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1. Introduction

Under normal conditions, pain is associated widttical activity in small-diameter fibers of
dorsal root ganglion (DRG) of the spinal cord. dd&ion, numerous studies have shown that
descending pathways from the brainstem, includivg descending noradrenergic pathway
play crucial role in the modulation of sensory sassion in the spinal cord and thereby
attenuate pain sensation. The ability of ATP taiefain was first described more than 40
years ago, and it is now widely recognized thasitan important messenger involved in
sensory information processing. ATP is releasednfrgpinal cord nerve terminals upon
depolarization and probably from damaged or steksstls upon pathological conditions. The
released ATP acts via various subtypes of ionotr&#X (homomeric P2X1-7, and hetero-
oligomeric P2X1/2, P2X1/5, P2X2/3, P2X1/4, P2X2/®2X4/6) receptors, and/or
metabotropic P2Y (P2Y P2Y,, P2Y, P2Ys; P2Yi1, P2Yi, P2Yi3 and P2Y,) receptors.
MRNA encoding all subunits of the P2X receptors expressed along the nociceptive
pathways, including the DRG, and among them, P22 and P2X3 receptor proteins are
expressed on different subpopulations of primarfgraht neurons. ATP, activating P2X
receptors, acts as an excitatory neurotransmitiethe dorsal horn of the spinal cord.
Moreover, the activation of P2X receptors not omlgdiates but also facilitates excitatory
transmission, releasing glutamate from primaryrafie fibers terminating in lamina Il and
lamina V of the spinal cord; these actions are atedi by P2X3, P2X1/5 and P2X4/6
receptors. Less is known about the role of metabatrP2 receptors in the modulation of
signal transmission in the spinal cord. All subtyeé the P2Y receptor family are widely
expressed in different parts of the nervous sysw@thpugh the expression of only PRY
P2Y,, P2Y, and P2¥ receptor has been demonstrated so far in senseuyoms. The
activation of P2Y receptors causes blockade ofNHgpe calcium channels in DRG cells.
This effect may decrease the release of glutamaite DRG terminals in the spinal cord and
thereby partly counterbalance the algogenic eftdctATP. Nevertheless, neurochemical
evidence supporting a role for these receptordhienmodulation of spinal neurotransmitter
release has not been presented so far.

ATP and its extracellular breakdown product, adamare important signaling molecules in
the CNS under physiological and pathological coodg. ATP, activating ionotropic P2X
(P2X1-7) and metabotropic P2Y (P2X46.11.12.13ureceptors acts as a fast transmitter and as
a modulator of synaptic activity in several regimighe brain, including the hippocampus.
Moreover, it also participates in long term-synagilasticity and regulates the survival of



neurons and the following repair process under qmtisiological conditions, such as
ischemia and inflammation. Adenosine, activatingahetropic adenosine receptors, (Aza,
Azg, As), has also a well-established role in the hippgquasnas a pre- and postsynaptic
depressant of excitatory transmission gaining fianice under physiological conditions,
metabolic stress and seizures.

Accordingly, convincing evidence demonstrate thevag-dependent release of both ATP
and adenosine from the hippocampus under stimuimicking physiological neuronal
activity such as electrical stimulation or patlgial challenge, such as combined oxygen-
glucose deprivation. However, due to their ubiqustahature, the endogenous source of
purines for synaptic modulation remained enigmatider these conditions.

Recent studies highlighted that glial cells, intjgafar astrocytes, are active players in
information processing in the brain and periphend a&oth adenine nucleotides and
nucleosides as well as glutamate play a key roteerglia-neuron cross talk. Thus, ATP and
glutamate coordinately activate astrocytes, throtigh mobilization of their internal €5
which in turn triggers the release of several nactise molecules from astrocytes including
ATP and glutamate themselves. These 'gliotransmaitegnal either to astrocytes, where they
generate C& waves, or to neurons, where they modulate syn#titsmission and neuronal
excitability. In the hippocampus, stimulation ofh@éfer collaterals leads to the glutamatergic
activation of AMPA receptors located on astrocytesich in turn releases ATP from
astrocytes. This ATP, by itself, or by its metabalegradation to adenosine elicits activity-
dependent heterosynaptic depression of neighbgatigways via activation of P2Y and A
receptors respectively, which may lead to increasgdaptic inhibition within intact
hippocampal circuits. Although the astrocytic seuaf ATP for synaptic modulation has
been demonstrated by a transgenic mouse model efatrocyte-specific, inducible
expression of the soluble N-ethylmaleimide—sensitfactor attachment protein receptor
(SNARE) instrumental for the release of gliotransens, the physiological and pathological
trigger for the release of ATP from astrocytes asanechanism is still unknown.

Being a highly charged molecule, ATP by itself aainppermeate the cell membrane.
Nevertheless, in previous studies, several releasghanisms has been identified for both
ATP and adenosine. ATP is co- stored in synaptiiclkes, and its classical, €adependent
vesicular release has been demonstrated in a numbecentral synapses by both
electrophysiological and neurochemical detectioasivular exocytosis of ATP has also been
demonstrated from astrocytes. In addition, othtaradtive routes of ATP release have also

been identified, such as P2X7 receptor channels jgaption hemichannels, lysosome



exocytosis, and volume sensitive anion channelsveier, these latter mechanisms have
primarily described in non-neuronal or simplifiedperimental systems, such as cultured
astrocytes, and less information is available, iwethese pathways also serve as a conduit
of ATP release for purines involved in the modwatof synaptic signaling.

For adenosine, there are also a number of differeaghanisms whereby it could accumulate
in the extracellular space. Firstly, it can be gatesl from the released ATP through the
actions of extracellular nucleotide catabolizingzynes, i.e. E-NTPDases, E-NPPases,
alkaline phosphatases and ecto5’-nucleotidase.n8icat can also be released by its own
right, via equilibrative or non-equilibrative trgymters. Finally, although direct evidence is
lacking, several studies support that adenosinalsanbe released in a vesicular fashion.
Despite that chemical signaling has a key roleeaaral function, only a few techniques are
available to directly measure the concentrationseafrotransmitters and modulators in the
extracellular space. Among them, the recently dgpe microelectrode biosensor technique
allows the detection of the efflux of endogenousratansmitters with better resolution than
conventional neurochemical methods, and also civemts the limitations of widely used
electrophysiological techniques which indirectlytete the released transmitters. Using these
multi-enzymatic microelectrode biosensors, it isgble to measure the concentration of
different neurotransmitters and modulators withhhigmporal and spatial resolution and to

detect paracrine and other non-classical releasbanesms as well.



2. Aims of the study

1. We wished to answer to the following questions itk radiolabelled

neurotransmitter release experiments:

a.

How the activity of different P2 receptors influenthe release of monoamine
and amino acid transmitters in the spinal cord?

To what extent the modulation depends on the appfiees of agonists and
concentration? (concentration-response curves,istganofile)

Which subtypes of P2 receptor mediate the effeat agonists? (use of
selective antagonists, pharmacological identifaabf the subtypes of the

receptors)

2. We studied with the application of RT-PCR:

a.

Which subtypes of P2Y receptor are expressed inath&pinal cord, brainstem

and dorsal root ganglion?

3. We aimed at answering the following questions i application of real-time

biosensor technique:

a.

What are the sources, mechanisms and exact dynaffrtios release of ATP,
adenosine and glutamate triggered by depolarization

What P2 and other receptors (P1, glutamate regegt@involved in the
release of the purines and glutamate evoked jejsolarization?

What is the temporal relationship between of thease of ATP and

glutamate?



3. Methods

3.1. RT-PCR amplification of different P2Y receptor mRNAs

Total RNA from the tissue samples was isolated Witizol Isolation Reagent according to
the protocol provided by the supplier. RNA (1 mgm2) was reverse transcribed using a
RevertAid First Strand cDNA Synthesis. Aliquots tbk first-strand cDNA template were
subjected to PCR using 0.4 mmol/L (1 mL) forward aeverse primers and 2 U (0.3 mL) of
Taqg DNA Polymerase. The primers used for ampliftcabf P2Y receptor cDNAs were: for
P2Y1» CAGGTTCTCTTCCCATTGCT (forward primer) and
CAGCAATGATGATGAAAACC (reverse primer), for P2¥ GGCATCA
ACCGTGAAGAAAT (forward primer) and GGGCAAAGCAGACAAS AAG (reverse
primer), for p-actin ATGGATGACGATATCGCTG  (forward primer) and
ATGAGGTAGTCTGTCAGGT (reverse primer). The conditsofor amplification were as
follows: initial denaturation at 95 °C for 5 mimthstart at 80 °C, then 94 °C for 1 min, 59 °C
for 1 min, and 72 °C for 1 min, for 40 cycles, walfinal extension at 72 °C for 5 min. PCR
products were analyzed by agarose gel electropisorHse identity of the various amplified
PCR products had previously been verified by sequgn Genomic DNA contamination in
RNA samples was ruled out by direct PCR amplifamaf RNA samples.

3.2. Tritium outflow experiments

[*H]GLUT and PH]NA release experiments were performed by theieptidn of the method
described in our previous studies in the spinad.c@&riefly, male Wistar rats (140-160 Q)
were anesthetized under light €@halation, and then decapitated. The spinal coad
dissected in ice-cold Krebs solution saturated Wik Q and 5% CQ, and 400 um thick
slices were prepared using a Mcllwain Tissue Choppel incubated in 1 mL of modified
Krebs solution (mmol/L: NaCl 113, KCI 4.7, Ca@.5, KH,POy 1.2, MgSQ 1.2, NaHCQ
25.0, glucose 11.5; pH 7.4) containing 1 pCi/MH]GLUT or 2.5 pCi/mL fH]NA, ascorbic
acid (300 mmol/L) and N&DTA (30 mmol/L) for 30 min. The medium was bubbled
continuously with 95% @and 5% CQ® and maintained at 37 °C*(]NA); in order to
minimize the spontaneous firing of excitatory newgrand the metabolic efflux oH]GLUT,
the bath temperature was kept at 32 °C°HGLUT release experiments. After incubation,
the tissues were rinsed three times with 6 mL Krstlstion, transferred to polypropylene
tissue chambers and superfused continuously with @ and 5% C@-saturated modified
Krebs solution at a rate of 0.65 mL/min. In ordemtash out the excess radioactivity and to



allow tissue equilibration, a 60-min preperfusiand was applied and subsequently, 3-min
perfusate samples were collected and assayed®HG[UT or [°*H]JNA. The slices were
electrically stimulated during the collection petiosing platinum ring electrodes fixed to the
top and the bottom of the 100 mL volume tissue diennwith the following parameters: 40
V, 15 Hz, 3.5 ms, 1 min {H]GLUT) and 40 V, 3 Hz, 1 ms, 2 min°g]NA). The
radioactivity released from the preparations wassueed using a Packard 1900 Tricarb

liquid scintillation spectrometer (Canberra, Aukita

3.3. P2Y1 receptor immunohistochemistry

Male Wistar rats (140-160 g) were decapitated &edspinal cord was quickly removed and
placed into a fixative solution containing 4% paraialdehyde in 0.1 M phosphate buffer
(PB) at pH 7.4 for 30 min at room temperature. Afieveral changes of the fixative and
overnight fixation at 4 °C, fixative was washed ou0.1 M PB (pH 7.4). Transverse cervical

sections (35 um) were cut by vibratome.

3.3.1. Immunofluorescence staining

Sections were incubated in blocking solution (5%ibe serum albumin (BSA) in phosphate-
buffered saline (PBS)) for 1 h. An incubation, witte first antibodies vesicular glutamate
transporter 1 (VGLUT1) (1:3000, rabbit polyclona&ffinity-purified fusion protein
containing amino acid residues 456-560 of rat VGLY®r P2V, (1:200, rabbit polyclonal
corresponding to residues 242-258 of rat or huniay P was performed at 4 °C overnight.
After careful washing with PBS, incubation with teecond antibodies (1:500 Alexa Fluor
488 goat anti-rabbit IgG or Alexa Fluor 594 goatiraibbit IgG,) were carried out at room
temperature for 2h in the dark. After wash in deti water, mounting in VectaShield,
pictures were taken by means of Nikon Eclipse E®@foscope equipped with a SPOT RT
color digital camera. Control experiments were @anied using fresh blocking serum instead

of the first antibody.

3.3.2. Immunohistochemical staining for bright field and el ectron microscopy

Endogenous peroxide activity were blocked by 3%H(15 min), traces of D, were
removed with 0.1 MPBS. Triton X100 (0.1%, 15 mirgsaapplied to increase the penetration
of the antibodies. Careful washing steps, inculbatiath blocking serum (5% normal goat
serum for 2h) then incubation with the first rabpilyclonal antibodies, such as 1:3000
VGLUT1 (Synaptic Systems), or 1:200 P2Ywere performed. After repeated washing,



incubation with biotinylated anti-rabbit 1gG for 2lwas carried out. An ABC-3,3
diaminobenzidine (DAB, Vector Laboratories) stagikit was used according to the
manufacturer’s instructions. Sections for light ragcopic investigation were washed and
dried onto microscopic slides and mounted in Cartzalaam. Pictures were taken under a
Zeiss Axioplan2 microscope equipped with an OlympQdB® camera using DPC Controller
software (Olympus Ltd., Tokyo, Japan). Samplesefectron microscopic investigation were
washed and post-fixed in 1% Os@or 30 min, dehydrated in graded ethanol (en{stamned
with 2% uranyl acetate in 70% ethanol for 30 min)l @mbedded in Taab 812 resin (Taab
Equipment Ltd., Aldermaston, Bershire, England)trathin sections were cut (Leica UCT,
Leica Microsystems, Milton Keynes, UK) and examineada Hitachi 2001 transmission
electron microscope (Hitachi, Tokyo, Japan). Intomnexperiments the first antibody was

omitted from the incubation medium.

3.4.1. Extracellular recording

Young adult maleWistar rats (4 weeks of age, 85-110 g) were euthanizedcdyyical
dislocation. After decapitation, the brain was diypremoved and placed in ice-cold artificial
cerebrospinal fluid (aCSF) containing 11 mmol/L ®gvherein 400 um coronal slices were
prepared by a microtome with vibrating blade (MrarblM 650 V).

A single slice was transferred to a recording chenntully submerged in aCSF and perfused
at 6 mL/min (34-36°C). Field excitatory postsynapiotentials (fEPSPs) were extracellularly
recorded in AC mode using a 1SO-80 isolated bioddiep with aCSF-filled glass
microelectrode (1B150F-4, < 2@), from thestratum radiatum of CA1 region in response
to stimulation (at 3V- 7V, 0.1ms, 15s intervalsyalkel bipolar electrodes) of the Schaffer
collateral-commissural fiber pathway. ExtracellulX€ recordings were performed with the
Multiclamp 700A amplifier in DC mode using borosdie glass pipettes (GC120F-10, 4-7
MQ, Havard Apparatus, Holliston, MA, USA) filled witaCSF. Electrical signal from the
electrode were acquired at 10 kHz (sampling frequgnusing the pCLAMP 9 software
package and displayed on the laboratory computgnaSanalysis was performed using the
Curve Analysis software package. Extracellular réicms were performed simultaneously

with ATP and null sensor measurements in a sexgé@ments.

3.4.2. Biosensor recording using ATP, adenosine and glutamate sensors
The principles and operation of the Pt/Ir microglede biosensors for the purines, ATP and

adenosine, have been described previously. Thermsoss used in this study were obtained



from Sarissa Biomedical. The ATP sensor comprisetivo enzymes (glycerol kinase EC
2.7.1.3 and glycerol-3-phosphate oxidase EC 1.1)&ad the adenosine sensor comprised of
three enzymes (adenosine deaminase EC 3.5.4.4easidd phosphorylase EC 2.4.2,
xanthine oxidase EC 1.1.3.22) entrapped within &iraround a fine platinum wire of 50
pmol/L diameter and 0.5 mm long. Electrochemicalsse can respond not only to the
analyte of interest, but also to any electroacipecies in the immediate environment. To
check whether the sensors were responding to ABPysed a dual recording configuration.
To give a measure of net ATP concentrations, tigaasifrom a NULL sensor (lacking
enzymes, but otherwise identical) was used to nmredsackground signals, which were then
subtracted from the signals generated by the ABBdnisor. For the adenosine/inosine sensor
(ADO/INO), a separate inosine-sensor (INO), lackadgnosine deaminase, is required to
yield a signal specific to adenosine. Thus, theaigf adenosine sensor can be described as
that from both adenosine and inosine, and the sexi@sine signal is achieved by subtracting
the signal of inosine sensor from this value. Ghate release was measured using a
glutamate (GLUT) sensor, comprising glutamate osedéEC 1.4.3.11) and using NULL
sensor, as background. The sensor is selectiv@LibIT over glutamine, aspartate, dopamine
and 5-HT. All microbiosensors were operated at B00mV (vs. Ag/AgCl) in a flow system
for amperometric detection at 34-36°C temperaturecertain series of experiments ATP,
NULL, ADO/INO and INO recordings were performed sillaneously, whereas in other
series of experiments simultaneous ATP, GLUT and.Nktkecordings were done in order to
limit the maximal number of recording electrodesha same measurement location.

The microelectrode biosensors were each insertedigh the 400 umol/L thickness of the
CA1 region of the hippocampal slice such that nodshe sensing part of the sensors was in
intimate contact with the tissue. Previous studieswed that insertion of the sensor is not
detrimental to the slice, exhibiting fEPSP activity its place. Before insertion and after
removal, the sensors were calibrated with knowncenotrations of standards: ATP (10
pumol/L), adenosine (3 umol/L), inosine (10 pumoldnd glutamate (10 pmoljl. which
allowed quantification of any rundown in sensor ssgvity over the duration of an
experiment. Before experiments a standard caldovaturve was generated, and a high linear
correlation was observed between the peak valigggohl and the ATP, adenosine, inosine,
and glutamate concentration. To take into accohat biosensor sensitivity varies during
different experiments, we used the calibration ltd sensor to normalize each signal. In
addition, we tested all compounds for any interieeswith the sensitivity of the sensors, but

none of them elicited any detectable change irsippeal. Besides the sensors, the recording



electrode was placed adjacent to the sengositinuous signal from the biosensor was
acquired at 10 kHz using the pCLAMP 9 software paek and displayed on a PC. For
calculation, ‘net’ signals for each experiment weadculated subtracting the currents of the
corresponding baseline, which were expressed iolatiesunits of concentration (umol/L). In
case of pharmacological treatments, their effectstlee peaks of the responses of the
biosensors were quantified. Unless otherwise stateccase of ATP recording, when a
biphasic signal was recorded, the effects of treatson the peak of the second phase of the
response were calculated, i.e. the absolute maximiuthe signal was taken into account.

Calibration curves were constructed using the Graphsoftware.

3.4.3. Experimental protocol

After insertion of biosensors, an approx. 20 minigration period was allowed to reach a
steady-state baseline. Then), depolarization was applied by subjecting the prafiams to
modified aCSF containing 26.9 mmol/L"KNa": 102 mmol/L) for 270 sec. All drugs were
applied to the perfusion solution, from 20 min lrefthe beginning of Kdepolarization until
the end of experiments, except FAc, which was adb@dmin before the onset of 'K

stimulation.

3.5. Statistical analysis

Date are expressed as mean + SEM witmumber of identical experiments. Studenttest
(pairwise comparisons) and one-way analysis ofavae (ANOVA) followed by the Dunnett
test (multiple comparisons) were used as a stalsiinalysis, as appropriate. P values of less

than 0.05 were considered statistically significant
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4. Results

4.1.1. [*H]GLUT release experiments

The basal neurotransmitter outflow measured in mir8y sample in 3H]GLUT release
experiments was 3.09 + 0.16%, of the total tissur@ent (n = 8), which remained relatively
constant during the subsequent sample collectilestrical field stimulations were applied
during the 3rd and 14th sample collections, resgltin a rapidincrease in the basal
[*H]GLUT efflux, which peaked 3 min after EF&nd EFS$, then gradually declined and
returned to the baseline level. The amount ofirtreleased by the second stimulation period
was comparable in amount to the first, resultingmnEFS/EFS ratio of 1.01 £ 0.07 (n = 8)
in control experiments. When the slices were sused with C&-free Krebs solution
supplemented with 1 mmol/L EGTA, the evoked releas@H]GLUT was inhibited more
than 90%, without affecting the basal efflux. Thajonity of the release could be therefore
regarded as a Gadependent release. In subsequent experimentgffie of different P2
receptor agonists on electrically evoketH]GLUT release was examined. Among them,
ATP, ADP and 2-MeSADP all concentration-dependeattgnuated the stimulation-evoked
release of H]GLUT at the micromolar concentration range witle following rank order of
agonist potency: ADP > 2- MeSADP >ATP, whereas thiglynot affect basal tritium efflux.
The maximal inhibition of H]GLUT efflux obtained by ATP was 63.15 + 2.88%<8), and
the apparent 16 value was 70.1 mmol/L. Among P2 receptor agonigts)jeSATP, the
metabolically stable analogue of ATP, at 100 pumadncentration significantly inhibited,
but in higher concentrations (200-300 umol/L) imsed stimulation evokedH]GLUT
overflow from the rat spinal cord slices. Next, te#ect of ATP and 2-MeSATP on
[*H]GLUT efflux was tested in the presence of vari@magonists acting on P2 and P1
receptors. The inhibitory effect of ATP (1 mmolia) the evoked release SHJGLUT was
abolished in the presence of the non-selectiveee@ptor antagonist suramin (300 pumol/L)
and the P2Y,13receptor selective antagonist 2-MeSAMP (10 umolfogreover, in the
presence of 2-MeSAMP, a net potentiation was oleskerBy contrast, PPADS (30 pmol/L)
and MRS2179, the selective PRahtagonist (10 pmol/L) partly reversed the inlutyteffect

of ATP (38.96 + 8.1%, and 32.63 + 1.36% inhibitionthe presence of PPADS 30 umol/L
and MRS2179 10 umol/L, respectively, n = 428< 0.01, vs. ATP alone). When the slices
were preperfused with the selective PL){Adenosine receptor antagonist DPCPX (100
nmol/L), the effect of ATP was not changed. Theilitatory effect of 2-MeSATP (300
pumol/L) was reversed by the P2X1 receptor selectintagonist NF449 (100 nmol/L).
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4.1.2. [*H]NA release experiments

Similar to PH]JGLUT release experiments, the basal tritium efflwas constant after
preloading the spinal cord slices wittH[NA (0.437 + 0.015%, n = 8), and electrical field
stimulation (40 V, 2 Hz, 1 ms, 2 min) elicited gidh and reproducible increase in tritium
efflux, with an EFQEFS ratio of 0.93 = 0.03 (1.363 + 0.136%, n = 8). Foesg studies
demonstrated that electrical field-stimulation es®i®H]NA efflux under identical conditions
is [C&"],-dependent. Among P2 purinoceptor agonists, ATPPARd 2-MeSADP decreased
the stimulation-evoked®H]NA outflow in a narrow concentration range, witte following
rank order of agonist potency: ADP2-MeSADP >ATP. In case of ADP the maximal effect
was obtained at 30 umol/L concentration. These iatonlid not significantly affect basal
release. Just as in the case’®f|GLUT release experiments, 2-MeSATP did not inhibiit
significantly enhanced the stimulation-evoked effaf [°H]NA in the concentration range of
100-300 pmol/L. In addition, 2-MeSATP also incrahske basal efflux of’H]NA (at 300
pmol/L: 0.987 £ 0.036%, n =4, P < 0.01 vs. contrdhe effect of ATP was prevented by the
P2Y1,13receptor antagonist 2-MeSAMP (10 umol/L) and, simib PH]JGLUT experiments,

a net potentiation was observed. When the sliceee weeperfused with MRS2179 (10
pmol/L), and DPCPX (100 pumol/L), the effect of ATas partly reversed. On the other
hand, suramin (300 umol/L) and PPADS (30 umol/L {{mpnon-selective antagonists of
P2 receptors, did not affect the inhibit&fyect of ATP. The facilitatory action of 2-MeSATP
(300 pumol/L) on THINA efflux was sensitive to inhibition by the P2Xgceptor selective
antagonist NF449 (100 nmol/L) and by PPADS (30 Ui)olBy contrast, the facilitatory
effect of 2-MeSATP (100 pmol/L) persisted in theeggnce of P2Y receptor selective
antagonist MRS2179 (10 umol/L); moreover, it wateptated (21.38 £ 0.33% and 106.63 +
2.7% facilitation in the absence and presence oSRIF9, respectively, n = 4, P < 0.0001).
The antagonists used in these experiments didigifisantly change the®H]NA overflow
evoked by stimulation, with the exception of sunarand PPADS, the former enhancing and
the latter slightly decreasing the evoked tritiufiffue.

4.1.3. RT-PCR study in therat brainstem, DRG, and spinal cord

Total RNA samples were reverse transcribed andifietpby PCR using primers specific to

the two different P2Y receptor subtypes. RT-PCRyam showed positive signals for both

P2Y1> and P2Ysreceptors in the rat brainstem. These bands wesenda when the reverse

transcriptase was omitted, and thus were not duketgresence of contaminating genomic

DNA. We then explored the mRNA expression of P2¥eptor subunits in the spinal cord.
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RT-PCR analysis revealed that the size of the ;R8Wecific amplification productvas
consistent with the expected sequence-based prethectindicating the expression of this P2
receptor subtype in the rat spinal cord. Similang, were able to detect mRNA expression of
the P2Y3 receptor in the rat DRG. Conversely, we were umabl demonstrate mRNA

expression of the P2¥receptor, either in the rat spinal cord or in BieG.

4.1.4. P2Y1 receptor immunohistochemistry

The pharmacological analysis also indicated thaididition to P2Y, and P2Y3 receptors, the
inhibitory effect of P2 receptor agonists of{JGLUT and PH]NA release might also be
mediated by P2Yreceptors. However, because previous studies alaeady clarified that
MRNA encoding P2Y receptors is expressed in the rat brainstem, DR spinal cord
respectively, we did not examine the expressiothigfreceptor at the mRNA level. Instead,
to explore the cell-type specific distribution dfet P2V, receptor protein and to reveal
whether P2Y receptors involved in the modulation SH[GLUT release are expressed on
primary afferent nerve terminals or interneuromamunohistochemical experiments were
performed using a specific antibody raised agaR®Y; receptors. In order to visualize
glutamatergic nerve terminals in the spinal conghunostaining selective for VGLUT1 was
also performed. Similarly to the recently publishegsults of Persson and coworkers,
immunoreactivity of VGLUT1 was present in differesénsities, but basically in the whole
dorsal horn from lamina I-VI at the cervical levdDAB staining showed VGLUT1
Immunoreactivity in the membrane of clear vesidéglutamatergic terminals. Although we
cannot exclude a potential co-localization, thetrdigtion pattern of P2Y receptor
immunolabeling in thetransverse cervical section was different from tbatVGLUT1
staining. The most intense PgYtaining was found in lamina I-Il, and the density
immunostaining weakened in the medial part of tleesal horn. Electron histochemical
staining for P2Y receptor protein revealed immunoreactive dendriies not synapses.
According to our previous study, DAB precipitatexlicating the presence of the R2Y
receptor were also observable on the luminal mengbod endothelial cells, presumably due

to the caveolae docking here.

4.2.1. ATP, adenosine and glutamate released under basal conditions and after K*
depolarization in the hippocampal CAl area
The selectivity of the biosensors used versusferences found in the hippocampus enabled

to estimate the basal tone of ATP, adenosine amtrghte in the slice. As the biosensors
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have a background current, basal tone was measuthdthe following method: at first
placing the sensors into the tissue chamber, atigwtito equilibrate for at least 20 minutes
and then inserting the sensor into the sliceswatig it to equilibrate and measuring the
changes and potential differences between thegbbeigun states. To convert this difference
to absolute concentration of ATP, adenosine anthglate we used null and inosine sensors
as references. Under basal conditions extracelhil&, adenosine and glutamate basal tones
have been estimated to be as low as a few nma#pectively (ATP: 4.1 + 0.8 pA, n = 10;
ADO: 5.4 +0.7 pA, n =10; GLUT: 6.4 £ 0.8 pA, nlf).

When slices were subjected td #epolarization (25 mmol/L; 270 sec) well deteatadipnals
were recorded on ATP, glutamate and adenosine iensgpectively. All sensors showed a
rapid response; however, the adenosine sensorteldtan earlier and longer lasting signal
than the ATP and glutamate sensor. The releasdernfosine started 0.79 + 0.01 min after the
beginning of the K depolarization and reached its peak at 7.31 + Oudi eliciting a
maximal release of 10.28 + 1.41 umol/L (n = 8). Efidux of glutamate started 2.68 + 0.04
min after K depolarization, and reached its peak at 5.62 & i (3.49 + 0.84 pumol/L, n =
8). Two phases of ATP release were detected, tee dccurring at the same time, when
glutamate release started, while the onset of ¢eersl phase coincided with the maximum
peak of glutamate release. ATP efflux started 28605 min after the beginning of the K
stimulation and reached its absolute peak duriegsétond phase at 8.08 + 0.01 min (1.23 +
0.23 pmol/L, n = 8). Null sensors that lacked enegrm the polymer coating displayed only
small fluctuations of the current around the baseliEvoked signals of field excitatory
postsynaptic potentials (fEPSP, in AC mode) recmydirom stratum radiatum of rat
hippocampus simultaneously with the ATP sensor wecevered after the ‘Kdepolarization
(Fig 1E), indicating that slices retained theirbilidy during the experiments. During 'K
depolarization, the gradual loss of biological &lgghysiological activity was observed, as
expected. fEPSP activity is then completely recestdn the next 15 min during wash out.
High K*-induced spreading depression was detected at=3081 min (n = 6) after stimulation
from stratum radiatum of area CAl. This large negatleflection on the extracellular DC
potential occurred immediately after with the lo$SEPSP, but before adenosine release did
not reached the maximum peak. ATP started to relbafore the beginning of SD, showed a
small first peak at the time of SD (0.48 + 0.16 inan = 8) and continued to increase after

the peak of SD. Likewise, glutamate release did@ath its plateau before the onset of SD.
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4.2.2. Inhibition of extracellular ATP metabolism increases ATP and inhibits adenosine
accumulation

The presence of ectonucleotidases that can metabAllP to ADP, AMP and adenosine in
the hippocampus is well documented. These enzymas play a role in the production of
adenosine during K depolarization (25 mmol/L; 270 sec). We therefdested the
contribution of the hydrolysis of ATP to extracddluadenosine accumulation by the selective
ecto-ATPase inhibitor ARL67156. ARL67156 was apgplie a concentration (100 pmoljL
which, according to previous studies elicits a safusal, although not complete blockade of
extracellular breakdown of ATP in the hippocampus.

Inhibition of extracellular ATP metabolism by ARLBF6 (100 pumol/L) enhanced the
extracellular level of ATP following Kdepolarization (8.62 + 0.76 pmol/L, n = 8, p<0.01)
Moreover, K depolarization evoked ATP efflux appeared eari@n in the absence of
ectoATPase inhibitor (1.69 + 0.012 min after thgibeing of the K stimulation). On the
other hand, ARL67156 (100 umol/L) had no significaffiect on the glutamate efflux (2.43 +
0.63 umol/L, n = 6, p>0.05). The elevation in gin&de efflux in this case started
coincidently with the elevation of ATP efflukn contrast, adenosine release during the
stimulation was inhibited in the presence of ARLBE10.15 = 0.04 umol/Ln = 6, p<0.01).
These results show that ATP efflux detected byAmE biosensor is subject to extracellular
metabolism and contributes to the generation ohasiee that is detected by the adenosine
biosensor. When the slices were preperfused with6XR56 (100 pmol/L) and the adenosine
transport inhibitor dipyridamole (50 pmol/L) theeambsine efflux was partly inhibited (ADO:
2.71 + 0.23 pmol/Ln = 5, p<0.001 vs. ARL67156 alone), i.e. it was leiglthan detected in
the presence of the ectoATPase inhibitor alones@Hadings indicate a minor additional
direct adenosine release in response todEpolarization, which is not derived from the
released ATP.

4.2.3. Differential susceptibility of ATP, adenosine and glutamate release to extracellular

Ca2+

Because ATP can be released in a[lzalependent manner, we asked whether the efflux of
ATP during K depolarization (25mmol/L; 270 sec) was {Gadependent. To examine the
Ca*-dependency of purine release during depolarization, we omitted &afrom the
perfusion medium and 1 mmol/L EGTA was added tdatkeany residual extracellular €a
Perfusion of C&-free/EGTA and 25 mmol/L K containing aCSF caused a significant
decrease in ATP (0.21 = 0.01 umolfiL= 6, p<0.01) and adenosine (0.22 + 0.02 umai/t,
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6, p<0.01) efflux during K depolarization. On the other hand, glutamate %ffid not
significantly change in response to stimulatior®43t 0.15 pmol/Ln = 6, p>0.05), when rat
hippocampal slices were perfused wittf Ciaee/EGTA aCSF solution.

4.2.4. Involvement of ongoing neuronal activity in ATP, adenosine and glutamate release

To test the involvement of the sodium-channel ntediaxon potential propagation, the effect
of TTX (3 umol/L) was examined. Inhibition of the voltage-dedent Na channels by TTX
inhibited ATP and adenosine accumulation followk§ depolarization (ATP: 0.07 + 0.05
pumol/L; n = 6, ADO: 0.08 + 0.04 umol/Lp = 6, p<0.01). Similarly, glutamate release was
reduced in the presence of TTX after highstimulation (0.12 + 0.03 umol/In = 6, p<0.01).
The Nd-channel blocker also caused a complete inhibitbrihe fEPSP activity. These
findings indicate that ATP, adenosine and glutamelsased in response td Ktimulation is
associated with ongoing axonal activity. Next, wevestigated the involvement of
glutamatergic excitatory transmission in" Klepolarization evoked ATP, glutamate and
adenosine efflux by testing the effect of glutamaieptor antagonists. When the slices were
perfused with the non-NMDA glutamate receptor aotest CNQX (10 pumol/L), it almost
abolished glutamate efflux, but did not signifidgnthange ATP and adenosine efflux in
response to 25 mmol/L *Kstimulation (GLUT: 0.09 + 0.06 umol/ln = 5, p<0.01; ATP:
1.17 £ 0.12 pmol/Ln = 5, p>0.05; ADO: 8.43 £ 0.53 umol/b,= 5, p>0.05). The NMDA
receptor antagonist D-AP-5 (10 umol/L) and the NR2Rective NMDA receptor antagonist
ifenprodil (10 pmol/L) was applied before and dgriK® depolarization (25 mmol/L; 270
sec). Elevation of extracellular ATP level was #igantly decreased in the presence of D-
AP-5 (0.21 + 0.03 pmol/L, n=5, p<0.01) and ifenpt@d.13 + 0.06 pmol/L, n=5, p<0.01).
Accumulation of adenosine was also inhibited by P-A(0.11 + 0.01 pmol/L, n=5, p<0.01)
and by ifenprodil (0.11 + 0.02 umol/L, n=5, p<0.@h)der these conditions.

4.2.5. ATP, adenosine and glutamate isreleased from glial cellsin responseto K+
depolarization in CAl area

Next, we investigated, whether the source of deteeixtracellular purines and glutamate is
glial or neuronal. Previous reports showed thatrthacetate (FAc), a mitochondrial gliotoxin
selectively impairs the oxidative metabolism ofaglcells. The specificity of FAc in the
concentration used is due to its selective uptakeadetate transporter present only in glial
cells. In addition we used a relatively short tifoe FAc perfusion period to further ensure

glia-selectivity. FAc perfusion (1 mmol/L, n=6) wadded 10 min before the beginning of K
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depolarization. Inhibition of oxidative metaboliam glial cells resulted in almost complete
inhibition of the detected increase in the secadmalsp of the efflux of ATP (ATP: 0.21 £ 0.14
pumol/L, n = 8, p<0.01), whereas the first phase of the Afflaxedid not significantly change
(ATP: 0.48 £ 0.16 pumol/Ln = 8, and 0.54 + 0.20 umol/b,= 8, in the absence and presence
of FAc, respectively, p>0.05). Glutamate efflux walso inhibited by the FAc perfusion
(GLUT: 0.11 + 0.07 pmol/Ln = 7, p<0.01). Adenosine accumulation was decrebgdgAc
treatment, although was still detectable and aguklater than in the absence of FAc (ADO:
3.08 = 0.89 umol/Ln = 8, p<0.01). The extracellular level of adenosietected in the
presence of FAc (1 mmol/L) was further inhibitedtie presence of TTX (3mol/L; 0.22 +
0.1 pmol/L,n = 6, p<0.05 vs. FAc alone). The electrical stintiola could evoke fEPSPs in
the presence of FAc and the signal remained langethanged before and after stimulation,
indicating that the treatment mostly affected tHmlgpopulation. Nevertheless, a slight
reduction of the amplitude of the response couldobserved when compared to signals
recorded from control slices, which might refldog itontribution of glia to the modulation of
fEPSP activity or a minor effect of FAc on neurosalvival. These results show that glial
and not neuronal cells are the main source of esfitdar purines and glutamate under our
experimental conditions and this transmitter effiaight affect measured fEPSP amplitudes
in the CAL1 area.

4.2.6. Mechanism of hippocampal ATP, adenosine and glutamate release

In the next experiments inhibitors of ion channédspwn to mediate the release of ATP
and/or glutamate were tested in order to identhe twnderlying mechanism of their
transmembrane efflux under our experimental comasti At first we examined the role of
P2X7 receptor ion channels (P2X7R), which are esg@é in the hippocampus and which are
known to mediate the release of glutamate and ADR fnerve terminals, as well as from
cultured astrocytes. To investigate the involvemehtP2X7R in ATP, adenosine and
glutamate efflux from the hippocampus, the effeft8BG (0.1 umol/L) and AZ10606120
(0.1 umol/L), antagonists of P2X7R were tested. Extratatlelevation of ATP was inhibited
in the presence of BBG (0.11 + 0.14 umol/L, n=50464; Fig. 6) and AZ10606120 (0.17 +
0.02 pmol/L, n=6, p<0.01) after depolarization. the other hand BBG had partial (4.60 +
0.74 pmol/L,n = 5, p<0.01), whereas AZ10606120 (0.12 £ 0.05 ilmal = 6, p<0.01) had
complete inhibitory effect on adenosine releaseedponse to Kstimulation. The efflux of
glutamate was also inhibited by a P2X7R-selectarcentration of BBG (100 nmol/L, 0.029
+ 0.06, pumol/Ln = 7, p<0.01). Next, the effect of carbenoxolo@88X) was testedyhich is
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known as a wide spectrum gap junction inhibitort @so inhibits P2X7R. High
concentration of carbenoxolone (1(athol/L) completely inhibited the ATP, adenosine and
glutamate efflux in response to 25 mmol/L gimulation (ATP: 0.21 + 0.02 umol/in = 6,
p<0.01; ADO: 0.22 + 0.02 umol/ln = 6, p<0.01; GLUT: 0.013 + 0.02 pumol/lp, = 6,
p<0.01). Because it is known that CBX in low cortcation inhibits only the Panx1-evoked
current and P2X7R co-immunoprecipitate with Panxl also examined a lower, pannexin
selective concentration of CBX (20mol/L). This treatment completely abolished the
adenosine efflux during Kdepolarization (1.02 + 0.26 umol/ln = 5, p<0.01; Fig 7).
Administration of probenecid (15@mol/L), another pannexin inhibitor also caused a
remarkable decrease in the extracellular conceémtraf adenosine (0.2 = 0.01 pmolf.= 7,
p<0.01). In contrast, the extracellular level of AWas significantly increased in the presence
of low concentration CBX (2@mol/L; 2.22 + 0.37 pmol/Lh = 5, p<0.01) and in the
presence of probenecid (150nol/L; 2.70 £ 0.11 pmol/L,n = 7, p<0.01). These data
demonstrate that the mechanism of the efflux of Adrel adenosine is partly different:
although the efflux of adenosine did arise fromvjesly released ATP, through the actions
of ectonucleotidase, it might also be releasedctlireria pannexin hemichannels. In contrast,
ATP is released through P2X7 receptors into theaaegtlular space, before its rapid
breakdown to adenosine.

As for the underlying mechanism of glutamate efflbrcause it was €aindependent the
participation of excitatory amino acid transportéE®AT1-5), present on neuronal and glial
membrane was taken into account, and L-trans-2,@;Rbe wide spectrum EAAT inhibitor
was examined. L-trans-2,4-PDC significantly decedaglutamate efflux evoked by K
depolarization (1.24 + 0.66 pmol/L, n = 7, p<0.05).

5. Conclusion

In the first study, the P2 receptor-mediated mdibda of [*H]glutamate and
[*H]noradrenaline release were examined in rat spavatl slices. ATP, ADP, and 2-
MeSADP decreased the electrical stimulation-evdRiijglutamate efflux with the following
order of potency: ADP2-MeSADP-ATP. The effect of ATP was antagonized by suramin
(300 pmoal/L), the P2¥3 receptor antagonist 2-MeSAMP (10 pmol/L), and lgalty
PPADS (30 umol/L) and the P2Yeceptor antagonist MRS2179 (10 umol/L). ATP, ADP,
and 2-MeSADP also decreased evokéd]joradrenaline outflow; the order of agonist
potency was ADP2-MeSADP-ATP. The effect of ATP was reversed by 2-MeSAMP (10
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umol//L), and partly by MRS2179 (10 umol/L). By ¢ast, 2-MeSATP (10-300 pumol/L)
increased resting and electrically evok&d]§lutamate and*H]noradrenaline efflux, and this
effect was prevented by the P2X1 receptor seleantagonist NF449 (100 nmol/L). Reverse
transcriptase polymerase chain reaction (RT-PCR)yais revealed that mRNAs encoding
P2Y1, and P2Y3; receptors are expressed in the brainstem, whét2dg; but not P2Y,
receptor mRNA is present in the dorsal root gamgland spinal cord. P2Yreceptor
expression in the spinal cord is also demonstratedhe protein level. In conclusion,
inhibitory P2Y and facilitatory P2X1-like receptorsvolved in the regulation of glutamate
(P2Y13 and/or P2Y) and noradrenaline (P2Y¥ and/or P2Y, P2Y;,) release have been
identified, which provide novel target sites foafgesics acting at the spinal cord level.

The second study was undertaken to characterizeKthalepolarization-evoked ATP,
adenosine and glutamate outflow in the in vitro hgipocampal slice. We utilised the
microelectrode biosensor technique and extracelllectrophysiological recording for the
real-time monitoring of the efflux of ATP, adenosiand glutamate. ATP, adenosine and
glutamate sensors exhibited transient and reversibirrent during 25 mmol/L K
depolarization, with distinct kinetics. The ecto{Adse inhibitor ARL67156 enhanced the
extracellular level of ATP and inhibited the projmal adenosine efflux suggesting that
generation of adenosine may arise from the exitdaelbreakdown of ATP. Stimulation-
evoked ATP, adenosine and glutamate efflux wasbited by tetrodotoxin, while Gafree
medium abolished ATP and adenosine efflux. Extialeel elevation of ATP and adenosine
were decreased in the presence of NMDA receptoaganists D-AP-5 and ifenprodil,
whereas non-NMDA receptor blockade by CNQX inhithitglutamate but not ATP and
adenosine efflux. The gliotoxin fluoroacetate ar&XP receptor antagonists inhibited thé-K
evoked ATP, adenosine and glutamate efflux, whaldenoxolone in low concentration and
probenecid decreased only the adenosine efflux.r€sults demonstrate activity-dependent
gliotransmitter release in the hippocampus in raspdo ongoing neuronal activity. ATP and
glutamate is released by P2X7 receptor activatitm eéxtracellular space. Although the efflux
of adenosine did arise from released ATP, it miglsb be released directly via pannexin

hemichannels.
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