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Abstract Here, the extracellular interconversion of Introduction

nucleotides and nucleosides was investigated in rat hip-

pocampal slices and synaptosomes by an HPLC-U\Adenosine 5triphosphate (ATP), a ubiquitous signaling
technigue. Adenosine Briphosphate (ATP) was converted molecule of the brain, is involved in a wide variety of
to adenosine ‘&diphosphate (ADP), adenosiné-iono- neuronal functions, including synaptic transmission,
phosphate (AMP), adenosine, inosine, and hypoxanthine ineuromodulation, neuron-glia interactions, and neuroim-
the slices, whereas ADP elicited parallel and concentrationmunomodulation 1, 2]. The availability of extracellular
dependent formation of ATP and AMP. The specibPcATP within the nervous system is determined by the bal-
adenylate kinase inhibitor diadenosine pentaphosphat@nce between its release and removal by enzymatic
decreased the rate of decomposition of ADP and inhibitedlegradation. ATP is released stimulation-dependently in
the formation of ATP. No substantial changes in theresponse to neuronal activitg][ This is followed by its
interconversion of ADP to ATP and AMP were found in extracellular catabolism by various families of ectoen-
the presence of dipyridamole, RBufenamic acid, the PZymes {]. A unique feature of purinergic signaling is that
receptor antagonist pyridoxal-5-phosphate-6-azophenykhe catabolism of ATP by ectonucleotidases results in the
2/, 4-disulphonic acid tetrasodium (PPADS), and the alka-generation of another extracellular signaling molecule,
line phosphatase substratpara-nitrophenylphosphate. adenosine, which can activate its own receptors. Moreover,
Negligible levels of nucleotides were generated when uridi- and triphosphorylated nucleotides (ATP and ADP) also
dine B-diphosphate (UDP), AMP or adenosine were usedliffer in their afbnity to individual subtypes of P2X and
as substrates. Ecto-adenylate kinase activity was alsB2Y nucleotide receptors. Thus, ectoenzymes have an
observed in puribed synaptosomes. In summary, we denmportant role in substrate delivery and subsequent actions
onstrate the presence of an ecto-adenylate kinase activity in purine receptors. Ectonucleotidases have also been
the hippocampus, which is a previously unrecognizedmplicated in brain pathophysiology, since changes in their
pathway that inBuences the availability of purines in theexpression pattern and activity have been reported in

central nervous system. experimental models of stroké&,[6] and epilepsy T].

The brst step in the extracellular catabolism of ATP is
Keywords ADP - ATP - Hippocampus mediated by the family of ectonucleoside triphosphate di-
Ecto-adenylate kinaseDiadenosine pentaphosphate phospho-hydrolases (E-NTPDases, EC 3.6.1.5, also known
NTPDase as CD39, ectoATPase or apyrasd). E-NTPDases have a

molecular mass of 5560 kDa in their unglycosylated
form, one or two transmembrane domains and a highly
conserved catalytic region that faces the extracellular

B. Sperkgh ) - E. S. Vizi space. Until now eight members of this enzyme family
Department of Pharmacology, Laboratory of Molecular (numbered E-NTPDase 1 to E-NTPDase 8) have been
Pharmacology, Institute of Experimental Medicine, Hungarian identibed in molecular terms. but onlv those that possess
Academy of Sciences, Szigony u. 43, Budapest 1083, Hungary D y P

e-mail: sperlagh@koki.hu two transmembrane domains (i.e., E-NTPDases 1, 2, 3, and
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8) are located at the surface. E-NTPDases 1, 2, and 3 ameterconversion of various nucleotides and nucleosides in
the major ATP catabolizing enzymes of the brai8],[ rat hippocampal slices and synaptosomes using HPLC-UV.
whereas E-NTPDase 8 is either absent or only present in

low amounts in the brain9]. E-NTPDase 1 hydrolyzes

ATP and adenosine 50-diphosphate (ADP) to adenosine Eperimental procedure

monophosphate (AMP), whereas E-NTPDases 2 and 3

convert nucleoside triphosphates to their respective diMaterials

phosphates4], 10, 11].

In addition to the E-NTPDase family, ATP may also be The following chemicals were all obtained from Sigma (St.
dephosphorylated by ecto-nucleotide pyrophophatases (Eouis, MO, USA): ATP, ADP, AMP, adenosine, diade-
NPPs, E.C. 3.6.1.9) and by alkaline phosphatases. Both ofbsine pentaphosphate (Ap5A), dipyridamole, Rufenamic
these phosphatases have a broad substrate specibcity awid, inosine, para-nitrophenylphosphate, pyridoxal-5-
widespread tissue distributiom][ Activation of E-NPPs phosphate-6-azophenyl:Z-disulphonic acid tetrasodium
leads to the release of pyrophosphate and converts nucléPPADS), and uridine’&diphosphate (UDP). All solutions
oside di- and triphosphates to nucleoside monophosphategere freshly prepared on the day of use.

(e.g., ATP to AMP), whereas alkaline phosphatases cleave

one phosphoryl group, converting either nucleoside tri-

phosphates to nucleoside diphosphates, nucleosidenimals

diphosphates to nucleoside monophosphates, or nucleoside

monophosphates to nucleosides. The next step in thielale Wistar rats (140D160 g) bred in the local animal
ectonucleotidase cascade is the hydrolysis of AMP by théiouse were used in these studies. All studies were con-
ecto-3-nucleotidase (EC 3.1.3.5) enzyme. This is the rateducted in accordance with the principles and procedures
limiting step that gives rise to the formation of adenosine.outlined inthe NIH Guide for the Care and use of Labo-

In addition adenosine’8nonophosphate (AMP) could be ratory Animals and were approved by the local Animal
also dephosphorylated by alkaline phosphatases. Finallfzare Committee of the Institute of Experimental Medicine
adenosine may be deaminated in the extracellular space Budapest, Hungary).

the adenosine deaminase enzyme and/or may be taken up

by specibc nucleoside transporters into the nerve terminals

or glial cells. Thus, as a result of this rapid and highly Interconversion of nucleotides and nucleosides in rat
effective hydrolysis, endogenous ATP is converted tohippocampal slices

adenosine resulting in the activation of adenosine Al

receptors within a second in the hippocampig, [L3]. Rats were decapitated under light €@nesthesia and the

Although the enzymatic mechanisms responsible for thérain was quickly put into ice-cold Krebs® solution (NaCl
inactivation of extracellular ATP that lead to the formation 115 mM, KCI 4.7 mM, KHPQ, 1.2 mM, MgSQ 1.2 mM,
of adenosine are well delineated in the nervous system, le€3aCh 2.5 mM, NaHCQ@ 25 mM, glucose 10 mM, oxy-
is known about the reverse process which involves thgenated with 95% @ and 5% CQ, pH 7.4). Both
potential rephosphorylation of nucleotides and/or nucleohippocampi were rapidly dissected and slices (400
sides to ATP. Adenylate kinases (AKs, EC 2.7.4.3) arehick) were cut transversely with a Mcllwain tissue chopper
ubiquitous enzymes that catalyze the reaction: NTP 4and incubated in 3 ml of KrebsO solution at@7bubbled
AMP = NDP + ADP, where N represents purine, but notwith 95% O, + 5% CQ,. A 30 min preincubation period
pyrimidine nucleotides. Four different isoforms of this was applied in order to allow the recovery of tissue ATP
enzyme family have been identibed so far, with AK1 andstores. Subsequently, various ligands, (ATP, ADP, AMP,
AK4 localizing to the rat brain 14, 15]. Previous studies UDP, adenosine) were added to the bath in different initial
have demonstrated catalytic activity in the extracellularconcentrations (20, 100, 500, and in some casegshd)) in
space that converts two ADP to ATP and AMP in ra6) the absence and presence of drugs (diadenosine penta-
18] and human 19| brain synaptosomes with &, in the  phosphate (Ap5A), dipyridamole, Bufenamic acjdira-
millimolar range. Similarly, ecto-adenylate kinase activity nitrophenylphosphate, pyridoxal-5-phosphate-6-azophenyl-
has been reported in the peripheBf], in NG108-15 cells 2,4-disulphonic acid tetrasodium (PPADS)). Aliquots of
[21]] and in non-neuronal cells2p, 23]. However, the 70 pl were collected from the bath at different time points
reaction products of such an enzymatic conversion hav@.5, 5, 10, 15, 20, 25, 30, and 60 min) after the addition of
not been directly demonstrated in intact brain preparationshe ligand. The concentrations of ATP, ADP, AMP, aden-
where synaptic organization and receptor distribution ar@sine, inosine, and hypoxanthine in the aliquots were
retained. To fulbll this aim here we examine themeasured by high-performance liquid chromatography
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combined with ultraviolet detection (HPLC-UV) as A
described previously24]. The identibcation of different =~ MAUY

purines was based on the retention times of known amount 201
of standards and was carried out by the Agilent ChemSta 17.51
tion program (Fig.1A). The nucleotides and nucleosides 15 1
were quantibed using the standard addition methods fror {551
the peak area in the chromatogram. A linear correlatior 4 |
between the peak area and the injected amount of substra

6.537 - ADP
8.071 - Hyp
11.562 - AMP
17.251 - INO
22.741 - ADO

5599 - ATP

26.582 - THEO

was observed for all nucleotides and nucleosides. Thi e

actual concentrations of ATP, ADP, AMP, adenosine,

inosine, and hypoxanthine are expressed . Pre- 257

liminary analyses showed that the ADP (2M) solution 04

contained no detectable amount of ATP contamination. The 0 5 10 15 20 25 30

ATP efBux from the slices, measured without addition of min

ADP, was also negligible within the sensitivity range of this g, ATP, 20 uM

technique (Figl1B). 18 —&—ATP
For the determination of the kinetic parameters of 16 —o—ADP

nucleotide metabolizing ectoenzymes a linear regressio 1; —¥AMP

—— Ado
—&—Ino
—0—Hypo
—— 0 ATP

for concentrations of the respective nucleotide (ATP, ADP, %
AMP) as a function of time was calculated from the con-
centrations of the prst bve samples (0, 2.5, 5, 10, and 1¢
after three different initial concentrations of nucleotide (20,
100, and 50QuM) and the slopes were determined as initial
velocities §;). These initial velocities were used for cal-
culation of the kinetic parameters from the LineweaverE
Burk plot using linear line regression. Thus,

Fig. 1 Extracellular decomposition of ATP in rat hippocampal slices.
1/vi — 1 = K /Vras X [S1+ 1/v (A) Representative chromatogram showing the retention times of
/ ' m/ max X [S] + / maxs nucleotides (ATP, ADP, AMP) and nucleosides (ADO, adenosine,

. . as an internal standard. B. Hippocampal slices were incubated in 3 ml
strate has reacted, [S] is the concentration of the substratKrebsé solution in the presence of ATP (@8). Aliquots (70 )

vmax (Maximal velocity) is the point at which the enzyme is were collected at different time points (2.5, 5, 10, 15, 20, 25, 30 and
saturated with the substrate, akigl (Michaelis constant) is 60 min) after the addition of ATP. The amount of nucleotides (ATP,

the concentration that produces half-maximal velocity. ~ ADPP. and AMP) and nucleosides (Ado, adenosine; Ino, inosine; and
Hypo, hypoxanthine) in the aliquots was determined by HPLC-UV

and expressed ipM as a function of time. The diamonds represent
ATP efBux from the hippocampal slices without ATP addition (—
ATP). Note that there is a break in thE axis to enhance the
resolution. Thus, the rapid decline in ATP concentration is coincident
A synaptosomal fraction of the hippocampus was preparewith the appearance of AMP, but not ADP, which is generated after a
as described previously with slight modibcatiors][ delay. Data is shown as the Mean + SEM, where 4 independent

. . experiments

Four male Wistar rats (140D160 g), were decapitated under
ether anesthesia and the brains were quickly put into ice-

cold KrebsO solution. All hippocampi were rapidly dis-100 ul aliquot of the synaptosomes was added to 3 ml of
sected and homogenized in ice-cold 0.32 M sucros&rebsO solution at 32, bubbled with 95% @+ 5% CQ..
solution (containing 1 mM EDTA, 1 mg/ml bovine serum ADP metabolism studies were performed as described
albumin, and 5 mM HEPES, pH 7.4) at@, and centri- earlier.

fuged at 5,009 for 10 min. The supernatant was

centrifuged at 13,000 for 12 min. The pellet was resus-

pended in ice-cold, 45% (v/v) Percoll in KrebsO solutio.DH assay

(pH 7.4), and centrifuged at 13,09@r 2 min to eliminate

free mitochondria. The top layer was washed twice atAfter ADP exposition of the hippocampal slices, lactate
13,00Q for 2 min in oxygenated KrebsO solution &4 dehydrogenase (LDH, E.C. 1.1.1.27) activity that had been
The adequate composition and morphological integrity ofreleased into the media was evaluated using the CytoTox96
the preparation were veribed by electron microscopy. Aonradioactive assay kit (Promega, Madison, WI, USA),

Preparation of synaptosomes

@ Springer



Neurochem Res (2007) 32:1978D1989 1981

according to the manufacturerOs instructions. The LDHtlentical to that of AMP was observed (FiggADC). The
activity was quantiped by measuring the wavelengticoincident formation of ATP and AMP upon the break-
absorbance at 490 nm by a PerkinBDEImer 1420 Multilabellown of ADP was also observed when samples were
counter. The released LDH activity was expressed as eollected in every minute in the brst 5 min after the
percentage of total LDH activity, which was determined inaddition of ADP (Fig.2D). Moreover, this effect was
tissue samples after homogenization in 502% (v/v)  concentration dependent (FigE) within the micromolar
Triton-X 100 at the end of the experiment. concentration range studied (20, 50, 100, and pb).
However, at the highest initial ADP concentration
(500 uM), the rate of AMP formation was slightly less than
Statistics the rate of ATP formation.
Thus, we assumed that an enzyme capable of converting
All data were expressed as Mean + SEM of n observationsADP to ATP was responsible for the formation of ATP in
The statistical analyses were made by one way analysis @ur experimental system. Two enzymes that have been
variance (ANOVA) followed by DunnettOs post hoc tesimplicated in converting ADP to ATP are the adenylate
(multiple comparisons), or Student@est (pairwise com- kinase (EC 2.7.4.3) and the ecto-nucleoside diphosphate
parisons) P values of less than 0.05 were considered to b&inase (E.C. 2.7.4.6). Although both of these enzymes
statistically signibcant. could be either intra- or extracellular and play important
roles in the cellular energy homeostasis, they differ in
several aspects. Thus, adenylate kinase converts two ADP
Results molecules to one ATP and one AMP and acts in both
forward and reverse directions, whereas nucleoside
The extracellular decomposition of ATP was examined bydiphosphate kinase only phosphorylates one ADP to one
adding ATP (20, 100, and 500M) to hippocampal slices. ATP. They also differ in their substrate specibcity: aden-
As shown in Fig.1, the decomposition of ATP was rapid ylate kinase is specibc for purine based nucleotides,
(T12 < 2.5 min). As reported previously, we found that in whereas nucleoside diphosphate kinase also phosphorylates
parallel with the breakdown of ATP, the presence of AMP,other non-adenine dinucleotideg1]. To determine whe-
adenosine, inosine, and hypoxanthine was detected in thther nucleoside diphosphate kinase is involved in ADP to
extracellular Buid 12], reRecting the activity of ecto- ATP conversion in our system, we examined the extra-
NTPDase/ectoNPPase, ectohicleotidase, adenosine cellular catabolism of a pyrimidine dinucleotide, UDP
deaminase, and purine nucleoside phosphorylase enzyméEijg. 3). As shown in Fig.3A, when the slices were chal-
respectively. In addition, ADP was also detected in thdenged with UDP, UTP formation was not observed and the
tissue supernatant. However, the appearance of ADP wausitial level of UTP only slightly decreased after its addi-
delayed with respect to the brst rapid phase of ATRion. Although ATP and AMP formation were observed at
decomposition. ADP was detected only 10 min after thevery low levels following UDP addition, this was not
addition of ATP. Levels peaked at 20 min (maximal ADP dependent on the initial amount of UDP added (R4,
concentration: 2.54 + 0.88M, n = 4), declined during the B). Therefore, under our experimental conditions, the
following 10 min, and remained relatively constant level contribution of nucleoside diphosphate kinase to ATP
until 60 min. Similar patterns in the decomposition of ATP formation in response to ADP seems to be negligible.
were observed with higher initial ATP concentrations (100 To test whether the parallel formation of ATP and AMP
and 500uM, data not shown). The kinetic parameters ofafter exposure of rat hippocampal slices to ADP was due to
ATP hydrolysis, determined by initial rate measurementghe activity of an ecto-adenylate kinase, we utilized the
were as follows:K, = 322 + 95.24uM, and vihax = 14.5  specibc inhibitor of ecto-adenylate kinase, diadenosine
+ 3.4 nmol/min/prep.A = 3). pentaphosphate (Ap5A; 20@M). Ap5A has previously
Next, the hippocampal slices were incubated with ADPbeen shown to inhibit ecto-adenylate kinase enzymes in
(20, 100, and 50@M; Figs. 2ADC, respectively). The cultured endothelial cells in this concentratid??]. When
decomposition of ADP was also rapidif, < 0.5 min, Ap5A was injected directly onto the HPLC column, it
Fig. 2D). In parallel with the decline of ADP extracellular elicited a peak in the chromatogram, with a retention time
levels, the presence of AMP, adenosine, inosine, andf 14.29 + 0.43 min. A signal with an identical retention
hypoxanthine were detected, refl3ecting the activity of thdime was also observed in tissue supernatant that had been
ectonucleotidase enzyme chain. TKig andv,.x values of  exposed to ADP (20, 100, and 50®/) in the presence of
the ADP decomposition were 321.5+ 94 and Ap5A (200uM). The level of Ap5A was relatively con-
22.6 + 3.8 nmol/min/prep., respectively € 3). In addi- stant and 89.84 + 5.68% of the initial amount was detected
tion, a simultaneous generation of ATP in amounts almosat the end of the collection period € 4). We found that in
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ADP, 20 HM —e— ATP ADP, 100 uM —e—ATP
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Fig. 2 Extracellular decomposition of ADP in rat hippocampal uM as a function of time.[D) shows the result of a series of similar
slices. ABC) Hippocampal slices were incubated in 3 ml KrebsOexperiments when aliquots were collected 0.5, 1, 1.5, 2, 2.5 and 5 min
solution in the presence of different concentrations of ADR ( after the addition of ADP.K) the rate of ATP {ircles) and AMP

20 uM; B: 100 puM; C: 500 uM). Aliquots (70 pl) were collected at  (zriangles) formation was calculated from the total amount of
different time points (2.5, 5, 10, 15, 20, 25, 30 and 60 min) after thenucleotides present in the tissue supernatant during the 60 min period
addition of ADP. The amount of nucleotides (ATP, ADP and AMP) and is expressed in nmol/min, as a function of initial ADP
and nucleosides (Ado, adenosine; Ino, inosine; and Hypo, hypoxarsoncentration{ = 3D4 independent experiments)

thine) in the aliquots were determined by HPLC-UV and expressed in

the presence of Ap5A (200M), the decomposition of was inhibited at all three concentrations tested (Big.
ADP was signibcantly slower at all three initial concen-Thus, these bPndings suggest that adenylate kinase may be
trations tested (FigdA and B). In parallel with these responsible for the degradation of ADP and the formation
changes, the formation of ATP and AMP were alsoof ATP and AMP.

inhibited, with the exception of an initial ADP concentra- Since adenylate kinase is present in the cytoplasm,
tion of 20 uM, when some additional ATP formation was detection of the adenylate kinase activity in the supernatant
observed (Fig4A, C and D). By contrast, AMP formation could be due to leakage of intracellular adenylate kinase
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UDP, 20 M presence of dipyridamole (@M), a specibc inhibitor of

A, : "

5 ] —— UDP nucleoside transporter. The decomposition of ADP

20 tm % —e— ATP (100 uM) was qualitatively similar to that observed in the

]2: - —o—ADP absence of dipyridamole (FigpA), suggesting that the
= 141 —— AMP activity of nucleoside transporters does not inBuence the
= ]g i —— Ado process under our experimental conditions. Moreover, the

8 - —#—1Ino specibc adenylate kinase inhibitor Ap5A (20M) inhib-

g : —4—Hypo ited both the decomposition of ADP and the formation of

1 ATP and AMP in dipyridamole-treated slices (FigA).

0 Other potential mechanisms that may allow the entry of

ATP into the extracellular space in the absence of depo-
larization include the P2 receptor operate@8][ and

B 130 - connexin hemichannel mediated ATP releags, [30].
.'g 110 1 :GB';:’:‘_T; PPADS is a P2 receptor antagonist that acts on P2X1,
3 91 o ADP - AMP P2X2, P2X3, P2X5, P2X7, as well as P2Y1, P2Y4, P2Y6,
E 70 1 —— UDP - AMP and P2Y13 subtypes of P2X and P2Y receptors. Here, it
2 22 was used at a concentration of g8, which almost
'§ 10 maximally inhibits P2 receptors, but has only a negligible
. effect on ectoATPasesl(]. As shown in Fig.5B, the
< 05 " decomposition of ADP (10QM) did not signibcantly

0.0 - o i e change in the presence of PPADS (8d). However, a

modest inhibitory effect on AMP formation that did not
affect ADP degradation was observed when an initial ADP
Fig. 3 Extracellular decomposition of UDP (2@M) in rat hippo- ~ concentration of 2QM was used (2.482 + 0.352 and
campal slices. Hippocampal slices were incubated in 3 ml Krebs®.241 + 0.193 nmol/min in the absence and presence of

solution in the presence of UDP. Aliquots (fi§) were collected at  3( 1M PPADS, respectivelyy = 3, P < 0.05). Likewise
different time points (2.5, 5, 10, 15, 20, 25, 30 and 60 min) after the. th ' f th o hermich | h'bzt
addition of UDP. A) The amount of nucleotides (UDP, ATP, App, ' tN€ presence of the connexin hemichannel inhibrtor,

and AMP) and nucleosides (Ado, adenosine; Ino, inosine; and HypofSufenamic acid (20M), neither ADP decomposition,
hypoxanthine) in the aliquots was determined by HPLC-UV andnor ATP and AMP formation signibcantly changed in

expressed ipM as a function of time. Note that there is a break in the response to ADP (10QM) exposure (Fig5B). The role of

Y axis to enhance the resolutio)(The rate of ATP flled symbols) . . .
and AMP ppen symbols) formation following the addition of ADP alkaline phosphatases in the generation of AMP after ADP

(circles), and UDP friangles) was calculated from the total amount of (100 uM) exposure was examined by co-incubation with
nucleotides present in the tissue supernatant during the 60 min periogara-nitrophenylphosphate (PNP, 1 mM). PNP is a sub-

and is expressed i_n nmol/min, as a _function of initial nucleotide gtrate of alkaline phosphatase, and when added in excess it
concentration( = 3 independent experiments) is expected to inhibit the hydrolysis of other substrates of
alkaline phosphatases, such as ADP. No signibcant chan-
activity through damaged membranes. To exclude thigyes in the levels of ADP, ATP and AMP were observed in
possibility, LDH assay was performed in aliquots of mediathe supernatant in the presence of PNP (BB}, sug-
collected after addition of ADP (10QM). LDH is a stable  gesting that alkaline phosphatases were not involved in the
intracellular enzyme and a reliable marker of membranénterconversion of ADP to AMP.
damage. The released LDH activity was low and constant Next, hippocampal slices were exposed to AMP and
in the samples, and accounted for less than 2.27 + 0.52%denosine to reveal any other ectokinase activity that may
(n = 8) of the total LDH activity found in the slices after phosphorylate adenine nucleotides and nucleosides. When
disruption by Triton-X 100. AMP (20 uM) was added to the slices, the formation of
The direct transfer of phosphoryl groups was not con-adenosine, inosine and hypoxanthine was observed in
trolled in our experiments. Thus, it was essential to excludgarallel with the decomposition of AMP, but neither ADP
the role of any transport mechanism that might inRuenceior ATP were detected in the extracellular Ruid (Fig\),
the interconversion of nucleotides and nucleosides. Bidiand similar decomposition pattern was observed at 100 and
rectional nucleoside transporters are expressed in th&00 uM initial AMP concentration (data not shown). This
hippocampus and regulate the transmembrane movemepbhding shows that in the absence of ATP, ecto-adenylate
of nucleosides under different condition26[ 27]. To kinase does not act in a reverse direction. The of AMP
examine the involvement of nucleoside transporters in outvas 25 min and th&,,, and vay values of AMP decom-
system, the interconversion of ADP was evaluated in theosition were 267 + 52.88M and 4.99 + 0.44 nmol/min/

nucleotide [uM]
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Fig. 4 The specibc adenylate kinase inhibitor, diadenosine pentadetermined by HPLC-UV and expressed @M as a function of
phosphate (Ap5A, 20QM), inhibits the degradation of ATP and the time. Note that there is a break in tlifexis to enhance the resolution.
coincident formation of ATP and AMP in response to ADP (BED) The average amount of ADFBJ, ATP (C) and AMP D)
application. Hippocampal slices were incubated in 3 ml Krebs(resent in the tissue supernatant in the 60 min sample collection
solution containing ADP (20, 100 and 5@M) in the absence period following the addition of three initial ADP concentrations (20,
(CTRL) and presence of Ap5A (200M). Subsequently, 7Ql 100 and 50QuM) is calculated in the absence (black bars) and
aliquots were collected at different time points (2.5, 5, 10, 15, 20, 25presence of Ap5A (white bars) and the results are expressed in nmol/
30 and 60 min) after the addition of ADPA) The amount of  min. Asterisks indicate signibcant differences between Ap5A treated
nucleotides (ATP, ADP, and AMP) and nucleosides (Ado, adenosineand control slices (¢ < 0.05, **P <0.01, **P <0.001,n =4

Ino, inosine; and Hypo, hypoxanthine) in the aliquots wereindependent experiments)

prep. @ = 4), respectively. Similarly, when hippocampal Discussion
slices were challenged with increasing concentrations of
adenosine (2@M, Fig. 6B, 100 and 50QtM, not shown), Inthis study, the extracellular interconversion of nucleotides
only inosine and hypoxanthine were detected in parallein the rat hippocampus was investigated. We found that
with the breakdown of adenosine. No substantial generahippocampal slices exhibited an ATP diphospho-hydrolyz-
tion of AMP, ADP or ATP was detected (FiéB). ing activity, with coincident generation of AMP as reported
To determine whether the net formation of ATP in previously, consistently with the activity of various isoforms
response to ADP application was associated with the nervef E-NTPDases]0, 12, 31]. In addition, the decomposition
terminals, the decomposition of ADP was examined inof ATP was characterized by a delayed and transient, but not
puribped synaptosomes derived from the rat hippocampusoincident production of ADP, which suggestedto us that the
(Fig. 7TADC). As expected, the catabolism of ADP in themajority of ADP was generated in the second step of a
synaptosomes was fast and effective,{ = 2.5D3 min, sequential enzymatic pathway. Th&, value of ATP
n = 3), and the metabolic breakdown products of ADP werehydrolysis established by the present study, broadly lies
qualitatively identical to those detected using whole hippo-within the range that has been previously reported in brain
campal slices K. 873.3 + 253.6uM, vmax 71.47 £  slices and isolated tissueg4, 32B85, 36]. Although the
20.06 nmol/min/prep. { = 3). ATP formation was also identity of E-NTPDase isoform was not addressed in this
identibed as a result of ADP breakdown, although this wastudy, the weak UDP hydrolyzing activity found in our
only observed when the two higher initial ADP concentra-experiments is indicative for the involvement of E-NTPDase
tions were used (FigzB). Interestingly, AMP formation in 2 and 3, which shows a strong preference for ATP over UDP
this case prevailed over the formation of ATP at all threeas a substrate at least in the human and in the m&ie [
initial concentrations (Fig7D). These bPndings indicate that Recent studies have shown that the expression of E-NTP-
a signibcant amount of AMP was generated independentlpase 1 and 2 immunoreactivity is restricted to the resting
from ATP formation, most likely as a result of ectoNTPDaseramibed microglia, blood vessels, and neuronal progenitor
and/or NPPase activity. cells of the hippocampal dentate gyr@8[39]. By contrast,
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Fig. 6 Extracellular decomposition of AMP (20M) and adenosine

Fig. 5 Blockade of the nucleoside transportes) (and the trans- (20 uM) in rat hippocampal slices. Hippocampal slices were
membrane movement of nucleotideB)( do not affect the incubated in 3 ml KrebsO solution in the presence of AMIPdr
accumulation of ATP and AMP after ADP addition. Hippocampal @denosineg). Aliquots (70 ) were collected at different time points
slices were incubated with ADP (1Q0M) (A) in the absence (CTRL) (2.5, 5, 10, 15, 20, 25, 30 and 60 min) after the addition of adenylyl
and presence of the nucleoside transport inhibitor dipyridamolecompounds. The amount of nucleotides (ATP, ADP, AMP) and
(3 pM, DYP) or DYP + Ap5A (200uM), (B) in the absence (CTRL) pucleos!des (Ado, adenosnpe; Ino, inosine; and Hypo, hypoxanthine)
and presence of the P2 receptor antagonist PPADSuKB) the  in the aliquots were determined by HPLC-UV and expressedvras
connexin hemichannel inhibitor Bufenamic acid (FLUF, @) and & function of time ¢ = 34 independent experiments)

the alkaline phosphatase inhibitpura-nitrophenylphosphate (PNP,

1 mM). Experiments were performed according to the protocol tiviti th . I talvti tivity in the ti
shown in Fig.2B. The average amount of ADP, ATP and AMP actvities, there 1S aiso catalylic activity in the tssue

present in the tissue supernatant in the 60 min sample collectioupernatant of hippocampal slices that converts ADP to
period following the addition of ADP is calculated in the absence andATP and AMP. This activity probably corresponds to the

presence 01_‘ different d_rug_s and the_results are expressed in nmc?'/mi'écto-adenylate kinase activity demonstrated in cortical
Asterisks indicate signibcant differences from control slices
(*P < 0.05, *P < 0.01,n = 3b4 independent experiments) SynaptosomeSLESEﬂB],- neuroblastoma c.eIIQ.ﬂ] and at the

frog neuromuscular junctior2D]. The kinetic parameters

of the ecto-adenylate kinase activity we observed in the
E-NTPDase 3 immunoreactivity was associated with axonasynaptosomal preparation are in the low millimolar range
processes and presynaptic terminals in the rodent braimnd are in accordance with previous studies in whole brain
although it was only scarcely detectable in the hippocampusynaptosomes1[/]. Moreover, the activity found in our
[40]. Thus, the ATP diphospho-hydrolyzing activity study probably represents the activity of AK4, which has
observed in the present study could represent either neuroniaéen reported to be intensively expressed at the mRNA
or non-neuronal activity. The decomposition pattern of ATPlevel in the pyramidal cell layer of the hippocampus].
would be also consistent with the activity of NPPase andConversely, our results differ from those of Kukulski et al.
alkaline phosphatases. However, these latter two enzymegho failed to detect ecto-adenylate kinase activity in por-
display low abundance in the central nervous system. line brain synaptosomes4]]. Apart from species
addition, alkaline phosphatase has a low afbnity for ATP at &eterogeneity, these discrepancies may be due to the fact
physiological pH B8g]. that in the latter study the incubation media did not contain

The principal new Pnding of the present study is that inMg?*, which is required for ecto-adenylate kinase activity

addition to the known ectonucleotide hydrolyzing [18].
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Fig. 7 Extracellular decomposition of ADP in puribed synaptosomesand Hypo, hypoxanthine) in the aliquots were determined by HPLC-
prepared from rat hippocampal slices. Synaptosomes were preparétl/ and expressed ipM as a function of time.[D) The rate of ATP
according to the procedure described in Materials and MethodS(circles) and AMP ¢riangles) formation was calculated from the total
Aliquots (100pl) of the synaptosomes were added to 3 ml of KrebsGmount of nucleotides present in the tissue supernatant during the
solution and incubated in the presence of different concentrations 80 min period and is expressed in nmol/min, as a function of initial
ADP (A, 20 uM; B, 100uM; C, 500 uM). Aliquots (70 ul) were ATP concentration. Asterisks indicate signibcant differences between
collected at different time points (2.5, 5, 10, 15, 20, 25, 30 andATP and AMP concentrations at identical points £« 0.01,

60 min) after the addition of ATPABC) The amount of nucleotides *** P < 0.001,n = 3 independent experiments)

(ATP, ADP and AMP) and nucleosides (Ado, adenosine; Ino, inosine;

The conversion of ADP to ATP may also be related tometabolism of nucleotides in the hippocampus requires
the activity of nucleotide nucleoside diphosphate kinasefurther investigation.
which has been identibed on the surface of endothelial and Adenylate kinase can function in both directions:
lymphoid cells P2, 23]. However, the substrate specibcity according to conventions, the forward direction where
of nucleoside diphosphate kinase is different from adenADP is converted to ATP and AMP, and the reverse
ylate kinase since it can also phosphorylate pyrimidinedirection where ATP gives rise to the formation of ADP in
dinucleotides 21]. In our experiments, the application of the presence of AMP. Thus, the delayed production of ADP
UDP did not result in the appearance of uridine triphos-in response to addition of ATP may be due to the reverse
phates, suggesting that in our system nucleosidactivity of adenylate kinase. In this case ATP would be
diphosphate kinase is not involved in the conversion ofpartly converted to AMP by E-NTPDase in the prst step,
ADP to ATP. followed by conversion of AMP and the remaining ATP to

Moreover, a debnitive proof for the involvement of ADP by the ecto-adenylate kinase in the second step. In
adenylate kinase was obtained by the use of the highlgupport of this assumption, we show that when only AMP
specibc adenylate kinase inhibitor Ap5A, which signib-is added to the hippocampal slices, ADP production is not
cantly inhibited the decomposition of ADP and the parallelobserved, indicating that adenylate kinase cannot act in the
formation of ATP and AMP, respectively. Although, we reverse direction in the absence of ATP.
could detect a small amount of residual ATP formation Since adenylate kinase is an intracellular enzyme, the
even in the presence of Ap5A, this could be due to the ATRactivity detected in the tissue supernatant could also be due to
release from the preparation by P2 receptor activation oleakage and/or transport from the cytoplasm to the extra-
other mechanisms, as discussed below. Interestingly, it hallular Buid. Although we cannot completely exclude the
been reported recently that theHgATPase could also possibility of minor contamination by intracellular enzymes,
reach the cell surface where it exhibits both ATP synthe-our data indicate that the majority of enzyme activity found
sizing and hydrolyzing activities in non-neuronal ced®2[  inour experiments was not derived from the cytoplasm. First,
43]. However, its involvement in the extracellular we found that the activity of LDH, a stable intracellular
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enzyme and areliable marker of membrane damage, was lomicrovessels. In an attempt to localize the ecto-adenylate
and constant in the tissue supernatant in comparison to slic&iase activity detected in the hippocampal slices, we also
disrupted by Triton X 100. Second, we could not detect anyexamined the extracellular interconversion of ATP in
other cytosolic enzyme activity in the extracellular Ruid, puriPed hippocampal synaptosomes. We found that ATP
including nucleoside diphosphate kinase or adenosinwas generated following ADP application in the synapto-
kinase, which would have also been released into the medigomes, although in response to predominantly higher initial
in response to gross cellular damage. Finally, ATP eff3ux is &DP concentrations. These bndings indicate that the ecto-
reliable marker of gross cellular damage, and here ATRadenylate activity observed in the hippocampal slices is
generation was not detected in the hippocampal slices undessociated at least in part with the nerve terminals. Inter-
basal conditions, in the absence of ADP. estingly, AMP formation in this case prevailed over ATP
Other mechanisms should also be considered wheformation, indicating that additional enzymes generating
examining the production of ATP in response to addition ofAMP from ADP, such as E-NTPDase 3, may also play an
ADP to hippocampal slices. For example, ATP accumu-important role in the extracellular metabolism of ADP at
lation might be the result of a primary or secondary releas¢he nerve terminal.
of ATP from cellular compartments. It has been shown that In conclusion, we reveal for the brst time ecto-adenylate
exposure of hippocampal slices to high concentrations okinase activity in the rat hippocampus, whereas no evi-
nucleotides or nucleosides, results in their uptake followedlence supporting the activity of ecto-nucleoside
by initiation of further release of nucleotides and nucleo-diphosphate kinase and ecto-adenosine kinase was found.
sides through the homo- or heteroexchange by nucleosid#/e show that the ecto-adenylate kinase activity is (1)
transporters 37]. However, dipyridamole, an inhibitor of partly associated with the nerve terminals; (2) appears to
heteroexchange, did not affect ATP accumulation in thefunction in both forward and reverse direction, depending
present study, ruling out the involvement of this particularon the substrates; (3) is independent from the activation of
pathway. Nevertheless, the two mechanisms can operalBPADS sensitive P2 receptors, nucleoside transporters and
independently from each other. Lack of ecto-adenylateconnexin hemichannels; and (4) can participate in shaping
kinase detection in our previous study was probably due tof extracellular nucleotide levels, thereby contributing to
the fast removal of released compounds by the superfusiaeir action at P2 receptor subtypes under physiological
system P7], whereas in this study the lack of a continuousand pathological conditions.
supply of nucleotides to the transporter prevented the

detection of heteroexchange under these steady stafiknowledgments This study was supported by grants of the
conditions Hungarian Research Foundation (OTKA T037457), the Hungarian
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