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ABSTRACT 

A SD wave represents a short lasting and reversible breakdown of ion 

gradients in brain cells. These waves occur only in brain tissue and are, therefore, a 

hallmark of this tissue. SD waves radiate out of the damaged ischemic core into the 

penumbra and healthy tissue. In the penumbra propagation of SD waves may lead to 

irreversible damage of brain cells. In healthy tissue SD waves activate microglial 

cells, the resident macrophage cells of the brain. The signaling pathways leading to 

activation of microglia are not known. It is known that extracellular ATP is a 

powerful activator of microglial cells. If ATP is released during SD waves it might 

be an evidence that ATP serves as a signal for transformation of microglia from 

resting to activated form. Our experiments were designed to fmd out whether A TP is 

released during SD wave. 

SD waves were artificially elicited in the rat hippocampal slices (400 Jlm) by 

bath application of 100 JlM ouabain or by micro-injection of 1.2 M KCl into 

stratum radiatum of the CAl region. Ouabain triggered SD waves with an amplitude 

6.5±5.2 mV and a duration 11.4±5.2 min that appeared with a 7.5±2.8 min delay 

after switching normal solution to the solution containing ouabain. The ATP outflow 

from six slices was measured in the perfusate samples collected before and after 

application of ouabain. The concentration of ATP in the samples was determined 

with a luciferase-luciferin system. The basal outflow from six slices averaged 

3.3±1.6 pmol/slice/min. Ouabain caused a transient overflow of ATP 10.4±4.4 
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pmoVslice/min. The increase in ATP outflow started before the appearance of the 

SD wave. The experiments failed to determine the ATP release from a single 

hippocampal slice during SD wave elicited by micro-injection of high KCl. The 

sensitivity of luciferin-luciferase system was not sufficient for determination of the 

ATP concentration in the perfusate samples collected before, during and after SD 

wave. Manipulations involving slow-down of the rate of ATP hydrolysis by ecto 

enzymes, improvement of the experimental chamber, and concentration of the 

perfusate samples did not improve the sensitivity. 

In a separate set of experiments it was demonstrated that approximately 2/3 

of extracellular ATP injected into the hippocampal slice were hydrolyzed by 

nonspecific phosphatases and ectonucleotidases. The observed increase of the ATP 

release during ouabain-evoked SD wave is not definitive evidence that SD waves 

cause the release of ATP, because of the possibility that ouabain by itself rather than 

SD might cause the release of the ATP. 
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1. INTRODUCTION 

A stroke lesion usually consists of a densely ischemic core and perifocal areas (the 

penumbra) in which neurons die with a delay of days. The penumbral areas were 

originally defmed as intermediate zones having a reduction in CBF to a level that 

interrupts neuronal electrical activities, yet permits maintenance of membrane 

pumps and preservation of ion gradients (Hakim, 1987). The penumbra has potential 

clinical potence. The interruption of neural activity in this zone is reversible but 

there is a limited time window for this. Within the first hours after ischemia 

depolarizations named SD waves originating from ischemic foci travel over the 

penumbra and the entire hemisphere. In the penumbra where the cells are 

compromised metabolically SD waves generate a transient mismatch between 

energy supplies and demand. The gradual depletion of tissue ATP and high energy 

phosphate reserves following repetitive SD waves may eventually lead to peri

infarct tissue death (Hossmann, 1994). The infarction output may be significantly 

decreased pharmacologically with gap junction blockers or non-competitive NMDA 

receptor antagonist MK-801 (Nedergaard, 1996) which inhibits propagation of SD 

waves. 

In the healthy tissue with normal blood flow artificially elicited SD waves are 

harmless and might have a neuroprotective effect. They cause activation of 

astrocytes and microglia. Microglia are resident brain macrophages that strongly 

respond to cerebral ischemia (Lehrmann et al., 1997; Schroeter et al., 1999). Upon 
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activation microglia undergo morphological changes and fmally become 

indistinguishable from macrophages both morphologically and in their expression of 

surface and intracellular antigens. Activated microglia can produce neurotoxic 

mediators as well as neurotrophic factors (Wood, 1995). Mechanisms underlying 

transformation of the resting microglia to the activated form are not known. The 

involvement of P2 purinergic receptors is proposed (Walz et al., 1993). Microglial 

cells express several subtypes of purinoreceptors which induce various membrane 

conductances and changes in cytoplasmic Ca2
+ concentration when they are 

activated by extracellular ATP (Inoue, 1998). During focal ischemia ATP may leak 

out of damaged neurons and glial cells and be a signal for functional changes in 

microglial cells in the lesion area. Microglia are also activated in the remote 

morphologically intact brain areas covered by SD (Schroeter et al., 1999) triggered 

by focal ischemia (Dietrich et al., 1994). What is a signal for remote microglial 

responses after focal ischemia? There is a suggestion that in the morphologically 

intact brain areas microglia are activated by ATP which is released via SD waves 

propagating from the infarction areas. 

1.1 Ischemic Core and Penumbra. 

Ischemic stroke is a cerebrovascular accident caused by the reduction of blood 

supply as a result of a blood clot or rupture of a vessel (Sweeney et al., 1995). The 

artery most often occluded is the middle cerebral artery (MCA). Occlusion of MCA 

causes nearly complete ischemia in the center of the vascular territory. This ischemic 

region has very low local cerebral blood flow (CBF) (< 10 ml/100 glmin) 
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(Rossmann, 1994) and rapidly becomes irreversibly damaged. Within seconds 

neuronal electrical activity fails and within a few minutes ATP synthesis stops and 

ion pumps fail Membrane ion pump failure causes membrane depolarization and 

increase in extracellular potassium concentration. Glutamate release becomes 

unregulated. High concentrations of extracellular glutamate activate NMD A and 

AMP A receptor channels, causing them to open and allowing massive Ca2
+ influx 

(Sweeney et al, 1995) that disrupts inracellular processes killing neurons. All cells 

within this region of low blood flow referred to as the ischemic core undergo 

necrosis. 

The ischemic core is surrounded by tissue with reduced CBF (approximately 

15 to 40 mV100 g/min). This zone of mild to moderately reduced CBF relates to the 

concept of the ischemic penumbra (Astrup et al., 1981). Cells in the penumbra are 

not necessarily lost but can survive if blood flow is restored. Rossmann (1994) 

defmed penumbra as " a region of constrained blood supply in which energy 

metabolism is preserved". Ischemic brain tissue of the penumbra has enough energy 

to survive for a short time but not enough to communicate and function (Hakim, 

1998). Cells are alive but synaptic transmission is abolished, oxidative metabolism is 

reduced and the rate of ion pumping is decreased. The residual perfusion supplies 

enough oxygen to maintain tissue concentration of A TP close to normal. Thus there 

is no complete ion pump failure and extracellular potassium concentration is normal 

or only slightly elevated (Astrup et al., 1977). Intracellular calcium levels are raised 

from 100 nM to about 200 nM, a value that is not detrimental to the cell (Collins et 

al., 1991). This region remains viable for only one or perhaps a few hours after 
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vascular occlusion and can be reactivated by raising the blood flow (Memezawa et 

al., 1992). If blood flow is not restored tissue infarction develops. The mechanism 

by which the penumbra evolves into infarction and the factors which determine 

whether the penumbra can be salvaged still remain uncertain. There are two major 

hypothesis concerning the mechanism causing penumbral tissue death. The frrst 

hypothesis is that ischemic cell death is caused by neurotoxic mechanisms in a non

wave-dependent manner. The proposed mechanisms include the generation of 

oxygen free radicals and nitric oxide, and the initiation of appoptosis. The main 

proposed mechanism is excitotoxicity suggesting that the massive release of 

excitatory amino acids, such as glutamate and glycine, from the dying tissue in the 

center of the infarct core spread outward due to diffusion and can damage adjacent 

and distant cells by promoting intracellular calcium accumulation. The levels of 

extracellular glutamate in the penumbra may increase 25-fold because of depression 

of glutamate uptake processes due to energy deficiency in this region. The second 

theory is that the expansion of tissue injury into the penumbra zone is caused by the 

progression of spreading depression-like depolarizations that have been found in 

ischemic tissue. SD waves originate from the core of an infarct and propagate 

outward into the penumbra activating a cascade of metabolic events that eventually 

lead to penumbra tissue death (Ruppin et al., 1999). 

1.2 Spreading Depression. 

SD was discovered by Leao (1944) as a dramatic transient disturbance of brain 

function in a response to a variety of noxious influences. SD is one of the most 
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reproducible electrophysiological phenomena in CNS gray matter and can be 

evoked by a massive depolarization caused by ~' the excitatory amino acid 

glutamate or by electric or mechanical stimulation (Bures et al., 1974). SD is a 

slowly propagating (1.5-7.5 mm/min) extracellular negative wave (10-35 mV) that is 

accompanied by depolarization of both astrocytes and neurons to approximately 0 

mV (Somjen et al., 1991). Within 1-3 min the cells repolarize and then may be 

hyperpolarized for a few minutes. During the peak of the membrane depolarization 

neurons are unexcitable but before and afterward increased spiking occurs 

(Higachida et al., 1974). 

Using methods based on continuous determination of the extracellular 

concentration of extracellular markers and light scattering the decrease of the size of 

the extracellular space to 50% during SD was shown (Hansen and Olsen, 1980; 

Snow et al., 1983). The fmding of large decreases of brain extracellular space is in 

agreement with the results of the study of a drastic redistribution of ions between the 

intra- and extracellular spaces accompanying the SD process. K+ ions flow out of 

cells and Na+, cr, Ca2+, and water flow into cells causing cellular swelling (Hansen 

and Zeuthen, 1981; Holthoff and Witte, 1996). 

During the SD extracellular K+ concentration increases greatly in two phases. 

In the first it rises slowly from the resting value of 3.1 mM to a level of 11 mM 

within about 2 min. In the second period extracellular K+ concentration rises to 60-

70 mM within seconds accompanied by an abrupt negative change of the 

extracellular potential. The maximum level of extracellular potassium concentration 

is maintained for about 20 s and declines at a comparatively slow rate (Hansen and 
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Zeuthen, 1981; Somjen et al.,1992). After 40 s K+ level has returned to its normal 

concentration, sometimes undershooting the control level during the next 1-2 min. 

The SD-related extracellular potential shifts have the pattern of change similar to the 

changes in extracellular K+ concentration (Nedergaard, 1996). 

The ionic changes that occur during SD involve the decrease in extracellular 

Ca2+ Na+, and cr concentrations. The decrease in [Ca2+]e began with a slight delay 

relative to the increase of [K+]e (Kraig and Nicholson, 1978; Herreras and Somjen, 

1993). The minimum level to which [Ca2+]e fell is up to 100 times lower than its 

resting concentration . The decrease of [Na +]e is not so drastic, reaching its minimal 

level of 65-75 mM. Following the changes of extracellular potential, [Ca2+]e and 

[Na +]e recover in two phases. Finally [Ca2+]e and [Na +]e return to their normal levels 

after several-minute delay comparing with extracellular potential and [K+]e. The 

changes in [Cr]e have a similar pattern. [Cr]e decrease to 90 mM and then reach the 

pre-SD level with a delay. Thus the changes of ion concentrations do not start at the 

same time in SD. The rise in [K+]e precedes the decrease of [Ca2+]e, [Na+]e, and [Cr 

]e. These changes indicate the intracellular movements of Na, Cl and Ca, and 

extrusion of K from the cells during SD (Hansen and Zeuthen, 1981). 

1.3 Ion Channels Involved in SD. 

The identity of the channels through which ions move during SD has remained 

uncertain. There is a severe loss of membrane resistance that is consistent with the 

SD-related depolarization of neurons and with the redistribution of ions (Haglund 

and Schwartzkroin, 1990; Somjen et al., 1992). The entire I-V function becomes a 
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straight line reflecting independence of membrane resistance from voltage. This loss 

of membrane resistance during SD could be because of nonspecific transient 

breakdown of the membrane, but it was found that ions larger than 1.12 nm can not 

enter cells during SD. Thus anion permeable channels that become active during SD 

are bounded in size (Phillips and Nicholson, 1979). 

Certain selective ion channels may be involved in the SD phenomenon. In the 

presence of TEA the membrane potential shifts and changes of [K+]e are consistently 

reduced indicating that during SD some of the K+ ions escape from cells through 

voltage-gated potassium channels. 4-AP does not have such an effect. Therefore not 

all voltage-gated potassium channels participate (Aitken et al., 1991). TTX, a potent 

bloker of the sodium channels involved in the classical action potential , does not 

produce any significant reduction in the [Na+]e variation during SD. Therefore 

voltage sensitive Na+ channels! have little or no role in the depolarization (Tobiasz 

and Nicholson, 1982). 

A severe drop in extracellular Ca2+ concentration during SD is presumably 

because of movement of Ca2+ into the cells. Ca2+ ions can enter neurons via voltage

gated channels and also via NMDA receptor coupled channels. Blockade of voltage

gated Ca2+ channels with either Co2+ or Ni2+ and glutamate receptor coupled 

channels with CPP and DNQX lessens, but does not prevent, the drop in [Ca2+]e 

(Jing et al., 1993). Therefore during SD some but not all of Ca2+ that flows into the 

cell pass through voltage-gated or glutamate-linked channels. 

Particular involvement of voltage-gated K+, Ca2
+ and glutamate receptor 

coupled Ca2
+ channels in the SD phenomenon cannot explain all changes in 
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extracellular ion concentrations and the SO-related depolarizations. The 

permeability mechanism that becomes active during SD remains unknown. 

1.4 Metabolic Changes During SD. 

The SD effects on the membrane potential and ion concentration shifts are 

reversible. After 1-2 min the ion gradients and membrane potential return to pre-SD 

levels (Somjen et al, 1993). This normalization is responsible for metabolic 

activation in the brain tissue. The increase of energy demand leads to the expense of 

endogenous energy stores and a large elevation of glucose utilization. 

The onset of SD changes the A TP content in brain tissue. When the negative 

shift in extracellular SD potential reaches its maximum A TP values decrease to 54 -

60% (Csiba et al, 1985; Guat et al, 1994) and gradually returns to normal after 

restoration of membrane potential The phosphocreatine values are most sensitive to 

the SD. Concentration of phosphocreatine drops to 24% of control at the crest of the 

SD wave. The decrease in high-energy phosphates during the phase of cellular 

depolarization is accounted for the fact that the energy-dependent processes remain 

activated during the liberation of potassium and calcium influx. A depression in 

high-energy phosphates leads to the activation of glucose metabolism. 

During and after SD cerebral glucose utilization is markedly increased in most 

areas of the cerebral cortex (Shinohara et al, 1979; Gjedde et al., 1981). Migration 

of a single SD wave is accompanied by a decrease in glucose content to 72% of 

control (Mies and Paschen, 1984). After restoration of membrane potential cortical 
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glucose concentrations remain of 60% of the control value (Csiba et al., 1985). The 

steep negative shift in the extracellular potential during SD is paralleled by a 

significant decrease in tissue pH from 7.20 to 6.85 (Csiba et al., 1985; Chesler and 

Kraig, 1989; Guat et aL, 1994), which occurs almost concomitantly with a 

significant reduction in cortical glucose content. During the restitution of the 

membrane potential cortical tissue pH decreases to 6.75 (Csiba et al., 1985). At the 

same time lactate values increase to approximately 200% of the control values 

(Gualt et al., 1994). The rapid development of cortical tissue acidosis which occurs 

together with the reduction in tissue glucose and lactate accumulation possibly 

indicate a partial involvement of anaerobic glycolysis during SD (Busa and 

Nuccitelli, 1984). 

As a result of activation of energy-dependent processes in the cells the 

mitochondria are activated in order to produce the extra ATP needed and the 

oxidative metabolic activity is increased (Lothman et al., 1975). There is a 

correlation between the oxidation of NADH and extracellular potassium during SD 

that suggests a substantial expenditure of energy for the pumping of K+ by the 

ATPases back from the extracellular space. Ouabain significantly decreases the 

oxidation rate stimulated by the rising ADP concentration due to the breakdown of 

ATP by the oubain-sensitive Na,K-pumps (LaManna and Rosental, 1975). 
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1.5 Blood Flow Changes Associated with SO. 

Large changes in the oxidative metabolic activity during SD are accompanied 

by changes in blood flow. In order to produce the extra ATP and keep the balance of 

oxygen in the normal range for oxidation of NADH, activated mitochondria need 

influx of the metabolic substrates glucose and Oz. 

SD induces arteriolar dilation resulting in an increased cerebral blood flow 

with approximately one minute delay after the onset of the SD wave (Hansen et al., 

1980; Shibata et al., 1990). The cortical blood flow remains unchanged at the ftrst 

minute while the [K+]e increase to 60 mM. High cerebral blood flow is not directly 

associated with the increased [K+]e but rather with the subsequent reduction of [K+]e. 

During this phase cortical blood flow increases to twice the normal value while 

[K+]e returns to 3 mM (Hansen et al., 1980). The mechanisms that couple increased 

cerebral blood flow to increased metabolic activity during SD are not fully 

understood, but they appear to involve synthesis and/or release of nitric oxide 

(Colonna et al., 1994; Goadsby et al., 1992), prostaglandins (Shibata et al., 1990) 

and calcitonin gene related peptide which dilate the blood vessels due to activation 

of receptors on vascular smooth muscle cells and increased intracellular levels of 

cAMP (Colonna et al., 1994). The increase of cerebral blood flow is coupled to an 

increase of glucose transport from blood to brain. The spread of SD wave is 

consistent with a threefold increase of the consumption of glucose and the 

consequent increase of net transfer of glucose from blood to brain (Gjedde et al., 

1981). 
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Propagation of SD induces dramatic dilation of the vessels; however, the 

dilation is followed by a prolonged constriction of the vessels after SD expiration 

(Shibata et al., 1991). Recovery from SO-induced vascular changes is relatively 

rapid and complete (Busija and Meng, 1993). 

1.6 Triggering and Propagation of SD Waves. 

The mechanisms of triggering and propagation of SD waves are not clear. 

Experimentally SD may be evoked by depolarization of a critical mass of cortical 

tissue, by K+ or glutamate, by mechanical or electric stimulation (Nedergaard, 

1996). SD spreads like a wave from its site of origin across the cortex with a 

velocity of about 2-5 mm/min. Both elicitation and propagation of SD are sensitive 

to competitive and noncompetitive antagonists of NMDA receptor complex 

(Sheardown, 1993; Nedergaard, 1996). The NMDA antagonists increase SD 

threshold, decrease the propagation velocity, decrease the duration of the 

accompanying extracellular potential, K+ and Ca2+ changes and may completely 

inhibit SD propagation (Marrannes et al., 1988). The fact that K+ -induced release of 

glutamate and SD initiation require the presence of extracellular Ca2
+ suggests that 

glutamate is transiently released from presynaptic vesicles during SD (Obrenovitch 

et al., 1996). However, a high extracellular level of glutamate is not the driving force 

sustaining cortical SD propagation. Glutamate, required for NMDA receptor 

activation is released very locally at the synaptic level and provides Ca2+ influx 

through NMDA-activated ionophores that is essential to SD propagation. Local, high 
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extracellular concentration of K+ remains the plausible trigger of SD (Obrenovitch 

and Zilkha, 1995). 

Glial cells seem to contribute to SD. Glial depolarization of 20-40 m V during 

SD is monophasic and slow, lasting 2.5, min while neuron depolarization is a 

bimodal type: rapid depolarization with burst discharges and slow depolarization 

with no spike lasting 5-6 min. Both cells are integral factors in SD (Higashida et al., 

1974). However the relative participation of glia and neurons in SD remain obscure. 

The glial specific metabolic poison fluorocitrate causes a rapid impairment of glial 

function and decrease of glial membrane potential but does not hinder SD 

propagation but rather favors it (Largo et al., 1997). SD waves propagate faster and 

last longer and are able to spread into hippocampus after being provoked in 

neocortex. Only when neuronal function fails do SD waves fail to enter the region of 

fluorocitrate treatment. According to these results, neurons are the major generator 

of SD while an energy shortage in glial cells makes brain tissue more susceptible to 

SD. 

Whether or not glia are the cells that propogate SD is still not understood. SD 

propagation may be mediated by the release of a substance from cells into 

extracellular space or by the intercellular transfer of a signal through a network 

connected by gap junctions between neurons or glial cells. Waves of SD were 

blocked by different inhibitors of gap junctional coupling such as halothane, and the 

long-chain alcohols heptanol, hexanol and octanol (Nedergaard et al., 1995; Largo et 

al., 1997). A number of investigators have proposed that glial cells, which are 

believed to be normally more profusely joined by gap junctions than neurons, are 
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the cell type primary responsible for generating SD. Ca2+ -waves that can propagate 

among cultured astrocytes could be related to SD phenomena, but there is no 

evidence so far to establish this relation. Ca2+-waves may spread without indications 

of SD occurrence (Dani et al., 1992). Also the fact that heptanol succeeds in 

blocking SD propagation while fluorocitrate fails in the same rat hippocampal tissue 

slices is compatible with the idea that normally functioning glial cells are not 

essential for SD generation or propagation. Largo et al. (1997) proposed that 

neuronal gap junctions that are required for SD propagation need not be open 

normally but must be able to open during SD propagation. Their conclusion that 

glial cells are not essential for SD propagation does not take into account that the 

glial gap junctions could continue to function even if the energy metabolism of the 

cells is impaired and their membrane potential is reduced or abolished. Thus, the 

mechanisms of triggering and propagation of SD waves are still unknown. 

1. 7 Spreading Depression in Focal Ischemia. 

The mechanisms by which focal ischemia evolves into infarction are still 

unsettled. If left untreated the necrotic infarct zone will progressively expend into 

the penumbra in which there is metabolically compromised tissue and marginal 

blood flow. Understanding the mechanisms underlying tissue damage in the 

ischemic penumbra may be helpful in designing therapeutic strategies for acute 

ischemic stroke. Rossmann (1994) suggested that the reason for the expansion of 

irreversible tissue injury into the penumbra zone is occurrence of SD waves. As ftrst 
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described by Nedergaard and Astrup (1986) SD waves are generated spontaneously 

in focal stroke. SD waves originate from two sources: the evolving infarct itself, 

where persistent elevated levels of [K+]e and glutamate, and transient ischemic foci 

within the poorly perfused penumbra. The evoked SD waves spread radially 

through the penumbra into the peripheral zone with healthy tissue and normal blood 

flow (Nedergaard and Hansen, 1993). The duration of SD waves in the penumbra is 

longer than in the intact brain tissue. Its prolonged duration may reflect that the 

depleted energy state of penumbra increases the time to restore ion gradients by 

active ion transport. During SD the energy demands are greatly enhanced and the 

metabolic rate of tissue increases in response to the activation of ion exchange 

pumps. In the healthy tissue with normal blood supply the increase in glucose and 

oxygen demands is coupled to a parallel increase of blood flow. This mechanism is 

suppressed in the peri-infarct penumbra because of the reduced capacity of the pial 

collateral vascular system supporting perfusion in the penumbra. The result is a 

misrelationship between the increased metabolic demands and the low oxygen and 

glucose supply ( Hossmann,1994). 

The pathogenetic role of SD waves for the progression of ischemic injury is 

supported by the close linear correlation between the number of SD waves and 

infarct volume (Mies et al., 1993). Correlation analysis of this relationship showed 

that during the initial 3 hours of vascular occlusion each SD wave increased the 

infarct volume by more than 20%. Later, Takano et al. (1996) demonstrated that 

ischemia-related and induced SD waves significantly increased ischemic volume. 

This is the reason why any suppression of SD reduces the volume of brain infarcts. 
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Hyperglycemia reduces the number of SD waves and depresses their migration. In 

hyperglycemic rats neuronal loss around the penumbra is reduced or absent 

(Nedergaard and Diemer, 1987; Nedergaard, 1996). Reduction in body temperature 

during focal ischemia results in a reduction of infarct size. The volume of infarct in 

hypothermic rats is significantly less than in normothermic or hyperthermic animals. 

The decrease in infarct volume strongly correlates with the number of SD waves 

spontaneously evoked during ischemia (Chen et al., 1993). Pharmacological 

suppression of SD waves by a gap junction blocker octanol reduces infarct volume 

following middle cerebral artery occlusion in rats by 60% (Rawanduzy et al., 1997). 

The NMDA receptor antagonist causes parallel reductions in the number of SD 

waves and in volume of infarction ( Nedergaard, 1996). 

Collectively, these data support the hypothesis that SD contributes to 

expansion of ischemic damage. Waves of SD, generated in ischemic tissue, migrate 

to the penumbra where they deplete the cellular energy stores. Finally tissue in the 

penumbra is not able to repolarize after invasion of SD, but remains depolarized and 

is eventually incorporated into the infarct volume. 

1.8 Neuroprotective Effects of Spreading Depression. 

SD waves propagated in normal brain do not induce irreversible neuronal 

injury (Nedergaard and Hansen, 1988). Moreover, SD could be used as a 

preconditioning treatment leading to the "ischemic tolerance" phenomena. In rats, 

SD elicited by application of 2M KCl for 2 h, induced tolerance of cortical neurons 

to a subsequent episode of ischemia. The number of necrotic neurons in the cerebral 
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cortex ipsilateral to the application of KCl was significantly smaller than that in 

contralateral cortex (Kobayashi et al., 1995). A neuroprotective action of SD was 

also shown by Matsushima et al. (1996). SD waves elicited for 2 hours three days 

before middle cerebral artery occlusion caused redaction of neocortical infarct 

volume. 

SD may be involved in the induction of ischemic tolerance by acting on 

astrocytes and microglia. Experimentally elicited SD waves caused reactive gliosis 

which might have a neuroprotective effect (Jabs et al.,1999). Astrocytes became 

activated and expressed an increase in GFAP staining after 13-37 neocortical SD 

waves evoked in rats by application of KCI for 3 hours. SD waves were associated 

with a significant, 43% increase in GFAP staining intensity which remained greater 

than normal for more than 2 weeks (Kraig et al.,1991). Astroglial response also 

occurred in photochemically induced focal ischemia of the rat cerebral cortex. 

During the first 2 hours after photothrombosis 5-7 SD waves could be detected on 

the cortical surface. They caused a transient astrocytic reaction, remote from the 

lesion and effecting the entire ipsilateral cortex. Astrocytes responded to SD waves 

by increased expression of GFAP, observed beginning on day 3 after focal ischemia. 

Remote astrocytic activation was completely abolished with inhibition of SD waves 

by non-competitive NMDA-receptor antagonist MK-801, while the reaction in the 

border zone of the infarct remained unchanged (Schroeter et al., 1995). Thus, SD 

triggered the cellular mechanisms that induced the transformation of normal 

astrocytes into reactive ones. 
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There is evidence that microglia are activated by SD waves. SD waves elicited 

for one hour by the application of KCl were sufficient to activate microglial cells 

throughout the cortex at 24 hours. Activated microglial cells showed a striking de

novo expression of major histocompatibility complex class II antigens. Microglial 

activation was not correlated with histologically detectable neuronal damage. No 

microglial reaction was found in the cortex of sham-operated animals (Gehrmann et 

al., 1993). 

1.9 Microglia and Extracellular ATP. 

Microglial cells are found throughout the brain and comprise 10-20% of all 

glial cells (Altman, 1994). They lie between neurons in the gray matter and parallel 

to axons in the white matter. Numerous pathological events in the brain trigger a 

response in microglial cells, which rapidly transform from a resting state to an 

activated form. The activation of microglia includes immunological, metabolic and 

morphological changes. Activated microglia divide, become amoeboid and motile, 

and can move to the site of injury or surround affected neurons. Activated microglia 

are mainly scavenger cells but also perform various other functions in tissue repair 

and neuronal regeneration. They are able to upregulate many protein species and 

release cytokines ( e.g. interleukin-1 and -6 ) and growth factors (Gehrmann et al., 

1995). Proliferating microglia show increased expression of major 

histocompatibility complex class I and II immunomolecules at their surfaces and 

fmally transform into a phenotype indistinguishable from a phagocytic macrophage. 

The pathways of the long-term changes of microglia gene expression and the 
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reorganization of the cell phenotype following the immediate changes in the brain 

microenvironment are yet unknown. They might be associated with specific 

plasmalemmal receptors (Haas et al., 1996). It has been found that microglia express 

receptors for ATP, G-protein coupled-type P2 receptors such as P2Y and ionotropic 

P2 receptors such as P2Z also named P2X7 (Ferrari et al., 1996). The activation of 

these receptors by ATP induces depolarizations and a variety of conductances as 

well as changes in cytoplasmic Ca2+ concentration in microglial cells. 

A number of studies have examined the effects of ATP on electrophysiological 

properties of microglia. The primary fmdings were that ATP acted on P2 

purinoreceptors to induce two different current components in mouse or rat 

microglia. The first component was associated with activation of a non-selective 

cation channel with permeability to inward Na+ and outward K+. The second current 

component had a delayed onset and was selective for outward K+ current. The 

activation of the P2 purinergic receptor was accompanied by an increase of cytosolic 

Ca2+, which could act as a signal for differentiation of resting microglia into fully 

activated macrophages through a number of transitional states (Walz et al., 1993). 

ATP evokes currents in proliferating and non-proliferating rat microglial cells 

by stimulating purinoceptors of the P2Y type. Activation of P2Y receptors led to the 

opening of non-selective cationic channels that were permeable not only to Na+ but 

also to Ca2+. Thus ATP was able to permeabilize the plasma membrane of rat 

microglial cells to cations in a manner similar to the effects of ATP on plasma 

membranes of rat and mouse peritoneal macrophages (Steinberg et al., 1987). The 

second mode of action of P2Y receptors was the opening of voltage-sensitive, 
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outwardly rectifying potassium channels that caused the decrease in sensitivity of 

activated microglia towards the depolarizing, exitatory effect of ATP (Norenberg et 

al., 1994). 

These fmdings that ATP activates a rapidly desensitizing non-selective 

cationic conductance followed by a non-desensitizing K+ conductance in rat 

microglia were confrrmed by Langosch et al. (1994). It has been reported that rat 

microglia posses both ATP-sensitive P2Y and adenosine-sensitive P1-purinoceptors. 

Early inward currents were mediated by P2Y -purinoceptors, while late outward 

currents were mediated by P2Y or P1-purinoceptors (Langosch et al., 1994). 

ATP currents have also been recorded from microglial cells harvested from the 

surface of corpus callosum slices acutely isolated from the mouse brain. At a 

concentration of 1 mM, ATP triggered the generation of a complex membrane 

current comprised of three components. An initial fast inactivating inward current 

was resulted from the activation of non-specific cationic channels and had a reversal 

potential at about -20 to -15 mV. The second component was a steady-state current 

carried mainly by K+ ions with reversal potential about -50 to -40 mV. The fast and 

steady-state components had an activation threshold at 10 JlM ATP, and 100 JlM 

ATP evoked an almost maximal response. The third component of ATP-induced 

inward current was associated with activation of non-selective channels and could be 

observed only while 1 mM ATP was applied. This component could be evoked only 

by ATP, but not by other purinoceptor agonists suggesting the involvement of the 

P2Z purinoreceptor, which has been described in macrophages cell lines (Haas at al., 

1996). 
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It is known that changes in cytoplasmic Ca2+ concentration are an important 

cellular signal trunsduction mechanism. The increase of [Ca2+]i results in significant 

changes of gene expression via the activation of Ca2+ /calmodulin-dependent 

enzymes (Ghosh and Greenberg, 1995). Recently, the primary fmdings that ATP 

induced the increase of cytosolic Ca2+ in mouse and rat microglial cells (Walz et 

al.,1993; Norenberg et al.,1994) were confrrmed by Toescu et al. (1998). 

Application of ATP triggered a Ca2+response in microglial cells which involved both 

Ca2+ influx through ionotropic receptors and Ca2+ release from intracellular pools. 

The ionotropic component of the A TP response mediated through the P2X receptors 

was significantly reduced with the removal of extracellular Ca2+ and was sensitive to 

Ca2+ channel blockade. The second component of the ATP-induced [Ca2+]i response 

persisted in Ca2+ -free solutions indicating the involvement of intracellular Ca2+ 

release. These results showed that in microglial cells ATP activated two sets of 

receptors, ionotropic P2X and metabotropic P2Y associated with the initiation of 

Ca2+ release from intracellular stores via inositol-1,4,5-trphosphate-gated channels. 

The most intriguing observation in this study was that after the maximal stimulation 

of the metabotropic P2Y receptors with lOOf.lM of ATP in the absence of 

extracellular Ca2+, the readmission of Ca2+ resulted in a transient [Ca2+]i elevation 

which after reaching a peak did not recover to the initial resting level, but 

approached a new steady-state level that was then maintained for 20 min. The 

transition to a new resting levelled to dramatic changes in [Ca2+]i homeostasis. The 

cytosolic Ca2+ became extremely sensitive to extracellular Ca2+ concentrations and 

Ca2+ channel blocade. Thus the new resting [Ca2+]i level was determined by the 
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long-term activation of transmembrane Ca2
+ influx representing a capacitative Ca2

+ 

entry pathway. This pathway is activated by the depletion of Ca2
+ stores. The 

depletion of Ca2
+ stores activates a specific set of plasmalemma! Ca2

+ -permeable 

channels by poorly characterized factors (Berridge, 1995). The involvement of this 

pathway might play an important role in triggering a variety of intracellular Ca2
+ -

dependent processes that associated with activation of microglia. An extensive 

depletion may occur under pathological conditions when several metabotropic 

receptors are activated simultaneously and may lead to long lasting [Ca2+]i elevation 

(Toescu et al., 1998). 

The electrophysiological responses of human microglia to ATP have been 

studied. The application of ATP ( at 0.1 mM ) led to the activation of a transient 

inward non-selective cationic current followed by a transient outward K+ current. 

The outward current showed no evident inactivation but despite the continued 

presence of ATP decreased with time, and by 90 s after the application of ATP had 

returned to near the cont~ol level. The ATP response included an increase in 

intracellular calcium. The initial transient increase of [Ca2
+ ]i reached a peak value 

near 400 nM. Peak [Ca2+ ]i rapidly decayed to a plateau level significantly higher 

than baseline of intracellular calcium. The initial transient phase persisted in Ca2
+

free media and was due to release of Ca2
+ from intracellular storage sites. The later 

plateau phase was consistent with Ca2
+ influx. These changes in microglial currents 

and [Ca2+]i were not found with elevated external K+ ( at 40 mM ), which only 

increased inward rectifier K+ conductance, as was observed with ATP (McLarnon et 

al,l999). 
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These data indicated that microglial cells express several subtypes of 

purinoreceptors which control various membrane conductances. Their activation by 

extracellular ATP could be a signal triggering functional changes in microglia in 

response to brain injury when extracellular ATP may appear as a result of leakage 

from damaged neurons and glial cells. 

Microglia which are activated by ATP can release plasminogen, which is 

thought to be a key molecule for the neurotrophic effect because it promotes the 

development of mesencephalic dopaminergic neurons and enhances neurite 

outgrowth from explants of neocortical tissue. Inoue et al. (1998) showed that ATP 

(10-100 JlM) stimulated the release of plasminogen in a concentration-dependent 

manner during a 10 min stimulation, whereas glutamate (100 JlM) did not. It is 

known that NO is released from various cells following the cascade of Ca2+ influx, 

activation of Ca2+/calmodulin-dependent protein kinase, and activation of NO 

synthetase. However, neither ATP (100 JlM) nor glutamate (100 JlM) stimulated the 

release of NO in these cultured microglial cells. ATP induced a transient increase in 

the [Ca2+]i in a concentration-dependent manner which was totally dependent on 

[Ca2+]e and was a result of activation of the ionotropic P2X7 receptor. Glutamate 

(100 JlM) had no effect on [Ca2+]i. The data suggested that ATP leaking out of cells 

damaged by ischemia or trauma mediates signals to microglia, resulting in the 

stimulation of the release of plasminogen which may modulate the function of the 

neurons. 

Little is known about the function of extracellular A TP in the immune system. 

ATP-releasing nerve terminals are widely spread throughout CNS and a target for 
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ATP released by neurons may be microglia which are the CNS counterpart of tissue 

macro phages. Indeed, strong evidence for an involvement of ATP in IL-l~ release 

from microglial cells was provided (Ferrari et al., 1996). ATP (5 mM) caused IL-l~ 

release from wild-type and primary cultures, but not ATP extracellular-resistant 

mouse microglial cells. The effect was mediated most likely via P2Z receptors. The 

data suggested a role for extracellular ATP in neuroimmunomodulation. 

At present extracellular A TP is considering to be putative agent that is released 

under different pathological conditions from damaged neurons and serves as an 

extracellular signal for transformation of microglial cells from a resting to an 

activated form. Although the physiological role of plasma membrane microglial 

receptors for extracellular ATP P2Y and P2Z is far from being understood, the 

involvement of these membrane molecules in the immune and inflammatory 

reactions is possible. 

1.10 ATP Release by Brain Cells. 

The function of ATP as an energy source has been known for a long time. The 

ubiquitous nature of the ATP molecule and the fact that it is rapidly hydrolyzed to 

adenosine by ectonucleotidases, have made other functions and mechanisms of its 

release difficult to identify. Since 1970 (Bumstock et al., 1970) the hypothesis of an 

extracellular role of A TP as a neurotransmitter and/or modulator in the peripheral 

nervous system has been gaining recognition. Recently a growing number of 

fmdings have been accumulated as strong evidence that ATP can act as a fast 
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excitatory transmitter in a neuro-neuronal synapse in peripheral ganglia and brain 

(Zimmermann, 1994). The unique features of ATP receptor/channels allowing local 

influx of calcium into the cell without prior depolarization and the fact that ATP is 

rapidly hydrolysed by ectonucleotidases to adenosine, which has inhibitory 

postcynaptical actions causing the opening of potassium channels, give A TP, as a 

transmitter, properties different from other neurotransmitters in central nervous 

system (Edwards and Gibb, 1993). 

In central neurons ATP is co-stored with transmitters such as ACh, 

noradrenaline and 5-HT in synaptic vesicles in the millimolar range and is released 

from nerve terminals with the transmitter by neuronal activity (Zimmermann, 1994; 

Vizi et al., 1997; Sperlagh et al., 1997; Sperlagh et al., 1998). It is also possible that 

A TP is stored in separate population of synaptic vesicles within nerve terminals and 

released in a Ca2
+ -dependent manner during the process of synaptic modulation 

(Sperlagh et al., 1996; Sperlagh et al., 1998). ATP is co-released with glutamate in 

the intemeurons innervated by glutamatergic neurons (Inoue et al., 1995). 

It has been known for some time that astrocytes release a remarkable amount 

of purines and represent a very important source of adenine nucleotides and 

nucleosides in CNS. Cultured astrocytes from rat striatum released purines at rest 

and during field electrical stimulation. The release was frequency-dependent and a 

part of the release was Ca2
+- and potassium-dependent, suggesting the involvement 

of these ions in the mechanism by which the purines were released from astrocytes 

(Caciagli et al., 1988). Recently, the release of a defmed nucleotide, ATP, was 

studied in cultured astrocytes derived from the brain hemispheres of newborn rats. 
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Cultured astrocytes responded to activation of any of three ionotropic glutamate 

receptor types, namely NMDA, AMPA and kainate receptors, with release of ATP. 

There was a basal efflux of ATP, which was increased up to 19-fold by glutamate or 

its three receptor type-selective agonists. The basal efflux of ATP was not changed 

by antagonists of glutamate receptors. If neurons release ATP by exocytosis, the 

mechanism by which ATP crosses the membrane of astrocytes remained unsolved 

(Queiroz et al., 1997). Recently, Queiroz et al. (1999) have examined the 

mechanisms that mediate the release of ATP from primary cultures of rat cortical 

astrocytes in response to glutamate receptor activation. The NMDA and kainate -

induced release of ATP required calcium entry which occurs through the ionotropic 

glutamate receptors themselves and also partly through voltage-dependent calcium 

channels that are opened by depolarization. This release was not due to neuron-like 

exocytosis or intracellular ATP transporters occurring in the plasma membrane. The 

AMPA- induced release did not require extracellular calcium and might involve the 

inositol phosphate signal transduction pathway because it was abolished by lithium, 

an inhibitor of inositol monophosphatase. However, exact mechanisms were not 

ruled out. 

A TP is released by mouse cortical astrocytes that use ATP as an extracellular 

messenger for calcium wave propagation (Guthrie et al., 1999). Propagating waves 

of elevated intracellular free calcium were evoked by extracellular electrical or 

mechanical stimulation of cultured astrocytes. During calcium waves astrocytes 

released ATP into the medium that evoked calcium responses in adjacent astrocytes. 

Calcium waves propagated across acellular regions in the absence of any gap 
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junction communication between astrocytes. These experiments confrrmed that ATP 

was not released from a single point source to diffuse to adjacent astrocytes but was 

sequentially released by cells along the path of the wave. The excitatory effect of 

medium samples that were collected from astrocyte cultures during (but not before) 

calcium wave stimulation and contained ATP were blocked by purinergic receptor 

antagonists. ATP, applied at the concentrations measured in medium samples, 

evoked responses that were similar to those evoked by medium samples. Thus the 

data implicate ATP as a primary active messenger between CNS astrocytes. 

In summary, all of these data indicate that in the CNS ATP can be released 

from neurons during synaptic activity and from astrocytes under electrical 

stimulation and by activation of glutamate receptors and act as an active messenger 

in the extracellular communication system of brain cells. 

1.11 Release of A TP from Tissues under Different Experimental Conditions. 

ATP released into extracellular space is rapidly metabolized by the ecto 

ATPases and non-specific phosphatases to adenosine. These surface-located 

enzymes for hydrolysis of ATP have been found along the pre- and post-synaptic 

membranes and also in glial cell membranes (Sperlagh et al.,l995). The majority of 

the A TP in the extracellular space is converted to adenosine in less then 1 second 

(Dunwiddie et al., 1977) which makes it difficult to identify the ATP release. In 

1977 White developed a technique for specific detection of ATP using the ATP 

induced light response of frrefly luciferin and luciferase (White, 1977). Using this 

technique he showed that ATP is released from a synaptosomal preparation during 
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depolarization induced by increased extracellular K+ and veratridine (White, 1977; 

White, 1978). In these experiments the release of ATP was directly and continuously 

detected by the luciferin-luciferase technique. The released ATP interacted with 

frrefly luciferin and luciferase in the incubation medium to produce light that was 

detected by a photomultiplier. The studies demonstrated that elevated extracellular 

K+ or the depolarizing drug, veratridine, caused release of ATP from a synaptosomal 

fraction prepared from whole brain. The release of ATP was Ca2+ -dependent and had 

striking similarities with the depolarization-induced release of putative 

neurotransmitters. The conclusion was made that the ATP was released 

exocytotically from presynaptic nerve-terminals in the synaptosomal preparation 

(White and MacDonald, 1990). 

The release of ATP from electrically stimulated hippocampal slices has been 

reported (Wieraszko et al., 1989). Schaffer collaterals of hippocampal slices from 

rats or mice were stimulated with trains of pulses each of 300 Hz for 50 ms (7 5 

pulses per train) at intervals of 2 seconds. The release of A TP was measured with a 

luciferase-luciferin system and the produced light was detected by a photomultiplier 

placed beneath a modified slice chamber. The release of ATP was observed 5-10 

seconds after the start of the stimulation. The amount of ATP released from 10 

mouse slices and 10 rat slices was 0.55±0.04 pmoVslice and 0.61±o.06 pmoVslice. 

The electrically evoked release of ATP from hippocampal slices was Ca2+ -dependent 

and was absent in Ca2+-free medium. It was suggested that ATP may be stored and 

released together with glutamate from activated Schaffer collateral nerve endings. 
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The data supported the role of ATP as a neurotransmitter or neuromodulator in the 

CNS. 

The Ca2+-dependent release of ATP from rat habenula slices was shown 

(Sperlagh et al, 1997). ATP and eH]ACh were released simultaneously in a 

significant quantity from the tissue at rest and in response to low frequency electrical 

field stimulation. Stimulation consisted of square-wave pulses (2.5-ms in duration) 

applied at 25 V, at 2Hz for 3 min. The resting release of endogenous ATP was 

12.82±0.52 pmollglmin and the release evoked by electrical field depolarization was 

1405±214 pmollglmin. Perfusion with Ca2+ free solution inhibited the evoked

release of ATP and eH]ACh as did application of different Ca2+ channel antagonists. 

Therefore the release of the two transmitters was triggered by Ca2+ influx through 

voltage-sensitive Ca2+ -channels activated during depolarization. The high correlation 

between the percent inhibition of ATP release and percent inhibition of ACh release 

caused by the different Ca2+ channel antagonists suggested that a common 

population of Ca2+ channels was responsible for triggering their release but the 

difference in the time scale of the two neurotransmitters outflow evoked by field 

stimulation suggested their release from different vesicular compartments. 

Endogenous ATP is also co-released with noradrenaline from rat hypothalamic 

slices (Sperlagh et al.,1998). ATP and eH]NA were released simultaneously from 

the superfused hypothalamic slices in response to electrical depolarization. Electrical 

field stimulation consisted of square-wave pulses applied at supramaximal voltage 

with respect to A TP release (25 V) at a frequency between 2 Hz and 16 Hz. The 

stimulation evoked release of ATP, measured by luciferin-luciferase technique, was 
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45.2±7.7 pmoVg. Under Ca2+-free conditions the stimulation-induced release of ATP 

and eH]NA was diminished by more than 80%. Therefore the majority of the 

release was Ca2+ -dependent release. The inhibition of the voltage-dependent Na+

channel by TTX blocked propagation of the action potential and almost totally 

abolished the evoked release of ATP. The release of eH]NA was reduced to a lesser 

extent. The results supported the view that ATP is involved in the neurotransmission 

in the hypothalamus, but the source of the released ATP and noradrenaline seemed 

to be not identical. 

ATP can also be released from cellular sites that apparently lack vesicular 

storage organelles. That ATP is released from cellular systems under conditions of 

hypoxia has been known for long time. The release of adenine nucleotides, including 

ATP, from the isolated perfused guinea pig heart was measured under normoxic and 

hypoxic conditions (Borst and Shrader, 1991). Hypoxic perfusion caused a threefold 

increase in ATP release amounting to 2-4% of total release of adenine nucleotides. 

In this case, the release of ATP might be by a carrier or channel similar to the 

product of the multidrug-resistence gene, P-glycoprotein, that has been implicated 

as an ATP channel (Abraham et al., 1993). 

Investigations were undertaken to measure the release of adenosine and 

adenine nucleotides, including ATP, from the in vivo normoxic rat cerebral cortex as 

well as during hypoxic episodes (Phillips et al., 1993). An inhibitor of non-specific 

phosphotases, DL-a.-glycerophosphate was included in artificial CSF used to 

superfuse the cerebral cortices. Quantitative determination of adenosine and adenine 

nucleotides in the perfusates was by HPLC techniques (Phillips et al., 1987). The 
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basal (norrnoxic) levels of ATP and adenosine were 17.7±2.1 nM and 38.9±10.9 nM 

correspondingly. During 10 min episodes of hypoxia (8% oxygen inhalation) 

adenosine levels in the cortical superfusates were doubled, but release of ATP was 

unaltered. The observations confrrmed that ATP is continuously released from the 

normoxic cerebral cortex, but adenine nucleotide levels are not elevated during 

hypoxia. 

The lack of an effect of hypoxia on ATP release by CNS tissue stands in 

contrast to the increases in release from hypoxic or ischemic heart. In fact, release of 

ATP by CNS tissue during injury and the role ATP as an active messenger in 

extracellular communication system of brain cells in CNS pathology has never been 

demonstrated (Walz, 1997). 

1.12 Rationale and Objectives for Present Investigation. 

As discussed above, after focal ischemia, the cells in the core region of 

ischemia die rapidly. However, in the penumbra located around this ischemic focus 

the cells are metabolically compromised but not dead. It takes 2 to 3 days for the 

cells to die after reperfusion of the penumbra. The cells in this region are 

salvageable. Therapeutic approaches directed toward the treatment of stroke have 

focused on the salvage of as many of these cells as possible. Microglia, as resident 

brain macrophages, respond to ischemic cell damage and become activated 

(Schroeter et al., 1999). Activated microglia are able to synthesize a variety of 

neurotoxic factors such as reactive oxygen and nitrogen intermediates, proteolytic 

enzymes, arachidonic acid metabolites and proinflammatory cytokines (Banati et al., 
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1993) as well as neurotrophic factors. Therefore microglia might play a role in 

subsequent neuronal loss or rescue after focal ischemia. In this regard, knowledge 

of the pathways underlying the changes in the morphology and function of activated 

microglia is very important in order to fmd ways to suppress or stimulate microglial 

function. 

It is not unreasonable to postulate a role of extracellular ATP in modulation of 

microglia. Large amounts of ATP are released by cholinergic, adrenergic and 

purinergic synapses and also by damaged cells. Significant extracellular A TP 

concentration may be built up under certain conditions in CNS as shown by 

detection of ATP release from nerve tissues (Ferrari, 1996). Microglia posses several 

types of P2 purinoceptors, activation of which causes changes in membrane 

permeabilities and cytoplasmic Ca2
+ concentration. 

SD waves activate microglia surrounded by healthy tissue. If during SD waves 

ATP is released into extracellular space, this phenomenon may provide an 

experimental tool to understand the signaling pathways between neurons, astrocytes 

and microglia. The release of ATP during SD waves might be evidence that ATP 

serves as an extracellular signal for transformation of microglia from the resting to 

activated form. 

The goal of this thesis \Yas to determine whether ATP is released during SD 

wave propagation in hippocampal slices. 

31 



2. MATERIALS AND METHODS. 

2.1. Rat Hippocampal Slices. 

Adult Wistar rats (Charles River Inc., St. Constant, QC, Canada) of 275-350 g 

(more than 2 months of age) were used in these experiments. The animals were 

anaesthetized with Methoxyflurane (Janssen Pharmaceutica, Canada) and 

decapitated. The brains were dissected out and 400Jlm hippocampal slices were cut 

in frontal orientation on a vibroslicer (Campdem Instruments LTD 752M 

Vibroslice). In order to provide good viability of the brain tissue the dissections were 

performed in chilled preparation solution as proposed by Richerson and Messer 

(1995). Then the slices were washed and stored up to 4 h in artificial cerebral spinal 

fluid (ACSF) at room temperature before being placed into the experimental camber. 

The perfusate samples for measuring ATP content were taken after 1-1.5 hour 

perfusion of the slices in the experimental chamber. 

2.2. Assay of A TP. 

2.2.1. Luciferin-luciferase system. 

The ATP released from the hippocampal slices was assayed using the 

luciferin-luciferase technique. The luciferase-luciferin system is the most sensitive 

system to measure low concentrations of ATP in the solutions. The frrefly enzyme 

luciferase catalyzes the ATP-dependent oxidation of luciferin. This reaction involves 

the adenylation of a luciferin-luciferase complex with the formation of 
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pyrophosphate. In the presence of oxygen, this complex decomposes into 

oxyluciferin, adenosine mono phosphate, carbon dioxide and luciferase. 

Firefly Luciferase 

ATP + Luciferin ~ ., Adenyl-Luciferin + PP1 

Mg2+ 

Adenyl-Luciferin + 02 IIJ Oxyluciferin + AMP + C02 + light 

ATP is consumed and light is emitted when firefly luciferase catalyzes the 

oxidation of luciferin. One photon is released per mole of oxidized luciferin. When 

ATP is the limiting reagent the light emitted is proportional to the ATP present. 

2.2.2 Technical Procedure. 

The ATP Bioluminescent Assay Mix (Sigma, USA), containing luciferase, 

luciferin, MgS04, DTT, EDT A, bovine serum albumin and tricine buffer salts, was 

employed for the quantitative bioluminescent determination of ATP in the samples. 

To ensure reproducibility, low background, and maximum sensitivity, the 

components of the kit were reconstituted in sterile filtered distilled water. All assays 

vials, glassware and pipet tips coming into contact with any of the samples or 

reagents were as clean and as free from ATP and bacterial contamination as 

possible. Pipet tips were never used for more than one transfer and were not allowed 

to come into contact with skin or other contaminating surfaces before use. The 
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solutions of ATP Assay Mix were stable for two weeks if stored at 0-5°C and 

protected from light. Because a slight decrease in light production and sensitivity 

may occur during this time a new standard curve was prepared each day before use. 

The standard calibration curve was prepared from different concentrations of ATP 

ranging from 2xl0-9 to 10-12M. 

2.2.3 Luminescence Measurements. 

The luminescence was measured in a luminometer Lumat LB 9501 (EG and G 

Berthold). The quantity of light measured over a 30-second selected measuring time 

was output in Relative Light Units (RLU) for each sample. The measurement mode 

allowed one automatic 100 Jll injection of ATP Assay Mix solution per 100 Jll 

sample and immediately followed by measurement of light emission. For each 

sample the amount of background (BG) light produced was measured and subtracted 

from that obtained for the sample after injection of ATP Assay Mix solution. This 

fmal value expressed in RLU per second was proportional to the amount of ATP in 

the sample. 

2.3 Electrophysiological Setup. 

2.3.1 SD Recording. 

For electrophysiological recordings, hippocampal slices were isolated and 

placed in a perfusion chamber. The chamber was continuously perfused with 
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oxygenated ACSF. The recording electrode was positioned in stratum radiatum of 

the CAl region of the hippocampal slice. The extracellular potential was amplified 

with the Axonprobe-lA Microelectrode Amplifier (Axon Instruments, Inc., USA) 

and recorded with an ink recorder (Gould Inc., USA). Recording glass capillary 

electrodes were made of borosilicate capillaries (Hilgenberg, Germany) with a 1.5 

mm outer diameter, 0.26mm wall thickness, a tip diameter of not more than 20 J..Lm 

and filled with ACSF. The "ground" electrode was placed into the external solution. 

2.3.2 SD Triggering. 

SD waves were triggered by means of a glass micropipette with its tip broken 

back to a diameter of -5 J..Lm, filled with 1.2 M KCl, connected to the A203 

Nanoliter Injector (World Precision Instruments, Inc., USA). The glass capillary tip 

was positioned in stratum radiatum of the CAl region of the hippocampal slice 

approximately 1.0 mm distant from the recording electrode. 73.6 nl of 1.2 M KCl 

injected into the slice reliably evoked an SD wave that was recorded with 

extracellular recording electrode. 

In the other experiments SD waves were triggered by application of 100 J..LM 

ouabain in the perfusion fluid. After the chamber with the slice was perfused with 

ACSF for 1-1.5 hour, ouabain was applied. The evoked SD wave was monitored 

with the extracellular electrode positioned in the stratum radiatum of the CAl region 

of the hippocampal slice. 
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2.3.3 Brain Slice Chambers and ATP Sampling. 

Three kinds of the brain slice chambers were used in the experiments. In the 

ftrst series of experiments six brain slices were placed in the BSC-ZT submersion 

chamber (chamber 1) (Medical System Corp., USA) in which brain slices were 

supported on a stiff nylon mesh to allow the perfusion solution to flow transversely 

across both cut surfaces. The chamber had a volume of 0.7ml and was perfused at a 

rate of lmVmin using a peristaltic pump (LKB BROMMA, Sweden). In all series of 

experiments after 1-1.5 hour superfusion period to equilibrate the tissue, samples 

were collected, and assayed for ATP. 

In the second series of the experiments one slice was placed in a glass bottom 

chamber with a volume of a 0.3ml (chamber 2). The slice was held by covering it 

with piece of fme nylon that was weighted with U-shaped metal clip made from 

platinum. The perfusion solution flew transversely across one cut surface and 

outflow was provided by a vacuum pump (Cole-Parmer Instrument Co., USA). The 

chamber was perfused at a rate of 1 mVmin. 

In the third series of experiments one slice was placed into a 0.3ml volume 

chamber (chamber 3grav.) by the same manner as it was in the second series of 

experiments. The perfusate outflow was provided by gravity force. The flow rate of 

the solution was 1 mVmin. 

In the fourth series of experiments two chambers were used: a 0.3ml volume 

(chamber 3grav.) and a 0.15ml volume (chamber 4vac.). The chambers were 

perfused at a rate of 1 mVmin provided with gravity force or with vacuum pump 

(Cole-Parmer Instrument Co., USA), respectively. 
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2.4 Lyophilization of Samples. 

The ATP standards were frozen (-50- -70°C) and lyophilized in a Freeze Dry-

3 (Labconco) lyophilizer under a vacuum, sublimating the ice into water vapour. The 

dry standards were reconstituted in the sterile filtered distilled water at 10 times less 

volume and standard curve was prepared. 

2.5 Experimental Protocols and Solutions. 

2.5.1 SD in the Hippocampal Brain Slices. 

In the frrst series of experiments the SD waves were evoked by changing 

normal ACSF to ACSF containing 100 J..LM ouabain. In these experiments SD waves 

were not recorded with extracellular electrode. Six hippocampal slices were placed 

in the chamber 1 and perfused continuously with oxygenated ASCF for 1-1.5 hour. 

Then 1 min perfusate samples were collected before and during application of 

ouabain. The basal outflow was taken to be the outflow in the 6 min before 

switching the solutions. The overflow of ATP induced by ouabain was calculated by 

subtractio1_1 of the basal outflow from the total outflow of ATP measured in the 25 

min after addition of ouabain. As in any experiment the perfusate samples were 

collected into micro vials and inserted into a container of ice chips and stored for 3-4 

hours until assayed for ATP. All solutions used in the experiments were sterile 

ftltered to avoid bacterial contamination. A standard calibration curve was prepared 

from the standards with known concentration of ATP ranging from 1.8x10-9M to 

3.5x10-12M (see Fig 2.1) every time before testing the perfusate samples. 
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Fig.2.1 Typical ATP calibration curve. The ATP standards were prepared in sterile 
filtered ACSF and contained different concentrations of ATP ranging from 1.8xl0-9 

to ~.Sxl0-12 moL The light emission was measured by luminometer over a 30-second 
period following addition of ATP Assay Mix solution to the ATP standard and 
expressed in Relative Light Units per second (RLU/s). Each point is a mean of 2-3 
measurements of the standards containing the same amount of ATP. 
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In the second series of experiments one hippocampal slice was placed into the 

chamber 2 and the extracellular recording electrode was positioned in the CAl 

region of the hippocampal slice. The amplified extracellular potential was monitored 

by ink recorder before and after application of ouabain. A delay in an appearance of 

SO wave following switching from normal ACSF to a medium containing ouabain, 

the duration and an amplitude of the SD wave were recorded and analyzed. 

In the third series of experiments the hippocampal slice was placed into the 

chamber 3grav. For each experiment the recording electrode and a glass capillary tip 

of the Nanoliter Injector filled with 1.2M KCl were positioned approximately lmm 

apart in stratum radiatum of the CAl region. SD wave was triggered by injection of 

KCl into the slice. SD wave was monitored by ink recorder and 30-s perfusate 

samples were collected before triggering of SO wave, during SD wave and during 

the recovery period. 

2.5.2 ATP Dilution in the Slice Chambers. 

In the fourth series of experiments 4.6 and 46 nl of lmM ATP were injected 

with the Nanoliter Injector into the experimental chamber 3grav. and the chamber 

4vac. where a slice was not placed, but all experimental conditions were imitated. 

(The perfusate flowed at a rate of 1 mllmin. The U -shape metal clip placed on the 

chamber bottom, a glass micropipete tip of Nanoliter Injector was submerged at the 

same depth as the surface of the slice during the experiment.) 30-s samples were 

collected continuously before, during and after injection of ATP into the chamber. 
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2.5.3 Hydrolysis of ATP by Ectonucleotidases and Non-specific Phosphatases 

in the Slice. 

147.2 nl of 100 J..LM ATP was injected into the hippocampal slice placed into 

the chamber 4vac. and into the same chamber without the slice. The tip of a glass 

micropipette of the Nanoliter Injector was plunged into the hippocampal slice tissue 

at approximately a 200 J..Lm depth. At the same depth and position the tip of a 

micropipette was placed during ATP injection into the chamber without the slice. 

Perfusate was collected every 30 s before, during and after injection of ATP. The 

flow rate of the perfusate was 1mllmin. 

2.5.4 Solutions. 

The hippocampal rat brain slices were perfused with ACSF contained 125.5 

mM NaCl, 3.5 mM KCl, 2 mM MgS04, 2 mM CaCh, 10 mM glucose, 26 mM 

NaHC03, and bubbled with 5% CO:J95% 0 2• The preparation solution was the same 

except it was Ca2+-free and included additionally 200 mM sucrose and lmM 

kynurenic acid (Sigma) (Richerson and Messer, 1995). For triggering SD by ouabain 

ACSF containing lOOJ..LM ouabain (Sigma) was used. The extracellular recording 

electrode was filled with ACSF. The glass micropipette of the Nanoliter Injector was 

filled with 1.2 M KCI. 

For the determination of ATP concentration m the samples an ATP 

Bioluminescent Assay Kit was employed (Sigma). The contents of one vial of ATP 

Assay Mix was dissolved in 5ml of sterile water to generate a stock solution with pH 

of 7 .8. The luminometer equipped with a fast mixing device allowed rapid addition 
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of O.lml of ATP Assay Mix solution to 0.1 ml of standard or sample in reaction vial 

and analysis of the light emission in the seconds which followed the mixing. 

A similar ATP assay prepared in the laboratory was used in the experiments as 

well. It contained ftrefly luciferase 0.33 mg (L-9506, Sigma), luciferin 0.83 mg (L-

6882, Sigma), MgS04 6 mg, EDT A 2 mg, DTT 0.08 mg, bovine serum albumin 5 

mg, Tricine 45 mg, reconstituted in 5ml sterile water (Sperlagh et al., 1998). 

The ATP standards for the standard calibration curves were prepared in sterile 

ftltered ACSF and contained different concentrations of ATP ranging from 1.8xl0-9 
· 

to 1.4x10-11 or 3.5x10-12M. In the series of experiments with DMSO the chemical 

was added to the standards in the proportions 1%, 5%, and 10% of their volume. In 

the group of experiments for determination of luciferin-luciferase complex activity 

in the solutions containing different drugs, the drugs were dissolved in the ATP 

standard medium. All general chemicals were supplied by Sigma (St. Louis, MO). 

Ouabain was purchased from Boehringer Mannheim Biochemica (Germany). 

2.6 Data Analysis. 

The kinetics of ftrefly luciferase light emission are characterized by a flash 

period lasting a few seconds followed by a period of lower intensity light emission 

which extends over minutes. The luminometer Lumat LB 9501 allowed integration 

of the photons emitted through the frrst 30-second period which followed the mixing 

of reagents. The light emission of the samples and ATP standards was measured in 

RLU. The amount of background light produced by each sample or ATP standard 

was measured before reagent mixing and was subtracted from the value that 

41 



obtained after mixing. This fmal value expressed in RLU/s was proportional to the 

amount of ATP in the sample or ATP standard. The ATP levels in the samples were 

calculated by double log curve fitting program and expressed in nmol. 

Since enzymatic activity of luciferase-luciferin system is different in normal 

ACSF and the ASCF containing drugs, separate ATP calibration curves were 

prepared on the basis of these solutions to estimate ATP concentrations under 

different experimental conditions. 

2. 7 Statistical Methods. 

Results are given as means± S.E.M. from n observations. Differences between 

means were tested for significance by Student's t-test. A P-value less than 0.05 was 

taken to be statistically significant. 
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3. RESULTS 

3.1 ATP Release Caused by Application of Ouabain to six hippocampal slices. 

The basal outflow of ATP from six slices placed into the chamber 1 in the 6 

min before addition of ouabain averaged 3.3 ± 1.6 pmoVslice/min (n=3). Ouabain 

elicited a transient overflow of ATP 10.4 ± 4.4 pmoVslice/min at the concentration 

100 fJ.M (Fig.3.1). Ouabain caused the significant increase in the ATP release 

(P<0.05) from the rat hippocampal slices. The maximal increase of the outflow of 

ATP was 4-fold. The increase in ATP outflow started with the delay 3.7±1.2 min 

after application of ouabain and had a duration 7 .1±3.9 min. 

3.2 SD Waves Caused by Application of Ouabain. 

One slice was placed into the chamber 2. Application of 100 fJ.M ouabain 

triggered SD waves (Fig.3.2) with an amplitude of 6.5±5.2 m V (n=19) and duration 

of -11.4±5.2 min (n=19). SD waves appear with 7.5±2.8 min delay after the 

beginning of the incubation of the slice in the perfusate containing 100 fJ.M ouabain. 

3.3 ATP Release from a Single Slice. 

The basal outflow of ATP from the single slice placed into the chamber 

3grav. after 1-1.5 h of adaptation period was not possible to determine because the 

concentration of ATP in the collected samples was below 10 pmol. In this range of 
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Fig.3.1 Ouabain triggered ATP release from rat hippocampal slice. Representative 
example of resting and ouabain-evoked release of ATP from the isolated 400 Jlm rat 
hippocampal slice. SD wave was artificially elicited in six slices by application of 
100 J!mol ouabain into the perfusion fluid. The slices were superfused at a rate of 1 
mVmin. 1 min samples were collected and assayed for ATP with ATP 
Bioluminescent Assay Kit (Sigma) before and during application of ouabain. ATP 
release expressed in pmoVslice/min. 
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Fig.3.2 SD wave triggered by application of ouabain. SD wave was triggered by 
application of 100 Jlmol ouabain into perfusion medium. The evoked SD wave was 
monitored with the extracellular electrode positioned in the stratum radiatum of the 
CAl region of a 400 Jlm rat hippocampal slice. Ouabain triggered SD waves with 
the amplitude 6.5 ± 5.2 m V (n=l9) and the duration 11.4 ± 5.2 min that appeared 
with the 7.5 ± 2.8 min delay after switching normal ACSF to ACSF containing 
ouabain. 
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ATP concentrations the amount of light produced by luciferase-luciferin system is 

close to background light emission. In this range, the amount of light is not 

proportional to the amount of ATP in the standards or samples, thus making 

determination of A TP concentrations imposible. 

SO waves evoked by application of KCl (Fig.3.3) did not raise the ATP 

concentration in the perfusate enough to be detected by luciferin-luciferase system 

(n=3). The concentration of ATP in the 30-second samples collected during SO 

wave and recovery period was still below l.Ox10-11M. 

3.4 Attempts to Decrease ATP Dilution in the Slice Chamber. 

In order to determine how quickly released ATP would be washed out of the 

chamber or how much it would be diluted, 4.6 nl and 46 nl of 1 mM ATP were 

injected in two different chambers without slices. For the 0.3 ml chamber (chamber 

3grav.) with the outflow provided by gravity force ATP was detected in 6-7 30-

second and 0.5 ml samples after injection (Fig.3.4). The same amounts of ATP 

injected in the 0.15 ml chamber (chamber 4vac.) with outflow provided with a 

vacuum pump ATP was detected in 2-3 samples after injection (Fig.3.5). It means 

that ATP was diluted 2-3 times less in the smaller chamber with a vacuum pump 

then in bigger one. 

Experiments for detection of ATP release from a single slice using the 

chamber 0.15 ml (chamber 4vac.) with outflow provided with the vacuum pump 
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Fig.3.3 SD wave triggered by high potassium. SD wave was triggered by means of a 
gla~s micropipette with its tip 5Jlm (outer diameter) filled in with 1.2 M KCI. 73.6 nl 
of KCl reliably evoke SD waves in rat hippocampal slices. Evoked potential was 
recorded with extracellular electrode inserted in stratum radiatum approximately 1 
mm apart of the injection electrode. 
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Fig.3.4 ATP dilution in the chamber of 0.3 ml volume and outflow provided by 
gravity force. 4.6 nl and 46 nl of 1 mM ATP were injected into the chamber. 
Amounts of ATP in 30-s samples collected before and after injection shown by gray 
(4.6 nl injected) and dark (46 nl injected) bars. ATP was detected in 6-7 30-s 
samples after injection. ATP was injected in the beginning of the collection of the 
second sample. The perfusate flow rate was 1 mVmin. 
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Fig.3.5 ATP dilution in the chamber of 0.15 ml volume and outflow provided by a 
vacuum pump. 4.6 nl and 46 nl of 1 mM ATP were injected into the chamber. 
Amounts of ATP in 30-s samples collected before and after injection shown by gray 
(4.6 nl injected) and dark (46 nl injected) bars. ATP was detected in 2-3 30-s 
samples after injection. ATP was injected in the beginning of the collection of the 
second sample. The perfusate flow rate was 1 ml/min. 
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were not successful: the amounts of basal ATP release and its release during and 

after SD wave elicited by KCl were below the limit of detection (n=9). 

3.5 Hydrolysis of ATP by Ectonucleotidases and Non-specific Phosphatases in Rat 

Hippocampal Slice. 

The ability of ectonucleotidases and non-specific phosphatases to hydrolyze 

extracellular ATP was evaluated by injection of 147.2 nl of 100 J.!M ATP into the 

hippocampal slice and in the chamber in 5-10 min after the slice was taken out 

(Fig.3.6). The maximum of ATP concentration detected in 30-second samples after 

ATP injection into the slice and empty chamber were 11.2 ± 2.7 nmol and 31.7 ± 3.3 

nmol respectively (n=4). Therefore, ectonucleotidases and non-specific phosphatases 

located on the neuronal and glial cell membranes hydrolyzed approximately 2/3 of 

ATP injected in extracellular space. 

3.6 Interference of Blockers of Ectonucleotidases and Non-specific Phosphatases 

with Luciferin-luciferase System. 

Inclusion of an effective inhibitor of ecto 5' -nucleotidase a,~-methylene-ADP 

(50J.1M) and an inhibitor of non-specific phosphatases DL-a-glycerophosphate in 

ATP standard medium led to the increase of the light emission (Fig.3. 7). The 

standard curve prepared for standards containing the drugs had a smaller slope. 

Therefore a strong correlation between the light produced and A TP concentration in 

the standards was lost which made it impossible to determine ATP concentration in 
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Fig.3.6 Hydrolysis of extracellular ATP by ectonucleotidases and non-specific 
phosphatases. ATP (147.2 nl, 100 JlM) was injected into the 400 Jlm rat 
hippocampal slice and in several minutes later, after the slice was taken out, into the 
empty chamber with running perfusate. 30-s perfusate samples . were collected 
continuously before, during and after injection. ATP was injected into the slice 
dur~g collection of the second sample. The maximum amounts of ATP detected in 
the perfusate samples after injection into the slice and the empty chamber were 11.2 
± 2.7 pmol and 31.7 ± 3.3 pmol respectively (n=4). Approximately 2/3 of ATP 
injected into the extracellular space was hydrolysed by ectonucleotidases and non
specific phosphatases. 
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Fig.3. 7 ATP calibration curves prepared with the ATP standard solutions of 
different content. ATP calibration curve prepared for standards without drugs added 
( +) and ATP calibration curve for standards including an inhibitor of non-specific 
phosphatases DL-a-glycerophosphate (5 mM) and an inhibitor of ectonucleotidases 
a,p-methylene ADP (50 J..LM) (•). Inclusion of the drugs in the ATP standard media 
increased light emission and decreased sensitivity of luciferin-luciferase system. 
Strong correlation between light emitted and ATP concentration in the standards was 
lost. 
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the samples containing these two drugs in the medium. Presence of a,~-methylene

ADP and DL-a-glycerophosphate in the ACSF led to decrease of luciferin

luciferase system sensitivity. 

3. 7 Lyophilization of Samples. 

The standards with different concentration of ATP ranging from 1.4xl0-11 M to 

1.75x10-12 M were concentrated 10-fold by lyophilization and standard curves were 

prepared (Fig.3.8). The light intensity dropped sharply in the condensed standards 

indicating the loss of luciferase activity in the solution of higher ionic strength. The 

chemiluminescence intensity was approximately the same for different ATP 

concentrations which made it impossible to defme concentration of ATP in the 

condensed samples using this calibration curve. 

3.8 Effect ofDMSO on Sensitivity ofLuciferin-luciferase System. 

DMSO was added to ATP standards in different proportions: 1%, 5% and 10% 

of the standard volume. Inclusion of DMSO in ATP standards did not change the 

sensitivity of luciferin-luciferase system but made the light emission unstable: it was 

not possible to defme the concentration of ATP in the samples. The light emission 

was not proportional to the A TP concentrations in the samples or in the standards 

(Fig.3.9). 

53 



-.!!! :::» __, 
a::: -

10000 

c: 
0 
.iii 1000 
(/) ·e 
w -.c: 
0') 

::J 

100 

... .... 

10 

.... 
~ 

• 

~ 
""'"",... 

~~. 

100 

ATP (pmol) 

1000 

Fig.3.8 ATP calibration curves prepared for standards concentrated 1 0-fold. 
Standard calibration curves were prepared for standards concentrated 10-fold ( +, • ). 
The mcrease of ionic strength of the solutions led to the sharp decrease in luciferase 
activity and chemiluminescence intensity. Sensitivity of luciferin-luciferase system 
was lost making it impossible to determine the concentration of ATP in concentrated 
samples. Point ( • ) shows the light intensity for non-condensed standard with ATP 
concentration 110 pmol. 
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Fig.3.9 ATP calibration curves prepared for standards containing DMSO. DMSO 
was added to ATP standard solution in different proportions: 1% (•), 5% ( ), 10% 
(X). A TP calibration curve for standards without DMSO added ( + ). Inclusion of 
DMSO in the ATP standard media did not change the sensitivity of luciferin
luciferase system but made chemiluminescence intensity unstable. Light emission 
was not proportional to ATP content in the standards. 
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3.9 Luciferase Chemiluminescence and the Enzyme Concentration. 

The fmalluciferase concentration in the reaction medium was increased from 

0.024 mg/ml to 0.047 mg/ml. This did not increase the sensitivity of the assay 

although it enhanced the light emission (Fig.3.10). 
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Fig.3.10 Effect of luciferase concentration on the light emission and sensitivity of 
the assay. Concentration of luciferase in the reaction medium was increased from 
0.024 mg/ml ( +) to 0.047 mg/ml (•). The increase of luciferase concentration 
resulted in higher luminescence intensity and almost unchanged sensitivity of the 
assay. 
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4. DISCUSSION 

4.1 Application of Ouabain Causes A TP Release. 

The results obtained in the experiments with SD waves elevated by application 

of ouabain showed a significant transient increase in ATP outflow during the early 

period of the incubation of the hippocampal slice in the medium containing ouabain. 

This increase might be caused by SD wave that propagated across the slice. The 

release of ATP and recording of SD wave were performed in different groups of the 

experiments. The delay in appearance of SD wave and the transient increase of ATP 

in the perfusate were significantly different (p<0.05). ATP release happened before 

the electrical change. The duration of SD wave and the duration of the transient 

increase of ATP were not significantly different {p<0.1). It is possible that ouabain 

itself causes A TP release from the hippocampal tissue. Ouabain is a potent, long 

lasting and selective inhibitor ofNa+/K+- ATPase which is a critical enzyme in brain 

cells for regulation of membrane potential, cell volume and the trans-membrane 

fluxes of ions and organic molecules that are co-transported with sodium (Stahl, 

1984). Transport of Ca2+ via the plasma membrane Na+/Ca2+ exchanger depends on 

the Na+ electrochemical gradient and small alterations of [Na+]i may influence 

[Ca2+]i. Inhibition of Na+/K+ -ATPase activity may cause depolarization, cell 

swelling and the increase in the intracellular concentrations of sodium and calcium 

which are potentially toxic for the cells (Lees, 1991). The fmdings demonstrated that 

a low dose 0.1 nmol of ouabain produced, in vivo, a neuron-selective lesion in the 

rat hippocampus, although intrahippocampal injection of a higher dose lnmol of 
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ouabain produced infarction and non-selective lesions (Lees et al.,1990; Lees and 

Leong, 1994). 

The Na+ pump catalytic subunit a has three isoforms a1, a2, and a3 that are 

expressed in rat hippocampal neurons, and a1 and a2 expressed in glia. These three 

isoforms differ in their affmities for ouabain: a2 and a3 have high affmities for 

ouabain, while a1 has a low affmity for ouabain (Sweadner, 1989). The doses 1-10 

flM of ouabain, which inhibit a2 and a3 isoforms but negligibly effect a1 in the rat, 

altered the spontaneous [Ca2+]i oscillations and waves in co-cultures of rat 

hippocampal neurons and glia. The dose~ 100 JlM of ouabain completely inhibits 

all Na + pump isoforms and causes sustained increases in neuronal [Ca2+]i and 

transient [Ca2+]i increases in glial cells. This dose is also associated with increased 

[Na+]i and [H+]i in neurons and glia (Monteith and Blaustein, 1998). It was shown 

that ouabain induced nuclear condensation and DNA fragmentation. The doses 10-

100 flM of ouabain are neurotoxic and induce a Na+-dependent elevation of [Ca2+]i ( 

Market al., 1995). Although in these experiments the minimum time of exposure to 

ou~bain that was checked for the changes in extracellular ion concentrations was 10-

15 min (Monteith and Blaustein, 1998) while for neurotoxicity of the inhibitor 3 

hours were required (Market al., 1995). However, we can not reject the possibility 

that in our experiments ouabain caused neuronal damage and leak of ATP into 

extracellular space. Indeed, it was impossible to evoke the second SD wave in the 

same slice after washing out the inhibitor which indicated damaged tissue. Therefore 

application of 100 JlM ouabain to elevate SD wave in the hippocampal rat slice by 
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itself might cause tissue damage and release of A TP into the perfusate that was 

detected in our experiments. 

4.2 Attempts to Measure A TP Release from a Single Slice. 

The release of ATP during SD wave evoked by ouabain can not be considered 

defmitive evidence that SD wave cause ATP release from nerve tissue because the 

inhibitor not only triggers SD wave but also is able to damage brain cells causing 

osmolysis and calcium necrosis (Lees, 1991). In the next series of experiments we 

attempted to detect ATP release during SD wave elevated by local injection of high 

KCl into the hippocampal slice. To fmd out a correlation between possible release of 

A TP and SD wave propagation, the extracellular potential was monitored 

simultaneously with the collection of the perfusate samples. In these experiments we 

faced the problem that the amount of ATP released from the slice into the perfusate 

was not high enough to be measured with the luciferase-luciferin system. To solve 

this problem the smaller chamber was designed that allowed 2-3 time less dilution of 

ATP. This was still not sufficient for a measurement. The fmal concentration of ATP 

in the extracellular space results from a balance between the amount of ATP 

released and the rate of ATP hydrolysis by a chain of ecto enzymes, non-specific 

phosphatases and ectonucleotidases. Our data with comparison of ATP injected into 

the rat hippocampal slice and in the empty chamber demonstrated that 

approximately 2/3 of extracellular ATP amounts are hydrolyzed by ecto enzymes. 

The use of the inhibitors of these enzymes was unworkable because the drugs 

60 



interfered with luciferase and luciferin, increasing the light emission and lower the 

sensitivity of the assay. 

Concentration of the perfusate samples 10-fold by lyophilization increased the 

salt concentration in the samples and this in turn had an inhibitory effect on 

luciferase and decreased the light emission and sensitivity of the system. It is known 

that the structure of the enzyme, the binding of the substrates and products may be 

influenced by general ionic strength effects as well as by specific anions or cations. 

It was shown previously that the activity of frrefly luciferase was very sensitive to 

the presence of salts in the reaction medium (Denburg and Elroy, 1970; Gilles et al., 

1976). It appeared that general ionic strength effected the binding between luciferase 

and ATP. When the ionic strength was increased the interaction between enzyme 

and ATP was decreased resulting in inhibition of the reaction catalyzed by luciferase 

and decrease of the light production. It was assumed that a small localized 

conformational change was occurring in the area of the active site upon the binding 

of the anions (Denburg and Elroy, 1970) which was responsible for modification in 

"luciferin-luciferase" activity (Gilles et al., 1976). In our experiments the increase of 

the salt concentration in the samples 10-fold almost completely inhibited light 

emission produced by luciferin-luciferase system. The light produced did not differ 

for the samples with different concentration of ATP thus sensitivity of the system 

was lost. 

We tried to increase luciferase concentration to determine how increased 

concentration of the enzyme effected the light emission of luciferin-luciferase 

system. The intensity of the light emission was previously reported to be 
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proportional to the enzyme concentration (Wet et al., 1987). Our data showed that 

the increase of luciferase concentration two-fold enhanced intensity of the light 

emission. For our purposes the most important effect of increased enzyme 

concentration was on the sensitivity of luciferin-luciferase system that was not 

previously investigated. We found out that the sensitivity did not change with the 

increase of luciferase concentration in the reaction medium. We checked the ability 

of DMSO to increase sensitivity of luciferin-luciferase system (Dr. D. Chedrese, 

personal communication). The addition of DMSO in different concentrations into 

the samples made the light emission unstable and this therefore did not allow us to 

prepare the calibration curve. Thus, all attempts to measure ATP release from a 

single hippocampal slice using our technique and methods were not successful. 

ATP release from one hippocampal rat slice was detected by Wieraszko et al. 

(1989). The investigators used a specially designed apparatus that combined a 

luciferin-luciferase assay system with a modified brain slice chamber. The slice was 

placed into the 0.8 ml transparent chamber that was mounted over a photomultiplier. 

Ten minutes before the start of each experiment a solution of luciferin-luciferase was 

added to the chamber. The slice was not perfused during the experiment. Schaffer 

collaterals of rat hippocampal slice were electrically stimulated with bursts of pulses 

and in 5-10 second after the start of the stimulation release of ATP was observed as 

light emitted from the chamber bottom, and detected by the photomuotiplier. To fmd 

out the amount of ATP released from one hippocampal slice various ATP 

concentrations were injected directly into the chamber containing the slice in the 

luciferin-lusiferase solution. The amount of light emitted from the chamber was 
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proportional to the amount of ATP added, that allowed the preparation of an ATP 

calibration curve. The amount of ATP released from one hippocampal slice during 

electrical stimulation was determined using this calibration curve and ATP at a 

concentration 6.2xl0-11M and higher could be detected. This technique was 

unsuitable for our purposes because the technique would not allow us to measure the 

basal release of ATP from a single hippocampal slice and would not allow the use of 

on line sampling over an extended time period. Also the stop of the perfusion in 

Wieraszko's et al. experiments would have caused an ischemic episode, which 

would have complicated the analysis in our experiments. With our technique we 

were able to detect ATP concentrations at 6.2xl0-11M but the specific conditions of 

our experiments required a higher sensitivity than this. 

It appears that nobody so far has been able to measure basal level of ATP 

release from a single hippocampal rat slice (Wieraszko and Seyfried, 1989) or 

concentrations several times larger. Basal ATP release from in vitro superfused rat 

hypothalamic 400 J..lm-thick slices was measured by the luciferin-luciferase assay, 

but four slices were placed in one chamber and perfused continuously (Sperlagh et 

al, 1998). Perfusate samples were collected over a 3 min period and assayed for 

ATP. ATP release during resting conditions was compared with response to low and 

high frequency field electrical stimulation, which can be easily applied to all 4 

slices. The electrical field stimulation increased the outflow of ATP more than ten

fold. That our problems were with the degree of sensitivity of the assay is 

demonstrated by the ouabain-evoked ATP release. The simultaneous use of six slices 

was necessary to detect the ATP release. One slice alone resulted in detection 
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problems. Unfortunately it was not feasible to arrange simultaneous injection of KCl 

and monitoring of the extracellular potential in four slices. 

4.3 Is ATP Released During SD Wave? 

The problem whether SD wave induces ATP release from nerve tissue, 

remained unsolved. What could be the possible mechanisms of such release? 

SD is characterized by near-total depolarization of neurons and glial cells 

(Somjen et aL, 1991). During SD neurons are unexitable, but at the start of the 

depolarization and afterward bursts of impulses occur (Higachida et al., 1974; 

Somjen et al., 1991). This activation of neuronal activity leads to transmitter release 

from nerve terminals and the release of ATP which is co-stored with ACh, 

noradrenaline, 5-HT (Zimmermann, 1994; Vizi et al., 1997; Sperlagh et al., 1997; 

Sperlagh et al.,1998), or glutamate (Wieraszko et al., 1989). ATP release was 

usually experimentally demonstrated under more intense stimulation of nerve 

terminals with electrical pulses (see Introduction, 1.11). Maybe the amount of ATP 

released during the burst of spikes in the beginning of SD wave and afterward is not 

large enough to be detected, even though ATP is defmitely released together with 

the neurotransmitters. 

During SD neuronal membrane potential shifts slowly at frrst then becomes 

maximally depolarized to approximately 0 mV for 1-3 min (Somjen et a1.,1991). 

This prolonged depolarization activates voltage-dependent Ca2
+ channels in nerve 

terminals similar to the action of the depolarization caused by the action potential 

invading the presynaptic nerve terminal membrane. The thresholds for activation of 
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various calcium channels characterized at the nerve terminals vary from -40 m V to 

-10 m V and some of them show no voltage-dependent inactivation (Meir et al., 

1999). In nerve terminals of rat hippocampal slices two types of calcium channels 

named Nand P are described. The P type of calcium channels shows no voltage

dependent inactivation and therefore their opening allows calcium to enter the 

presynaptic nerve terminal during prolonged depolarization associated with SD. 

Upon depolarization intracellular calcium may increase substantially and gate the 

release of neurotransmitters (Stanley, 1997) and, therefore, the release of ATP which 

is co-stored with them (Zimmermann, 1997). 

Extracellular amino acids were examined during SD. Concentrations of 

alanine, arginine, aspartate, glycine, serine, taurine and the major excitatory 

transmitter in the brain glutamate were increased by evoked SD (Fabricius et al., 

1993). SD waves produced by 50 mM K+ evoked a more than 3-fold increase in 

glutamate release (Szerb, 1991). Marked glutamate release synchronous with 

propagating SD waves was shown in the cerebral cortex of rats (Obrenovitch et al., 

1995). The potential sources of glutamate efflux are exocytosis of neurotransmitter 

glutamate, the reversal of glutamate uptake and cellular swelling (Obrenovitch, 

1996). All these mechanisms may contribute to glutamate release during SD. 

Glutamate may be released from presynaptic vesicles by exocytosis during SD. 

The vesicular release of neurotransmitters is Ca2
+ -dependent. Depolarization of 

neurons during SD may activate Ca2
+ voltage-dependent channels causing Ca2

+ 

influx and glutamate release by exocytosis. 
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In resting brain cells the levels of glutamate in the cytoplasm is around 10,000 

times higher than that in the extracellular space. This gradient is maintained by 

glutamate carriers that present in presynaptic and glial plasma membrane. These 

carriers are essential for terminating the postsynptic action of the major excitatory 

transmitter in the brain. The glutamate carriers are characterized by a unique 

coupling to Na+ and K+ and by a high (2-50 Jlm) affinity for glutamate (Kanner and 

Bendahan, 1982) The efficacy of glutamate transport is dependent on the Na+/K+ 

gradient across the plasma membrane. Glutamate uptake can be reversed by 

raising the external potassium concentration. Raising external K+ concentration to 

10 mM was sufficient to reverse glutamate uptake in glial cells isolated from the 

salamander retina. The glutamate uptake system in these cells has properties similar 

to that in mammalian glia and neurons (Statkowski et al., 1990). An outward current 

component produced by reversed glutamate uptake was activated by intracellular 

glutamate and Na+ and increased by membrane depolarization. During SD the ion 

and voltage gradients favoring reversed glutamate uptake are greatly increased: (i) 

the extracellular potassium concentration can rise to 60-70 mM; (ii) the cells are 

depolarizing to 0 mV; (iii) [Na+]e falls to 65-75 mM (see Introduction 1.2). In this 

situation reversed uptake will release glutamate into extracellular space contributing 

to the rise in extracellular glutamate concentration. The carrier could release 

glutamate untill the extracellular glutamate concentration reaches up to 370 JlM 

(Statkowski et al., 1990). The efflux of glutamate is of cytoplasmic origin and is 

Ca2+-independent. 
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Cell swelling is a remarkable event accompanymg SD wave propagation 

(Hansen and Zeuthen, 1981; Holthoff and Witte, 1996). It was known that swelling 

of primary astrocyte cultures by exposing them to hypotonic media caused release of 

intracellular glutamate (Kimelberg et al., 1990). The data suggested the involvement 

of specific transport processes rather than nonspecific opening of nonselective 

"holes" in the membrane. Later it has been found that the swelling-induced transport 

system for glutamate and other amino acids such as aspartate and taurine are related 

to volume-sensitive organic anion channels (VSOACs) activated by cell swelling 

which were found in neurons and glial cells (Pasantes-Morales et al., 1994). Their 

experiments were designed to test the hypothesis that glutamate efflux through 

volume activated channels occurs during SD (Basarsky et al., 1999). SD was 

induced by bath application of ouabain ( 100 f..LM) in hippocampal brain slices and 

was mapped by imaging intrinsic optical signals. Intrinsic optical signals provided 

an indirect measure of cell volume changes because cellular swelling was associated 

with increased light transmittance through brain slices. A significant release of 

glutamate during SD, even in Ca2
+ -free solution in which conventional synaptic 

release is blocked, was measured. NPPB, an antagonist of VSOACs, inhibited the 

release of glutamate during SD. Thus, the results indicated that cellular swelling 

during SD causes the activation of VSOACs and the release of glutamate by 

permeation through these channels. VSOACs are present in the hippocampus and are 

likely found in both astrocytes and neurons (Kawasaki et al., 1994). Auoroacetate, a 

glial metabolic poison, decreases the spontaneous efflux of glutamate during SD 

(Szerb, 1991) that indicate that a part of glutamate is released by glial cells. Thus, 
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three mechanisms may be involved in glutamate release that is observed during SD. 

Released glutamate, in tum, is able to activate astroglial NMDA, AMP A and kinate 

receptors and elicit the release of ATP from astrocytes (Queiroz et al., 1999). 

There is another possible mechanism for ATP release during SD. It is known 

that SD wave propagation causes elevations in [Ca2+]i (Hansen and Zeuthen, 1981 ). 

In the rat hippocampal slices slow [Ca2+]i increase preceded a robust calcium wave 

that occurred concomitantly with SD wave initiated by bath application of 100 JlM 

ouabain (Basarsky et al, 1998). It was determined that glial cells contribute to the 

observed [Ca2+]i dynamics by injection of the calcium indicator calcium orange into 

astrocytes. Calcium waves were observed associated with SD confrrming that part of 

[Ca2
+]i increase was of astrocytic origin. As discussed in Introduction 1.10 there 

were experiments that established that medium collected from astrocyte cultures 

during (but not before) calcium wave stimulation contained ATP (Guthrie et al., 

1999). The release of ATP by astrocytes during a calcium wave did not depend on 

the type of stimulation used in experiments to evoke calcium waves. Electrical and 

mechanical stimulation produced the same effect. The stimulated cells expressing 

the calcium wave released ATP into the medium which evoked calcium response in 

adjacent astrocytes that in tum released ATP which stimulated calcium wave in 

their neighbors. Therefore it is possible that calcium waves that occur during SD 

cause the release of ATP from astrocytes. 

It is not unreasonable to propose that fmal concentration of A TP in 

extracellular space after all these events during SD wave propagation is elevated 
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high enough to activate microglial cells but was not sufficient for detection in our 

experiments. 
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5. CONCLUSIONS 

The following conclusions can be made: 

1. During ouabain-evoked SD waves ATP is released. However due to the 

possibility that application of ouabain by itself may cause the release of 

ATP, rather than SD, this fmding alone is not sufficient to conclude that 

SD waves cause the release of ATP. 

2. During SD wave elicited by K+ injection and propagating across a single 

hippocampal slice we were not able to detect ATP release because the 

sensitivity of luciferin-luciferase system was not sufficient to measure the 

basal A TP efflux and its changes. 

3. Manipulations involving inhibition of ATP degradation, improvement of 

the experimental chamber, and concentration of the effluent did not 

improve the sensitivity of the assay. 

4. Our results, however suggest that 2/3 of any amount of A TP released by 

cells in the brain slices are degraded by ecto-enzymes. 
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