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In plant as well as in animal systems, extracellular
ATP (eATP) regulates a broad range of physiological
processes. In animals, downstream signaling events
regulated by eATP have been described before.
Among the second messengers reported to be in-
volved in eATP signaling, there are inositol phos-
phates, Ca*", cAMP, and nitric oxide (NO; Abbracchio
and Burnstock, 1998; Shen et al., 2005), but in plants
this study is in its infancy. It has been shown that Ca>"
and superoxide are required for ATP-induced re-
sponses (Demidchik et al., 2003; Song et al., 2006).
Here, we report that exogenous ATP induces NO
production in plant cells via P2-like receptors accord-
ingly to what has been revealed in animals (Shen et al.,
2005, 2006). Even though the data are consistent with
the presence of P2-like receptors in plants, they have
not been identified yet. Thus, our results suggest that
eATP-mediated production of NO is present in differ-
ent biological systems.

In animals, eATP is implicated in many physiolog-
ical functions ranging from neurotransmission to cell
death (Fredholm et al., 1994; Burnstock and Williams,
2000). eATP exerts its effect through purinergic re-
ceptors, including ligand-gated ion channels (P2X)
and G protein-coupled receptors (P2Y; Ralevic and
Burnstock, 1998). Both P2X and P2Y receptors affect
directly or indirectly intracellular calcium signaling,
resulting in a variety of downstream cellular responses.
Even though the presence of plant purinergic recep-
tors has been suggested (Song et al., 2006), the molec-
ular components involved in eATP signaling pathway
are poorly known. eATP has been implicated in dif-
ferent plant developmental processes, e.g. the inhibi-
tion of root gravitropism, polar auxin transport (Tang
et al., 2003), pollen germination (Steinebrunner et al.,
2003), and cell viability (Chivasa et al., 2005), and for
the regulation of growth in Arabidopsis (Arabidopsis
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thaliana; Wu et al., 2007). It has also been found that
eATP induces an increase in the cytosolic Ca*" con-
centration (Demidchik et al., 2003), accumulation of
reactive oxygen species, and up-regulation of gene
expression involved in plant responses to wounding
(Jeter et al., 2004 Song et al., 2006). Reactive oxygen
species and Ca?"* are 1mphcated as second messengers
in NO-regulated stress responses (Garcia-Mata et al.,
2003; Desikan et al., 2004; Lamotte et al., 2005; Laxalt
et al,, 2007). Considering that NO is a downstream
component of eATP perception in animals (Shen et al.,
2005), we hypothesize that NO is a component of
eATP-mediated plant responses.

NO is an unstable gas and a diffusible multifunc-
tional molecule involved in numerous physiological
processes in phylogenetically distant species (Gow and
Ischiropoulos, 2001). In the last decade, the role of NO
in plants has received much attention (Wendehenne
et al., 2006). Initial investigations on NO functions
demonstrated that in plants NO is a component of the
signaling pathways, remarkably similar to those found
in animals. This suggested that NO-regulated trans-
duction pathways could be common in plants and
animals (Wendehenne et al., 2001).

In this work, we investigated the effect of exogenous
ATP on NO production in tomato (Solanum lycopersi-
cum ‘Money Maker’; line Msk8) suspension-cultured
cells. Suspensmn—cultured cells were grown at 24°C in
the dark at 125 rpm in Murashige and Skoog medium
(Duchefa) supplemented with 5.4 um naphthylacetic
acid, 1 uM 6-benzyladenine, and vitamins (Duchefa).
Cultured cells of 4 to 5 d old were exposed to different
treatments in microwells for fluorometric measure-
ments for different time periods. Thus, tomato cell
suspensions were pretreated for 30 min with the
NO-specific fluorophore diaminofluorescein-FM diac-
etate (DAF-FM DA) and subsequently incubated in the
presence or absence of ATP for 60 min. Figure 1A shows
that 1 mm ATP induced high levels of NO (observed as
green fluorescence), as compared to control cells. A
dose-response experiment was quantified using a fluo-
rometer. Cells were treated with different ATP con-
centrations and adjusted at pH 5.6 in the presence of
DAEF-FM DA. Fluorescence was measured during 120
min (Fig. 1B). NO production increased as ATP con-
centration augmented (0.05 mm to 1 mm), reaching the
maximum production at 1 mM. The production of
NO was rapid and sustained at least over 120 min (Fig.
1B). In the absence of exogenous ATP, DAF-FM DA

Plant Physiology, November 2007, Vol. 145, pp. 589-592, www.plantphysiol.org © 2007 American Society of Plant Biologists 589



Foresi et al.

>

Control 1 mM ATP

Fluorescence

w Bright field

Fluorescence (AU)

20 40 60 80 100 120
Time (min)

Figure 1. Exogenous ATP induces NO production in tomato cells.
Suspension-cultured cells (‘Money Maker’ tomato; line Msk8) of 4 to 5
d old were exposed to ATP (previously adjusted to pH 5.7) in the
presence of the NO-specific fluorescent probe DAF-FM DA. Experi-
mental procedures are described in detail by Laxalt et al. (2007). A, NO
production is visualized as green fluorescence in tomato cells. Pictures
were taken 30 min after T mm ATP treatment and show general
phenomena, representative for at least six individual experiments.
Approximately 50% of viable cells show a response to eATP according
to the microscopy data. A bright-field image for each treatment is
shown below the fluorescent image. Bar = 5 um. B, Dose- and time-
response curves of NO production. Fluorescence was determined using
a microwell fluorometer over a 120-min period and expressed as
arbitrary units (AU). Error bars represent st of means. A representative
graph of three independent experiments is shown. Note that nontreated
cells show no significant fluorescence increase.

fluorescence weakly increased, indicating that a basal
level of NO production occurred in the tomato cell
suspensions (Fig. 1B). At the same concentrations, ATP
was also able to induce NO production in tobacco
(Nicotiana tabacum) BY-2 cells (data not shown). ATP
doses used did not modify cell viability measured at
120 min or overnight (data not shown). The NO-specific
scavenger 2-(4-carboxyphenyl)-44,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide diminished ATP-induced NO
production in a dose-dependent manner, indicating
that the fluorescence is caused by NO production (Fig.
2). Our results indicate that exogenous applications
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ranging from micromolar to millimolar ATP unequiv-
ocally induce NO production. Physiologically, eATP
concentrations could increase depending on the situ-
ation (Jeter et al., 2004). During wounding, the cell
membrane is broken and millimolar ATP concentra-
tions could be released into the extracellular space
(Jeter et al., 2004). In addition, other stress conditions
like mechanical stimuli and osmotic stress induce ATP
release (Jeter et al., 2004). More recently, eATP levels
were closely correlated with regions of active growth
and cell expansion (Kim et al., 2006). Remarkably, an
increase of NO production has been reported in the
above-mentioned eATP-mediated processes (Gould
et al, 2003; Correa-Aragunde et al., 2004; Huang
et al., 2004; Paris et al., 2007). We hypothesized that
NO may give rise to a component of the eATP signal-
ing pathway involved in different physiological pro-
cesses as reported in animals.

NO production in mammals mainly relies on the
activity of NO synthase, named NOS (EC 1.14.13.39).
Even if the presence of a plant NOS gene has not
been yet identified, the Arg — NO + citrulline NOS-
dependent pathway seems to be operative in plants
(del Rio et al., 2004). In plants, another well-described
source of NO is nitrate reductase (NR), although other
NO sources exist (del Rio et al.,, 2004). To examine
putative sources of NO production in ATP-treated
tomato cells, the ability of a nonhydrolyzable analog of
Arg, L-w-nitro-Arg-methyl-ester (L-NAME), was used
as an inhibitor of NO production via NOS activity.
Tungstate was used as a NR inhibitor. Figure 2 shows
that in ATP-stimulated cells the presence of either
L-NAME or tungstate decreased NO production in a
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Figure 2. NO levels are reduced by a specific NO scavenger and NOS
and NR inhibitors. Cells were preincubated for 30 min with different
concentrations (mm) of the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), the NOS inhibitor
.-NAME, or the NR inhibitor tungstate, and treated with 1 mm ATP
(+ATP) or not treated (—ATP). NO levels were measured as relative
fluorescence determined as in Figure 1B and expressed as a percentage
(100% corresponding to the gradient of NO production of ATP-treated
cells in the absence of inhibitors). The fluorescence was measured in a
120-min time interval. Error bars represent st of means (n = 3). Means
denoted with the same letter do not significantly differ at P < 0.005
according to one-way ANOVA.

Plant Physiol. Vol. 145, 2007



120

bc

=
o
o

80
ad cd ad 4
60 ad

ad

Fluorescence
(% maximal production)

20

Q'@ 3 30 100 3 30 100

¢ ATP+PPADS _ PPADS

Figure 3. ATP mediates NO production via P2-like receptors. Shown
are NO levels in cells treated with T mm ATP, ADP, AMP, or ATP-y-S.
Doses effects of the P2 antagonist PPADS (um) on 1 mm ATP-induced
NO production were measured. NO levels were measured as in
Figure1B and expressed as a percentage (100% corresponding to the
gradient of NO production of ATP-treated cells in the absence of
inhibitors). Error bars represent s of means (n = 3). Means denoted
with the same letter do not significantly differ at P < 0.005 according to
one-way ANOVA.

dose-dependent manner. These data indicate that both
NOS and NR activities are implicated in ATP-induced
NO production in tomato cells.

Many animal purinergic receptors have broad nu-
cleotide specificity (Ralevic and Burnstock, 1998), and
it has been demonstrated that higher plants exhibit
cellular responsiveness to nucleotides in a similar man-
ner. Like animals, plants respond to eATP and ADP
by increasing cytosolic Ca** concentration and showed
no response to AMP or pyrimidine base (Jeter et al.,
2004). In Arabidopsis, ATP and ADP, but not AMP,
induce superoxide production (Song et al., 2006). Fig-
ure 3 shows NO production by tomato cell suspen-
sions treated with different adenosine phosphates.
ADP and AMP slightly induced NO production, but
none of them attained the induction produced by ATP
treatment (Fig. 3). CTP and UDP did not induce NO
production (data not shown). Tomato cells were treated
with the nonhydrolyzable ATP (ATP-v-S) as an agonist
of P2-like receptor. Figure 3 shows that ATP-y-S clearly
stimulated NO production, reaching the same level
that was observed in ATP-stimulated cells. Thus, the
agonist specificity (Fig. 3) and the ATP concentration
dependency (Fig. 1B) suggest a receptor mediation of
ATP-induced NO production. Subsequently, the in-
volvement of P2 receptors in ATP-induced NO pro-
duction was tested using an antagonist. Figure 3 shows
that the nonspecific P2 receptor antagonist pyridoxal-
phosphate-6-azophenyl-2',4'-disulfonic acid (PPADS)
significantly inhibited the stimulatory effect of ATP on
NO production in a dose-dependent manner. The
inhibition by PPADS demonstrates that ATP-induced
NO production is mediated by P2 purinergic-like
receptors in tomato cells.
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As more data become available, it is evident that NO
integrates different signaling transduction pathways.
It regulates Ca®" fluxes, cGMP increases, protein ki-
nases, and phospholipase C activation (Wendehenne
et al., 2006; Laxalt et al., 2007). The fact that both e ATP
(Chivasa et al., 2005; Song et al, 2006) and NO
(Lamattina et al., 2003; Delledonne et al., 2005) have
been postulated as stress and growth signals allows us
to suggest that they probably are participating to-
gether to regulate different physiological processes
during plant growth and in response to environmental
stimuli. Functional studies will be directed to evaluate
the participation of NO on eATP-mediated processes
using mutants unpaired in NO production. More
precise information about the nature of the mecha-
nisms that mediate eATP-induced NO production will
contribute to understanding the role of this signaling
pathway in plants.
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