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Abstract. Growing evidence indicates that ATP may play a very
important role in Long-Term Potentiation (LTP), a neurophysiological
process that has been implicated in memory formation. LTP is an
enhancement of synaptic strength induced by a specific pattern of high
frequency stimulation, or by application of exogenous ATP. In the
hip})ocampus LTP-inducing stimulation is accompanied by a massive,
Ca“"-dependent release of ATP from presynaptic terminals. Released
extracellular ATP may either interact with numerous types of ATP
receptors present on the neuronal surface, or serve as a substrate for
ecto-protein phosphorylation. The results of combined
electrophysiological and biochemical experiments indicate that
participation of extracellular ATP in the ecto-protein phosphorylation
process is most likely involved in the permanent amplification of the
synaptic response in the hippocampus.
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ATP AS A NEUROTRANSMITTER

Since the first demonstration of stimulation-de-
pendent release of ATP from the nervous tissue
(Holton 1959), there is growing interest in the role
of ATP in synaptic transmission (Phillis and Wu
1981, Burnstock and Kennedy 1985, Burnstock
1990, Nishimura et al. 1990). ATP is stored in the
nerve terminals and coreleased with several neuro-
transmitters in different biological preparations in a
Ca**-dependent way (Phillis and Wu 1981). In most
of the preparations the release of ATP was not abol-
ished by antagonists of postsynaptic receptors indi-
cating presynaptic release of ATP (Phillis and Wu
1981, Burnstock 1990). Released, extracellular
ATP can be quickly hydrolyzed by a chain of ecto-
nucleotidases (Kreutzber et al. 1986, Nagy et al.
1986) and products of its hydrolysis (ADP, AMP,
adenosine) can influence neurones excitability in-
teracting with specific receptors (Phillis and Wu
1981, Kreutzber et al. 1986). Two types of puriner-
gic receptors (P1 and P2) are presently recognized
(Burnstock and Kennedy 1985). Type P1 is more
sensitive to adenosine and AMP then to ATP and
ADP. Type P2 is less sensitive to adenosine and
AMP and more sensitive to ATP, ADP and nonhy-
drolyzable analogs of ATP (Burnstock and Kennedy
1985). According to the latest research P2 receptors
can be further classified into several different sub-
types connected with ligand-gated ion channels
(O’Connor et al. 1991), or coupled to G proteins
(Illes and Norenberg 1993, Barnard et al. 1994). Ac-
tivation of P2 receptors stimulates production of D-
myo-inositol 1,4,5-triphosphate (IP3) (Pearce et al.
1989) and triggers the release of arachidonic acid
from astrocytes through mobilization of intracellu-
lar Ca** and subsequent activation of phospholi-
pase A2 (Bruner and Murphy 1990). ATP can
release Ca”* from internal stores in PC12 cells in-
teracting with two functionally distinct population
of purinergic receptors (Barry and Cheek 1994).
Activation of nucleotide receptor which could be
activated by ATP and UTP, stimulated subthre-
shold release of Ca®*, which was unable to trigger
neurotransmitter secretion (Barry and Cheek 1994).

However, the activation of independently regulated
ionic channel, which could be activated by ATP
onlzy, stimulated secretion, because in this case the
Ca“* concentration was sufficiently elevated (Barry
and Cheek 1994). These results have very important
implications for a role of extracellular ATP as a
modulator of transmitter release triggered by other
stimuli. Released ATP can be also a substrate for ec-
tokinases. Their presence on the surface of neuronal
cells was described for the first time by Ehrlich
(Ehrlich et al. 1986a,b). Phosphorylation of the sur-
face proteins with extracellular ATP, released dur-
ing enhanced neuronal activity can be a very
powerful signal for long-lasting changes in synaptic
efficiency (Ehrlich et al. 1986a,b, Ehrlich 1987,
Zhang et al. 1988, Wieraszko and Seyfried 1989a,
Wieraszko and Ehrlich 1994, Fuji et al. 1995a,b
Chen et al. 1996). Depending on the concentration
used, exogenous ATP can exert different effects on
cell properties. ATP at micromolar concentration
can facilitate calcium influx into smooth muscle
through receptor-operated channels (Benham and
Tsien 1987) and can increase free calcium levels in
cultured nerve cells (Ehrlich et al. 1986a) and chick
myotubes (Maggblad and Heilbronn 1988). Electro-
physiological studies show that micromolar con-
centrations of ATP can depress evoked responses in
the lateral olfactory tract (Scholfield 1978), but
have strong excitatory action on embryonic chick
muscle (Hume and Honig 1986) and on rat dorsal
horn neurones (Jahr and Jessel 1983). At concentra-
tions above 200 uM ATP and its analogs evoked
transient hyperpolarization of mouse fibroblast
through increased K* permeability (Okada et al.
1984). At mM concentrations ATP can markedly in-
crease intracellular calcium levels in rat parotid
cells (McMillan et al. 1987) and in cardiac
myocytes (DeYoung and Scarpa 1987, Maggblad
and Heilbronn 1988). Recently, for the first time,
ATP-mediated, fast synaptic currents have been re-
corded from neurones of the central nervous system
(Edwards et al. 1992, Evans et al. 1992). Thus, one
can assume that extracellular ATP is a powerful
neuromodulator of cell excitability and may be in-
volved in modulation of synaptic efficiency.



MECHANISMS REGULATING
SYNAPTIC EFFICIENCY

There are several chemical and electrical man-
ipulations which can change synaptic efficiency
(Bliss and Lomo 1973, Turner et al. 1982, Aniksztejn
and Ben-Ari 1991, Madison et al. 1991, Morris et
al. 1991). One of the most popular ways to enhance
synaptic strength is by a specific pattern of high fre-
quency, electrical stimulation. This permanent,
electrically-induced enhancement of the synaptic
efficiency, called Long-Term Potentiation (LTP)
was for the first time described in the pathways of
the mammalian hippocampus which use glutamate
as a neurotransmitter (Bliss and Lomo 1973). As
some of the mechanisms participating in LTP may
be also involved in ATP-induced modulation of sy-
naptic strength, a brief description of the mechan-
ism of LTP will be given. Two forms of synaptic
enhancement have been distinguished on the basis
of its duration. One form represents a short-lasting
(2-5 min) enhancement of the synaptic efficiency
that is called posttetanic potentiation (PTP). It over-
laps in time with an increase in presynaptic Ca*" le-
vels (Zucker 1989) and may be considered as the
induction phase of LTP (Muller et al. 1991), al-
though the mechanisms responsible for these two
forms of synaptic plasticity may differ (McNaughton
1982). In contrast to PTP, a nondecremental in-
crease in the synaptic efficiency lasting several
minutes to hours is generally recognized as the
maintaining phase of LTP (Mulleretal. 1991). LTP
has been observed in several pathways of the brain
and there is growing evidence that this form of sy-
naptic plasticity underlies some forms of memory
(Teyler and DiScenna 1987, Soumure-Mourat and
Roman 1991). The rise in intracellular Ca** level which
can occur by activation of glutamate receptors of the
N-methyl-D-aspartate (NMDA) type (Collingdridge
1988) is essential for induction of nondecremental
LTP (Lynch et al. 1983, Morris et al. 1991).

The activation of glutamate receptors is an event
considered to be necessary, though not sufficient for
the induction of LTP in the hippocampus (Kauer et
al. 1988, Morris et al. 1991, Soumireu-Mourat and
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Roman 1991). Thus, additional, still unidentified
factor(s) other than glutamate, must be involved in
the mechanism of LTP. Among a variety of 5 mole-
cules, arachidonic acid (Bliss et al. 1991), nitric oxide
(Bohme et al. 1991, Mizutani et al. 1993), platelet
activating factor (Wieraszko et al. 1993) and extrac-
ellular ATP (Wieraszko et al. 1989, Wieraszko and
Seyfred 1989a,b, Nishimura et al. 1990, Wieraszko
and Seyfried 1990, Wieraszko and Ehrlich 1994,
Fujii et al. 1995a,b) seem to be the most likely can-
didates to act as additional neuromodulators opera-
ting in LTP. In the following section the evidence
suggesting the involvement of ATP in the mechan-
ism of LTP in mammalian hippocampus will be dis-
cussed.

THE ROLE OF
EXTRACELLULAR ATP IN
HIPPOCAMPAL LTP

In order to exert its effect as a neurotransmitter
ATP must be first released to the extracellular
space. Indeed, release following electrical or
chemical stimulation is a basic criterion for recog-
nizing a compound as a neurotransmitter (Orrego
1979). In 1978 White (White 1978) demonstrated a
potassium-induced release of ATP from brain sy-
naptosomes. Using a cortical cup technique, Wu
and Phillis (1978) found a 30-fold increase in the re-
lease of ATP from rat sensory-motor cortex follow-
ing electrical stimulation. To minimize the problem
of ATP hydrolysis by extracellular Ca’*-ATPase, a
photomultiplier was used to monitor directly the re-
lease of ATP from Torpedo Marmorata electric
organ (Israel et al. 1976). We have modified this
technique to detect and quantitate the release of
ATP from electrically stimulated hippocampal
slices (Wieraszko et al. 1989). Figure 1A depicts the
diagram of mammalian hippocampal slice and
Fig. 1B shows the apparatus used in this study. Hip-
pocampal slices were placed in the recording cham-
ber mounted over a photomultiplier that was inside
ametal block. The slice chamber was made of trans-
parent plastic. The photomultiplier was connected
to the pen recorder and the movement of the pen was
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Fig. 1. The experimental design used to evaluate the release of ATP from mammalian hippocampal slices. A, the diagram of
hippocampal slice; Pyr., pyramidal cell layer; Gr., granular cell layer; S, stimulating electrode placed on Schaffer collaterals
(Sch. coll.); R1 and R2, extracellular, recording electrodes placed on the pyramidal cell layer (to record the population spike)
and in stratum radiatum (to record EPSP), respectively; DG, dentate gyrus; CA1 and CA3, hippocampal fields; B, the apparatus
for estimating ATP release from hippocampal slices. A slice (sl) is shown on a net (n) in the transparent slice chamber (ch).
The slice is immersed in 0.8 ml of buffer containing luciferin-luciferase solution. The chamber fits into an opening in the metal
block (mb) containing the photomultiplier (Ph). The light generated travels through the bottom of the chamber to the photo-
multiplier. After amplification (Amp), the light-induced signal is recorded by the pen recorder (PR). S and R represent stimu-
lating and recording electrodes, respectively. The slice is oxygenated by a tube supplying a mixture of CO2/O2 (5%/95%). The
entire apparatus is enclosed in a light-tight Faraday cage; C, examples of ATP release from mouse hippocampal slices. Upper
traces demonstrate the population spikes recorded before (left) and after (right) application of HFS which induced LTP. Lower
traces show the amount of light generated during 30 s ( 30") application of HFS and following injection of the standard ATP
solution (5.5x10° 10 M). B and C reproduced from Wieraszko et al. (1989) with kind permission of the publisher.



proportional to the amount of light generated in the
chamber. The determination of the amount of re-
leased ATP was performed using luciferin-luciferase
system. The stimulating and recording electrodes
were placed on Schaffer collaterals and in the py-
ramidal cell layer respectively. As shown in Fig. 1C,
high frequency stimulation (300 Hz for 50 ms at 2
s intervals for a total of 30 s) evokes ATP release.
Simultaneous recording of evoked potentials re-
vealed that the pattern of stimulation which trig-
gered release of ATP also induced LTP. Omitting
calcium from the incubation medium eliminated
ATP release and blocking postsynaptic glutamate
receptors with 2 mM kynurenic acid had no in-
fluence on ATP release (Wieraszko et al. 1989).
These data demonstrate that ATP can be released
from stimulated hippocampal nerve terminals in a
calcium dependent way and its extracellular con-
centration may be additionally elevated by the dis-
ease-related deficiency in ATP-hydrolyzing enzymes
(Wieraszko and Seyfried 1989b). It is interesting to
note that ATP release was not observed following
low-frequency stimulation which evokes postsy-
naptic response but is unable to induce LTP. It ap-
pears that ATP is coreleased with a primary
neurotransmitter (glutamate in this case) only with
a certain pattern of stimulation. We suggested that
ATP, while not involved in normal neurotrans-
mission, may participate in the potentiation effect
induced by high-frequency stimulation.

Further support for our suggestion came from
experiments showing an influence of exogenous
ATP on the size of the population spike. While 200
UM ATP depressed glutamate-evoked single neur-
ones response (DiCori and Henry 1984) and attenu-
ated the population spike (Dunwiddie and Hoffer
1980), lower concentrations of ATP (in nM range)
induced potentiation of the synaptic response
(Wieraszko and Seyfried 1989a, Nishimura et al.
1990, Wieraszko and Ehrlich 1994). As shown in
Fig. 2A, 500 nM ATP gradually increased the size
of the population spike. The increase in the popula-
tion spike began shortly after ATP application and
proceeded gradually to achieve a plateau within
subsequent 20-30 min.
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To elucidate further the role of the purinergic
system in synaptic plasticity we evaluated the in-
fluence of different ATP analogs and P2 receptors
antagonists on electrically induced LTP. Among
the analogs tested only ATP-y- S exerted an agon-
istic action, namely at low, micromolar concentra-
tions ATP-y- S by itself induced LTP (Fig. 2B).
Although other analogs (e.g., AMPPNP) did not fa-
cilitate the potential, they prevented induction of a
stable, non decremental LTP by HFS (Fig. 2C).

One of the possible explanations for the ob-
served inhibition of LTP by ATP analogs can be the
interaction of these analogs with P2-purinorecep-
tors. Based on the potencies of structural analogues
of ATP, (Burnstock and Kennedy 1985), P2 recep-
tors in non-neuronal tissues were classified into two
subtypes: P2x and P2y. However, the pharmaco-
logical characterization of P2 receptors in the cen-
tral nervous system is especially difficult, as
competitive antagonists of P2 receptors, which sim-
ultaneously do not exhibit agonistic activity, have
not yet been described (Fedan and Lamport 1990).
None of the structural, nonhydrolyzable analogs
tested (AMPPNP, o, - methylATP, 2MeSATP),
exerted any agonistic activity comparable with the
action of ATP. In contrast, in other systems like the
vas deferens and snail neurones (Yatani et al. 1982,
Sneddon and Burnstock 1984) and cultured dorsal
horn neurones (Jahr and Jessel 1983), one or more
of these molecules were at least as potent as ATP.
Therefore, it can be concluded that the amplifica-
tion of the population spike by ATP observed in our
study and confirmed by others (Nishimura et al.
1990, Fujii et al. 1995a) is not mediated by an in-
teraction with one of the P2 receptors as classified
to date. It should be pointed out, however, that the
classification of ATP receptors is based mainly on
the experiments performed on non-neuronal tissue
(Wiklund et al. 1990) and therefore cannot provide
complete explanation for all the effects observed by us
and by others in CNS neurones (Illes and Norenberg
1993). Different P2 receptors can probably coexist
in multicellular preparation like the hippocampal
slice and the final physiological effect may be a
compound result of simultaneous activation of dif-
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Fig. 2. The influence of ATP and ATP analogs on the hippocampal population spike. A, facilitation of the population spike by
500 nM ATP. Application of ATP is marked by an arrow. Traces a and b show the magnitude of the potential 10 min before
and 30 min after application of ATP, respectively. In this and in the next figure upper trace depicts the shape of the potential,
whereas the lower trace shows the changes in the size of the population spike with the time. The parameter X represents the
size of the population spike as calculated by the computer. Calibration: 2 mS,0.6 mV; B, influence of ATP-y- S (2.5 uM) on
the magnitude of the population spike. An arrow indicated the time of ATP-y- S application. Traces a and b demonstrate the
magnitude of the population spike 5 min before and 70 min after ATP-y- S application, respectively. Calibration: 2 mS, 0.7
mV; C, inhibition of facilitatory action of ATP by 9.7 uM AMPPNP. Application of AMPPNP and ATP is marked by arrows.
Traces a and b represent the population spike 10 min before application of AMPPNP and 30 min after application of ATP, re-
spectively. Calibration: 2 mS, 0.6 mV; D, ATP-y- S (40 uM) applied before HFS prevents the induction of LTP (but note the presence
of PTP). Traces a,b and ¢ represent the shape of the population spike 15 min before and 2 and 30 min after application of HFS, re-
spectively. Calibration: 2 mS, 0.7 mV. Reproduced from Wieraszko and Ehrlich (1994) with a kind permission of the publisher.

ferent subpopulations of P2 receptors. a, b- methy-
1ATP is a good example of variability observed in
the reaction of P2 receptors to ATP analogs. It ex-
erts an agonistic action in smooth muscles of the ear
(Benham and Tsien 1987) and vas deferens (Friel
1988), and has a strong and weak antagonistic ac-
tivity in cardiac muscle (Friel and Bean 1988) and
hippocampal slices (Wieraszko and Ehrlich 1994),
respectively. If the involvement of ATP analogs in

the mechanism of LTP is mediated by interaction
with receptors, their characteristics in the mamma-
lian hippocampus must be different than P2 recep-
tors described to-date in other tissues.

The facilitatory effect of both ATP (Fig. 2C) and
ATP-y-S (Wieraszko and Ehrlich 1994) was
blocked by AMPPNP, a nonhydrolyzable analog of
ATP that can act as agonist of P2 receptors (Moody
and Burnstock 1993), and which by itself did not



exert any agonistic activity in our experiments. This
indicates that hydrolysis of the gamma phosphate of
ATP and ATP-y¥-S is required for amplification of
the population spike. As neither ATP nor ATP-y-S
can penetrate through the cell membrane, their hy-
drolysis must occur on the outer surface of the cell
membrane with the participation of ectoATPases
and/or ecto-protein kinases. ATP as a substrate of
choice can be utilized by ATPases and protein ki-
nases. ATP-y-S can be readily utilized by protein ki-
nase, but is poorly hydrolyzed by ATPases
(Gratecos and Fischer 1974). The thiophosphoryla-
tion of proteins that occurs when a kinase uses ATP-
v- S proceeds at much slower rate then protein phos-
phorylation by ATP. This could explain the weaker
and slower enhancement of the population spike by
ATP-y-S compared to ATP (compare Fig. 2A and
B) and provides an additional argument for the
necessity of hydrolysis of both molecules in order
to be effective. As phosphoryl donors, ATP and
ATP-y-S enable protein phosphorylation on the cell
surface, which in turn may regulate several synaptic
processes (Ehrlich et al. 1988, 1990, Wieraszko and
Ehrlich 1994, Fujii et al. 1995a, Chen et al. 1996).
The finding that ATP-Y-S facilitates the potential at
slower pace than ATP is consistent with the invol-
vement of ecto-protein kinase. At 15 min following
the application, ATP-y-S, being slowly utilized by
ecto-protein kinase, prevents induction of stable
LTP instead of being a substrate. Prevention of LTP
by 40 uM ATP-y-S (only PTP was observed - Fig. 2D)
resembles the action of ATP itself, which also did
not exert agonistic activity at higher concentrations
(Wieraszko and Seyfried 1989a, Wieraszko and
Seyfried 1990). This again strengten the notion that
ATP released by HFS does not participate in the in-
duction of LTP, but rather in the maintenance as a
substrate for ectokinase. Our recent experiments
with monoclonal antibody termed M.Ab.1.9 which
interacts with the catalytic domain of PKC
(Mochly-Rosen and Koshland 1987, 1988) and se-
lectively inhibits surface protein phosphorylation
(Ehrlich et al. 1995, Chen et al. 1996) further sup-
port the idea of the involvement of ecto-protein ki-
nase in LTP. While M.Ab.1.9 had no influence on
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the initial elevation of EPSP and population spike
following HFS, it prevented establishing of perma-
nent LTP (Ehrlich et al. 1995, Chen etal. 1996). The
visualization of the interaction of M.Ab.1.9 with an
externally oriented epitope on the surface mem-
brane of unfixed brain synaptosomes has deter-
mined that ecto-PKC is concentrated in the region
of junctional contacts, within the synaptic cleft
(Lasher and Erickson 1995). This finding provides
additional support for the idea of the involvement of
ecto-protein kinase in the mechanism of LTP.

Independently of the question of whether the in-
itial hydrolysis of ATP was carried out by an AT-
Pase or protein kinase, an important consequence of
extracellular ATP metabolism would be the gener-
ation of adenosine. Adenosine is generally con-
sidered an inhibitor of synaptic transmission (Salter
etal. 1993), but it can also exert a strong facilitatory
action on hippocampal neurones at low micromolar
concentrations (Nishimura et al. 1990).

Additional support for the idea of extracellular
site of ATP action came from the results obtained
with suramin. This molecule which is unable to
penetrate cellular membrane (Wilson and Wormall
1950, Fortes et al. 1973) is generally recognized as
an antagonist of P2 receptors. Suramin facilitated
hippocampal evoked potentials in a way which re-
sembled the mechanisms involved in induction of
LTP by HFS (Wieraszko 1995). The suramin am-
plified simultaneously the slope of EPSP, which is
a measure of synaptic efficiency (Fig. 3A) and the
amplitude of the population spike, which indicates
the number of activated, pyramidal neurones ( Fig.
3B). The suramin effect was blocked by AMPPNP,
a weak agonist of P2 receptors (Fig. 3C). The
AMPPNP effect was not due to a generalized action
of the drug on synaptic transmissionor to a possible
cytotoxic effect as a 10-fold increase in the strength
of the stimulation triggered a much greater popula-
tion spike (Fig. 3C, compare potential b and c). Ad-
ditionally, suramin-induced potentiation occluded
induction of LTP by HFS and was markedly re-
duced, although not abolished by NMDA receptor
antagonists (Wieraszko 1995). Interestingly, su-
ramin activates several kinases (Mahoney et al.
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Fig. 3. The influence of suramin on hippocampal evoked
potentials. A, the amplification of EPSP by 12 uM suramin.
Parameter x marks the imaginary line drawn by the computer
to calculate the slope of EPSP; B, the amplification of the
population spike by 12 uM suramin. In both A and B, aand b
represent the magnitude of the potentials before and after ap-
plication of suramin, respectively. Calibration: 2 ms, 0.8mV
(A); 2 ms, 0.5 mV (B); C, the inhibition of suramin effect by
AMPPNP. Addition of AMPPNP (9.7 uM) and suramin (12
uM)is indicated by arrows. An unsuccessful attempt to induce
LTP by electrical stimulation and a 10-fold increase in the
strength of the stimulation are shown by LTP and HFS arrows,
respectively; a and b indicate the magnitude of the population
spike 10 min before and 45 min after suramin administration,
respectively; c represents the population spike recorded im-
mediately after the increase in the strength of the stimulation.
Calibration: 2 ms, 0.7 mV. Reproduced from Wieraszko
(1995) with a kind permission of the publisher.

1990) including ecto-protein kinase (Wixom and
Sun 1995), which as already discussed, may modu-
late LTP through the process of surface protein
phosphorylation. :

It is also possible that the suramin effect is a re-
sult of interaction with P2 receptors. Although su-
ramin is recognized as P2 receptor antagonist, it was
unable to antagonize ATP action in oocytes (Kupitz
and Atlas 1993). Interestingly, in these oocytes P2
receptors are also insensitive to the P2 receptor
desensitizing agent, o,f-methylene-ATP, which
was ineffective in blocking LTP in hippocampal
slices as well (Wieraszko 1993, Wieraszko and
Ehrlich 1994). Thus, it may be suggested that in the
hippocampus suramin amplifies synaptic efficiency
interacting with specific subpopulation of P2 recep-
tors (activated by ATP or suramin) and/or by activat-
ing ecto-protein kinase. Therefore, we concluded
that suramin amplified the synaptic efficiency in
hippocampal slices in a way which involves mech-
anisms which also participate in induction and/or
maintenance of LTP.

One has to consider a possibility that ATP anal-
ogs, used in our research could block the action of
endogenous ATP by desensitization of ATP recep-
tors (Bean et al. 1990). However, ac not all of ATP
analogs were equally potent in preventing of LTP,
this type of action, exerted by ATP analogs seems
to be very unlikely.

One of the essential steps in the induction of LTP
is elevation of intracellular free Ca®* concentration
(Lynch et al. 1983). In other systems ATP is able to
increase the intracellular Ca>* level in several ways:
activation of ATP-dependent Ca®* channels (Yatani et
al. 1982, Benham and Tsien 1987, El-Moatassin et
al. 1992), activation of the phosphoinositol second
messenger system (Lin and Chuang 1993) which
triggers the release of Ca®* from intracellular stores.
These possible routes of elevation of Ca** could be
inhibited by ATP analogs and result in prevention
of LTP. Blockade of ATP receptors by ATP analogs
could also diminish release of nitric oxide (NO).
NO has been recently identified as endothelium-
derived factor (EDRF) (Kelm et al. 1988) which is
released by endothelial cells following stimulation



of purinergic receptors (Gordon 1990). Although
research in the last few years demonstrated involve-
ment of NO in several regulatory processes, includ-
ing LTP (Bohme et al. 1991, Mizutani et al. 1993),
the possibility that NO is released from neurones in
the CNS following activation of purinergic recep-
tors has not yet been investigated.

SUMMARY AND CONCLUSIONS

ATPisreleased from hippocampal slices follow-
ing specific, high frequency stimulation of Schaffer
collaterals nerve endings. This specific pattern of
activation induces LTP which represents a perma-
nent amplification of synaptic efficiency. The con-
centration of released, extracellular ATP depends
on the time of stimulation and on the activity of
ATP-hydrolyzing enzymes which have their active
centre on the cell surface. ATP applied exogenously
at low nanomolar concentrations can by itself per-
manently amplify synaptic efficiency. This action
of ATP is blocked by ATP analogs and antagonists
of purinergic receptors. The antagonistic action of
ATP analogs and antagonists of purinergic recep-
tors described here was directed mainly against the
maintenance of LTP. Therefore, it appears that ATP
does not play a role during routine neurotrans-
mission in Schaffer collaterals, but exerts its effect
only when high frequency stimulation induces per-
manent changes in the number of activated pyrami-
dal neurones, which occurs following the induction
phase of LTP. Thus, activation of a purinergic sys-
tem is not essential for routine neurotransmission,
but is involved in a particular event of synaptic ac-
tivity, that leads to permanent changes in synaptic
efficiency. When the action of ATP is blocked, per-
manent synaptic changes do not occur. Assuming
that PTP represents the first phase of LTP (the in-
duction), one can suggest that while induction of
LTP remains unimpaired, the transition to the con-
solidation (maintenance) phase of LTP is prevented
when the sites of ATP action are blocked. ATP anal-
ogs that can act as agonists of peripheral ATP recep-
tors do not by themselves induce LTP, but are able
to prevent LTP by interacting with sites of action of
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released ATP on the cell surface. These sites may
include unique CNS purinergic receptors, and/or an
active domain of the ectoenzymes responsible for
ATP metabolism and for ATP utilization by extrac-
ellular protein phosphorylation systems. Further in-
vestigation is necessary to determine the exact
biochemical mechanism underlying the involve-
ment of extracellular ATP in the induction and
maintenance of LTP.

ABBREVIATIONS

AMPPNP adenylimidodiphosphate

ATP adenosine 5’-triphosphate
ATP-y-S adenosine 5’-0-(thiotriphosphate)
o, B methyleneATP «, B-methyleneadenosine

5’-triphosphate

EDRF endothelium-derived factor

EPSP excitatory postsynaptic potential

HFS high-frequency stimulation

IP3 D-myo-inositol 1,4,5-triphosphate

LTP long-term potentiation

M.Ab.1.9. monoclonal antibody 1.9

2-MeSATP 2-methylthioadenosine

NMDA N-methyl-D-aspartate

NO nitric oxide

PKC protein kinase C

PTP postetanic potentiation
ACKNOWLEDGEMENTS

This work was supported by NIH grant No NS
27866-1, PSC-CUNY grant 663179 and the Higher
Advanced Technology Program of the State of New
York.

REFERENCES

Aniksztejn L., Ben-Ari Y. (1991) Novel form of long-term
potentiation produced by a K*channel blocker in the hip-
pocampus. Nature 349: 67-69.

Barnard E.A., Burnstock G., Webb T.E. (1994) G protem-
coupled receptors for ATP and their nucleotides: a new re-
ceptor family. TIPS 15: 67-70.

Barry V.A.,Cheek T.R. (1994) Extracellular ATP triggers two
functionally distinct calcium signalling pathways in PC12
cells. J. Cell Sci. 107: 451-462.

Bean B.P., Williams Ch.A., Ceelen P.W. (1990) ATP-acti-
vated channels in rat and bullfrog sensory neurons: cur-



646 A. Wieraszko
rent-voltage relation and single-channel behavior. J. Neu-
rosci. 10: 11-19.

Benham C.D., Tsien R.W. (1987) A novel receptor-operated
Ca** permeable channel activated by ATP in smooth
muscle. Nature 328: 275-278.

Bliss T. V. P., Clements M. P., Errington M. L., Lynch M. A.,
Williams J.H. (1991) Presynaptic changes associated with
long-term potentiation in the dentate gyrus. In: Long-term
potentiation (Eds. M. Baudry and J.L.. Davis). MIT Press,
Cambridge, Mass., p. 3-18.

Bliss T.V.P., Lomo T. (1973) Long-lasting potentiation of sy-
naptic transmission in the dentate area of the anaesthetized
rabbit following stimulation of the perforant path. J. Physi-
ol. 232: 331-356.

Bohme G. A., Bon Ch., Stutzman J-M., Doble A., Blanchard
J-Ch. (1991) Possible involvement of nitric oxide in long
term potentiation. Eur. J. Pharm. 199: 379-381.

Bruner G., Murphy S. ( 1990) ATP-evoked arachidonic acid
mobilization in astrocytes is via a P2y-purinergic recep-
tors. J. Neurochem. 55: 1569-1575.

Burnstock G. (1990) Purinergic mechanisms. Ann. N.Y.
Acad. Sci.: 603: 1-18.

Burnstock G., Kennedy C. (1985) Is there a basis for distinguish-
ing two types of P2-purinoreceptors? Gen. Pharm. 16:
433-440.

Chen W., Wieraszko A., Hogan M., Yang H-A., Kornecki E.,
Ehrlich Y.H. (1996) Surface protein phosphorylation by ecto-
-protein kinase is required for the maintenance of hippocam-
pal long-term potentiation. Proc. Natl. Acad. Sci. USA (in
press).

Collingdridge H. (1988) Synaptic function of N-methyl-D-as-
partate receptors in the hippocampus. In: The hippocam-
pus-new vistas (Eds. V. Chan-Palay and Ch. Kohler).
Neurology and neurobiology. Vol. 52. Alan R. Liss, New
York, p. 329-345.

DiCori S., Henry J.L.(1984) Effects of ATP and AMP on hip-
pocampal neurons in vitro. Brain Res. Bull.13: 199-
201.

Dunwiddie T., Hoffer B.J. (1980) Adenine nucleotides and sy-
naptic transmission in the in vitro hippocampus. Br. J.
Pharm. 69: 59-68.

DeYoung M.B., Scarpa A. (1987) Extracellular ATP induces
Ca®* transients in cardiac myocytes which are potentiated
by norepinephrine. FEBS Lett. 223: 53-58.

EdwardsF.A., Gibb A.J., Colquhoun D. (1992) ATP receptor-
mediated synaptic currents in the central nervous system.
Nature 359: 144-147.

Ehrlich Y.H. (1987) Extracellular protein phosphorylation in
neuronal responsiveness and adaptation. Adv. Exp. Med.
Biol. 221: 187-199.

Ehrlich Y.H., Chen W., Hogan M., Yang H-A, Kornecki E.,
Wieraszko A. (1995) Surface protein phosphorylation by
ecto-protein kinase C is needed for the maintenance of
long-term potentiation. Abstr. Soc. Neurosci. 21: p. 598.

Ehrlich Y .H., Davis T., Bock E., Kornecki E., Lenox R.H.
(1986b) Ecto-protein kinase activity on the external sur-
face of intact neuronal cells. Nature 320: 67-69.

Ehrlich Y.H., Garfield M.G., Davis T.B., Kornecki E., Chaf-
fee J.E., Lenox R.H. (1986a) Extracellular protein phos-
phorylation systems in the regulation of neuronal function.
Prog. Brain Res. 6: 197-208.

Ehrlich Y. H., Hogan M., Pawlowska Z., Naik U., Kornecki
E. (1990) Ectoprotein kinase in the regulation of cellular
responsiveness to extracellular ATP. Ann. N.Y. Acad. Sci.
603: 401-417.

Ehrlich Y.H., Snider R.M., Kornecki E., Garfield M.G.,
Lenox R.H. (1988) Modulation of neuronal signal trans-
duction system by extracellular ATP. J. Neurochem. 50:
295-301.

El-Moatassin C., Domand J., Mani J.C. (1992) Extracellular ATP
and cell signalling. Biochem. Biophys. Acta 1134: 31-45.

Evans R., Derkach V., Surprenant A. (1992) ATP mediates
fast synaptic transmission in mammalian neurons. Nature
357: 503-505.

Fedan J. S., Lamport S. J. (1990) P2-purinoreceptor antagon-
ists. Ann. N.Y. Acad. Sci. 603: 182-197.

Fortes P.A.G., Ellory J.C., Lew V.L. (1973) Suramin: a potent
ATPase inhibitor which acts on the inside surface of the
sodium pump. Biophys. Acta 318: 262-272.

Friel D.D. (1988) An ATP-sensitive conductance in single
smooth muscle cells from the rat vas deferens. J. Physiol.
401: 361-380.

Friel D. D., Bean B. P. (1988) Two ATP-activated conduct-
ances in bullfrog atrial cells. J. Gen. Physiol. 91: 1-27.
Fujii S., Kato H., Furuse H., Ito K-I., Osada H., Hamaguchi

T., Kuroda Y. (1995a) The mechanism of ATP-induced
long-term potentiation involves extracellular phosphory-
lation of membrane proteins in guinea-pig hippocampal

CA1 neurons. Neurosci. Lett. 187: 130-132.

Fujii S., Ito K-1., Osada H., Hamaguchi T., Kuroda Y., Kato
H. (1995b) Extracellular phosphorylation of membrane
proteins modifies theta burst-induced long-term potentia-
tion in CAl neurons of guinea-pig hippocampal slices.
Neurosci. Lett. 187: 133-136.

Gordon J.L. (1990) The effects of ATP on endothelium. Ann.
N Y. Acad. Sci. 603: 46-52.

Gratecos D., Fischer E.H. (1974) Adenosine 5-O (3-thio tri-
phosphate) in the control of phosphorylase activity.
Biochem. Biophys. Res. Comm. 58: 960-967.

Holton P. (1959) The liberation of adenosine triphosphate on
antidromic stimulation of sensory nerves. J. Physiol.
(Lond.) 145: 494-504.

Hume R.J., Honig M.G. (1986) Excitatory action of ATP on
embryonic chick muscle. J. Neurosci. 6: 681-690.

Illes P., Norenberg W. (1993) Neuronal ATP receptors and
their mechanism of action. TINS 14: 50-54.

Israel M., Lesbats B., Meunier F.M., Stinnakre J. (1976) Post-
synaptic release of adenosine triphosphate induced by



single impulse transmitter action. Proc. R. Soc. Lond. Ser.
B. 193: 461-468.

Jahr C.E., Jessel T.M. (1983) ATP excites a subpopulation of
rat dorsal horn neurons. Nature 304: 730-733.

Kauer J.M., Malenka R.C., Nicoll R.A. (1988) NMDA appli-
cation potentiates synaptic transmission in the hippocam-
pus. Nature 334: 250-252.

Kelm M., Feelish M., Spahr R., Piper H-M., Noack E.,
Schrader J. (1988) Quantitative and kinetic charac-
terization of nitric oxide and EDRF released from endothe-
lial cells. Biochem. Biophys. Res. Comm. 154: 236-244.

Kreutzberg G.W., Heymann D., Reddington (1986) M., 5’-nu-
cleotidase in the nervous system. In: Cellular biology of
ectoenzymes (Ed. G.W. Kreutzberg). Springer-Verlag,
Berlin, p. 147-164.

Kupitz Y., Atlas D. (1993) A putative ATP-activated Na*
channel involved in sperm-induced fertilization. Science
261: 484-486.

Lasher R.S., Erickson R.S. (1995) Polypeptides located in the
plasma membranes of synaptic junctions and puncta ad-
herens junctions in the rat brain may be ecto-kinase. Abstr.
Soc. Neurosci. 21: p. 1314.

Lin W-W., Chuang De-M. (1993) Extracellular ATP stimu-
lates inositol phospholipid turnover and calcium influx in
C6 glioma cells. Neurochem. Res. 18: 681-687.

Lynch G., Larson J., Kelso S., Barrionuevo G., Schottler F.
(1983) Intracellular injections of EGTA block induction
of hippocampal long-term potentiation. Nature 305: 719-
721.

Madison D.V., Malenka R.C., Nicoll R.A. (1991) Mechan-
isms underlying long-term potentiation of synaptic trans-
mission. Annu. Rev. Neurosci.14: 379-397.

Maggblad J., Heilbronn E. (1988) P2-purino-receptor-stimu-
lated phsophoinositide turnover in chick myotubules.
FEBS Lett. 235: 133-136.

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

McMillan M.K., Soltoff S.P., Cantley L.C., Talamo B.R.
(1987) Extracellular ATP elevates intracellular free cal-
cium in rat parotid acinar cells. Biochem. Biophys. Res.
Comm. 149: 523-530.

McNaughton B. L. (1982) Long-term synaptic enhancement
and short-term potentiation in rat fascia dentata act
through different mechanisms. J. Physiol. 324: 249-262.

Mizutani A., Saito H., Abe K. (1993) Involvement of nitric
oxide in long-term potentiation in the dentate gyrus in
vivo. Brain Res. 605: 309-311.

Mochly-Rosen D., Koshland D.E. (1987) Domain structure
and phosphorylation of protein kinase C. J. Biol. Chem.
262:2291.

Mochly-Rosen D., Koshland D.E. (1988) A general procedure
for screening inhibitory antibodies: application for ident-

ATP as a neurotransmitter in the hippocampus 647
ifying anti-protein kinase C antibodies. Anal. Biochem.
170: 31-37.

Moody C.J., Burnstock G. (1993) Evidence for the presence
of P1-purinoreceptor on cholinergic nerve terminals in the
guinea-pig ileum. Eur. J. Pharm. 77: 1-9.

Morris R., Davis S., Buther S. (1991) Hippocampal synaptic
plasticity and N-methyl-D-aspartate receptors: arole inin-
formation storage? In: Long-term potentiation: a debate of
current issues (Eds. M. Baudry and J.L.. Davis). MIT Press,
Cambridge, Mass., p. 267-300.

Muller D., Buchs P-A., Stoppini L., Boddeke H. (1991) Long-
-term potentiation, protein kinase C and glutamate recep-
tors. Molec. Neurobiol. 5: 277-288.

Nagy A., Shuster T.A., Delgado-Escueta S.V. ( 1986) Ecto-
ATPase of mammalian synaptosomes: identification and
enzymic characterization. J. Neurochem. 47: 976-986.

Nishimura S., Mohri M., Okada Y., Mori M. (1990) Excita-
tory and inhibitory effects of adenosine on the neurotrans-
mission in the hippocampal slices of guinea pig. Brain Res.
525:165-169.

O’Connor S.E., Dainty LA., Leff P. (1991) Further classifica-
tion of ATP receptors based on agonist studies. TIPS 12:
137-141.

Okada Y., Yada T., Ohno-Shosaku T., Oiki S., Ueda S., Ma-
chida K. (1984) Exogenous ATP induces electrical mem-
brane responses in fibroblasts. Exp. Cell Res. 152:
552-557.

Orrego F. (1979) Criteria for the identification of central neu-
rotransmitters and their application to studies with some
nerve tissue preparations in vitro. Neuroscience 4: 552-557.

Pearce B., Murphy S., Jeremy J., Morrow Ch., Dandona P.
(1989) ATP-evoked Ca2+mobilization and prostanoid re-
lease from astrocytes: P2-purinergic receptors linked to
phosphoinositide hydrolysis. J. Neurochem. 52: 971-
9717.

Phillis J.W., Wu Ph. (1981) The role of adenosine and its nu-
cleotides in central synaptic transmission. Prog. Neurobi-
ol. 16: 187-239.

Salter M.W., DeKoninck Y., Henry J.L. (1993) Physiological
responses for adenosine and ATP in synaptic transmission
in the spinal dorsal horn. Prog. Neurobiol. 41: 125-156.

Scholfield C.N. (1978) Depression of evoked potentials in
brain slices by adenosine compounds. Br. J. Pharm. 63:
329-244.

Sneddon P., Burnstock G. (1984) Inhibition of excitatory
junction potentials in guinea-pig vas deference by o, B-
methylene ATP: further evidence for ATP and noradre-
naline as cotransmitter. Eur. J. Pharm. 100: 85-90.

Soumireu-Mourat B., Roman F. (1991) Long-term potentia-
tion and learning and memory. In: long-term potentiation:
the debate of current issues (Eds. M. Baudry and J.L.
Davis). MIT Press, Cambridge, Mass., p. 317-323.

Teyler T., DiScenna P. (1987) Long-term potentiation. Annu.
Rev. Neurosci. 10: 131-161.



648 A. Wieraszko

Turner R.W., Baimbridge K.G., Miller J.J. (1982) Calcium-
induced long-term potentiation in the hippocampus. Neu-
roscience 7: 1411-1416.

White T.D. (1978) Direct detection of depolarization-induced
release of ATP from synaptosomal preparations. Nature
(Lond.) 267: 329-336.

Wieraszko A. (1993) Nonhydrolyzable analogs of ATP in-
hibit induction of long-term potentiation (LTP) in mouse
hippocampal slices. Abstr. Soc. Neurosci. 19: p. 1327.

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

Wieraszko A., Ehrlich Y. H. (1994) On the role of extracellu-
lar ATP in the induction oflong-term potentiation in the
hippocampus. J. Neurochem. 63: 1731-1738.

Wieraszko A., Goldsmith G., Seyfried T. N. (1989) Stimula-
tion-dependent release of adenosine triphosphate from
hippocampal slices. Brain Res. 485: 244-250.

Wieraszko A., Li G., Kornecki E., Hogan M.V, Ehrlich Y. H.
(1993) Long-term potentiation in the hippocampus in-
duced by platelet-activating factor. Neuron 10: 553-557.

Wieraszko A., Seyfried T.N. (1989a) ATP-induced potentia-
tion in hippocampal slices. Brain Res. 491: 356-359.

Wieraszko A., Seyfried T.N. (1989b) Increased amount of ex-
tracellular ATP in stimulated hippocampal slices of
seizure prone mice. Neurosci. Lett. 106: 287-293.

Wieraszko A., Seyfried N. (1990) Involvement of ATP as a
neurotransmitter in the hippocampus. Ann. N.Y. Acad.
Sci. 603: 494-496.

Wiklund N.P., Wiklund C.U., Gustafsson L.E. (1990) P2-
purinoreceptor subtypes in guinea pig smooth muscle.
Ann. N.Y. Acad. Sci. 603: 466-469.

Wilson E.D., Wormall A. (1950) Studies on Suramin 9. The ac-
tion of the drug on some enzymes. Biochem. J. 47: 158-170.

Wixom P., Sun A. (1995) Effect of suramin on ecto-kinase ac-
tivity. Abstr. Soc. Neurosci. 21: p. 593.

Wu P.H., Phillis J.W. (1978) Distribution and release of
adenosine triphosphate in rat brain. Neurochem. Res. 3:
563-571.

Yatani A., Tsuda N., Akaike N., Brown A.M. (1982) Nano-
molar concentrations of extracellular ATP activate
membrane Ca channels in snail neurons. Nature 296:
169-171.

Zucker R. S. (1989) Short-term synaptic plasticity. Ann. Rev.
Neurosci. 12: 13-31.

Zhang J., Kornecki E., Jackman J., Ehrlich Y.H. (1988) ATP
secretion and extracellular protein phosphorylation by
CNS neurons in primary culture. Brain Res. Bull. 21: 459-
464.

Received 15 January 1996, accepted 8 February 1996

This paper is dedicated to Professor Stella Niemierko on the occasion of her 90th birthday, with esteem and admiration



