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Abstract Locus coeruleus (LC) neurons in a rat brain slice
preparation were superfused with a Mg*"-free and
bicuculline-containing external medium. Under these con-
ditions, glutamatergic spontaneous excitatory postsynaptic
currents (SEPSCs) were recorded by means of the whole-cell
patch-clamp method. ATP, as well as its structural analogue
2-methylthio ATP (2-MeSATP), both caused transient inward
currents, which were outlasted by an increase in the
frequency but not the amplitude of the sEPSCs. PPADS,
but not suramin or reactive blue 2 counteracted both effects
of 2-MeSATP. By contrast, «,[3-methylene ATP (o,[3-
meATP), UTP and BzATP did not cause an inward current
response. Of these latter agonists, only BzATP slightly
facilitated the sEPSC amplitude and strongly potentiated its
frequency. PPADS and Brilliant Blue G, as well as

Roghayeh Khakpay and Daniel Polster equally contributed to this
work.

R. Khakpay - D. Polster - L. Kéles - K. Wirkner - P. Tlles (P<])
Rudolf-Boehm-Institute of Pharmacology and Toxicology,
University of Leipzig,

Haertelstrasse 16-18,

04107 Leipzig, Germany

e-mail: Peter.Illes@medizin.uni-leipzig.de

L. Kdles

Department of Pharmacology and Pharmacotherapy,
Semmelweis University,

1089 Budapest, Hungary

A. Skorinkin
Institute of Physics, Kazan State University,
420008 Kazan, Russia

B. Szabo

Department of Experimental and Clinical
Pharmacology and Toxicology, University of Freiburg,
79104 Freiburg im Breisgau, Germany

fluorocitric acid and aminoadipic acid prevented the activity
of BzATP. Furthermore, BzZATP caused a similar facilitation
of the miniature (m)EPSC (recorded in the presence of
tetrodotoxin) and sEPSC frequencies (recorded in its
absence). Eventually, capsaicin augmented the frequency of
the sEPSCs in a capsazepine-, but not PPADS-antagonizable,
manner. In conclusion, the stimulation of astrocytic P2X7
receptors appears to lead to the outflow of a signalling
molecule, which presynaptically increases the spontaneous
release of glutamate onto LC neurons from their afferent
fibre tracts. It is suggested, that the two algogenic com-
pounds ATP and capsaicin utilise separate receptor systems
to potentiate the release of glutamate and in consequence to
increase the excitability of LC neurons.

Keywords Adenosine 5'-triphosphate - P2X7 receptors -
Presynaptic modulation - Spontaneous excitatory
postsynaptic currents - Miniature excitatory postsynaptic
currents - Locus coeruleus

Introduction

The sensation of pain is subject to descending control from
higher centres of the CNS, such as the mid-pontine nucleus
locus coeruleus (LC), containing a dense population of
noradrenergic cell bodies [1]. The LC obtains prominent
glutamatergic and GABAergic inputs from the nucleus
paragigantocellularis lateralis in the rostral ventral medulla,
which is implicated in several functions including pain and
analgesia [2]. LC neurons are endowed with somatic
nucleotide receptors of the P2X (ligand-gated cationic
channels) and P2Y (G protein-coupled receptors) types,
mediating rapid and slow depolarizations, respectively [3,
4]. These effects are opposite to those induced by the
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activation of hyperpolarization and analgesia-mediating
somatic o, and opioid p receptors [5].

Focal electrical stimulation evokes, in LC brain slices,
biphasic synaptic potentials, consisting of early depolarizing
(DSP) and late hyperpolarizing (IPSP) components. It has
been shown that a large fraction of the DSP is due to the
release of glutamate, from afferent fibres, predominantly
onto non-NMDA receptors and GABA onto GABA,
receptors [6, 7]. The IPSP is caused by the release of
noradrenaline onto &, adrenoceptors from recurrent axon
collaterals of the LC neurons themselves [8]. However, a
residual fraction of the DSP is evoked by ATP, which may
be a co-transmitter of noradrenaline and/or glutamate
[9, 10].

P2X7 receptors differ in many respects from the other
subtypes of this family (P2X1-6). Whereas the short-time
stimulation of P2X7 leads to the expected activation of
cationic currents, upon repeated or prolonged ATP applica-
tion the opening of a large membrane pore can be detected
[11]. The main distinguishing pharmacological properties
of this receptor are the following: (1) a low-agonist potency
of ATP, considerably surmounted by that of its structural
analogue dibenzoyl-ATP (BzATP), (2) inhibition by various
divalent cations including Ca®" and Mg”*, and (3) blockade
of the ATP effect by a range of selective antagonists, such
as Brilliant Blue G [12, 13].

In view of the great significance of peripheral P2X7
receptors in pain and inflammation [14, 15], we set out to
investigate the possible role of this receptor in the central
modulation of pain via the LC. We recorded in LC slices
excitatory synaptic currents (SEPSCs) due to the sponta-
neous release of glutamate from afferent fibres and
searched for the presence of P2X7 receptors facilitating
the glutamatergic input. It appeared that such receptors
are located at neighbouring astrocytes, releasing a further
excitatory molecule, which in turn acted at the terminals
of the glutamatergic afferents. Capsaicin-, pH- and heat-
sensitive transient receptor potential vanilloid 1 (TRPV1)
[16] receptors at LC neurons exerted an effect similar to
that of P2X7 receptor agonists, but operated via indepen-
dent pathways.

Methods
Brain slice preparation

Mid-pontine slices of the rat brain (150-200 pm thick)
containing the caudal part of the LC were prepared from
12- to 15-day-old Wistar rats as described previously [17].
Subsequently, a single slice was fully submerged in a
recording chamber (300-400 pl volume) and was super-
fused with oxygenated Mg*'-free artificial cerebrospinal
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fluid (ACSF, in mM: NaCl 126, KCI 2.5, NaH,PO,4 1.2,
CaCl, 2.4, NaHCO; 25, glucose 11; pH 7.4) at 3 ml/min
and 22-24°C. Ascorbic acid (0.3 mM) and EDTA
(0.03 mM) were present in order to prevent the oxidation
of noradrenaline. In a few experiments, a MgCl, (1.3 mM)-
containing ACSF was utilised, without any osmotic
compensation. Only one brain slice was used for electro-
physiological recording from each animal.

Identification of locus coeruleus neurons and patch-clamp
recording

The LC was identified at the ventrolateral border of the
fourth ventricle. Cells were visualised with an upright
interference contrast microscope and a x40 water immer-
sion objective (Axioscope FS, Carl Zeiss, Oberkochen,
Germany). The microscope was connected to a video
camera sensitive to infrared light (Newvicon C 2400-07-
C; Hamamatsu, Herrsching, Germany). Patch-pipettes (tip
resistance, 5-7 M) were prepared by a puller (Flaming-
Brown P97; Sutter, Novato, CA, USA) from borosilicate
capillaries and were filled with intracellular solution
consisting of (in mM: potassium gluconate 140, NaCl 10,
MgCl, 3, HEPES 10, EGTA 11; pH 7.3 adjusted with
KOH). The liquid junction potential (V7 ;) between the bath-
and pipette-solution at 22°C was calculated according to
Barry [18] and was found to be 14.3 mV.

Membrane currents were recorded by means of a patch-
clamp amplifier (Axopatch 200B; Molecular Devices,
Sunnyvale, CA, USA). Compensation of capacitance
(Cn) and series resistance (R,) was achieved with the
inbuilt circuitry of the amplifier. Series resistance was
compensated by 40-70% and did not change appreciably
from the beginning to the end of the experiments,
indicating stable recording conditions. Currents were
filtered at 5-10 kHz with the inbuilt lowpass filter of the
patch-clamp amplifier. Data were then sampled at 10 kHz
and stored on-line with a PC using the pClamp 10.0/
Clampex 10.0 software package (Molecular Devices) that
was also used for data analysis.

Neurons were voltage-clamped at a holding potential
of —80 mV and membrane potential values were
corrected by the liquid junction potential (Vij). Nor-
adrenaline was applied for 90 s at the beginning of each
experiment in order of identifying the cells by the
prominent outward current responses.

Spontaneous and miniature excitatory postsynaptic currents
(sEPSCs, mEPSCs), and application of drugs

SsEPSCs were recorded at the holding potential of —80 mV.
Recording of mEPSCs was performed in the presence of
tetrodotoxin (TTX; 0.5 puM). The postsynaptic currents
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were analysed by means of the pClamp 10.0 software
package, by detecting amplitudes exceeding the threshold
set just above the baseline noise of the recording.

Drugs supposed to interfere with synaptic currents were
applied by using three-way taps to replace the superfusion
medium with another one of a modified composition. At a
flow rate of 3 ml/min about 30 s were required until the
drug reached the bath. Bicuculline (10 uM) was routinely
added to the ACSF, at least 15 min before starting the
experiment, in order to inhibit GABA, receptor-mediated
spontaneous inhibitory postsynaptic currents. When needed,
P2 receptor antagonists were also superfused together with
bicuculline, and were present throughout. The application
periods of all P2 receptor agonists were 10 min. Average
values of amplitude and frequency of sEPSCs and mEPSCs
were calculated between the third and fifth minute of
the control period (lasting 5 min in total), between the
eighth and tenth minute of the superfusion of P2
receptor agonists, and between the eighth and tenth
min of agonist washout (both lasting for 10 min in
total). In some cases, percentage changes were calculated in
comparison with the control period. A few brain slices
were incubated for 2 h in a fluorocitric acid (FCA;
100 uM)- or aminoadipic acid (AAA; 100 uM)-containing
medium, before starting superfusion in the recording
chamber; control measurements of the BzZATP effect were
made on brain slices incubated for a comparable time in
drug-free ACSF.

The onset (Ton(10-90%)) and offset (7o) time constants
of the sEPSCs were calculated from the individual
recordings by utilising an inbuilt function of the pClamp
10.0 software. The decay phases of the sEPSCs were
fitted according to an exponential equation of the same
software.

Drugs

The following drugs and chemicals were used: 2-methyl-
thioadenosine triphosphate tetrasodium salt (2-MeSATP),
«,-methyleneadenosine 5'-triphosphate trisodium salt
(o,3-meATP), D-2-aminoadipic acid, D-(—)-2-amino-5-
phosphonopentanoic acid (AP5), (—)-bicuculline methiodide,
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), suramin
hexasodium salt (Tocris); adenosine 5'-triphosphate tetraso-
dium salt (ATP), 2'(3')-O-(4-benzoylbenzoyl)adenosine 5'-
triphosphate triethylammonium salt (BzATP), bL-fluorocitric
acid barium salt, L-(—)-norepinephrine (+)-bitartrate salt
monohydrate, pyridoxal phosphate-6-azo(benzene-2,4-
disulfonic acid) tetrasodium salt hydrate (PPADS), reactive
blue 2 (Sigma-Aldrich); capsaicin, capsazepine, uridine-5'-
triphosphate trisodium salt (UTP) (Calbiochem)

Stock solutions (10-100 mM) of drugs were prepared
with distilled water or dimethysulphoxide, as appropriate.

Aliquots were stored at —20°C. Further dilutions were made
daily with ACSF. Equivalent quantities of the solvent had
no effect.

Statistics

Results are expressed as mean+S.E.M. on » individual
trial. Differences between means or between a mean value
and zero were tested for significance by the Kruskal-
Wallis ANOVA on ranks followed by the Holm—Sidak or
Tukey multiple comparison procedure (SigmaStat, version
3.5; Jandel Scientific, Erkrath, Germany). Cumulative
probability plots of SEPSCs/mEPSCs were constructed for
inter-event intervals and compared by the Kolmogorov—
Smirnov test. A probability level of 0.05 or less was
considered to be statistically significant.

Results

Slice preparations were used to record membrane currents
from LC neurons. In the standard Mg?*-free and bicuculline
(10 uM)-containing ACSF (holding potential, —80 mV),
neither the amplitude (24.9+1.2 pA) nor the frequency
(1.8+0.4 Hz) of sEPSCs changed from their control
value after 18 min of superfusion with normal ACSF
(26.0£1.5 pA and 1.6+0.3 Hz, respectively, n=8 each,
P>0.05). However, the blockade of NMDA and non-
NMDA receptors by AP5 (50 uM) plus CNQX (10 uM)
markedly and time-dependently depressed the pre-drug
amplitude and frequency of sEPSCs (Fig. 1A,B). The
inhibition of sSEPSC frequency was complete after 15 min
of antagonist superfusion, confirming that the spontaneous
synaptic currents are due to the release of glutamate.

Effects of P2 receptor agonists on sEPSCs
and their interaction with P2 receptor antagonists

2-Methylthio ATP (2-MeSATP) is a structural analogue of
ATP which prefers P2X over P2Y receptors, and activates
all P2X receptor-types except P2X7 at the low micromolar
range (10-100 uM) [19, 20]. However, the concentration
(300 uM) of 2-MeSATP used in the present study should be
high enough to stimulate the whole family of P2X
receptors, including P2X7. 2-MeSATP caused an inward
current (34.9+2.2 pA, n=7, P<0.05), rapidly declining in
spite of its continuous presence in the bath. Moreover, this
agonist increased the frequency, but not the amplitude of
sEPSCs (Fig. 2A,B). In order to quantify this effect, we
calculated the amplitude and frequency of sEPSCs both
during the inward current response, and after its decline to
baseline, immediately before agonist washout (Fig. 2Ba,b).
Although the facilitatory effect of 2-MeSATP on the SEPSC
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Fig. 1 Effects of AP5 and CNQX on the amplitude and frequency of
sEPSCs in rat LC neurons. The holding potential in this and all
following experiments was —80 mV. 4 Representative recording of
SEPSCs and their abolition by a combination of the NMDA- and non-
NMDA receptor antagonists AP5 (50 uM) and CNQX (10 uM),

frequency was more pronounced early after drug applica-
tion, it persisted during the presence of the agonist for
10 min, and was completely reversible on washout. We
intended to avoid a possible interference of the inward
current with the increase of SEPSC frequency, and
therefore evaluated all drug effects, including those of
2-MeSATP, between the 8th and 10th min after starting
application. The dissociation between effects on the
holding current and sEPSC frequency suggest that there
are separate pre- and postsynaptic sites of action stimulated
by 2-MeSATP.

In the following experiments, we investigated the
interaction of 2-MeSATP with a range of non-selective P2
receptor antagonists. PPADS (30 uM) alone failed to alter

Fig. 2 Facilitation by

2-MeSATP of the SEPSC Aa

Normalized sEPSCs
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respectively. B Percentage change by these antagonists of the
normalised sEPSC amplitude and frequency, expressed as mean+
S.E.M. values (n=4). *P<0.05; statistically significant differences
from the control data, 810 and 13—15 min after drug application

both the amplitude (control, 12.2+0.6 pA; PPADS, 12.0+
0.5 pA; washout, 11.8£0.5 pA; P>0.05) and frequency
(control, 2.2+0.5 Hz, PPADS, 2.2+0.6 Hz; washout, 1.9+
0.5 Hz; P>0.05) of the sEPSCs (rn=11 each). However, it
depressed the 2-MeSATP-induced inward current (22.8+
3.4 pA, n=6, P<0.05; see above for control value), and
abolished the enhancement of the SEPSC frequency caused
by this agonist (Fig. 3Aa,Bb). In contrast, reactive blue 2
(100 uM) and suramin (30 uM) failed to alter both the
inward current (40.2+3.2 pA, n=5 and 33.2+9.8 pA, n=4,
respectively; P>0.05 each) and the sEPSC frequency
increase (Fig. 3Ab,Bb) caused by 2-MeSATP. According
to our expectations, none of the antagonists changed the
sEPSC amplitudes (Fig. 3Ba).

frequency, but not amplitude in
rat LC neurons. 4a Representa-
tive recordings of sEPSCs
before (A4b, left panel) and

8-10 min after (Bb, right panel)
starting superfusion with
2-MeSATP (300 uM). Note the
different time-scales of recording
in Aa and Ab as well as the
transient inward current induced
by 2-MeSATP in Aa. Change of
the absolute amplitude (Ba) and
frequency (Bb) of the SEPSCs
before, during and after the
application of 2-MeSATP (mean+
S.E.M. of seven experiments).
The time-period elapsing from
the beginning of superfusion with
2-MeSATP is indicated.
#P<0.05; statistically significant
difference from the control value
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Fig. 3 Antagonism by PPADS Aa . PpPADs (30 uM)

of the 2-MeSATP-induced

change in frequency of sEPSCs

in rat LC neurons. 4a Repre-

sentative recording of sEPSCs
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(30 uM). Ab Representative
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Then, in order to classify the P2 receptor-type involved,
further P2 receptor agonists were tested on the LC. The
endogenous non-selective P2 receptor agonist ATP
(300 uM; 60.2+8.7 pA, n=4), but not the P2X1,3
preferential «,(3-methylene ATP (ot,3-meATP) (100 puM;
8.3£5.6 pA, n=3; P>0.05 each), and the P2Y2,4 prefer-
ential UTP (100 uM; 6.2+4.6 pA, n=5, P>0.05) produced
an inward current. Whereas ATP facilitated the frequency

Fig. 4 Facilitation by ATP and
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of sEPSCs, «o,3-meATP and UTP (100 uM) were
without effect (Fig. 4Aa—c,Bb). None of these agonists
influenced the amplitude of SEPSCs either (Fig. 4Ba). It is
noteworthy that both PPADS (4.8£1.8 pA, n=4) and
suramin (14.7£9.2 pA, n=4; P<0.05 each) antagonised
the ATP-induced inward current. The changes of the
sEPSC amplitude and frequency were not evaluated in
these latter experiments.
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Effect of BZATP on sEPSCs/mEPSCs and its interaction
with P2X7 receptor antagonists as well as selective toxins
of the astrocytic metabolism

BzATP (300 uM), with preference for P2X1,7 receptors,
failed to alter the holding current of LC neurons (Fig. 5A;
n="7). Figure 5Ca, b shows plots of the number of events
against the amplitude and inter-event interval in a particular
cell. When the amplitude distributions of sEPSCs were
compared, a slight rightward shift was observed between
the distribution obtained under control conditions and that
obtained in the presence of BzATP (Fig. 5Ca). The
corresponding moderate increase in the mean SEPSC
amplitude is documented in Fig. 5Da. The time-course of
the individual sEPCSs remained unchanged in the presence
of BzATP, as indicated by the 7onc10-90%) (control, 1.33+
0.15 ms; BzATP, 1.444+0.23 ms; n=7; P>0.05) and T
values (control, 7.16+£2.16; BzATP, 7.26+1.96; n=7; P>
0.05) (Fig. 5B). Conversely, BZATP produced a marked
shift towards the right in the inter-event interval distribution

sEPSCs
A

BzATP (300 uM)

| 20 pA

1.5 min

Control ?(1 BzATP
T =9.88 ms © T = 10.06 ms
™ 30ms
CaA 250 _
S <
% 200 — Control &
Z 150 — BzATP §
3 100 =
(&) €
50 <
0 d

1l0 2l0 30 40 50 60 70
Amplitude (pA)

0

Fig. 5 Effects of BZATP on the amplitude, frequency and time-course
of sEPSCs in rat LC neurons. 4 Representative recording of SEPSCs
before, during and after a 10-min superfusion with BZATP (300 uM).
Note the stability of the holding current in spite of the presence of
BzATP. B Representative recordings of two sEPSCs of similar
amplitude under control conditions (left panel) and in the presence
of BzATP (right panel). The decay phases of the amplitudes were
fitted according to a monoexponential function to calculate the offset
time constants (7). There was no change of the offset time-constant
8-10 min after the application of BzATP, when compared with the
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reflecting an increase of the SEPSC frequency (Fig. 5Cb,
Db). The plot of the cumulative probability against the
inter-event interval was accordingly displaced to the left by
BzATP (Fig. 5Cb, inset). All effects were completely
reversible on washing out the agonist.

Both the change in the amplitude and frequency of
sEPSCs by BzATP was prevented by PPADS (30 uM),
confirming the involvement of P2 receptors (Fig. 6Ba,b).
Further, the sSEPSC frequency increase was abolished by the
selective P2X7 receptor antagonist Brilliant Blue G (BBG;
1 uM), although the corresponding facilitation of sEPSC
amplitude was left unaltered by BBG (Fig. 6Aa,Ba,b). In
accordance with the finding that P2X7 receptor-mediated
effects are blocked by divalent cations, BZATP was no
longer active in a Mg*"-containing ACSF solution
(Fig. 6Ba,b). The much larger percentage increase of the
SsEPSC frequency caused by BzATP (300 uM) than that
produced by ATP (300 uM) itself (Figs. 4Bb and 5Db;
170.3£29.0%, n=7 vs. 54.6£1.3%, n=4, P<0.05) also
supports the involvement of P2X7 receptors. Eventually,

1.2
O > o peeeess
Cb 2 Zo8
% 2 P<0.05
800 E o4 — Control
£ a
g 600 o 0 --- BZATP
e
= 400 0 4 8 12 16 20
S Inter-event interval (s)
Q2
3 00
o4
0 02 04 06 08 1.0
Inter-event interval (s)
#
30 - 8 1
254 Da ~ | Db
# E 6 -
20 4 g
2
15 4 5 4 -
10 4 o
O 24
54 Lo
0 L 0
S R» > R
o‘\<\ 1§$ 5° o(\\\ '1?/"\ 5°
O 4 &'} O 4 &'b‘b

control values (for the mean onset and offset time constants see the
“Results” section). Mean+S.E.M. of seven experiments. C Plot of the
number of events against the amplitude (Ca) and inter-event interval
(Cb) in the cell shown in 4 and B. Statistically significant shift by
BzATP of the control plot of cumulative probability against the inter-
event interval (Cb, inset). Change of the absolute amplitude (Da) and
frequency (Db) of the SEPSCs before, 8—10 min after the application
of BZATP, and a further 810 min of washout. Mean=S.E.M. of seven
experiments. “P<0.05; statistically significant difference from the
control value



Purinergic Signalling (2010) 6:349-359

355

Aa Ab
+ BBG (1 uM) + Fluorocitric acid (100 uM)
Control BzATP (300 pM) Washout Control BzATP (300 pM) Washout

| 20 pA

500 ms
Ba Mg2+ free ACSF Normal
| ACSF
*
& 607 * :
S 40 :
2 1
© 1
5 0 1 +
b i
2 204 +FCA :
©
5 404 BzATP +BBG +AAA ! BZATP
+ PPADS

Fig. 6 Blockade by P2 receptor antagonists, selective astrocytic
poisons, and external Mg®" of the BzATP-induced change in
frequency of SEPSCs in rat LC neurons. Representative recordings
of SEPSCs and antagonism by BBG (1 uM; 4a) and fluorocitric acid
(100 uM; 4b) of the effect of BZATP (300 uM). Percentage BzATP-
induced changes of the amplitude (Ba) and frequency (8b) of sEPSCs
in the presence of PPADS (30 uM) or Brilliant Blue G (BBG; 1 uM),
or their absence, 8—10 min after starting agonist application. Some
brain slices were incubated for 2 h in a fluorocitric acid (FCA4;

because a 2-h pre-incubation with fluorocitric acid
(100 uM) or aminoadipic acid (100 uM), two selective
metabolic poisons of astrocytes, counteracted the effect of
BzATP, P2X7 receptors may be located at astrocytes rather
than at the LC neurons themselves (Fig. 6Ab,Ba,b).

In further experiments, TTX (0.5 uM) was added to
abolish synaptic transmission and consequently to ensure
the recording of monoquantal excitatory events (mEPSCs;
Fig. 7). Under these conditions, the facilitation of the
mEPSC frequency by BzATP was much less pronounced
than that of the sEPSCs (Figs. SDb and 7Cb). The BzATP
effect became evident as a small rightward shift of the inter-
event interval distribution and a comparable leftward
displacement of the cumulative probability/inter-event
interval plot (Fig. 7Bb and its inset). Although the
amplitude of mEPSCs also showed a tendency to increase
in the presence of BzATP, this change did not reach
statistical significance (Fig. 7Ba,Ca). Thus, BzATP facili-
tated both the action potential-induced release of glutamate
and to a minor degree also the secretion of Ca®" from
intracellular stores of the axon terminals or alleviating the
release machinery.

The conclusion that the effects of the three P2 agonists
investigated are due primarily to a presynaptic effect at
glutamatergic afferent fibres terminating at the LC is based

W - "

Bb
200 - Mg?* free ACSF 1 Normal
_L | ACSF
1
= 150 '
~ 1
g :
@ 100 *
s g F |
£ # \
5 501 :
g 1
= '
5 0 T
R P o0 o v LIJ
-50 - L BzATP

100 uM)- or aminoadipic acid (444; 100 uM)-containing medium,
before starting superfusion in the recording chamber; control measure-
ments of the BZATP effect were made on brain slices incubated for a
comparable time in drug-free ACSF. The BzATP-induced change in
amplitude and frequency in a normal Mg?*-containing superfusion
medium is shown as the last in each series of columns. Mean+S.E.M.
of five to six experiments. *P<0.05; statistically significant differ-
ences from zero. “P<0.05; statistically significant differences from the
eftect of BZATP alone

on the observation that 2-MeSATP, ATP and BzATP, all
unequivocally increased the sEPSC and/or mEPSC fre-
quency; at the same time, the enhancement of the SEPSC
and/or mEPSC amplitude either did not reach (2-MeSATP,
ATP) or just surmounted (BzATP) the level of statistical
significance and was thereby quite moderate.

Effect of capsaicin and interaction with TRPV1
but not P2X receptor antagonists

The TRPVI1 agonist capsaicin has earlier been shown to
increase the mEPSC frequency in LC neurons under in situ
conditions [21]. We found that, in contrast to 2-MeSATP
and ATP, but in accordance with BzATP, capsaicin (10 uM)
did not induce an inward current response of LC neurons
(n=6; Fig. 8Aa). Again in accordance with BzATP,
capsaicin failed to increase the sEPSC amplitude in a
statistically significant manner (Fig. 8Ba), but clearly
facilitated the frequency of sEPSCs (Fig. 8Aa,Bb). More-
over, the selective TRPV1 antagonist capsazepine (30 puM)
abolished the effect of capsaicin, whereas PPADS (30 uM)
had no activity. Thus, TRPV1 and P2X7 receptor agonists
both appear to presynaptically facilitate the ongoing
glutamatergic input to LC neurons. However, the two
transmitter systems are independent of each other, or in
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Fig. 7 Effects of BZATP on the amplitude and frequency of mEPSCs in
rat LC neurons. mEPSCs were measured in the continuous presence of
tetrodotoxin (0.5 uM). Aa Representative recordings of sEPSCs before
(Ab, left panel) and 8—10 min after (4b, right panel) starting superfusion
with BzZATP (300 uM). Note the different time-scales of recording in 4a
and A4b as well as the stability of the holding current in spite of the
application of BZATP in 4a. B Plot of the number of events against the
amplitude (Ba) and inter-event intervals (Bb) in the cell shown in 4a

other words, TRPV1 activation does not operate via a
purinergic intermediate step.

Discussion

The main finding of this study is that the stimulation of
P2X7 receptors leads to an increased release of glutamate
onto LC neurons. Although a slight potentiation of the
sEPSC amplitude (a measure of postsynaptic sensitivity)
occurred in some of the experiments, the facilitation of the
sEPSC frequency (a measure of spontaneous transmitter
release) was a much more pronounced phenomenon.

The enhancement of spontaneous glutamatergic trans-
mission by ATP has been reported originally for the
nociceptive afferent pathways to lamina V [22] and I [23]
in the spinal cord dorsal horn. In this case, the general P2
receptor agonist ATP and the P2X1,3 selective agonist
o,-meATP had comparable activities, indicating the
involvement of pain-relevant, presynaptic P2X3 receptors
[24]. Later on, an ATP-induced facilitation of the sEPSC
frequency was demonstrated also for glutamatergically
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and Ab. Statistically significant shift by BzATP of the control plot of
cumulative probability against the inter-event interval (Bb, inset).
Change of the absolute amplitude (Ca) and frequency (Cb) of the
mEPSCs before, 810 min after starting the application of BZATP, and a
further 8-10-min of washout. Mean+S.E.M. of five experiments. The
time-period elapsing from the beginning of superfusion with BzATP
was as in Aa and Ab. "P<0.05; statistically significant difference from
the control value

innervated autonomic nuclei in the medulla oblongata
[25-27]. In these experiments, the omission of Ca** from
the bath solution blocked the action of ATP, whereas the
pharmacological inhibition of voltage-gated Ca®" channels
(VGCCs) was ineffective. Thus, the entry of Ca®" via the
P2X receptor-channel complex itself was suggested to
occur, rather than the passage of Ca®" through VGCCs
opened by the P2X receptor-induced depolarization. More-
over, the role of P2Y receptors, whose effect is known to be
independent of extracellular Ca®" was excluded by these
experiments. In some, but not all cases, P2X3 receptors
appeared to mediate the ATP effect, since o,(-meATP
mimicked and preferential P2X3 receptor antagonists such
as TNP-ATP [26] or A-317491 [27] antagonised it.
Although P2X receptors presynaptically facilitate the
spontaneous excitatory input to the spinal cord and to
mesencephalic/pontine nuclei, comparable effects were de-
scribed also for inhibitory inputs measured as spontaneous
inhibitory postsynaptic potentials (sIPSCs). The frequency of
GABAergic and glycinergic sIPSCs was reported to be
facilitated by P2X receptor activation at the level of the
spinal cord [28, 29], mesencephalon [30] and cerebral cortex
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Fig. 8 Effects of capsaicin on the amplitude and frequency of SEPSCs
in rat LC neurons; interaction with capsazepine and PPADS. Aa
Representative recordings of sEPSCs before, and 8-10 min after
starting superfusion with capsaicin (10 uM), as well as after a further
8—10 min of washout. 4h Representative recordings of SEPSCs before,
and 810 min after starting superfusion with capsaicin (10 uM), as
well as after a further 810 min of washout, in the continuous
presence of capsazepine (30 pM). Change of the absolute amplitude
(Ba) and frequency (Bb) of the sEPSCs before, during and after the
application of capsaicin, in the absence or presence of capsazepine or
PPADS (30 pM). Mean+S.E.M. of six to eight experiments. *P<0.05;
statistically significant difference from the control value

[31]. The mechanisms of the sEPSC and sIPSC increases
were identical in that the presynaptic facilitation was due to
the considerable Ca>" permeability of the P2X receptors
involved.

We found that the mixed P2X/P2Y receptor agonists, 2-
MeSATP and ATP were able to increase the glutamatergic
sEPSC frequency in rat LC neurons. The P2X1,3 receptor
agonistic «,3-meATP and the P2Y2,4 receptor agonistic
UTP were inactive. These findings in conjunction with the
strong facilitatory effect of BZATP are already compatible
with the participation of P2X7 receptors [20, 32]. Although
BzATP is known to stimulate all homomeric P2X receptor-
types except P2X5 and P2X6 at the concentration (300 uM)
used, further support for the activation of P2X7 receptors is

supplied by (1) the more marked effect of BzATP in
comparison with that of ATP itself, (2) the failure of BZATP
to act in a Mg”"-containing superfusion medium, and (3)
the antagonistic effects of PPADS and Brilliant Blue G, but
not suramin and reactive blue 2 [12, 13]. Although in the
meantime, more selective P2X7 receptor antagonists were
discovered (e.g. A-740003 or A-438079; [20]), Brilliant
Blue G is still the prototypic antagonist, which blocks
P2X7 receptors at a 10—100-times higher potency than any
other receptor of the P2X family [19].

In contrast to BzATP, 2-MeSATP induced an early
inward current, sensitive to PPADS, but not suramin.
Moreover, the comparable inward current caused by ATP
was blocked by both antagonists. All these results, as well
as the inability of suramin to prevent the 2-MeSATP-
induced facilitation of the sEPSC frequency suggest, that
the postsynaptic P2X receptors at LC neurons may be
pharmacologically different from their counterparts regu-
lating the release of glutamate from afferent fibres
terminating at the LC. This postsynaptic receptor is
certainly not P2X4, which shares its sensitivity to
extracellular Mg®" with P2X7 [33], but is unaffected by
PPADS up to a concentration of 500 uM [20].

It is concluded that the presynaptic effects are mediated
by P2X7 receptors (sensitive to ATP, 2-MeSATP, BzATP,
PPADS and Brilliant Blue G, but not «,3-meATP or
suramin), whereas the postsynaptic effects are mediated
by a hitherto unidentified P2X receptor with unusual
properties (sensitive to ATP, 2-MeSATP, suramin and
PPADS, but not o,3-meATP and BzATP) [see also 34,
35]. The failure of «,3-meATP to initiate an inward current
in spite of producing depolarization and consequently an
increased spike discharge [3, 34], may be due to its reported
ability to decrease a resting Ca’’-dependent potassium
conductance [3].

ATP is an important bidirectional signalling molecule in
the brain subserving neuron—astrocyte interactions [36, 37].
This nucleotide may be released from nerve terminals/glial
cells by exocytotic mechanisms [37], or only from
astrocytic cells via connexin hemichannels, volume-
regulated anion channels, ATP-binding cassette transporters
and the cystic fibrosis transmembrane regulator [38].
Functional P2X7 receptors have been identified both at
cultured astrocytes [39-42] and astrocytes situated in brain
slices [43]. By contrast, enhanced green fluorescent protein-
expressing astrocytes acutely dissociated from the cortex of
transgenic (Tg(GFAP/EGFP) mice exhibited ATP-induced
currents which were mediated by P2X1/5 heteromeric, but
not P2X7 homomeric receptors [44]. However, in this case,
a complicating factor may be the reported ability of P2X7
receptors to interact with several cytoskeletal proteins
including actin [12, 45]. Actin filament disintegration, such
as that occurring during the mechanical dissociation, may
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influence the activity of these receptors, potentially by
impeding their assembly from monomers into the operative
trimeric configuration [46].

The stimulation of astrocytic P2X7 receptors may
lead to the release of glutamate [39], ATP [40],
endocannabinoids [47], and interleukin 1-3 [41, 48].
Because of the involvement of P2X7 receptors in
inflammation, further inflammatory mediators including
prostaglandins and leukotrienes may also be produced and
subsequently released into the extracellular space [49]. In
the present experiments, we found that the selective
astrocytic poisons fluorocitric acid [50] and aminoadipic
acid [51], most probably by interfering with the outflow of
one or more than one signalling molecules, markedly
depressed the BzATP-induced facilitation of SEPSCs.
Both fluorocitric acid and aminoadipic acid were used at
a concentration (100 uM) which was reported to interfere
with the synthesis, storage and release of amino acid
gliotransmitters [52, 53]. Thus, we suggest that P2X7
receptors are situated at neighbouring astrocytes rather
than at the nerve terminals of glutamatergic afferents
innervating the LC.

Eventually, we confirmed the findings of Marinelli et al.
[21] in that capsaicin facilitated the SEPSC frequency in the
LC. In addition, we showed that this effect was prevented
by the selective TRPV1 antagonist capsazepine, but not by
the P2 receptor antagonist PPADS. Thus, the two algogenic
compounds appear to utilise separate receptor systems to
potentiate the release of glutamate, although the resulting
excitability increase of LC neurons, most likely involved in
pain sensation, is identical.
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