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Beáta Sperlágh Æ E. Sylvester Vizi

Accepted: 23 July 2007 / Published online: 25 August 2007
� Springer Science+Business Media, LLC 2007

Abstract Here, the extracellular interconversion of
nucleotides and nucleosides was investigated in rat hip-
pocampal slices and synaptosomes by an HPLC-UV
technique. Adenosine 50-triphosphate (ATP) was converted
to adenosine 50-diphosphate (ADP), adenosine 50-mono-
phosphate (AMP), adenosine, inosine, and hypoxanthine in
the slices, whereas ADP elicited parallel and concentration-
dependent formation of ATP and AMP. The speciÞc
adenylate kinase inhibitor diadenosine pentaphosphate
decreased the rate of decomposition of ADP and inhibited
the formation of ATP. No substantial changes in the
interconversion of ADP to ATP and AMP were found in
the presence of dipyridamole, ßufenamic acid, the P2
receptor antagonist pyridoxal-5-phosphate-6-azophenyl-
20,40-disulphonic acid tetrasodium (PPADS), and the alka-
line phosphatase substratepara-nitrophenylphosphate.
Negligible levels of nucleotides were generated when uri-
dine 50-diphosphate (UDP), AMP or adenosine were used
as substrates. Ecto-adenylate kinase activity was also
observed in puriÞed synaptosomes. In summary, we dem-
onstrate the presence of an ecto-adenylate kinase activity in
the hippocampus, which is a previously unrecognized
pathway that inßuences the availability of purines in the
central nervous system.
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Introduction

Adenosine 50-triphosphate (ATP), a ubiquitous signaling
molecule of the brain, is involved in a wide variety of
neuronal functions, including synaptic transmission,
neuromodulation, neuron-glia interactions, and neuroim-
munomodulation [1, 2]. The availability of extracellular
ATP within the nervous system is determined by the bal-
ance between its release and removal by enzymatic
degradation. ATP is released stimulation-dependently in
response to neuronal activity [3]. This is followed by its
extracellular catabolism by various families of ectoen-
zymes [4]. A unique feature of purinergic signaling is that
the catabolism of ATP by ectonucleotidases results in the
generation of another extracellular signaling molecule,
adenosine, which can activate its own receptors. Moreover,
di- and triphosphorylated nucleotides (ATP and ADP) also
differ in their afÞnity to individual subtypes of P2X and
P2Y nucleotide receptors. Thus, ectoenzymes have an
important role in substrate delivery and subsequent actions
on purine receptors. Ectonucleotidases have also been
implicated in brain pathophysiology, since changes in their
expression pattern and activity have been reported in
experimental models of stroke [5, 6] and epilepsy [7].

The Þrst step in the extracellular catabolism of ATP is
mediated by the family of ectonucleoside triphosphate di-
phospho-hydrolases (E-NTPDases, EC 3.6.1.5, also known
as CD39, ectoATPase or apyrase) [4]. E-NTPDases have a
molecular mass of 55Ð60 kDa in their unglycosylated
form, one or two transmembrane domains and a highly
conserved catalytic region that faces the extracellular
space. Until now eight members of this enzyme family
(numbered E-NTPDase 1 to E-NTPDase 8) have been
identiÞed in molecular terms, but only those that possess
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 are
the major ATP catabolizing enzymes of the brain [8],
whereas E-NTPDase 8 is either absent or only present in
low amounts in the brain [9]. E-NTPDase 1 hydrolyzes
ATP and adenosine 5Õ-diphosphate (ADP) to adenosine 5Õ-
monophosphate (AMP), whereas E-NTPDases 2 and 3
convert nucleoside triphosphates to their respective di-
phosphates [4, 10, 11].

In addition to the E-NTPDase family, ATP may also be
dephosphorylated by ecto-nucleotide pyrophophatases (E-
NPPs, E.C. 3.6.1.9) and by alkaline phosphatases. Both of
these phosphatases have a broad substrate speciÞcity and
widespread tissue distribution [4]. Activation of E-NPPs
leads to the release of pyrophosphate and converts nucle-
oside di- and triphosphates to nucleoside monophosphates
(e.g., ATP to AMP), whereas alkaline phosphatases cleave
one phosphoryl group, converting either nucleoside tri-
phosphates to nucleoside diphosphates, nucleoside
diphosphates to nucleoside monophosphates, or nucleoside
monophosphates to nucleosides. The next step in the
ectonucleotidase cascade is the hydrolysis of AMP by the
ecto-50-nucleotidase (EC 3.1.3.5) enzyme. This is the rate-
limiting step that gives rise to the formation of adenosine.
In addition adenosine 50-monophosphate (AMP) could be
also dephosphorylated by alkaline phosphatases. Finally,
adenosine may be deaminated in the extracellular space by
the adenosine deaminase enzyme and/or may be taken up
by speciÞc nucleoside transporters into the nerve terminals
or glial cells. Thus, as a result of this rapid and highly
effective hydrolysis, endogenous ATP is converted to
adenosine resulting in the activation of adenosine A1
receptors within a second in the hippocampus [12, 13].

Although the enzymatic mechanisms responsible for the
inactivation of extracellular ATP that lead to the formation
of adenosine are well delineated in the nervous system, less
is known about the reverse process which involves the
potential rephosphorylation of nucleotides and/or nucleo-
sides to ATP. Adenylate kinases (AKs, EC 2.7.4.3) are
ubiquitous enzymes that catalyze the reaction: NTP +
AMP = NDP + ADP, where N represents purine, but not
pyrimidine nucleotides. Four different isoforms of this
enzyme family have been identiÞed so far, with AK1 and
AK4 localizing to the rat brain [14, 15]. Previous studies
have demonstrated catalytic activity in the extracellular
space that converts two ADP to ATP and AMP in rat [16Ð
18] and human [19] brain synaptosomes with aKm in the
millimolar range. Similarly, ecto-adenylate kinase activity
has been reported in the periphery [20], in NG108-15 cells
[21] and in non-neuronal cells [22, 23]. However, the
reaction products of such an enzymatic conversion have
not been directly demonstrated in intact brain preparations,
where synaptic organization and receptor distribution are
retained. To fulÞll this aim here we examine the

interconversion of various nucleotides and nucleosides in
rat hippocampal slices and synaptosomes using HPLC-UV.

Experimental procedure

Materials

The following chemicals were all obtained from Sigma (St.
Louis, MO, USA): ATP, ADP, AMP, adenosine, diade-
nosine pentaphosphate (Ap5A), dipyridamole, ßufenamic
acid, inosine, para-nitrophenylphosphate, pyridoxal-5-
phosphate-6-azophenyl-20,40-disulphonic acid tetrasodium
(PPADS), and uridine 50-diphosphate (UDP). All solutions
were freshly prepared on the day of use.

Animals

Male Wistar rats (140Ð160 g) bred in the local animal
house were used in these studies. All studies were con-
ducted in accordance with the principles and procedures
outlined in the NIH Guide for the Care and use of Labo-

ratory Animals and were approved by the local Animal
Care Committee of the Institute of Experimental Medicine
(Budapest, Hungary).

Interconversion of nucleotides and nucleosides in rat
hippocampal slices

Rats were decapitated under light CO2 anesthesia and the
brain was quickly put into ice-cold KrebsÕ solution (NaCl
115 mM, KCl 4.7 mM, KH2PO4 1.2 mM, MgSO4 1.2 mM,
CaCl2 2.5 mM, NaHCO3 25 mM, glucose 10 mM, oxy-
genated with 95% O2, and 5% CO2, pH 7.4). Both
hippocampi were rapidly dissected and slices (400lm
thick) were cut transversely with a McIlwain tissue chopper
and incubated in 3 ml of KrebsÕ solution at 37�C, bubbled
with 95% O2 + 5% CO2. A 30 min preincubation period
was applied in order to allow the recovery of tissue ATP
stores. Subsequently, various ligands, (ATP, ADP, AMP,
UDP, adenosine) were added to the bath in different initial
concentrations (20, 100, 500, and in some cases 50lM), in
the absence and presence of drugs (diadenosine penta-
phosphate (Ap5A), dipyridamole, ßufenamic acid,para-
nitrophenylphosphate, pyridoxal-5-phosphate-6-azophenyl-
20,40-disulphonic acid tetrasodium (PPADS)). Aliquots of
70 ll were collected from the bath at different time points
(2.5, 5, 10, 15, 20, 25, 30, and 60 min) after the addition of
the ligand. The concentrations of ATP, ADP, AMP, aden-
osine, inosine, and hypoxanthine in the aliquots were
measured by high-performance liquid chromatography
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combined with ultraviolet detection (HPLC-UV) as
described previously [24]. The identiÞcation of different
purines was based on the retention times of known amounts
of standards and was carried out by the Agilent ChemSta-
tion program (Fig.1A). The nucleotides and nucleosides
were quantiÞed using the standard addition methods from
the peak area in the chromatogram. A linear correlation
between the peak area and the injected amount of substrate
was observed for all nucleotides and nucleosides. The
actual concentrations of ATP, ADP, AMP, adenosine,
inosine, and hypoxanthine are expressed inlM. Pre-
liminary analyses showed that the ADP (20lM) solution
contained no detectable amount of ATP contamination. The
ATP efßux from the slices, measured without addition of
ADP, was also negligible within the sensitivity range of this
technique (Fig.1B).

For the determination of the kinetic parameters of
nucleotide metabolizing ectoenzymes a linear regression
for concentrations of the respective nucleotide (ATP, ADP,
AMP) as a function of time was calculated from the con-
centrations of the Þrst Þve samples (0, 2.5, 5, 10, and 15)
after three different initial concentrations of nucleotide (20,
100, and 500lM) and the slopes were determined as initial
velocities (vi). These initial velocities were used for cal-
culation of the kinetic parameters from the LineweaverÐ
Burk plot using linear line regression. Thus,

1=vi � 1¼ Km=vmax� [S]þ 1=vmax;

wherevi is the velocity measured when very little sub-
strate has reacted, [S] is the concentration of the substrate,
vmax (maximal velocity) is the point at which the enzyme is
saturated with the substrate, andKm (Michaelis constant) is
the concentration that produces half-maximal velocity.

Preparation of synaptosomes

A synaptosomal fraction of the hippocampus was prepared
as described previously with slight modiÞcations [25].
Four male Wistar rats (140Ð160 g), were decapitated under
ether anesthesia and the brains were quickly put into ice-
cold KrebsÕ solution. All hippocampi were rapidly dis-
sected and homogenized in ice-cold 0.32 M sucrose
solution (containing 1 mM EDTA, 1 mg/ml bovine serum
albumin, and 5 mM HEPES, pH 7.4) at 4�C, and centri-
fuged at 5,000g for 10 min. The supernatant was
centrifuged at 13,000g for 12 min. The pellet was resus-
pended in ice-cold, 45% (v/v) Percoll in KrebsÕ solution
(pH 7.4), and centrifuged at 13,000g for 2 min to eliminate
free mitochondria. The top layer was washed twice at
13,000g for 2 min in oxygenated KrebsÕ solution at 4�C.
The adequate composition and morphological integrity of
the preparation were veriÞed by electron microscopy. A

100 ll aliquot of the synaptosomes was added to 3 ml of
KrebsÕ solution at 37�C, bubbled with 95% O2 + 5% CO2.
ADP metabolism studies were performed as described
earlier.

LDH assay

After ADP exposition of the hippocampal slices, lactate
dehydrogenase (LDH, E.C. 1.1.1.27) activity that had been
released into the media was evaluated using the CytoTox96
nonradioactive assay kit (Promega, Madison, WI, USA),
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Fig. 1 Extracellular decomposition of ATP in rat hippocampal slices.
(A) Representative chromatogram showing the retention times of
nucleotides (ATP, ADP, AMP) and nucleosides (ADO, adenosine,
INO, inosine, HYP, hypoxanthine). Theophylline (THEO) was used
as an internal standard. B. Hippocampal slices were incubated in 3 ml
KrebsÕ solution in the presence of ATP (20lM). Aliquots (70ll)
were collected at different time points (2.5, 5, 10, 15, 20, 25, 30 and
60 min) after the addition of ATP. The amount of nucleotides (ATP,
ADP, and AMP) and nucleosides (Ado, adenosine; Ino, inosine; and
Hypo, hypoxanthine) in the aliquots was determined by HPLC-UV
and expressed inlM as a function of time. The diamonds represent
ATP efßux from the hippocampal slices without ATP addition (¯
ATP). Note that there is a break in theY axis to enhance the
resolution. Thus, the rapid decline in ATP concentration is coincident
with the appearance of AMP, but not ADP, which is generated after a
delay. Data is shown as the Mean ± SEM, wheren = 4 independent
experiments
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according to the manufacturerÕs instructions. The LDH
activity was quantiÞed by measuring the wavelength
absorbance at 490 nm by a PerkinÐElmer 1420 Multilabel
counter. The released LDH activity was expressed as a
percentage of total LDH activity, which was determined in
tissue samples after homogenization in 500ll 2% (v/v)
Triton-X 100 at the end of the experiment.

Statistics

All data were expressed as Mean ± SEM of n observations.
The statistical analyses were made by one way analysis of
variance (ANOVA) followed by DunnettÕs post hoc test
(multiple comparisons), or StudentÕst-test (pairwise com-
parisons).P values of less than 0.05 were considered to be
statistically signiÞcant.

Results

The extracellular decomposition of ATP was examined by
adding ATP (20, 100, and 500lM) to hippocampal slices.
As shown in Fig.1, the decomposition of ATP was rapid
(T1/2 < 2.5 min). As reported previously, we found that in
parallel with the breakdown of ATP, the presence of AMP,
adenosine, inosine, and hypoxanthine was detected in the
extracellular ßuid [12], reßecting the activity of ecto-
NTPDase/ectoNPPase, ecto50-nucleotidase, adenosine
deaminase, and purine nucleoside phosphorylase enzymes,
respectively. In addition, ADP was also detected in the
tissue supernatant. However, the appearance of ADP was
delayed with respect to the Þrst rapid phase of ATP
decomposition. ADP was detected only 10 min after the
addition of ATP. Levels peaked at 20 min (maximal ADP
concentration: 2.54 ± 0.88lM, n = 4), declined during the
following 10 min, and remained relatively constant level
until 60 min. Similar patterns in the decomposition of ATP
were observed with higher initial ATP concentrations (100
and 500lM, data not shown). The kinetic parameters of
ATP hydrolysis, determined by initial rate measurements
were as follows:Km = 322 ± 95.24lM, and vmax = 14.5
± 3.4 nmol/min/prep. (n = 3).

Next, the hippocampal slices were incubated with ADP
(20, 100, and 500lM; Figs. 2AÐC, respectively). The
decomposition of ADP was also rapid (T1/2 < 0.5 min,
Fig. 2D). In parallel with the decline of ADP extracellular
levels, the presence of AMP, adenosine, inosine, and
hypoxanthine were detected, reßecting the activity of the
ectonucleotidase enzyme chain. TheKm andvmax values of
the ADP decomposition were 321.5 ± 94.4lM and
22.6 ± 3.8 nmol/min/prep., respectively (n = 3). In addi-
tion, a simultaneous generation of ATP in amounts almost

identical to that of AMP was observed (Figs.2AÐC). The
coincident formation of ATP and AMP upon the break-
down of ADP was also observed when samples were
collected in every minute in the Þrst 5 min after the
addition of ADP (Fig.2D). Moreover, this effect was
concentration dependent (Fig.2E) within the micromolar
concentration range studied (20, 50, 100, and 500lM).
However, at the highest initial ADP concentration
(500 lM), the rate of AMP formation was slightly less than
the rate of ATP formation.

Thus, we assumed that an enzyme capable of converting
ADP to ATP was responsible for the formation of ATP in
our experimental system. Two enzymes that have been
implicated in converting ADP to ATP are the adenylate
kinase (EC 2.7.4.3) and the ecto-nucleoside diphosphate
kinase (E.C. 2.7.4.6). Although both of these enzymes
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
molecules to one ATP and one AMP and acts in both
forward and reverse directions, whereas nucleoside
diphosphate kinase only phosphorylates one ADP to one
ATP. They also differ in their substrate speciÞcity: aden-
ylate kinase is speciÞc for purine based nucleotides,
whereas nucleoside diphosphate kinase also phosphorylates
other non-adenine dinucleotides [21]. To determine whe-
ther nucleoside diphosphate kinase is involved in ADP to
ATP conversion in our system, we examined the extra-
cellular catabolism of a pyrimidine dinucleotide, UDP
(Fig. 3). As shown in Fig.3A, when the slices were chal-
lenged with UDP, UTP formation was not observed and the
initial level of UTP only slightly decreased after its addi-
tion. Although ATP and AMP formation were observed at
very low levels following UDP addition, this was not
dependent on the initial amount of UDP added (Fig.3A,
B). Therefore, under our experimental conditions, the
contribution of nucleoside diphosphate kinase to ATP
formation in response to ADP seems to be negligible.

To test whether the parallel formation of ATP and AMP
after exposure of rat hippocampal slices to ADP was due to
the activity of an ecto-adenylate kinase, we utilized the
speciÞc inhibitor of ecto-adenylate kinase, diadenosine
pentaphosphate (Ap5A; 200lM). Ap5A has previously
been shown to inhibit ecto-adenylate kinase enzymes in
cultured endothelial cells in this concentration [22]. When
Ap5A was injected directly onto the HPLC column, it
elicited a peak in the chromatogram, with a retention time
of 14.29 ± 0.43 min. A signal with an identical retention
time was also observed in tissue supernatant that had been
exposed to ADP (20, 100, and 500lM) in the presence of
Ap5A (200 lM). The level of Ap5A was relatively con-
stant and 89.84 ± 5.68% of the initial amount was detected
at the end of the collection period (n = 4). We found that in
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the presence of Ap5A (200lM), the decomposition of
ADP was signiÞcantly slower at all three initial concen-
trations tested (Fig.4A and B). In parallel with these
changes, the formation of ATP and AMP were also
inhibited, with the exception of an initial ADP concentra-
tion of 20 lM, when some additional ATP formation was
observed (Fig.4A, C and D). By contrast, AMP formation

was inhibited at all three concentrations tested (Fig.4).
Thus, these Þndings suggest that adenylate kinase may be
responsible for the degradation of ADP and the formation
of ATP and AMP.

Since adenylate kinase is present in the cytoplasm,
detection of the adenylate kinase activity in the supernatant
could be due to leakage of intracellular adenylate kinase
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Fig. 2 Extracellular decomposition of ADP in rat hippocampal
slices. (AÐC) Hippocampal slices were incubated in 3 ml KrebsÕ
solution in the presence of different concentrations of ADP (A:
20 lM; B: 100 lM; C: 500 lM). Aliquots (70ll) were collected at
different time points (2.5, 5, 10, 15, 20, 25, 30 and 60 min) after the
addition of ADP. The amount of nucleotides (ATP, ADP and AMP)
and nucleosides (Ado, adenosine; Ino, inosine; and Hypo, hypoxan-
thine) in the aliquots were determined by HPLC-UV and expressed in

lM as a function of time. (D) shows the result of a series of similar
experiments when aliquots were collected 0.5, 1, 1.5, 2, 2.5 and 5 min
after the addition of ADP. (E) the rate of ATP (circles) and AMP
(triangles) formation was calculated from the total amount of
nucleotides present in the tissue supernatant during the 60 min period
and is expressed in nmol/min, as a function of initial ADP
concentration (n = 3Ð4 independent experiments)
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activity through damaged membranes. To exclude this
possibility, LDH assay was performed in aliquots of media
collected after addition of ADP (100lM). LDH is a stable
intracellular enzyme and a reliable marker of membrane
damage. The released LDH activity was low and constant
in the samples, and accounted for less than 2.27 ± 0.52%
(n = 8) of the total LDH activity found in the slices after
disruption by Triton-X 100.

The direct transfer of phosphoryl groups was not con-
trolled in our experiments. Thus, it was essential to exclude
the role of any transport mechanism that might inßuence
the interconversion of nucleotides and nucleosides. Bidi-
rectional nucleoside transporters are expressed in the
hippocampus and regulate the transmembrane movement
of nucleosides under different conditions [26, 27]. To
examine the involvement of nucleoside transporters in our
system, the interconversion of ADP was evaluated in the

presence of dipyridamole (3lM), a speciÞc inhibitor of
nucleoside transporter. The decomposition of ADP
(100 lM) was qualitatively similar to that observed in the
absence of dipyridamole (Fig.5A), suggesting that the
activity of nucleoside transporters does not inßuence the
process under our experimental conditions. Moreover, the
speciÞc adenylate kinase inhibitor Ap5A (200lM) inhib-
ited both the decomposition of ADP and the formation of
ATP and AMP in dipyridamole-treated slices (Fig.5A).

Other potential mechanisms that may allow the entry of
ATP into the extracellular space in the absence of depo-
larization include the P2 receptor operated [28] and
connexin hemichannel mediated ATP release [29, 30].
PPADS is a P2 receptor antagonist that acts on P2X1,
P2X2, P2X3, P2X5, P2X7, as well as P2Y1, P2Y4, P2Y6,
and P2Y13 subtypes of P2X and P2Y receptors. Here, it
was used at a concentration of 30lM, which almost
maximally inhibits P2 receptors, but has only a negligible
effect on ectoATPases [10]. As shown in Fig.5B, the
decomposition of ADP (100lM) did not signiÞcantly
change in the presence of PPADS (30lM). However, a
modest inhibitory effect on AMP formation that did not
affect ADP degradation was observed when an initial ADP
concentration of 20lM was used (2.482 ± 0.352 and
1.241 ± 0.193 nmol/min in the absence and presence of
30 lM PPADS, respectively,n = 3, P < 0.05). Likewise,
in the presence of the connexin hemichannel inhibitor,
ßufenamic acid (200lM), neither ADP decomposition,
nor ATP and AMP formation signiÞcantly changed in
response to ADP (100lM) exposure (Fig.5B). The role of
alkaline phosphatases in the generation of AMP after ADP
(100 lM) exposure was examined by co-incubation with
para-nitrophenylphosphate (PNP, 1 mM). PNP is a sub-
strate of alkaline phosphatase, and when added in excess it
is expected to inhibit the hydrolysis of other substrates of
alkaline phosphatases, such as ADP. No signiÞcant chan-
ges in the levels of ADP, ATP and AMP were observed in
the supernatant in the presence of PNP (Fig.5B), sug-
gesting that alkaline phosphatases were not involved in the
interconversion of ADP to AMP.

Next, hippocampal slices were exposed to AMP and
adenosine to reveal any other ectokinase activity that may
phosphorylate adenine nucleotides and nucleosides. When
AMP (20 lM) was added to the slices, the formation of
adenosine, inosine and hypoxanthine was observed in
parallel with the decomposition of AMP, but neither ADP
nor ATP were detected in the extracellular ßuid (Fig.6A),
and similar decomposition pattern was observed at 100 and
500 lM initial AMP concentration (data not shown). This
Þnding shows that in the absence of ATP, ecto-adenylate
kinase does not act in a reverse direction. TheT1/2 of AMP
was 25 min and theKm and vmax values of AMP decom-
position were 267 ± 52.88lM and 4.99 ± 0.44 nmol/min/
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Fig. 3 Extracellular decomposition of UDP (20lM) in rat hippo-
campal slices. Hippocampal slices were incubated in 3 ml KrebsÕ
solution in the presence of UDP. Aliquots (70ll) were collected at
different time points (2.5, 5, 10, 15, 20, 25, 30 and 60 min) after the
addition of UDP. (A) The amount of nucleotides (UDP, ATP, ADP,
and AMP) and nucleosides (Ado, adenosine; Ino, inosine; and Hypo,
hypoxanthine) in the aliquots was determined by HPLC-UV and
expressed inlM as a function of time. Note that there is a break in the
Y axis to enhance the resolution. (B) The rate of ATP (filled symbols)
and AMP (open symbols) formation following the addition of ADP
(circles), and UDP (triangles) was calculated from the total amount of
nucleotides present in the tissue supernatant during the 60 min period
and is expressed in nmol/min, as a function of initial nucleotide
concentration (n = 3 independent experiments)
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prep. (n = 4), respectively. Similarly, when hippocampal
slices were challenged with increasing concentrations of
adenosine (20lM, Fig. 6B, 100 and 500lM, not shown),
only inosine and hypoxanthine were detected in parallel
with the breakdown of adenosine. No substantial genera-
tion of AMP, ADP or ATP was detected (Fig.6B).

To determine whether the net formation of ATP in
response to ADP application was associated with the nerve
terminals, the decomposition of ADP was examined in
puriÞed synaptosomes derived from the rat hippocampus
(Fig. 7AÐC). As expected, the catabolism of ADP in the
synaptosomes was fast and effective (T1/2 = 2.5Ð3 min,
n = 3), and the metabolic breakdown products of ADP were
qualitatively identical to those detected using whole hippo-
campal slices (Km: 873.3 ± 253.6lM, vmax: 71.47 ±
20.06 nmol/min/prep. (n = 3). ATP formation was also
identiÞed as a result of ADP breakdown, although this was
only observed when the two higher initial ADP concentra-
tions were used (Fig.7B). Interestingly, AMP formation in
this case prevailed over the formation of ATP at all three
initial concentrations (Fig.7D). These Þndings indicate that
a signiÞcant amount of AMP was generated independently
from ATP formation, most likely as a result of ectoNTPDase
and/or NPPase activity.

Discussion

In this study, the extracellular interconversion of nucleotides
in the rat hippocampus was investigated. We found that
hippocampal slices exhibited an ATP diphospho-hydrolyz-
ing activity, with coincident generation of AMP as reported
previously, consistently with the activity of various isoforms
of E-NTPDases [10, 12, 31]. In addition, the decomposition
of ATP was characterized by a delayed and transient, but not
coincident production of ADP, which suggested to us that the
majority of ADP was generated in the second step of a
sequential enzymatic pathway. TheKm value of ATP
hydrolysis established by the present study, broadly lies
within the range that has been previously reported in brain
slices and isolated tissues [24, 32Ð35, 36]. Although the
identity of E-NTPDase isoform was not addressed in this
study, the weak UDP hydrolyzing activity found in our
experiments is indicative for the involvement of E-NTPDase
2 and 3, which shows a strong preference for ATP over UDP
as a substrate at least in the human and in the mouse [37].
Recent studies have shown that the expression of E-NTP-
Dase 1 and 2 immunoreactivity is restricted to the resting
ramiÞed microglia, blood vessels, and neuronal progenitor
cells of the hippocampal dentate gyrus [38, 39]. By contrast,
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Fig. 4 The speciÞc adenylate kinase inhibitor, diadenosine penta-
phosphate (Ap5A, 200lM), inhibits the degradation of ATP and the
coincident formation of ATP and AMP in response to ADP
application. Hippocampal slices were incubated in 3 ml KrebsÕ
solution containing ADP (20, 100 and 500lM) in the absence
(CTRL) and presence of Ap5A (200lM). Subsequently, 70ll
aliquots were collected at different time points (2.5, 5, 10, 15, 20, 25,
30 and 60 min) after the addition of ADP. (A) The amount of
nucleotides (ATP, ADP, and AMP) and nucleosides (Ado, adenosine;
Ino, inosine; and Hypo, hypoxanthine) in the aliquots were

determined by HPLC-UV and expressed inlM as a function of
time. Note that there is a break in theY axis to enhance the resolution.
(BÐD) The average amount of ADP (B), ATP (C) and AMP (D)
present in the tissue supernatant in the 60 min sample collection
period following the addition of three initial ADP concentrations (20,
100 and 500lM) is calculated in the absence (black bars) and
presence of Ap5A (white bars) and the results are expressed in nmol/
min. Asterisks indicate signiÞcant differences between Ap5A treated
and control slices (*P < 0.05, **P < 0.01, ***P < 0.001, n = 4
independent experiments)
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E-NTPDase 3 immunoreactivity was associated with axonal
processes and presynaptic terminals in the rodent brain,
although it was only scarcely detectable in the hippocampus
[40]. Thus, the ATP diphospho-hydrolyzing activity
observed in the present study could represent either neuronal
or non-neuronal activity. The decomposition pattern of ATP
would be also consistent with the activity of NPPase and
alkaline phosphatases. However, these latter two enzymes
display low abundance in the central nervous system. In
addition, alkaline phosphatase has a low afÞnity for ATP at a
physiological pH [38].

The principal new Þnding of the present study is that in
addition to the known ectonucleotide hydrolyzing

activities, there is also catalytic activity in the tissue
supernatant of hippocampal slices that converts ADP to
ATP and AMP. This activity probably corresponds to the
ecto-adenylate kinase activity demonstrated in cortical
synaptosomes [16Ð19], neuroblastoma cells [21] and at the
frog neuromuscular junction [20]. The kinetic parameters
of the ecto-adenylate kinase activity we observed in the
synaptosomal preparation are in the low millimolar range
and are in accordance with previous studies in whole brain
synaptosomes [17]. Moreover, the activity found in our
study probably represents the activity of AK4, which has
been reported to be intensively expressed at the mRNA
level in the pyramidal cell layer of the hippocampus [15].
Conversely, our results differ from those of Kukulski et al.
who failed to detect ecto-adenylate kinase activity in por-
cine brain synaptosomes [41]. Apart from species
heterogeneity, these discrepancies may be due to the fact
that in the latter study the incubation media did not contain
Mg2+, which is required for ecto-adenylate kinase activity
[18].
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Fig. 6 Extracellular decomposition of AMP (20lM) and adenosine
(20 lM) in rat hippocampal slices. Hippocampal slices were
incubated in 3 ml KrebsÕ solution in the presence of AMP (A) or
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in the aliquots were determined by HPLC-UV and expressed inlM as
a function of time (n = 3Ð4 independent experiments)
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The conversion of ADP to ATP may also be related to
the activity of nucleotide nucleoside diphosphate kinase,
which has been identiÞed on the surface of endothelial and
lymphoid cells [22, 23]. However, the substrate speciÞcity
of nucleoside diphosphate kinase is different from aden-
ylate kinase since it can also phosphorylate pyrimidine
dinucleotides [21]. In our experiments, the application of
UDP did not result in the appearance of uridine triphos-
phates, suggesting that in our system nucleoside
diphosphate kinase is not involved in the conversion of
ADP to ATP.

Moreover, a deÞnitive proof for the involvement of
adenylate kinase was obtained by the use of the highly
speciÞc adenylate kinase inhibitor Ap5A, which signiÞ-
cantly inhibited the decomposition of ADP and the parallel
formation of ATP and AMP, respectively. Although, we
could detect a small amount of residual ATP formation
even in the presence of Ap5A, this could be due to the ATP
release from the preparation by P2 receptor activation or
other mechanisms, as discussed below. Interestingly, it has
been reported recently that the F1F0ATPase could also
reach the cell surface where it exhibits both ATP synthe-
sizing and hydrolyzing activities in non-neuronal cells [42,
43]. However, its involvement in the extracellular

metabolism of nucleotides in the hippocampus requires
further investigation.

Adenylate kinase can function in both directions:
according to conventions, the forward direction where
ADP is converted to ATP and AMP, and the reverse
direction where ATP gives rise to the formation of ADP in
the presence of AMP. Thus, the delayed production of ADP
in response to addition of ATP may be due to the reverse
activity of adenylate kinase. In this case ATP would be
partly converted to AMP by E-NTPDase in the Þrst step,
followed by conversion of AMP and the remaining ATP to
ADP by the ecto-adenylate kinase in the second step. In
support of this assumption, we show that when only AMP
is added to the hippocampal slices, ADP production is not
observed, indicating that adenylate kinase cannot act in the
reverse direction in the absence of ATP.

Since adenylate kinase is an intracellular enzyme, the
activity detected in the tissue supernatant could also be due to
leakage and/or transport from the cytoplasm to the extra-
cellular ßuid. Although we cannot completely exclude the
possibility of minor contamination by intracellular enzymes,
our data indicate that the majority of enzyme activity found
in our experiments was not derived from the cytoplasm. First,
we found that the activity of LDH, a stable intracellular
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Fig. 7 Extracellular decomposition of ADP in puriÞed synaptosomes
prepared from rat hippocampal slices. Synaptosomes were prepared
according to the procedure described in Materials and Methods.
Aliquots (100ll) of the synaptosomes were added to 3 ml of KrebsÕ
solution and incubated in the presence of different concentrations of
ADP (A, 20 lM; B, 100lM; C, 500lM). Aliquots (70ll) were
collected at different time points (2.5, 5, 10, 15, 20, 25, 30 and
60 min) after the addition of ATP. (AÐC) The amount of nucleotides
(ATP, ADP and AMP) and nucleosides (Ado, adenosine; Ino, inosine;

and Hypo, hypoxanthine) in the aliquots were determined by HPLC-
UV and expressed inlM as a function of time. (D) The rate of ATP
(circles) and AMP (triangles) formation was calculated from the total
amount of nucleotides present in the tissue supernatant during the
60 min period and is expressed in nmol/min, as a function of initial
ATP concentration. Asterisks indicate signiÞcant differences between
ATP and AMP concentrations at identical points (**P < 0.01,
*** P < 0.001,n = 3 independent experiments)
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enzyme and a reliable marker of membrane damage, was low
and constant in the tissue supernatant in comparison to slices
disrupted by Triton X 100. Second, we could not detect any
other cytosolic enzyme activity in the extracellular ßuid,
including nucleoside diphosphate kinase or adenosine
kinase, which would have also been released into the media
in response to gross cellular damage. Finally, ATP efßux is a
reliable marker of gross cellular damage, and here ATP
generation was not detected in the hippocampal slices under
basal conditions, in the absence of ADP.

Other mechanisms should also be considered when
examining the production of ATP in response to addition of
ADP to hippocampal slices. For example, ATP accumu-
lation might be the result of a primary or secondary release
of ATP from cellular compartments. It has been shown that
exposure of hippocampal slices to high concentrations of
nucleotides or nucleosides, results in their uptake followed
by initiation of further release of nucleotides and nucleo-
sides through the homo- or heteroexchange by nucleoside
transporters [27]. However, dipyridamole, an inhibitor of
heteroexchange, did not affect ATP accumulation in the
present study, ruling out the involvement of this particular
pathway. Nevertheless, the two mechanisms can operate
independently from each other. Lack of ecto-adenylate
kinase detection in our previous study was probably due to
the fast removal of released compounds by the superfusion
system [27], whereas in this study the lack of a continuous
supply of nucleotides to the transporter prevented the
detection of heteroexchange under these steady state
conditions.

P2 receptors and connexin hemichannels are also known
to mediate ATP release in the nervous system under certain
circumstances [28Ð30]. However, neither PPADS (a P2
receptor antagonist) nor ßufenamic acid (the connexin
hemichannel inhibitor) affected ATP generation in
response to ADP application, except at the lowest (20lM)
initial ADP concentration, where PPADS signiÞcantly
attenuated AMP generation. These Þndings suggest that
although P2-receptor mediated ATP release might be
responsible for the Ap5A-insensitive ATP production, the
majority of ATP production is independent from the
activity of PPADS-sensitive P2 receptors and connexin
hemichannels. Finally, AMP, but not ATP formation from
ADP may also be mediated by alkaline phosphatases.
However, co-application of PNP with ADP did not modify
subsequent AMP production by substrate-inhibition, indi-
cating that this was not the case in our system.

Until now, ecto-adenylate kinase activity has been only
demonstrated in cultured cells and nerve terminals [16Ð23].
However, our Þndings in the present study indicate that
ecto-adenylate kinase activity may be associated with
nerve terminals, astrocytes or other cellular elements in the
hippocampal slices such as microglia, endothelia and

microvessels. In an attempt to localize the ecto-adenylate
kinase activity detected in the hippocampal slices, we also
examined the extracellular interconversion of ATP in
puriÞed hippocampal synaptosomes. We found that ATP
was generated following ADP application in the synapto-
somes, although in response to predominantly higher initial
ADP concentrations. These Þndings indicate that the ecto-
adenylate activity observed in the hippocampal slices is
associated at least in part with the nerve terminals. Inter-
estingly, AMP formation in this case prevailed over ATP
formation, indicating that additional enzymes generating
AMP from ADP, such as E-NTPDase 3, may also play an
important role in the extracellular metabolism of ADP at
the nerve terminal.

In conclusion, we reveal for the Þrst time ecto-adenylate
kinase activity in the rat hippocampus, whereas no evi-
dence supporting the activity of ecto-nucleoside
diphosphate kinase and ecto-adenosine kinase was found.
We show that the ecto-adenylate kinase activity is (1)
partly associated with the nerve terminals; (2) appears to
function in both forward and reverse direction, depending
on the substrates; (3) is independent from the activation of
PPADS sensitive P2 receptors, nucleoside transporters and
connexin hemichannels; and (4) can participate in shaping
of extracellular nucleotide levels, thereby contributing to
their action at P2 receptor subtypes under physiological
and pathological conditions.

Acknowledgments This study was supported by grants of the
Hungarian Research Foundation (OTKA T037457), the Hungarian
Medical Research Council (472/2003) and the Hungarian Research
and Development Fund (NKFP1A/002/2004). The technical assis-
tance of Ms Judit}Oszi and Mrs E«va Sze«na«ssy is acknowledged. The
authors are also grateful to Prof. Herbert Zimmermann for critical
reading of the manuscript and to Dr. A«gnes Kittel for the electron
microscopic evaluation of the synaptosomal preparation.

References

1. Sperlagh B (in press) ATP-mediated signalling in the nervous
system. In: Hamon M, Vizi ES (eds) Handbook of neurochem-
istry and molecular neurobiology, neurotransmitter systems, vol
2. Springer-Verlag, Heidelberg

2. Burnstock G (2006) Purinergic signalling-an overview. In:
Chadwick D, Goode J (eds) Novartis foundation symposium:
purinergic signalling in neuron-glia interactions, vol 276. John
Wiley and Sons, Chichester, pp 26Ð48

3. Sperla«gh B, Vizi ES (1996) Neuronal synthesis, storage and
release of ATP. Semin Neurosci 8:175Ð186

4. Zimmermann H (2000) Extracellular metabolism of ATP and
other nucleotides. Naunyn SchmiedebergÕs Arch Pharmacol
362:299Ð309

5. Braun N, Lenz C, Gillardon F, Zimmermann M, Zimmermann H
(1997) Focal cerebral ischemia enhances glial expression of ecto-
50-nucleotidase. Brain Res 766:213Ð226

6. Braun N, Zhu Y, Krieglstein J, Culmsee C, Zimmermann H
(1998) Upregulation of the enzyme chain hydrolyzing

Neurochem Res (2007) 32:1978Ð1989 1987

123



extracellular ATP after transient forebrain ischemia in the rat. J
Neurosci 18:4891Ð4900

7. Bonan CD, Walz R, Pereira GS, Worm PV, Battastini AM,
Cavalheiro EA, Izquierdo I, Sarkis JJ (2000) Changes in synap-
tosomal ectonucleotidase activities in two rat models of temporal
lobe epilepsy. Epilepsy Res 39:229Ð238

8. Kegel B, Braun N, Heine P, Maliszewski CR, Zimmermann H
(1997) An ecto-ATPase, and an ecto-ATP diphosphohydrolase
are expressed in rat brain. Neuropharmacology 36:1189Ð1200

9. Bigonnesse F, Levesque SA, Kukulski F, Lecka J, Robson SC,
Fernandes MJ, Sevigny J (2004) Cloning and characterization of
mouse nucleoside triphosphate diphosphohydrolase-8. Biochem-
istry 43:5511Ð5519

10. Heine P, Braun N, Heilbronn A, Zimmermann H (1999) Func-
tional characterization of rat ecto-ATPase and ecto-ATP
diphosphohydrolase after heterologous expression in CHO cells.
Eur J Biochem/FEBS 262:102Ð107

11. Vorhoff T, Zimmermann H, Pelletier J, Sevigny J, Braun N
(2005) Cloning and characterization of the ecto-nucleotidase
NTPDase3 from rat brain: predicted secondary structure and
relation to other members of the E-NTPDase family and actin.
Purinergic Signal 1:259Ð270

12. Cunha RA, Sebastiao AM, Ribeiro JA (1998) Inhibition by ATP
of hippocampal synaptic transmission requires localized
extracellular catabolism by ecto-nucleotidases into adenosine
and channeling to adenosine A1 receptors. J Neurosci 18:
1987Ð1995

13. Dunwiddie TV, Diao L, Proctor WR (1997) Adenine nucleotides
undergo rapid, quantitative conversion to adenosine in the
extracellular space in rat hippocampus. J Neurosci 17:7673Ð7682

14. Khoo JC, Russell PJ (1972) Isoenzymes of adenylate kinase in
human tissue. Biochim Biophys Acta 268:98Ð101

15. Yoneda T, Sato M, Maeda M, Takagi H (1998) IdentiÞcation of a
novel adenylate kinase system in the brain: cloning of the fourth
adenylate kinase. Brain Res 62:187Ð195

16. Wong PC, Chu DY (1989) Evidence for a synaptic plasma
membrane associated adenylate kinase in the rat brain. Biochem
Int 19:881Ð888

17. Nagy AK, Shuster TA, Delgado-Escueta AV (1989) Rat brain
synaptosomal ATP:AMP-phosphotransferase activity. J Neuro-
chem 53:1166Ð1172

18. Battastini AM, da Rocha JB, Barcellos CK, Dias RD, Sarkis JJ
(1991) Characterization of an ATP diphosphohydrolase (EC
3.6.1.5) in synaptosomes from cerebral cortex of adult rats.
Neurochem Res 16:1303Ð1310

19. Nagy AK, Houser CR, Delgado-Escueta AV (1990) Synaptoso-
mal ATPase activities in temporal cortex and hippocampal
formation of humans with focal epilepsy. Brain Res 529:192Ð201

20. Cascalheira JF, Sebastiao AM (1992) Adenine nucleotide ana-
logues, including gamma-phosphate-substituted analogues, are
metabolised extracellularly in innervated frog sartorius muscle.
Eur J Pharmacol 222:49Ð59

21. Kaulich M, Qurishi R, Muller CE (2003) Extracellular metabo-
lism of nucleotides in neuroblastoma· glioma NG108Ð15 cells
determined by capillary electrophoresis. Cell Mol Neurobiol
23:349Ð364

22. Yegutkin GG, Henttinen T, Jalkanen S (2001) Extracellular ATP
formation on vascular endothelial cells is mediated by ecto-
nucleotide kinase activities via phosphotransfer reactions.
FASEB J 15:251Ð260

23. Yegutkin GG, Henttinen T, Samburski SS, Spychala J, Jalkanen S
(2002) The evidence for two opposite, ATP-generating and ATP-
consuming, extracellular pathways on endothelial and lymphoid
cells. Biochem J 367:121Ð128

24. Sperlagh B, Erdelyi F, Szabo G, Vizi ES (2000) Local regulation
of [3H]-noradrenaline release from the isolated guinea-pig right

atrium by P2X-receptors located on axon terminals. Br J Phar-
macol 131:1775Ð1783

25. Cunha RA, Ribeiro JA (2000) Purinergic modulation of
[3H]GABA release from rat hippocampal nerve terminals. Neu-
ropharmacology 39:1156Ð1167

26. Latini S, Pedata F (2001) Adenosine in the central nervous sys-
tem: release mechanisms and extracellular concentrations. J
Neurochem 79:463Ð484

27. Sperlagh B, Szabo G, Erdelyi F, Baranyi M, Vizi ES (2003)
Homo- and heteroexchange of adenine nucleotides and nucleo-
sides in rat hippocampal slices by the nucleoside transport
system. Br J Pharmacol 139:623Ð633

28. Suadicani SO, Brosnan CF, Scemes E (2006) P2X7 receptors
mediate ATP release and ampliÞcation of astrocytic intercellular
Ca2+ signaling. J Neurosci 26:1378Ð1385

29. Stout CE, Costantin JL, Naus CC, Charles AC (2002) Intercel-
lular calcium signaling in astrocytes via ATP release through
connexin hemichannels. J Biol Chem 277:10482Ð10488

30. Pearson RA, Dale N, Llaudet E, Mobbs P (2005) ATP released
via gap junction hemichannels from the pigment epithelium
regulates neural retinal progenitor proliferation. Neuron 46:
731Ð744

31. Bruno AN, Bonan CD, Wofchuk ST, Sarkis JJ, Battastini AM
(2002) ATP diphosphohydrolase (NTPDase 1) in rat hippocampal
slices and effect of glutamate on the enzyme activity in different
phases of development. Life Sci 71:215Ð225

32. Vizi ES, Liang SD, Sperlagh B, Kittel A, Juranyi Z (1997)
Studies on the release and extracellular metabolism of endoge-
nous ATP in rat superior cervical ganglion: support for
neurotransmitter role of ATP. Neuroscience 79:893Ð903

33. Vizi ES, Nitahara K, Sato K, Sperlagh B (2000) Stimulation-
dependent release, breakdown, and action of endogenous ATP in
mouse hemidiaphragm preparation: the possible role of ATP in
neuromuscular transmission. J Auton Nerv Syst 81:278Ð284

34. Sperlagh B, Mergl Z, Juranyi Z, Vizi ES, Makara GB (1999)
Local regulation of vasopressin and oxytocin secretion by
extracellular ATP in the isolated posterior lobe of the rat
hypophysis. J Endocrinol 160:343Ð350

35. Sperlagh B, Kittel A, Lajtha A, Vizi ES (1995) ATP acts as fast
neurotransmitter in rat habenula: neurochemical and enzymecy-
tochemical evidence. Neuroscience 66:915Ð920

36. Zimmermann H (2001) Ecto-nucleotidases. In: Abbracchio MP,
Williams M (eds) Handbook of experimental pharmacology:
purinergic and pyrimidinergic signaling, vol 151/1. Springer-
Verlag, Berlin, pp 209Ð251

37. Kukulski F, Levesque SA, Lavoie EG, Lecka J, Bigonnesse F,
Knowles AF, Robson SC, Kirley TL, Sevigny J (2005) Com-
parative hydrolysis of P2 receptor agonists by NTPDases 1, 2, 3
and 8. Purinergic Signal 1:193Ð204

38. Braun N, Sevigny J, Robson SC, Enjyoji K, Guckelberger O,
Hammer K, Di Virgilio F, Zimmermann H (2000) Assignment of
ecto-nucleoside triphosphate diphosphohydrolase-1/cd39 expres-
sion to microglia and vasculature of the brain. Eur J Neurosci
12:4357Ð4366

39. Shukla V, Zimmermann H, Wang L, Kettenmann H, Raab S,
Hammer K, Sevigny J, Robson SC, Braun N (2005) Functional
expression of the ecto-ATPase NTPDase2 and of nucleotide
receptors by neuronal progenitor cells in the adult murine hip-
pocampus. J Neurosci Res 80:600Ð610

40. Belcher SM, Zsarnovszky A, Crawford PA, Hemani H, Spurling
L, Kirley TL (2006) Immunolocalization of ecto-nucleoside tri-
phosphate diphosphohydrolase 3 in rat brain: implications for
modulation of multiple homeostatic systems including feeding
and sleep-wake behaviors. Neuroscience 137:1331Ð1346

41. Kukulski F, Sevigny J, Komoszynski M (2004) Comparative
hydrolysis of extracellular adenine nucleotides and adenosine in

1988 Neurochem Res (2007) 32:1978Ð1989

123



synaptic membranes from porcine brain cortex, hippocampus,
cerebellum and medulla oblongata. Brain Res 1030:49Ð56

42. Burrell HE, Wlodarski B, Foster BJ, Buckley KA, Sharpe GR,
Quayle JM, Simpson AW, Gallagher JA (2005) Human kerati-
nocytes release ATP and utilize three mechanisms for nucleotide

interconversion at the cell surface. J Biol Chem 280:29667Ð
29676

43. Champagne E, Martinez LO, Collet X, Barbaras R (2006) Ecto-
F1Fo ATP synthase/F1 ATPase: metabolic and immunological
functions. Curr Opin Lipid 17:279Ð284

Neurochem Res (2007) 32:1978Ð1989 1989

123


	Extracellular Interconversion of Nucleotides Reveals an Ecto-Adenylate Kinase Activity in the Rat Hippocampus
	Abstract
	Introduction
	Experimental procedure
	Materials
	Animals
	Interconversion of nucleotides and nucleosides in rat hippocampal slices
	Preparation of synaptosomes
	LDH assay
	Statistics

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


