentiated non-NMDA receptor channels ex-
pressed in Xenopus oocytes (Rassendren et al., 1990). Zn**
inhibits various ligand-gated channels, including the channels
gated by GABA, NMDA, 5-hydroxytryptamine, and voltage-
gated Ca?*, Na* and K™* channels in other neuronal cells (see
Frederickson, 1989 for review). It remains to be clarified
whether or not Zn?* inhibits a Ca?*-influx mediated by sti-
mulation of any other G-protein-coupled receptors.

In summary, we characterized the [Ca]; rise and dopamine
release mediated by P,y-purinoceptors in PC12 cells. The
UTP-evoked rise in [Ca); consists of two components, namely,
a transient and a sustained component. The transient [Ca]; rise
may arise from intracellular Ca*-stores and the sustained rise
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may be caused by Ca?*-influx from extracellular spaces via a
Zn?**-sensitive ionic pathway which is distinct from voltage-
gated calcium channels or P,x-purinoceptor channels.

References

ABBRACCHINO, M.P. & BURNSTOCK, G. (1994). Purinoceptors: are
there families of Pox and P,y purinoceptors? Pharmacol. Ther.,
64, 445-475.

ASSAF, S.Y. & CHUNG, S. (1984). Release of eridogenous Zn?* from
brain tissue during activity. Nature, 308, 269 —276.

BARRY, V.A. & CHEEK, T.R. (1994). Extracellular ATP triggers two
functionally distinct calcium signalling pathways in PC12 cells. J.
Cell Sci., 107, 451 -462.

BEAN, B.P. (1992). Pharmacology and electrophysiology of ATP-
activated ion channels. Trends Pharmacol. Sci., 13, 87-90.

BRAKE, A.J, WAGENBACH, M.J. & JULIUS, D. (1994). New
structural motif for ligand-gated ion channels defined by an
ionotropic ATP receptor. Nature, 371, 519-523.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for
distinguishing two types of P,-purinoceptor? Gen. Pharmacol.,
16, 433-440.

CLEMENTI, E., SCHEER, H., ZACCHETTI, D., FASOLATO, C,,
POZZAN, T. & MELDOLESI, J. (1992). Receptor-activated Ca2*-
influx. J. Biol. Chem., 267, 2164-2172.

CLOUES, R., JONES, S. & BROWN, D.A. (1993). Zn%* potentiates
ATP-activated currents in rat sympathetic neurons. Pfliiger
Arch., 424, 152-158.

DE SOUZA, L.R., MOORE, H., RAHA, S. & REED, J.K. (1995). Purine
and pyrimidine nucleotides activate distinct signalling pathways
in PC12 cells. J. Neurosci. Res., (in press).

EDWARDS, F.A., GIBB, AJ. & COLQUHOUN, D. (1992). ATP
receptor-mediated synaptic currents in the central nervous
system. Nature, 359, 145-147.

EVANS, R.J., DERKACH, V. & SURPRENANT, A. (1992). ATP
mediates fast synaptic transmission in mammalian neurons.
Nature, 357, 503 -505.

FREDERICKSON, C.J. (1989). Neurobiology of zinc and zinc-
containing neurons. Int. Rev. Neurobiol., 31, 145-238.

FREDHOLM, BB., ABBRACCHIO, M.P., BURNSTOCK, G., DALY,
J.W., HARDEN, T.K., JACOBSON, K.A., LEFF, P. & WILLIAMS, M.
(1994). Nomenclature and classification of purinoceptors.
Pharmacol. Rev., 46, 143 —156.

GREENE, L.A. & TISCHLER, A.S. (1976). Establishment of nora-
drenergic clonal line of rat adrenal phaeochromocytoma cells
which respond to nerve growth factor. Proc. Natl. Acad. Sci.
U.S.A., 73, 2424 -2428.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new
generation of Ca®* indicators with greatly improved fluorescence
properties. J. Biol. Chem., 260, 3440 —3450.

HARRISON, N.L. & GIBBONS, S.J. (1994). Zn?": an endogenous
modulator of ligand- and voltage-gated ion channels.
Neuropharmacology, 33, 935-952.

INOUE, K. & KENIMER, J.G. (1988). Muscarinic stimulation of
calcium influx and norepinephrine release in PC12 cells. J. Biol.
Chem., 263, 8157-8161.

INOUE, K., KOIZUMI, S. & NAKAZAWA, K. (1995). Glutamate-
evoked release of adenosine 5'-triphosphate causing an increase
in intracellular calcium in hippocampal neurons. NeuroReport, 6,
437-440.

INOUE, K. & NAKAZAWA, K. (1992). ATP receptor-operated Ca?*
influx and catecholamine release from neuronal cells. News
Physiol. Sci., 7, 56—59.

INOUE, K., NAKAZAWA, K., FUIIMORI, K. & TAKANAKA, A. (1989).
Extracellular adenosine 5'-triphosphate-evoked norepinephrine
release coupled with receptor-operated Ca permeable channels in
PC12 cells. Neurosci. Lett., 106, 294 —299.

INOUE, K., NAKAZAWA, K., FUJIMORI, K., WATANO, T. &
TAKANAKA, A. (1992). Extracellular adenosine 5'-tripho-
sphate-evoked glutamate release in cultured hippocampal
neurons. Neurosci. Lett., 134, 215-218.

KOIZUMLI, S., IKEDA, M., INOUE, K., NAKAZAWA, K. & INOUE, K.
(1995). Potentiation by zinc of ATP-evoked dopamine release
from rat phaeochromocytoma PCI12 cells. Brain Res., 673, 75—
82.

We would like to thank Ms M. Kuroda and Ms T. Obama for skilful
assistance and cell culture, Dr J. Kenimer for improving the
manuscript and Dr Y. Ohno for continuous encouragement. S.K.
is a research fellow of the Human Science Foundation in Japan.

KOIZUM]I, S., WATANO, T., NAKAZAWA, K. & INOUE, K. (1994).
Potentiation by adenosine of ATP-evoked dopamine release via a
pertussis toxin-sensitive mechanism in rat phaecochromocytoma
PC12 cells. Br. J. Pharmacol., 112, 992-997.

LI, C, PEOPLES, R.W, LI, Z. & WEIGHT, F.F. (1993). Zn*-
potentiates excitatory action of ATP on mammalian neurons.
Proc. Natl. Acad. Sci. U.S.A., 90, 8264 —8267.

LIN, T.-A., LUSTIG, K.D., SPORTIELLO, M.G., WEISMAN, GA. &
SUN, G.Y. (1993). Signal transduction pathways coupled to a P,y
receptor in neuroblastoma x glioma (NG108-15) cells. J.
Neurochem., 60, 1115-1125.

LUSTIG, K.D,, SHIAU, AK., BRAKE, AJ. & JULIUS, D. (1993).
Expression cloning of an ATP receptor from mouse neuroblas-
toma cells. Proc. Natl. Acad. Sci. U.S.A., 90, 5113-5117.

MAIJID, M.A., OKAJIMA, F. & KONDO, Y. (1993). UTP activates
phospholipase C-Ca?* system through a receptor different from
the 53-kDa ATP receptor in PC12 cells. Biochem. Biophys. Res.
Commun., 195, 415-421.

MUNSHI, R., DEBERNARDI, M.A. & BROOKER, G. (1993). P,y-
Purinergic receptors on C6-2B rat glioma cells: modulation of
cytosolic Ca?* and cAMP levels by protein kinase C. Mol.
Pharmacol., 44, 1185-1191.

MURRIN, RJ.A. & BOARDER, M.R. (1992). Neuronal ‘nucleotide’
receptor linked to phospholipase C and phospholipase D?
Stimulation of PC12 cells by ATP analogues and UTP. Mol.
Pharmacol., 41, 561 - 568.

NAKAZAWA, K. & INOUE, K. (1992). Roles of Ca?* influx through
ATP-activated channels in catecholamine release from phaeo-
chromocytoma PC12 cells. J. Neurophysiol., 68, 2026 -2032.

NIKODUJEVIC, B, SEI Y., SHIN, Y. & DALY, J.W. (1994). Effects of
ATP and UTP in phaeochromocytoma PC12 cells: evidence for
the presence of three P, receptors, only one of which subserves
stimulation of norepinephrine release. Cell. Mol. Neurobiol., 14,
27-47.

OHARA-IMAIZUMI, M, NAKAZAWA, K., OBAMA, T, FUJIMORL K.,
TAKANAKA, A. & INOUE, K. (1991). Inhibitory action of
peripheral-type benzodiazepines on dopamine release from
PC12 phaeochromocytoma cells. J. Pharmacol. Exp. Ther., 259,
484-489.

PACAUD, P., LOIRAND, G., GREGOIRE, G., MIRONNEAU, C. &
MIRONNEALU, J. (1993). Noradrenaline-activated heparin-sensi-
tive Ca®*-entry after depletion of intracellular Ca2+ store in
portal vein smooth muscle cells. J. Biol. Chem., 268, 3866 ~3872.

PUTNEY, J.W. (1986). A model for receptor regulated Ca®* entry.
Cell Calcium,7,1-1.

RAHA, S., DE SOUZA, L.R. & REED, J.K. (1993). Intracellular
signalling by nucleotide receptors in PC12 phaeochromocytoma
cells. J. Cell. Physiol., 154, 623 -630.

RANDRIAMAMPITA, C. & TSIEN, R.Y. (1993). Emptying of
intracellular Ca?* -stores releases a novel small messenger that
stimulates Ca>* influx. Nature, 364, 809-814.

RASSENDREN, F.-A., LORY, P., PIN, J.-P. & NARGEOT, J. (1990).
Zinc has opposite effects of NMDA and non-NMDA receptors
expressed in Xenopus oocytes. Neuron, 4, 733-740.

VALERA, S., HUSSY, N., EVANS, R.J., ADAMI, N,, NORTH, R.A,,
SUPRENANT, A. & BUELL, G. (1994). A new class of ligand-gated
ion channel defined by P,x receptor for extracellular ATP.
Nature, 371, 516-519.

WEBB, T.E., SIMON, J., KRISHEK, B.J., BATESON, A.N,, SMART, T.G.,
KING, B.F., BURNSTOCK, G. & BARNARD, E.A. (1993). Cloning
and functional expression of a brain G-protein-coupled ATP
receptor. FEBS Lett., 324, 219 -225.

( Received March 2, 1995
Revised April 18, 1995
Accepted May 9, 1995)



