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Abstract
Human embryonic kidney 293 (HEK293) cells stably transfected with the rat P2X2 receptor subunit were preincubated with
200 nM progesterone (HEK293-P2X2-PROG), a potent positive allosteric modulator of homomeric P2X2 receptors, and used to
detect low nanomolar concentrations of extracellular ATP. Fura-2-loaded HEK293-P2X2-PROG cells were acutely plated on top
of cultured DH glial cells to quantify ATP release from single DH glial cells. Application of the α1 adrenoceptor agonist
phenylephrine (PHE, 20 μM) or of a low K+ (0.2 mM) solution evoked reversible increases in the intracellular calcium
concentration ([Ca2+]i) in the biosensor cells. A reversible increase in [Ca2+]i was also detected in half of the biosensor cells
following the interruption of general extracellular perfusion. All increases in [Ca2+]i were blocked in the presence of the P2X2
antagonist PPADS or after preloading the glial cells with the calcium chelator BAPTA, indicating that they were due to calcium-
dependent ATP release from the glial cells. ATP release induced by PHEwas blocked by -L-phenylalanine 2-naphtylamide (GPN)
that permeabilizes secretory lysosomes and bafilomycin A1 (Baf A1), an inhibitor of the H+-pump of acidic secretory vesicles.
By contrast, ATP release induced by application of a low-K+ solution was abolished by Baf A1 but not by GPN. Finally,
spontaneous ATP release observed after interrupting general perfusion was insensitive to both GPN and Baf A1 pretreatment.
Our results indicate that ATP is released in a calcium-dependent manner from two distinct vesicular pools and one non-vesicular
pool coexisting in DH glial cells and that noradrenaline and PHE selectively target the secretory lysosome pool.
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Introduction

The dorsal horn of the spinal cord (DH) is an important struc-
ture for the integration and the transmission of peripheral no-
ciceptive information [1–3]. It is also a strategic site where
potentially painful messages can be modulated, in particular
by descending controls originating from supraspinal centers
[3–5]. Noradrenergic projections from the brainstem have
been shown to modulate nociceptive information at the spinal

level [5, 6]. These descending noradrenergic projections to the
DH originate mainly from the Locus Coeruleus (LC) [7] and
are recruited during sustained activity of Aδ primary
nociceptors [8] or during peripheral inflammation [9, 10].

Noradrenaline (NA) can inhibit glutamate release from pri-
mary afferents [11–15], decrease the excitability of DH
neurons/interneurons [15, 16], and facilitate inhibitory
(GABAergic and glycinergic) transmission in the DH
[17–19]. From a behavioral point of view, NA and α
adrenoceptor agonists induce antinociceptive effects when ad-
ministered intrathecally [5, 20].

Adrenoceptors are expressed byDH interneurons [14–17] as
well as by DH glial cells, at least in cultures of whole spinal
cords [21]. In the DH, NA fibers form synaptic contacts with
fine dendrites of intrinsic DH neurons but not with primary
afferent terminals [22–24]. However, a large proportion of the
contacts of noradrenergic fibers do not have the features of
classical synapses suggesting the involvement of volume trans-
mission [25]. Such “non-classical” contacts seem also common

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11302-019-09673-2) contains supplementary
material, which is available to authorized users.

* Rémy Schlichter
schlichter@inci-cnrs.unistra.fr

1 Centre National de la Recherche Scientifique (UPR3212), Institut des
Neurosciences Cellulaires et Intégratives, Université de Strasbourg,
67000 Strasbourg, France

Purinergic Signalling
https://doi.org/10.1007/s11302-019-09673-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s11302-019-09673-2&domain=pdf
https://doi.org/10.1007/s11302-019-09673-2
mailto:schlichter@inci-cnrs.unistra.fr


for serotonergic and dopaminergic fibers in the DH [26, 27].
Most importantly, more than 60% of contacts formed by nor-
adrenergic and serotoninergic fibers in the DH appear to be of
the “non-synaptic” type and to be established with astrocytic
profiles [26]. These morphological results suggest that DH glial
cells might represent important targets of the descending nor-
adrenergic projections and therefore might participate in the
modulation of nociceptive messages by NA at the spinal level.

Recently, we have shown that NA selectively increased
inhibitory synaptic transmission in the DH [19]. This phenom-
enon involved α1 and α2 adrenoceptors and functional com-
munication between deep and superficial laminae of the DH
[19]. Moreover, blocking the metabolism of DH glial cells
with fluorocitrate suppressed the modulatory effect of NA
on inhibitory synaptic transmission [19], indicating a funda-
mental role of DH glia-to-neuron communication during nor-
adrenergic modulation of inhibitory synaptic transmission. In
addition, our data indicated that ATP seemed to play a major
role as a signaling molecule in this interaction [19].

Therefore, the aim of the present work was to determine
whether NA was able to trigger/modulate ATP release from
DH glial cells and to characterize the mechanisms involved in
this phenomenon. To this end, we developed and improved a
sniffer cell/biosensor system that allowed us to detect low
nanomolar concentrations of extracellular ATP and to quantify
ATP release at the single cell level with excellent spatial and
temporal resolutions.

Methods

Animal procedures

Mice were bred and housed in the animal facility
Chronobiotron, UMS3415, accredited according to EU
Directive 2010/63 and French regulations 2013-118. All pro-
cedures were conducted in conformity with the rules of the
European Communities Council Directive 2010/63/EU, and
the French regulations 2013-118. Pups were kept with their
mothers until euthanasia by decapitation which is considered
as an ethical method for very young animals.

Primary cultures of DH glial cell

Cultures of primary DH spinal cord glial cells were prepared
from neonatal 3- to 6-day-old postnatal C57BL/6mice pups of
either sex. Animals were decapitated and a laminectomy was
performed in order to expose the dorsal part of the lumbar
spinal cord. After having removed the meninges with thin
forceps, the dorsal half of the spinal cord (i.e., the region of
the dorsal horn) was harvested and placed in cold (4 °C)
Dulbecco’s modified Eagle’s medium/F-12 containing
15 mM HEPES (Gibco, France).

The collected spinal tissue was then dissociated mechani-
cally using fire-polished Pasteur glass pipettes of decreasing
tip diameters until obtaining a turbid solution containing the
dissociated cells and tissue debris. This solution was centri-
fuged at 500 RPM for 5 min. The supernatant containing large
debris was removed and discarded, and the pellet containing
the glial cells was re-suspended in 2 mL of culture medium
composed of Dulbecco’s modified Eagle’s medium supple-
mented with 10% (v/v) heat-inactivated horse serum (Gibco,
France) and 0.5% (v/v) streptomycin/penicillin (at 5000 μg/
mL and 5000 U/mL respectively, Gibco, France).

The cell suspension was seeded in the center of sterile 35-
mm standard plastic culture dishes (Corning, USA) in which a
central hole (18 mm) had been drilled and to the bottom of
which a glass coverslip had been glued, thus delimiting a
central well in the culture dish. The internal part of the glass
bottom of the dishes was coated with poly-D-lysine (0.02 mg/
mL, Sigma, France) in order to favor the attachment of the
cells. After seeding, the cultures were placed and maintained
in a 37 °Cwater-saturated incubator in an atmosphere contain-
ing air and 5% CO2. Experiments were performed on conflu-
ent cells 2–3 weeks after seeding.

Maintenance of HEK293 cells

In order to detect ATP release from cultured DH glial cells, we
used a human embryonic kidney 293 (HEK293) cell line that
was stably transfected with the rat P2X2 receptor subunit [28].
This cell line, which we will refer to as HEK293-P2X2 later in
the text, was kindly provided by Dr. François Rassendren
(Institut de Génomique Fonctionnelle, Montpellier France).
These cells express homomeric P2X2 receptors [28] and were
previously used by us to characterize P2X2 receptor-mediated
currents and their modulation by progesterone [29]. HEK293-
P2X2 cells were cultured in sterile 75-mm2 flasks (Thermo
Scientific, Denmark) in a culture medium consisting of
Dubelcco’s modified Eagle’s medium with 25 mM HEPES
(Gibco) to which were added fetal calf serum (10% v/v,
Gibco), penicillin-streptomycin (50 IU/mL each, Gibco), and
glutamax (1% v/v, Gibco). The transfected sequence contained
the rat P2X2 subunit sequence as well as a neomycin resis-
tance cassette [28]. This allowed for the selection of P2X2-
expressing HEK293 cells by culturing them in the presence of
geneticin (0.5 mg/mL, G418, Gibco). The cultures were kept
at 37 °C in a water-saturated incubator in an atmosphere com-
posed of air and 5% CO2. Before calcium imaging experi-
ments, HEK293P2X2 cells were mechanically detached from
the bottom of the culture flask by flushing the cells with a
stream of culture medium by means of a 10-mL sterile plastic
pipette. The medium containing the detached cells was then
transferred to a 15-mL sterile plastic tube (Greiner Bio-One,
Germany), and the volume was adjusted to 10 mL with stan-
dard culture medium. This solution was centrifuged at
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500 RPM for 5 min, and the pellet was re-suspended in culture
medium or extracellular medium used for calcium imaging
experiments (see below). In order to prepare cultures of
HEK293-P2X2 cells alone, cells were re-suspended in 2-mL
standard culture medium, seeded on poly-D-lysine coated
glass-bottom culture dishes and maintained as described for
DH glial cultures in the preceding section. These cultures were
used to determine the intrinsic properties of HEK293-P2X2
cells in calcium imaging experiments. Alternatively,
HEK293-P2X2 cells were used as biosensor cells to detect
ATP release from cultured DH glial cells. To this end, the
dissociated HEK293-P2X2 cells were re-suspended in 2 mL
of the serum-free HEPES buffer-based extracellular solution
used for calcium experiments, loaded with fura-2 and plated
on top of cultured DH glial cells just before the beginning of
the experiments (see below).

Calcium imaging

Loading of cells with fura-2 Cultured DH glial cells or
HEK293-P2X2 cells were washed several times with the ex-
tracellular HEPES-based extracellular solution used in all the
calcium imaging experiments. This extracellular solution was
composed of (in mM): NaCl 135, KCl 5, CaCl2 2.5, MgCl2 1,
glucose 10, and HEPES 5 (pH = 7.4). Loading of cells was
achieved by incubating them for 1 h at room temperature (22–
25 °C) in extracellular medium containing 4 μM fura-2
acetoxymethyl ester (fura-2 AM) (Molecular Probes, USA),
0.001% (w/v) pluronic acid (Molecular Probes, USA) in order
to facilitate fura-2 AM uptake by the cells. After loading, the
cells were washed with extracellular medium and used for
calcium experiments on the experimental setup.

In experiments in which HEK293-P2X2 cells were used as
biosensors for ATP release from DH glial cells, the loading
with fura-2 was performed on suspensions of HEK293-P2X2
cell (see above). This protocol was performed at room tem-
perature (22–25 °C) following a protocol similar to that de-
scribed above for glial cultures, except that the “loading-me-
dium” also contained 200 nM progesterone (PROG, Sigma-
Aldrich, USA) in order to potentiate P2X2 receptor function
[29]. After 1-h incubation, this suspension of HEK293-P2X2
cells was diluted with 9 mL of extracellular solution and cen-
trifuged at 500 RPM for 5 min. The pellet was rinsed two
times with 10 mL of extracellular solution and re-suspended
in 2 mL of extracellular solution. This suspension of fura-2-
and progesterone-loaded HEK293-P2X2 cells was then seed-
ed on top of cultured DH glial cells (200 μL per dish).

Measurements of changes in intracellular free calcium con-
centration ([Ca2+]i) To monitor changes in [Ca2+]i, culture
dishes were transferred to the stage of an inverted fluorescence
microscope (Axiovert 35; Zeiss, Gottingen, Germany) and the
cells were visualized with a × 40 oil-immersion objective

(Fluor 40; NA, 1.30; Nikon, Tokyo, Japan). The cultures were
continuously superfused with extracellular medium, the tem-
perature of which was maintained at 34 °C. Cells were
allowed to habituate to this temperature for at least 15 min
before starting the experiments. In experiments using
HEK293-P2X2 cells as ATP biosensors, the fura-2- and
progesterone-loaded cells (HEK293-P2X2-PROG cells) were
seeded on top of the glial cells once the culture dishes of glial
cells had been placed on the microscope stage. This procedure
was performed at room temperature and in the absence of
extracellular superfusion. Fifteen minutes after seeding,
HEK293-P2X2-PROG cells had attached sufficiently to the
glial cell layer and superfusion with heated extracellular solu-
tion was started. It should be noted that in biosensor experi-
ments, only HEK293-P2X2-PROG cells were loaded with
fura-2. Thus, the measured changes in [Ca2+]i were solely
due to changes in calcium levels in HEK293-P2X2-PROG
cells since glial cells did not contain fura-2.

Calcium signals were acquired with a quantitative real-time
imaging system comprising a cooled CCD camera
(CoolSNAP HQ; Roper Scientific, Tucson, AZ, USA) and
an image analysis software package (Imaging workbench
4.0; Axon Instruments, Molecular Devices). Cells were alter-
nately excited at wavelengths of 350 and 380 nm with a
lambda-10 filter wheel (Sutter instruments, USA), and emitted
light was collected above 520 nm. Pairs of images were ac-
quired every 1.1 s. Throughout the manuscript, intracellular
calcium levels and their variations are expressed as the ratio of
fluorescence signals (ratio F350/F380) measured at 520 nm af-
ter alternate excitation at 350 and 380 nm. This ratio was
calculated after background signal subtraction. All experi-
ments were performed at 34 °C.

Calcium imaging analysis For analysis, regions of interest
(ROIs) corresponding to individual cells were selected manu-
ally offline using the Imaging workbench 4.0 software (Axon
Instruments, Molecular Devices). ROIs were chosen based on
cell responsiveness to a positive control in order to avoid any
selection bias by the experimenter. For cultured glial cells, this
positive control consisted in the existence of a large transient
increase in [Ca2+]i following the local application of 30 μM
ATP at the end of the recording session. For HEK293-P2X2-
PROG cells, only those that responded with an increase in
[Ca2+]i to a low (200 nM) concentration of exogenously ap-
plied ATP were considered in the analysis. This response
corresponded to the change in [Ca2+]i triggered by the selec-
tive activation of P2X2 receptors and attested cell ability to
sense low concentrations of extracellular ATP (for details see
“Results” section and Fig. 2). In a given field, all cells
displaying an increase in [Ca2+]i following the application of
ATP were selected for analysis regardless of the fact that they
responded or not to other substances applied during the
experiment.
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The acquired florescence signals were analyzed in more
detail with the Clampfit 10.7.0 software (Molecular Devices)
which allowed us to quantify baselineF350/F380 ratio values as
well as their changes during application of pharmacological
substances. Measurements of area under the curve (AUC) of
the calcium signals in fura-2-loaded HEK293-P2X2-PROG
cells in contact with glial cells were used to quantify ATP
release from glia under control and different experimental
conditions (e.g., after treatment with vesicular release inhibi-
tors). To this end, the experimental fluorescence values were
divided by the mean F350/F380 ratio value measured before
application of the tested substance. This value was determined
over a period of 500 s preceding substance application, and
this procedure therefore normalized the basal fluorescence
ratio value to 1 and the area under the curve (AUC) value
corresponding to this control period to 500 (ratio of 1 during
500 s). Changes in ATP release were quantified by the chang-
es in the AUC value in HEK293-P2X2-PROG cells that were
induced by local application of noradrenaline, different
adrenoceptor agonists, or a low K+ containing extracellular
solution (see below). These applications lasted 150 s and the
AUC was measured over a 500-s period, which included the
150-s lasting application of the substance and a subsequent
350-s period outlasting the application time in order to include
delayed/prolonged effects on ATP release from glial cells. The
AUC determined during the 500-s period before application
was compared to that measured during the 500-s following the
onset of application of the substance to be tested. The increase
in AUC triggered by the substance reflected the increase in
ATP release from glia, since it was blocked by a P2X receptor
antagonist (see “Results” section and Fig. 3) and was never
observed in HEK293-P2X2-PROG cells cultured alone, i.e.,
in the absence of glia (online resource Fig. 7).

Pharmacological substances

Pharmacological substances to be tested were prepared as
1000 times concentrated stock solutions and diluted to their
final concentration in extracellular solution just before the
beginning of the experiments.

D,L-Noradrenaline hydrochloride, phenylephrine hydro-
chloride, clonidine hydrochloride, isoproterenol hydrochlo-
ride, adenosine triphosphate disodium salt (ATP), propranolol
hydrochloride, prazosin hydrochloride, yohimbine hydrochlo-
ride (all Sigma-Aldrich, USA), and pyridoxalphosphate-6-
azophenyl-2′,4′-disulfonic acid (PPADS) (Tocris, UK) were
prepared in distilled water and stored at − 20 °C.

Fura-2-AM (Molecular Probes, USA), 1,2-Bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis
(BAPTA-AM) (Sigma-Aldrich, USA), bafilomycin A1
(Abcam, Cambridge, UK), and glycyl-L-phenylalanine 2-
naphthylamide (GPN) (Abcam, Cambridge, UK) were pre-
pared in dimethyl sulfoxide (DMSO) and stored at 4 °C.

Progesterone (PROG, Sigma-Aldrich, USA) was prepared in
ethanol 70% (v/v) and stored at 4 °C.

Application of substances

During all calcium imaging experiments, the cells were con-
tinuously superfused with extracellular solution preheated at
34 °C. The total bath volume was 2 mL and perfusion rate was
3 mL/min. Substances to be tested were applied locally by
means of a gravity-driven multichannel perfusion device
consisting of independent 5-mL syringes connected via sepa-
rated polyethylene tubings to a common final outlet, i.e., a 0.9-
mmmetal needle placed just above the cells. The substance to
be applied was selected by opening a tap placed between the
syringe and the polyethylene tube connected to this syringe.
Outside application periods, standard extracellular solution
was continuously flowing through the application system to
the cells via one of the application channels that remained
open. During application of a substance, the tap of the control
extracellular solution channel was closed simultaneously with
the opening of the tap of the substance to be tested. The re-
verse procedure was followed at the end of the application
period of the substance.

In all experiments, we checked that switching between two
channels containing extracellular solution did not produce me-
chanical artifacts that could trigger an increase in [Ca2+]i. We
also verified that application of vehicle/solvents such as etha-
nol, H2O, or DMSO in which stock solutions of substances
were prepared did not induce changes [Ca2+]i. In some exper-
iments, increases in [Ca2+]i were triggered by applying a low
K+ solution [30, 31]. To this end, the concentration of KCl in
the extracellular solution was reduced from 5 to 0.2 mM, and
the NaCl concentration was increased from 135.0 to
139.8 mM. Application of this low K+ solution never in-
creased [Ca2+]i in HEK293-P2X2-PROG cells cultured alone
(online resource Fig. 7).

Incubation of cells with substances

In some of the experiments, DH glial cells were pre-incubated
with pharmacological substances in order to block increases in
[Ca2+]i (BAPTA-AM), release of secretory lysosomes (GPN)
or release of acidic vesicles (bafilomycin A1). All incubations
were performed at room temperature, and the substances were
added at their final concentration to the extracellular HEPES-
based medium used for calcium imaging experiments. The
concentrations and times of incubation were as follows:
BAPTA-AM (10 μM, 1 h), GPN (100 μM; 20 min), and
bafilomycin A1 (0.2 μM; 90 min). Concentration and incu-
bation times for the different substances were chosen ac-
cording to those used in similar studies and published in
the scientific literature: BAPTA-AM [32], GPN [33, 34],
and bafilomycin A1 [35].
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Fitting of dose-response curves

Dose-response curves for ATP were described with the fol-
lowing equation: y = 100/(1 + (EC50/[ATP])^AH) where y is
the proportion of responding cells and AH a Hill coefficient.

Statistical analysis

Statistical data analyses were performed using the statistical
software Kyplot 5.0. (KyensLab, Tokyo, Japan). Proportions
in contingency tables were compared with Fisher’s exact test
(http://quantpsy.org/fisher/fisher.htm). Comparison between
means was performed with paired or unpaired (as
appropriate) Student’s t test. The significance level for
statistical tests was set as α = 0.05. Symbols to indicate P
values that are used in the figures are as follows: ****P < 0.
00001 < ***P < 0.0001 < **P < 0.001 < *P < 0.05 < n.s (not
significant).

Most results are expressed as proportion of responsive cells
given as X/n where X is the number of responsive cells and n
the total number of cells tested.

The other numerical results are given as mean ± s.e.m.
(standard error to the mean).

Results

DH glial cell cultures

Our aim was to use a mixed DH glial cell culture rather than
isolated “purified” glial cell populations in order to maintain
the coexistence and the interaction between the major DH
glial cell types in culture. Different considerations indicate
that our cultures contained no neurons and mainly astrocytes.
The absence of neurons was suggested by calcium imaging
experiments showing that the application of a depolarizing
extracellular solution containing a high (50 mM) K+ concen-
tration did not induce an increase in [Ca2+]i that is typical for
neurons, including for DH neurons in culture [30, 36] (online
resource Fig. 8). The absence of neurons was most probably
due to the purely mechanical dissociation protocol that we
used. Indeed, we have a long-standing experience in the prep-
aration of primary postnatal DH mixed neuron-glia cultures
[37, 38] and we have clearly established that, in order to obtain
viable neurons, it is necessary to use an enzymatic dissociation
followed by a very mild mechanical dissociation. When me-
chanical dissociation is used alone or is too intense, neurons
do not survive.

In addition, it has been clearly established that, among glial
cells, α1 adrenoceptors are expressed by astrocytes but not by
microglia even in cell culture [39]. In our cultures, 90% of the
cells responded to the α1 adrenoceptor-specific agonist phen-
ylephrine (PHE, see below) suggesting that astrocytes were

the main glial cell type present in these cultures. Moreover,
during calcium imaging experiments, we observed that the
cells displaying an increase in [Ca2+]i upon stimulation with
PHE had a flattened star-shaped morphology that is character-
istic of astrocytes in culture.

Taken together, these arguments indicate that the majority
of cells present in our cultures appeared to be astrocytes.

Effect of NA and adrenoceptor agonists
on intracellular-free calcium concentration ([Ca2+]i)
in DH glial cells

Local application of NA (20 μM, 50 s) induced an increase in
[Ca2+]i in 86.0% of the cells tested (172/200). Three types of
responses were observed (Fig. 1a). In the majority of cases,
cells responded with a type 1 response that consisted of an
initial fast transient peak followed by lower amplitude plateau
phase that slowly declined but persisted during the whole
duration of NA application. Type 1 responses were observed
in 85.5% (147/172) of the NA-responsive DH glial cells. A
second type of response (type 2) consisted of an initial peak
followed by oscillations in [Ca2+]i that occurred during the
plateau phase. Such oscillatory responses were recorded in
11.0% (19/172) of the cells. Finally, a small proportion of
cells, i.e., 3.5% (6/172), displayed a type 3 response that
consisted of a single initial peak with no detectable plateau
phase or oscillations in [Ca2+]i.

We next tested the classical α1, β, and α2 adrenoceptor ago-
nists phenylephrine (PHE, 20 μM), isoproterenol (ISO, 10 μM),
and clonidine (CLO, 20 μM), respectively. As illustrated in Fig.
1b, PHE, ISO, and CLO induced increases in [Ca2+]i in 95.0%
(132/139), 23.7% (47/198), and 6.1% (7/114) of the cells, respec-
tively. The proportion of responses to PHE was significantly
reduced to 5.1% (4/79) in the presence of the α1 adrenoceptor
antagonist prazosin (2 μM) (Fisher’s exact test, P = 9.4 × 10−45).
Similarly, the proportion of responses to ISO was significantly
reduced to 7.0% (4/57) by the β adrenoceptor antagonist pro-
pranolol (20 μM) (Fisher’s exact test, P = 0.03). By contrast, the
proportion of responses to CLO was very low (6.1% see above)
and not significantly modified by theα2 adrenoceptor antagonist
yohimbine (1μM) (1.7%, 1/58, Fisher’s exact test;P = 0.265). In
agreement with these observations, we found that a cocktail of
prazosin, propranolol, and yohimbine virtually abolished the re-
sponses to NA (5.1%, 4/79, Fisher’s exact test; P = 4.0 × 10−38).
Figure 1c summarizes the proportions of types 1, 2, and 3 re-
sponses observed following the application of NA, PHE, ISO,
and CLO. Interestingly, in the majority of cases (90.2%, 101/
112), the responses triggered by PHE could be reproduced at
least 2 times in the same cells (online resource Fig. 9).

Taken together, our results suggest that NA increased
[Ca2+]i in about 90% cultured DH glial cells and that this
effect was largely mimicked both qualitatively and quantita-
tively by the α1-agonist PHE. In addition, about 25% of the

Purinergic Signalling

http://quantpsy.org/fisher/fisher.htm


cells displayed a response to ISO but virtually none to CLO.
We therefore decided to investigate in more detail the effects
of PHE and NA on the release of ATP from DH glial cells.

Detection of extracellular ATP by an improved
biosensor system

In order to detect the release of ATP fromDH glial cells and its
modulation by NA and PHE, we used a biosensor/sniffer cell
approach. We chose this option because, once released in the
extracellular space, ATP is rapidly metabolized by
ectonucleotidases [40–42] making it difficult to detect accu-
rately this short-lived molecule. We decided to use HEK293
cells stably transfected with rat P2X2 receptors (HEK293-

P2X2) [28] as a detection system for extracellular ATP, since
these receptors are highly permeable to Ca2+ ions [43] and
Ca2+ influx through these receptors can be detected by calci-
um indicators such as fura-2. The general idea of our approach
was to plate fura-2-loaded HEK293-P2X2 cells on top of cul-
tured DH glial cells. Under these conditions, changes in
[Ca2+]i measured in HEK293-P2X2 cells will reflect and al-
low to monitor the changes in ATP release from glial cells
following the application of NA and PHE (see below) with
good spatial and temporal resolutions.

When ATP was applied to HEK293-P2X2 cells cultured
alone and loaded with fura-2, we observed an increase in
[Ca2+]i. The dose-response relationship illustrating the propor-
tion cells displaying an increase in [Ca2+]i for increasing

Fig. 1 Effect of noradrenaline (NA) and different adrenoceptor agonists
on [Ca2+]i in cultured fura-2-loaded DH glial cells. a Application of NA
(20 μM, 50 s) elicited three types of [Ca2+]i responses that consisted of a
peak and a plateau (type 1), oscillations in [Ca2+]i (type 2), or a single
initial peak (type 3). b Effect of different classical adrenoceptor agonists
on [Ca2+]i in DH glial cells. Phenylephrine (PHE 20 μM, 50 s), an α1
adrenoceptor agonist, reproduced the effect of NA, whereas isoproterenol
(ISO, 10 μM, 50 s), a β adrenoceptor agonist, or clonidine (CLO 20 μM,
50 s), an α2 adrenoceptor agonist, increased [Ca2+]i in very small frac-
tions of cells. The effects of the adrenoceptor agonists were significantly
reduced by classical antagonists of these receptors, i.e., prazosin (Praz,
2 μM), an α1 adrenoceptor antagonist, propranolol (Prop, 20 μM), a β

adrenoceptor antagonist but not yohimbine (Yoh, 1 μM), an α2
adrenoceptor antagonist. The effect of NA was potently reduced by a
combination of all three antagonists. Fisher’s exact test ****P < 0.0001,
***P < 0.001, *P < 0.05, n.s. not significant. In this and following fig-
ures, the ratios of numbers above the columns of the histograms indicate
the proportion of responding cells. c Occurrence of type 1, 2, and 3
responses among DH glial cells that responded to NA (20 μM), PHE
(20 μM), CLO (20 μM), or ISO (10 μM). The total number of cells
sampled is given by n and indicated below the histograms for each agonist
tested. In this and following figures, the single numbers above the col-
umns of the histograms indicate the number of responding cells within the
total sample
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concentrations of ATP applied is illustrated in Fig. 2a. The
apparent EC50 of ATP was 0.75 ± 0.02 μM. Under these con-
ditions, it was difficult to detect low nanomolar concentrations
of ATP. Indeed, application of 200 nM ATP triggered small
calcium responses in only 5.3% (4/76) of the cells (Fig. 2b),
corresponding approximately to the EC5 of our dose-response
curve. However, we have previously shown that rat P2X2
receptors can be strongly and selectively potentiated by the

steroid/neurosteroid progesterone (PROG) [29]. Figure 2b
shows that acute application of PROG (5 μM) to HEK293-
P2X2 cells for 100 s did not evoke any significant increase in
[Ca2+]i. However, when ATP (200 nM), which initially trig-
gered small and rare responses before PROG application, was
applied to HEK293-P2X2 cells after they had been exposed to
PROG (5 μM), it evoked large increases in [Ca2+]i in the large
majority of the cells (75.9%, 41/54, Fig. 2b). PROG, PROG-

Fig. 2 Characterization of the ATP biosensor detector system. a
Proportion of HEK293 cells stably transfected with the rat P2X2
subunit (HEK293-P2X2 cells) responding to various concentrations of
locally applied ATP. The dose-response relationship of ATP on
HEK293-P2X2 cells (open circles) indicated an apparent EC50 of 0.75
± 0.02 μM. When cells were preincubated for 1 h with 200 nM PROG
(HEK293-P2X2-PROG, filled circles), the dose-response curve was
shifted to the left (EC50 of 0.10 ± 0.01 μM) reflecting an increased detec-
tion capacity at low ATP concentrations. Each point represents mean ±
s.e.m. (32 ≤ n ≤ 142 cells and 3 ≤ n ≤ 5 experiments per data point). b A
low concentration of ATP (200 nM) triggered small amplitude increases
in [Ca2+]i in a small fraction of HEK293-P2X2 cells. Application of
PROG (5 μM) alone did not induce a change in [Ca2+]i. However, after

PROG application, a larger fraction of HEK293-P2X2 displayed [Ca2+]i
responses following ATP (200 nM) application, indicating an increase in
detection capacity of ATP by these cells. c The fraction of cells
responding to 200 nM ATP was significantly increased after incubation
with PROG (200 nM, 1h) and persisted for at least 90 min after PROG
wash-out without significant attenuation. Fisher’s exact test,
****P < 0.00001, n.s. not significant. n.s. applies to each of the individual
time points (30, 60, 90) compared to time point 0. d In cells preincubated
with a low concentration of PROG (200 nM) for 1 h (HEK293-P2X2-
PROG), a low concentration of ATP (200 nM) induced large increases in
[Ca2+]i that were completely and reversibly blocked by the P2X2 receptor
antagonist PPADS (50 μM)
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derived metabolites, and other steroids are lipophilic mole-
cules that solubilize easily in the hydrophobic part of the plas-
ma membrane where they remain for considerable periods of
time [44, 45]. In agreement with this, we noticed that the
potentiating effect of PROG (5 μM) persisted after the end
of the application of PROG (Fig. 2b). Similar observations
were made when HEK293-P2X2 cells were incubated for
1 h with a much lower concentration of PROG (200 nM),
and this phenomenon was quantified in a sample of 54 cells
(Fig. 2c). After preincubation with 200 nM PROG for 1 h, the
potentiating effect of PROG lasted for at least 90 min without
significant attenuation (Fig. 2c). The effect of PROG was due
to the positive modulation of P2X2 receptors because ATP
receptors mediating the increase in [Ca2+]i were blocked by
the P2X2 receptor antagonist PPADS (50 μM) (Fig. 2d). After
PROG exposure, none of the cells tested (0/41) displayed an
increase [Ca2+]i to ATP (200 nM) in the presence of PPADS
(50 μM) (Fisher’s exact test, P = 1.6 × 10−17). Moreover, ATP
(200 nM) rarely induced an increase in [Ca2+]i in non-
transfected HEK293 cells (5.3%; 2/38) and these responses
were not inhibited by PPADS (50 μM). The complete dose-
response relationship for ATP after PROG (200 nM, 1 h) is
illustrated in Fig. 2a. After PROG pretreatment, the EC50 val-
ue decreased to 0.10 ± 0.01 μM yielding a 7.5-fold increase in
the sensitivity of ATP detection in our system.

Taken together, these results suggest that PROG-
potentiated P2X2 receptors stably expressed by HEK293 cells
represent an excellent tool to detect low nanomolar concentra-
tions of extracellular ATP.

Quantification of ATP release from cultured DH glial
cells

In order to detect and quantify ATP release from cultured glial
cells, HEK293-P2X2 cells were loaded with fura-2-AM and
incubated with 200 nM PROG for 1 h at room temperature
and then plated on top of confluent DH glial cell cultures (see
“Methods” section). Since only HEK293-P2X2 cells were
loaded with fura-2, changes in [Ca2+]i reflected either sponta-
neously occurring calcium fluctuations in these cells and/or
activation of P2X2 receptors by ATP released from DH glial
cells in close contact with the HEK293-P2X2 cells.

In an initial set of experiments, we quantified the sponta-
neously occurring changes in [Ca2+]i in HEK293-P2X2 cells
pre-incubated with PROG but cultured alone (i.e., in the ab-
sence of DH glial cells). Under these conditions, the [Ca2+]i
levels were usually very stable and rarely displayed spontane-
ously occurring peaks in [Ca2+]i (6.8%; 10/146). When ob-
served, the frequency of peaks was very low (2.8 × 10−3 ±
4.4 × 10−4 Hz, n = 10). Moreover, these cells rarely displayed
increases in [Ca2+]i following the application of NA (20 μM)
nor PHE (20 μM). Indeed, we observed an increase in F350/
F380 ratio in only 2% (2/99) of the cells, and this change

consisted of a single peak (type 3 response in Fig. 1a).
Calcium peaks occurring spontaneously in HEK293-P2X2-
PROG cells plated on top of DH glial cells were also relatively
rare and represented 11.9% of the cases (19/160). This pro-
portion of cells was not significantly different from that of
HEK293-P2X2-PROG displaying calcium peak in the ab-
sence of DH glial cells (Fischer’s exact test; P = 0.17).
Moreover, the mean frequency of peaks was not different from
that in the absence of glia (3.0 × 10−3 ± 2.1 × 10−4 Hz, n = 42;
Fisher’s exact test; P = 0.75).

In contrast, when PROG-loaded HEK293-P2X2 cells
(HEK293-P2X2-PROG) were seeded on top of DH glial cell
cultures, application of NA (20 μM) or PHE (20 μM) induced
the appearance of peak-like increases of [Ca2+]i in the
HEK293-P2X2-PROG cells (Fig. 3a1, b1). In 23 cases,
HEK293-P2X2-PROG cells displayed spontaneous calcium
peaks before the application of NA (20 μM). The mean fre-
quency of peaks was of 3.0 × 10−3 ± 2.8 × 10−4 Hz (n = 23).
After application of NA (20 μM), the frequency of peaks
significantly increased to 4.3 × 10−3 ± 3.3 × 10−4 Hz (n = 23,
Fisher’s exact test; P = 0.007). Similarly, in 19 cases,
HEK293-P2X2-PROG cells displayed spontaneous calcium

�Fig. 3 Detection of ATP release from DH glial cells by HEK293-P2X2-
PROG cells and its modulation by NA and PHE. HEK293-P2X2 cells
preincubated with PROG (200 nM, 1 h) were plated on top of DH glial
cells and served as detectors of ATP released from the glia. Only
HEK293-P2X2-PROG cells were loaded with fura-2. a1 Application of
NA (20 μM, 150 s) induced and increase in [Ca2+]i in a biosensor
HEK293-P2X2-PROG cell. The response consisted of peak-like in-
creases in the fura-2 fluorescence ratio (F350/F380) observed not only
during NA application but also after the end of the application. a2
Histogram showing the occurrence of fluorescence ratio peaks before,
during, and after application of NA (20 μM, 150 s). The histogram was
obtained by pooling the observations from 89 different biosensor cells.
Note the very small number of peaks before NA application and the
increase in the number of peaks during and following NA application.
b1, b2 Application of PHE (20 μM, 150 s) mimicked the effect of NA.
Histogram obtained by pooling the observations from 68 biosensor cells.
cWhen DH glial cells were preloaded with the calcium chelator BAPTA-
AM (10μM, 1 h) before adding theHEK293-P2X2-PROG cells on top of
them, application of PHE (20 μM) failed to induce any change in F350/
F380 fluorescence ratio, indicating that ATP was no longer released from
DH glial cells under these conditions. d In the steady presence of PPADS
(50 μM) added to the extracellular medium, PHE did not induce changes
in [Ca2+]i, demonstrating that the calcium signals induced by PHE were
mediated by P2X2 receptors present on the detector HEK293-P2X2-
PROG cells. e Quantification of ATP release from DH glial cells by
calculating the area under the curve (AUC) of the calcium signal mea-
sured in the detector HEK293-P2X2-PROG cells. The AUC was deter-
mined over a period of 500 s before (baseline, BL) and after the applica-
tion of PHE for individual cells under different experimental conditions:
standard conditions (PHE), when DH glial cells were preloaded with
BAPTA (PHE (BAPTA)) and in the steady presence of PPADS in the
extracellular medium (PHE + PPADS). Statistical comparisons were
made between PHE and corresponding BL for each experimental condi-
tion using a paired Student’s t test. ****P < 0.0001; n.s. not significant).
Values of AUC are expressed in arbitrary units (a.u.). n values are be-
tween 68 and 87
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peaks before the application of PHE (20 μM). The mean fre-
quency of peaks was of 3.0 × 10−3 ± 3.2 × 10−4 Hz (n = 19).
After application of PHE (20 μM), the frequency of peaks
significantly increased to 4.4 × 10−3 ± 5.6 × 10−4 Hz (n = 19,
Fisher’s exact test; P = 4.0 × 10−3).

In order to facilitate the representation of the effects of NA
and PHE on calcium peaks, data from all responsive cells were
pooled. These data are presented in Fig. 3a2, b2 under the
form of histograms of the number of calcium peaks as a func-
tion of time before, during, and after the application of NA and

PHE. Application of NA (20 μM) or PHE (20μM) induced an
increase in the number of [Ca2+]i peaks that outlasted the
duration of NA or PHE application.

Interestingly, an increase in the number/frequency of calci-
um peaks by NA or PHE could be induced only by the first
application of these agonists. A second application, even if
performed 1000 s after the first application did not induce
the appearance or the increase in frequency of [Ca2+]i peaks,
whereas effects on calcium responses in DH glial cells alone
could be reproduced at least two times (see above). The
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calcium signals induced by PHE were never observed when
DH glial cells were pre-loaded with BAPTA-AM (0/87, Fig.
3c) or when PPADS (50 μM) was added to the extracellular
medium (0/71, Fig. 3d).

In order to quantify more precisely the changes in [Ca2+]i
that occurred in HEK293-P2X2-PROG cells, we determined
the area under the curve (AUC) of the fura-2 signal and nor-
malized each signal by dividing it by the value of the baseline,
thus allowing to compare the results between different cells (see
“Methods” section for more details). This was done for equiv-
alent periods of time (i.e., 500 s) before and after application of
PHE. As shown in Fig. 3e, PHE significantly increased the
AUC from 504.8 ± 1.1 a.u. (arbitrary units) to 518.2 ± 5.0 a.u.
(n = 68, paired Student’s t test; P = 6.2 × 10−4). The effect of
PHE was abolished by PPADS (50 μM) or after loading the
DH glial cells with the calcium chelator BAPTA-AM (Fig. 3e).
In the presence of PPADS (50 μM), the AUC was of 503.8 ±
1.6 a.u. before and of 502.0 ± 2.3 a.u. after application of PHE
(20 μM) (n = 70). These values did not differ significantly
(paired Student’s t test; P = 0.37). When DH glial cells were
preincubated with BAPTA-AM, the AUC was of 505.0 ±
1.1 a.u. before and of 506.0 ± 0.9 a.u. after application of
PHE (20 μM) (n = 87). These values did not differ significantly
(paired Student’s t test; P = 0.27).

These results show that the increase in [Ca2+]i involved
the activation of PPADS-sensitive P2X2 receptors
expressed by HEK293-P2X2 cells. Moreover, BAPTA
specifically loaded into DH glial cells blocked the chang-
es in [Ca2+]i observed in HEK293-P2X2 cells indicating
that these changes were due to a calcium-dependent re-
lease of ATP from the cultured DH glial cells.

Effect of reducing extracellular K+ concentration
on the release of ATP

Since NA and PHE triggered calcium-dependent release of
ATP from cultured DH glial cells (see preceding section),
we wondered whether other stimuli that increase [Ca2+]i were
able to induce ATP release from these cells.

It has been reported that application of an extracellular
solution containing a low concentration of K+ ions (low K+)
can induce the rise in [Ca2+]i in astrocytes by activating Ba

2+-
sensitive Kir4.1 inwardly rectyfing K+ channels [30, 31]. We
therefore first tested the effect of applying a low K+ solution
(in which the concentration of K+ was reduced from 5 to
0.2 mM) to cultured DH glial cells loaded with fura-2.
Application of this low K+ solution rapidly induced a rise in
[Ca2+]i that lasted for the whole duration of the application
(Fig. 4a). Increases in [Ca2+]i were observed in a large major-
ity cultured DH glial cells tested (87.1%, 54/62). Moreover,
this increase in [Ca2+]i could be reproduced several times in
the same cells when applied at an interval of 1000 s (Fig. 4a).
This low K+-induced response was totally blocked (0/31)

when 2 mM Ba2+ was added to the extracellular solution.
Interestingly, when tested under the same experimental condi-
tions, the low K+ solution never induced a rise in [Ca2+]i in
PROG-treated HEK293-P2X2 cells cultured alone (0/150).

When we applied a low K+ medium to fura-2-loaded DH
glial cells, we observed an increase in [Ca2+]i in 87.1% (54/
62) of them (Fig. 4b). This proportion was unaffected in the
presence of PPADS (50 μM) in the extracellular medium
(88.6%, 39/4, P = 1.0) but significantly reduced after
preloading of the glial cells with BAPTA-AM (3.2%, 1/31,
P = 6.0 × 10−16).

Application of the low K+ solution to co-cultures of DH
glial cells and PROG-treated fura-2-loaded HEK293-P2X2
resulted in an increase in [Ca2+]i in the HEK293-P2X2 cells
(Fig. 4c). Such an effect was observed in 64.1% (84/131) of
the recorded cells. None of the of HEK293-P2X2-PROG on
top DH glial cells displayed an increase in [Ca2+]i in the pres-
ence of PPADS (50 μM) in the extracellular medium (0.0%,
0/42, Fisher’s exact test, P = 1.5 × 10−15) and the proportion of
HEK293-P2X2-PROG with a calcium response was signifi-
cantly reduced when the DH glial cells were preloaded with
BAPTA-AM (0.0%, 0/37, Fisher’s exact test; P = 8.6 × 10−14)
(data not illustrated).

We further quantified this response by determining the rel-
ative AUC for each response (Fig. 4d). In the absence of any
treatment, the AUC of the calcium response induced by low
K+ was of 523.0 ± 4.0 a.u. (n = 131). The AUC was of 503.7
± 0.6 a.u. (= 42) in the presence of PPADS and of 503.2 ±
1.1 a.u. (= 37) after preloading the DH glial cells with
BAPTA-AM (Fig. 4d). These values were significantly differ-
ent from the AUC of the low K+ calcium response measured
in the absence of any treatment: PPADS, unpaired Student’s t
test; P = 4.9 × 10−4; and BAPTA-AM, unpaired Student’s t
test; P = 1.9 × 10−4).

Taken together, these results suggested that application of a
low K+ solution activated Ba2+-sensitive (most probably
Kir4.1) channels that triggered an increase in [Ca2+]i which
in turn led to a calcium-dependent release of ATP that was
sensed by the transfected P2X2 receptors.

Distinct vesicular pools of ATP are mobilized by NA
and low K+ stimulation of cultured DH glial cells

In order to check whether calcium-dependent ATP release
involved intracellular vesicles, we tested the effects of
bafilomycin A1 (Baf A1) and glycyl-L-phenylalanine 2-
naphtylamide (GPN). Bafilomycin A1 blocks the activity of
the proton pump present on acidic vesicles that generates the
pH gradient across the vesicle membrane that is necessary for
the loading of the vesicles with the transmitter. Baf A1 acts on
all types of acidic vesicles including light clear vesicles and
secretory lysosomes [35, 46]. GPN is a substrate of cathepsin
C, a lysosomal peptidase present in lysosomes [47]. GPN is
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taken up by secretory lysosomes, and following hydrolysis by
cathepsin C, it generates fragments that accumulate inside the
secretory lysosomes and rapidly induces an intra-lysosomal
hypertonic condition that leads to the permeabilization of
these secretory lysosomes to lowmolecular weight substances
[33, 34]. Incubation with GPN therefore induces a selective
functional perturbation of secretory lysosomes [33, 34, 48].
We first verified that pretreatment with GPN and/or Baf A1
did not directly affect the change in [Ca2+]i triggered by PHE
or low K+ solution in DH glial cells cultured alone.

Figure 5a summarizes the effects of GPN (Fig. 5a2) and
Baf A1 (Fig. 5a3) on changes in [Ca2+]i measured in fura-2-
loaded, PROG-treated HEK293-P2X2 cells plated on top of

cultured DH glial cells. When glial cells were pretreated with
GPN, the proportion of responses to PHE was strongly de-
creased (6.3%, 5/80, Fisher’s exact test; P = 2.8 × 10−18) and
that responding to lowK+was slightly reduced (41.3%, 33/80,
Fisher’s exact test; P = 2.0 × 10−3). After preincubation of the
glial cells with Baf A1, there was a significant reduction of the
proportion of the responses to PHE (11.8%, 8/68, Fisher’s
exact test; P = 3.7 × 10−13) as well as to low K+ (5.9%, 3/51,
Fisher’s exact test; P = 7.7 × 10−12).

When glial cells were pretreated with GPN, the baseline
value (BL) of the AUC was of 503.4 ± 1.1 a.u. (n = 80) and
that after PHE (20 μM), application was of 503.8 ± 1.7 a.u.
(n = 80). These values were not significantly different (paired

Fig. 4 Application of a low K+ solution induced calcium-dependent ATP
release from DH glial cells. a In fura-2-loaded DH glial cells, local ap-
plication of an extracellular solution in which the concentration of K+ was
lowered to 0.2 mM (low K+ solution) triggered an increase in [Ca2+]i that
lasted as long as the solution was applied and then rapidly returned to pre-
application baseline levels. This effect of the low K+ solution on [Ca2+]i
could be repeated at least two times in the same cell. b The proportion of
DH glial cells displaying an increase in [Ca2+]i following the application
of the low K+ solution was not affected in the presence of PPADS
(50 μM) in the extracellular medium (88.6%, 39/44, Fisher’s exact test,
P > 0.05 n.s.) but strongly reduced when the glial cells were preloaded

with the calcium chelator BAPTA (Fisher’s exact test, ****P < 0.0001). c
When fura-2-loaded HEK293-P2X2-PROG cells were plated on top of
DH glial cells, application of a low K+ solution triggered an increase in
[Ca2+]i indicative of ATP release fromDHglial cells. d Themean AUC of
the calcium signals measured in detector HEK293-P2X2-PROG cells
following the application of the low K+ solution was also significantly
reduced when P2X2 receptors were blocked in the steady state presence
of PPADS (50 μM) (unpaired Student’s t test, ***P < 0.001) or when DH
glial cells were preloaded with BAPTA-AM (unpaired Student’s t test,
***P < 0.001). Number of cells was between 37 and 131
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Student’s t test; P = 0.84). In the experiments with low K+

applied to GPN-treated glial cells, the AUC measured in
HEK203-P2X2-PROG cells on top of the glia under resting
conditions was of 502.7 ± 1.7 a.u. (n = 80). This value signif-
icantly increased to 514.2 ± 3.1 a.u. (n = 80, Paired Student’s t
test; P = 3.1 × 10−6) after application of low K+.

When glial cells were pretreated with Baf A1, the base-
line value (BL) of the AUC was of 504.0 ± 1.0 a.u. (n =
68) and that after PHE (20 μM), application was of 505.0
± 1.3 a.u. (n = 68). These values were not significantly
different (paired Student’s t test; P = 0.16). In the experi-
ments with low K+ applied to Baf A1-treated glial cells,
the AUC measured in HEK203-P2X2-PROG cells on top
of the glia under resting conditions was of 501.9 ± 1.1 a.u.

(n = 51) and of 501.2 ± 1.2 a.u. (n = 51, Paired Student’s t
test; P = 3.1 × 10−6) after application of low K+. These
values were not significantly different (paired Student’s t
test, P = 0.39).

To summarize, pretreatment of cultured glial cells
with GPN suppressed the increase in [Ca2+]i induced
by PHE (20 μM) application but not that induced by
the low K+ solution, whereas pretreatment with Baf A1
suppressed both responses to PHE and low K+. These
results indicated that ATP can be released from a secre-
tory lysosomal (GPN-sensitive) pool as well as from
and a non-lysosomal (Baf A1-senstitive) pool. Our data
also show that PHE targets selectively the secretory ly-
sosomal pool.

Fig. 5 Characterization of vesicular ATP release from DH glial cells and
its modulation by PHE and low K+. a Comparison of calcium responses
in detector HEK293-P2X2-PROG cells plated on top of DH cultured glial
cells under different experimental conditions: no treatment of glial cells
(a1), pretreatment of DH glial cell cultures with GPN (100 μM, 20 min,
a2), or with Baf A1 (0.2 μM, 90 min, a3). In each situation, we tested the
application of PHE (20 μM), of a low K+ solution, and of ATP (200 nM).
Note that GPN or Baf A1 pretreatment abolished ATP release induced by
PHE, but that only Baf A1 but not GPN prevented the release of ATP

following low K+ stimulation. In all cases, application of ATP (200 nM)
increased [Ca2+]i in the detector HEK293-P2X2-PROG cells indicating
that they were able to detect low concentrations of ATP. b, c
Quantification of the effects of pretreatment with GPN (b) or Baf A1
(c) by determination of the area under the curve (AUC) of the recorded
calcium signals. The bars indicate mean values and error bars represent
s.e.m. Paired Student’s t test, ***P < 0.001, n.s. not significant. Number
of cells per bar was n = 80 for b and between 51 and 68 in c. BL baseline.
Values of AUC are expressed in arbitrary units (a.u.)
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Spontaneous release of ATP from cultured DH glial
cells

As mentioned above, HEK293-P2X2-PROG cells plated
on DH glial cells rarely displayed spontaneously occur-
ring peaks/changes in [Ca2+]i, i.e., in the absence of an
application of NA or PHE, indicating that spontaneous
vesicular release was a rare phenomenon under our basal
experimental conditions. One reason for apparently not
detecting spontaneous release might be that ATP released
from DH glia under basal conditions did not reach a local
concentration sufficient to significantly activate P2X2 re-
ceptors in the detector cells. We therefore decided to favor
accumulation of ATP released from DH glial cells by
temporari ly interrupting (stopping) the constant
superfusion of the cells with extracellular solution. Such
stop/flow experiments have been used previously to

demonstrate ATP release from cultured astrocytes follow-
ing mechanical or electrical stimulation of the glial cells
[49]. Figure 6a, b shows that stopping the general and
local superfusion induced a significant increase in the
F350/F380 fluorescence ratio in 55.4% (46/83) of the de-
tector HEK293-P2X2-PROG cells. When extracellular
superfusion was switched on again, the fluorescence ratio
returned to control levels, i.e., to a value close to that
recorded before stopping the flow of extracellular solu-
tion, thereby indicating that the increase in [Ca2+]i in the
detector cells was reversible. This increase in [Ca2+]i was
due to the activation of P2X2 receptors by ATP because
the fraction of cells displaying an increase in fluorescence
ratio was significantly reduced (7.6%; 4/60, Fisher’s exact
test P = 3.7 × 10−10) in the steady state presence of PPADS
(50 μM) in the extracellular solution (Fig. 6a, b). There
was also a significant reduction of the fraction of cells

Fig. 6 Identification of a spontaneous calcium-dependent but non-
vesicular release of ATP from cultured DH glial cells. In order to detect
low levels of spontaneously occurring ATP release from DH glial cells,
the continuous superfusion with extracellular medium (flow condition)
was interrupted (stop condition) allowing a time-dependent local accu-
mulation of extracellular ATP. a Stopping the general and local
superfusion triggered a rapid and sustained increase in [Ca2+]i measured
in the HEK293-P2X2-PROG detector cells plated on top of cultured DH
glial cells (top trace: control). Note that the [Ca2+]i value rapidly returned
to baseline values once the superfusion was turned on again (flow condi-
tion). The change in [Ca2+]i triggered by stopping general superfusion

was not observed when the extracellular medium contained PPADS
(50 μM) to block P2X2 receptors (PPADS condition) or when DH glial
cells were preloaded with the calcium chelator BAPTA-AM (BAPTA in
glia condition), but persisted when glial cells were pretreated with Baf A1
to suppress the release of acidic secretory vesicles (Baf. A1 in glia con-
dition). b Quantification of the experiments illustrated in a. The percent-
age of cells responding with an increase in [Ca2+]i when the general
superfusion was stopped is displayed as a function the different experi-
mental conditions. The numbers above the columns indicate the propor-
tions (Fisher’s exact test, ****P < 0.0001, n.s. not significant)
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displaying an increase in F350/F380 ratio when glial cells
were preloaded with the calcium chelator BAPTA-AM
(4.5%, 2/44, Fisher’s exact test P = 2.3 × 10−9; Fig. 6). In
contrast, pretreating the DH glial cells with Baf A1 in
order to block vesicular release of ATP (see above) did
not significantly change the fraction of detector cells
displaying an increase in [Ca2+]i following the interrup-
tion of extracellular superfusion (Fig. 6a) (67.7%; 25/37,
Fisher’s exact test P = 0.23; Fig. 6).

Taken together, our results suggest the existence of a spon-
taneous ATP release from DH glial cells. This release is
calcium-dependent but does not involve acidic vesicles.

Discussion

Our results demonstrate that NA induced/stimulated the re-
lease of ATP from cultured DH glial cells. This effect relied
on the activation of α1 adrenoceptors and the calcium-
dependent fusion of secretory lysosomes with the plasma
membrane. The detection of the release of low nanomolar
concentrations of ATP at the single cell level was possible
owing to the development of an improved sniffer cell system
consisting of HEK293 cells expressing rat P2X2 receptors that
are strongly and selectively potentiated by the steroid proges-
terone (PROG). This system provided very good sensitivity to
ATP and excellent spatial and time resolutions. It also allowed
us to demonstrate at the single cell level the coexistence of
distinct vesicular and non-vesicular calcium-dependent re-
lease mechanisms of ATP [50, 51].

Improved sniffer cell detection system
for the detection of ATP release from DH glial cells

ATP is an important extracellular signaling molecule that can
be released from various cell types including neurons and glial
cells [49, 52–55]. ATP is also recognized as a major
gliotransmitter that underlies calcium wave propagation in
glial networks and modulation of electrical activity in neuro-
nal networks [49, 54–58] including in the DH of the spinal
cord [37, 38, 59]. A major limit for the precise detection and
quantification of ATP release is its rapid degradation by extra-
cellular ectonucleotidases [40–42] which strongly reduce the
lifetime of ATP in the extracellular space once it has been
released. This is a serious challenge when trying to quantify
low concentrations of extracellular ATP, in particular at the
single cell level. Several approaches have been developed to
try to resolve this issue. One of these consists of using
calcium-permeable ionotropic ATP receptors (P2X receptors)
as detection/detector elements. HEK293 cells transfected with
P2X2 or mutant P2X3 receptors have been used successfully
for detecting ATP release from glial cells [58, 60]. We found,
when using a calcium imaging approach, that simply

expressing P2X2 receptors in HEK293 cells did not improve
the ATP detecting capacity of these cells that naturally express
metabotropic P2Y receptors [61, 62]. Indeed, our results show
that non-transfected and HEK293 cells transfected with rat
P2X2 receptors displayed a similar EC50 for ATP that was in
the micromolar range (0.75 μM) and therefore too high for
reliably detecting low nanomolar concentrations of ATP (see
“Results” section and Fig. 2a). However, we have previously
shown that homomeric P2X2 receptors are strongly and selec-
tively potentiated by the steroid/neurosteroid PROG [29]. In
line with this finding, preincubation of the HEK293-P2X2
cells with PROG increased by sevenfold the sensitivity of
the cells to ATP, shifting the EC50 for ATP to 0.1 μM.
Moreover, the high oil-water partition coefficient of steroids/
neurosteroids such as PROG and PROG derivatives which is
> 50,000 [45] provides an ideal situation in which these sub-
stances can rapidly gain access to the lipophilic compartment
of the plasma membrane where they remain trapped for long
periods of time. The residence/dwell time of these lipophilic
substances within the membrane will bemainly determined by
a combination of slow wash out (diffusion into the extracellu-
lar medium) and metabolism of the substances within the cell
[44]. Once in the hydrophobic part of the membrane bilayer,
these steroids can diffuse laterally and interact with integral
membrane proteins to modulate their activity, as it has been
shown for the positive allosteric modulation and direct activa-
tion of GABAA receptors [45, 63–65]. A similar effect is
probably involved in the potentiation of P2X2 receptors by
PROG [29]. Whatever the mechanism involved, we noticed
that when the HEK293-P2X2 receptors were in contact with
PROG, i.e., 5 μM for 100 s or 200 nM for 1 h, we observed a
robust potentiation of P2X2 receptor activity that lasted for at
least 3 h after removing PROG from the extracellular solution.
We took advantage of this situation and incubated the
HEK293-P2X2 cells alone with 200 nMPROG before plating
them on top of the cultured DH glial cells, thus avoiding to
expose the glial cells directly to PROG. This system allowed
us to reliably detect ATP release not only from the DH glial
cells (see below) but also from neurons such as primary sen-
sory neurons (online resource Fig. 10). More generally, we
think that this detection system could be useful for the study
of ATP release from virtually every cell type.

Vesicular ATP release from cultured DH glial cells
and its modulation by NA

The improved sniffer cell system described above allowed us
to clearly detect NA-evoked ATP release from DH glial cells.
Application of NA or the specific α1 adrenoceptor agonist
PHE-induced peak-like [Ca2+]i transients in the detector
HEK293-P2X2-PROG cells. These transients were absent
when the DH glial cells were loaded with the calcium chelator
BAPTA-AM or when the extracellular medium contained

Purinergic Signalling



PPADS, an antagonist of P2X2 receptors. These results indi-
cated that activation of α1 adrenoceptors in DH glial cells
induced calcium-dependent release of ATP that was detected
by the HEK293-P2X2-PROG cells. This calcium-dependent
release apparently resembled that described for vesicular re-
lease of ATP, glutamate, aspartate, or D-serine from astrocytes
in the CNS [66, 67]. In line with these studies, ATP release
induced by PHE from our cultured DH glial cells was
completely blocked when the DH glial cells were pretreated
with Baf A1, an inhibitor of the proton pump present on the
membrane of acidic secretory vesicles, preventing the loading
of the vesicles by the transmitter [35, 46]. Most interestingly,
calcium-dependent ATP release induced by α1 adrenoceptor
stimulation was also blocked when DH glial cells were treated
with GPN, a small peptide-like molecule that is selectively
taken up by secretory lysosomes and leads to their selective
functional perturbation [34, 47, 48]. The complete suppres-
sion of PHE-induced ATP release by GPN suggested that α1

adrenoceptor stimulation selectively recruited a pool of secre-
tory lysosomes and induced their exocytosis. This is consis-
tent with previous studies in which it was shown that ATP
release from hippocampal and cortical astrocytes seems to
involve mainly secretory lysosomes [33, 34, 68, 69].

However, we observed that a release of ATP independent of
α1 adrenoceptor stimulation was still possible after selectively
affecting secretory lysosomes with GPN. Indeed, it has been
shown that in astrocytes, application of a low K+ containing
solution induced an increase in [Ca2+]i by activating inwardly
rectifying Kir4.1 K+ channels [30, 31]. In our DH glia cultures,
application of a low K+ solution increased [Ca2+]i in the vast
majority (87%) of cells and this led to the release of ATP that
could be detected by the HEK293-P2X2-PROG sniffer cells
(see Fig. 5). Like for the PHE effect, low K+-induced ATP
release was blocked by BAPTA loading of the glial cells or
by pretreating the cells with Baf A1. Yet, pretreatment of the
DH glia with GPN did not block the effect of low K+ on ATP
release, whereas ATP release induced by PHE was completely
suppressed under these conditions. This clearly pointed to the
existence of a second pool of vesicles mediating calcium-
dependent ATP release that was distinct from secretory lyso-
somes and that could be recruited by application of a low K+

solution but neither by NA nor PHE. This pool could corre-
spond to the small clear vesicle pool or the large dense-core
vesicle pool that are present in astrocytes [69].

Spontaneous release of ATP from DH glial cells

Transiently/temporarily interrupting the continuous
superfusion of the cells with extracellular solution allowed
us to reveal an increase in [Ca2+]i in approximately half of
the sniffer HEK293-P2X2-PROG cells seeded on top of the
DH glial cells. This increase in [Ca2+]i was inhibited by
PPADS or preloading the glial cells with BAPTA indicating

that this increase in [Ca2+]i reflected the release of ATP from at
least a subset of glial cells. The fact that only half of the
detector cells displayed such an increase in [Ca2+]i might also
reflect that only a fraction of the sniffer cells was appropriately
positioned (i.e., close to the release sites of ATP) to detect ATP
release. The fraction of responsive cells might therefore be a
lower estimate of the fraction of glial cells that are able to
release ATP spontaneously. Most importantly, spontaneous
ATP release was still present after blocking vesicular ATP
release from acidic vesicles by Baf A1 pretreatment but was
suppressed when glial cells were preloaded with BAPTA. The
study of the exact cellular mechanisms underlying spontane-
ous ATP release was beyond the main scope of our study and
was not further investigated. However, in line with literature
concerning ATP release from glial cells, the non-vesicular
spontaneous release of ATP observed in our model might
possibly involve release of ATP through ATP-permeable
membrane channels, or membrane transporters [50, 51, 55].

Physiological considerations

ATP release from DH glia Our results confirm that secretory
lysosomes are important for ATP release from DH glial cells.
Moreover, this lysosomal pool of ATP is apparently the selec-
tive target of NA-mediated regulation of ATP release from
these cells. The stimulation of ATP release by NA involved
α1 adrenoceptors that are coupled to phospholipase C activa-
tion [55]. Lysosome-mediated ATP release has been shown to
underlie propagation of calcium waves in glial networks and
glia-to-neuron communication [69]. Interestingly, another ve-
sicular but non-lysosomal pool of ATP could be released when
[Ca2+]i was increased by application of a low K+ solution [30,
31]. In heterologous expression systems transfected with
Kir4.1 channels, a decrease in extracellular K+ concentration
([K+]o) to a final concentration of 2 mM was sufficient to
trigger important increases in [Ca2+]i in about 40% of the
recorded cells [31]. Decreases in [K+]o following neuronal
activity (K+ undershoot) have been observed in the cortex
[70], the hippocampus [71], and the spinal cord [72]. It re-
mains to be established if the observed decreases in [K+]o
observed are sufficient to trigger rises in [Ca2+]i under physi-
ological conditions. Important reductions in [K+]o might be
achieved in very localized regions where the volume of extra-
cellular space is particularly small. Finally, the spontaneous
calcium-dependent and non-vesicular release of ATP is of
particular interest. This release might serve homeostatic pur-
poses by locally allowing the production of adenosine [73] but
might also represent an important element for basal and
activity-dependent signaling within the glial network and be-
tween the glial and neuronal networks.

ATP and NA systems in the DH Stimulation of glial ATP re-
lease by NA contained in the descending axons of Locus
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Coeruleus neurons might participate in the control of
nociception [5, 19, 74]. ATP is an important extracellular sig-
naling molecule [52, 75] that plays a role in sensory transmis-
sion [76], in particular in nociceptive transmission [77]. In the
spinal cord, ATP can be released from neurons and glial cells
[38, 59] and receptors for ATP are expressed by both cell types
[52, 53, 78]. Different P2X receptor subunits are expressed in
the DH [79], and their expression appears to increase during
the postnatal period, in particular in the deep DH of the spinal
cord [80]. Glial cells play a role in setting basal threshold for
mechanical nociception [81], and ATP release participates in
the development of neuropathic pain [82, 83]. Moreover, P2X
receptors have been shown to participate in the processing of
nociceptive signals in the DH and glial cells seem to be in-
volved in this phenomenon [84].

The noradrenergic innervation of the DH involves axons of
neurons having their cell bodies in the Locus Coeruleus [7,
85]. In the rat, noradrenergic axons are observed in the DH at
birth and display a high affinity uptake mechanism for NA
that reaches its adult-like characteristics during the third post-
natal week [86]. The development of functional adrenoceptors
follows a similar time course although the presence of norad-
renergic fibers is apparently not necessary for the pattern of
expression of the receptors [86].

In conclusion, our results show for the first time the coex-
istence of three distinguishable pools of ATP and mechanisms
of ATP release from postnatal DH glial cells. In the DH of the
spinal cord, this ATP release and its modulation by NA or
other neurotransmitters might play a pivotal role in the mod-
ulation of nociceptive signaling.

Acknowledgments We would like to thank Mrs. Catherine Moreau and
Mrs. Chantal Fitterer for excellent technical assistance. This work was
supported by the Centre National de la Recherche Scientifique, Université
de Strasbourg, and the French National Research Agency (ANR) contract
ANR-17-EURE-0022.

V.E. was the recipient of an Initiative d’Excellence (IdEx) fellowship
in the framework of the Investissement d’Avenir program of the
Université de Strasbourg.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable international, national, and institutional
guidelines for care and use of animals were followed.

References

1. Basbaum AI, Bautista DM, Scherrer G, Julius D (2009) Cellular
and molecular mechanisms of pain. Cell 139(2):267–284. https://
doi.org/10.1016/j.cell.2009.09.028

2. Cordero-Erausquin M, Inquimbert P, Schlichter R, Hugel S (2016)
Neuronal networks and nociceptive processing in the dorsal horn of

the spinal cord. Neuroscience 338:230–247. https://doi.org/10.
1016/j.neuroscience.2016.08.048

3. MillanMJ (1999) The induction of pain: an integrative review. Prog
Neurobiol 57(1):1–164

4. Fields H (2004) State-dependent opioid control of pain. Nat Rev
Neurosci 5(7):565–575. https://doi.org/10.1038/nrn1431

5. Pertovaara A (2006) Noradrenergic pain modulation. Prog
Neurobiol 80(2):53–83. https://doi.org/10.1016/j.pneurobio.2006.
08.001

6. Budai D, Harasawa I, Fields HL (1998) Midbrain periaqueductal
gray (PAG) inhibits nociceptive inputs to sacral dorsal horn noci-
ceptive neurons through alpha2-adrenergic receptors. J
Neurophysiol 80(5):2244–2254

7. LyonsWE, Fritschy JM, Grzanna R (1989) The noradrenergic neu-
rotoxin DSP-4 eliminates the coeruleospinal projection but spares
projections of the A5 and A7 groups to the ventral horn of the rat
spinal cord. J Neurosci 9(5):1481–1489

8. Hitoto T, Tsuruoka M, Hiruma Y, Matsui Y (1998) A delta afferent
fiber stimulation activates descending noradrenergic system from
the locus coeruleus. Neurochem Res 23(12):1461–1465

9. Tsuruoka M, Hitoto T, Hiruma Y, Matsui Y (1999) Neurochemical
evidence for inflammation-induced activation of the coeruleospinal
modulation system in the rat. Brain Res 821(1):236–240

10. Tsuruoka M, Tamaki J, Maeda M, Hayashi B, Inoue T (2012)
Biological implications of coeruleospinal inhibition of nociceptive
processing in the spinal cord. Front Integr Neurosci 6:87. https://
doi.org/10.3389/fnint.2012.00087

11. Feng YP, Yang K, Li YQ (2002) Norepinephrine depresses the
capsaicin-evoked miniature excitatory postsynaptic currents in
substantia gelatinosa of the rat spinal cord. Neurosci Lett 322(2):
99–102

12. Funai Y, Pickering AE, Uta D, Nishikawa K, Mori T, Asada A,
Imoto K, Furue H (2014) Systemic dexmedetomidine augments
inhibitory synaptic transmission in the superficial dorsal horn
through activation of descending noradrenergic control: an in vivo
patch-clamp analysis of analgesic mechanisms. Pain 155(3):617–
628. https://doi.org/10.1016/j.pain.2013.12.018

13. Hickey L, Li Y, Fyson SJ, Watson TC, Perrins R, Hewinson J,
Teschemacher AG, Furue H, Lumb BM, Pickering AE (2014)
Optoactivation of locus ceruleus neurons evokes bidirectional
changes in thermal nociception in rats. J Neurosci 34(12):4148–
4160. https://doi.org/10.1523/JNEUROSCI.4835-13.2014

14. Kawasaki Y, Kumamoto E, Furue H, Yoshimura M (2003) Alpha 2
adrenoceptor-mediated presynaptic inhibition of primary afferent gluta-
matergic transmission in rat substantia gelatinosa neurons.
Anesthesiology 98(3):682–689 doi:00000542-200303000-00016 [pii]

15. SonohataM, Furue H, Katafuchi T, Yasaka T, Doi A, Kumamoto E,
Yoshimura M (2004) Actions of noradrenaline on substantia gela-
tinosa neurones in the rat spinal cord revealed by in vivo patch
recording. J Physiol 555 (Pt 2):515–526. doi:https://doi.org/10.
1113/jphysiol.2003.054932

16. North RA, Yoshimura M (1984) The actions of noradrenaline on
neurones of the rat substantia gelatinosa in vitro. J Physiol 349:43–55

17. Baba H, Goldstein PA, Okamoto M, Kohno T, Ataka T, Yoshimura
M, Shimoji K (2000) Norepinephrine facilitates inhibitory trans-
mission in substantia gelatinosa of adult rat spinal cord (part 2):
effects on somatodendritic sites of GABAergic neurons.
Anesthesiology 92 (2):485–492

18. BabaH, Shimoji K, YoshimuraM (2000) Norepinephrine facilitates
inhibitory transmission in substantia gelatinosa of adult rat spinal
cord (part 1): effects on axon terminals of GABAergic and
glycinergic neurons. Anesthesiology 92(2):473–484

19. Seibt F, Schlichter R (2015) Noradrenaline-mediated facilitation of
inhibitory synaptic transmission in the dorsal horn of the rat spinal
cord involves interlaminar communications. Eur J Neurosci 42(9):
2654–2665. https://doi.org/10.1111/ejn.13077

Purinergic Signalling

https://doi.org/10.1016/j.cell.2009.09.028
https://doi.org/10.1016/j.cell.2009.09.028
https://doi.org/10.1016/j.neuroscience.2016.08.048
https://doi.org/10.1016/j.neuroscience.2016.08.048
https://doi.org/10.1038/nrn1431
https://doi.org/10.1016/j.pneurobio.2006.08.001
https://doi.org/10.1016/j.pneurobio.2006.08.001
https://doi.org/10.3389/fnint.2012.00087
https://doi.org/10.3389/fnint.2012.00087
https://doi.org/10.1016/j.pain.2013.12.018
https://doi.org/10.1523/JNEUROSCI.4835-13.2014
https://doi.org/10.1113/jphysiol.2003.054932
https://doi.org/10.1113/jphysiol.2003.054932
https://doi.org/10.1111/ejn.13077


20. Yaksh TL (1985) Pharmacology of spinal adrenergic systems which
modulate spinal nociceptive processing. Pharmacol Biochem
Behav 22(5):845–858

21. Hosli E, Hosli L (1982) Evidence for the existence of alpha- and
beta-adrenoceptors on neurones and glial cells of cultured rat central
nervous system–an autoradiographic study. Neuroscience 7(11):
2873–2881

22. Hagihira S, Senba E, Yoshida S, TohyamaM,Yoshiya I (1990) Fine
structure of noradrenergic terminals and their synapses in the rat
spinal dorsal horn: an immunohistochemical study. Brain Res
526(1):73–80. https://doi.org/10.1016/0006-8993(90)90251-6

23. Holstege JC, Bongers CM (1991) Ultrastructural aspects of the
coeruleo-spinal projection. Prog Brain Res 88:143–156

24. Satoh K, Kashiba A, Kimura H, Maeda T (1982) Noradrenergic
axon terminals in the substantia gelatinosa of the rat spinal cord:
an electron-microscopic study using glyoxylic acid-potassium per-
manganate fixation. Cell Tissue Res 222(2):359–378

25. Rajaofetra N, Ridet JL, Poulat P, Marlier L, Sandillon F, GeffardM,
Privat A (1992) Immunocytochemical mapping of noradrenergic
projections to the rat spinal cord with an antiserum against nor-
adrenaline. J Neurocytol 21(7):481–494

26. Ridet JL, Rajaofetra N, Teilhac JR, Geffard M, Privat A (1993)
Evidence for nonsynaptic serotonergic and noradrenergic innerva-
tion of the rat dorsal horn and possible involvement of neuron-glia
interactions. Neuroscience 52(1):143–157

27. Ridet JL, Sandillon F, Rajaofetra N, Geffard M, Privat A (1992)
Spinal dopaminergic system of the rat: light and electron micro-
scopic study using an antiserum against dopamine, with particular
emphasis on synaptic incidence. Brain Res 598(1–2):233–241.
https://doi.org/10.1016/0006-8993(92)90188-f

28. Stoop R, Thomas S, Rassendren F, Kawashima E, Buell G,
Surprenant A, North RA (1999) Contribution of individual subunits
to the multimeric P2X(2) receptor: estimates based on
methanethiosulfonate block at T336C. Mol Pharmacol 56(5):973–
981

29. De Roo M, Boue-Grabot E, Schlichter R (2010) Selective potenti-
ation of homomeric P2X2 ionotropic ATP receptors by a fast non-
genomic action of progesterone. Neuropharmacology 58(3):569–
577. https://doi.org/10.1016/j.neuropharm.2009.12.002

30. Dallwig R, Vitten H, Deitmer JW (2000) A novel barium-sensitive
calcium influx into rat astrocytes at low external potassium. Cell
Calcium 28(4):247–259. https://doi.org/10.1054/ceca.2000.0153

31. Hartel K, Singaravelu K, Kaiser M, Neusch C, Hulsmann S,
Deitmer JW (2007) Calcium influx mediated by the inwardly rec-
tifying K+ channel Kir4.1 (KCNJ10) at low external K+ concen-
tration. Cell Calcium 42(3):271–280. https://doi.org/10.1016/j.
ceca.2006.12.004

32. Innocenti B, Parpura V, Haydon PG (2000) Imaging extracellular
waves of glutamate during calcium signaling in cultured astrocytes.
J Neurosci 20(5):1800–1808

33. Li D, Ropert N, Koulakoff A, Giaume C, Oheim M (2008)
Lysosomes are the major vesicular compartment undergoing
Ca2+-regulated exocytosis from cortical astrocytes. J Neurosci
28(30):7648–7658. https://doi.org/10.1523/JNEUROSCI.0744-
08.2008

34. Zhang Z, ChenG, ZhouW, Song A, Xu T, Luo Q,WangW, GuXS,
Duan S (2007) Regulated ATP release from astrocytes through ly-
sosome exocytosis. Nat Cell Biol 9(8):945–953. https://doi.org/10.
1038/ncb1620

35. Yoshimori T, Yamamoto A, Moriyama Y, Futai M, Tashiro Y
(1991) Bafilomycin A1, a specific inhibitor of vacuolar-type H(+
)-ATPase, inhibits acidification and protein degradation in lyso-
somes of cultured cells. J Biol Chem 266(26):17707–17712

36. Petitjean H, Hugel S, Barthas F, Bohren Y, Barrot M, Yalcin I,
Schlichter R (2014) Activation of transient receptor potential
vanilloid 2-expressing primary afferents stimulates synaptic

transmission in the deep dorsal horn of the rat spinal cord and elicits
mechanical hyperalgesia. Eur J Neurosci 40(8):3189–3201. https://
doi.org/10.1111/ejn.12688

37. Hugel S, Schlichter R (2000) Presynaptic P2X receptors facilitate
inhibitory GABAergic transmission between cultured rat spinal
cord dorsal horn neurons. J Neurosci 20(6):2121–2130

38. Jo YH, Schlichter R (1999) Synaptic corelease of ATP and GABA
in cultured spinal neurons. Nat Neurosci 2(3):241–245

39. Hertz L, Lovatt D, Goldman SA, Nedergaard M (2010)
Adrenoceptors in brain: cellular gene expression and effects on
astrocytic metabolism and [Ca(2+)]i. Neurochem Int 57(4):411–
420. https://doi.org/10.1016/j.neuint.2010.03.019

40. Dunwiddie TV, Diao L, Proctor WR (1997) Adenine nucleotides
undergo rapid, quantitative conversion to adenosine in the extracel-
lular space in rat hippocampus. J Neurosci 17(20):7673–7682

41. Zimmermann H (1999) Two novel families of ectonucleotidases:
molecular structures, catalytic properties and a search for function.
Trends Pharmacol Sci 20(6):231–236

42. Zimmermann H (2000) Extracellular metabolism of ATP and other
nucleotides. Naunyn Schmiedeberg's Arch Pharmacol 362(4–5):
299–309

43. Egan TM, Khakh BS (2004) Contribution of calcium ions to P2X
channel responses. J Neurosci 24(13):3413–3420

44. Akk G, Covey DF, Evers AS, Steinbach JH, Zorumski CF,
Mennerick S (2007) Mechanisms of neurosteroid interactions with
GABA(A) receptors. Pharmacol Ther 116(1):35–57. https://doi.
org/10.1016/j.pharmthera.2007.03.004

45. Akk G, Shu HJ, Wang C, Steinbach JH, Zorumski CF, Covey DF,
Mennerick S (2005) Neurosteroid access to the GABAA receptor. J
Neurosci 25(50):11605–11613. https://doi.org/10.1523/
JNEUROSCI.4173-05.2005

46. Bowman EJ, Siebers A, Altendorf K (1988) Bafilomycins: a class
of inhibitors of membrane ATPases from microorganisms, animal
cells, and plant cells. Proc Natl Acad Sci U S A 85(21):7972–7976

47. Jadot M, Colmant C, Wattiaux-De Coninck S, Wattiaux R (1984)
Intralysosomal hydrolysis of glycyl-L-phenylalanine 2-
naphthylamide. Biochem J 219(3):965–970

48. Haller T, Dietl P, Deetjen P, Volkl H (1996) The lysosomal com-
partment as intracellular calcium store in MDCK cells: a possible
involvement in InsP3-mediated Ca2+ release. Cell Calcium 19(2):
157–165

49. Hassinger TD, Guthrie PB, Atkinson PB, Bennett MV, Kater SB
(1996) An extracellular signaling component in propagation of as-
trocytic calcium waves. Proc Natl Acad Sci U S A 93(23):13268–
13273

50. Blum AE, Joseph SM, Przybylski RJ, Dubyak GR (2008) Rho-
family GTPases modulate Ca(2+) -dependent ATP release from
astrocytes. Am J Physiol Cell Physiol 295(1):C231–C241. https://
doi.org/10.1152/ajpcell.00175.2008

51. Dubyak GR (2012) Function without form: an ongoing search for
maxi-anion channel proteins. Focus on “maxi-anion channel and
pannexin 1 hemichannel constitute separate pathways for
swelling-induced ATP release in murine L929 fibrosarcoma cells”.
Am J Physiol Cell Physiol 303(9):C913–C915. https://doi.org/10.
1152/ajpcell.00285.2012

52. Burnstock G (2006) Historical review: ATP as a neurotransmitter.
Trends Pharmacol Sci 27(3):166–176. https://doi.org/10.1016/j.
tips.2006.01.005

53. Fields RD, Burnstock G (2006) Purinergic signalling in neuron-glia
interactions. Nat Rev Neurosci 7(6):423–436. https://doi.org/10.
1038/nrn1928

54. Guthrie PB, Knappenberger J, Segal M, Bennett MV, Charles AC,
Kater SB (1999) ATP released from astrocytes mediates glial calci-
um waves. J Neurosci 19(2):520–528

Purinergic Signalling

https://doi.org/10.1016/0006-8993(90)90251-6
https://doi.org/10.1016/0006-8993(92)90188-f
https://doi.org/10.1016/j.neuropharm.2009.12.002
https://doi.org/10.1054/ceca.2000.0153
https://doi.org/10.1016/j.ceca.2006.12.004
https://doi.org/10.1016/j.ceca.2006.12.004
https://doi.org/10.1523/JNEUROSCI.0744-08.2008
https://doi.org/10.1523/JNEUROSCI.0744-08.2008
https://doi.org/10.1038/ncb1620
https://doi.org/10.1038/ncb1620
https://doi.org/10.1111/ejn.12688
https://doi.org/10.1111/ejn.12688
https://doi.org/10.1016/j.neuint.2010.03.019
https://doi.org/10.1016/j.pharmthera.2007.03.004
https://doi.org/10.1016/j.pharmthera.2007.03.004
https://doi.org/10.1523/JNEUROSCI.4173-05.2005
https://doi.org/10.1523/JNEUROSCI.4173-05.2005
https://doi.org/10.1152/ajpcell.00175.2008
https://doi.org/10.1152/ajpcell.00175.2008
https://doi.org/10.1152/ajpcell.00285.2012
https://doi.org/10.1152/ajpcell.00285.2012
https://doi.org/10.1016/j.tips.2006.01.005
https://doi.org/10.1016/j.tips.2006.01.005
https://doi.org/10.1038/nrn1928
https://doi.org/10.1038/nrn1928


55. Verkhratsky A, Nedergaard M (2018) Physiology of Astroglia.
Physiol Rev 98(1):239–389. https://doi.org/10.1152/physrev.
00042.2016

56. Boue-Grabot E, Pankratov Y (2017) Modulation of central synap-
ses by astrocyte-released ATP and postsynaptic P2X receptors.
Neural Plast 2017:9454275. https://doi.org/10.1155/2017/9454275

57. Haydon PG (2001) GLIA: listening and talking to the synapse. Nat
Rev Neurosci 2(3):185–193

58. Lalo U, Palygin O, Rasooli-Nejad S, Andrew J, Haydon PG,
Pankratov Y (2014) Exocytosis of ATP from astrocytes modulates
phasic and tonic inhibition in the neocortex. PLoS Biol 12(1):
e1001747. https://doi.org/10.1371/journal.pbio.1001747

59. Scemes E, Suadicani SO, Spray DC (2000) Intercellular communi-
cation in spinal cord astrocytes: fine tuning between gap junctions
and P2 nucleotide receptors in calcium wave propagation. J
Neurosci 20(4):1435–1445

60. Pangrsic T, Potokar M, Stenovec M, Kreft M, Fabbretti E, Nistri A,
Pryazhnikov E, Khiroug L, Giniatullin R, Zorec R (2007)
Exocytotic release of ATP from cultured astrocytes. J Biol Chem
282(39):28749–28758. https://doi.org/10.1074/jbc.M700290200

61. Atwood BK, Lopez J, Wager-Miller J, Mackie K, Straiker A (2011)
Expression of G protein-coupled receptors and related proteins in
HEK293, AtT20, BV2, and N18 cell lines as revealed by microar-
ray analysis. BMC Genomics 12:14. https://doi.org/10.1186/1471-
2164-12-14

62. Fischer W, Franke H, Groger-Arndt H, Illes P (2005) Evidence for
the existence of P2Y1,2,4 receptor subtypes in HEK-293 cells:
reactivation of P2Y1 receptors after repetitive agonist application.
Naunyn Schmiedeberg's Arch Pharmacol 371(6):466–472. https://
doi.org/10.1007/s00210-005-1070-6

63. Hosie AM, Wilkins ME, da Silva HM, Smart TG (2006)
Endogenous neurosteroids regulate GABAA receptors through
two discrete transmembrane sites. Nature 444(7118):486–489.
https://doi.org/10.1038/nature05324

64. Inquimbert P, Rodeau JL, Schlichter R (2008) Regional differences
in the decay kinetics of GABA(A) receptor-mediated miniature
IPSCs in the dorsal horn of the rat spinal cord are determined by
mitochondrial transport of cholesterol. J Neurosci 28(13):3427–
3437. https://doi.org/10.1523/JNEUROSCI.5076-07.2008

65. Shu HJ, Eisenman LN, Jinadasa D, Covey DF, Zorumski CF,
Mennerick S (2004) Slow actions of neuroactive steroids at
GABAA receptors. J Neurosci 24(30):6667–6675. https://doi.org/
10.1523/JNEUROSCI.1399-04.2004

66. Gundersen V, Storm-Mathisen J, Bergersen LH (2015) Neuroglial
transmission. Physiol Rev 95(3):695–726. https://doi.org/10.1152/
physrev.00024.2014

67. Harada K, Kamiya T, Tsuboi T (2015) Gliotransmitter release from
astrocytes: functional, developmental, and pathological implica-
tions in the brain. Front Neurosci 9:499. https://doi.org/10.3389/
fnins.2015.00499

68. Jaiswal JK, Fix M, Takano T, Nedergaard M, Simon SM (2007)
Resolving vesicle fusion from lysis to monitor calcium-triggered
lysosomal exocytosis in astrocytes. Proc Natl Acad Sci U S A
104(35):14151–14156. https://doi.org/10.1073/pnas.0704935104

69. Verderio C, Cagnoli C, Bergami M, Francolini M, Schenk U,
Colombo A, Riganti L, Frassoni C, Zuccaro E, Danglot L,
Wilhelm C, Galli T, Canossa M, Matteoli M (2012) TI-VAMP/
VAMP7 is the SNARE of secretory lysosomes contributing to
ATP secretion from astrocytes. Biol Cell 104(4):213–228. https://
doi.org/10.1111/boc.201100070

70. Heinemann U, Lux HD (1975) Undershoots following stimulus-
induced rises of extracellular potassium concentration in cerebral
cortex of cat. Brain Res 93(1):63–76

71. D'Ambrosio R, Gordon DS, Winn HR (2002) Differential role of
KIR channel and Na(+)/K(+)-pump in the regulation of extracellu-
lar K(+) in rat hippocampus. J Neurophysiol 87(1):87–102. https://
doi.org/10.1152/jn.00240.2001

72. Jendelova P, Sykova E (1991) Role of glia in K+ and pH homeo-
stasis in the neonatal rat spinal cord. Glia 4(1):56–63. https://doi.
org/10.1002/glia.440040107

73. Pascual O, Casper KB, Kubera C, Zhang J, Revilla-Sanchez R, Sul
JY, Takano H, Moss SJ, McCarthy K, Haydon PG (2005)
Astrocytic purinergic signaling coordinates synaptic networks.
Science 310(5745):113–116. https://doi.org/10.1126/science.
1116916

74. Millan MJ (2002) Descending control of pain. Prog Neurobiol
66(6):355–474

75. Burnstock G (2007) Physiology and pathophysiology of purinergic
neurotransmission. Physiol Rev 87(2):659–797. https://doi.org/10.
1152/physrev.00043.2006

76. Nakatsuka T, Gu JG (2006) P2X purinoceptors and sensory trans-
mission. Pflugers Arch 452(5):598–607. https://doi.org/10.1007/
s00424-006-0057-6

77. Tsuda M, Tozaki-Saitoh H, Inoue K (2010) Pain and purinergic
signaling. Brain Res Rev 63(1–2):222–232. https://doi.org/10.
1016/j.brainresrev.2009.11.003

78. North RA (2002) Molecular physiology of P2X receptors. Physiol
Rev 82(4):1013–1067

79. Collo G, North RA, Kawashima E, Merlo-Pich E, Neidhart S,
Surprenant A, Buell G (1996) Cloning of P2X5 and P2X6 receptors
and the distribution and properties of an extended family of ATP-
gated ion channels. J Neurosci 16(8):2495–2507

80. Shiokawa H, Nakatsuka T, Furue H, Tsuda M, Katafuchi T, Inoue
K, Yoshimura M (2006) Direct excitation of deep dorsal horn
neurones in the rat spinal cord by the activation of postsynaptic
P2X receptors. J Physiol 573 (Pt 3):753–763. doi:https://doi.org/
10.1113/jphysiol.2006.108613

81. Foley JC, McIver SR, Haydon PG (2011) Gliotransmission modu-
lates baseline mechanical nociception. Mol Pain 7:93. https://doi.
org/10.1186/1744-8069-7-93

82. Ji RR, Berta T, Nedergaard M (2013) Glia and pain: is chronic pain
a gliopathy? Pain 154(Suppl 1):S10–S28. https://doi.org/10.1016/j.
pain.2013.06.022

83. Masuda T, Ozono Y, Mikuriya S, Kohro Y, Tozaki-Saitoh H,
Iwatsuki K, Uneyama H, Ichikawa R, Salter MW, Tsuda M,
Inoue K (2016) Dorsal horn neurons release extracellular ATP in
a VNUT-dependent manner that underlies neuropathic pain. Nat
Commun 7:12529. https://doi.org/10.1038/ncomms12529

84. Aoyama R, Okada Y, Yokota S, Yasui Y, Fukuda K, Shinozaki Y,
Yoshida H, Nakamura M, Chiba K, Yasui Y, Kato F, Toyama Y
(2011) Spatiotemporal and anatomical analyses of P2X receptor-
mediated neuronal and glial processing of sensory signals in the rat
dorsal horn. Pain 152(9):2085–2097. https://doi.org/10.1016/j.pain.
2011.05.014

85. Fritschy JM, Lyons WE, Mullen CA, Kosofsky BE, Molliver ME,
Grzanna R (1987) Distribution of locus coeruleus axons in the rat
spinal cord: a combined anterograde transport and immunohisto-
chemical study. Brain Res 437(1):176–180. https://doi.org/10.
1016/0006-8993(87)91541-1

86. Singer HS, Coyle JT, Vernon N, Kallman CH, Price DL (1980) The
development of catecholaminergic innervation in chick spinal cord.
Brain Res 191(2):417–428

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Purinergic Signalling

https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1155/2017/9454275
https://doi.org/10.1371/journal.pbio.1001747
https://doi.org/10.1074/jbc.M700290200
https://doi.org/10.1186/1471-2164-12-14
https://doi.org/10.1186/1471-2164-12-14
https://doi.org/10.1007/s00210-005-1070-6
https://doi.org/10.1007/s00210-005-1070-6
https://doi.org/10.1038/nature05324
https://doi.org/10.1523/JNEUROSCI.5076-07.2008
https://doi.org/10.1523/JNEUROSCI.1399-04.2004
https://doi.org/10.1523/JNEUROSCI.1399-04.2004
https://doi.org/10.1152/physrev.00024.2014
https://doi.org/10.1152/physrev.00024.2014
https://doi.org/10.3389/fnins.2015.00499
https://doi.org/10.3389/fnins.2015.00499
https://doi.org/10.1073/pnas.0704935104
https://doi.org/10.1111/boc.201100070
https://doi.org/10.1111/boc.201100070
https://doi.org/10.1152/jn.00240.2001
https://doi.org/10.1152/jn.00240.2001
https://doi.org/10.1002/glia.440040107
https://doi.org/10.1002/glia.440040107
https://doi.org/10.1126/science.1116916
https://doi.org/10.1126/science.1116916
https://doi.org/10.1152/physrev.00043.2006
https://doi.org/10.1152/physrev.00043.2006
https://doi.org/10.1007/s00424-006-0057-6
https://doi.org/10.1007/s00424-006-0057-6
https://doi.org/10.1016/j.brainresrev.2009.11.003
https://doi.org/10.1016/j.brainresrev.2009.11.003
https://doi.org/10.1113/jphysiol.2006.108613
https://doi.org/10.1113/jphysiol.2006.108613
https://doi.org/10.1186/1744-8069-7-93
https://doi.org/10.1186/1744-8069-7-93
https://doi.org/10.1016/j.pain.2013.06.022
https://doi.org/10.1016/j.pain.2013.06.022
https://doi.org/10.1038/ncomms12529
https://doi.org/10.1016/j.pain.2011.05.014
https://doi.org/10.1016/j.pain.2011.05.014
https://doi.org/10.1016/0006-8993(87)91541-1
https://doi.org/10.1016/0006-8993(87)91541-1

	High-resolution...
	Abstract
	Introduction
	Methods
	Animal procedures
	Primary cultures of DH glial cell
	Maintenance of HEK293 cells
	Calcium imaging
	Pharmacological substances
	Application of substances
	Incubation of cells with substances
	Fitting of dose-response curves
	Statistical analysis

	Results
	DH glial cell cultures
	Effect of NA and adrenoceptor agonists on intracellular-free calcium concentration ([Ca2+]i) in DH glial cells
	Detection of extracellular ATP by an improved biosensor system
	Quantification of ATP release from cultured DH glial cells
	Effect of reducing extracellular K+ concentration on the release of ATP
	Distinct vesicular pools of ATP are mobilized by NA and low K+ stimulation of cultured DH glial cells
	Spontaneous release of ATP from cultured DH glial cells

	Discussion
	Improved sniffer cell detection system for the detection of ATP release from DH glial cells
	Vesicular ATP release from cultured DH glial cells and its modulation by NA
	Spontaneous release of ATP from DH glial cells
	Physiological considerations

	References


