
RESEARCH PAPERbph_1106 974..988

Purine receptor-mediated
endocannabinoid
production and retrograde
synaptic signalling in the
cerebellar cortex
Flora E. Kovacs1, Peter Illes2 and Bela Szabo1

1Institut für Experimentelle und Klinische Pharmakologie und Toxikologie,

Albert-Ludwigs-Universität, Freiburg i. Br., Germany, and 2Rudolf-Boehm Institut für

Pharmakologie und Toxikologie, Universität Leipzig, Leipzig, Germany

Correspondence
Dr Bela Szabo, Institut für
Experimentelle und Klinische
Pharmakologie und Toxikologie,
Albert-Ludwigs-Universität;
Albertstrasse 25, D-79104
Freiburg i. Br., Germany. E-mail:
szabo@pharmakol.uni-freiburg.de
----------------------------------------------------------------

Keywords
ATP; brain slice; CB1 cannabinoid
receptor; cerebellum;
endocannabinoid; GABAergic
synaptic transmission;
patch-clamp; purine receptor;
retrograde signalling; synaptic
plasticity
----------------------------------------------------------------

Received
6 August 2010
Revised
6 October 2010
Accepted
11 October 2010

BACKGROUND AND PURPOSE
Presynaptic CB1 cannabinoid receptors can be activated by endogenous cannabinoids (endocannabinoids) synthesized by
postsynaptic neurones. The hypothesis of the present work was that activation of calcium-permeable transmitter-gated ion
channels in postsynaptic neurones, specifically of P2X purine receptors, can lead to endocannabinoid production and
retrograde synaptic signalling.

EXPERIMENTAL APPROACH
GABAergic inhibitory postsynaptic currents (IPSCs) were recorded with patch-clamp techniques in Purkinje cells in mouse
cerebellar slices. Purine receptors on Purkinje cells were activated by pressure ejection of ATP from a pipette.

KEY RESULTS
ATP evoked an inward current in Purkinje cells, most likely due to P2X receptor activation. The ATP-evoked currents were
accompanied by currents via voltage-gated calcium channels. ATP suppressed electrical stimulation-evoked IPSCs and
miniature IPSCs (mIPSCs) recorded in the presence of tetrodotoxin, and these effects were prevented by the CB1 antagonist
rimonabant and the calcium chelator BAPTA (applied into the Purkinje cell). ATP also suppressed mIPSCs when voltage-gated
calcium channels were blocked by cadmium, and intracellular calcium stores were depleted by thapsigargin. However, ATP
failed to suppress mIPSCs when the extracellular calcium concentration was zero.

CONCLUSIONS AND IMPLICATIONS
ATP elicits CB1 receptor-dependent retrograde synaptic suppression, which is probably mediated by an endocannabinod
released by the postsynaptic neurone. An increase in intracellular calcium concentration in the postsynaptic neurone is
necessary for this retrograde signalling. We propose that ATP increases the calcium concentration by two mechanisms:
calcium enters into the neurone via the P2X receptor ion channel and the ATP-evoked depolarization triggers voltage-gated
calcium channels.

Abbreviations
ACSF, artificial cerebrospinal fluid; GABA, gamma aminobutyric acid; IPSC, inhibitory postsynaptic current; PRE, initial
reference period; SOL, solvent
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Introduction

The Gai/o protein-coupled CB1 cannabinoid receptor is prob-
ably the most abundant G protein-coupled receptor in the
central nervous system. It is the primary neuronal target
of the phytocannabinoid D9-tetrahydrocannabinol and the
endogenous cannabinoids (endocannabinoids; Howlett et al.,
2002; Pertwee, 2005). Activation of CB1 receptors leads to
presynaptic inhibition of synaptic transmission in many
regions of the central and peripheral nervous system (Freund
et al., 2003; Szabo and Schlicker, 2005; Stephens, 2009).

Endocannabinoids and CB1 receptors play an important
physiological role in both short- and long-term synaptic
plasticity. The basis of these actions is endocannabinoid-
mediated retrograde signalling: endocannabinoids produced
by postsynaptic neurones diffuse to presynaptic axon termi-
nals and inhibit transmitter release by activating presynaptic
CB1 receptors (for review see Alger, 2002; Chevaleyre et al.,
2006; Lovinger, 2008; Kano et al., 2009).

Two mechanisms are well established as triggers of
endocannabinoid production in postsynaptic neurones. One
mechanism triggering endocannabinoid production is activa-
tion of Gaq/11 protein-coupled receptors. For example, activa-
tion of metabotropic glutamate receptors and muscarinic
acetylcholine receptors by exogenous agonists leads to a
calcium-independent endocannabinoid release and retro-
grade signalling (Maejima et al., 2001; Varma et al., 2001;
Galante and Diana, 2004; Straiker and Mackie, 2007).

The second mechanism leading to endocannabinoid
production is elevation of the intracellular calcium concen-
tration. During depolarization-induced suppression of inhi-
bition and depolarization-induced suppression of excitation,
depolarization of postsynaptic neurones via the patch-clamp
pipette leads to opening of voltage-gated calcium channels,
and the resulting calcium influx triggers endocannabinoid
production and subsequent endocannabinoid-mediated syn-
aptic suppression (for example, Wilson and Nicoll, 2001;
Wallmichrath and Szabo, 2002; Diana and Marty, 2003; Kim
and Alger, 2004). Calcium increase occurring physiologically
during action potential salvos can also trigger endocannab-
inoid production in postsynaptic neurones (Fortin et al.,
2004; Brenowitz et al., 2006).

A combination of depolarization-elicited calcium influx
with activation of Gaq/11 protein-coupled receptors is an espe-
cially powerful trigger of endocannabinoid production, and
occurs also physiologically during activation of glutamatergic
synapses (Brown et al., 2003; Maejima et al., 2005; Marcaggi
and Attwell, 2005; Rancz and Häusser, 2006).

The role of transmitter-gated ion channels (ionotropic
receptors) in triggering endocannabinoid production and
retrograde signalling is not well established. Several iono-
tropic receptors possess considerable calcium conductance
[e.g. N-methyl-d-aspartate (NMDA)-type glutamate recep-
tors, some nicotinic acetylcholine receptors and some P2X
purine receptors], and therefore it can be assumed that
calcium influx through these receptors can trigger endocan-
nabinoid production. Indeed, it has recently been shown
that activation of NMDA receptors can lead to calcium-
dependent endocannabinoid production (Ohno-Shosaku
et al., 2007).

The hypothesis of the present work was that activation of
P2X purine receptors leads to calcium influx, endocannab-
inoid production and endocannabinoid-mediated retrograde
synaptic signalling. We tested this hypothesis at inhibitory
synapses of Purkinje cells of the cerebellar cortex. Purkinje
cells possess several types of P2X receptors (Collo et al., 1996;
Mateo et al., 1998; Rubio and Soto, 2001; Xiang and Burn-
stock, 2005). Our results are consistent with the following
mechanism: activation of P2X purine receptors leads to
calcium influx into the postsynaptic neurone via P2X recep-
tor ion channels and voltage-gated calcium channels, and the
calcium increase triggers endocannabinoid production and
CB1 receptor-mediated retrograde synaptic signalling.

Methods

The experiments conformed to the European Communities
Council Directive of 24 November 1986 (86/609/EEC). All
efforts were made to minimize the number of animals used
and their suffering. The methods were similar to those
described previously (Freiman et al., 2006; Szabo et al., 2006).
The nomenclature for receptors and ion channels used in this
work conforms to the ‘Guide to receptors and channels’ by
the British Journal of Pharmacology (Alexander et al., 2009).

Brain slices
Eleven to 18-day-old Naval Medical Research Institute mice
were anaesthetized with isoflurane (>3%) and decapitated.
The brains were rapidly removed and placed in ice-cold arti-
ficial cerebrospinal fluid (ACSF) of the following composition
(mM): NaCl 126, NaH2PO4 1.2, KCl 3, MgCl2 5, CaCl2 1,
NaHCO3 26, glucose 20, Na-lactate 4, pH 7.3–7.4 (after the
solution was gassed with 95% O2/5% CO2) and 250 mm thick
sagittal slices of the cerebellar vermis were cut. After being
cut, the slices were stored in a Gibb chamber containing ACSF
of the following composition (mM): NaCl 126, NaH2PO4 1.2,
KCl 3, MgCl2 1, CaCl2 2.5, NaHCO3 26, glucose 10, Na-lactate
4, pH 7.3–7.4. For patch-clamping, brain slices were super-
fused at a flow rate of 1.5 mL·min-1 with ACSF of the follow-
ing composition (mM): NaCl 126, NaH2PO4 1.2, KCl 3, MgCl2

1, CaCl2 2.5, NaHCO3 26, glucose 10, pH 7.3–7.4. For the
preparation of calcium-free ACSF, CaCl2 was replaced by
3.75 mM NaCl. If not otherwise stated, the experiments were
performed at 20–24°C, because patch-clamp recordings in
brain slices are more stable at these temperatures.

Patch-clamping
Neurones in slices were visualized with infrared video micro-
scopy, and patch-clamp recordings were obtained with
an EPC-9 amplifier under the control of TIDA software
(HEKA Elektronik, Lambrecht, Germany). Series resistance
compensation of 50% was usually applied. Series resistance
was measured before and after recordings and experiments
with major changes in series resistance (>20%) were
discarded. GABAergic synaptic events were recorded in
the presence of the NMDA and non-NMDA glutamate
receptor antagonists DL-AP5 (2.5 ¥ 10-5 M) and DNQX
(10-5 M) at a holding potential of -70 mV with pipettes
(2.5–5 MW) containing (mM): CsCl 147, MgCl2 1, HEPES 10,
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glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid,
ATP-Na2 4, GTP-Na 0.4, N-ethyl-lidocaine Cl 2, pH 7.4. Elec-
trically evoked inhibitory postsynaptic currents (eIPSCs) were
evoked by stimulating pipettes (filled with ACSF) inserted
into the molecular layer. Miniature inhibitory postsynaptic
currents (mIPSCs) were recorded in the presence of tetrodot-
oxin (3 ¥ 10-7 M), and cadmium spontaneous IPSCs (sIPSCs)
were recorded in the presence of cadmium (10-4 M). ATP was
pressure ejected from a pipette positioned above the surface
of the slice. Pressure pulses (30–45 kPa pressure; 5 s duration)
were delivered by a Picopump 820 (World Precision Instru-
ments, Berlin, Germany).

Fluorescence measurement of calcium
concentrations in Purkinje cells
In addition to the intracellular solution used for recording
postsynaptic currents, the patch pipette contained the low-
affinity calcium indicator Oregon green 488 BAPTA-5N (Kd for
calcium, 2 ¥ 10-5 M; final concentration, 2 ¥ 10-4 M). Fluores-
cence intensity in Purkinje cells was determined with an
imaging system consisting of: Polychrome IV monochro-
matic light source, a cooled IMAGO VGA CCD camera and
TILLvision imaging software (TILL Photonics, Gräfelfing,
Germany). Fluorescence changes were evaluated in regions of
interest. Fluorescence values were corrected for background
fluorescence. For further evaluation, ratios between
stimulation-evoked fluorescence changes (DF) and baseline
fluorescence measured immediately before stimulation (F0)
were calculated (DF/F0 ratios).

Protocols and statistics
Recordings were started 15 (electrophysiological recordings)
or 30 min (calcium imaging) after establishment of the
whole-cell configuration. mIPSCs and cadmium sIPSCs were
detected with the MiniAnalysis software (version 6.0.1; Syn-
aptosoft, Decatur, GA, USA). Amplitude and frequency values
of mIPSCs and cadmium sIPSCs were transferred from Mini-
Analysis to Sigmaplot (SPSS, Chicago, IL, USA), and further
calculations were performed by a program written by us in
Sigmaplot. This program calculated, for example, the cumu-
lative amplitude of mIPSCs and cadmium sIPSCs by summing
up the amplitudes of all mIPSCs and cadmium sIPSCs within
10-s periods. Accordingly, the cumulative amplitude reflects
changes both in frequency and in amplitude. ATP-evoked
changes in synaptic transmission were quantified by express-
ing eIPSC amplitude and mIPSC and cadmium sIPSC param-
eters (frequency, amplitude and cumulative amplitude) as
percentages of initial reference values (PRE in the figures).
Means � standard error of the mean are given throughout.
Non-parametric statistical tests were used to identify signifi-
cant differences. The two-tailed Mann–Whitney test was used
for comparisons between groups; significant differences are
indicated by *. The two-tailed Wilcoxon signed rank test was
used for comparisons within groups (vs. PRE); significant
differences are indicated by black symbols or by #. P < 0.05
was taken as the limit of statistical significance, and only this
level is indicated, even if P was <0.01 or <0.001.

Drugs
Drugs were obtained from the following sources. From Sanofi-
Aventis (Chilly-Mazarin, France), rimonabant (previously

called SR141716A); Sigma Aldrich (Deisenhof, Germany):
adenosine 5′-triphosphate disodium salt (ATP), adenosine
5′-diphosphate sodium salt (ADP), ethylenedioxybis(o-
phenylenenitrilo)tetraacetic acid (BAPTA), uridine 5′-
triphosphate TRIS salt (UTP), guanosine 5′-[g-thio]triphos-
phate tetralithium salt (GTPgS), guanosine 5′-triphosphate
sodium salt (GTP), cadmium chloride (CdCl2), bicuculline and
ivermectin; Ascent Scientific (Weston, UK): 6,7-dinitroquin-
oxaline-2,3-dione (DNQX), DL-(-)-2-amino-5-phosphon-
opentanoic acid (DL-AP5) (E)-ethyl 1,1a,7,7a-tetrahydro-7-
(hydroxyimino)cyclopropa[b]chromene-1a-carboxylate, 4-
[[4- formyl-5-hydroxy-6-methyl-3-[(phosphonooxy)methyl]-
2-pyridinyl]azo]-1,3-benzenedisulphonic acid tetrasodium
salt (PPADS) (E)-Ethyl 1,1a,7,7a-tetrahydro-7-(hydroxyimino)
cyclopropa[b]chromene-1a-carboxylate (CPCCOEt) (RS)-3,5-
dihydroxyphenylglycine (DHPG); Biotrend (Köln, Germany):
6-N,N-diethyl-D-b,g-dibromomethyleneATP trisodium salt
(ARL 67156); Alamone Laboratories (Jerusalem, Israel):
N-ethyl-lidocaine chloride (QX-314), thapsigargin; Invitrogen
(Leiden, the Netherlands): Oregon green 488 BAPTA-5N
hexapotassium salt.

Rimonabant, DNQX, bicuculline and ivermectin were dis-
solved in dimethylsulphoxide (DMSO), and stock solutions
were stored at -32°C. Further dilutions were made with super-
fusion buffer; the final concentration of DMSO in the super-
fusion fluid was �1 mL·L-1 (except in the case of ivermectin
10-4 and 5 ¥ 10-5 M, 2 mL·L-1 DMSO). Control solutions (‘SOL’
in the figures) always contained the appropriate concentra-
tions of DMSO.

Results

ATP responses in Purkinje cells
Purkinje cells in the cerebellar cortex were patch-clamped.
Because it is known that P2X purine receptors desensitize
rapidly (Nörenberg and Illes, 2000; North, 2002), we decided
to apply ATP only for short periods by pressure-ejecting the
substance from a pipette (10-2 M ATP in the pipette; ~5 mm
pipette opening; <0.05 mL ejection volume). The ejection
pipette was positioned 20–30 mm above the brain slice and
above the dentritic tree of the patch-clamped Purkinje cell.
We believe that due to dilution in the superfusion buffer, the
concentration of ATP at the target Purkinje cells was much
lower than the concentration in the ejection pipette (but see
also Di Angelantonio and Nistri, 2001 for the dilution of
drugs after pressure application). ATP elicited an inward
current of 1226 � 180 pA (n = 5) amplitude (Figure 1A1), and
this current will be termed ‘purinergic current’. The puriner-
gic current was accompanied by several calcium spikes
(Figure 1A1). The fluorometrically determined intracellular
calcium concentration increased markedly in the soma and
even more in the dendrites (Figure 1A2 and A3).

Superfusion of cadmium (10-4 M), an inhibitor of several
types of voltage-gated calcium channels, abolished the
calcium spikes, as expected (Figure 1B1). In the presence of
cadmium, the amplitude of the purinergic current was 1238
� 162 pA (n = 5). Thus, cadmium did not affect the purinergic
current (compare Figure 1B1 with Figure 1A1). Cadmium sig-
nificantly inhibited the ATP-evoked calcium concentration
increase in the dendrites (compare Figure 1B3 with
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Figure 1A3). Importantly, ATP elicited a calcium concentra-
tion increase in the Purkinje cells also when voltage-gated
calcium channels were blocked (Figure 1B3).

Sodium currents were not observed during ATP applica-
tion, because the patch-clamp pipette contained N-ethyl-
lidocaine, an inhibitor of voltage-gated sodium channels.
Voltage-gated sodium channels are anyhow only very weakly
expressed in the dendritic tree of Purkinje cells (Lasser-Ross
and Ross, 1992; Stuart and Häusser, 1994).

Characterization of the current elicited by
ATP in Purkinje cells
Next, we aimed to identify the receptor activated by ATP. ATP
is rapidly transformed by ecto-nucleotidases in the brain into

ADP, AMP and adenosine (Illes et al., 1996; Zimmermann,
1996; Ralevic and Burnstock, 1998). ATP itself is an agonist of
transmitter-gated P2X receptors and of the G protein-coupled
P2Y receptors (Abbracchio and Burnstock, 1994; Fredholm
et al., 1997). ADP is an agonist at P2Y receptors, whereas
adenosine activates adenosine (A) receptors (Klotz, 2000;
Abbracchio et al., 2006; Burnstock, 2007). As a first step, we
wanted to determine whether ATP acted itself, or acted via its
degradation products ADP and adenosine (Figure 2A). ATP
was pressure ejected four times. The superfusion of solvent or
the ecto-nucleotidase inhibitor ARL67156 (5 ¥ 10-5 M; Brock-
haus et al., 2004) started after the second ATP application.
The purinergic current remained stable in the solvent-
superfused slices (Figure 2A). This observation verifies
that the short pressure-ejection of ATP did not lead to

Figure 1
ATP responses in Purkinje cells. Glutamatergic and GABAergic synaptic input to Purkinje cells was blocked by DNQX, AP5 and bicuculline, and the
patch-clamp pipette contained the calcium-sensitive fluorescent dye Oregon green 488 BAPTA-5N. (A1) Pressure ejection of ATP from a pipette
elicited an inward current (‘purinergic current’) which was accompanied by several calcium spikes (a calcium spike is shown with higher temporal
resolution). (A2) The fluorescent images and the (A3) statistical evaluation of calcium concentration changes indicate that ATP increased the calcium
concentration in the soma and the dendrites. (B1-B3) ATP responses of the neurones shown in (A1-A3) during cadmium (10-4 M) superfusion. Means
� standard error of the mean of five experiments. Currents and calcium concentrations were recorded in the same neurones. * Indicates significant
difference versus dendrite (P < 0.05). # Indicates significant difference (P < 0.05) versus DF/F0 in the absence of cadmium (shown in A3).

BJPP2X receptor-mediated endocannabinoid production

British Journal of Pharmacology (2011) 162 974–988 977



desensitization of the receptor involved. The ecto-
nucleotidase inhibitor also did not change the purinergic
current (Figure 2A), indicating that ATP itself elicited the
current, there was no need for its conversion into ADP or
adenosine. Because ATP does not directly activate A1 adenos-
ine receptors, this observation argues against a role for A1

receptors in the purinergic current.
To assess more exactly the role of the A1 receptor in the

ATP-evoked current, we performed experiments with the A1

receptor antagonist DPCPX (Figure 2B). As in the previous
series, ATP was pressure ejected four times. After the second
ATP application, solvent or DPCPX was superfused. The puri-

nergic current was not changed in either group (Figure 2B),
indicating that A1 receptors were not involved in the ATP-
evoked purinergic current.

For advancing the identification of the receptor involved
in the ATP effect, we determined whether G protein-coupled
receptors were involved in the ATP effect (Figure 3). To this
aim, we tested the effect of GTPgS, applied via the patch-
clamp pipette intracellularly. In the presence of this non-
hydrolysable ATP analogue, G protein activation triggered by
the first agonist application becomes long-lasting, and subse-
quent agonist applications trigger only moderate, if any, G
protein activation (e.g. Jeong et al., 2001). At first, we carried
out positive-control experiments. In one group, GTP was
included in the patch clamp pipette, and the mGluR agonist
DHPG (10-5 M) was pressure ejected three times (Figure 3A).
DHPG elicited an inward current as described previously (e.g.
Kim et al., 2003), and the charge transfer (area under the
current curve) was identical during the three DHPG applica-
tions. The DHPG current was abolished by the mGluR1
antagonist CPCCOEt, verifying involvement of mGluR1
receptors (not shown). The pattern of effects of DHPG was
different in neurones patched with pipettes containing
GTPgS. The effect of the first DHPG application was pro-
longed, resulting in higher charge transfer values, and the
second and third DHPG application elicited only small
charge transfers (Figure 3A). The results show that GTPgS
enhances the first effect elicited by activation of a G protein-
coupled receptor and attenuates later effects. Then, we tested
the interaction between pressure-ejected ATP and GTPgS in
the patch pipette (Figure 3B). In neurones with GTP in the
pipette, ATP elicited identical currents, when applied three
times. The picture did not change in the presence of GTPgS in
the pipette, suggesting that G protein-coupled receptors were
not involved in the purinergic currents.

For obtaining further information on the properties of the
receptor activated by ATP, we compared the effects of ATP,
ADP and UTP. Ejection pipettes were filled with equimolar
concentrations (10-2 M) of ATP, ADP and UTP. ATP, ADP and
UTP elicited inward currents of 1046 � 73 pA (n = 16), 75 �

39 pA (n = 10) and 214 � 49 pA (n = 13) amplitude, respec-
tively. Thus, the currents elicited by ADP and UTP were much
smaller than the current elicited by an equimolar concentra-
tion of ATP (the differences were also statistically significant;
P < 0.05). This observation argues against the involvement of
P2Y receptors in the ATP effect, because ATP has a lower or
similar affinity for P2Y receptors than ADP and UTP (Ralevic
and Burnstock, 1998; Burnstock, 2007). On the other hand, it
is known that ATP possesses much higher affinity for several
P2X receptors than ADP and UTP. Thus, the pattern of effects
of the three nucleotides is compatible with an involvement of
P2X receptors in the ATP-evoked current.

The interaction between PPADS (10-4 M) and ATP was also
tested (Supporting Information Figure S1). PPADS is a mixed
purine receptor antagonist, which blocks P2X1,2,3,5 receptors
and some P2Y receptors (especially P2Y1) (Buell et al., 1996;
Lambrecht, 2000; von Kügelgen, 2006; Jarvis and Khakh,
2009). The behaviour of PPADS at the mouse P2X4 receptor is
not clear. In one study (Jones et al., 2000), PPADS was found
to be an antagonist with low potency, whereas in another
study (Townsend-Nicholson et al., 1999), PPADS even poten-
tiated P2X4 receptor-mediated responses evoked by ATP. In

Figure 2
ATP acts itself and A1 adenosine receptors are not involved in the
effects of ATP. In addition to DNQX, AP5 and bicuculline, cadmium
was added to the superfusion ACSF to block voltage-gated calcium
channels. ATP was pressure ejected from a pipette four times. Ampli-
tudes of ATP-evoked currents were expressed as percentages of the
initial reference value PRE. Shown are means � standard error of the
mean. (A) After the second ATP application, solvent (SOL; n = 3) or
the ecto-nucleotidase inhibitor ARL67156 (n = 8) was superfused.
The original tracings were recorded in a slice with ARL67156 super-
fusion at time points 1 and 2. (B) After the second ATP application,
solvent (SOL; n = 3) or the A1 receptor antagonist DPCPX (n = 4) was
superfused. The original tracings were recorded in a slice with DPCPX
superfusion at time points 1 and 2.
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our study, two concentration-response curves for pressure-
ejected ATP were determined in one experiment. If the
solvent of PPADS was superfused during the second
concentration–response curve, the curve was essentially iden-
tical with the first concentration–response curve (supporting
Figure S1A). PPADS also did not affect the concentration–
response curve of ATP (supporting Figure S1B). These results
argue against the involvement of a series of purine receptors,
which are sensitive to PPADS, namely P2X1,2,3,5 and P2Y1
receptors. The results are compatible with the involvement of
PPADS-insensitive receptors, for example, the P2X4 receptor.

Finally, we tested the effect of ivermectin on ATP-evoked
currents (Figure 4). Ivermectin is known to prolong P2X4

receptor-mediated effects (Gever et al., 2006). When ATP was
pressure ejected four times in the presence of the solvent of
ivermectin, the amplitude and duration of the evoked cur-
rents remained constant; therefore, charge transfer via the

neuronal membrane remained constant (Figure 4A1). Iver-
mectin 10-6 M and 10-5 M also did not affect the ATP-evoked
currents. Ivermectin 5 ¥ 10-5 M slightly potentiated the ATP
response. At the highest concentration, 10-4 M, ivermectin
strongly potentiated the ATP-evoked current (Figure 4A1),
and this potentiation was mostly due to the prolongation
of the ATP effect with little change in the amplitude
(Figure 4A2). The potentiation of the ATP effect by ivermectin
suggests that P2X4 receptors play a role in its action.

Effect of ATP on GABAergic
synaptic transmission
Our main aim was to test whether activation of P2X receptors
leads to endocannabinoid production and endocannabinoid-
mediated suppression of GABAergic synaptic transmission. In
the first series of experiments, eIPSCs were elicited every 20 s
by electrical stimulation of GABAergic axons in the vicinity of

Figure 3
The stable ATP analogue GTPgS does not affect the pattern of ATP-evoked currents. In addition to DNQX, AP5 and bicuculline, cadmium was
added to the superfusion ACSF to block voltage-gated calcium channels. The patch clamp pipette contained GTP or GTPgS. (A) The mGluR agonist
DHPG was pressure ejected from a pipette three times. In the presence of GTP in the patch-clamp pipette (n = 7), the DHPG-evoked charge transfer
remained constant (charge transfer was calculated for the 50-s period following DHPG application). GTPgS in the patch-clamp pipette (n = 7)
prolonged the effect of the first DHPG application (thereby increasing charge transfer), and diminished the effects of the further DHPG
applications. * Indicates significant difference from GTP (P < 0.05). (A2-A3) Original tracings of DHPG-evoked currents in the presence of GTP or
GTPgS. (B) ATP was pressure ejected from a pipette three times. In the presence of GTP in the patch-clamp pipette (n = 5), the ATP-evoked charge
transfer remained constant (charge transfer was calculated for the 50-s period following ATP application). The ATP effect was similar in experiments
with GTPgS in the patch-clamp pipette (n = 5). (B2-B3) Original tracings of purinergic currents in the presence of GTP or GTPgS.
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patch-clamped Purkinje cells, and ATP was pressure-ejected
from a pipette twice (Figure 5). ATP evoked purinergic cur-
rents and calcium spikes, similar to those depicted in
Figure 1A (not shown). In the presence of solvent, ATP sup-
pressed the eIPSCs (Figure 5). When the experiments were
performed in the presence of the CB1 receptor antagonist
rimonabant (10-6 M), ATP failed to suppress eIPSCs (Figure 5).
These results suggest that ATP evoked an endocannabinoid-
and CB1 receptor-mediated suppression of GABAergic synap-
tic transmission.

To analyse the mechanism of the suppression of GABAer-
gic synaptic transmission by ATP, we investigated the effect of
ATP on miniature IPSCs (mIPSCs). mIPSCs were isolated by
the inclusion of tetrodotoxin in the superfusion medium
(Figure 6). Pressure-ejected ATP evoked strong purinergic cur-
rents in these experiments (966 � 80 pA; n = 34), and these
currents triggered additional calcium spikes (see Figure 6D).
In solvent-treated slices, ATP lowered the frequency of
mIPSCs (Figure 6A), whereas the amplitude of mIPSCs was
not changed (Figure 6B). Corresponding to these changes in
the primary parameters, the cumulative amplitude of mIPSCs
was also lowered (Figure 6C). ATP-evoked changes in mIPSC
properties were also analysed by constructing cumulative
probability distribution plots of mIPSC amplitudes and inter-
event intervals (supporting Figure S2). ATP did not cause a
significant shift in the distribution of mIPSC amplitudes.
However, ATP caused a significant shift of the distribution
plot of mIPSC inter-event intervals to the direction of lower

frequencies. The decrease in mIPSC frequency by ATP directly
points to a presynaptic inhibitory mechanism. The lack of
effect of ATP on the amplitude of mIPSCs indicates that there
was no postsynaptic influence on the synaptic current, and is
an indirect proof of the presynaptic action. In the presence of
rimonabant (10-6 M), ATP no longer lowered the frequency
and cumulative amplitude of mIPSCs (Figure 6A, C), verifying
the involvement of endocannabinoids and CB1 receptors.

Our next aim was to clarify the involvement of calcium in
the ATP-evoked suppression of GABAergic transmission. In a
first series of experiments, we included a high concentration
of the fast calcium chelator BAPTA (4 ¥ 10-2 M) in the pipette
used for patch-clamping the postsynaptic Purkinje cells, and
mIPSCs were recorded in the presence of tetrodotoxin (Sup-
porting Information Figure S3). Pressure-ejected ATP evoked
strong purinergic currents in these experiments (1011 �

59 pA; n = 34), and these currents triggered additional
calcium spikes (see Supporting Information Figure S3D). Irre-
spective of whether the experiments were performed in the

Figure 4
Ivermectin potentiates ATP-evoked currents. In addition to DNQX,
AP5 and bicuculline, cadmium was added to the superfusion ACSF to
block voltage-gated calcium channels. ATP was pressure ejected from
a pipette four times. After the second ejection, solvent (SOL) or
ivermectin (IVM) was superfused. ATP-evoked charge transfer values
were expressed as percentages of the initial reference value PRE.
Means � standard error of the mean of seven (SOL), three (IVM
10-6 M), three (IVM 10-5 M), six (IVM 5 ¥ 10-5 M) and four (IVM
10-4 M) experiments. * Indicates significant difference from SOL (P <
0.05). (A2) The original tracings were recorded in a slice with IVM
10-4 M superfusion at time points 1 and 2 (indicated in A1).

Figure 5
ATP suppresses electrically evoked inhibitory postsynaptic currents
(eIPSCs). DNQX and AP5 were present in the superfusion ACSF.
eIPSCs were elicited every 20 s by electrical stimulation in the
molecular layer. Every three eIPSCs were averaged and expressed as
percentages of eIPSCs during the initial reference period PRE. Pres-
sure ejection of ATP evoked purinergic currents which were accom-
panied by calcium spikes (not shown). The points after ATP
application are the averages of three eIPSCs elicited 5, 25 and 45 s
after the 5-s ATP application. Means � standard error of the mean of
9 (SOL) and 10 (RIM) experiments. Filled symbols indicate significant
difference versus the time point preceding ATP ejection (P < 0.05);
* Indicates significant difference from SOL (P < 0.05). (A2) The
original tracings were recorded at time points 1 and 2 (indicated in
A1) in the presence of solvent or rimonabant.
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presence of solvent or rimonabant (10-6 M), ATP did not
cause any change in mIPSCs: the frequency, amplitude and
cumulative amplitude of mIPSCs remained constant (Sup-
porting Information Figure S3A, B and C). These results indi-
cate that an increase in intracellular calcium concentration is
necessary for the CB1 receptor-mediated retrograde signalling
elicited by ATP.

In the last part of our study, we wanted to determine the
source of calcium ions triggering endocannabinoid produc-
tion during the application of ATP. Three sources were con-
sidered: calcium influx through P2X receptor channels (our
initial hypothesis), calcium influx through voltage-gated
calcium channels and calcium release from intracellular
stores.

At first, we wanted to verify that calcium influx from the
extracellular space into Purkinje cells contributes to the ATP-
evoked purinergic current and increase in intracellular
calcium concentration. Combined patch-clamp and fluoro-
metric calcium imaging experiments were performed
(Figure 7). Experiments were carried out in the presence of
the broad-spectrum voltage-gated calcium channel inhibitor
cadmium (10-4 M) and the sarcoplasmic reticulum calcium
ATPase (SERCA) inhibitor thapsigargin (10-5 M). ATP was
pressure ejected at first in the presence ACSF with normal
calcium concentration (2.5 mM) and then in the presence of
calcium-free ACSF. During superfusion of the calcium-
containing ACSF, ATP evoked a purinergic current of 1275 �

137 pA (n = 4) amplitude (Figure 7A1), and increased the
calcium concentration in the dendrites and soma of the

Purkinje cells (Figure 7A2, A3). During superfusion of
calcium-free ACSF, the amplitude of the ATP-evoked puriner-
gic current significantly (P < 0.05) decreased to 476 � 82 pA
(n = 4) (compare Figure 7B1 with A1). The ATP-evoked
increase in intracellular calcium concentration in the den-
drites was also greatly attenuated (compare Figure 7B2, B3
with A2, A3). Thus, calcium influx from the extracellular
space into Purkinje cells contributes to the ATP-evoked
purinergic current and increase in intracellular calcium
concentration.

Subsequently, we wished to clarify whether ATP is able
to suppress GABAergic transmission when calcium influx
through voltage-gated calcium channels and calcium release
from intracellular stores are both inactivated (Figure 8).
Experiments were carried out in the presence of the voltage-
gated calcium channel inhibitor cadmium (10-4 M) and the
SERCA inhibitor thapsigargin (10-5 M). Cadmium acts not
only on postsynaptic Purkinje cells, but also blocks voltage-
gated calcium channels in the axon terminals of inter-
neurones, thereby eliminating sIPSCs elicited by action
potentials and subsequent activation of voltage-gated calcium
channels. It was shown that in cerebellar Purkinje cells
cadmium isolates the same set of GABAergic synaptic events
which are also isolated by the sodium channel inhibitor
tetrodotoxin (see Than and Szabo, 2002). For clarity, the
GABAergic synaptic events recorded in the presence of
cadmium will be termed as ‘cadmium sIPSCs’. Pressure-
ejected ATP evoked strong purinergic currents in these experi-
ments (1183 � 67 pA; n = 34), but no calcium spikes occurred

Figure 6
ATP suppresses miniature inhibitory postsynaptic currents (mIPSCs) recorded in the presence of tetrodotoxin. In addition to DNQX and AP5,
tetrodotoxin (3 ¥ 10-7 M) was present in the superfusion ACSF to block voltage-gated sodium channels. (A–C) The frequency, amplitude and
cumulative amplitude of mIPSCs were evaluated in 10-s periods and expressed as percentages of values during the initial reference period PRE.
Pressure ejection of ATP evoked purinergic currents which were accompanied by calcium spikes (see D). Means � standard error of the mean of
16 (SOL) and 18 (RIM) experiments. Filled symbols indicate significant difference versus PRE (P < 0.05); * indicates significant difference from SOL
(P < 0.05). (D) An original tracing recorded in the presence of solvent (the period between the dashed lines was not evaluated in A-C).
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due to cadmium (see Figure 8D). ATP suppressed the fre-
quency and cumulative amplitude of cadmium sIPSCs
(Figure 8A, C), without influencing their amplitude
(Figure 8B). In the presence of rimonabant (10-6 M), ATP no
longer suppressed the frequency and cumulative amplitude of
cadmium sIPSCs (Figure 8A, C). These experiments show that
ATP can evoke endocannabinoid-mediated retrograde sup-
pression of GABAergic transmission in the absence of opera-
tion of voltage-gated calcium channels and calcium release
from intracellular stores. A likely source of calcium in this
condition is calcium entry through P2X receptor channels.

Finally, in the same experiments, we studied the
role of calcium influx from the extracellular space into
Purkinje cells in the suppression of synaptic transmission
(Figure 9). Cadmium (10-4 M) and thapsigargin (10-5 M)
were still present in the ACSF, but the ACSF was nominally
calcium-free. Under this condition, ATP did not affect
the frequency, amplitude and cumulative amplitude of
cadmium sIPSCs (Figure 9A–C). Thus, calcium influx from
the extracellular space into Purkinje cells is necessary for
the suppression of the GABAergic synaptic transmission
by ATP.

Figure 7
Superfusion with calcium-free artificial cerebrospinal fluid (ACSF) diminishes the ATP-evoked current and the increase in intracellular calcium
concentration. Glutamatergic and GABAergic synaptic input to Purkinje cells was blocked by DNQX, AP5 and bicuculline, and the patch-clamp
pipette contained the calcium-sensitive fluorescent dye Oregon green 488 BAPTA-5N. The entire experiment was performed in the presence of
cadmium (10-4 M) and thapsigargin (10-5 M). (A1) Pressure ejection of ATP from a pipette elicited a strong purinergic current. (A2) The fluorescent
images and the (A3) statistical evaluation of calcium concentration changes indicate that ATP increased the calcium concentration in the soma
and the dendrites. (B1-B3) ATP responses of the neurones shown in A1–A3 during superfusion with calcium free ACSF (Ca2+

o = 0 mM).
Means � standard error of the mean of four experiments. Currents and calcium concentrations were recorded in the same neurones. * Indicates
significant difference versus dendrite (P < 0.05). # Indicates significant difference (P < 0.05) versus DF/F0 in the presence of calcium in the ACSF
(shown in A3).
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The recordings of the present study were performed at
room temperature (20–24°C). It is known that the magnitude
and duration of endocannabinoid-mediated retrograde
signalling changes with temperature (see e.g. Kreitzer and
Regehr, 2001). We wanted to verify that ATP is also able to
suppress synaptic transmission at more physiological tem-
peratures. The brain slices were superfused at 34°C with ACSF
containing cadmium (10-4 M) and thapsigargin (10-5 M).
ATP, pressure ejected as in all previous experiments, lowered
the frequency and the cumulative amplitude of cadmium
sIPSCs, whereas it did not change their amplitude (support-
ing Figure S4). The ATP effects appeared to be smaller and
delayed compared with the ATP effects at room temperature.
Rimonabant prevented the effects of ATP. When the same
experiments were carried out in calcium-free ACSF, ATP did
not suppress the cadmium sIPSCs (not shown). These results
indicate that ATP suppresses GABAergic transmission in
a CB1 receptor-dependent manner also at physiological
temperatures, albeit with different kinetics than at room
temperature.

Discussion

The present study shows for the first time that ATP, very
probably by activating P2X purine receptors, elicits
endocannabinoid- and CB1 receptor-mediated retrograde sup-

pression of synaptic transmission. Calcium increase in the
postsynaptic neurone was necessary for triggering endocan-
nabinoid production and retrograde signalling. ATP induced
a calcium increase in the postsynaptic Purkinje cells by two
mechanisms. Calcium entered into the Purkinje cells directly
via P2X purine receptor ion channels. In addition, depolar-
ization of Purkinje cells after activation of P2X receptors
opened voltage-gated calcium channels.

The CB1 receptor antagonist rimonabant (Rinaldi-
Carmona et al., 1994; Pertwee, 2005) consistently abolished
in several series of experiments the ATP-evoked suppression
of the GABAergic synaptic input to the Purkinje cells. This
observation points to the involvement of endocannabinoids
and CB1 receptors in the suppression.

The analysis of ATP effects on mIPSCs recorded in the
presence of tetrodotoxin or on sIPSCs recorded in the pres-
ence of cadmium suggests that presynaptic receptors on axon
terminals of interneurones were involved in the ATP-evoked
suppression of GABAergic synaptic transmission. Thus, ATP
did not change the amplitude of mIPSCs or cadmium sIPSCs
arguing against a postsynaptic interference with the effect of
released GABA. The fact that ATP suppressed the frequency of
mIPSCs and of cadmium sIPSCs indicates inhibition of GABA
release from the axon terminals. The results of neuroanatomi-
cal studies are in agreement with a presynaptic action: axon
terminals of GABAergic interneurones in the cerebellar cortex
possess CB1 receptors, whereas the postsynaptic Purkinje cells

Figure 8
ATP suppresses sIPSCs recorded in the presence of cadmium and thapsigargin. In addition to DNQX and AP5, cadmium (10-4 M) and thapsigargin
(10-5 M) were present in the superfusion ACSF. The experiments in Figures 8 and 9 were performed on the same neurones. Figure 8 shows the
first part of the experiment, in which an ACSF with normal calcium concentration was superfused. Figure 9 shows the second part of the
experiments, during which calcium-free ACSF was superfused. (A–C) The frequency, amplitude and cumulative amplitude of cadmium sIPSCs were
evaluated in 10-s periods and expressed as percentages of values during the initial reference period PRE. Pressure ejection of ATP evoked purinergic
currents, but calcium spikes were prevented by cadmium in the ACSF (see D). Means � standard error of the mean of 12 (SOL) and 10 (RIM)
experiments. Filled symbols indicate significant difference versus PRE (P < 0.05); * indicates significant difference from SOL (P < 0.05). (D) An
original tracing recorded in the presence of solvent (the period between the dashed lines was not evaluated in A–C).
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are largely devoid of CB1 receptors (Tsou et al., 1998; Diana
et al., 2002). Exogenous cannabinoids acting on CB1 receptors
on axon terminals of interneurones also inhibit synaptic
transmission between interneurones and Purkinje cells (e.g.
Diana et al., 2002; Szabo et al., 2004).

Several observations indicated that ATP activates P2X puri-
nergic receptors in the Purkinje cells. Thus, the experiments
with the ecto-nucleotidase inhibitor ARL67156 indicated that
ATP itself elicited the purinergic current, not its degradation
products generated by ecto-nucleotidases. The purinergic
current was not sensitive to an intracellular activator of G
proteins, GTPgS, arguing against the involvement of G
protein-coupled receptors in the ATP effect. The involvement
of the G protein-coupled A1 receptor in the ATP-evoked
current was specifically excluded by using the antagonist
DPCPX. Because of a lack of selective antagonists, the P2X
receptor subtype was not definitively identified. However, the
resistance of the ATP effect to PPADS and the enhancement by
ivermectin are compatible with a role for P2X4 receptors. In
addition, anatomical receptor localization studies showed the
presence of mRNA and protein of several types of P2X recep-
tors in Purkinje cells, including P2X4 receptors (Collo et al.,
1996; for review see Nörenberg and Illes, 2000; Rubio and Soto,
2001; Xiang and Burnstock, 2005; Lein et al., 2007).

Several P2X receptors are also permeable to calcium ions
in addition to sodium and potassium ions (e.g. Rogers and
Dani, 1995; Egan and Khakh, 2004). Hence, it would be
expected that the charge carriers of the large inward current
evoked by ATP were partly calcium ions. The fluorometrically

measured intracellular calcium concentration increased after
ATP application, and a significant portion of this increase
persisted when voltage-gated calcium channels were blocked
by cadmium, and intracellular calcium stores were depleted
by thapsigargin. Importantly, the ATP-evoked purinergic
current and the intracellular calcium increase in the dendrites
were greatly attenuated in the presence of a calcium-free
extracellular buffer. Therefore, it is very likely that ATP acti-
vated P2X receptors with a resulting calcium influx through
these receptor channels. Very similarly, ATP elicited a P2X
receptor-mediated increase in calcium concentration in
Purkinje cells in the study of Mateo et al. (1998). Undoubt-
edly, calcium also entered into the postsynaptic neurones via
voltage-gated calcium channels, which were activated by
ATP-evoked depolarization in distal dendrites escaping
voltage-clamp.

As shown by the experiments with the calcium chelator
BAPTA, an increased calcium concentration in postsynaptic
Purkinje cells was necessary for triggering the ATP-evoked
suppression of synaptic transmission. The ATP-evoked sup-
pression of synaptic transmission also operated when calcium
influx through voltage-gated calcium channels and calcium
release from intracellular stores were inactivated, supporting
the hypothesis that calcium influx via P2X receptors is suffi-
cient for triggering endocannabinoid production. In strong
support for the role of calcium influx via P2X receptors in
the suppression of the GABAergic synaptic transmission is the
observation that ATP did not evoke suppression when the
extracellular calcium concentration was nominally zero.

Figure 9
ATP does not suppress sIPSCs recorded in the presence of cadmium and thapsigargin and calcium-free ACSF. In addition to DNQX and AP5,
cadmium (10-4 M) and thapsigargin (10-5 M) were present in the calcium-free superfusion ACSF. Figure 8 shows the first part of the experiment,
during which ACSF with normal calcium concentration was superfused. (A–C) The frequency, amplitude and cumulative amplitude of cadmium
sIPSCs were evaluated in 10-s periods and expressed as percentages of values during the initial reference period PRE. Means � standard error of
the mean of 12 (SOL) and 10 (RIM) experiments. (D) An original tracing recorded in the presence of solvent (the period between the dashed lines
was not evaluated in A–C).
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Abolishment of the ATP-evoked suppression of GABAergic
synaptic transmission by BAPTA rules out the possibility that
ATP (or its degradation products) lowered GABA release by a
direct action on GABAergic axon terminals. It was reported
that ATP elicits 2-arachidonoylglycerol release from micro-
glial cells (Witting et al., 2004). Prevention of ATP-evoked
suppression of GABAergic transmission by BAPTA in the
Purkinje cells makes it also unlikely that ATP primarily acted
on glial cells and 2-arachidonoylglycerol released by glial cells
inhibited the GABA release from the axon terminals.

It is theoretically possible that ATP (or a degradation
product of ATP) activated Gaq/11 protein-coupled P2Y recep-
tors on Purkinje cells, thus triggering endocannabinoid
production and endocannabinoid-mediated retrograde sup-
pression of GABA release from interneurone axon terminals,
similar to the manner in which activated mGluR1 receptors
lead to retrograde signalling (e.g. Galante and Diana, 2004).
One argument against the involvement of Gaq/11 protein-
coupled P2Y receptors is that the ATP-evoked current was
insensitive to GTPgS. A further argument against the involve-
ment of Gaq/11 protein-coupled P2Y receptors is that the ATP-
evoked retrograde signalling was prevented by BAPTA in the
postsynaptic Purkinje cells. Gaq/11 protein-mediated retro-
grade signalling between Purkinje cells and their afferent
axons continues to operate when calcium in Purkinje cells is
kept low by BAPTA (Maejima et al., 2001; Galante and Diana,
2004). Notably, at synapses in other brain areas, Gaq/11

protein-mediated endocannabinoid production and retro-
grade signalling can be blocked by buffering calcium in the
postsynaptic neurones (Kushmerick et al., 2004; Kola et al.,
2008).

Altogether, the participation of CB1 receptors, the
involvement of presynaptic inhibition and the results of the
BAPTA-, cadmium- and calcium-free ACSF experiments
support the following mode of retrograde signalling: ATP acts
on P2X purine receptors on postsynaptic Purkinje cells,
calcium concentration increases due to calcium influx via
P2X receptors and via voltage-gated calcium channels,
endocannabinoids are released, and retrogradely diffusing
endocannabinoids inhibit GABA release from presynaptic
axon terminals. Retrograde signalling between Purkinje cells
and interneurone axon terminals has been repeatedly shown
in the past: calcium influx through voltage-gated calcium
channels and activity of Gaq/11 protein-coupled receptors
were the triggers of endocannabinoid production (Diana
et al., 2002; Brenowitz and Regehr, 2003; Diana and Marty,
2003; Szabo et al., 2004, 2006).

Interneurones of the cerebellar cortex possess somatoden-
dritic P2X- and P2Y-receptors. Acting on these receptors, ATP
and its degradation products enhance the firing of the inter-
neurones and – consequently – the frequency and amplitude
of GABAergic sIPSCs recorded in Purkinje cells (Brockhaus
et al., 2004; Saitow et al., 2005; Deitmer et al., 2006). We
studied the effect of ATP on mIPSCs isolated by tetrodotoxin
and on sIPSCs isolated by cadmium. Tetrodotoxin and
cadmium strongly impede the coupling between the soma
and the axon terminals of interneurones (but a weak electro-
tonic coupling may persist in the presence of these agents;
Glitsch and Marty, 1999). Thus, it is unlikely that the soma-
todendritic stimulant ATP effects confounded the inhibitory
ATP effects on the axon terminals of interneurones.

Donato et al. (2008) observed a presynaptic inhibition of
interneurone – Purkinje cell transmission by the antagonist
PPADS and after desensitization of P2X receptors. It was
assumed that endogenous ATP tonically activates P2X recep-
tors on axon terminals of GABAergic interneurones. In our
experiments, ATP did not increase the frequency of mIPSCs or
cadmium sIPSCs even in the presence of the CB1 antagonist
rimonabant. The reason for this discrepancy between our
results and the results of Donato et al. (2008) is not known. It
is notable, however, that we directly studied the effect of ATP,
whereas Donato et al. (2008) studied the effects of ATP
antagonists. Compatible with our observations, Brockhaus
et al. (2004) also did not see an ATP-evoked enhancement of
mIPSC frequency in Purkinje cells.

We have shown that activation of P2X transmitter-gated
ion channels leads to calcium-dependent and CB1 receptor-
dependent retrograde signalling. Although endocannab-
inoids were not chemically detected in the present study, it is
very likely that the retrograde signalling was mediated by
endocannabinoids produced by postsynaptic Purkinje cells. It
has been shown previously by biochemical measurements
that activation of P2X receptors leads to endocannabinoid
production; ATP elicited the release of 2-arachidonoylglycerol
in cultivated microglial cells (Witting et al., 2004). Our elec-
trophysiological experiments showed that activation of neu-
ronal P2X purine receptors can also lead to endocannabinoid
production. The number of publications on the involvement
of transmitter-gated ion channels in endocannabinoid pro-
duction is limited. Thus, Ohno-Shosaku et al. (2007) showed
that activation of NMDA-type ionotropic glutamate receptors
leads to calcium-dependent 2-arachidonoylglycerol produc-
tion and retrograde suppression of GABAergic synaptic trans-
mission between cultivated hyppocampal neurones. Until
recently, calcium influx through voltage-gated calcium chan-
nels and activity of Gaq/11 protein-coupled receptors were
regarded as triggers of endocannabinoid production in
postsynaptic neurones. The study of Ohno-Shosaku et al.,
(2007) and our study show that calcium influx via
transmitter-gated ion channels is a third possibility for trig-
gering endocannabinoid production and endocannabinoid-
mediated retrograde synaptic signalling. It is noteworthy that
at the resting membrane potential, P2X receptors may serve –
in contrast to NMDA receptors – as major calcium entry
pathways, because they are not blocked by magnesium under
this condition.

Do our observations possess a (patho)physiological rel-
evance? ATP is released in the central nervous system by both
exocytotic and non-exocytotic mechanisms, and especially
neuronal injury or neurodegenerative processes lead to a
massive outflow of ATP (Burnstock, 2006). It is conceivable
that under these conditions, ATP elicits endocannabinoid
release and suppresses the release of inhibitory, but also exci-
tatory, transmitters.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 PPADS does not affect the ATP-evoked currents. In
addition to DNQX, AP5 and bicuculline, cadmium was added
to the superfusion ACSF to block voltage-gated calcium chan-
nels. ATP was pressure ejected from a pipette. For obtaining
concentration-response relationships, the duration of the
pressure pulse was varied (0.1–5 s). In each experiment, two
concentration-response curves were obtained. Current ampli-
tudes were expressed as percentages of the current obtained at
the 5 s pressure pulse within the first concentration-response
curve (this first curve is called PRE). (A) After the first
concentration-response curve (PRE) the second curve was
obtained in the presence of solvent (SOL). Means � SEM of 3
experiments are shown. (B) After the first concentration-
response curve (PRE) the second curve was obtained in the
presence of the mixed P2X/P2Y antagonist PPADS (10-4 M).
Means � SEM of 7 experiments are shown. (B2-B3) Original
tracings of ATP-evoked currents during PRE and during
PPADS superfusion.
Figure S2 Effects of ATP on cumulative probability distribu-
tion plots of mIPSC amplitudes and inter-event intervals. In
addition to DNQX and AP5, tetrodotoxin (3 ¥ 10-7 M) was
present in the superfusion ACSF to block voltage-gated
sodium channels. ATP evoked purinergic currents which were
accompanied by calcium spikes. The plots were constructed
using 20-s periods preceding (PRE) and following ATP appli-
cation (after ATP) in one of the experiments shown in
Figure 6. Bins for amplitudes and inter-event intervals were

multiples of 10 pA and 50 ms respectively. *Indicates signifi-
cant difference (P < 0.05) between the distribution plots iden-
tified by the Kolmogorov-Smirnov test.
Figure S3 BAPTA prevents the suppression of mIPSCs by
ATP. In addition to DNQX and AP5, tetrodotoxin (3 ¥ 10-7 M)
was present in the superfusion ACSF to block voltage-gated
sodium channels. The patch-clamp pipette contained the
calcium chelator BAPTA (4 ¥ 10-2 M). (A–C) The frequency,
amplitude and cumulative amplitude of mIPSCs were evalu-
ated in 10-s periods and expressed as percentages of values
during the initial reference period PRE. Pressure ejection of
ATP evoked purinergic currents which were accompanied by
calcium spikes (see D). Means � standard error of the mean of
17 (SOL) and 17 (RIM) experiments are shown. (D) An origi-
nal tracing recorded in the presence of solvent (the period
between the dashed lines was not evaluated in A–C).
Figure S4 ATP suppresses sIPSCs recorded in the presence of
cadmium and thapsigargin also at 34°C. In addition to DNQX
and AP5, cadmium (10-4 M) and thapsigargin (10-5 M) were
present in the superfusion ACSF. (A–C) The frequency, ampli-
tude and cumulative amplitude of cadmium sIPSCs were
evaluated in 10-s periods and expressed as percentages of
values during the initial reference period PRE. Pressure ejec-
tion of ATP evoked purinergic currents, but calcium spikes
were prevented by cadmium in the ACSF (see D). Means �

standard error of the mean of 15 (SOL) and 15 (RIM) experi-
ments are shown. Filled symbols indicate significant differ-
ence versus PRE (P < 0.05); * indicates significant difference
from SOL (P < 0.05). (D) An original tracing recorded in the
presence of solvent (the period between the dashed lines was
not evaluated in A–C).
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content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
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