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Ectonucleotidases and Epilepsy
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Abstract: Adenosine has been proposed as an endogenous anticonvulsant which can play an important role in seizure ini-
tiation, propagation and arrest. Extracellular ATP and adenosine are able to modulate synaptic activity through activation
of P2 (P2X and P2Y) and P1 receptors (A, Asa, Asg, and Ag), respectively. Besides the release of adenosine per se, the
levels of ATP and adenosine in the synaptic cleft are controlled by a complex cascade of cell surface-localized enzymes
collectively known as ectonucleotidases. These enzymes are capable of hydrolyzing nucleoside triphosphates, diphos-
phates and monophosphates to their respective nucleosides. There are four major families of ectonucleotidases: ecto-
nucleoside triphosphate diphosphohydrolases (E-NTPDases), ecto-nucleotide pyrophosphatase/phosphodiesterases (E-
NPPs), alkaline phosphatases and ecto-5'-nucleotidase. All these members have specific physiological functions in the
brain. In this review, the involvement of ectonucleotidases in the pathophysiology of brain disorders, such as seizures and
epilepsy, is discussed. A brief introduction about the general characteristics of these enzymes is followed by a discussion
about the role of ectonucleotidases in epilepsy and seizures and the implications for future treatments.
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INTRODUCTION

Extracellular nucleotides and nucleosides are ubiquitous
signaling molecules found in both the central nervous system
(CNS) and the peripheral nervous system (PNS) [1]. Nucleo-
tides are released from cells or by selective transport through
the plasma membrane [2], and can also be generated ex-
tracellularly by nucleoside diphosphokinases and adenylate
kinases [3]. ATP is stored in the synaptic vesicle together
with other transmitters and it is released into the synaptic
cleft upon exocytosis [4]. Additional release mechanisms for
ATP and other nucleotides such as UTP and UDP [5] include
release via connexin or pannexin hemichannels, anion chan-
nels or constitutive release via the secretory pathway [2, 6].
Apart from nerves, the main source of ATP during P2 recep-
tor activation was thought to come from damaged or dying
cells. However, it is now known that ATP is released from
many cell types, including glial cells, in response to me-
chanical deformation, hypoxia and other agents that do not
damage the cell [7].

Extracellular nucleotides exert their effects through two
major receptor subfamilies: P2X, which are ligand-gated ion
channels comprising a family of seven receptors, and P2Y, a
group of eight G-protein coupled receptors [6, 8]. Neuro-
transmission, considered a short-term effect, is mediated by
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P2X receptors that bind mainly ATP, whereas long-term
effects, such as cytotoxicity, cell proliferation, differentiation
and migration, occur mainly through P2Y receptors that bind
both purine and pyrimidine nucleotides [7, 9].

Considering their importance in cell signaling, the con-
centration of extracellular nucleotides is tightly regulated by
a variety of cell surface-located enzymes named ectonucleo-
tidases. These enzymes are capable of hydrolyzing nucleo-
side triphosphates, diphosphates and monophosphates to
their respective nucleosides [10, 11]. There are four major
families of ectonucleotidases, namely E-NTPDases (ectonu-
cleoside triphosphate diphosphohydrolases), E-NPPs (ecto-
nucleotide  pyrophosphate/phosphodiesterases), alkaline
phosphatases and ecto-5’-nucleotidase [11, 12, 13]. In sev-
eral tissues and cells, ectonucleotidases operate jointly with
other enzymes such as adenylate kinase, nucleoside diphos-
phate  Kinase, ecto-F1-Fo  ATP  synthases, and
CD38/NADase [12] to form a complex cell surface-localized
machine for nucleotide hydrolysis.

In addition to their role in the inactivation of purinergic
signaling, ectonucleotidases have been proposed to prevent
P2 receptor desensitization [14] and control the availability
of ligands to nucleotide and adenosine receptors [15, 16].
Adenosine can be produced by extracellular nucleotide hy-
drolysis or released through bidirectional nucleoside trans-
porters [17]. Adenosine binds to the G-protein-coupled re-
ceptors Az, Aza, Azg, and Ag, of which A; and Aa are highly
expressed in the brain [18]. Adenosine activation of Gj-
coupled A; receptors depresses neuronal firing, and reduces

2010 Bentham Open



Ectonucleotidases and Epilepsy

neurotransmitter release at pre-synaptic nerve terminals
while it simultaneously increases potassium conductance and
reduces calcium flux in pre- and post-synaptic compart-
ments. The excitatory action of adenosine on neurotransmit-
ter release has been demonstrated, most notably through the
activation of the Gy coupled A,a receptor [19]. Several
studies have suggested the role of adenosine as an endoge-
nous anticonvulsant [20,21].

These findings suggest that an imbalance of adenosine
regulation or deficiencies within the adenosine-based neu-
romodulatory system may aggravate seizures and contribute
to epileptogenesis [22,23]. Therefore, tight control of ATP
and adenosine levels through a highly sophisticated pathway
of ectonucleotidases may represent an important mechanism
in the modulation of seizure activity and epileptogenesis.
This review is divided in sections focusing the role of ecto-
nucleotidases and features in central nervous system (Section
1: Ectonucleotidases) and summarizes recent findings about
the involvement of these enzymes in epilepsy and seizures
(Section 2: Epilepsy, Seizures and Ectonucleotidases).

1. ECTONUCLEOTIDASES

Epilepsy and seizures are characterized by episodes of
paroxysmal brain dysfunction due to a sudden, disorderly,
and excessive neuronal discharge located in specific brain
regions. However, there are other systemic and non-neuronal
processes that could play a role in this field, such as inflam-
mation, metabolism disorders, and blood-brain barrier dys-
functions. In this section, we describe the main characteris-
tics of ectonucleotidases and their actions in several tissues,
highlighting their role in central nervous system.

1.1. NTPDases

NTPDases (ecto-nucleoside triphosphate diphosphohy-
drolases, ATP diphosphohydrolase, CD39) are a group of
glycosylated enzymes that hydrolyze extracellular nucleoside
tri- and diphosphates to nucleoside monophosphates. Milli-
molar concentrations of either Ca** or Mg?* can stimulate
NTPDase activity, which is very low if these cations are ab-
sent. NTPDases have an alkaline pH optimum and they are
not inhibited by blockers of various intracellular ATPases,
such as P-, F- and V-type ATPases or alkaline phosphatases
[24, 25]. By design, a NTPDase inhibitor should not be a P2
receptor agonist or antagonist and also should not be
dephosphorylated by ecto-enzymes [26]. Possible inhibitors
include 8-thiobutyryl-adenosine 5’-triphosphate (8-BuS-
ATP) and 6,N,N-diethy-D-B,y-dibromomethylene ATP
(ARL 67156), an analogue of ATP and 1-naphtol-3,6,-
disulfonic acid (BG0136) [26,27].

At least eight different members of the NTPDase family
(NTPDases 1-8) have been discovered, cloned and studied
over the last few years. Each NTPDase member possesses
different enzymatic properties and distinct cellular localiza-
tion. The feature that all NTPDases share is that they contain
five highly conserved sequence domains known as “apyrase
conserved regions” abbreviated as ACR1 to ACR5 [28].
ACRs play a central role in forming the catalytic site and all
NTPDases show a high degree of similarity in their amino
acid sequences. Structural analyses have demonstrated that
ACRs are found in the large extracellular domain of CD39
and are strongly conserved phylogenetically [28,29]. These
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enzymes are similarly synthesized as integral membrane
proteins, with their active sites located in the lumen of the
endoplasmic reticulum (ER), but undergo different modes of
trafficking and are routed to the ER and Golgi (NTPDases4-
7), or to the plasma membrane (NTPDasesl-3 and 8).
NTPDase5 and 6 can have their N-terminal signal sequences
cleaved, resulting in their release as soluble forms to the ex-
tracellular space. NTPDasel-3 and 8 possess similar amino
acid sequences and membrane topology with two membrane
spanning domains and catalytic sites facing the extracellular
milieu [12, 30].

There is evidence that the substrate preference among the
members of the E-NTPDase family may result from small
differences in protein structure [10]. NTPDasel hydrolyses
ATP and ADP equally well (NTP = NDP) while NTPDases3
and 8 prefer to hydrolyze ATP over ADP (NTP > NDP).
NTPDase 2 has high hydrolyzing activity toward nucleoside
triphosphates (NTP >>>> NDP) and for this reason it was
designated as an ecto-ATPase years ago [10, 31]. NTPDase4
and 5 hydrolyze nucleotides in this order: UDP > GDP >
CDP, while NTPDase6 has a preference for the order GDP >
IDP > UDP and NTPDase7 hydrolyzes uridine, guanosine
and cytosine tri-phosphates (UTP, GTP, CTP) [12].
NTPDases also form homo-oligomeric assemblies [32].
NTPDases1-3 are found as dimers to tetramers and are
firmly anchored to the plasma membrane by two terminal
transmembrane domains. Theoretical models based on the
crystal structure of exopolyphosphatase/guanosine penta-
phosphate phosphohydrolase (PPX/GPPA) have confirmed
that the extracellular regions of various members of the
NTPDase family are quite similar. The common structure
consists of two main lobe domains that are joined to form a
deep cleft between them. ACRs 1 and 4 are located on either
side of this structure and the active pocket of the enzyme is
situated inside the cleft [33-35].

NTPDasesl, 2, and 3 are expressed in nervous tissue and
mediate the termination of ATP signaling in the synaptic
cleft [36]. NTPDasel is localized at the surface of endothe-
lial vessels in the CNS and is strongly expressed in microglia
[37]. NTPDase2 is associated with progenitor cells in the
adult rodent brain [38, 39] and is expressed in cultured astro-
cytes [40]. NTPDase3 is highly expressed in the brain [41,
42] and immunohistochemistry studies have revealed that
this enzyme is strongly associated with neurons expressing
hipocretinel/orexin-A [43]. NTPDase4 is localized to the
Golgi (UDPase, NTPDase4p) and found in lysoso-
mal/autophagic vacuoles (NTPDasedo) [44]. NTPDasesb
and 6 are involved in the folding process of glycoproteins
and they preferentially hydrolyze nucleoside diphosphates
[45, 46]. NTPDase7 (LALP1) hydrolyzes nucleoside
triphosphates and is located in intracellular vesicles [47].
NTPDase8 expression is very low in the brain but it is ex-
pressed in the liver, kidney, and jejunum [48].

1.2. E-NPPs

The E-NPP (ecto-nucleotide pyrophosphatase/phospho-
diesterases) members represent a family of ubiquitous and
conserved proteins, which can hydrolyze 5’-phosphodiester
bonds in nucleotides and their derivatives, resulting in the
release of 5’-nucleoside monophosphates [49-51]. Diadeno-
sine polyphosphates (Apn,A), an E-NPPs substrate, contain
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two adenosine moieties at the 5’ position of ribose rings con-
nected by a polyphosphate chain composed of two or more
members. They are the most studied members of the large
family of dinucleoside polyphosphates, a group of
dinucleotides with intriguing biological functions [52].

E-NPP may be considered as the first step of an ectoen-
zymatic cascade responsible for the catabolism of extracellu-
lar dinucleotides that ultimately results in adenosine and
other nucleosides that are salvaged by transport systems in-
side cells [53].

Mammalian genomes contain at least seven distinct NPP-
encoding genes, but only three NPPs (NPP1-3) show signifi-
cant (40-50%) sequence similarities at the protein level.
These members are classified as type Il transmembrane gly-
coproteins characterized by an intracellular N-terminal do-
main, a single transmembrane domain and a large extracellu-
lar domain [51]. Previous studies have demonstrated that this
extracellular domain is composed of two somatomedin-B-
like homodimerization motifs, a catalytic domain, and a pu-
tative C-terminal “EF-hand” motif [54, 55].

Current evidence suggests that E-NPPs have multiple
physiological roles, including nucleotide recycling, modula-
tion of purinergic receptor signaling, regulation of extracel-
lular pyrophosphate levels, stimulation of cell motility, and
possible roles in regulation of insulin receptor (IR) signaling
and activity of ecto-kinases [50]. E-NPPs are optimal at
highly alkaline pH values, but they also retain significant
catalytic activity at a pH 7.4 [56].

To date, three E-NPP isoforms have been found in the
central nervous system. NPP1 is expressed in the capillaries
of the brain [57] and in rat C6 glioma cells [58, 59], but it is
not detected in neurons or glia [50]. NPP2 and NPP3 are
expressed in choroid-plexus epithelial cells [60, 61] and
likely contribute to the secretion of CSF [61]. A splice vari-
ant of NPP2a has been identified during intermediate stages
of rat brain oligodendrocyte differentiation and myelin for-
mation [50]. Moreover, this enzyme can produce lysophos-
phatidic acid (LPA), an important molecule for cerebral
maturation. In the developing brain, NPP3 is expressed in
immature astrocytes [62]. At the mRNA level, the expression
of NPP2 mRNA was found in the hippocampus, cerebral
cortex, olfactory bulb, cerebellum and striatum during de-
velopment [63]. NPP1 mRNA increases throughout matura-
tion whereas NPP3 has been demonstrated to decrease with
age [63]. Recently, Langer and coworkers [64] demonstrated
that similar to NTPDase 1, alkaline phosphatase, and ecto-5'-
nucleotidase, E-NPP activity (also named Thiamine pyro-
phosphatase; TPPase) is associated with the neuropil, par-
ticularly in the caudoputamen, hypothalamus, and the middle
cerebral peduncle [64].

1.3. Alkaline Phosphatases

Alkaline phosphatases (APs) are non-specific phospho-
monoesterases present in many organisms. Most alkaline
phosphatases are homodimeric enzymes that contain three
metal ions (two Zn and one Mg) in the catalytic site, which
are required for enzyme activity [65]. While the main fea-
tures of the catalytic mechanism are conserved between
mammalian and bacterial APs, mammalian APs have higher
specific activity and Ky, values, are optimal at more alkaline
pH values (however, they can also hydrolyze ATP at pH7.4),
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display lower heat stability, are membrane-bound and are
inhibited by L-amino acids and peptides through an uncom-
petitive mechanism [65]. They release inorganic phosphate
from a variety of organic compounds and degrade nucleo-
sides 5’-tri-, -di- and —monophosphates. Five isoforms of
these enzymes have been already identified in the mouse
[66]. These enzymes may also produce ligands for P2 recep-
tors and, by sequential dephosphorylation, generate the P1
receptor agonist adenosine.

While the role of bone tissue non-specific alkaline phos-
phatase (TNAP) during the development and mineralization
of the skeleton is well established, the functions of APs in
other organs are less understood. TNAP is anchored to the
plasma membrane through a glycosylphosphatidylinositol
group and is absent from the rodent brain, except for its as-
sociation with endothelia of brain capillaries [67]. Electron-
microscopy studies have suggested that this enzyme is also
associated with astrocyte endfeet at the vascular basement
membrane and with immature oligodendrocytes [68,69].
Recently, Langer et al. [64] confirmed that the most promi-
nent catalytic activity of TNAP is associated with blood ves-
sels, the choroid plexus, and the meninges. It has also been
demonstrated that TNAP is found in the neuropil of many
brain regions, including the olfactory bulb, septum, thalamus
and hypothalamus, the cerebral cortex, the inferior and supe-
rior colliculi, the tegmentum, and the dorsal and ventral me-
dulla [64]. Studies have shown that the hydrolysis of ATP to
adenosine in neuron-glia signaling is inhibited by levami-
sole, a TNAP inhibitor, but not by ARL67156, an ecto-
ATPase inhibitor in olfactory bulb [70], suggesting that
TNAP is physiologically relevant in nucleotide-mediated
signaling.

1.4. Ecto-5’-Nucleotidase

5’-nucleotidases (E.C. 3.1.3.5) catalyze the hydrolysis of
the phosphoric ester bond of 5’-ribonucleotides to the corre-
sponding ribonucleoside and phosphate. 5’-nucleotidases
have been found in bacteria, vertebrate tissues and plants
cells and they exhibit large dissimilarities in the substrates
hydrolyzed, as well as, in substrate specificity [71,72]. Seven
human 5'-nucleotidases have been isolated and characterized,
and five of the enzymes have been found to be localized to
the cytosol, one to the mitochondrial matrix and one to the
outer plasma membrane [73]. On the basis of primary se-
quence homology, ecto-5’-NT was found to be an orthologue
of bacterial 5’-nucleotidases and to belong to a superfamily
of metallophosphoesterases characterized by a dinuclear
metal center [74]. The mammalian ecto-5’-nucleotidase con-
sists of two (glyco) protein subunits, which are tethered by
non-covalent bonds [75], bind zinc and other divalent metal
ions at the N-terminal domain [72] and is anchored to the
plasma membrane at the C-terminus by a glycosylphosphati-
dylinositol molecule [71]. Like other surface-located en-
zymes, ecto-5’-nucleotidase, also known as CD73, has been
implicated in non-enzymatic functions such as T-cell activa-
tion and cell-cell adhesion [76].

The central function of ecto-5’-nucleotidase is the ex-
tracellular production of nucleoside [77]. This enzyme, to-
gether with other ectonucleotidases, terminates the activity
of signaling nucleotides that act on P2X and P2Y receptors.
Ecto-5’-nucleotidase is present in basically all tissues and its
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primary structure has been determined from enzymes iso-
lated from bovine and rat liver, electric ray brain, mouse
kidney and human placenta. These experiments have shown
that the enzyme consists of 548 amino acids with a molecu-
lar mass varying between 62 and 74 kDa. [71,78]. The pro-
tein exists as a homodimer with interchain disulfide bridges
[71]. However, recent data have shown that the ecto-5’-
nucleotidase subunits in dimmers are not linked by disulfide
bridges, but by non-covalent bonds [79]. The enzyme hydro-
lyzes a variety of nucleoside 5’-nucleoside monophosphates
such as AMP, CMP, UMP, IMP and GMP, but shows no
activity towards nucleoside 2'- and 3'-monophosphates.
Normally AMP is the most successfully hydrolyzed nucleo-
tide and the Ky, values are in the low micromolar range (3—
50 uM). ADP and ATP are competitive inhibitors, with inhi-
bition constants also in the low micromolar range [71]. Like
other GPI-anchored proteins, the enzyme ecto-5'-
nucleotidase/CD73 is mainly localized in these microdo-
mains, remains relatively resistant to solubilization by non-
ionic detergents and can be cleaved from the cell membrane
after treatment with phosphatidylinositol-specific phospholi-
pase C [76].

Ecto-5'-nucleotidase is transiently active within synaptic
clefts during development and regeneration. The enzyme is
also seen at terminals in the mature retina and olfactory bulb,
where spontaneous synaptic turnover occurs at adulthood
[80]. Studies have shown that enzyme staining is strongest in
the outer plexiform layer and granule cell layer of the olfac-
tory bulb and in the caudoputamen [64]. Other immunoposi-
tive brain regions include the synaptic layers of the hippo-
campus, the cingular cortex with labeled radial fibers, and
the molecular layer of the cerebellum. Enhanced enzyme
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histochemical staining was also observed in mossy fiber ter-
minals of the hippocampus (CA3 region). These results were
confirmed in the cd39-knockout mice, as histochemical
staining was completely abolished in these animals [64].

All ectonucleotidases and the main features described in
this review are illustrated in Fig. (1).

2. EPILEPSY, SEIZURES, AND ECTONUCLEOTI-
DASES

2.1. Brain Ectonucleotidases

There are several studies indicating the involvement of
NTPDases, ecto-5’-nucleotidase or APs in the pathophysiol-
ogy of seizures and epilepsy. Up to date, no report has sug-
gested clearly the possible involvement of E-NPPs in epi-
lepsy. However, since these enzymes are located in CNS
(NPP 1-3) and they also retain significant catalytic activity at
a physiological pH, they may have an unreported role in epi-
lepsy.

Ecto-ATPase activity is deficient in cultured glia cells
raised from neonatal, seizure-prone mice [81]. Nagy et al.
[82] showed a significant decrease in ecto-ATPase activity in
the posterior part of epileptic hippocampus. Interestingly, the
chromosomal position of human CD39/ecto-apyrase
(10g23.1 to q24.1) [83] colocalizes with the gene involved in
partial human epilepsy with audiogenic symptoms (10q.22 to
24) [84]. The localization of these genes has led to the hy-
pothesis that CD39 is probably related to epilepsy. Patients
with temporal lobe epilepsy have shown an increased distri-
bution of 5'-nucleotidase in the dentate gyrus and in mossy
fiber endings in CA4 and CA3 areas, when compared with
normal human hippocampus [85].
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Fig. (1). Extracellular nucleotide-degrading enzymes. Ectonucleotidases present the catalytic site facing the extracellular space. Apyrase
conserved regions (ACRs) of NTPDases are represented by blue stripes. NTPDases and NPPs are integral membrane proteins whereas alka-
line phosphatases (AP) and ecto-5’-nucleotidase (5’-NT) are glycosylphosphatidylinositol-anchored proteins.
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Several findings have shown that ectonucleotidases are
altered in animal models of chronic epilepsy, such as in ani-
mals treated with pilocarpine, kainic acid and kindling mod-
els. Studies have shown a reduction in ecto-ATPase activity
in the rat cerebral cortex during prolonged Status epilepticus
(SE) induced by the sequential administration of lithium and
pilocarpine [86]. However, ATP diphosphohydrolase and
ecto-5"-nucleotidase activities in synaptosomes of the rat
hippocampus and cerebral cortex significantly increase at 48-
52 h, 7-9 days and 45-50 days after the induction of SE by
pilocarpine or kainic acid models [87]. Only ecto-5'-
nucleotidase activity remains elevated at 100-110 days after
treatment with kainic acid [87]. In addition, increased ecto-
5”-nucleotidase staining in the hippocampus during the silent
and chronic phases has also been shown [88]. The findings
suggest that increased ectonucleotidase activity modulates
seizure activity within a time window (48h -110 days) after
SE, contributing to the production of extracellular adenosine,
a known endogenous neuromodulator [21]. If ATP is re-
leased in large amounts, it may promote a dramatic increase
in intracellular calcium levels mediated by P2X receptors,
which could cause a significant damage, such as that induced
by excess glutamate [89]. If all members of the ectonucleoti-
dase pathway work at an elevated rate, the removal of ex-
tracellular ATP and adenosine production would occur at an
enhanced rate. Thus, adenosine could modulate the release of
a variety of neurotransmitters, including glutamate, acetyl-
choline, noradrenaline and dopamine [90, 91]. In summary,
after SE, an important adaptive plasticity of the ectonucleo-
tidase pathway could occur to decrease levels of ATP, an
excitatory neurotransmitter, and increase levels of adenosine,
a neuroprotective compound [87].

The activity of 5'-nucleotidase in subcellular cerebellar
fractions was also studied after the administration of the
convulsant, 3-mercaptopropionic acid. The membrane en-
zyme presented an increase in its activity in certain fractions
containing nerve endings and microsomes in seizure and
postseizure periods [92].

In addition, rats showing greater resistance to PTZ kin-
dling present increased ATP hydrolysis in hippocampal and
cerebral cortex synaptosomes [93]. To examine whether al-
tered ATP hydrolysis is due to chronic, long-lasting changes
induced by kindling or by drug treatment, we investigated
enzyme activities after a single acute seizure induced by
PTZ. Changes in ectonucleotidase activities were not seen
after a single convulsant PTZ injection at any time (immedi-
ately, 1h, 24 h, and 5 days) [93]. Studies have shown the
presence of 5"-nucleotidase in mossy fibers of the rat dentate
gyrus after systemic kainate injection and induction of kin-
dling, with decreased levels present in the normal hippocam-
pus [94]. These alterations seem to be related to chronic,
long-lasting synaptic activity induced by kindling, because
such changes are not seen in acute seizures, which are
probably insufficient to activate these mechanisms. When
these results are considered together, they support the hy-
pothesis that changes in nucleotide hydrolysis may represent
an important mechanism in the modulation of epileptogene-
sis [93]. Such changes are represented in Fig. (2).

There is evidence that conventional antiepileptic drugs
(AEDs) can influence purinergic transmission in the CNS
[95]. It has been shown that carbamazepine can inhibit the in
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vitro activity of ecto-ATPase in rat brain synaptosomal
plasma membranes [96]. However, it has also been shown
that carbamazepine treatment cannot change ATP, ADP, and
AMP hydrolysis in naive rat brain synaptosomes [97].
Phenytoin and carbamazepine can prevent the increase in
ectonucleotidase activity elicited by pilocarpine in brain syn-
aptosomes, but sodium valproate can only inhibit the in-
crease of ATP and ADP hydrolysis in hippocampal synapto-
somes. Pilocarpine does not affect gene expression of
NTPDasel, NTPDase2, NTPDase3, and ecto-5'-nucleotidase
in the cerebral cortex, but increases its levels in the hippo-
campus. Therefore, anticonvulsant drugs can modulate plas-
tic events related to the increase in nucleotidase expression
and activity in pilocarpine-treated rats [97].

Quinolinic acid, an endogenous convulsant compound,
overstimulates the glutamatergic system by stimulating N-
methyl-D-aspartate receptors, enhancing glutamate release
and inhibiting glutamate uptake. Adenine nucleotide hy-
drolysis in hippocampal slices of adult rats was altered for up
to 24 hours after seizure induction by quinolinic acid [98].
Intraperitoneal treatments with 7.5 mg/kg GMP or guanosine
prevented 50% of seizures by quinolinic acid and increased
guanosine cerebrospinal fluid (CSF) levels. Intracerebroven-
tricular treatment with 960 nmol GMP prevented 80% of
seizures and the ecto-5'-nucleotidase inhibitor alpha-beta-
methyleneadenosine 5'-diphosphate (AOPCP), when injected
3 min before, reduced this anticonvulsant effect to 30% pro-
tection, showing that the effect of GMP as an anticonvulsant
may be related to its ability to generate guanosine through
the action of ecto-5"-nucleotidase [99].

Studies have suggested that the immature brain is less
vulnerable to morphologic and physiologic alterations after
SE [100, 101]. Indeed, there is distinct sensitivity in develop-
ing rats to pilocarpine when compared to that of adult rats
[102]. A previous study demonstrated that 7- to 17-day-old
rats subjected to pilocarpine-induced SE do not develop
spontaneous recurrent seizures in adulthood [103] and the
susceptibility to spontaneous recurrent seizures in the
chronic period of the pilocarpine model increases with age
[103]. It has been shown that ATP and ADP hydrolysis in
the hippocampus and cerebral cortex are not altered by pilo-
carpine treatment in female and male rats at 7-9, 14-16 and
27-30 days [104]. In addition, there were no changes in AMP
hydrolysis in female and male rats subjected to this model at
different ages, but a significant increase in AMP hydrolysis
(71%) was observed in cerebral cortex synaptosomes from
male rats at 27-30 days [104]. The different sensitivity of
developing rats may be related to the immaturity of neuronal
networks engaged in the generation and spread of seizure
activity and these findings highlight differences between the
purinergic system of young and adult rats submitted to the
pilocarpine-induced epilepsy.

Studies have demonstrated that mice lacking TNAP have
normal skeletal development and, approximately two weeks
after birth, develop seizures which are subsequently fatal.
Defective metabolism of pyridoxal 5'-phosphate (PLP),
characterized by elevated serum PLP levels, results in re-
duced levels of the inhibitory neurotransmitter GABA in the
brain [105]. AP activity was determined in synaptosomes
isolated from rat brain and cerebellum after administration of
the convulsant 3-mercaptopropionic acid (MP). The enzyme
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Fig. (2). General profile of ectonucleotidase activities in physiological (A) or in chronic seizures (B) situations. ATP can be released in the
synaptic cleft and exert its effects through P2 receptors. ATP signaling is terminated by ectonucleotidases (as NTPDases and 5’-
nucleotidases) producing adenosine, which can act by P1 receptors (illustrated in A). Most studies have shown that ectonucleotidase activi-
ties are increased in chronic seizures or epilepsy, (represented in B as clearer ectonucleotidases), generating higher adenosine levels in the
synaptic cleft when compared to physiological conditions, which activates P1 receptors and may contribute to the modulation of neurotrans-

mitter release.

activity determined in cortical and cerebellar fractions at pH
9.0 decreased in seizure and postseizure states. Such changes
following MP treatment may be related to seizure-induced
alterations in phosphate ester levels or protein-kinase activi-
ties [106]. However, kindling increases AP activity through-
out the brain, elevates aspartate aminotransferase as well as
lactate dehydrogenase activity in the frontal cortex and hip-
pocampus and decreases creatine kinase activity in the fron-
tal cortex and cerebellum. Acute seizures of the same inten-
sity do not induce these alterations [107]. The data provide
evidence for PTZ-kindling related enzyme changes which
are distinct from PTZ-seizure induced changes.

2.2. Soluble Nucleotidases

Although it is well established that the breakdown of
ATP is mediated by membrane-bound ectonucleotidases,
studies have indicated that soluble nucleotidases, probably
released from sympathetic nerves, are also involved in ATP
breakdown to adenosine [3, 4]. Studies have shown that a
single convulsive PTZ injection increases ATP, ADP and
AMP hydrolysis in rat blood serum (40-50%) for up to 24 h
[108]. Likewise, animals subjected to PTZ-kindling (30
mg/kg PTZ, i.p., once every 48 h, totaling 10 stimulations)
exhibit increased ATP, ADP, and AMP hydrolysis (42, 40,
and 45%, respectively), while phosphodiesterase activity
remains unchanged [109]. These results suggest once more
that enhanced ectonucleotidase activity and, possibly, in-
creases in adenosine levels, could represent an important
compensatory mechanism in the development of chronic
epilepsy. The fact that this increase can also be measured in
serum suggests that these enzymes may be useful as plasma
markers of seizures in epilepsy [109]. Increased soluble nu-

cleotidase activity in cerebrospinal fluid is observed 10 min
after pentylenetetrazol-induced seizure and these values re-
turn to control levels after 240 min, whereas guanosine and
inosine levels increase only after 30 min. Taken together,
these results suggest that such events may modulate seizure
expression, but are nevertheless promising biochemical brain
markers to evaluate neural injury after acute seizures [110].
Pentylenetetrazol kindling also has been shown to alter ade-
nine and guanine nucleotide catabolism in rat hippocampal
slices and in cerebrospinal fluid [111]. A significant decrease
(50%) in the expression of NTPDasel was observed, but
there were no changes in NTPDase2, 3, 5, 6 and 5'-
nucleotidase transcript levels in the hippocampus of PTZ-
kindled rats. Such alterations indicate that the modulatory
role of purines in the CNS could be affected by PTZ-
kindling [111].

Recently, serum ATP, ADP, and AMP hydrolysis rates
and soluble nucleotide phosphodiesterase (PDEase) activity
at 5, 10, 15, 30 and 60 min, and 12 h were evaluated follow-
ing an epileptic event in fifteen patients [112]. In comparison
with controls, ATP, ADP and AMP hydrolysis rates were
significantly increased at 5 min and up to 30 min following
the epileptic event. In contrast to ADP and AMP, ATP hy-
drolysis remained significantly increased at 60 min, and re-
turned to basal levels after 12 h. Serum PDEase activity was
also significantly higher in patients than in healthy subjects,
and peaked at 15 min and remained increased up to 60 min
following the epileptic episode. The authors hypothesized
that this higher nucleotidase activity might play a role in the
modulation of epileptic events [112].
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A previous study reported time-dependent changes in
adenine nucleotide hydrolysis induced by electroconvulsive
shock (ECS), a validated animal model of an effective anti-
depressive treatment [113]. The results with the acute model
showed an abrupt inhibition of hydrolysis immediately after
a single ECS with recuperation to basal levels shortly there-
after. However, stimulation in the chronic model led to a
more persistent increase in the hydrolysis of nucleotides (un-
til the 7th post-treatment day). These results support the idea
that adenine nucleotides may be involved in the biochemical
mechanisms underlying longer lasting therapeutic effects
associated with electroconvulsive therapy, and suggest that
peripheral markers may contribute to the evaluation of activ-
ity in the CNS.

The co-existence of several enzymes in the central nerv-
ous system represents a sophisticated route for the appear-
ance and inactivation of extracellular agonists on the cell
surface. Therefore, the regulation of the nucleotidase path-
way and, consequently in the nucleotide levels, may play a
modulatory role during the evolution of behavioral and
pathophysiological changes related to temporal lobe epilepsy
and may represent an mechanism involved in epileptogene-
sis. Clearly, identifying changes induced by seizures and
epilepsy and the exact mechanisms by which these enzymes
regulate local nucleotide and nucleoside concentrations will
be an area of intense interest in the future and may open up
further research to assess the potential therapeutic and diag-
nostic applications for ectonucleotidases.
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