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ABSTRACT: Adenosine triphosphate (ATP) has
been proposed to play a role as a neurotransmitter in the
retina, but not much attention has been given to the
regulation of ATP release from retinal neurons. In this
work, we investigated the release of ATP from cultures
enriched in amacrine-like neurons. Depolarization of the
cells with KCI, or activation of a-amino-3-hydroxy-
5-methyl-4-isoxazole-propionate (AMPA) receptors,
evoked the release of ATP, as determined by the lucife-
rin/luciferase luminescent method. The ATP release was
found to be largely C&* dependent and sensitive to the
botulinum neurotoxin A, which indicates that the ATP
released by cultured retinal neurons originated from an
exocytotic pool. Nitrendipine and w-Agatoxin IVA, but

of ATP, indicating that in these cells, the C&* influx
necessary to trigger the release of ATP occurs in part
through the L- and the P/Q types of voltage-sensitive
Ca®* channels (VSCC), but not through N-type VSCC.
The release of ATP increased in the presence of adeno-
sine deaminase, or in the presence of 1,3-dipropyl-8-
cyclopentylxanthine (DPCPX), an adenosine Areceptor
antagonist, showing that the release is tonically inhibited
by the adenosine A receptors. To our knowledge, this is
the first report showing the release of endogenous ATP
from a retinal preparation. © 1999 John Wiley & Sons, Inc. J
Neurobiol 41: 340-348, 1999
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not by w-Conotoxin GVIA, partially blocked the release

It is now recognized that adenosiné-tiiphosphate stitute a large family of at least seven subtypes
(ATP), the ubiquitous energy source of the cell, also (P2X,—P2X;) of ionotropic receptors, whereas the
plays arole as a neurotransmitter and as a neuromodu-eceptors belonging to the P2Y family, with six sub-
lator in the nervous system (for reviews, see Burn- types (P2¥%—P2Y,), are coupled to G proteins (for
stock, 1996; Sperlgh and Vizi, 1996). The receptors  review, see Barnard et al., 1997).
for ATP have been found in a Iarge number in nervous M0|ecu|ar b|0|ogy and functiona| Studies have
in the P2 purinoreceptors class, in contrast to the P1 1994- Greenwood et al.. 1997 Brandle et al. 1998)
purinoreceptors which are preferentially activated by 5.4 poy (Keirstead and Miller, 1997; Newman and
adenc_)sine (Burn_stock, 1978). Based on their pharma- Zahs, 1997; Liu and Wakakura, 1998) receptors in the
c_ol_oglcal propertle_s, Burnstock _and Kennedy (1985) retina. However, not much attention has been given to
divided the PZ. purinoreceptors in two subtypes, P2X the regulation of the release of endogenous ATP by
and P2Y, which were later shown to also possess _ .. . .
. retinal neurons, in contrast to considerable knowledge
distinct molecular structures. The P2X receptors con- . .
accumulated concerning the events leading to extra-
cellular accumulation of adenosine in the retina
: ; , ~ (Blazinski et al., 1991; Paes de Carvalho et al., 1990;
Contract grant sponsor: Praxis XXI; contract grant numbers: . .
2/2.1/BIA/74/94, P/BIA/10181/1998 Santos et al., 1998a). The first evidence for the role of
© 1999 John Wiley & Sons, Inc. CCC 0022-3034/99/030340-09 ATP as a retinal neurotransmitter emerged from the
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observation that extracellular ATP inhibited acetyl- ter the appropriate dilution, the cells were plated at a density
choline (ACh) release induced by flickering light, of 2 X 10"5 cells/cnt on six-well cluster plates coated with
while ACh release was enhanced by the presence ofPoly-0-lysine (0.1 mg/mL). The cells were then kept in
the P2X purinoreceptor selective antagonist, pyridox- Sulture for 5 days at 37°C, in a humidified atmosphere of
alphosphate-6-azophenyl2-disulphonic acid (Neal 95% air/5% CQ, before the experiments. An antibody
and Cunningham, 1994) ' against choline acetyltransferase stained 8128% of the

. cells present in a preparation similar to the one used in the
We recer.]“y shpwed th"’_‘t K,Cl depolarization of experiments (Carvalho et al., 1998; Santos et al., 1998b),
cultures enriched in amacrine-like neurons leads to jngjcating that the culture conditions used favor the selec-
the extracellular accumulation of adenosine (Santos ettjve survival of cholinergic neurons. Because the starburst
al., 1998a) by a mechanism partially dependent on the amacrine cells are the only cells in the retina that synthesize
activity of ectonucleotidases, and proposed that cul- acetylcholine (Baughman and Bader, 1977; Masland and

tured retinal neurons release ATP, in addition to ace- Mills, 1979; Hayden et al., 1980; Voigt, 1986), the cultures

tylcholine andy-aminobutyric acid (GABA) (Santos

of chick retinal neurons are constituted mainly by amacrine-

et al., 1998a,b). In the present work, we used cultures like neurons.

enriched in amacrine-like neurons to study the release

of ATP evoked by membrane depolarization and by
activation of the glutamate receptors. The results

ATP Release

show that cultured retinal neurons release ATP by a The cultures of chick retinal neurons were washed three

Ca"-dependent mechanism, which is under tonic in-
hibition by adenosine through activation of the aden-
osine A receptors.

MATERIALS AND METHODS

Materials

Fetal calf serum was purchased from Biochrom KG (Berlin,
Germany) and trypsin from GIBCO (Paisley, Uk}.Cono-
toxin GVIA and w-Agatoxin IVA were obtained from Pen-
insula Laboratories Europe (Marseyside, England) and from
the Peptide Institute (Osaka, Japan), respectively. Nitren-
dipine was a kind gift of Dr. G. Terstappen (Bayer A. G.,
Germany).S-(4-Nitrobenzyl)-6-thioinosine (NBTI)N®-cy-
clopentyladenosine (CPA), and 1,3-dipropyl-8-cyclopen-
tylxanthine (DPCPX) were from RBI (Natick, MA). The
botulinum neurotoxin A was purchased from Wako Chem-
icals (Neuss, Germany), and the luciferin/luciferase prepa-
ration was from Analytical Luminescence Laboratory (San
Diego, CA). All other reagents were from Sigma Chemical
Co. (St. Louis, MO) or from Merck (Darmstadt, Germany).

Preparation and Culture of
Chick Retina Cells

Primary cultures of chick retinal neurons from 8-day-old
chick (White Leghorn) embryos were obtained as described
previously (Duarte et al., 1992). Briefly, the retinas were

dissected free from other ocular tissues and incubated for 15

min at 37°C, in C&"- and Mg"-free Hank’s balanced salt
solution supplemented with 0.1% trypsin. The digested tis-
sue was centrifuged at 140 g, for 1 min, and the pellet
was mechanically dissociated in basal medium of Eagle
(BME), buffered with 20 i HEPES and 10 M NaHCGQ;,

and supplemented with 5% heat-inactivated fetal calf serum,
penicillin (100 U/mL), and streptomycin (10@g/mL). Af-

times with N& medium (in nM: 132 NacCl, 4 KCI, 1.4
MgCl,, 1.2 H;PQ,, 1 CaCl, 6 glucose, 10 HEPES-Na, pH
7.4), and preincubated in the same medium, supplemented
with 200 uM «,B-methyleneadenosine '“Bliphosphate
(AOPCP), for 15 min at 37°C. The cells were further
incubated in a solution with the same composition for 1 min,
and were then stimulated for 15 s with the indicated stim-
ulus. After stimulation, 0.5 mL of the incubation medium
was collected for ATP content determination. All the media
used in the ATP release experiments were supplemented
with the ectonucleotidase inhibitor AOPCP (Naito and Lo-
wenstein, 1985) at 20QM, except where otherwise indi-
cated.

For the quantification of the total intracellular ATP con-
tent, the cells were disrupted with 1 mL of ice-cold lysis
buffer [50 nM Tris-HCI, 4 mM ethylenediaminetetraacetic
acid (EDTA), pH 7.5]. The cells were then scrapped, and
the content of each well was transferred to an eppendorf
tube and incubated for 90 s at 90°C. After centrifugation at
15,800¢ g, the supernatant was collected for analysis of the
ATP content.

The ATP content of each sample was measured by the
luciferin-luciferase method. The content of a sealed vial of
the enzyme preparation, consisting of a mixture of highly
purified luciferase, purified bovine serum albumin, and lu-
ciferin, was dissolved in 5 mL of sterile water. Then,
150l aliquots of each sample were added to 50 of
ATP assay solution, and the luminescence was measured
with a Turner luminometer (Xu et al., 1991). At the end of
each experiment, a calibration was performed by addition of
2 pmol ATP.

Other Methods

Results are presented as meastandard error of the mean
(S.E.M.) of the number of experiments indicated. Statistical
significance was determined using one-way analysis of vari-
ance (ANOVA), and differences between treatments were
evaluated using Dunnett’s test.



342 Santos et al.

RESULTS

Resting and KCI-Evoked ATP Release

KCI depolarization of cultures enriched in amacrine-

like neurons induced the release of endogenous ATP.

The basal release of ATP, determined after 15 s
incubation in N& medium supplemented with 200
uM AOPCP, an inhibitor of 5nucleotidases (Naito
and Lowenstein, 1985), was 2249 3.1 pmol/20
X 1P cells (Fig. 1). Depolarization of the cells with
50 mM KClI for 15 s increased significantly the extra-
cellular ATP content up to 67.2 5.3 pmol/20x 10°
cells. The intracellular ATP content measured in non-
depolarized cells was 125 0.6 pmol/20x 10° cells
(n = 3). Therefore, the extracellular ATP content
under resting conditions and after 15 s depolarization
was 0.18% and 0.54% of the total intracellular con-
tent, respectively. When the concentration of the 5
ectonucleotidase inhibitor was increased to 400,
the basal and KCl-evoked extracellular ATP contents
were not significantly different from those observed
when the experiments were conducted using 200
AOPCP (33.3* 9.0 pmol/20x 1P cells and 76.4
+ 0.8 pmol/20x 10° cells, respectively). Therefore,
all subsequent experiments were performed in the
presence of 20@M AOPCP.

The extracellular accumulation of ATP measured
in response to depolarization of retina cells with 50
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Figure 1 Effect of KCI depolarization on the extracellular
accumulation of ATP. Cultured amacrine-like neurons were
incubated for 15 s with 1 M Ca& " -containing N& me-
dium (Basal) or with 50 i KCI medium (50 nM KCI;
Na" was isoosmotically replaced by 50MnKCI), supple-
mented with 200 or 40uM AOPCP. The results are ex-
pressed as picomoles of ATP released pep2Q(F cells,
and are means S.E.M. for the indicated number of ex-
periments, performed in independent preparations.

75
%3
]
(]
T
o2
&% 50
—O\O
g S
° 5
¢ g
0
; g 254
=)
o
wy
0_
I T T ) 1
0 60 120 180 240
Time (sec)

Figure 2 Time dependency of potassium-evoked extracel-
lular accumulation of ATP from cultured chick amacrine-
like neurons. The cells were stimulated with 5MrKCl for

the indicated period of time in a medium containing Mm
C&*and supplemented with 200M AOPCP. The results

are expressed as pmol of released ATP above basal per 20
X 1CP cells, and are means S.E.M. for four independent
experiments, performed in independent preparations.

mM KCI was dependent on the depolarization period
(Fig. 2). Depolarization of the cells with 50MhKCI

for 15 s, the shortest period tested, allowed the max-
imal extracellular accumulation of ATP, which was
47.1+ 4.7 pmol/20x 10° cells above the basal value.
When the stimulation was performed for 30 s, the
extracellular accumulation of ATP above the basal
value was significantly decreased to 309 0.6
pmol/20 X 10° cells. This decrease of the extracellu-
lar levels of ATP was even larger for longer stimula-
tion periods of 60 and 120 s, where the extracellular
levels of ATP were drastically reduced to 1141.1
pmol/20 x 1C° cells and 2.8+ 2.1 pmol/20X 10°
cells above basal values, respectively. The basal lev-
els of extracellular ATP did not change significantly
when the cells were maintained in nondepolarizing
conditions for 15-240 s. Therefore, in all the experi-
ments conducted thereafter, the cells were depolarized
for 15 s.

Ca?* Dependency of ATP Release

Stimulation of cultured chick retinal neurons with 50
mM KCI in Ca®*-free Na"-medium supplemented
with 200 iVl EGTA increased the extracellular accu-
mulation of ATP from 20.9+ 1.1 to 34.0+ 3.01
pmol ATP/20 x 10° cells (Fig. 3). This effect was
significantly lower than the extracellular accumula-
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Figure 3 Effect of C&* and of BoNT/A on the extracel-
lular accumulation of ATP from cultured chick amacrine-
like neurons. The cells were incubated in Nanedium
(Basal) or in a medium containig 50MhKCI, for 15 s, in
the presence of G4 (+C&™") or in C&"-free medium
supplemented with 200M EGTA (—C&"). All experi-
ments were conducted in the presence of 200 AOPCP.
When the effect of the neurotoxin BoNT/A was tested, the
cells were preincubated with 3vh BoNT/A for 24 h in
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larization. Preincubation of the cells with 30Mn
nitrendipine, a blocker of the L-type €& channels
(McCleskey et al., 1986; Duarte et al., 1992), did not
affect significantly the release of ATP [Fig. 4(A)].
However, at 500 Kl the blocker inhibited signifi-
cantly the release of ATP to 798 0.8% of control.

w-Agatoxin IVA (w-Aga IVA; 1 uM), a blocker of
the P/Q-type C& channels (Mintz et al., 1992;
Sather et al., 1993; Zhang et al., 1993), also inhibited
significantly the KCl-evoked release of ATP, to 87.4
+ 7.0% of control [Fig. 4(B)]. In contrast to nitren-
dipine and w-Aga IVA, the neurotoxic peptide
w-Conotoxin GVIA (@-CgTx GVIA), which blocks
the N-type C&" channels (Olivera et al., 1985), did
not affect significantly the release of ATP evoked by
50 mM KCI at the concentrations used (30Mrand
500 M) [Fig. 4(C)]. At 500 M, »-CgTx GVIA
inhibited maximally the release ofH]JACh and of
[**C]GABA from cultured retina cells (Santos et al.,
1998b).

Modulation of ATP Release by
Endogenous Adenosine

culture medium. The results are expressed as picomoles of The activation of adenosine Areceptors has been

released ATP per 2& 1(° cells, and are means S.E.M.

for the indicated number of experiments, performed in in-
dependent preparations. *< .001, as determined using
Dunnett's test.

tion of ATP when the cells were exposed to KCl in the
presence of 1 M CaCl, (from 22.9 = 3.09 to 67.2
+ 5.43 pmol of ATP/20Xx 1C° cells).

The large C&" dependency of ATP release in

shown to modulate the release of several neurotrans-
mitters in the retina (Blazynski and Perez, 1991; San-
tos et al., 1998a). Since it was observed that part of
the ATP released could be metabolized (Fig. 2), and
since we have previously reported that depolarization
of cultured retinal neurons leads to the extracellular
accumulation of adenosine (Santos et al., 1998a), we
investigated whether adenosine Aeceptors could
modulate the release of ATP by cultured retinal neu-

response to KCI depolarization suggests that it occurs rons. Depolarization of retina cells with 50MnKCI

by exocytosis. In fact, this hypothesis was supported
by experiments in which we tested the effect of bot-
ulinum neurotoxin A (BoNT/A) on the extracellular
accumulation of ATP evoked by KCI. This neurotoxin
cleaves SNAP-25 (Blasi et al., 1993), thereby block-
ing synaptic transmission. The BoNT/A (3vi in-
creased the extracellular accumulation of ATP under
resting conditions, up to 38.3 2.0 pmol/20x 10°
cells, but the extracellular accumulation of ATP ob-

in the presence of 2 U/mL adenosine deaminase
(ADA), which converts extracellular adenosine into
inosine (Franco et al., 1997), highly potentiated the
release of ATP, to 165.3 20.2% of the control (Fig.

5). This potentiation was completely suppressed by
100 ™M N°-cyclopentyladenosine (CPA), an adeno-
sine A-selective receptor agonist (Palmer and Stiles,
1995) (109.2+ 17.9% of control). The blockade of the
adenosine Areceptor with 100 K of the specific an-

served after depolarization was decreased to 48.0tagonist, 1,3-dipropyl-8-cyclopentylxanthine (DPCPX)

+ 2.5 pmol/20x 10° cells. These results show that

(Lohse et al., 1987) also potentiated the release of

cleavage of SNAP-25 decreases the release of ATP byATP induced by KCI depolarization, up to 139.4

about 80%, clearly demonstrating that KCI evokes the
exocytotic release of ATP from amacrine-like cell
cultures.

Since the release of ATP is largely €adepen-
dent, we studied the contribution of different types of
voltage sensitive Gd channels (VSCC) to the extra-
cellular accumulation of ATP evoked by KCI depo-

+ 4.8% of control.

Effect of Glutamate Receptor Agonists

on Release of ATP

Stimulation of cultured chick retina cells with 10V

glutamate for 15 s did not affect significantly the
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Figure 4 Effect of VSCC blockers on the 50 vhKCl-evoked ATP release from cultured chick

retina cells. The experiments were carried out in

N @2 *-containing N& medium supplemented

with 200 uM AOPCP. When the effect of the blockers was tested, the cells were preincubated with

the indicated concentrations of nitrendipine or

withAga IVA for 1 min. The incubation with

w-CgTx GVIA was carried out for 45 min in culture medium. The cells were then stimulated with

KCl for 15 s in the presence of the blockers, as

indicated. The results are expressed as a percentage

of the control, obtained after KCI depolarization in the absence of any blocker, and are means
+ S.E.M. for the indicated number of experiments, performed in independent preparafions. *
< .05, **p < .01, as determined using Dunnett’s test.

extracellular accumulation of ATP compared to the
release observed in resting conditions (Fig. 6). How-
ever, stimulation with 10Q:M kainate (KA) evoked
the release of 37.4 1.5 pmol ATP/20x 1(° cells.

To determine whether the effect of KA was due to the
activation ofa-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate (AMPA) receptors, we used the 2,3-benzo-
diazepine LY-303070, which is the active isomer of the
noncompetitive AMPA receptor antagonists 1-(4-
aminophenyl)-3-methylcarbamyl-4-methyl-7,8-methyl-
enedioxy-3,4-dihydro-5H-2,3-denzodiazepine
(GYKI 53655) (Donevan and Rogawski, 1993; Pa-
ternain et al., 1995). At 1M, LY 303070 inhib-
ited the release of ATP to 28 2.2 pmol ATP/20

X 10° cells. Domoic acid (DO) is an agonist of the
kainate receptors, which, however, may also acti-
vate AMPA receptors (Better and Mulle, 1995).
Stimulation of retina cells with IuM DO in the
presence of 1wM LY 303070 to block completely
the AMPA receptors induced the release of 31.8
+ 1.5 pmol ATP/20x 1P cells, which was not
statistically different from the release observed in
Na* medium.

DISCUSSION

In this study, we have shown that cultures enriched in
amacrine-like neurons release ATP in response to
depolarization with KCI or to stimulation of the
AMPA receptors. The release of ATP from these cells
was found to be largely Ga dependent and sensitive
to the neurotoxin BoNT/A, which cleaves specifically
the synaptic protein SNAP-25 (Blasi et al., 1993). The
sensitivity to BONT/A indicates that the ATP released
by cultured retinal neurons originated from an exocy-
totic pool. To our knowledge, this is the first report
showing the release of endogenous ATP from a retinal
preparation.

Cultured chick retina cells have been shown to
possess L- (Wei et al., 1989; Duarte et al., 1992,
1996), N- (Duarte et al., 1992), and P/Q-type (Duarte
et al., 1996) VSCC. In the present work, we observed
that the C&" influx necessary to trigger the release of
ATP occurs, in part, through the L- and P/Q-types of
VSCC, but not through N-type VSCC, since ATP
release was blocked by nitrendipine and &yAga
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IVA, but not by w-CgTx GVIA. However, the small *Hk
effect (<20%) of nitrendipine and ob-Aga IVA on 40- (n=10)
the release of ATP suggests the existence of a differ-
ent type of calcium channel, possibly of the R type, or
other C&" influx pathways coupled to the release of
ATP.

In a previous study, we observed that KCI depo-
larization of cultured chick retina cells leads to the
extracellular accumulation of adenosine, and this ef-
fect was partially antagonized by the ectonucleotidase
inhibitor AOPCP (Santos et al., 1998a). Based on this
observation, we proposed that cultured chick retina
cells could release ATP, which could then be hydro-
lyzed, thereby generating adenosine. This hypothesis 0-
was confirmed in the present work, which also shows Basal Glu KA KA+ DO+
that these cultures contain very active extracellular Ly LY
enzymes involved in the degradation of the ATP rjgyre 6 Effect of glutamate and glutamate receptor ago-
released. Indeed, when the cells were depolarized nists on ATP release from cultured chick retina cells. The
with KCI, there was a significant time-dependent re- cells were incubated for 15 s with 1NMhC&*-containing
duction of the extracellular accumulation of ATP, in Na" medium (Basal) or with N& medium supplemented
which the highest extracellular accumulation of ATP  with 100uM glutamate ¢Glu), 100uM kainate (+KA), or
occurred for the shortest depolarization period tested 5 uM domoic acid (-DO). When the effect of the AMPA
(Fig. 2). Several enzymes have been identified in the receptor antagonist was tested, the cells were preincubated
nervous system that can hydrolyze extracellularly with _15 uM LY-303070 for 1 min. The results are expressed
ATP (Zimmermann, 1996). These enzymes hydrolyze as picomoles of ATP released per 2010° cells, and are

the extracellular ATP very rapidly, as shown in stud- means= S.E.M. for the indicated number of experiments,
' performed in independent preparations. fj*< .001 as

determined using Dunnett’s test.

W
e

Release of ATP
(pmol/20x10° cells)
[\=)
3

—
[
1

k%
200+ (n=6)
ies performed in synaptossomes from the rat striatum
(James and Richarson, 1993) and from the CA1 sub-
region of the rat hippocampus (Cunha et al., 1998).

Adenosine triphosphate is normally considered as
a cotransmitter—that is to say, it is costored with
other neurotransmitters in the same synaptic vesicles
(Burnstock, 1996). It was found to be costored with
ACh in electron-lucent synaptic vesicles from electric
fish to mammals (Volknandt and Zimmermann,
1986), as well as with noradrenaline within granules
from chromaffin cells and adrenergic axons (Bt
and Stjane, 1995). At present, it is not clear whether
Control ~ ADA  ADA+ DPCPX vesicles exist that store ATP only and whether ATP
CPA can also be costored with other neurotransmitters,
Figure 5 Adenosine A receptor modulation of 50 M such as glutamate (Zimmerman, 1997). The localiza-
KCl-evoked ATP release. Retina cells were incubated for 1 tjon of ATP in the retina, including cultured retinal
min with the A, receptor agonist CPA (10GM) or with the neurons, also remains unknown. However, since
?;S‘POSEIPPCPE (5’0'\,") otrhadenpsoilnef dﬁamlin?se (Atﬁ?o adenosine is costored with ACh in displaced amacrine
m erore an uring the perioa or stimulation wi . : . f
i 601 e et Coanng 1 G o (921K 1959 ang snce soercane i e
supplemented with 20@M AOPCP. The results are ex |1986), it was suggested that ATP and ACh are cos-

pressed as a percentage of the control, obtained after KC ' g
depolarization, and are means S.E.M. for the indicated tored in these amacrine neurons (Neal et al., 1998).

number of experiments, performed in independent prepara- ~ We have previously observed that the2¢a1epen-
tions. *p < .05, **p < .01 as determined using Dunnett's dent release of*HJACh from cultured chick ama-

test. crine-like neurons is significantly inhibited by low

1504 (n=5)
(n=5)

(n=8)

50 mM KCl-evoked ATP release
(% of control)
)
S
1
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(30-nM) w-CgTx GVIA concentrations and by high
(300 M) nitrendipine concentrations, and it is not
affected byw-Aga IVA (Santos et al., 1998b). This tion of ATP release by adenosine acting on A
effect of the VSCC blockers does not match the receptors resembles the effect of adenosine on the
effects of the same blockers on the release of ATP release of{HJACh from the same cellular preparation
reported here, where ATP release was found to be (Santos et al., 1998a). However, this should not be
inhibited by w-Aga IVA but not by w-CgTx GVIA. taken as evidence favoring the costorage of the two
Taken together, these results suggests that ACh andneurotransmitters in the same vesicles in cholinergic
ATP are stored in vesicles located in different regions amacrine cells, since the release of ATP and ACh

trically evoked release of ATP (Kirkpatrick and Burn-
stock, 1992; Driessen et al., 1994). The tonic inhibi-

of the cultured amacrine cells, and are not costored in from cholinergic retina cells is controlled by distinct

the same vesicles. This does not exclude the possibil-

ity suggested previously (Neal et al., 1994, 1998) of

VSCC (see above).
In the intact retina, glutamate is the neurotransmit-

corelease of ATP and ACh from the same amacrine ter released by bipolar cells at their synapses with

cells. However, based on our results, it is tempting to

amacrine cells. The amacrine cells express ionotropic

suggest that the two neurotransmitters are releasedN-methylo-aspartate (NMDA), AMPA, and kainate

from distinct pools of synaptic vesicles, one contain-
ing ACh and the other containing ATP, which may be
located in different regions of the cells, endowed with
different populations of VSCC.

A subpopulation of the cholinergic amacrine-like

receptors (Duarte et al., 1998). Although cultures en-
riched in amacrine-like neurons have been shown to
express functional NMDA and non-NMDA iono-

tropic glutamate receptors (e.g., Duarte et al., 1996),
glutamate was without effect on the release of ATP in

neurons used in the present studies is also GABAergic this preparation. Similar results were previously re-

(Santos et al., 1998b). The release S{CJJGABA
from these cells is inhibited by low (30M) concen-
trations of nitrendipine, and by higher (300 to 500
nM) concentrations ofo-CgTx GVIA, but it is not
affected by w-Aga IVA (Santos et al., 1998b). In
contrast, the release of ATP from cultured retina cells
could only be inhibited by higher concentrations of
nitrendipine (500 M), was insensitive tow-CgTx
GVIA, and was slightly inhibited by the P/Q-type
VSCC antagoniste-Aga IVA. These results suggest
that ATP is also not costored with GABA. We cannot
exclude the possibility of ATP being stored as the
principal neurotransmitter in the vesicles, or being

ported when the effect of glutamate in the release of
[*H]purines from rabbit retina was tested (Perez and
Ehinger, 1989). However, kainate evoked a signifi-
cant release of ATP above basal levels in cultured
retina cells by activating AMPA receptors sensitive to
LY 303070. Kainate was also shown to evoke the
release of ATP in the rabbit retina by a mechanism
independent of the activation of the kainate receptors
(Perez and Ehinger, 1989). Taken together, these re-
sults suggest that activation of AMPA receptors may
control the release of ATP in the retina, but it remains
to be established why glutamate, in contrast to kai-
nate, does not stimulate the release of ATP in cultured

stored with other neurotransmitters besides ACh and retinal neurons. It is possible that the release of ATP

GABA in the cultured chick retina cells.
Adenosine is known to inhibit the release of sev-

evoked by glutamate was not high enough to be
detected. Accordingly, in previous studies using cul-

eral neurotransmitters, in most cases via activation of tures enriched in amacrine-like neurons, we observed

adenosine A receptors (Fredholm and Dunwiddie,
1988). This inhibition seems to extend to the neural

that the [C4"]; responses evoked by kainate were
higher than those caused by glutamate (Duarte et al.,

release of ATP, since we have observed that when 1996).

adenosine A receptor activation was prevented by
incubation with ADA, which converts adenosine into
the inactive metabolite inosine, or by application of
the A, receptor antagonist DPCPX, the release of
ATP evoked by KCI depolarization was significantly
potentiated. Conversely, when the adenosineré:
ceptor was specifically activated with the agonist CPA
in the presence of ADA to remove the possible effect

Several physiological roles for ATP released by
amacrine cells can be envisaged. Activation of P2X
receptors by ATP was proposed to modulate ACh
release through a glycinergic interneuron pathway
(Neal and Cunningham, 1994). Besides being a con-
ventional neurotransmitter in the retina, ATP may
also be involved in neural—glial signaling. ATP was
recently found to generate intercellular Cawaves

of endogenous adenosine, the release of ATP wasthat are propagated through networks of glial cells

reduced to control levels. The modulation of ATP
release by adenosine, Aeceptors was also observed

situ in the freshly isolated mammalian retina (New-
man and Zahs, 1997). The propagation of thesg Ca

in guinea-pig vas deferens, where adenosine and thewaves in retinal glial cells results in modulation of the

adenosine Areceptor agonist CPA reduced the elec-

firing rate of neighboring retinal neurons (Newman



and Zahs, 1998). ATP may also be involved in mod-
ulating endogenous GABAergic tone by reducing the
rate of uptake of GABA by the glial Mier cells
(Neal et al., 1988).

The ATP released by amacrine cells may also be
converted into adenosine, which activates P1 purino-
ceptors. These receptors are present in large amounts

in the inner plexiform layer of the retina (Blazynski

and Perez, 1991), where the amacrine cells are lo-

cated. Activation of adenosine receptors plays an im-
portant role in the modulation of neurotransmitter

release in the retina (Blazynski and Perez, 1991; San-

tos et al., 1998a).

In conclusion, our results show that cultured retinal
neurons release ATP by a €adependent mecha-
nism, which is under tonic inhibition by adenosine
through activation of the adenosing Peceptors. Ex-
tracellular ATP may participate in visual processing.

This work was supported by Praxis XXI (Project Nos.
2/2.1/BIA/74/94 and P/BIA/10181/1998)
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