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Effects of suramin on hippocampal apyrase activity and inhibitory avoidance learning of rats. PHARMACOL BIOCHEM
BEHAV 63(1) 153-158, 1999.—The action of suramin on apyrase activity in hippocampal synaptosomes and its effects on re-
tention of inhibitory avoidance learning were evaluated. Suramin, a P,-purinoceptor antagonist, significantly inhibited in a
noncompetitive manner the ATP and ADP hydrolysis promoted by apyrase in hippocampal synaptosomes of adult rats. The
Ki values obtained were 72.8 and 109 uM for ATP and ADP hydrolysis, respectively. Intrahippocampal infusion of suramin
(0.01, 0.1, 1, and 10 pg) immediately posttraining, in a dose-dependent effect, significantly reduced the response latency dur-
ing the retention test applied 24 h after the rats received step-down inhibitory avoidance training. The amnesic effects pro-
moted by suramin probably occur by its antagonist action on hippocampal P,-purinoceptors and NMDA receptors. In view of
the fact that ATP-metabolizing enzymes and P,-purinoceptors have similar binding domains, these results suggest that
suramin can either alter ATP degradation and/or block purinergic neurotransmission. © 1999 Elsevier Science Inc.
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SINCE the purinergic nerve hypothesis defining extracellular
ATP as a neurotransmitter was proposed (7), there has been
growing interest in its role in synaptic transmission (8). ATP is
known to exert potent effects on the central nervous system,
where it can act as a neurotransmitter or as a modulator regu-
lating the activity of other transmitter substances (28,31). It
has been shown that exogenously applied ATP can influence
cell excitability (12,13) and, at low nanomolar concentrations,
it is able to induce long-lasting enhancement of the popula-
tion spikes recorded from hippocampal slices, called long-
term potentiation (LTP) (33).

Extracellular ATP evokes responses through two sub-
classes of P,-purinoceptors, P,, and P,,. The P,, subclass has
been shown to be coupled to ligand-gated Ca2*-permeable
channels, whereas the P,, has been considered a G-protein-
linked subclass. These P,-purinoceptors have been subdivided
into several subtypes based on agonist potencies (35), al-

though the pharmacological characterization of these recep-
tors is hampered by the absence of selective and potent antag-
onists (3).

Moreover, ATP as well as other nucleotide agonists for the
P,-purinoceptors, are subject to degradation by ectonucleoti-
dases (38). Breakdown of ATP by one of these enzymes, ATP
diphosphohydrolase (Apyrase, ATPDase, EC 3.6.1.5), is the
first step towards complete ATP dephosphorylation yielding
adenosine. Adenosine can bind to P, receptors, and in turn, is
taken up and inactivated. It has been reported that extracellu-
lar ATP is hydrolyzed by an apyrase in synaptosomes of the
peripheral and central nervous systems (2,30). Furthermore,
rat and mouse brain ecto-apyrase cDNAs were isolated, and it
has been suggested that there might be a single copy of the
ecto-apyrase gene (32). An important function of this enzyme
is its participation in an enzyme chain, together with 5’-nucle-
otidase, to control the availability of ligands (ATP, ADP, AMP,
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and adenosine) for both nucleotide and nucleoside receptors,
and consequently, the duration and extent of receptor activa-
tion (38). Recently, in our laboratory, we observed that a
memory task (step-down inhibitory avoidance task) can alter
apyrase and 5'-nucleotidase activities in hippocampal synap-
tosomes of rats. The modulation of these enzyme activities
can be involved in specific biochemical events related to
memory acquisition (5).

Among a variety of P, ligands, suramin has been used as a
nonselective antagonist of P,, and P,, purinoceptors (15,35).
It has also been suggested that suramin can interact with
NMDA receptors probably as an antagonist (26). It blocked
ATP-mediated fast synaptic transmission (13) and antago-
nized ATP-activated currents in PC12 cells (25). However,
suramin is able to facilitate synaptic responses recorded from
hippocampal slices (34). The action of suramin involves vari-
ous other biological effects. Suramin has been reported to
have inhibitory effects on the ecto-apyrase of Torpedo electric
organ (22) and on the ecto-ATPase activity from several
sources (3,14,23,37).

In the present investigation, we demonstrate the effect in
vitro of suramin on apyrase activity from hippocampal synap-
tosomes of rats.

Because our recent studies indicate that apyrase activity
participate in the mechanisms of memory acquisition (5) and
suramin is able to facilitate synaptic responses, inducing LTP
(34), we evaluate the effects of intrahippocampal infusion of
suramin on retention of a learning task, the step-down inhibi-
tory avoidance task. The actions of suramin on extracellular
ATP degradation and its possible effects on mechanisms of
memory are discussed.

MATERIALS AND METHODS
Subjects

Male Wistar rats (age, 70-90 days; weight, 220-260 g) from
our breeding stock were housed five to a cage, with water and
food ad libitum. The animal house was kept on a 12-h light/
dark cycle (lights on at 0700 h) at a temperature of 23°C.

Subcellular Fractionation

The rats were killed by decapitation, and their hippocampi
were removed and gently homogenized in 5 vol of an ice-cold
medium consisting of 320 mM sucrose, 0.1 mM EDTA, and
5.0 mM HEPES, pH = 7.5, with a motor-driven Teflon-glass
homogenizer. The synaptosomes were isolated as described
previously (24). Briefly, 0.5 ml of the crude mitochondrial
fraction was mixed with 4.0 ml of an 8.5% Percoll solution and
layered onto an isoosmotic Percoll/sucrose discontinuous gra-
dient (10/16%). The synaptosomes that banded at the 10/16%
Percoll interface were collected with wide tip disposable plas-
tic transfer pipettes. The synaptosomal fractions were washed
twice at 15,000 X g for 20 min with the same ice-cold medium
to remove the contaminating Percoll and the synaptosome
pellet was resuspended to a final protein concentration of ap-
proximately 0.5 mg/ml. The material was prepared fresh daily
and maintained at 0—4°C throughout preparation.

Enzyme Assays

The reaction medium used to assay apyrase activity was es-
sentially as described previously (2), and contained 5.0 mM
KCl, 1.5 mM CaCl,, 0.1 mM EDTA, 10 mM glucose, 225 mM
sucrose, and 45 mM TRIS-HCI buffer, pH 8.0, in a final vol-
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ume of 200 pl. The concentrations of suramin [8-(3-benzoam-
ido-4-methylbenzamido) naphtalene-1,3,5,-trisulfonic acid] used
in the assay were in the 12-150-uM range. The enzyme prepa-
ration (10-20 wg protein) was added to the reaction mixture
and preincubated for 10 min at 37°C. The reaction was initi-
ated by the addition of ATP or ADP to a final concentration
of 1.0 mM, and stopped by the addition of 200 I 10% trichlo-
roacetic acid. The samples were chilled on ice for 10 min and
100-pl samples were taken for the assay of released inorganic
phosphate (Pi) (10). Incubation times and protein concentra-
tion were chosen to ensure the linearity of the reactions. Con-
trols with the addition of the enzyme preparation after addi-
tion of trichloroacetic acid were used to correct nonenzymatic
hydrolysis of the substrates. All samples were run in duplicate.
Protein was measured by the Coomassie Blue method (6), using
bovine serum albumin as standard.

Surgery

Animals were implanted under thionembutal anesthesia
(30 mg/kg, ip), with bilateral 30-g cannuale aimed 1.0 mm
above the CA1 area of the dorsal hippocampus (18,19,36).
Coordinates for the guide cannulae were A —4.3, L 4.0, V 2.0
(27). Histological verification of cannulae placement was as
previously described (18,19,36). Two to 24 h after the end of
the behavioral experiments, a 0.5 .l infusion of 4% methylene
blue was applied through the infusion cannulae. The brains
were removed and conserved in a 10% formalin solution, and
cannula placement was verified. Only data for animals consid-
ered to have cannulae correctly placed in the desired area
were submitted to final analysis (Fig. 3). The placements were
correct in 90% of the animals.

Behavioral Procedures

Three to 5 days after surgery, animals were submitted to
the behavioral procedures. Training and test session proce-
dures were as described in several previous reports (18,19,36).
A 50 cm wide, 25 cm high, 25 cm deep acrylic box was used.
The left extreme of the box was occupied by a 7 cm wide, 3 cm
high formica platform. The rest of the floor was a grid of par-
allel 0.1 cm caliber steel bars spaced 1 cm apart. In the train-
ing sessions, the animals were gently placed on the platform
and their latency to step down with the four paws on the grid
was measured. On stepping down, animals received a 0.4 mA,
60 Hz footshock for 2 s, and were withdrawn from the box.
The test session was procedurally identical except that the
footshock was omitted. Training—test interval was 24 h. A ceil-
ing of 180 s was imposed in the test session, i.e., animals with
retention latencies higher than 180 s were computed with this
value. Test session step-down latency was used as a measure
of retention (18,19,36).

Drug Infusion Procedure

Immediately after training in the task, a cannula was fitted
into the guide cannula. The infusion cannula was connected
by a polyethylene tube to a microsyringe (18,19,36). The tip of
the infusion cannula protruded 1.0 mm beyond that of the
guide cannula and was, therefore, aimed at the CA1 region of
the dorsal hippocampus. Animals were infused with 0.5 pl sa-
line (0.9% NaCl), or different doses of suramin (0.01, 0.1, 1.0,
or 10.0 pg) dissolved in 0.5 pl saline. The solutions injected
were brought to pH 7.4 with 0.1 N phosphate buffer.
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FIG. 1. Effect of suramin on ATP (A) and ADP (B) hydrolysis by
the apyrase activity in synaptosomes from hippocampus of rats. Bars
represent the mean = SD of four experiments. The control ATPase
and ADPase actvities (100% = no suramin added) measured were
153.02 = 9.95 nmol Pi X min~! X mg~! protein and 44.62 * 3.0 nmol
Pi X min~! X mg~! protein, respectively. *p < 0.05.

Statistical Analysis

The statistical analysis used in the in vitro experiments was
one-way analysis of variance (ANOVA). Training and test
sessions step-down latency differences among groups were
evaluated by one-way Kruskal-Wallis analysis of variance,
followed by a Mann—Whitney test when necessary. Compari-
sons between training and test sessions latencies within each
group were made by a Wilcoxon test.

RESULTS

The effect of suramin on apyrase activity (ATP and ADP
hydrolysis) was measured in synaptosomes from the hippo-
campus of adult rats. A significant inhibition of apyrase activity
(16 and 20% for ATP and ADP, respectively) in relation to
control (no suramin added = 100% of activity) was observed
at a concentration of 12 wM. The inhibition observed was con-
centration-dependent, with the apyrase activity markedly re-
duced in the presence of 150 wM suramin (41 and 40% for
ATP and ADP in relation to control activity, respectively) (Fig.
1A and 1B).

155

1.00
o
> A
e)
2 0.75
1<}
&
Q.
=]
on
E 0.50 |
=
g
=
-9
'g 0.25 //
>
- 000 1 L L 1

-0.15 -0.09 -0.03 0.03 0.09 0.15
1/S uM) X 10

o 1.00

> B

=

e .

2 0.75

=}

&

ks

on

8 0.50 |

[~%

g 0.25 |

z

— 000 1 1 1 1

-0.15 -0.09 -0.03 0.03 0.09 0.15

1/S (uM) X10

FIG. 2. Kinetic analysis of the inhibition of apyrase by suramin in
hippocampal synaptosomes of rats. The graphs show double-recipro-
cal plots of apyrase activity for ATP (A) and ADP (B) concentrations
(0.1-0.25 mM) in the absence (+) and in the presence of 15 pM (4A),
45 pM (O) and 75 pM (V) suramin. All experiments were repeated
at least four times and similar results were obtained. Data presented
were from individual experiments.

The kinetics of the interaction of suramin with apyrase ac-
tivity in synaptosomes from hippocampus was also determined
(Fig. 2). The Lineaweaver-Burk double-reciprocal plot was an-
alyzed over the range of ATP and ADP concentrations as sub-
strates (0.1-0.25 mM) in the absence and presence of suramin
(15-75 wM). The data indicated that the inhibition of ATP and
ADP hydrolysis by suramin was noncompetitive, because the
K, values did not change significantly, while maximal ATPase
and ADPase velocities decreased with increasing suramin con-
centrations (Fig. 2A and 2B). The K; values (inhibition con-
stant) were determined from Dixon plots (plots not shown). The
K; values obtained were 72.8 £ 7.1 uM for ATP (means *
SD, n = 4) and 109 = 10.6 pM for ADP (means = SD, n = 4).

In the present study, we also evaluated the effect of intra-
hippocampal infusion of suramin on retention of an aversive
learning task, the step-down inhibitory avoidance task. The
results for the inhibitory avoidance task are shown in Fig. 3.
There were no significant differences among groups in train-
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FIG. 3. Effect of intrahippocampal infusion of suramin (0.01, 0.1,
1.0, and 10.0 pg/side) on retention of step-down inhibitory avoidance
task. Data are median (interquartile range) of retention test step-
down latencies. n = 10-15 animals per group. *Significantly different
from the saline group (p < 0.05) by the Mann—Whitney U-test.

ing session latencies (Kruskal-Wallis analysis of variance, p >
0.10), but there was a significant difference in retention test
latencies among groups (Kruskal-Wallis analysis of variance,
p < 0.05). Groups treated with suramin at doses 0.01 and 0.1
pg did not show significant difference when compared to the
saline group (Mann—Whitney test, p > 0.10).

Groups treated with suramin at doses 1.0 and 10.0 pg
showed a significant impairment of retention when compared
with the saline group (Mann—Whitney test, p < 0.01). There
was a significant difference between training and test session
performances in the vehicle group, 0.01 and 0.1 pg suramin
groups (Wilcoxon test, p < 0.01), but not in the suramin 1.0
and 10.0 pg-treated groups (Wilcoxon test, p > 0.05). The re-
sults show that immediate posttraining intrahippocampal in-
fusions of suramin impaired inhibitory avoidance retention in
a dose-dependent response.

DISCUSSION

In the present investigation, we showed that suramin can
inhibit the apyrase activity in hippocampal synaptosomes of
rats. Inhibitory effects of this compound on ATP breakdown
have been previously described. Suramin inhibits ecto-ATPase
activity from guinea pig urinary bladder (14), endothelial cells
(23), blood cells (3), Xenopus oocytes (37), and can also in-
hibit ecto-apyrase activity from Torpedo electric organ (22).
In agreement with the reports indicated above that suramin
inhibits ATP breakdown in a noncompetitive manner (3,14,22),
our results showed a similar mechanism of inhibition on apy-
rase activity in rat hippocampal synaptosomes. The K; values
obtained for inhibition of apyrase by suramin were of the mi-
cromolar order. These results agree with the K; values ob-
tained for the inhibition of this enzyme in Torpedo electric
organ (22). However, we suggest that hippocampal apyrase
(K; =72.8 and 109 pM for ATP and ADP, respectively) is less
sensitive to suramin than Torpedo ecto-apyrase (K; = 43 and
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30 uM for ATP and ADP, respectively) (22). To our knowl-
edge, this is the first report about suramin as an inhibitor of
ATP diphosphohydrolase activity in synaptosomes from cen-
tral nervous system (hippocampus). The usefulness of suramin
as an inhibitor of hippocampal apyrase is questionable, be-
cause it is itself a P,-purinoceptor antagonist (15). It has been
suggested that ATP-metabolizing enzymes and P,-purinocep-
tors have similar binding domains, thus suramin can either al-
ter ATP degradation and/or block purinergic neurotransmis-
sion (16). Because of its inhibitory effect on ATP degradation,
the potency of suramin as an antagonist can be understimated
if it is tested against agonists (ATP, ADP, AMP) that are sub-
strates for ectonucleotidases (11).

Recently, our laboratory has showed that inhibitory avoid-
ance learning inhibits ectonucleotidase activities in hippocam-
pal synaptosomes of rats (5). Because suramin was able to fa-
cilitate synaptic responses (34), and this drug acts as an
apyrase inhibitor, we evaluated the effect of this drug on the
retention of step-down inhibitory avoidance task. The admin-
istration of suramin could potentiate the apyrase inhibition
observed in the acquisition of inhibitory avoidance task (5),
increasing the ATP levels and improving the retention of this
memory task. On the basis of these considerations, the amne-
sic effect of suramin was unexpected. Our results show that
suramin can impair the retention of step-down inhibitory
avoidance task, in a dose-dependent way, when infused intra-
hippoccampally at doses of 1 and 10 pg. Independently of the
question whether there is an involvement of apyrase activity
in this condition, an important consequence of intrahippo-
campal infusion of suramin is the amnesic effect. This condi-
tion can be produced by interactions between different sys-
tems upon which suramin can exert its effects, including P,-
purinoceptors, NMDA receptors, and ATP-metabolizing en-
zymes. Suramin is an apparent exception to the list of drugs
that affect LTP or LTP-like phenomena and memory in a sim-
ilar way (20), because it facilitated synaptic responses in hip-
pocampal slices (34), but when given into the hippocampus
was amnesic. The different effects of suramin reinforce the
concept that, due to its broad spectrum of biological proper-
ties, the actions of this drug significantly depend on the sys-
tem studied (34).

A NMDA receptor-mediated Ca?" increase in hippocam-
pal neurons has been implicated in formation of memory of
the inhibitory avoidance learning (20). It is also known that
the induction of LTP in postsynaptic neurons requires a rise
in intracellular Ca?* concentration ([Cali), which is thought to
be mainly mediated by glutamate via N-methyl-D-aspartate
(NMDA) glutamate receptors (4). Stimulation of P,,-purinocep-
tors by ATP leads to a rise in [Ca]i and suramin, with its an-
tagonist action, decrease Ca?* influx, which could impair the
synaptic efficiency (17). Furthermore, it has been shown that
suramin can also antagonize N-methyl-D-aspartate (NMDA)
receptors (26). As suramin blocks P,.-receptors and NMDA
receptors, the impairing effect of this drug in memory may
be related to a blockade of Ca?* influx through these recep-
tor channels. As hippocampal LTP also depends on NMDA
receptors activation and increased Ca?" influx, our results
are controversial with the facilitatory effect of suramin on
induction of hippocampal LTP (34). Our results showed a
dissociation, rather than a correlation, between LTP and
memory.

The dissociation observed between the LTP studies and
the behavioral data could be related to LTP hippocampal sat-
uration. A different approach to study whether LTP is essen-
tial for learning is try to saturate all synapses in the hippocam-
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pus by electrical stimulation, assuming that the upregulation
of all synapses should make learning impossible. This predic-
tion arises from the idea that neural networks store informa-
tion as a specific distribution of synaptic strengths that would
be disrupted by saturation of their capacity for LTP (1). The
first studies have showed that after saturation, animals were
not able to learn a spatial task very well, while animals in
which hippocampus was stimulated but LTP was allowed to
decay were not impaired (9). It was observed in the LTP stud-
ies that the magnitude of suramin effect was concentration de-
pendent (34). At 12 uM, the effect became saturated, and a
increased in the suramin concentration did not enhance the
magnitude of the population spike (34). On the basis of these
considerations, it is possible to suggest that, in the doses used
in the behavioral studies, the suramin-induced potentiation
could result in maximal expression of LTP in the entire popu-
lation of relevant synapses (saturation), which could produce
significant learning and memory deficits.

Another important action of suramin is its interaction with
protein kinase C (PKC). It has been shown that PKC can be
inhibited or activated by suramin in a type-dependent manner
by multiple mechanisms (21). The chain of events starting
with Ca’" increase and PKC activation, followed by protein
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synthesis, may account for a response amplification not neces-
sarily related to LTP but otherwise involved in memory
(20,29). It is probable that compounds able to alter one of
these events can promote changes in synaptic efficiency.

Accordingly, in this study we have shown the action of
suramin, a P,-purinoceptor antagonist, on the apyrase activity
and on the retention of a learning task, the step-down inhibi-
tory avoidance task. Probably the amnesic effects of suramin
is related to its antagonist action on P,-purinoceptors, NMDA
receptors and/or to its inhibitory effects on ATP degradation.
Further investigation is required to determine the exact bio-
chemical mechanism involved in the amnesic effect, and
whether there is a relationship between apyrase inhibition
and the induction of amnesia by suramin.

ACKNOWLEDGEMENTS

We wish to thank Dr. J. M. C. Ribeiro for the generous gift of
suramin. This work was supported by grants from Financiadora de
Estudos e Projetos (FINEP-Brazil), Conselho de Desenvolvimento
Cientifico e Tecnolégico (CNPq, Brazil) and the Programa de Nu-
cleos de Exceléncia (PRONEX, Brazil). C.D.B. was the recipient of a
CNPq-Brazil fellowship.

REFERENCES

1. Barnes, C. A.; Jung, M. W.; McNaughton, B. L.; Korol, D. L.;
Andreasson, K.; Worley, P. F.: LTP saturation and spatial learn-
ing disruption: Effects of task variables and saturation levels. J.
Neurosci. 14:5793-5806; 1994.

2. Battastini, A. M. O.; Rocha, J. B. T.; Barcellos, C. K.; Dias, R.D.;
Sarkis, J. J. F.: Characterization of an ATP diphosphohydrolase
(EC 3.6.1.5) in synaptosomes from cerebral cortex of adult rats.
Neurochem. Res. 16:1303-1310; 1991.

3. Beukers, M. W.; Kerkhof, C. J. M.; van Rhee, M. A.; Ardanuy,
U.; Gurgel, C.; Widjaja, H.; Nickel, P.; Ijzerman, A. P.; Soudijn,
W.: Suramin analogs, divalent cations and ATPS as inhibitors of
ecto-ATPase. Naunyn Schmiedebergs Arch. Pharmacol. 351:523—
528;1995.

4. Bliss, T. V. P.; Collingridge, G. L.: A synaptic model of memory:
Long-term potentiation in the hippocampus. Nature 361:31-39;
1993.

5. Bonan, C. D.; Dias, M. M.; Battastini, A. M. O.; Dias, R. D.;
Sarkis, J. J. F.: Inhibitory avoidance learning inhibits ectonucle-
otidase activities in hippocampal synaptosomes of adult rats.
Neurochem. Res. 23:979-984; 1998.

6. Bradford, M. M.: A rapid and sensitive method for the quantifica-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72:218-254; 1976.

7. Burnstock, G.: Purinergic nerves. Pharmacol. Rev. 24:509-581;
1972.

8. Burnstock, G.: Physiological and pathological roles of purines:
An update. Drug Dev. Res. 28:195-206; 1993.

9. Castro, C. A.; Silbert, L. H.; McNaughton, B. L.; Barnes, C. A.:
Recovery of spatial learning deficits following decay of electri-
cally-induced synaptic enhancement in the hippocampus. Nature
342:545-548; 1989.

10. Chan, K.; Delfert, D.; Junger, K. D.: A direct colorimetric assay
for Ca+2-ATPase activity. Anal. Biochem. 157:375-380; 1986.
11. Crack, B. E.; Beukers, M. W.; McKechnie, K. C. W.; Ijzerman,
A. P.; Leff, P.: Pharmacological analysis of ecto-ATPase inhibi-
tion: Evidence for combined enzyme inhibition and receptor antago-
nism in P2-purinoceptor ligands. Br. J. Pharmacol. 113:1432-1438;

1994.

12. Edwards, F. A.; Gibb, A. J.; Colquhoun, D.: ATP receptor-medi-
ated synaptic currents in the central nervous system. Nature
359:144-147; 1992.

13. Evans, R. J.; Derkach, V.; Surprenant, A.: ATP mediates fast

synaptic transmission in mammalian neurons. Nature 357:503-
505; 1992.

14. Hourani, S. M. O.; Chown, J. A.: The effect of some possible
inhibitors of ectonucleotidases on the breakdown and pharmaco-
logical effect of ATP in the guinea-pig urinary bladder. Gen.
Pharmacol 20:413-416; 1989.

15. Hoyle, C. H. V.: Pharmacological activity of adenine nucleotides
in the periphery: Possible receptor classes and transmitter func-
tion. Gen. Pharmacol. 21:827-831; 1990.

16. Hoyle, C. H. V.; Knight, G. E.; Burnstock, G.: Suramin antago-
nists responses to P2-purinoceptor agonists and purinergic nerves
stimulation in the urinary bladder and Taenia coli. Br. J. Pharma-
col. 99:617-621; 1990.

17. Inoue, K.; Koizumi, S.; Nakazawa, K.: Glutamate-evoked release
of adenosine 5'-triphosphate causing an increase in intracellular
calcium in hippocampal neurons. Neuroreport 6:437-440; 1995.

18. Izquierdo, I.; Da Cunha, C.; Rosat, R.; Jerusalinsky, D.; Ferreira,
M. B. C.; Medina, J. H.: Neurotransmitter receptors involved in
memory processing by the amygdala, medial septum and hippo-
campus of rats. Behav. Neural Biol. 58:16-26; 1992.

19. Izquierdo, I.; Quillfedt, J. A.; Zanatta, M. S.; Quevedo, J.; Schaef-
fer, E.; Schmitz, P. K.; Medina, J. H.: Sequential involvement of
the hippocampus and amygdala, the entorhinal cortex, and the
posterior parietal cortex in memory formation and retrieval. Eur.
J. Neurosci. 9:786-793; 1997.

20. Izquierdo, I.; Medina, J. H.: Correlation between the pharmacol-
ogy of long-term potentiation and the pharmacology of memory.
Neurobiol. Learn. Mem. 63:19-32; 1995.

21. Mahoney, C. W.; Azzi, A.; Huang K.-P.: Effects of suramin, an
anti-human immunodeficiency virus reverse transcriptase agent,
on protein kinase C. J. Biol. Chem. 265:5424-5428; 1990.

22. Marti, E.; Canti, C.; de Aranda, I. G.; Miralles, F.; Solsona, C.:
Action of suramin upon ecto-apyrase activity and synaptic depres-
sion of Torpedo etectric organ. Br. J. Pharmacol. 118:1232-1236;
1996.

23. Meghji, P.; Burnstock, G.: Inhibition of extracellular degradation
in endothelial cells. Life Sci. 57:762-771; 1995.

24. Nagy, A.; Delgado-Escueta, A. V.: Rapid preparation of synapto-
somes from mammalian brain using a nontoxic isoosmotic gradi-
ent (Percoll). J. Neurochem. 43:1114-1123; 1984.

25. Nakazawa, K.; Mohri, M.; Okada, Y.; Mori, M.: Reversible and
selective antagonism by suramin of ATP-activated inward cur-



158

26.

27.

28.

29.

30.

31

32.

rent in PC12 phaeochromocytoma cells. Br. J. Pharmacol.
101:224-226; 1990.

Ong, W. Y.; Motin, L. G.; Hansen, M. A_; Dias, L. S.; Ayrout, C,;
Bennet, M. R.; Balcar, V. J.: P2 purinoceptor blocker suramin
antagonizes NMDA receptors and protects against excitatory
behavior caused by NMDA receptor agonist (RS)-(tetrazol-5-yl)-
glycine in rats. J. Neurosci. Res. 49:627-638; 1997.

Paxinos, G.; Watson, C.: The rat brain in stereotaxic coordinates.
San Diego: Academic Press; 1986.

Phillis, J. W.; Wu, P. H.: The role of adenosine and its nucleotides
in central synaptic transmission. Prog. Neurobiol. 16:187-239;
1981.

Rose, S. P. R.: Memory,the brain Rosetta stone? Concept. Neu-
rosci. 2:43-64; 1991.

Sarkis, J. J. F.; Salt6, C.: Characterization of a synaptosomal ATP
diphosphohydrolase from the electric organ of Torpedo marmo-
rata. Brain Res. Bull. 26:871-876; 1991.

Silinski, E. M.; Gerzanich, V.; Vanner, S. M.: ATP mediates exci-
tatory synaptic transmission in mammalian neurones. Br. J. Phar-
macol. 106:762-763; 1992.

Wang T.-F.; Rosenberg, P. A.; Guidotti, G.: Characterization of

33.
34.
35.

36.

37.

38.

BONAN ET AL.

brain ecto-apyrase: Evidence for only ecto-apyrase (CD39) gene.
Mol. Brain Res. 47:295-302; 1997.

Wieraszko, A.; Seyfried, T. N.: ATP-induced potentiation in hip-
pocampal slices. Brain Res. 49:356-359; 1989.

Wieraszko, A.: Facilitation of hippocampal potentials by suramin.
J. Neurochem. 64:1097-1101; 1995.

Windscheif, U.: Purinoceptors: From history to recent progress.
A review. J. Pharmacol. Pharmacol. 48:993-1011; 1996.

Zanatta, M. S.; Schaeffer, E.; Schmitz, P. K.; Medina, J. H.; Que-
vedo, J.; Quillfeldt, J. A.; Izquierdo, I.: Sequential involvement of
NMDA receptor-dependent processes in hippocampus, amygdala,
entorhinal cortex and parietal cortex in memory processing.
Behav. Pharmacol. 7:341-345; 1996.

Ziganshin, A. U.; Ziganshina, L. E.; King, B. F.; Burnstock, G.:
Characteristics of ecto-ATPase of Xenopus oocytes and inhibi-
tory actions of suramin on ATP breakdown. Pflugers Arch.
429:412-418; 1995.

Zimmermann H.: Biochemistry, localization and functional roles of
ecto-nucleotidases in the nervous system. Prog. Neurobiol. 49:589—
618; 1996. 2:43-64; 1991.



