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A bstract 

lntrinsic optical signds (TOS), associated with the change in light transinittance, 

and correlated with changes in ce11 volume, were imaged during ouabain-induced ( 100 

CLM) spreading depression (SD) in hippocampai slices. The kinetics of the change in IOS 

varied remarkably in st. radiatum (st. rad) and st. pyramidale (st. pyr): increasing to peak 

then decaying to baseline in st. rad., and increasing to a plateau with no decay in st. pyr. 

The propagation rate in CA1 averaged - 100 p d s .  The role of different neurotransmitters 

were determined with several antagonists. The fding phase of SD in st. rad of CA1 was 

delayed by antagonists RB-2 and suramin (concentration-dependent), and occurred 

independent of extraceIlular calcium. Therefore, during the fdling phase of SD there is a 

calcium-influx-independent release of ATP, activation of the metabotroyic Pz, receptor, 

and a subsequent decrease in the IOS correlated with a reduction in cell volume. 
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Hypothesis and Objectives 

Previous work in our laboratory has demonstrated that spreading depression (SD) 

is associated with a propagating wave-Iike transient increase in light transmittance that can 

be initiated spontaneously with the application of ouabain. The release of ATP has been 

demonstrated following SchafTer collateral stimulation in the hippocampal slice, and 

therefore the hypothesis of this thesis was: 

Hypothesis: During ouabain-induced spreading depression (SD) in the rat hippocampd 

slice, there is a release OF ATP, resulting in Pl purinergic receptor 

activation during the wave of SD. 

Prelirninary experiments utilking suramin, a non-seiective PL, and PZ, antagonist, 

in the presence of ouabain-induced SD, indicated that Pz purinerçic receptors may play a 

rote in SD. Thus, the objectives of this thesis were: 

Objectives: 1) To determine if purinergic receptors play a role in ouabain-induced SD 

2) To determine if the removai of extracellular calcium effects ouabain- 

induced SD 

3) To investigate possible mechanisrns of Na- influx during the onset 

phase of SD 



INTRODUCTION 

1.1 Fcatures of Spreading Depression 

Spreading depression (SD) was first observed and desctibed in detail in the rabbit 

cerebrai cortex (Lego, 1 944, 1947). Cortical spreading depression (CSD) has since been 

induced in the cortex, hippocampus and retina (Van Harreveld, 1978) of a variety of 

species mures et al., 1974; Snow et al., 1983). SD has been found to be more easily 

initiated in rodents than in primates, dthough no class of mamrnal is "immune". Among 

regions of the central nervous system (CNS), susceptibility to SD decreases in the 

foIIowing order: hippocampus (primarïly CA 1 ), neocortex, subcortical nuclei, brainstem 

way matter, cerebellar cortex (Bures el al.. 1974) and spinal cord (Czéh and Somjeq 
C 

1990; Somjen et al., 1992). 

Spreading depression is a chab of events which cm be initiated by a number of 

mechanical, electrical and chemicai stimuIi (Bures et al., 1974; Somjen et ai., 1992). SD, 

as its name suggests, is a sIowly propagating wave of corticai depolarization, which 

-.spreads" or propagates fiom its initiation site as a concentric wave. The initial wave of 

depolarization leads to depression of neuronal activity, and propagates in dl directions 

without relation to neuronal pathways (Leiio, 1944; Moskowitz, 1984). SD propagates at 

a rate of 1.5-7.5 d m i n ,  although siightly faster in hippocampus relative to neocortex. 

and moves through gray matter exclusively (Somjen et al., 1992). SD usually halts at the 

border of white matter and does not penetrate glial scar tissue (Somjen et al., 1992). 



t -2 Membrane Changes During Spreading Depression 

One of the earliest discoveries was that there is a negative shift of extracellular 

potential with spreading depression (lego, 1947). The amplitude of this shifl, determined 

to be at least I O  rnV (Hansen, 1985) and typically 15-35 mV, is far greater than other 

extracellular signals which rarely exceed 2 rnV. For this reason, it was hypothesized that a 

voltage of that magnitude would only be generated by the simultaneous depolarization of 

many cells at or near the recording electrode. htracelluiar recordings confïrmed a 

depolarization of both neurons and glial cells (Collewijn and Van Harreveld, 1966; 

Higashida et aL . 1974; Sugaya et al., 1975). Additionaily, the input tesistance of 

depolarking neurons decreased to or below the detection limit of the method (Mody et 

al., 1987; Haglund and Schwarttkroin, 1990). 

ElectricaI impedance of the tissue during SD was found to increase, as rneasured 

with extracellular electrodes (Van Harreveld and Ochs, 1957; Marshall, 1959). This 

increase in tissue impedance during SD has been attributed to ceil sweIling (Van Harreveld 

and Khattab, 1967). In addition, there is a loss of neuronal membrane resistance (Somjen 

et al.. 1 992), which is in itself consistent with the depolarbarion of neurons and 

redistribution of ions (Reviewed in Sornjen et al., 1992). 

1.3 Ionic Mechanism of Spreading Depression 

Intracellular recordings have shown that during SD neuronal and glial membranes 

depolarize to -O mV and then slowly recover within 1-3 min (Colewijn and Van 

Kameveld. 1966; Higashida et al.. 1974; Sugaya et  al., 1975). During the peak of SD 

depolarization, neuronai action potentials are cornpletely inactivated (Snow et al., 1983). 

However, intense transient spike activity occurs both before and aftenvard (Sugaya er al., 

1975; Snow et al., 1983). 

The depolarization during spreading depression resuIts in a change in the 

distribution of ions between the intra- and extracellular compartments. Sodium, calcium 

and chioride enter together with water, resulting in a decrease in the size of the 



extracellular space to approximately half, while potassium and hydrogen ions leave the ce11 

(Kraig and Nicholson, 1978; riansen, 1985). During SD there is a rapid rise of 

extraceliular potassium, m3,, from 3 to as high as 60 mM (Hansen, 1985). In addition, 

the decrease in extracellular sodium Wa-J,, chioride [Cll, and calcium [ca2-1, is similar to 

that observed during anoxia (Hansen, 1985). Most ion concentrations (Kraig and 

Nicholson, 1978) and the sue of the extraccilular space recover spontaneously after 30- 

60 S.  but the caIcium and pH Ievels rnay take a few more minutes to recover. 

1.4 Propagation of Spreading Depression 

One of the earliest discoveries of spreading depression was that it could be 

initiated by glutamate (Van Harreveld, 1959). in addition to glutamate, aspartate, and 

agonists of the giutamate subtype receptors (N-methyl-D-aspartate (NMDA), quisqualate, 

and kainate) dso trigger CSD (Van Harreveld, 1959; Curtis and Watkins, 1963; Bures et 

al., 1974; Lauriîzen et al., 1988). NMDA was deterrnined to be 100 times more potent 

than glutamate in initiating SD (Curtis and Watkins, 1963). The cortex is known to reiease 

excitatory arnino acids, including glutamate (Van Harreveld and F i o v 6 .  197 1 ; Fabncius 

et al.. 1993 ), dunng spreading depression, but typically the  increase is brief, Iasting for 

o d y  approximately one minute (Van Harreveid and Kooiman, 1965). 

Propagation of CSD is independent of the vascu1a.r system, as cortical, 

hippocampal, cerebellar and retind nervous tissues support CSD in vitro (Bures er al., 

1974). Cortical SD is blocked by various cornpetitive and non-competitive NMDA 

antagonists (Hernimdéz-Caceres et al., 1987; Mody et al., 1987; Lauritzen et al., 1988; 

Marrannes et al., 1988, Avoli cf al., 199 1 ; Launtzen and Hansen, 1992) but not by 

antagonists of non-NMDA giutamate receptors (Lauritzen and Hansen, 1992). 

Specifically, the NMDA antagonists lyurenic acid, MK-80 1, and AP5 (2-amino-5- 

phosphonopentanoic acid) have been shown to block SD (Launtzen and Hansen, 1992; 

Sheardown, 1993; Nedergaard et al, 1995). 



Additionally. action potentials blocked with a local application of tetrodotoxin (TTX) do 

not affect the propagation of SD (Sugaya et al., 1975). 

There is currently no expianation of the spreading mechanism of SD, but it has 

been hypothesized that the spread most likely involves the diffusion of one or more 

chernical mediators, perhaps Kt or glutamate in the extracellular cornpartment (Van 

Harreveld, 1978). It has been observed that the propagation of calcium waves mediated 

by gap junctions in glial ce11 cultures is similar to the spread of SD (Charles et al., 1990; 

Cornell-Bell et al., 1990; Nedergaard et al., 1995). in a recent study, SD was examined in 

the isolated chicken retina, a preparation in which the rate and extent of propagation is 

analogous to that of cortical gray matter (Martins-Ferreira and de Olivieira-Castro, 1966: 

Nedergaard et al., 1995). It was demonstrated, in this preparation, that waves of SD are 

blocked by inhibitors of gap junctions (Nedergaard et al., 1995). For this reason it has 

been hypothesized that gap junction-mediated intercellular diffusion is necessary for the 

generation of SD (Nedergaard et al., 1995). Previous findings in Our laboratory have 

cornbined optical irnaging with calcium imaging using the intracellular calcium-sensitive 

dye, Fura-2, in hippocampal slices. It was found that there is a calcium wave propagating 

slightly ahead in t h e  of the intnnsic SD wavefront. This calcium wave has been 

postulated to occur in glial cells, and may in fact underlie SD (Du@ and MacVicar, 

personal communication). 

1.5 Neuroanatomy of the Hippocampal Formation 

'Hippocarnpus' means 'seahorse', and over f~ur-hur,,~.ed years ago, in 1587, the 

medieval anatomist Arantius named the hippocampus because of its resemblance in gross 

anatomical terms to the sea creature (Rosene and Van Hoesen, 1987). Figs. 1A and 1B 

(Andersen et al., 1971) are lateral views of the brain with the parietal and temporal neo- 

cortex removed to expose the hippocampal formation. The hippocampal formation in 

rodents is C-shaped, curving both lateraüy and ventrally (Fig. 1 A). The hippocampd 

formation contains six cytoarchitectonicaiiy distinct regions. 



Figure 1. Neuroanatomy and circuitry of the transverse hippocarnpd slice (modified fiom 

Andersen et al., 197 1, inset fi-om MacVicar and Hochman, 199 1). 

A) The grayed C-shaped hippocampus is exposed in a lateral view of the brain with the 

parietal and temporal neo-cortex removed. B) A diagrarn of the brain as viewed fiom 

above with the neo-cortex rernoved to expose the lefi hippocarnpal formation. C )  A 

diagrarn of an enlarged hippocampai slice revealing the intrinsic circuitry in the CA 1 and 

CA3 fields. The tnsynaptic circuit is shown with the perforant pathway (PP) input to a 

grande cell (GC) in the dentate gynis; rnossy fiber (MF) input to a pyramidal ce11 in the 

CA3 region; and Schaffer coiiaterai (Sch. j input to a pyramidal ce11 in the CAL region. The 

CA1 region is demarcated by a box and is shown in expanded scale in the inset, 

demonstrating the stratum oriens, pyramidale, radiatum, and lacunosum-moleculare. 



Oriens 
Pyramie 
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These include the hippocarnpus (or hippocampus proper), the dentate gyrus, subiculum, 

presubiculum, parasubiculum, and entorhinai cortex. The subiculum, presubiculurn and 

parasubicular regions together constitute the subicular cornplex. 

The hippocampus, or hippocarnpus proper, c m  be subdivided into two major 

regions: a large-celled proximal region and smaller-celled distai region. These two regions, 

regio inferior and regio superior, were narned in pioneering studies in 19 1 1 by Ramon y 

Cajal (Arnarai and Witter, 1995). However, they wiil be referred to in this thesis by the 

more cornrnon tenninology proposed by Lorente de No in 1933 (Amaral and Witrer, 

1995). de No divided the hippocampus into three cornu Amrnonis (CA) fields; the CAI. 

CM.  and CA3. The CA1 field is equivalent to the regio superior. and the CA3 and C A 2  

fields are equivalent to the regio iderior (Amaral and Witter, 1995). 

Sectioning the hippocarnpus perpendicular to the long a i s  reveals three major 

regions of the hippocarnpal formation: the hippocampus proper, dentate and 

subicular cornplex (Fig. 1C). The circuitry is organized on a plane perpendicular to the 

long axis and thus displays a larninar organization. The hippocampus proper is defined by 

a single layer of pyramidal neurons. termed stratum pyramidale. The primary neuronal ce11 

in the hippocampus is the pyramid-shaped pyramidal ceI1. These ceus vary in size and are 

characterized by a basal dendritic tree, an axon whch extends into stratum oriens, and an 

apical dendritic tree which extends to the hippocampai fissure. The various sizes of this 

ceU type define the subregions of cornu Arnmonis. There are two regions on either side of 

straturn pyramidale which contain the apical and basal pyramidal ce11 dendrites: straturn 

oriens in the basal zone, and stratum radiatum in the apicai zone. Proximal to stratum 

oriens is the alveus, followed by a layer of mylelinated axons narned the fùnbria. Distal to 

stratum pyramidale and proximal to stratum radiatum is stratum Iacunosum-moleculare. 

The dentate gyms is composed of three Iayers: proximal to the hippocarnpal fissure 

is the relatively cell-6ee molecular layer (stratum molecutare), then the principal ceii layer, 

the granular ce1 layer (stratum granulosum) and finaiiy the polymorphic layer (Mus). The 

p ~ c i p a l  ce1 type of the dentate gyrus is the grande ceii. 



Tinese celis have an eliiptical body, and a characteristic cone-shaped tree of spiny dendrites 

with branches directed towards the rnolecular layer. 

Traditionally, the intrinsic connectivity of the hippocmpal formation has been 

described as a trisynaptic circuit, although this disregards many of the longitudinal and 

local circuit interactions. The major intrinsic connections of the hippocampus are 

illustrated in Fig. 1C. Thcre are reciprocal connections fiom the entire cortical region to 

the entorhinal cortex (Swanson and Kohler, 1986). ï he  entorhinal cortex in turn provides 

the dentate gynis with its major input via the perforant pathway (Fig. 1 C). The granule 

cells of the dentate gyms give rise to distinctive unmyelinated axons, which Ramon y Cajai 

named mossy fibers (Arnaral and Witter, 1995). These fibers form the mossy fiber pathway 

and project from the dentate g p s  to the CA3 field of the hippocampus. 

The CA3 and CA2 pyramidal cells give nse to projections to al1 portions of the 

hippocampus ( I s b k a  et ai.. 1990). The projections from CA3 to CA I are called 

Schaffer coilaterais, and fiom CA3 to CA2 are called associational connections. Another 

comection arises from the entorhinal cmex and innervates the CA1 field of the 

hippocampus. ln addition, connections from the entorhind cortex innervate the entire 

length of the dentate gyms and CA1 (O'Mara, 1995). There are also projections Iiom 

CA3 to CA1, and recurrent collaterals fiom CA3 (07Mara, 1995), and a strong cross- 

commissural co~cc t ion  to the contralaterai CA3 field. 

The CA1 field in addition to projecting back to the entorhinal cortex dso projects 

tc the subiculurn, fi-om which fûrther projections travel to the entorhinal cortex and the 

rest of the cortical region. One of the major extnnsic projections of the hippocampus, the 

fornbq arises from projections from both the CA1 and subiculum. This fiber bundte travels 

on to midline thaiamic structures such as the marnmiliary bodies. There are dso reciprocal 

connections fiom these structures back ont0 the CA1 and subiculurn. 



1.6 Propagation of Spreading Depression in Rat Hippocampus 

Recurrent waves of spreading depression in the CA1 region of the rat 

hippocampus have been induced by rnicrodiaiysis of hi&-K- solution. Waves emanated 

fiom the high-K- focus and traveled the length of the hippocampus in both rostro and 

caudoventrai directions (Somjen et al., 1992). The propagation velocity of SD waves was 

measured simultaneously in straturn radiatum and stratum pyramidale of the CA1 by two 

sets of double microelectrodes (Somjen et al., 1992). SD appears to move semi- 

independently in the two layers even though stratum pyramidale and stratum radiatum 

contain the somata and dendrites of the same pyramidal cells (Somjen et al., 1992). 

The velocity of propagation was not the same in the two layers and varied fiom 

triai to trial (Somjen et al., 1992). Additionally, when SD was initiated electrically in the 

CA3 field, the wave occasionaily moved in opposite directions in the two adjacent layers 

(Somjen et cd., 1992). 

Finally, in the presence of CPP (an NMDA receptor antagonist), propagation 

occurred in one iayer and not the other (Somjen et al., 1992). For these reasons, it is clear 

that SD can propagate among parts of the same celi, and in addition cari move fiom 

dendrite to dendrite without involving somata, or fiom soma to soma independently of the 

dendrites (Somjen et al., 1992). 

1.7 Imaging of Intrinsic Optical Signals 

Opticai recordings of voltage-sensitive dyes have been employed in a varies of 

studies (Blasdel and Saiama, 1986; Gainer et al., 1 986; Grinvald et al., 1986; Frostig et 

al., 1990). The irnaging of changes in membrane potential in CNS preparations with fast 

voltage sensitive dyes was found to be distorted by much slower intrinsic signals (Grinvaid 

et al, 1982; Salzberg et al., 1985). In fact, a study by Blasdel and Salama (1 986) observed 

an intrinsic optical signai which they did not find usefiil, and as a consequence they 

attributed their findings to changes in the voltage-sensitive dye (Grinvald et al., 1986). 



This was disputed by Grinvaid et al. (1 986), who found evidence for a large i n t ~ s i c  

opticai signai generated in the absence of any dye. 

haging with voltage-sensitive dyes poses two major disadvantages. The first is 

that voltage-sensitive dyes can be potentially toxic to the tissue, and the second is that 

dye-photobleaching can occur to the extent that the tissue is not sufficiently stained. 

intrinsic changes in opticai properties during activity in excitable tissues were flrst 

described several decades ago (Hill and Keyens, 1949). Such activity-dependent changes 

in intrinsic optical signais (10s) have been employed in numerous preparations, such as 

crab nerves (Hill and Keyens, 19491, olfactory nerves (Kauer, 199 1 ), cerebrai corticai 

slices (Lipton. 1973; Holthoff et ai., 1994), hippocampal slices (MacVicar and Hochman, 

199 1 ; Andrew and MacVicar, 1994; Kreisman et al.. 1995), isolated whole brain 

preparations (Federico et al., 1994) and in vivo in both animals (Grinvald et al., 1986) and 

humans (MacVicar et ai-, 1 990; Hagiund et al., 1 992). Imaging changes in IOS has 

several advantages when compared to irnaging optical signais fiom voltage-sensitive dyes. 

The first is that the measurernent of IOS is less invasive and the second is that problerns of 

dye bleaching do not exist (Grinvald et al.. 1986; Lieke et al.. 1989; Frostig et al., IWO). 

The major disadvantage of i n t ~ s i c  opticai irnaging is that more time is required to 

generate optical signais. Voltage-sensitive dyes require a time resolution of ofien less than 

I ms (Grinvald et al., 1986), while irnaging intrinsic opticai signais may require a longer 

time depending on the wavelength (Grinvald et al., 1986; Lieke et al., 1989; Frostig et al., 

1990). 

1.8 Imaging Spreading Depression in a Submerged Imaging Chamber 

Kippocarnpai brain slices were introduced in the 1960's (Yamamoto and 

McIIwain, 1966) and because of their unique neuronal circuitry proved to be an ideal 

mode1 for studying neurophysiological and biophysicai neuronal properties, membrane 

excitability, and ion channel regulation (Skrede and Westgaard, 197 1; Dingledine et al., 

1980). The hippocarnpai formation can be cut into thin slices (250-500 pm) in a manner 



which both preserves the anatomical organization of the tissue and produces 5-7 

analogous slices (Skrede and Westgaard, 197 1 ; Dingledine et al., 1977), s h o w  in Fig. 1 C. 

The hippocampal sEce was characterized as an in vitro mode1 for fùture studies on SD 

(Snow et al., 1983). 

There are two general methods of imaging the changes in 1 0 s  in a hippocampal 

slice: i) interfaced siices in an interface chamber and ii) submerged slices in an irnaging 

charnber. SD has been imaged in both submerged (hlartins-Ferreira and de Olivieira 

Castro, 1966; Lipton, 1973) and interface charnbers (Snow et al., 1983), and light 

transmittance changes consistently but in the opposite direction in the two preparations. 

These changes in light scattering were attributed to increased cellular volume and 

decreased extracellular space during SD (Van Harreveld. 1958; Van Harreveld and 

Khattab, 1967; Phillips and Nicholson, 19791, as light scattering is altered in several 

preparations by conditions known to change ceIl volume (Martins-Ferreira and de Olivieira 

Castro, 1966; Lipton, 1973; MeManus et al., 2993). 

A relatively recent study examined the differences in the direcrion of IOS change 

between the interface charnber and submerged preparations, and determined that the 

direction of optical responses depends on the position of the slice relative to the surface of 

the bathing medium (Kreisman et al., 1995). In slices positioned at the interface. a 

decrease in light transmittance in hypo-osmotic medium is observed and using submerged 

slices, an increase in light transmittance is observed, consistent with the findings of several 

studies (Martins-Ferreira and de Olivieira Castro, 1966; Lipton, 1973; Andrew and 

MacVicar, 1994). In addition, it was shown with spectrophotometric measurements that 

light absorbance by intrinsic chromophores does not contnbute to the optical signals 

induced by changes in ceU volume (Kreisman et al., 1995). 

A diagram of the irnaging equipment for a submerged slice preparation is presented 

in Fig. 2 (adapted i?om Andrew et al., 1997). Light ernitted 6om the light source is either 

reflected, absorbed, or transmitted by the tissue. The transmitted light is coiiected through 

the objective and digitized using a CCD camera. Two factors affect the transmittance of 



Figure 2. A diagrarn of the irnaging equipment (Adapted fiom Andrew et al., 1997). The 

light ernitted fiom the light source will either be reflected, absorbed or transrnitted. The 

transrnitted light passes through the objective and is digitized by a CCD carnera. The 

digital signal passes to the imaging board and into the IBM-PC compatible P90 computer 

for display on the monitor and storage on the hard drive. 
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light through tissue: absorbance and scattering. In a submerged siiçe preparation, tissue 

absorbance can be assumed to be negiigibie, as the spectral transmittance is una6ected by 

intnnsic chromophores (Kreisman et al., 1995). 

The remaining factors afTecting tight transmittance are presented in the equation: 

where ATn, is the net change in trarismittance of iight through the tissue during 

ouabain-induced SD, AT-, is the change in transmittance due to iight scattering by the 

tissue, and ATmflc,owmh*on is the change due to changes in reflectiodrefiaction of the bath 

level in the imaging charnber (JCreisrnan et al., 1995). The influx of water into cells dunng 

ouabain-induced SD would decrease the scattering of light by bringing the transparency of 

cells closer to that of the aqueous medium (Martins-Ferreira and de Olivieira Castro, 

1966; Lipton, 1973; MacVicar and Hochman, 199 1). Therefore, transmittance 

would increase during ouabain-induced SD. Consequently, for a net increase (ATn,t) to 

occur, ATmtlmiommhctinian should not change, as AT,tl~tiow~~~tinn is dependent on the shape of 

the meniscus and level of the bath in the imaging chamber. If these parameters rernain 

constant, the optics of the system will not change, and the net change in transmittance will 

depend solely on the change in transmittance due to light scattering by the tissue. 

1.9 Cellular Mechanisms of Intrinsic Optical Signals 

The cellular mechanisms underiyin5 uitrinsic optical signals are not precisely 

understood. Intrinsic optical signais are activity-dependent optical changes in neuronal 

tissue and are postulated to result fiom tbree main sources (Ebner and Chen, 1995): i) 

activity-induced changes in light scattering, ü) alterations in the absorption or fluoresence 

by intrinsic chromophores, iii) changes in blood fiow volume and oxygen delivery. 



Activity-induced changes in light scattering have been attributed to ceIluIar 

swelling (Cohen, 1973; La Manna et al., 1987; MacVicar and Hochman, 199 1 ). In the 

hippocampai slice, MacVicar and Hochrnan (199 1) postulated that astrocyte swelling 

resulting from the uptake of K- released extracellularly fiom neurons may make a major 

contribution to the intrinsic opticai signal. The increased ceIl size would decrease light 

scattering and reflectance (Ebner and Chen, 1995) and increase light tissue transmittance 

(Cohen, 1973; Lipton, 1973). In the neurohypophysis, neurosecretion has been related to 

changes i tight scattering since ca2- antagonists block these opticai signais (Saizberg et 

al., 1985; Obaid et ai., 1 989). Additionaily, rapid changes in orientation of membrane 

dipoles during action potentials in Apiysia neurons in culture (Stepnoski et ai., 199 1 )  may 

underlie fast light scattering changes. 

Alterations in the absorption or fluorescence by intrinsic chromophores niay 

contribute to the generation of intrinsic optical signais (Jobsis, 1977; Jobsis et al., 1977: 

La Manna et al.. 1987). Chromophores such as hemoglobin. cytochromes, and the 

reduced form of nicotinamide adenine dinucleotide may be involved (Jobsis, 1977; Jobsis 

et al., 1977; La Manna et al., 1987). Federico et al. ( 1994) found evidence that 

cytoctirorne-related signals may contribute significantly to reflectance changes in the 

isolated y inea  pig brain in vivo. Additionaily, in the hippocampal slice. cytochrome 

absorption maxima were observed when reflectance changes were measured by 

spectrophotometry (Fujii, 199 1 ). In contrast, no similar wavelength dependence was 

observed in the hippocampal slice when transmittance changes were measured (MacVicar 

and Hochrnan, 199 1;  Kreisman et al., 1995). 

Changes in blood flow and or oxygen delivery wiil not contribute to the generation 

of an intrinsic optical signal in an isolated hippocampal slice, aithough they rnay contribute 

to the generation of intrinsic optical signals in vivo (Gtinvald et al., 1986; Frostig et ai., 

IWO). 



1.10 Source of  the Intrinsic Optical Signais Ln a Submerged Hippocampal Slice 

Several studies have irnaged intrinsic opticai signais in subrnerged rat hippocampal 

slices (MacVicar and Hochrnan, 199 1 ; Andrew and MacVicar, 1994; Kreisman et al., 

1995; Andrew et al., 1996; Polischuk and Andrew, 1996b; Andrew et al., 1997). In an 

early study, a change in light transmitt~nce was observed durhg synaptic activation of 

Schaf6er collaterals of the CAL. It was found that repetitive synaptic activity resulted in an 

increase in light tissue transmittance in CA1 stratum radiatum (MacVicar and Hochman, 

199 1). The opticai changes were inhibited by blocking synaptic transmission with a ca2- - 
fiee EGTA perfüsate. furosemide (an anion transport inhibitor), or by reducing 

extraceliular CI- (MacVicar and Hochman, 199 1). As a resuk, it was suggested that 

increased Cl- transport may generate the optical signals due to refiactive decreases 

associated with ce11 sweliing (MacVicar and Hochman, 199 1). 

In another study, a brief exposure to hypo-osmotic aCSF elevated tissue 

transmittance consistently and reversibly in most regions of the hippocampal slice. most 

notably in the dendritic region (radiatum) of the CA1 ( h d r e w  and MacVicar, 1994). To 

test the hypothesis that the increase in tissue transmittance can be attnbuted to cellular 

sweiiing and hence correlated with ceU volume, the response of the hippocampal slice to 

hypo-osmotic saline was studied in the presence of TTX and O-ca2- aCSF (Andrew and 

MacVicar, 1994). Neither treatment altered the change in transmittance, suggesting a 

process independent of both synaptic transmission and neuronal activity. In addition, 

hyper-osmotic aCSF consistently lowered Iight transmittance, and glycerol, which is cell 

permeant, did not have an affect (Andrew and MacVicar, 1994). 

Changes in tissue transmittance in the hippocarnpal slice were also observed in 

response to NMDq kainate (Andrew er al., 1996), and dornoate, an excitatory amino acid 

with structural similarities to glutamate (Polischuk and Andrew, 1996b). The largest 

changes in light tissue transmittance were observed in st. radiatum and st. oriens of the 

CA1 (Andrew et al., I996), suggesting that in regions with high numbers of NMDA and 



AMPA receptors, activation Ieads to Na- influx, followed by Cl- and water, causing 

significant swelling and corresponding changes in light tissue transmittance (Andrew et al., 

1996; Polischuk and Andrew, 1996b). Lncreased iight tissue transrnittance across the 

submerged brain slice directly correlates with ce11 swelling (Andrew and MacVicar, 1994; 

Andrew et al., 1996: Holthoff and Witte, 1996) consistent with the findings of several 

other studies (MacVicar and Hochrnan, 199 1 ; McManus et al., 1 993 ; Kreisrnan et al., 

1995). 

1.1 1 Structure and Function of Na',K'-~TPase: Binding of Ouabain 

One of the most important and ubiquitous ion pumps in animal tissues. including 

the brait is the ouabain-inhibitable sodium/potassium pump (Lees. 199 1 ; Kanzaki et al., 

1992; Lees and Leong 1994). This membrane-bound enzyme couples the fiee energy 

found within the ATP rnolecule to the translocation of Na- and K- across the ceUu1a.r 

membrane ('Na-,K+-ATPase) (Horisberger et al., 199 1 ; Lees, 199 1 ). The stoichiometry of 

the Na/K exchange is 3 Na*: 2 Kr. and hence the Na.,K-pump is termed electrogenic. in 

neurons, Na',KA-ATPase is cntical for the maintenance of the ionic gradients underlying 

the regulation of resting membrane potential (Horisberger et al., 199 1 ; Lees, 199 1 ; Lees, 

1993) and the restoration of transmembrane gradients following neuronal excitation. In 

addition, the sodium gradient maintained by the pump is used as a source of energy for 

other mechanisms such as the sodium/c.alcium exchange and the uptake of organic 

compounds (Horisberger et al.. 199 1 ; Lees, 1993). Na-,K--ATPase is also important in 

the regulation of transmembrane ion fluxes and ceU volume (Horisberger et al., 199 1 ; 

Lees, 199 1 ; Lees 1993). 

A general mode1 for Na-,K--ATPase is presented in Fig. 3 q  with the extracellular 

ouabain-binding site indicated. The enzyme consists of a heterodimer of a and P subunits 

(Fig. 3A) with isoenzyme forms composed of three different a ( a l ,  a.2, a3) and three 

different fj (B 1, P2, P3) subunits (Horisberger et al., 199 1). 



Figure 3. A schematic representation of a mode1 for the Na-, K--AlTase. A) The aJ3 

heterodirner is presented with binding sites for Na- (l) ,  K- (21, ouabain (3) ,  

phosphorylation (4) and the ATP binding site (5). B) A simplified scheme for the Na-, K-- 

ATPase cycle. In the El conformation, the cation-binding sites face the cytoplasm. 

whereas in the €2 conformation they face the extracellular space. Ouabain binds odv to 

the E2 state, preferentially to the P-Ez-Na3 state. 
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The Na-,K--ATPase cycle is ihstrated in Fig. 3B. This reaction involves a series 

of interconversions hetween tvm main erijme conformations: El with a high affinity for 

ATP and Na', and E2 with a high a n i t y  for K'. In the El conformation of the enzyme, 

the cation-binding sites face the cytoplasm, whereas in the Ez conformation they face the 

extracellutar space (Horisberger et al., 199 1). Ouabain binds preferentially to the El state, 

probably more specifically to the P-E2-Na3 state (Yoda and Yoda, 1982; Swann, 1983). 

The combination of an a and P subunit can hydrolyze ATP and undergo El-E2 transition 

(Fig. 3B). Although both glid and neuronal ceils have the Nac.K--Anase, they rnay differ 

in their expression of the isoenzymes. 

Differences in ouabain sensitivity between different tissue types, for example the 

kidney and brain, have been described (Horisberger et al., 199 1). In rats and mice. so- 

cailed ouabain-insensitive species, the brain enzyme has a high f in i ty  (- 10 n . ) ,  sirnilar 

to that observed in other ouabain-sensitive species (Horisberger et al., 199 1). The 

existence of several difTerent isoertzymes, and range of sensitivity in different tissues and 

ceil types to inhibitors such as ouabain, have Ied to the hypothesis that glycoside sensitivity 

is detennined by the a subunit isoform. 

The dose-inhibition curve for ouabain in the rat brain is biphasic, suggesting two 

levels of inhibition and two types of binding sites with different &nities (Horisberger et 

al., 199 1). Using dose-response curves and binding assays with rat brain membranes, 

three components of ouabain inhibition with Kis of 0.02, 0.5, and 320 were 

deterrnined (Berrebi-Bertrand et al., 1990), indicating two high affinity and one low 

affinity site (Horisberger et al., 1991). 

The isoenzymes containhg the high-finity ouabain binding sites (a2 and a3 

foms) are the rnost prevalent in neurons (lees, 199 I), and complete neuronal tissue 

demonstrated both tow and high afEnity ouabain sensitivity, while cuitured glial cells, 

which express oniy the al isoform, had only the low aflinity component (Marks and Seeds, 

1978). The isoenzyme al, with between 100 and i 000 tirnes lower aEnity for ouabain, is 

present in both neuronal and glial celIs (Marks and Seeds, 1978; Sweadner, 1979; Hauger 



et al., 1985; Antonelli et al., 1989; Guillaume et al., 1990; McGrail et al., 199 1). The 

high-aEnity a3 isoenzyme may be specific for neurons, and it has been suggested that 

glial cells under certain conditions can express the high-affinity isoenzyme a2 (Atterwill et 

al., 1 984; McGrail et cd.. 199 1 ). 

Na-.K--ATPase has a ubiquitous distribution in neurons throughout the hrain, 

although regional differences in concentration do exist (Lees, 199 1). Glial cells throughout 

the brain have been demonstrated to contain high Ievels of Na-.K--ATPase (Stahl, 1986). 

In the hippocarnpus, the CA3 region has higher Na-,K--ATPase activity than the CA1 

region (Haglund et al., 1985). 

1.12 Initiation of Spreading Depression by Ouabain 

Ouabain (3-[(6-Deoxya-L-mannopyranosyl)oxyJ- 1,5,1l .a, 14,19- 

pentahydroxycard-20(22)-enolide) is a selective Na-,K--APase inhibitor obtained from 

the seeds of Strophmths grams (Merck Index 1 t th Ed.. No. 6854). A ouabain-like 

compound has been found endogenously wittün animai tissues (Hamlyn et al.. 199 1 ). As a 

result of brain insults such as ischaernia, hypoglycemia, and seizure activity, there is the 

production or release of compounds inhibithg Na-.K*-ATPase (Lees. 199 1 ). Ouabain 

binds specificalIy to Na-,K--AWase and is a potent inhibitor of its activity (Albers et al., 

1968; Kanzaki et al., 1992). 

The in vitro hippocampal slice aiiows an opportunity to shidy two distinct ceIl 

populations. The first, the CA1 region, is relatively prone to SD, and the second, the CA3, 

is relativeiy SD-resistant (Haglund and Schwartzkroin, 1990). The differences between the 

two regions in their resistance to SD can be attnbuted to dzerences in the Na-,K*- 

ATPase activity. It has been demonstrared that Na-.K*-ATPase activity is higher in the 

CA3 than in the CA1 (Haglund and Schwarukroin, 1984,1990; Haglund et al., 1985). For 

this reason, it has been suggested that Na',K--ATPase plays a role in preventing SD in the 

CA3 region (Hagiund and Schwartzkroin, 1990). In addition, there is a tendency for w*], 
to ris6 :&her in tne CA1 than in other regions of the hippocampal slice (Kawasaki et al., 



1990), making this region of the hippocampus more vuinerable to spreading depression 

Weisman and Smith, 1993). 

The generation of SD is himy sensitive to the level of extracellular potassium 

which is regulated by the Na-,Kc-AlTase (T3agiund and Schwartzkroin, 1990). A mode1 

was proposed by HagIund and Schwartzkroin (1990), essentially expanding on that 

presented earlier by Trayneiis and Dingledine (1988), in which the elevated F-],, results 

in a senes of events which lead to SD. The major underlying assumption is that sirnilar 

mechanisms are involved in tnggering seizures and SD (Haglund and Schwartzkroin 

1990), and that SD represents a "poorly controUed seizure in which m-1, regulation is 

completely disrupted (Kraig and Nicholson, 1978). 

Any defect or Iow activity of the Na-.K--ATPase, for example its inhibition by 

ouabain, results in a rise of F-],, which may then trigger SD (Haglund and 

Schwartzkroin, 1990). in addition to a rise in m-1, once ouabain is bound there is also an 

increase in intraceilular sodium, ma-]i (Archibaid and White, 1974; Goddard and 

Robinson, 1976), which c m  act to induce additional neurotransrnitter release. 

A mode1 of ouabain-induced SD is presented in Fig. 4, adapted fiom Haglund and 

Schwartzkroin (1990) and Lauritzen (1 994), and can be summarized as follows. The 

application of ouabain results initially in a slow blockade of the Na-.K--ATPase. As the 

enzyme is fùrther Uihibited, there is an increasing build-up of extracellular potassium. As 

extemal [KIo  rises, there is a positive shifi in the reversal potential for potassium and a 

reduced potassium efflux at a given celi membrane potential (Haglund and Schwartzkroin. 

1990). The reduced potassium efnu reduces the potassium aflerhyperpolarizing potentials 

(both Ca-dependent and independent) and hence the preceding depolarizing events (eg. 

calcium spikes) increase in magnitude and duration (E-Iagiund and Schwartzkroin, 1990). 

The increase in m*], may then lead to the opening of voltage-dependent 

presynaptic chaiurels, and an increase in the release of neurotransrnitters Wagiund and 

Schwartzkroin, 1990). The release of excitatory neurotransmitters would trigger an influx 

of sodium and calcium, whereas the release of inhibitory neurotransrnitters would result in 



Figure 4. A rnodel of the regenerative processes assurned to occur during ouabain- 

induced spreading depression, adapted fiom Haglund and Schwartzkroin (1  990) and 

Laurinen (1994). The application of ouabain results in a slow inhibition of the Na*,K- - 

AT'Pase, and an increase in [K-1,. The resulting Na', CI-, ca2* intlux Ieads to cellular 

swelling, a reduction in the extracellular space, and further neuronal depolarization until 

there is initiation of SD. 
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an influx of chloride and efflux of potassium (Haglund and Schwartzkroin, 19901, as 

shown in Fig. 4. This massive influx of sodium, caicium and ctiloride wilI result in the 

influx of water. leading to ceiiuiar swelling (Van Haneveld, 1978). The size of the 

extracellular space would be decreased due to these ion fluxes and the entry of potassium 

and water into giial ceiis (Hablitz and Heinemann, 1989; Snow et al., 1983). 

Glutamate may also play a role in the cellular sweüing, as Ulcreases in extracellular 

glutamate wili stimulate NMDA receptors and open non-selective cation channels 

(HofThann and Dunharn, 1995). This would potentiate the cellular depolarization, 

resulting in Na- and Cl- uptake. and cellular s w e b g  (Andrew et al., 1996) foiiowed by a 

massive ca2- influx (Choi. 1988; Choi and Rothan+ 1990). 

The above changes not oniy increase neuronal firing activity, bu1 in addition lead to 

an increase in the base-line w-1,. Essentially, a positive feedback cycle is setup. leading to 

hrther rises in base-line @-Io, loss of K*-dependent mechanisms, a reduction in the 

activity normaiiy regulated by m'] e£Bux, and finally tùrther neuronal depolarization 

(Haglund and Schwartzkroin, 1990). The Ioss of K- by neurons would Iead to massive 

depolarization of astrocytes (Sweeney er al., 1995). In a study of ouabain-induced 

spreading depression in immature hippocampal slices, it was determined that ouabain 

resulted in an increase in the baseiine fK-1, in the CA1 of the immature hippocampal slice 

from 6.2 10.4  mM to 10.8 It 0.5 mM. and a decrease in the peak ( X L I 4 d u ~ g  SD from 

69.8 + 4.0 mM to 60.3 k 4.2 m M  (Haglund and Schwartzkroin, 1990). This depolarization 

of astrocytes would open voltage-sensitive anion channels, leading to passive 

electroneutral Kt, Cl-, and HC03' flux into astrocytes mediated by Doman forces. The 

gain of these electrolytes would Iead to astrocytic swelling and a reduction of extracellular 

space (Sweeney et al., 1995). This process wiIl continue under the influence of ouabain, 

when there is sufficient depolarization to initiate an explosive SD episode. 



Potassium plays a central role for SD and it is reasonable to assume that any 

disturbance of K- homeostasis would make the region of brain susceptible to SD (Hagiund 

and Schwartzkroin, 1990). For this reason, although SD can be initiated by a number of 

mechanicai, electrical, and chernical stimuli (Somjen et ai.. 1992), the method of choice 

has been the focal application of hi& K- solution (Somjen et ai., 1992). In fact, the level 

of FI0 greatIy exceeds normal physiological levels d u ~ g  SD, even exceeding the 13-20 

mM "ceiling level" obsemed during seizure activity in the immature CNS (Swann er al., 

1986). 

Previous work in our laboratory has confinned that spreading depression can be 

initiated in the in vitro hippocampal slice with a bath-application of hi& w-] solution 

(Du@ and MacVicar, unpublished results), consistent with the findings of several studies 

(Somjen et al., 1992). However, there are several Limitations to  initiating SD in this way. 

First, the application of high &-] fails to initiate SD reproducibiy. In addition, it has been 

demonstrated that a prolonged exposure to high potassium results in an irreversible loss of 

synaptic transmission in hippocampal slices, and severe ceii loss occurs in regions directly 

in contact with the solution in vivo (Kawasaki et al., 1988). 

A more consistent method of initiating spreading depression has been developed 

usuig the application of ouabain @u£@ and MacVicar, 1995 unpubIished results). Ouabain 

(50-500 CLM) was used to initiate spreading depression in the chicken retina (Van 

Hameveld, 1 W8), and a wave of spreading depression occurred spontaneously within 1.5- 

2.5 minutes. This finding is consistent with the suggestion of Snow et al. (1983) that 

inhibiting the Na-,Kc-ATPase would result in SD being more easily initiated. As ouabain- 

induced initiation of spreading depression is reproducible and consistent. the experiments 

in this thesis wiil employ bath-applications of ouabain to initiate SD. 



1.13 Purinergic Receptors 

Adenosine S'-triphosphate (ATP) has been shown to be released fiorn multiple ceil 

types including neurons in general (Gordon, 1986; 07Conner and Kimelberg, 1993) and 

hippocarnpai neurons in particular (Wieraszko et al., 1989). The release of ATP has been 

proposed to be invoIved in intercellular signaling in various systerns of the CNS (Evans et 

d. 1992; Salter and Hicks. 1994; Zimmermann, 1994; Lyons et al., 1995). Extracellular 

ATP interacts with specific receptors on cells and regulates many biological processes 

(Duby& and el-Moatassim 1993). 

The receptors known to be stimulated by ATP or one of its by-products are called 

purinergic receptors (purinoceptors), and were originally classified as Pl or Pz (Bumstock 

and Kennedy, 1985). The Pl-purinoceptors are activated by adenosine and were fùrther 

sub-classified into Al, A2 and Aj subtypes (van Calker et al., 1979; Williams, 1987; Zhou 

et al., 1992). The Pz-purinoceptors are activated by ATP andfor its rnetabolic by-product 

ADP. These receptors were originally sub-divided into the  PL^ and Pzy purinoceptors 

(Bumstock and Kennedy, 1985), however. additional receptor subtypes exist, namely the 

PzL1, Pz and Pn receptors (Gordon, 1986; Dubyak and el-Moatassim, 1993; O'Connor 

and Kimelberg, 1 993). 

The different subtypes of Pz-purinergic receptors are fiirther classified into two 

groups: the ionotropic and metabotropic receptors. The ionotropic receptors, PZy, P ~ T  

(platelet) and Px (mast cell), are receptors coupled directly to non-selective cation 

channels permeable to ca2- (Benharn and Tsien, 1987; Burnstock, 1990; Bean, 1992). The 

metabotropic receptors, Ph, and Ph are linked to G-protein-mediated second messenger 

mechanisrns for release of ca2' fiom intracellular stores (Bumstock, 1990; 07Comer and 

Kirnelberg, 1993; Barnard et aL, 1994). 

Two relativeiy recent reviews by Barnard et al. ( 1994) and Fredholm et al. ( 1994) 

have recornmended r e c l a s s ~ n g  cloned Pz receptors into the two major families: the G- 

protein coupled Pz, receptor and the intrinsic ion channel type PL- receptor. They proposed 



terrning newly discovered G-protein-coupled Pz receptors as PZyl, PZy2 etc. by consecutive 

numbering. 

Studies characterizing P. and Pz, receptors at the molecular level have found that 

three different cloned genes for P. receptors demonstrated a strong homology to G- 

protein-coupled receptors (Barnard et al., 1994), and two cloned Pz, receptors shr wed 

homologies with the transmitter-gated ion channel s u p e r f d y  (Barnard, 1992). in fact, 

Ph' isolated fiom vas deferens smooth muscle (7v'alera et al. 1994), Pm fiom PC 12 cells 

(Brake et al., 1994), and Pl. f?om rat brain (Séguéla et al., 1996) are structuraiiy closer to 

inward rectifier K- channels and amiloride-sensitive Na- channels than to receptor 

channels of the glutamate-gated channel family (Séguéla et al., 1996). 

Classification to date of the Pz-purinoceptors has relied alrnost exclusively on the 

pharmacological specificity of the agonist analogues of ATP and ADP (Gordon, 1986). 

although agonist potencies in some cases for the ionotropic and metabotropic receptors 

are similar (Khakh et al., 1995). The most potent agonist at the Pz.-purinoceptor is aJ3- 

methylene ATP, shown to be even more effective than ATP (Pintor and Miras-Portugai, 

1993, although it is much less effective for PLd receptors (Séguéla et al., 1996) and 

completely ineffective at PC 12 Ph-purhoceptors (Nakazawa et al., 1 WOa; Brake et al.. 

1994). The best agonists for Pzy-purinoceptors are 2-methylthioATP and ADP-P-S (Pintor 

and Miras-Portugal, 1995; Salter and Hicks. 1994). 

The presence of PL,-purinuceptors in the hippocampus has been dernonstrated in 

radioligand binding studies with [3~-cr,~-methylene ATP (Michel and Humphrey, 1993), 

with a relatively high density of binding sites in the hippocampus (Bo and Burnstock, 

1994; Balcar et al., 1995). Functionally, both Pz, (Séguéla et al., 1996) and PZy receptors 

(Kastritsis et al., 1992; Sdter and Hicks 1994, 1995) have been demonstrated in 

hippocarnpal neuronal cultures (Mironov, 1993), and in astrocytic ce11 cultures porter and 

McCarthy, 1995). 



Several compounds known to interact with multiple ATP binding proteins have 

proved usehl as antagonists to the purinergic receptors (Eloyer et al., 1994), although 

potent, specific, and ccnpetitive antagonists have not yet been identified (Gordon, 1986; 

O'Connor and Kirnelberg, 1993; Chen et ai., 1994; Séguéla et al., 1996). The most well 

characterized purinergic antagonists to date are reactive blue 2 (RB-2), suramin and 

PPADs (pyridoxal phosphate 6-azophenyl-2'4'-disulphonic acid). RB-2 has been 

demonstrated to antagonize ATP actions at the Pz,-purinoceptor subtype in various tissues 

(Choo, 198 1; Manzini et al., 1986; Reilly et al., 1987; Rice and Singleton, 1989) including 

 PL^ receptors on Xenopus oocytes (Séguéla et al., 1996), and glutarnate-activated 

currents in the hippocampus (Motin and Bennett, 1995). 

The trypanocidal dmg, surarnin hexasodiurn (8.8'-[Carbony IbisCimino-3.1, - 

phenyienecarbonylimino(4-methyl-3.1 ,-phenylene)carbonylimnio ]]bis- 1.3,5- 

napthalenetrisulfonic acid hexasodium) known more cornmonly as suramin, was originally 

synthesized around 19 16 by German workers at Farbenfabriken Bayer AG (Voogd et al., 

1993). Surarnin has been shown to antagonize non-selectively both the Ph (Chen er al.. 

1994) and PzY subtypes in various tissues @UM and Blakeley, 1988; Hoyie et al., IWO) 

including neuronal tissues OUM and blakeley, 1988; Silinsky et al., 1990; Evans et al.. 

1992) and more specifically in the hippocampus (houe et al., 1995; Motin and Bennett. 

1995). Surarnin was ineffective at blocking ATP receptors in Xenopus oocytes (Kuptiz 

and Atlas, 1993), although the subtype of native receptors on these oocytes has not yet 

clearly been identified (Ziganshin et al.. 1996). Surarnin has also been suggested as a 

selective, competitive antagonist of P--mediated increases in intraceîiular ~ a ' -  in 

astrocytes (Salter and Hicks, 1994). Ln addition, the action of suramin is not limited to Pz 

purinergic receptor antagonism, as suramin has a multitude of eEects (reviewed in Voogd 

et al., 1993). Red blood ceiis are impermeable to suramin (Fortes et al., 1973), suggesting 

suramin cannot penetrate neuronal membranes (Wieraszko, 1995). Therefore the target of 

action of surarnin would most likely be molecules and enzymes located on the cellular 

surface (Wieraszko, 1995). Suramin is a potent inhibitor of Nat,K'-ATPase (Fortes et al., 



1973), and therefore could also block neuronai ecto-ATPase (Nagy et al., 1986; 

Wieraszko, 1995). Suramin rnay dso interact with intracellular enzymes, such as protein 

kinase C (PKC) (Mahoney et al., 1990). in addition, it has been suggested that as suramin 

tnhibits PKC it rnay also inhibit ecto-protein kinases (Ehrlich et al., 1986; Wieraszko. 

1995). Surarnin has also been s h o w  to inhibit the activity of sorne hydrolytic enzymes 

(Wilson and Worrnall, 1950), and modulates activity of enzymes using ATP as a substrate 

(Tortes et al*, 1973; Mahoney et al., IWO). Furthermore, suramin is an inhibitor of hurnan 

immunodeficiency virus IHIV) reverse transcriptase (Mïtsuya et al., 1984). 

PPADs was shown to selectively antagonize responses to the Ph subtype of 

receptors in various tissues (Larnbrecht er al., 1992; Ziganshin et al., 1993). althoiigh ir 

did not inhibit P z ~  receptors in Xenopus oocytes to the same extent as suramin and RB-2 

(Séguéla et al., 1996). 

1.14 NMDA, AMPA and Kainate Receptors: Inhibition by Selective Antagonisa 

There are at least four receptor subtypes for the excitatory amino acids, glutamate 

and aspartate. The three major subtypes of postsynaptic receptors are narned according to 

the agonist of highest affinity: NMDA AMPA and kainate receptors. 

The NMDA receptor fbnctionally consists of a glutamate (Glu) or NMDA 

recognition site, an allostenc glycine site, a zinc (zn27 binding site, and the ligand-gated 

cationic ionophore (Young and Fagg, 1990). WithÏn the channel there is i) a binding site 

for M~'*, found to non-competitively inhibit Na' and ca2* infiux ii) a phencyclidine (PCP) 

recognition site where PCP and the anticonvulsant MK-80 1 [(+)-5-methyl- IO, 1 1 -dihydro- 

5H-dibenzo[ad]cyclo-hepten-5, IO-irnine maleate] bind to inhibit ion flux through the 

channel (Wong et al., 1988; Johnson and Jones, 1990). The distribution of NMDA 

receptors in the rat brain has been studied, and there is an abundance within the 

hippocarnpus, especiaüy within both the CAL, specificaiiy st. radiatum (Andreasen et al., 

I988), and the dentate gyms regions (Jansen et al., 1989; Monaghan et al., 1989). 



The AMPA receptor fbnctionaily consists of an AMPNquisquaiate recognition site 

and the ligand-gated cationic ionophore (Young and Fagg, 1990). The AMPA receptor 

gates cation conductances that underlie fast depolarizing responses. and is permeable 

primarily to Na*. CNQX (6-cyano-7-nitroquinoxaline-2.3-dione) shows some selectivity as 

an antagonist (Young and Fagg, 1990), however only recently have selective antagonists 

been identified (Wilding and Fuettner, 1997). GYKI 53655 is a selective non-cornpetitive 

AMPA receptor antagonist (Paternain et ai., 1995; Wilding and Huettner, 1995) recently 

shown to inhibit the selectivity of AMPA receptors dowing for the recording of the 

activation of kainate receptors in cultured rat hippocampal neurons (Wilding and Huettner, 

1997). The distribution of AMPA receptors in the rat brain has been studied, and within 

the hippocampus there is an abundance specificdly within the CA1 and dentate gyrus 

(Hawkins er ai., 1995). It has aiso been s h o w  that the Iargest AMPA distribution is on 

CA1 dendrites (Blackstone et al.. 1992; Nielsen er al., 1995). The distribution of AMPA 

receptors corresponds closely to that ofNMDA receptors (Cotman et al., 1987). and 

AMPA and NMDA receptors probably share the same synapse in - 7 of 10 cases (8ekkers 

and Stevens, 1989). 

The non-NMDA receptor farnily includes the kainate and M A  receptor-coupled 

ionophores (Andreasen et al., 1988), which, uniike the NMDA receptors, conduct in 

essentially a non-rectifjmg rnanner (Mayer and Westbrook, 1987). CNQX has been shown 

to be a relatively selective and potent non-NMDA receptor antagonist (Andreasen er al., 

1989). When studied in the hippocampd slice, the responses to both kainate and 

quisqualate were reduced with ICsa values of 1.2 and 4.8 respectively (Andreasen el 

al., 1989). The distribution of non-NMDA receptors in the rat brain has been studied, and 

within the hippocampus the highest density of kainate receptors is found in st. Iucidum in 

the CA3 region, and the highest density of quisqudate receptors is found in st. pyramidaiis 

of the CA1 (Andreasen et al., 1988). 



1.15 Regdation of Cell Volume 

One of the most fündarnentd homeostatic mechanisms of cells is the regdation of 

their volume (Ho££inann and Dunham, 1995). Cells maintain a constant volume in 

physiological conditions, and most cells have mechanisms which are activated dunng 

changes in their volume. Regulatory volume decrease (RVD) is a process activated during 

cellular swelling and results in the activation of transport systems for K-. CI-. and organic 

molecules, resulting in a loss of osmolytes and water (Hofhan and Dunham, 1995). 

Conversely, regulatory volume increase (RW) is a process whereby ceils can increase their 

volume by the net uptake of Na*, Cl', and often K*, with the concomitant uptake of water. 

Following many brain insults suzh as ischernic strokes, hypoxia or anoxia, and 

including spreading depression (Van Harreveld, 1978) there is cellular swelling (Van 

Harreveld and Khattab. 1967). Cellular swelling results fi-orn an increased uptake of Na- 

and Cl- following a volume regulatory response in which K- is lost from the neuron, 

resulting in hi& m-1,. Recovery of high B'], has been suggested to occur in two ways: 

by active uptake into giial cells, or alternatively by washout of the steadily flowing aCSF 

(Kawasaki et al., 1988). 

Astrocytic RVD subsequent to swelling induced by hyposmolarity has been 

repeatedly demonstrated (Olson et al., 1986; Pasantes-Mordes and Schousboe, 1988; 

Bender et al., 1992). Swelling of glial cells has been demonstrated in neuropathologks 

such as ischernia, and epilepsies (Pasantes-Morales et al., 1993). Far less is known about 

conditions leacting to changes in cell volume in neurons (Ballanyi and Grafe, 2988), 

however sweIling of dendrites has been observed during spreading depressiun (Van 

HarreveId and Khattab, 1967). 

RVD in hypo-osmoticdy swollen astrocytes involves the transient activation of 

separate K- and Cl- channels, both of which may be activated by ca2' (O Connor and 

Khelberg, 1993) and by the release of amino acids such as glutamate, aspartate and 

taurine (Kimelberg et al., 1990). During hypo-osmotic stress, ca2* enters astrocytes fi-om 



both the extracellular space and intraceiiular stores (O'Connor and Kimelberg, 1393). 

Furthemore, an intracellular caZ- increase can lead to activation of ca2--sensitive K- 

channels (Miller. 199 1). These channeIs are known to be expressed in astrocytes (Quandt 

and MacVicar, 1986), and during hypo-osmotic stress, or conditions such as spreading 

depression in which agonists are released, there could be activation of ca2*-sensitive K- 

and Cl* channels, which would be accompanied by additionai loss of cellular KA, Cl-, and 

water, thus enhancing RVD. 

1.16 Clinical Significance: Spreading Depression as a Pathological Mode1 for 

Migraines 

The migraine aura is defined as any neurologicd disturbance that appears shortly 

before or during the devetopment of a migraine headache (Lauritzen, 1994). The headache 

associated with a migraine is most often throbbing and unilaterai, on the side of the head 

relative to the focal symptoms. The focal symptoms develop in a characteristic 'creeping' 

fashion, cornmonly used to differentiate migraine from epilepsy. It has been suggested that 

the orderly development of a migraine aura makes a vascular origin a remote possibility 

(Lauritzen, 1994), while CSD is a more attractive explmation (Le30 and Morison, 1945; 

Moskowitz, 1984; Lauritzen, 1994; Obrenovitch and Zilkha, 1996). 

Propagation of a SD wave may account for the traveling scotoma in the visual 

conex during a migraine (Milner, 1958; Lauritzen, 1987), although it is far less probable 

that SD triggers the later headache phase of the migraine attack. Similarly, CSD in animais 

gives rise to changes in behaviour which mimic important features of the migraine aura 

pures  et al., 1974). For example, in the rat, unilaterd waves of CSD induce contralateral 

sensory neglect, and motor impairment of the forepaw lasting a much shorter time than the 

blood flow reduction (Lauritzen, 1987). Rats do not experience hippocampal or cortical 

SD as aversive (Koroleva and Bures, 1993), suggesting that SD may not necessarily be 

involved in the pain-triggering mechanism during a migraine attack. 



Consistent with the idea that SD c m  occur independently of pain, several studies 

have demonstrated that SD can serve as a stimulant to a wide range of biologicai 

behaviours. It was shown that SD in the fkontai cortex of an unanesthetized rat resulted in 

increased eating and drinking (Huston and Bures, 1970; Huston et al.. 1974), yawning, 

and penile erection (Huston I971), behaviours which pain would inhibit. Intriguingly, 

these same symptoms may occur d u ~ g  classical migraines in humans, but during these 

migraines, the painhl headache is usually absent. 

The wave of spreading depression propagates in ail directions without relation to 

blood supply or neurond pathways (Lego, 1944). It has been o b s e ~ e d  that the 

propagation rate of SD is sirni1a.r to calculations of the "visual march" in humans, 

(Lauriuen, 1994) and the spread of oligemia associated with the aura of induced migraine 

headaches (Olesen et al., 198 1). A possibIe Iink between SD and the painful phases of 

migraine headaches has been proposed. Extracellular potassium concentrations fiequently 

reach 60 mM during SD (Hansen and OIsen, 1980; Hansen et al.. 1980; Hansen and 

Zeuthen, 1981; Moskowitz, 1984). These increases may be sufficient to depolarize 

trigeminal nerve fibers surrounding piai artenes, activating the pain-promoting fibers of the 

trigeminovascular system. This would result in the initiation of a vascular headache 

(Moskowitz, 1984). 

Low brain rnagnesiurn, a condition which increases the probability of CSD 

initiation in turtle, rat, and human brain tissue in vitro (Mody et al., 1987; Lauritzen et al., 

1988; Avoli et al., 199 1 ) ,  occurs in migraine patients (Ramadan et al.. 1989). in addition, 

it has been reported that plasma leveIs of glutamate and aspartate are elevated in migraine 

patients, suggesting the impairment of amino acid re-uptake mechanisrns (Ferrari et al., 

1990). 

Fig. 5 is a schematic based on a theory (reviewed in Lauritzeq 1994) that migraine 

attacks are initiated by a CSD originating in the posterior region of the brain. From this 

region the SD moves anterÏorIy at a speed of 2-3 d m i n .  The migraine aura is thought to 

occur at the wavefkont where the neuronal ceii depolarization is occurring (Fig. 5A). 



Figure 5. A schernatic (adapted fiom Lauritzen, 1994) based on a theory that migraine 

attacks are initiated by a wave of cortical spreading depression. A) CSD initiates at the 

occipital pole, spreading anteriorly across the brain. At the CSD wave fi-ont, regionai 

cerebrai blood flow (rCBF) is reduced. B) The region of reduced K B F  expands as the 

wave continues propagating anteriorly. CSD usually stops upon reaching the centrai 

sulcus. C )  The wave of CSD is now stopped, and the migraine is in full-scale attiick, as the 

ventrai spread of CSD causes activation of pain-sensitive fibers and the ensuing headache. 
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In the region immediately posterior to the spreading wavefiont there is a reduced regionai 

cerebral blood flow (rCBF), as shown in Figs. SA-C. The wave typicdy stops upon 

reaching the central sulcus, although in many patients it does not propagate this distance 

(Lauritzen, 1994). The ventral spread induces the activation of pain-sensitive fibers and 

the ensuing headache. In Fig. 5C the wave of CSD has stopped and the migraine is in a 

full-scale attack. 

For the generation of the headache to occur during the migraine, pain-sensitive 

fibres mus  be activated at the ventral surface of the brain. The Iatency period between a 

headache and the onset of the migraine aura may in fact reflect the time it takes for the SD 

to propagate tiom the occipitd cortex to this pain-triggering zone (Moskowitz, 1984). 

However, the mechanism by which SD is able to inflict pain is still far from understood 

(Lauritzen, 1994). 

Many dmgs used for migraine treatment are ineffective as blockers of CSD. and 

this has been attributed to the possibility that they influence the sequence of events which 

cause pain (Moskowitz 1992) rather than the CSD itself Certainly CSD displays enough 

similarities to the migraine that it can be considered as a disease model (Lauritzen, 1994). 

For this reason, although the purpose of this thesis is to investigate the basic physiological 

mechanisms of SD, there are most certainly clinical implications to an understanding of the 

mechanism of initiation and propagation of SD. 



7 a. MATERiALS AND METHODS 

2.1 Tissue Preparation 

Six to eight (6-8) transverse hippocampal slices (400 pM) were obtained &om 

each Sprague-Dawley rat (Pig-Px. Rattus q). Siices were sectioned using a vibratome 

@SK- 100), and incubated in artificial cerebrospind fluid (aCSF) containing (mM) 124 

NaCI, 5 KCI, 26 NaHC03, 1.3 MgC12, 2 CaC12, 10 D-glucose (pH 7.35-7.4) at room 

temperature (2 1-23 OC) within an aerated (95% Oz, 5% C a )  storage vial. 

Individuai siices were removed fioni the storage chamber and transferred via a 

transfer pipette to a recording and irnaging charnber (MacVicar, 1984). The imaging 

chamber was mounted on the stage of an inverted microscope (Zeiss). Slices were held in 

position, completely submersed in flowing aCSF. using two flattened platinum wires. 

Slices were viewed f?om below through a 2 . 5 ~  objective (Zeiss). The bath was superfùsed 

with aCSF (33.5 - 34.5 OC) by a peltier controller (Cambion, PCVERZ), and monitored 

visuaily by a microprocessor-driven thennometer (Omega HH2 1). The aCSF was 

superfused at a constant rate of approximatefy 0.5-0.7 &min using a peristaltic pump 

(Gilson Medical. Villiers Le Bel, France, Minipulus-2). 

2.2 Dnig Application 

Most solutions containing dmgs were made up eesh before each series of 

experiments. In the case of glibenclamide, ATP, and other agonists, the dmgs were made 

up as a stock solution and divided into singie-use aiiquots and stored at -30 OC. Aiiquots 

were thawed imrnediately prior to use, and the solutions were prepared by diluting the 

stock solution to obtain the necessary concentration. Aqueous stock solutions were used 

except in the case of glibenclamide which was dissolved in dimethyl sdfoxide (DMSO). in 

this case, the use of DMSO was required to dissolve the drug to facilitate its entry into 

aqueous solution. in the case of giibenclamide, control experiments consisted of aCSF 

with the same percentage of DMSO, typically < 0.05 %. The ca2- -free solution contained 

no added CaClz and 100 p.M EGTA. 



To maintain the osmolarity and concentration of divalent cations, the concentration of 

M ~ ' -  was increased t7om 1.3 - 3 .3  rnM to compensate for the decrease of ~ a ' *  fi-orn 2 mM 

to - O  rnM. 

Suramin, RB-2, PPADs, benzarnd hydrochloride. MK-80 1, CNQX bicuculhne, 

DJDS, H-7, AMP-PNP, and &benclamide were obtained fiom RB1 (Research 

Biochemicals Incorporated, Natick MA, USA). O u a b e  amiloride, and tolbutamide were 

obtained from Sigma (Sigma Chernicals Lnc.). 

2.3 Experimental Protocol 

Foilowing a 7 minute control period to ensure the stability of the intrinsic opticai 

signals (IOS), spreading depression was elicited in the hippocampal slices by a bath- 

application of aCSF containing 100 pM ouabain. The ouabain solution was applied until 

the wave had passed ttirough the hippocampal slice, at which point the pefisate was 

switched to control aCSF. In the case of drug applications, the slices were typically pre- 

treated with the dmg while in the submersion imaging chamber for a period of 15-25 

minutes. 

All experirnents were conducted on separate slices, as ouabain-induced spreading 

depression can only be initiated once. Controls were alternated with drug applications on 

separate slices to ensure the stability of the slice preparation and the acquisition of intrinsic 

optical images. In addition, between experiments, control aCSF was pehsed through the 

imaging chamber for 5- t O minutes to ensure a thorough washing of the submersion 

charnber before the subsequent experiment. 

The purinergic agonists were applied during a modified experimental protocol. In 

this modified protocol, hypo-osmotic aCSF was superfused ont0 the tissue without the 

presence of ouabain. The goal of appiying the hypo-osmotic aCSF was to swell the tissue 

to approximately the same ieveI as would otherwise occur during ouabain-induced SD. 

Once a stable level of tissue transmittance was obtained, typicaily 4-5 minutes foiiowùig 

the application of hypo-osmotic aCSF, the agonists were appiied to determine their effect. 

FoiIowing this, the hypo-osmotic aCSF was washed off with normosmotic aCSF. 



2.4 [maging Techniques 

During experiments, the hippocampal slices were transiiiuminated using a tungsten 

lamp that was powered by a voltage-regulated power supply (NAG 100W). Video images 

were obtained using a charge-coupled device (CCD) carnera (COHU, 49 15-200 11, 

mounted to the secondary port on the microscope. Images were averaged and digitized for 

storage on an IBM-PC compatible computer using Axon Imaging Workbench (Ver 1 .O- 

2.0). Imaging signais were transferred to either a 486 DXZ50 (Comtex, 486/50) or a 

Pentium-90 (Comtex, P90) IBM-PC compatible computer, imaged on the imaging board 

DT2867 (486/50) or DT3 155 (P90) and stored digitally on a Seagate (1  .O5 GB) or Fujitsu 

( 1  .O8 GB) hardrive. The images were then transferred for permanent storage on a read- 

writable optical disk cartridge (Plasmon, 1.5 GB). Al1 images were saved in the MS-DOS 

extension .aif format by Axon Imaging Workbench. 

As  the goal of the experiments was to examine changes in the intrinsic optical 

properties of  hippocampal slices, each experiment required the acquisition of a series of 

averaged images. Each image was an average of 8 frames. The average images were 

acquired using video-frame rates (30 Hz), m d  hence required approximately 0.27 seconds 

to acquire and average 8 fiames. The 6rst image was used as a control (Tc,,,), and was 

subtracted fiom aii subsequent images (T,; totd of 450-600 typicdy, and as many as 

2000-2300). For this reason, the differences in the subtracted images allowed us to 

examine areas of the hippocampus in which Iight transmission through the shce had 

changed, over a relatively long (<25 minutes) period of t h e .  The change in light 

transrniîtance (LT) was quantified using the following equation (Andrew et al., 1997): 



where the digitai Uitensity of the subtracted image (T, - Tm,) divided by the gain 

of the intrinsic signal set in the imaging program was then divided by T,, to be expressed 

as a percentage (Andrew et al., 1997). The activity-dependent changes in light tissue 

transmittance, quantified as AT/T, d u ~ g  ouabain-induced spreading depression are 

strikingly large (> 50%). The noise. anaiyzed by subtracting control images averaged 2-5 

%. This gave a respectable signal-to-noise ratio of 20: 1. Due to the large nature of the 

signal, and comparatively smaii noise leveI, no additional image enhancement was 

necessary during image acquisition. 

2.5 Statistical AnaIysis and Parameters of Ouabain-Induced Spreading 

Depression 

Fig. 6 illustrates a typical control response to ouabain-induced SD as measured in 

st. radiatum of the CA1. There are essentially three phases in the figure which ment a bief 

explanation as they will be referred to throughout this thesis 

The first phase, Fig. 6A, is the baseline phase. This phase consists of the time from 

application of ouabain to the initiation or onset of the tissue transmittance changes. 

Baselines calculated in al1 data anaiyses were an average of the data points after the 

application of ouabain and before the onset of the transmittance changes. 

The second phase. Fig. 6B. is the onset phase. This phase is quantified by the time 

tiom the onset of the transmittance changes to peak transmittance. The parameters 

extracted f?om this phase include the onset to peak time, slope, and maximum slope. The 

onset to peak tirne (a) is quantified as the time required for the tissue transmittance to 

change fiom 20% of peak to peak. The slope (b) is rneasured at fixed time points between 

30% and 40% of peak transmittance and is the nomalized change in tissue transmittance 

divided by the tirne and expressed in the units AT/T/s, and the maximum slope (c) is 

calculated from a two-point data cornparison in the onset phase and also expressed in the 

units AT/T/s. 



Figure 6.  A tissue transmittance profile for a controI response during ouabain-induced 

spreadincg depression as measured in st. radiatum of the CA1. There are two generai 

phases of ouabain-induced SD, the onset phase and falhg phase. A) Baseline phase, 

consisting of the tirne 6om application of ouabain to the initiation of the transmittance 

changes. B) Onset phase, quantified from the onset of the transmittance changes to peak 

transmittance. C) Falling phase, time 6om the peak onwards. Typically, in controt s1ices 

there is a complete decay or return to baseline of the tissue transmittance. D) Decay to 

75% of peak transmittance. E) Decay to 50% of peak transmittance. 
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The third phase, Fig. 6C, is the faiIing phase. This phase is quantified by the time 

fiom peak onwards. Typicaily in control slices in st. radiaturn there is a complete decay or 

return to baseline of the 10s. The parameters extracted from this phase are indicated: 

decay to 75% of peak transmittance (Fig. 6D), decay to 50% of peak transmittance (Fig. 

6E). The decays to 75 and 50 percent of peak respectively is simpiy the time required for 

the signal to decay to the percentage of the peak value. 

The propagation rate or velocity was cdculated in st. oriens and st. radiatum of the 

CA1. The rate was caiculated by dividing the distance (pm) between two zones by the 

time difference (s) for the change in the tissue transrnittance at 20% of peak. The 

propagation rate or velocity was therefore expressed with the units pm/s. 

Both the Mann-Whitney U non-parametric test and the unpaired Student's t-test 

were used for statisticai analysis in this thesis. Both tests were used for n values greater 

than 6,  as the latter makes the assumption that the data it is maiyzing follows a Gaussian 

distribution. For n values under 6. the Student's t-test was utilized to establish 

significance. Differences were considered statisticaily sigrdiant at the 95% confidence 

level (p < 0.05). Values reported in this thesis are mean + s.e.m. In al1 data figures, the 

following key is used in labeling statisticaiiy signii6cant data sets: * is p < 0.05, ** p < 

0.01. *** p <0.001. 



55 

3 RESULTS 

3.1 Characteristics of oua bain-induced spreading depression in the hippocampal 

slice 

Spreading depression can be initiated in the rat hippocampal slice by a variety of 

chernical, electrical, or mechanicd methods (Bures et al., 1974; Somjen et al., 1992). 

Previous work in Our laboratory demonstrated that although SD can be initiated with a 

high-potassium solution @u@ and MacVicar, personal communication), a much more 

consistent method of eliciting SD is with the application of 100 pibl ouabain. 

The first series of experiments was conducted to determine the tissue transmittance 

changes. or changes in the intrinsic optical signais (IOS), during ouabain-induced SD in 

the absence of any other treatment. Fig. 7 demonstrates the effect of ouabain on the 

change in tissue transmiîtance in the hippocampal slice. 

Fig. 7A is a bright-field image, showing the CA1 (stratum pyramidale, stratum 

radiatum, oriens), C M ,  and dentate gyms (stratum moleculare, stratum granulosum) 

regions of the hippocampus. Figs. 7B-F are a series of pseudo-colored digital images of 

the changes in light tissue transmittance following the onset of ouabain-induced spreading 

depression. The numbers in the upper right-hand corner of the panels indicate the time in 

seconds, following the onset, and correspond to B-F as labeled in Fig. 7G. Fig. 7G is the 

transmittance profile of normalized change in transmittance (AT/T) of two regions: st. 

radiatum and st. pyramidale of the CA1 The regions analyzed are demarcated by the 

circles in Fig. 7B. The curves have been normalized relative to the peak transmittance 

levels in st. radiatum. 

Ouabain was superfiised for the period of time indicated in Fig. 7G. The tissue 

transmittance profle during ouabain-induced SD in control conditions demonstrates 

several important characteristics. During the first two to three minutes Eom the 

application of ouabain, the levels of the intrinsic opticai signais are relatively stable, 

hovering around the baseline. Subsequently there is a sudden initiation of spreading 

depression (onset phase), indicated by the rapid rise in the intrinsic optical signais (Fig. 

7G) in st. radiatum and during the latter phase, st. pyramidale. 



Figure 7. Ouabain-induced spreading depression in the hippocarnpai slice in controI 

conditions. A. Bright-field image showing the CA1 (st. oriens, st. pyramidaie, st. 

radiahrrn), CA2, and dentate gyms (st. moleculare, st. granulosum) regions. B-F. Pseudo- 

colored digitai images of the changes in light tissue transmittance following the onset of 

ouabain-induced spreading depression. The small white circles indicates the regions 

analyzed and presented in Fig. 7G. G. Normalized change in transmittance relative to 

maximum transminance in st. radiatum of the CA1. The arrows (B-F) correspond to the 

panels above. The peak response of st. pyramidale (ceii body layer) is as large as 50% 

greater than that of st. radiatum. Scaie bar = 400 Pm. 
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Fig. 7B demonstrates the large and rapid increase in IOS during the onset of spreading 

depression. From the initiation point in the CAL, the wave propagated in both directions: 

rostraIIy towards the CA3 and caudo-ventrally towards the subicular region of the 

hippocarnpus. 

As the wave began propagating towards the subicular region, it jumped across the 

hippocarnpal fissure and began propagating in the dentate gyrus (Kg .  7D). Typically, the 

propagation in the dentate gyms initiated in the upper leafand traversed towards the distal 

region of the lower le& 

One of the most striking characteristic of ouabain-induced SD is that the kinetics 

of the change in tissue transmittance are remarkably different in the two layers of the CA1 

(Fig. 7F, in the latter part of the falling phase). In st. radiatum. there is a rapid time to 

peak in the onset phase, followed by a relativeiy rapid decay of the tissue transrnittance to 

baseline during the falling phase. Ln st. pyramidale, there is an increase to peak which 

occurs during the late onset phase/early falling phase and plateaus. This maximum 

trmsrnittance is as much as 50% greater than in st. radiatum, and unlike st. radiatum, there 

is no decay of the tissue transrnittance in st. pyramidale of the CAI. 

3.2 Ouabain-induced spreading depression occurs in Iow calcium conditions 

Previous work in our laboratory demonstrated that ouabain-induced SD occurs in 

conditions of low extracellular calcium (Du@ and MacVicar, unpubIished results). Our 

next series of expenments was to investigate the effect of low extracellular calcium on 

ouabain-uiduced SD. O [ca2*], aCSF solution was composed of no added calcium (- O 

[ca2*]), and 100 p M  EGTA. In these conditions synaptic transmission would be severely 

depressed, and cellular processes dependent on an influx of extracellular calcium would be 

inhibited. 



Fig. SA is a comparkon of the onset to peak time during ouabain-induced SD both 

in the presence and absence of extraceiIuIar calcium as measured in st. radiatum of the 

CA1. In control conditions the average onset to peak t h e  was 4.5 + 0.5 s (n=15), and in 

low calcium conditions this was significantly uicreased to 1 1.2 + 1.5 s (pc0.00 1 ; n= 14). In 

control. the average rate of propagation in st. radiatum was 100 I 1 1 pm/s (TabIe 1 ; 

n= 15) and in st. oriens 99 t 13 pm/s (Table 1; n= 1 9 ,  indicating that the rates in the two 

regions were comparable. In low calcium conditions the propagation rates were 

significantly decreased to 63 I 10 pm/s (Table 1 ; p < 0.05, n= 14) in st. radiatum and 36 t 

6 p d s  (Table 1; p < 0.001, n=14) in st. oriens. These results indicate that the propagation 

and the time required for onset to peak of ouabain-induced SD is partialIy dependent on 

the presence 3f extracellular calcium. 

The lack of extracellular calcium does not effect the fding phase of ouabain- 

induced SD as measured in st. radiaturn of the CAl. Fig. 8B indicates the time for the 

peak transrnittance to decay to 75% and 50% of peak. It required 7.2 2 0.8 s and 13.6 i 

1.3 s for control slices in the presence of calcium to fa11 to 75% and 50% of peak and in 

low calcium conditions it required 6.9 ? O. 6 s and 12.1 + 1.5 s respectively. These changes 

are not statistically significant (p > 0.05; n= 14), indicating that the fdling phase of SD is a 

process not dependent on the presence of extracellular calcium or synaptic transmission. 

3.3 Suramin effects both the onset and falling phases of spreading depression 

A preliminary study in our laboratory indicated that suramin may have an effect on 

the propagation of SD, although the anaiysis was incomplete (Du& and MacVicar, 

personal communication). In order to test the hypothesis that purinergic receptors play a 

role in SD, the next series of experiments was conducted in the presence of the PZ- 

purinergic antagonist suramin (1 mM). 



Table 1 The propagation velocities of ouabain-induced spreading depression in the 

hippocampus in st. radiatum and st .  oriens of the CAI. ControI is the propagation velocity 

in control siices, and +Dmg is the propagation velocity in the presence of the treatment 

Iisted in the first column. Al1 velocities are expressed as a rate ( p d s )  and statistically 

significant data is denoted as *** p < 0.001, ** p < 0.01. * p < 0.05. 



Table 1: The propagation velocities of ouabain-induced spreading depression in the 
hippocampus in st radiatum and st. oriens of the CAI. 

Propagation Rates ( p h )  
Treatment St. Radiatum St. Oriens 

Control + Drug Control +- Dnrg 
Suramin ( 1  mM) 89 S 12 64 I 8 84  t 17 127 + 17 
RB-2 (200 CLM) 108 i 18 120i 1 1  91 I 2  108 t 6 
PPADs (200 piU) 61 + 15 53 _t 12 58 I 12 38 t 10 
AMP-PNP (40 JA~)  123 k 27 68 I 1 1  8 2 1  1 1  52 t 6  

Amiloride ( 100 CLM) 138 f 14 34  + 7.. 89 + 3 8  75131 
Benzami1(500 pM) 75 + 10 21 + 7- 60 I 14 24 I 7 

26mM Na- 123 f 27 24 I 8'. 82 t 11 43 t 18 

O ca2' 
... 

IOOi 1 1  63 + 10. 99t 13 36 2 6  
Suramin (1  rnM) 47 t 12 46 + 7 41 2 6  31 r 9  
Gliben. (100 pM) 80 k 15 36 + 9. 3 9 I 9  43 I 7 

* ** p < 0.00 1, * * p < 0.0 1, * p < 0.05 indicate statistically significant data sets relative to 
control. 



Figure 8. Low extraceliular calcium slows the onset phase but not the falling phase in st. 

radiatum of the CA1 during ouabain-induced spreading depression. 

(A) In low extracellular calcium (O ca2', 100 ph4 EGTA), the onset to peak time is 

increased relative to control (calcium-containing aCSF). *** denotes data sigrilficantly 

different than control (p < 0.00 1 ; n= 14). 

(B) In low extracellular calcium (O ca2-, 100 pM EGTA), the decays from peak 

transrnittance to 75% and 50% respectively do not significantly d a e r  fiom control 

(p > 0.05; n=14). 
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Fig. 9A is a tissue transmittance profile in control conditions of the pseudo-colored 

digital images in Fig. 9B. The transmittance profile consists of the normaiized change in 

transmittance (ATIT) in two regions of the CA1 : st. pyramidale and st. radiatum. The 

upper lefi-hand panel in Fig. 9B is a bright-field image, and regions of the CA1 (st. 

pyramidale. radiatum and oriens), CA2, and dentate gyms of the hippocampus are 

presented. The areas of the regions analyzed are demarcated by the circfes in Fig. 9B. Fig. 

9B is a series of pseudo-colored digital images foliowing the onset of ouabain-Înduced 

SD. with O s labeled as the onset tirne (20% of peak transrnittance). 

Fig. 9C is a tissue transmittance profile in the presence of suramin (1  mM) of the 

pseudo-colored digital images in Fig. 9D. As in Fig. 9 4  the bright-field image is presented 

in Fig. 9D, and the areas of the regions anaiyzed are demarcated with circles. Sirnilar to 

Fig. 9 q  the onset time (20?40 of peak transrnittance) is labeled as O s, and the digital 

images presented are chosen at similar tirnepoints to allow a representative cornparison. 

Suramin effects both the onset and falling phases of SD. The transmittance profile 

in Fig. 9C demonstrates that during the onset phase the time to peak relative to control 

(Fig. 9A) is increased. Following the initiation of SD in surarnin, during the early stage of 

the onset phase there is a rapid increase in tissue transmittance, followed by a siowing of 

the rate of increase until the peak is reached (between 30-90 s in Fig. 9C). Suramin ( 1  

mM) also has an effect on the tàlling phase. During the faiiing phase in suramin, there is a 

rnuch slower return to baseline (90 s onwards), as compared to control conditions (Fig. 

9A). 

The results of spreading depression in 1 mM suramin were then quantified using 

the analysis pararneters as outlined in the materiais and methods. Fig. iOA indicates the 

three parameters analyzed in the onset phase of SD: the onset to peak, slope, and 

maximum slope as measured in st. radiatum of the CAL. Suramin resulted in a statisticaliy 

signifïcant effect on al three pararneters: an increase in the onset to peak, and decrease in 

the dope and maximum slope. 



Figure 9.Ouabain-induced spreading depression in the hippocampai slice in the presence 

of suramin (1 mM). A. Tissue transmittance profile consisting of the nomaiized change in 

transmittance (AT/T) in two regions of the CAI: st. pyramidale and st. radiahim. B. A 

series of pseudo-colored digital images foIIowing the onset of ouabain-induced spreading 

depression, with Os labeled as the onset t h e  (20% of peak transmittance). The upper lefi- 

hand image is the bnght-field image showing the CA1 (st. oriens, st. pyramidale. st. 

radiatum), C M ,  and dentate gynis (st. moleculare, st. granulosum j regions. The areas of 

the regions analyzed are demarcated by the circies. C. Tissue transmittance profile in 

suramin (1 mM). D. Series of pseudo-colored digital images in suramin, chosen at sirnilar 

tirnepoints to Fig. 9B. ScaIe bar = 400 prn. 





Figure 10. Suramin slows both the onset and falling phases in st. radiatum of the CA1 

during ouabain-induced spreading depression. 

(A) in  suramin (1 rnM), the onset to peak t h e  is s i ~ c a n t l y  increased relative to control 

(absence of suramin). The dope (rneasured frorn 20%-40% of peak transmittance) and 

maximum dope are significantly decreased. *** denotes data significantly different 

than control (p < 0.001; n= 8). 

(B) In suramin ( 1  mM), the decays firom peak transrnittance to 75% and 50% of peak 

transmittance are signifïcantly increased relative to control. *** denotes data 

signifïcantly different than control (p< 0.00 1 ; n=8), 
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In control conditions the onset to peak was 4.5 1 0 . 8  s (n=8), and in suramin, as 

illustrated, the onset to peak significantiy increased to 9 1.2 + 1 1.6 s (pKO.00 1; n=8). The 

dope and maximum slope were found to be 17.5 4 1.9 AT/T/s and 24.7 $: 2.8 AT/T/s in 

control respectively. In suramin, the siope and maximum slope were significantly lower (p 

< 0.00 1 ; n=8) at 2.94 k 0.48 ATITIs and 4.80 + 0.45 AT/T/s respectively. The 

propagation rates as measured in st. radiatum and st. oriens in the presence of surarnin did 

not sigdcantly differ fkom control (Table 1 ; p > 0.05; n=8). This indicates that although 

suramin (1 mM) did not effect the propagation rate of the wave of ouabain-induced SD, it 

did maintain a significant effect on the onset to peak, slope and maximum dope of 

ouabain-induced SD, indicating that purinergic receptors may be involved in this phase of 

ouabain-induced SD. 

In addition to its effects on the onset phase, surarnin also had a significant effect on 

the falling phase, as measured in st. radiatum during ouabain-induced SD. Fig. 10B 

illustrates the time for the peak transmittance to fdl to 75% and 50%. It required 6.7 t 1 .O 

s (n=8) for the peak transmittance response to faIl to 75%, and 14.0 1 2 . 1  s (n=8) for the 

response to fa11 to 50% in control. In surarnin, there was a significant increase in both of 

these decay times: requiring 108.4 t_ 44.6 s (p < 0.00 1; n=8) for the response to fali to 

75% and 180.8 I 70.0 s (p < 0.001; n=8) for the response to fdl to 50% of peak 

transmittance. 

3.4 Suramin affects both the onset and faiiing phases of SD in low calcium 

conditions 

SD in calcium-containing aCSF in the presence of suramin resulted in a siowing of 

both the onset and falling phases, suggesting the involvement of purinergic receptors. 

Involvement of purinergic receptors indicates a presumed release of ATP (or related 

compound) during ouabain-induced SD. This raises the possibility that ATP may be 

released in a calcium-dependent rnanner similar to that shown during SchafFer collateral 



stimulation (Wieraszko et al., 1989). To determine if the inhibition of the fding phase by 

surarnin is dependent on the presence of extracellular calcium, the next series of 

experiments tested the effect of suramin in O caZA conditions. 

A comparison of the tissue transmiaance during ouabain-induced SD in O cal '  

conditions and in the presence of suramin is presented in Fig. 1 1. Fig 1 1 A is a 

transmittance profile of the changes as measured in st. radiatum and st. pyramidale of the 

CA1 during ouabain-induced SD. The series of pseudo-colored digital images are 

presented in Fig. 1 IB. These digitaI images are the changes in light tissue transrnittance 

following the onset (20% of peak transmittance) of ouabain-induced SD. The panel in the 

upper lefi-hand corner is a bright-field image showing the CA1 (st. pyramidale, radiatum 

and oriens), CA2, and dentate gyms (st. moleculare and granuiosum) regions of the 

hippocampus, with the regions analyzed demarcated by circles. 

The rernaining panels are pseudo-colored digital images with the time indicated 

foilowing the onset of ouabain-induced SD as labeied in Fig. 1 1A. In O cal-  control 

conditions, there is a rapid increase to peak following onset, followed by a relatively rapid 

return to transmittance ievels beiow baseline (Fig. 1 1 A). 

Fig. 1 1C is a light tissue transmittance profile for the changes in tissue 

transmittance in st. radiatum and st. pyramidale of the CA1 during ouabain-induced SD in 

O caZ- conditions and in the presence of suramin (1 mM). As in Fig. 1 IB, Fig. 1 ID is 

pseudo-colored digital images of the changes in light tissue transmittance following the 

onset of ouabain-induced SD as labeled in Fig. 1 IC. The bright field image is indicated 

showing the CA1 and dentate gyrus regions. In the presence of surarnin, there is a much 

slower increase to peak following onset, and during the Ming phase, the decay to baseline 

is inhibited, decaying to nearly 50% of peak transmittance at a time when the control slice 

had decayed to nearly 50% beiow baseiine (Fig. 1 1A). 

The application of suramin in iow-calcium conditions resulted in an effect on the 

parameters andyzed in both the onset and fdling phases of ouabain-induced SD, and no 

effect on the propagation rates, similar to its effect in calcium-containing aCSF. In control, 



Figure 11. A cornparison of the changes in tissue transmittance during ouabain-induced 

spreading depression in O ca2* conditions (100 pM EGTA) and in the presence of surarnin 

(1 mM). A. Tissue transmittance profile consisting of the normalized change in 

transmittance (ATIT) in two regions of the CA1 : st. pyramidale and st. radiatum. B. A 

series of pseudo-colored digital images foiiowing the onset of ouabain-induced spreading 

depression, with Os labeled as the onset tirne (20% of peak transmittance). The upper leR- 

hand image is the bright-field image showing the CAI (st. oriens, st. pyramidale, st. 

radiatum), CA2, and dentate gyms (st. molecu!are, st. granulosum) regions. The areas of 

the regions anaiyzed are demarcated by the circles. C. Tissue transmittance profile in O 

ca2* and surarnin (1 mm. D. Senes of pseudo-colored digital images in surarnin, chosen 

at similar tirnepoints to Fig. 1 IB. Scaie bar = 400 Fm. 





the propagation rate in st. radiatum was 47 k 12 p d s  (Table 1 ; n=7) and in st. oriens 4 1 + 
6 pm/s (Table 1; n=7). Suramin in low-calcium conditions did not have a significant effect 

on these rates, as the propagation rate in st. radiatum was 46 f 7 pm/s (Table 1; p > 0.05, 

n=7) and in st. oriens 3 1 k 9 p d s  (Table 1; p > 0.05, n=7). 

Fig. 12A illustrates the effect of surarnin on the onset to peak time. En control low- 

calcium conditions this was determined to be 14.0 f 2.4 S. and surarnin resulted in a 

statistically signrficant increase in this time to 75.2 f 21.5 s (p < 0.05; n=7). 

The application of surarnin also resulted in a slowing of the fding phase of 

ouabain-induced SD. Fig. 12B illustrates the effect of surarnin on the falIing phase of SD 

as measured in st. radiatum of the CAl. In low-calcium control conditions the decay times 

to 75% and 50% were 7.8 t 1.5 s (n=7), and 13.2 * 2.9 s (n=7) respectively. In surarnin, 

these times were signtficantly increased to 39.4 -i- 6.3 s (p c0.05; n=7), and 86.8 + 21.9 s 

(p  <0.0 1 ; n=7) respectively. 

3.5 Suramin in the presence of glutamatergic and GABAergic receptor 

antagonists effects the falling phase of SD 

Suramin (30 pM- 300 @A) in whole-ce11 voltage d m p  conditions in rat 

hippocampd neurons has been shown to inhibit a current activated by 10 ph4 GABA in a 

concentration-dependent manner (Nakazawa et al., 1995). In addition. suramin ( 100 and 

3 00 IiM) has dso  been shown to inhibit an inward current activated by kainic acid ( 100 

CIM), an agonist at non-NMDA receptor channels. Suramin also inhibited an inward 

current activated by NMDA (100 pM), an agonist at NMDA receptor channels in rat 

hippocarnpal neurons (Nakazawa et al., 1 995) and in Xenopus embryos @ale and Gilday, 

1996). The Nakazawa et al. (1 995) study demonstrated for the first tirne that surarnin, in 

addition to P2-punnoceptor antagonism, can block GABA- and glutamate-gated channels. 



Figure 12. Surarnin slows both the onset and f ~ n g  phases in st .  radiatum of the CA1 

during ouabain-induced spreading depression in low calcium conditions. 

(A) In suramin (1 mM) and O ca2* (100 pM), the onset to peak t h e  is significantly 

increased relative to control (absence of suramin). The dope (measured from 20%- 

40% of peak transmittance) and maximum slope are not significantly effected relative 

to control (p > 0.05; n=7). * denotes data significantly different than control (p < 0.05; 

n= 7). 

(B) in suramin (1 mM) and O ca2- (100 pM), the decays fiom peak transmittance to 75% 

and 50% of peak transmittance are significantly increased relative to control. * denotes 

data si@cantly dserent than control (p< 0.05; n=7, ** p < 0.01; n=7). 
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In order to control for the non-specific effect of suramin on GABA- and 

glutamate-gated channels, a relatively recent m d y  was conducted in cultured rat 

hippocarnpai neurons to determine the effect of suramin in the presence of TTX (3 pM), 

hexamethonium (C6; 100 pM; an acetylcholine nicotinic channel antagonist), APV (100 

pM; an NMDA receptor antagonist), CNQX (30 pM; a non-NMDA receptor antagonist), 

bicucuiline ( 10 pM; a GABA,, receptor antagonist) and cadmium (300 pM; a calcium 

channel antagonist), on glutamate-evoked release of ATP (Inoue et al., 1995). Surarnin in 

the presence of these drugs inhibited an increase in intraceIIular cal- evoked by ATP, and 

Inoue et al. (1995) concluded that the effect of surarnin in the presence of these 

antagonists was due to a specific blockade of Pz -purinergic receptors. 

The next senes of experiments was conducted to control for the non-specific effect 

of suramin on GABA- and glutamate-gated channels. ï he  control solution consisted of a 

cocktail of NMDA, non-NMDA and GABAergic receptor antagonists: MK-80 1 (100 

CLM), CNQX (30 CLM), and bicucuihe (10 m. 
Fig. 13 is a comparison of the IOS during ouabain-induced SD in control 

conditions and in MK-80 1, CNQX, and bicuculiine, witk and without suramin. Fig. 1 3A is 

a tissue transmittance profile of normalized change in transmittance (AT/T) for ouabain- 

induced SD in control conditions (absence of any treatment), as measured in st. radiatum 

and st. pyramidale of the CA1 . The control conditions represent a typical response of the 

tissue to ouabain. Ln st. radiatum, there is a baseline phase during which the tissue 

transmittance is relatively stable. The onset phase then commences with a rapid increase to 

peak, foiiowed by a relatively rapid decrease of the IOS in the fdling phase. Fig. 13B is a 

pseudo-colored digitai image of the changes in transmittance 100 s after peak. 

Fig. 13 C is a tissue transmittance profle of the nonnalized change in transmittance 

(ATIT) for ouabain-induced SD in MK-80 1 (100 CcM), CNQX (30 pM), and bicucuiiine 

(10 m. This profile dBers remarkably from the profile in control conditions (Fig. 13A), 

demonstrating the effect of GABA- and glutamatergic blockade on SD. The onset to peak 



Figure 13. A comparison of the tissue transmittance during ouabain-induced spreading 

depression in control conditions and in MK-80 1 (100 CrM), CNQX (30 pM), and 

bicuculline (10 pM), with and without suramin. A. Tissue transrnittance profile consisting 

of the normalized change in transrnittance (AT/T) in two regions of the CA1 : st. 

pyramidale and st. radiatum. B. A pseudo-colored digital image as labeled in Fig. 13 A. C. 

Tissue transrnittance profile in MK-80 1. CNQX, and bicucuüïne in st. pyramidale and st. 

radiatum. D. A pseudo-colored digital image as Iabeled in Fig. 13C. E. Tissue 

transrnittance profile in MK-80 1, CNQX, and bicuculline in the presence of suramin ( 1 

mM) as measured in st pyramidale and st. radiatum. F. A pseudo-colored digital image as 

labeled in Fig. 13E. The areas of the regions analyzed are demarcated by the circles. Al1 

digital images in Figs 13. B,D,F are 100 s foilowing peak to dlow comparison. Scale bar = 

400 Pm. 
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time is drarnatically increased. as in both st. pyramidale and st. radiatum there is a very 

slow increase in the tissue transmittance to peak. in st. radiatum, folIowing the peak tissue 

transrnittance, there is a rapid decrease in the tissue transmittance to tevels below baseline. 

St. pyramidale, in contrast to st. radiatum, rapidly begins an increase to maximum, 

reaching a level nearly 50% above that in st. radiatum. Fig. 13D is a pseudo-colored 

digital image of the change in transmittance 100 s d e r  peak, to dlow a cornparison to the 

profile in Fig. 13A and digital image in Fig. 13B. In the region of the CA1 quantified, the 

tissue transmittance has decayed much further below baseline than in controi conditions 

(Fig. l3A). 

A tissue transmittance profile for the changes in transmittance during ouabain- 

induced SD in MK-80 1, CNQX and bicucuiline in the presence of suramin is presented in 

Fig. 13E. Sirnilar to Fig. 13C (control), there is a dramatic increase in the onset to peak 

time in st. radiatum relative to control conditions (Fig. 13A). However. in the presence of 

surarnin, the falling phase of ouabain-induced SD is slowed. Fig. 13F is a pseudo-colored 

digital image of the change in transmittance 100 s after peak. The digitai image in Fig, 13 F 

contrasts Fig. 13D, as at this point in control, the tissue transmittance has decayed to well 

over 100% below baseline. In the presence of suramin (Fig. 13 F), the transrnittance has 

decayed nearly 5%, indicating that surarnin slows the f&g phase in a manner 

independent of a blockade of GAE3 A- and glutamatergic receptors. 

3.6 Suramin demonstrates a dose-dependent inhibition of  both the onset and 

falling phases of spreading depression 

Surarnin in the presence of MK-801 (100 pM), CNQX (30 pM), and bicucuiiine (10 @II) 

was determined to slow both the onset and falling phases of ouabain-induced SD in st. 

radiatum of the CA1 in a concentration dependent manner. The dose-response curve for 

the effect of suramin on the onset phase is presented in Fig. 14A. The effect of surarnin on 

the falling phase is presented in Fig. 14B. 



Figure 14. Suramin in the presence of MK-80 1 (1 00 pM), CNQX (30 pMJ and 

bicuculline (10 CLM) slowed both the onset and f a n g  phases of ouabain-induced SD in a 

concentration dependent manner. A) The dose-response curve for the effect of suramin on 

the onset phase. The ECso and Hill coefficient were 383 p M  and 1.40. B) The dose- 

response curve for the effect of suramin on the falling phase. The ECso and Hill coefficient 

were 1 15 pA4 and 1.88. Each tirne point represents the mean _t S.E.M. for an n=3 to 5. 
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The response in the onset curve was quantified using the onset to peak time. and 

normaiized to the onset to peak obtained with 1 mM surarnin, fiom the conventionai 

equation: 

where the maximal response is assurned to occur zt 1 mM, and x represents the 

concentration of suramin either at 300, LOO, 50 or 10 W. in Fig. 14B, the response was 

quantified in a s i d a r  fashion, but fiom peak to 75% of peak normaiized to the time from 

peak to 75% obtained with 1 rnM suramin. Each time point represents the mean + SEM 

for an n=3 to 5. The curves in Fig. 14A and B are drawn in accordance with the 

conventional expression: t/t, = 1 4  1 + (EC5d[suramin])", where t is the time fiom peak 

to 75% of peak, ECso is the surarnin concentration which evokes haif-maximai inhibition 

and n is the Hill coefficient. The ECso and Hiif coefficient values were 383 p M  and 1.40 

(Fig. 14A) and 1 1 5 p M  and 1.88 (Fig. 14B) respectively. 

3.7 PKC inhibition with H-7 does mot effect the onset or falling phases of 

spreading depression 

Suramin, in addition to its welI-characterized purinergic antagonism, has aiso been 

s h o w  to inhibit protein kinase C (PKC) in a concentration-dependent manner (Mahoney 

et al., 1990). Conversely, it was demonstrated that at Iow concentrations (10-40 CLM), 

surarnin can activate PKC (Mahoney et al., 1990). PKC activation can be mled out as a 

possible non-specific effect of suramin as in the prestnt study suramin was applied at much 

higher concentrations (ranging fiorn 10 pM- 1 mM). 

The involvement of PKC has been demonstrated during SD initiated by a high KCI 

solution in rat cerebral cortex in vivo (Krivanek and Koroleva, 1996). The next series of 

experirnents was conducted to control for the inhibition of PKC as a possible non-specific 



effect of suramin on the fding phase of SD. The goal was to determine XH-7, a potent 

inhibitor of PKC at a concentration of 100 pM, has an effect on the falling phase of 

ouabain-induced SD, in the presence of the GABA- and glutarnatergic antagonists: MK- 

80 1 ( 100 m. CNQX (30 CrM), and bicuculline (10 @A). 

Fig. 15 illustrates the parameters analyzed during the failing phase of ouabain- 

induced SD as measured in st. radiatum of the CAI. The decays to 75% and 50% of peak 

were 70.9 t 4.9 s and 97.9 + 4.8 s in control respectively. In the presence of H-7, these 

times were 95.3 f 10.0 s and 144.5 + 20.0 s respectively, indicating no statisticaily 

significant change (p > 0.05; n=5). PKC inhibition by H-7 in the presence of GAB A- and 

glutamatergic antagonists does not effect the falling phase of ouabain-induced SD. This 

rules out PKC inhibition as a possible explanation for a non-specific effect of suramin on 

the falling phase of ouabain-induced SD. 

3 8  Reactive BIue 2 effects the falling phase of spreading depression, but not in 

the presence of NMDA, non-NMDA, and GABAergic receptor antagonists 

The next series of experiments was conducted to determine the effect of the 

purinergic receptor antagonist RB-2 (200 CLM) on the propagation of ouabain-induced SD. 

RB-2 slowed the f d h g  phase similar to suramin, but unlike suramin was without effect on 

the onset phase. Fig. 16A is a tissue transmittance profile in controt conditions of the 

pseudo-coiored digital images in Fig. 16B. The transmittance profile consists of the 

nonnalized change in transmittance (ATIT) in two regions of the CA1 : st. radiatum and st. 

pyramidale. The upper lefi-hand panel in Fig. L6B is a bright-field image. and regions of 

the CAI, CA2 and dentate gynis are presented. The areas of the regions analyzed in Fig. 

16A are demarcated by the circles in Fig. 16B. The digital images are labeled at times 

foliowing the onset (O s, 20% of peak transmittance). Fig. 16C is a tissue transmittance 

profiIe in the presence of RB-2 (200 CLM) of the digital images in Fig. 16D. As in Fig. 

1 6 4  the bright-field image is presented in Fig. 16D, and the areas of the regions anaiyzed 



Figure 15. H-7 does not affect the falling phase in st. radiatum of the CAL during 

ouabain-induced spreading depression in the presence of  GABA- and glutamatergic 

antagonists. In H-7 (100 CcM), MK-801 (100 CLM), CNQX (30 pMj, and bicuculline (10 

pM'), the decays fiom peak transmittance to 75% and 50% of peak transmittance are not 

significantIy difEerent than control (MK-80 1. CNQX and bicuculline). 
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Figure 16.Ouabain-induced spreading depression in the hippocarnpal slice in the presence 

of RB-2 (200 W. A. Tissue transmittance profile consisting of the nonnalied change in 

transmittance (ATIT) in two regions of the CA1 : st. pyramidale and st. radiatum. B. A 

senes of pseudo-colored digital images following the onset of ouabain-induced spreading 

depression, with O s labeled as the onset time (20% of peak transmittance). The upper iefl- 

hand image is the brïght-field image sh~wing the CA1 (st. onens. st. pyramidale. st. 

radiatum), CA2, and dentate gyrus (st. moleculare. st. granulosum) regions. The areas of 

the regions analyzed are demarcated by the circles. C. Tissue transmittance profile in RB-2 

(200 I-cM). D. Series of pseudo-colored digital images in RB-2, chosen at similar 

tirnepoints to Fig. 16B to d o w  a cornparison. Scale bar = 400 Pm. 





are demarcated with circles. The digital images presented in Figs. 16B and D are chosen at 

similar tirnepoints to ailow a representative cornparison. 

RB-2 (200 CIM) effects the falling but not the onset phase of ouabain-induced SD. 

In st. radiamm in Fig. 16C, there is a rapid increase to peak siinilar to control Fig. 16A), 

and subsequently the failing phase is slowed. 169 s after onset, RB-2 has decayed fiom 

peak less thm 5%, as compared to controls which have nearly retumed to baseline. The 

results were quantiiïed according to the analysis pararneters, and presented in Fig. 17. 

Fiy. 17A indicates the onset to peak time during the onset phase of SD. In contra1 

conditions it required 8.9 1 2 . 4  s (n=7) and in RB-2 it required 1 1.7 t 4.4 s (p > 0.05; 

n=6), indicating no statisticai significance. In addition in control conditions the 

propagation rate was 108 + 18 pmls (Table 1; n=7) in st. radiatum and 9 1 k 2 pm/s (Table 

1; n=7) in st. oriens. In the presence of RB-2 these propagation rates were not 

significantly effected, measured at 120 f: 1 1 p d s  (Table 1; p > 0.05; n=7) in st. radiaturn 

and 108 + 6 p d s  (Table 1; p > 0.05; n=7) in st. oriens. 

Fig. 17B indicates the parameters anaiyzed during the falling phase of ouabain- 

induced SD. The decays to 75% and 50% of peak were 12.2 i 1.5 s and 22.5 i 9.6 s in 

control respectively. In the presence of RB-2, these times were significrtntly increased (p < 

0.00 1) to 88.2 I 34.5 s and 18 1.6 + 29.8 s respectively, indicating that in RB-2 the fdling 

phase was significantly slowed. 

RB-2 (1 0- 100 FLM), sirnilar to suramin, has been s h o w  to inhibit a current 

activated by 10 p M  GABA in a concentration-dependent rnanner (Nakazawa et al., 1995). 

RB-2 (10-30 CtM) also inhibited a current activated by kainic acid (100 CLM) and NMDA 

( 100 FLM) (Nakazawa et al., 1995). in order to control for the effects of RB-2 on GABA- 

and glutamate-gated channels, our next series of experirnents was conducted employing a 

cocktaii of NMûA,  non-NMDA and GABAergic receptor antagonists. 



Figure 17. RB-2 slows the faiiing phase but not the onset phase of ouabain-induced 

spreading depression in st. radiatum of the CA1. 

(A) In RB-2 (200 pM), the onset to peak time is not significantly dEected (p > 0.05; n=6), 

relative to control (absence of RB-2). 

(B) in RB-2 (200 pM), the decays from peak transmittance to 75% and 50% of peak 

transmittance are significantly increased relative to control. * denotes data significantiy 

different than control (p< 0.05; n=6, ** p < 0.0 1; n=6). 
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The control solution consisted of MK-801 (100 CrM), CNQX (30 w, and 

bicuculline (10 W .  The goal was to determine if RB-2 (200 I.IM) has art efFect on the 

failing phase in the presence of these antagonists. Fig. 18 indicates the parameters 

analyzed during the fdting phase of ouabain-induced SD. In MK-80 1, CNQX, and 

bicucuiline, the decays to 75% and 50% of peak were 33.8 + 13.6 s and 52.7 + 16.1 s 

respectively. in the presence of RB-2, the decays to 75% and 50% of peak were 32.8 t 

7.6 s (p > 0.05; n=5) and 56.5 + 12.6 s (p > 0.05; n=5) respectively. This indicates that the 

falling phase of ouabain-induced SD in the presence of the antagonists was not 

significantly effected by RB-2. 

3.9 PPADs effects the onset phase of spreading depression, but not in the 

presence of W A ,  non-NMDA, and GABAergic receptor antagonists 

The next series of experiments was conducted to determine the effect of the 

purinergic receptor antagonist PPADs (200 CLM) on the propagation of ouabain-induced 

SD. PPADs inhibited the onset phase but not the failing phase of ouabain-induced SD. Fig. 

19A is a tissue transmittance profile in control conditions of the pseudo-coiored digital 

images in Fig. 19B. The bright-field image is presented in the upper Ieft-hand panel of Fig. 

19B showing regions of the CA1 and dentate gyrus, and the areas of the regions analyzed 

are dernarcated with circles. The digital images in Fig. 198 follow the onset of ouabain- 

induced SD, with O s labeled as the onset tirne (20% of peak transmittance). 

Fig. 19C is a tissue transmittance profile in the presence of PPADs (200 pM) of 

the pseudo-colored digital images in Fig. 19D. As in Fig. 19B, the bright-field image is 

presented in Fig. 1 9DI and the areas of the regions analyzed are dernarcated with circles. 

Similar to Fig. 1 9 4  the onset time (20% of peak transmittance) is labeled as O s, and the 

digitai images presented in Figs. 19B and 19D are chosen at sirnilar thepoints to allow a 

cornparison- 



Figure 18. RB-2, in the presence of GABA- and giutamatergic antagonists, does not 

effect the fding phase of ouabain-induced spreading depression in st. radiatum of the 

CA I . In RB-2 (200 CLM), MK-80 1 ( 100 pM), CNQX (30 @+A), and bicuculine ( 10 pM), 

the decays from peak transrnittance to 75% and 50% of peak transrnittance do not 

significantly diner tiom control (p > 0.35; n=5). 
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Figure 19.Ouabain-induced spreading depression in the hippocampal slice in the presence 

of PPADs (200 pM). A. Tissue transmittance profile consisting of the normalized change 

in transmittance (AT/T) in two regions of the CAI: st. pyramidale and st. radiatum. B. A 

series of pseudo-colored digital images following the onset of ouabain-induced spreading 

depression, with O s labeled as the onset tirne (20% of peak transmittance). The upper left- 

hand image is the bright-field image showing the CA1 (st. oriens, st. pyramidale, st. 

radiatum), C M ,  and dentate gyrus (st. moleculare, st. granulosum) regions. The areas of 

the regions analyzed are demarcated by the circles. C. Tissue transmittance profile in 

PP ADs (200 M. D. Series of pseudo-colored digital images in PP ADs, chosen at sirnilx 

tirnepoints to Fig. 19B to allow a cornparison. Scale bar = 400 Fm. 





It is apparent ftom Fig. 19C, that in st. radiatum, the onset to peak time is 

increased from control conditions (Fig. 19A), but the falling phase occurs normally. 

FoUowing the initiation of SD in PPADs, there is a rapid increase in transmittance duMg 

the early stage of the onset phase, followed by a slowing of the rate of increase until the 

peak is reached (around 120 s in Fig. 19C). 

Fig 20A indicates the effects of PPADs (200 CLM) on the onset phase of ouabain- 

induced SD. In control conditions the t h e  to peak was 14.7 t 4.5 s ( n 4 )  and in PPADs 

this was signifïcantly increased to 87.7 t 21.9 s (p < 0.05, n 4 ) .  The siope as measured 

f?om 20% to 40% of peak trammittance was not significantly affected (p > 0.05; n=4) by 

the presence of PPADs, consistent with the rapid increase in tissue transmittance duMg 

the early stage of the onset phase (Fig. 19C). In control conditions the dope was 

determined to be 12.0 + 4.0 AT/T/s and in PPADs 10.1 + 4.1 ATlTls. The maximum dope 

was aiso not sign5cantly affected (p > 0.05; n 4 )  by PPADs. in control conditions the 

maximum dope was 26.1 t 13.0 AT/T/s and in PPADs 12.2 + 4.5 AT/T/s. This indicates 

that PPADs slowed preferentially the Iatter part of the onset phase (shown in Fig. 19C). 

PPADs did not affect the propagation rates in either st. radiatum or st. oriens relative to 

control. In control the propagation veiocity was 6 1 + 15 pm/s (Table 1; n=4) in st. 

radiaturn and 58 I 12 pm/s (Table 1; n=4) in st. oriens. In PPADs the propagation velocity 

was 53 L 12 p d s  (Table 1; p > 0.05; n=4) in st. radiatum and 38 + 10 pmfs (Table 1; p > 

0.05; n=4) in st. oriens. 

Fig. 20B indicates the parameters analyzed during the falling phase of spreading 

depression. In control conditions, the decays to 75% and 50% of peak were 67.0 135.0  s 

and 13 t . l -4 55.6 s respectively. in the presence of PPADs, there was no significant effect 

(p > 0.05) on the faliing phase. In PPADs, the decays to 75% and 50% of peak were 88.1 

1.8.8 s and 124.0 k 2 1.5 s respectively. 



Figure 20. PPADs slows the onset phase but not the faiiing phase of ouabain-induced 

spreading depression in st. radiatum of the CA1 . 

(A) in PPADs (200 C1M), the onset to peak time is significantly increased relative to 

control (absence of PPADs). The dope (measured fiom 20%-40% of peak 

transmittance) and maximum dope are not significantly affected relative to control (p 

> 0.05; n=4). * denotes data significantly different than control (p < 0.05; n= 4). 

(B) In PPADs (200 p.llliZ), the decay from peak transmittance to 75% and 50% of peak 

transmittance do not significantly dBer relative to control (p > 0.05; n=4). 
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The next series of experiments tested PPADs in the presence of a cocktail of 

NMDG non-NMDq and GABAergic receptor antagonists, although PPADs has been 

shown to have no effect on these receptors (Dale and Gilday, I996), or on glutamate- 

induced currents in CA1 pyramidal cells (Motin and Bennett. 1995). The control solution 

consisted of MK-80 1 (100 CLM), CNQX (30 pM), and bicuculiine (1 0 m. 
PPADs (200 CLM) in the presence of the antagonists does not effect the onset 

phase of ouabain-induced SD. Fig. 2 1 indicates the parameters analyzed during the onset 

phase of ouabain-induced SD. In control conditions the onset to peak tirne was 202.8 t 

40.7 s (n=3) and in PPADs it was not significantly effected at 303.9 $: 49.9 s (p > 0.05; 

n=4). The slope as measured fiom 20% to 30% of peak transmittance was also not 

significantly effected (p > 0.05; n=4) by the presence of PPADs, consistent witk the 

extremely slow increase in tissue transmittance during the onset phase. In MK-80 1, 

CNQX and bicuculline, the slope was determined to be 0.3 f O. 1 and in P P m s  it was 0.1 

t 0.03 AT/T/s. The maximum slope (based on a two-point comparison) was also not 

sipificantly a6ected by PPADs in the presence of MK-80 1, CNQX and bicucuiiïne. In 

control conditions the maximum slope was 0.9 f 0.2 and in PPADs it was 1.1  k 9.5 

ATITls. This indicates that PPADs does not maintain an effect on the onset phase of 

ouabain-induced SD in the presence of MK-80 1, CNQX, and bicuculline. 

3.10 Ectonucleotidase inhibition with AMP-PNP does not effect the onset or 

falling phases of spreading depression 

A recent study determined that ail currently avdable Pt, and purinergic 

antagonists, including suramin, PPADs, and RB-2, inhibit the breakdown of ATP by acting 

as ecto-nucleotidase inhibitors (Ziganshin et al., 1996). The next senes of experiments was 

conducted to control for ectonucleotidase inhibition as a possible non-specific effect for 

the results obtained with PPADs, suramin and RB-2. AMP-PNP (40 pM), a potcnt ecto- 



Figure 21. PPADs, in the presence of GABA- and giutarnatergic antagonists, does not 

effect the onset phase of ouabain-induced spreading depression in st. radiatum of the CA 1 .  

In PPADs (200 pM), MK-80 1 (100 pM), CNQX (30 pM), and bicuculline ( 1  0 pM), the 

onset to peak tirne, slope, and maximum dope do not sigmficantly differ fiom control (p > 

0.05). 
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nucieotidase inhibitor, was deterrnined to have no effect on either the onset or falling 

phases of ouabain-induced SD. Fig. 22A indicates the onset to peak time during ouabain- 

induced SD. It required 7.8 + 0.6 s (n=5) in control conditions and not significantly 

different at 5.7 i 0.7 s (p > 0.05; n=5) in AMP-PNP. The propagation rates were also not 

effected by the presence of AMP-PNP. In control the propagation velocity was 133 + 27 

p d s  (Table 1; n=5) in st. radiatum and 82 + 11 pm/s (Table 1; n=5) in st. oriens. These 

rates were not significantly different at 68 + 11 pm/s (Table 1; p > 0.05; n=5) in st. 

radiamm and 52 4 6 pm/s (Table 1; p ;- 0.05; n=5) in st. onens in the presence of AMP- 

PNP. Fig. 22B indicates the parameters analyzed during the failing phase of ouabain- 

induced SD. The decays to 75% and 50% of peak were 18.4 k 2.4 s (n=5) and 52.0 + 15.7 

s (n=5) in controt conditions and not significantly different at 15.4 t 1.6 s (p > 0.05; n=5) 

and 34.5 + 4.5 s (p > 0.05; n=5) in AMP-PNP. This rules out ectonucleotidase inhibition 

as a possible expianation for the effects of the purinergic antagonists suramin, PPADs, and 

RB-2 during ouabain-induced SD. 

3.1 t Glibenclamide has an effect on the onset and falling phases of spreading 

depression 

Glibenctarnide, an antidiabetic sulfonylurea is an antagonist of intracellular ATP- 

sensitive K- channels (Cook, 1988; Quast and Cook, 1989). f t  has been suggested that 

suIfonyIurea receptors, which are members of ATP binding cassette proteins, may also be 

permeable to ATP (Al-Awqati, 1995). Shear stress in blood vesseIs releases ATP, and this 

release is blocked by glibenclamide (Hasséssian et al., 1993). Diazoxide opened ATP- 

sensitive K* channels when ATP or  ADP were present in the ce11 (Larsson et al., 1993), an 

effect that may be explained by diazoxide opening the sulfonyiurea receptor and ailowing 

the secretion of ATP (Al-Awqati, 1995). 



Figure 22. AMP-PNP does not effect either the onset or f a n g  phase of ouabain-induced 

spreading depression in st. radiatum of the CAI. 

(A) In AMP-PNP (40 CLM), the onset to peak tirne is not significantly effécted (p > 0.05; 

n=5), rehtive to control (absence of RB-2). 

(B) In AMP-PNP (40 pM), the decays from peak transrnittance to 75% and 50% of peak 

transmittance are not sigdcantly effected relative to control (p > 0.05; n-5). 
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Using PH]-glibenclamide as a radioligand, a comparative in vim autoradiographic 

study of glibenclamide binding sites in the rat brain, as well as other mamrnalian species, 

was conducted (Zini et al., 1993). Glibenclarnide binding sites were found in the 

hippocampus with the highest densities in the fascia dentata of the CA3 and CA4 fields of 

Ammon's hom, and in a lower density in the CA1 region (Zini et al., 1993). It has been 

suggested that the presynaptic location of dibenclamide bindings sites may represent the 

presence of ATP-sensitive K- channels, during which activation of metabolic stress, such 

as anoxia, could prevent the excessive release of glutamate (Ben-An, 1990; Tremblay et 

al.. 1991; Zini et al., 1993). 

The objective of this series of expenments was to determine if glibenclamide has an 

effect on the propagation of spreading depression. Fig. 23A indicates the parameters 

analyzed during the onset phase. In control conditions the onset to peak was determined 

to be 4.6 k 0.5 s, and in glibenclamide the onset to peak was significantly increased to 

35.4 t 10.9 s (p <O.OOI; n=9). The slope in control conditions was 12.6 k 2.5 and in 

glibenclamide was 7.2 t_ 1.9 (p > 0.05; n=9). The maximum slope in control conditions 

was 19.4 + 3. L AT/T/s and in glibenclamide was significantly lowered (p < 0.001; n=9) to 

8.0 i 1.4 AT/T/s. In control, the propagation rate was 112 + 16 p d s  (Table 1; n=9) in st. 

radiatum in controi. The propagation rate in st. radiaturn was not significantly different at 

86 t 10 pm/s (Table I; p > 0.05; n=9) in glibenclamide. However, in control, the 

propagation rate in st. oriens was 86 + 10 pm.s (Table 1; n=9) in control and significantly 

decreased in the presence of glibenclamide to 58 + 5 pm/s (Table 1; p < 0.0 1; n=9). 

In addition to its effects on the onset phase, glibenclarnide also has a significant 

effect on the falling phase of the tissue transrnittance in st. radiatum of the CAL. As Fig. 

23B illustrates, in control conditions it required 7.1 10.7 s for the peak transrnittance to 

fail to 75% of peak, and 13.2 I 1.3 s for the tissue transrnittance to fail to 50% of peak. 

Glibenclarnide resulted in a sigdicant increase (p < 0.001; n=9) in both of these times, 



Figure 23. Glibenclarnide slows both the onset and fding phases in st. radiatum of the 

CA 1 during ouabain-induced spreading depression. 

(A) Ln giibenclarnide (100 CIM), the onset to peak time is significantly increased relative to 

control (absence of suramin). The slope (rneasured fiom 20%-40% of peak 

transmittance) does not significantly dEer fiom controI, and the maximum dope is 

sign5cantly decreased. *** denotes data significantly difFerent than control (p < 

0.00 1 ; n=9). 

(R) In glibenclarnide (1 00 phi'), the decays fiom peak transrnittance to 75% and 50% of 

peak transmittance are signiticantly increased relative to control. *** denotes data 

significantly different than control (p< 0.00 1; n=9). 
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requiring 36.1 + 6.8 s and 62.8 I 10.8 s for the transrnittance to f d  to 75% and 50% of 

peak transrnittance respectively. 

3.12 Glibenclamide effects only the falling phase of spreading depression in low 

calcium conditions 

The next series of experiments was conducted to determine ifglibenclamide in 

conditions of low calcium has an effect on the propagation of SD. It was detennined that 

glibenclamide, unlike its effect in calcium-containing aCSF. has an effect preferentially on 

the faiiing phase of SD in conditions of low calcium. Fig. 24A indicates the parameters 

analyzed during the onset phase of ouabain-induced SD as rneasured in st. radiatum of the 

CAI. The onset to peak was detennined to be 8.3 + 1.3 s in control, and not significantly 

dflerent at 14.3 + 3.3 s (p > 0.05; n=9) in glibenclamide. in control, the propagation rate 

was 80 + 15 prnls (Table 1; n=9) in st. radiatum and 39 t 9 pn/s (Table 1; n=9) in st. 

oriens. Glibenclamide significantly decreased the propagation rate in st. radiatum to 36 2 9 

p d s  (Table 1; p < 0.05; n=9), but did not significantly alter the propagation rate in st. 

oriens measured at 43 + 7 pm/s (Table 1; p > 0.05; n=9). These effects are opposite to 

that observed in calcium-containing aCSF (see Table 1 for a cornparison). In control 

conditions the dope and maximum dope were found to be 3.4 + 0.8 AT!T/s and 5 .5  i 0.9 

AT/T/s respectively. In glibenclamide the slope and maximum slope were not significantly 

different at 3.1 f 1.0 AT/T/s (p > 0.05; n=9) and 6.0 k 1.6 AT/T/s (p > 0.05; n=9). 

Glibenclamide, in low calcium conditions, effects the falling phase of SD. As 

shown in Fig. 24B it required 6.7 + 0.7 s and 1 1.1 + 1.2 s for the peak transrnittance to fail 

to 75% and 50% respectively in control conditions. In glibenclamide, there was a 

statistically significant increase to 13.8 f 1.7 s (p < 0.001; n=9) and 24.8 + 2.8 s (p < 

0.00 1; n=9) for the peak transmittance to fd to 75% and 50% respectively. This suggests 

that in conditions of low calcium, unlike in calcium-containing solution, the onset phase of 

SD is not a6ected by the presence of glibenclamide. 



Figure 24. Glibenclamide slows the falling phase in st. radiatum of the CA1 during 

ouabain-induced spreadiig depression in low calcium conditions. 

(A) Ln O ca2- (100 phi EGTA) and ghbenclamide (100 CLM), the onset to peak tirne, 

dope, and maximum dope do not significantly dBer fiom control (p > 0.05; n=9). 

(B) In O ca2- (100 p.M EGTA) and giibenclamide ( 100 pM), the decays from peak 

transrnittance to 75% and 50% of peak transrnittance are significantly increased 

relative to control. *** denotes data significantly different than control (p< 0.00 1; 

n=9). 
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However. the fding phase of ouabain-induced SD is inhibited by the application of 

giibenclarnide with or without the presence of extracellular calcium. 

3.13 ToIbutamide does not have an effect on the onset or falling phases of 

spreading depression 

Tolbutarnide, also a sulfonylurea, is an additional antagonist of ATP-sensitive K- 

chmels (Krnjevic, 1990). The objective of this senes of experiments was to determine if 

tolbutamide (5 rnM) has an effect on the propagation of spreadig depression. 

ToIbutamide does not effect either the onset phase, faiiing phase or propagation rates of 

ouabain-induced SD. Fig. 25A illustrates the onset to peak parameter of the onset phase of 

SD. In control conditions, the onset to peak was detennined to be 14.0 f 5.8 S. and in 

toIbutamjde it was not signtficantly different at 14.5 + 4.7 s (p > 0.05; n=4). The 

propagation rates were aiso not signïficantly different. in control the propagation rate in 

st. radiatum was 95 k 17 p d s  (Table 1; n=4) and in st. oriens was 104 + 54 p d s  (Table 

1; n=4). In toIbutarnide the rates did not significantly d8er at 76 -t 18 p d s  (Table I ;  p > 

0.05; n=4) in st. radiatum and 79 k 3 1 y d s  (Table 1; p > 0.05; n=4) in st. oriens. 

Tolbutamide did not affect the falling phase of ouabain-induced SD. As illustrated 

in Fig. ZB, in control conditions it required 17.0 + 6.2 s and 34.9 + I 1 .1  s for the peak 

trammittance to f d  to 75.G and 50% respectively. In tolbutamide, it required 22.5 1 8.3 s 

(p > 0.05; n=4) and 44.9 k 10.8 s (p > 0.05; n=4) for the peak transrnittance to fall to 75% 

and 50% respectively. Neither the onset nor falling phases of ouabain-induced SD were 

affected by the presence of tolbutarnide. 

3.14 A slow spreading depression-like process occurs in low Na' conditions 

In order to examine the importance of extracellular sodium during ouabain-induced 

SD, the next series of experiments was conducted by replacing sodium chloride with 

NMDG chloride. The low Na' solution contained 26 m M  Na-, from the addition of 



Figure 25. Tolbutamide does not affect either the onset or failing phases of ouabain- 

induced spreading depression in st. radiatum of the CA1. A) in tolbutarnide (5 mM) the 

onset to peak time does not sigdicantly d8er fiom control (p > 0.05). B) In tolbutarnide 

(5 mM) the decays fiom peak transmittance to 75% and 50% of peak transmittance do not 

sigdicantly differ from control (p > 0.05). 
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NaHC03 (26 mm. Fig. 26A indicates the three parameters analyzed in the onset phase of 

SD: the onset to peak, slope, and maximum siope as measured in st. radiatum of the CAI. 

Low sodium resulted in a statistically significant (p < 0.00 1) effect on al1 three 

parameters: an inçrease in the onset to peak and decreases in the slope and maximum 

slope. The onset to peak was 10.2 t 2.8s ( n 4 )  in control, and significantly increased to 

20 1.5 f 4 1.8 s (p < 0.00 1; n=5) in 26 mM Na-. The dope and maximum siope were found 

to be 3 1.3 2 10.4 AT/T/s and 49.9 + 10.3 ATiTls in control respectively, and significantly 

decreased (p < 0.00 1 ; n=5) to 0.4 + 0.1 AT/T/s and 1.7 4 0.1 ATITIs respectively in 26 

mM Na-. The propagation rate in st. radiatum in control was 123 f 27 pm/s (Table 1; 

n=5) and significantly decreased in 26 mM Na- to 24 f 8 pm/s (Table 1; p < 0.0 1; n=5). 

However, in st. oriens, 26 mM Na-did not have an effect on the propagation rate.. in st. 

oriens in control the rate was 82 t 1 1 p d s  (Table 1; n=5) and in 26 rnM Na-, not 

~i~gnificantly different at 43 k 18 prnls (Table 1; p > 0.05; n=5). Low sodium conditions 

demonstrated a significant effect on the onset phase of ouabain-induced SD, slowing the 

propagation rate drasticdy in st. radiatum of the CA1, indicating that the presence of 

extracellular Na- is required for the normal propagation of ouabain-induced SD. 

Lcw sodium conditions also had an affect on the falling phase of ouabain-induced 

SD as measured in st. radiatum of the CAl. Fig. 26B represents a comparison of the time 

for the peak transrnittance to fa11 to 75% and 50% of peak. It required 17.3 2 3 .O s and 

43.3 k 6.6 s for the peak transrnittance to decay to 75% and 50% of peak in control 

respectively. In 26 mM Na- there was a sigdicant increase as it required 105.3 f 23.3 s 

and 168.9 + 35.3 s (p < 0.001; n=5) for the peak transmittance to decay to 75% and 50% 

of peak respectively. 

Fig. 27A is a series of pseudo-colored digital images of the changes in light tissue 

transrnittance of ouabain-induced SD in 26 m M  Na*. The upper left-hand panel is a bright- 

field image, showing the CA1 (stratum pyramidale, stratum radiatum, stratum oriens), 

CA2, and dentate gyms (stratum moleculare, stratum granulosum) regions of the 



Figure 26. Low sodium conditions (26 mM Na3 slows both the onset and fdling phases 

in st. radiatum of the CAI during ouabain-induced spreading depression. 

(A) in low sodium (26 mM}, the onset to peak time is significantiy increased relative to 

control ( 150 rnM Na3 The siope (measured fiom 2C%-40% of peak transmittance) 

and maximum slope are also significantly effected relative to control (p < 0.00 1 ; n=5). 

*** denotes data sigdcantly different than control (p < 0.001; n= 5). 

(B) In low sodium (26 mM), the decays fiom peak transrnittance to 75% and 50% of peak 

transmittance are si&cantly increased relative to control. * ** denotes data 

signrficantIy different than control (p < 0.00 1 ; n=5). 
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Figure 27. Ouabain-induced spreading depression in the hippocampai sIice in low sodium 

(26 lTLM Na3 conditions. A. Series of pseudo-colored digital images of the changes in 

light tissue transrnittance following the beginning of the experiment. The upper Iefi-hand 

panel is a bnght-field image showing the CA1 (st. oriens, st. pyramidale, st. radiatum), 

CA2, and dentate gyrus (st. moleculare, st. granulosum) regions. The nurnbers in the 

upper right-hand corner indicate the time in seconds. The small white circles indicate the 

regions analyzed and presented in Fig. 27B. B. Normalized change in transmittance 

relative to maximum transrnittance in st. radiatum of the CAI. The arrows correspond to 

the panels above. The peak response of st. pyramidale (cell body layer) is approximately 

the sarne as that of st. radiatum. Scale bar = 400 Pm. 





hippocampus. The numbers in the upper right-hand corner of the remaining panels indicate 

the t h e  in seconds, foliowing the beginning of the experiment. The regions analyzed are 

demarcated by the circles in the upper lefi-hand panel. Fig. 273 is the transmittance profile 

of normaiized change in transrnittance (AT/T) of two regions: st. radiatum and st. 

pyramidale of the CAl. The curves have been normalized relative to the peak 

transmittance levels in st. radiatum. 

Ouabain was superfused for the period of tirne indicated in Fig. 2 7 8 .  The tissue 

transmittance profile in 26 mM Na- demonstrates several important characteristics. The 

first is that two peaks of tissue transrnittance were observed. Following the application of 

ouabain, there is an increase in transmittance and subsequent decay in the first peak 

(between 375 and 556 s). At this point there is a slow propagation of the wave in st. 

radiaturn (Fig. 27A) and slow increase to the second peak (> 655 s). At this point, the 

tissue transrnittance decays to levels well below baseline in st. radiatum, with the 

sirnultaneous increase in tissue transmittance in st. pyramidale. These changes in tissue 

transmittance are analogous to those observed in control conditions, although at a much 

slower rate (Table 1). Et is important to note that in control conditions two peaks are not 

observed, and the wave propagates at a much quicker rate. This indicates that a ouabain- 

induced spreading-depression like phenornenon occurs in 26 mM Nar, with an onset rate 

sirnilar to that observed in MK-80 1, CNQX, and bicuculline (cornparison not shown), but 

with a much slower falling phase. 

3-15 Amiloride effects the onset phase of spreadiag depression 

In order to hrther examine the importance of extracellular sodium, and whether its 

influx plays a role during ouabain-induced SD, the next senes of experiments was 

conducted to determine if amiloride (1 00 CrM) affects the propagation of ouabain-induced 

SD. Amiloride is known to block epithelial Na* channels, and inhibit Na 'N  and ~ a * / ~ a ' -  

exchange in preparations fiom various tissues (Luciania et al., 1992). 



Fig. 28A illustrates the effect of amiloride on the onset phase of ouabain-induced 

SD. In control conditions the onset to peak time was 5.0 + 0.7 S. In amiloride this time 

was significantIy increased to 13 .O + 2.5 s (p < 0.05; n=3). In control conditions the slope 

and maximum slope were 9.1 t 1.9 ATITIs and 18.0 rt 2.1 AT/T/s respectively. In 

amiloride. the dope and maximum siope were significantly lower at 2.1 t 0.2 (p < 0.05; 

n=3) and 5.5 I 0 . 8  (p < 0.0 1; n=3). In addition amiloride significantly lowered the rate of 

propagation in st. radiatum but not st. oriens of the CA 1. In control conditions the rate 

was 13 8 t 14 p d s  (Table 1 ; n=3) and in the presence of amilonde significantly decreased 

to 34 + 7 pm/s (Tablel; p < 0.01; n=3). In st. oriens, amiloride did not signiticantly effect 

the propagation rate as in controI it was 89 t 38 p d s  (Table 1; n=3) and in amiloride 75 

+ 3 1 p d s  (Table 1; p > 0.05; n=3). 

AmiIoride does not effect the falling phase of ouabain-induced SD as measured in 

st. radiatum of the CA1. Fig. 28B represents a cornparison of the time for the peak 

transrnittance to fa11 to 75% and 50% of peak. In control conditions it required 7.5 + 0.2 s 

and 15.3 + O. 1 s for the peak transmittance to decay to 75% and 50% of peak 

respectively. In amiloride it required 12.3 t 3 .O s (p > 0.05; n=3) and 25 .O + 4.5 s (p > 

0.05; n=3) for the peak transmittance to decay to 75% and 50% of peak respectively. 

3.16 Benzamil effects the onset phase of spreading depression 

BeIizamil, an amiloride derivative. is an inhibitor of the ~ a - / ~ a "  exchanger 

(Kaczorowski et al., 1985; Markram et al., 1995), but unlike amiloride daes not inhibit the 

N a r M  exchanger (Ong and Kerr, 1994). The next series of expenments was conducted to 

determine if the effect of amitoride on the onset phase of spreading depression rnight be 

explained by inhibition of the ~ a - / ~ a ' -  exchanger. it was obsewed that benamil (500 

pM) resulted in an inhibition of the onset to peak of ouabain-induced SD, but was without 

effect on the falling phase of SD. 



Figure 28, Amiloride slows the onset phase but not the falling phase of ouabain-induced 

spreading depression in st. radiatum of the CAl .  

(A) In amiloride (100 m, the onset to peak time is significantly increased relative to 

control (absence of amiloride). The dope (measured fiom 20%-40% of peak 

transmittance) and maximum siope are significantly decreased relative to control. 

denotes data significantly different than control * p < 0.05; n= 3, ** p < 0.0 1: n=3 

(B) In amiloride (100 CiM), the decays fYom peak transmittance to 75% and 50% of peak 

transmittance do not significantly d s e r  relative to control (p > 0.05; n=3). 
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Fig. 29A is a cornparison of the onset parameters in control and in the presence of 

benzamil. Ln control conditions the onset to peak tirne was 12.8 f 3.5 s, and in 500p.M 

benand this was significantly increased to 67.1 + 13.5 s (p < 0.01; n=4). Moreover, the 

maximum slope in benzamil was significantly decreased. The maximum slope was 22.7 2 

7.5 AT/T/s in control and in the presence of benzarnil was significantiy decreased to 3.9 t 

0.3 ATITls (p < 0.05; n=4). However, the siope (as measured tiom 20%-40% of peak) 

was not sigdicantly effected by benzarnil as it was 14.7 + 5.6 AT/T/s in control and 2.5 + 
0.6 AT/T/s (p > 0.05; n=4) in benzamil. Similar to amiloride, the propagation rate in 

benzamiI was sign5cantly lower in st. radiatum but not st. oriens of the CAI. En control 

the rate was 75 It: 10 pm/s (Table 1; n=4) and in bentamil significantly lowered to 34 I 7 

pm/s (Table 1 ; p < 0.0 1 ; n=4) in st. radiatum of the CA1 . 

in st. oriens, benzamil did not sijpdïcantly alter the propagation rate. In control the 

rate was 60 t 14 pm/s (Table 1; n=4) and 24 ;1: 7 pm/s (TabIe 1; p > 0.05; n=4) in 

benzamil. 

Fig. 29B represents a comparkon of the pararneters analyzed during the faIIing 

phase of ouabain-induced SD as measured in st. radiatum of the CAI. Benzamil does not 

have an effect on the falling phase of SD. Ln control conditions it required 44.6 + 12.2 s 

for the peak to decay to 75% and 104.6 + 29.0 s to decay to 50%. In benzarnil it required 

63.9 + 13.3 s for the peak to decay to 75%- and 1 14.9 t 23.3s for the peak to decay to 

50%. This indicates that benzamil does not have an effect on the falling phase of ouabain- 

induced SD, suggesting a process independent of both ~ a - / c a ' *  exchange and Na- intlux. 



Figure 29. Benzamil slows the onset phase but not the fding phase of ouabain-induced 

spreading depression in st. radiatum of the CA1. 

(A) In benzamil(500 pM), the onset to peak time is significantly increased (500 pM, p < 

0.0 1; n=4) relative to control (absence of benzamil). The maximum slope is 

significady decreased in benzmd (p < 0.05; n=4), but not the slope (as measured 

fiom 20% to 40% of peak; p > 0.05; n=4) relative to control. * denotes data 

sipfïcantly different than control (p < 0.05); ** (p < 0.01) 

(B) Zn b e n d  (500 CLM), the decays fiom peak transrnittance to 75% and 50% of peak 

transrnittance do not significantly difEer (p > 0.05; n=4) relative to control. 
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3.17 Pz-purinergic receptor agonists: inconclusive results 

ATP has been found to increase intracellular ca2* concentrztions in a variety of 

excitable and non-excitable cells (O'Comer et al., 199 1 ; el-Moatassim et al., 1992). There 

are two principal methods by which ATP increases [caZ* ]i . The first is an influx of 

extracellular caZ-  through ligand-gated channels activated by ATP (Benharn and Tsien, 

1987) and the second is the release of caz- €rom intraceilular stores. 

There are two subtypes of purinergîc receptors which are prevalent in the 

hippocarnpus: the PZ, and Pz, subtypes. The ionotropic P h  subtype has been s h o w  to be 

coupled directly to channels penneable to ca2- and the metabotropic Pz, subtype 

stimulates a G-protein-mediated second messenger mechanism for release of ca2- from 

intracellular stores. 

The objective of the next series of experiments was to determine which specific 

subtype of p u ~ e r g i c  receptor, Pa or PzY, is involved in the falling phase of ouabain- 

induced SD. There is currently a lack of specific Pz-purinergic antago~sts  to differentiate 

between PLl and PZV (Chen et al., 1994), and classification of specific subtypes of 

punnergic receptors has reIied on the differing pharmacological selectivity of Pz- agonists. 

The Pz,-punnergic receptors exhibit the general potency order of a#-methylene-ATP = 

p,y-methylene AïT > ATP >> ADPBS or 2-methylthio ATP, whereas the Pz, punnergic 

receptors have the potency order of 2-methylthio ATP > ADPPS > ATP > a$-rnethylene 

ATP = P,y, methylene ATP (Rdevic crr al., 199 1 ; Harden et al., 1995). However, this 

issue has recently been complicated firther by the suggestion that PI, receptors have an 

agonist potency of 2-methylthio ATP > ATP > ADP > a$-rnethylene ATP with a$- 

methylene ATP being the most selective agonist (Balachandran and Bennett, 1996). 

As discussed in the materials and methods, a modified experimentai protocol was 

implemented with the application of hypo-osrnotic aCSF without the presence of ouabain. 

The objective was to f k t  swell the tissue to a Ievel comparable to that which occurs 



during ouabain-induced SD. The agonists could be applied and pethaps a similar change in 

ceii volume would be observed as occurs during the falling phase of ouabain-induced SD. 

Experiments applying the agonists were conducied with 10 1 slices (100 pM., 40 

p M  2-methyl-thio ATP, 100 p M  a,P-methylene-ATP, 100 @VI P,y-methylene AïP, 100 

FLM, 50 CLM. 10 CLM, 500 nM ATP, ATP + 200 pM sur- 100 ph4 ADPPS ), and 1 did 

not observe a consistent effect on the 10s. The failure of the agonists to demonstrate a 

consistent effect rnay be due to the dzerences between the application of hypo-osmotic 

aCSF and ouabain. Hypo-osmotic sweiiing of the CA1 region has been shown, at leas in 

the short term (minutes), to not undergo a process of volume recovery (Andrew and 

MacVicar, 1994). This contrasts the volume recovery we observe during ouabain-induced 

SD. This suggests that during SD, there are processes or mechanisms which allow 

conditions in which purinergic activation leads to volume recovery, processes which are 

not activated by simply sweiiing the tissue with hypo-osmotic aCSF. 

Aitematively, aithough both 2-rnethylthio ATP and ADPBS are effective Pz, 

agonists, they may be metabolized differently, possibly exphinhg their lack of effect in 

this rnodified protocol. ADPPS is largely resistant to extracellular degradation by 

ectonucleotidases, and 2-methylthioATP is reported to be metabolized just as rapidly as 

ATP (WeEord et ai-, 1987). There is a possibiIity that in the hippocarnpal slice, 2- 

methylthioATP is unable to stimulate P. receptors due to its rapid degradation by 

extraceIlular ectonucleotidases (Porter and McCarthy, 1995), and ADPPS rnay not bind 

with suficient efficacy to activate Pa receptors. 

Mthough the ability to differentiate Pz, from the Pa receptors based on ligand 

efficacy is generdy accepted, a number of studies have produced evidence of Pz- 

purinergic receptors with pharmacological profiles that are not consistent with the present 

subclassification (Ailsup and Boarder, 1990; Cowen et ai., 1950; Christie et al., 1992; 

Iredale et al., 1992; Chang et al., 1999, including the Pz- receptor found in the rat brain, 

and specificaiiy hippocampus (Séguéla et al., 1996). In addition, agonist potencies in some 

cases for both the ionotropic and metabotropic receptors are sirnilar (Khakh et al., 1995). 



Another possibîiity is that the punnergic receptor involved in ouabain-induced SD in the 

hippocampus may be one which has not yet been class5ed and one on which these 

agonists have no effect. For example, ap-methytene ATP is ineffective at the PC 12 PLx 

purinoceptor (Brake et ai., 1994), but is a potent agonist in the mediai habenula (Edwards 

et al-? 1992). For this reason it has been suggested that other, as yet unidentified 

pu~erg ic  subtypes may exist in the CNS (Kidd et al., 1995). 



4 DISCUSSION 

4.1 A novet mechanism for the recovery of cell volume during the falling phase of 

ouabain-induced spreading depression 

The findigs of this thesis suggest a novel rnechanism for the recovery of ceIl 

volume during the falhg phase of spreading depression. A model is proposed to describe 

the results of this thesis and is presented in Fig. 30 (adapted fiom Wang et al., 1996). The 

first component of this model is a swelling-induced release of ATP or related compound. 

FoIlowing this, there is a local increase in extraceUular ATP levels, and stimulation of Pz 

punnergic receptors by ATP or ADP. This stimulation of Pt-purinergic receptors results in 

a decrease in the tissue transinittance which is correlated with ceIl volume decreases. The 

possible mechanisrns by which Pz-purinergic receptor activation could lead to a decrease 

in celI voIume are i) intraceIlular ca2* release, and activation of ca2*- activated Kr 

charnels. or ii) direct or indirect (by intracellular ca2- release) opening of Cl-channels. 

Water foUows the resulting efflux of Cl-or K- in an obligatory fashion and hence 

contributes to the recovery of ceIl volume during the faiiing phase of spreading depression. 

Two principal hdings from this thesis support the model presented in Fig. 30. 

First, the tinduigs of this thesis indicate that the faiiing phase of spreading depression is 

delayed by the Pz purinergic receptor antagonists suramin and RB-2, suggesting Pz, 

involvement. Furthemore. it was dernonstrated that the action of the punnergic receptor 

antagonists is not through non-specific effects such as ecto-nucleotidase inhibition, PKC 

inhibition, or GABA* or glutamatergic receptor blockade. The effect of suramin and RB-2 

and the Iack of effect of PPADs, suggests the involvernent of the metabotropic Pz, rather 

than the ionotropic Ph subtype in the falling phase. 



Figure 30. A novel mechanism (Adapted from Wang et al.. 1996) proposed to describe 

the ce11 volume recovery during the falling phase in st. radiatum of the CA 1 during 

ouabain-induced spreading depression. During the onset phase, there is a swelling-induced 

release of A-. which activates Pz purinergic receptors and the opening of either ca2- - 
activated K- channels or chioride channels which contribute to the recovery of ceII volume. 
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The second principal fhding is that the presence of extracellular calcium is not 

required in the falIing phase for ce11 volume recovery. Essentiaily, with or without 

extracellular calcium, the process of volume recovery occurs during the falling phase of 

SD. This suggests that the release of ATP i) is not dependent on an extracellular calcium 

influx and ii) does not occur following synaptic activation, suggesting the release of ATP 

through some other mechanism, possibly through the opening of a channet (Wang et al., 

1996). 

4.2 Imaging intrinsic optical signals in the hippocampal slice: changes in ce11 

volume 

The results of this thesis indicate that activity-dependent changes in tissue 

transrnittance can be irnaged in the in vitro hippocampal slice preparation during ouabain- 

induced spreading depression. Imaging the changes in IOS in a hippocarnpal stice provides 

a non-invasive method of studying the changes in ce11 volume over a large area cf the 

hippocarnpus simultaneously with better spatial resolution than conventionai 

electrophysiological techniques. Imaging of IOS was utilized as a way of avoiding the 

problems that characterize the use of voltage-sensitive dyes, such as dye bleaching, dye 

toxicity, and inadequate staining. 

Hypo-osmotic solution has been previously shown to increase light tissue 

transmittance by inducing changes in ce11 volume (Andrew and MacVicar, 1994). These 

findings were confirmed by the application of hypo-osmotic aCSF. in these experiments, 

bath application of hypo-osmotic aCSF resulted in an increase in the tissue transrnittance 

throughout the hippocampus, particularly in st. radiatum of the CA1. The tissue 

transrnittance levels remained stable until washout with nonnosrnotic aCSF, when the 

tissue transrnittance decayed to baseiine. In a recent study, activity-dependent changes in 

the [OS in rat neocortical slices reveaied changes in extracellular space volume (Holthoff 

and Witte, 1996). 



Consistent with the findings of several other studies, the changes in tissue 

transmittance can be attributed to and correlated with changes in ceil volume, cellular 

swelling, or celiular shrinkage (MacVicar and Hociunan, 1 99 1 ; McManus et ai., 1993 ; 

Andrew and MacVicar, 1994; Kreisman et al., 1995; Holthoff and Witte, 1996). 

4.3 Ouabain-induced spreading depression in the hippocampal slice 

The initiation of spreading depression by ouabain is not novel, as spreading 

depression had previously been initiated by the application of ouabain in the retina (Van 

Harreveld, 1978). Ln the retina a wave of SD occurred spontaneously after 1.5-2.5 

minutes (Van Harreveld, 1978). Ln the present smdy, a s d a r  time-course was observed 

for the initiation of SD by ouabain in the hippocampal slice. A mode1 is presented in Fig. 

3 1 adapted fkom Lauritzen (1994) and HagIund and Schwartzkroin (1990), to describe the 

sirnplified senes of events which contributes to ceUular swelIing during the onset phase of 

ouabain-induced SD. During the initial appIication of ouabain, the Na-,K'-ATPase is 

inhibited Ieading to a gradua1 depolarization of the tissue. As the enzyme is further 

inhibited, there is increased transmitter release (inchding glutamate). increased [ K I ,  and 

increased [Na-];. The influx of sodium, caicium and chioride wiII result in water following, 

leading to cellular sweüiig (Van Harreveld. 1978). As the tissue swells, there is a 

reduction in the refiaction of the tissue, a change in the extracellular space volume 

(Holthofand Witte. 1996), an increase in the tissue transmittance, and a subsequent 

increase Ui the IOS (MacVicar and Hochman, 199 1 ; McManus el  al.. 1993 ; Andrew and 

MacVicar, 1994; Kreisman et ai., 1995; Holthoff and Witte, 1996). The increase in the 

10s during the onset phase of ouabain-induced SD is indicated by swelling in the dendntic 

regions (st. radiatum and st. onens). The entry of potassium and water into glial ceiis 

would decrease the size of the extracellular space (Snow et al., 1983; Hablitz and 

Heinemann, 1989). This process d l  continue under the influence of ouabain during an 

explosive episode of SD. 



Figure 31. A simpiistic mode1 to descnbe the series of events which contributes to cellular 

sweliing during the onset phase of ouabain-induced spreading depression. (Adapted fiom 

Lauritzen. 1994 and Haglund and Schwartzkroin, 1990). The application of ouabain 

inhibits the Na--K--ATPase, leading to a depoiarization of the tissue, increased transmitter 

reiease, and an influx of sodium, calcium and chioride with water foiiowing. This leads to 

ceI1uIar swelling and an increase in the tissue transrnittance and consequently the intrinsic 

optical signais. 





The changes in the IOS were analyzed in st. radiatum and st. pyramidale of the 

CA1 . The CA1 region was the region of choice for two reasons. First, tissue transmittance 

changes during ouabain-induced SD in this region are pronounced, as there is an increase 

to peak and subsequent decay to baselie. Second, analyzing the CA1 region allows for 

cornparison with many studies on SD which utilized electrophysiologicai techniques as 

weU as imaging techniques to examine properties of cells within this region. 

Ouabain-induced SD was initiated reiiably (> 96%). as a wave of SD was observed 

in 302/3 12 slices. Three general patterns of initiation and propagation of SD were 

observed. The first, and most cornmon, was an initiation point either within the CA1 

region, or adjacent to the CAlICA2 interface. in either region of initiation, the wave then 

propagated in two directions: i) towards the subicular region and ii) towards the CA3 

region. The wave subsequently jumped across the hippocampai fissure and began 

propagation in the upper Ieafof the dentate gyrus, its propagation terminating at the distal 

region of the Iower leaf of the dentate gyrus. In the second pattern of propagation, SD 

initiated in the subicular region, and then propagated towards the CA2. As in the first 

pattern, the wave jumped across the hippocampal fissure and propagated throughout the 

upper Ieaf of the dentate gyms, teminating in the distal region of the lower leaf of the 

dentate gyrus. The thrd pattern of initiation and propagation was exceedingly rare in 

contrd aCSF. In contrast, however, it occurred in ali five siices (n=5/5; 100%) of 26 rnM 

Na-, and in O ca2' conditions 1 O/ 14 slices (n= 1 O/ 14; 7 1 %) and not at al1 in calcium- 

containhg aCSF (n=û/I4; 0%). In this pattern, the wave of SD initiated in the dentate 

gynis region and then jurnped across the hippocampal fissure and began propagating in 

both directions in the CA1 region: rostrally towards the CA3 and caudo-ventrdy towards 

the subicular region of the hippocampus. 



The rate of propagation of ouabain-induced SD averaged 100 I 1 1 pm/s (n= L4) in 

st. radiatum and 99 f 13 (n=14) in st. oriens of the CA1 region of the hippocampus (Table 

1). In control conditions, therefore, it was observed that the velocity of propagation 

occurred at a cornparabte rate in st. oriens and st. radiatum, aithough the veiocity of 

propagation varied fiom triai to triai (range 41-187 p d s  in st. radiatum; range of 39-1 87 

pm/s in st. oriens). These observations are consistent with the findings of Somjen et al. 

(1992) in terms of the variation of the propagation rates, although in contrast to Somjen et 

ai. (1992) it was detenriined that the rate of propagation in st. radiatum and st. oriens was 

comparable. 

4.4 Pr,-purinergic receptor involvement in the onset phase of spreading 

depression 

The onset to peak time during the onset phase of ouabain-induced SD was 

inhibited by PPADs (200 CrM) although not to the same extent as suramin ( l  rnM), and 

resistant to RB-2. This suggests the involvement of an ionotropic Pz,-purinoceptor during 

this phase of spreadig depression. Pz,-purinoceptors are coupled directly to a non- 

selective cation channeI, consistent with the depolarization, influx of Na- and ca2- 

(Hansen. 1985), and cellular sweiiing known to occur in this phase of spreading 

depression. 

PPADs was found to have no statisticai effect on either the slope or maximum 

slope during the onset phase. The slope is measured 6om 20% to 40% of peak, suggesting 

that PPADs does not exert an effect in the early onset phase. As the laîter onset phase 

progresses quickly to peak in control conditions, PPADs results in a slowing of this latter 

onset phase to peak. This suggests the involvement of Pz, purinergic receptors in the latter 

onset phase, possibly activated by the implied swelling-induced release of ATP. 

Suramin has been show to inhibit giutarnate receptors and GABA receptors 

(Nakazawa et al., 1 995). To controi for antagonism at glutamate or GABA receptors, 

suramin was applied in the presence of NMDA, non-NMDq and GABAA receptor 



antagonists. PPADs was dso tested to determine its eEect in the presence of these 

antagonists, although PPADs has been shown to have no effect on these receptors @aie 

and Gilday, 1996), or on giutamate-induced currents in CA1 pyramidal ceUs (Motin and 

Bennett, 1995). PPADs, uniike suramin, in the presence of these antagonists, did not slow 

the onset phase of ouabaui-induced SD. 

The reason that PPADs does not maintain its effect on the onset phase in the 

presence of NMDq non-NMDA, and GABAA receptor antagonists is not currently 

known. One possible explanation is that the onset phase in the presence of the antagonists 

is slowed enormously, requiring as much as 25 minutes to reach peak. The effect of 

PPADs in slowing the onset phase is presumably stili occurring, but as the process is 

already slowed so substantidly, it is conceivable that the effects of PPADs are masked. 

Surarnin slowed the onset phase in the presence of the antagonists in a dose- 

dependent manner, with an ECso of 383 phi. The shape of the curve is similar to the effect 

of surarnin on currents elicited by application of 100 phd glutamate to hippocampal 

neurons (Motin and Bennett, 1995). although shifted to the nght into a much higher 

concentration range (Fig. 15). It is likely that surarnin is slowing the latter part of the onset 

phase due to a multitude of effects: antagonism at Pz, receptors, or a blockade of 

glutamate ancilor GABA receptors. 

4.5 Pz antagonists do not slow the failing phase of spreading depression by 

inhibiting ecto-nucleotidases nor by blocking GABA- and glutamate 

receptors 

In a recent study it was deterrnined that al1 currently available Ph- and Pa- 

purinoceptor antagonists (including suramin, RB-2 and PPADs) inhibit sigmficantly the 

breakdown of ATP by Xenopus oocytes (Ziganshin et al., 1996). Surarnin, RB-2 and 

PPADs inhibit the breakdown of ATP to a s i d a r  extent, suggesting that the inhibitory 

effect on ecto-nucleotidase activity should be taken into account when these purinergic 

antagonists are used in pharmacologica1 experiments (Ziganshm et al., 1996). To control 



for ectonucleotidase inhibition as a possible non-specific effect of the purinergic 

antagonists the effect of AMP-PNP, an ectonucleotidase inhibitor was investigated. AMP- 

PNP failed to have an effect on either the onset or fâiling phases of spreading depression 

(Fig. 22), suggesting that the purinergic antagonists to not exert their effects by inhibiting 

ectonucieotidases. Furthemore, suramin, RB-2 and PPADs exhibited dserential effects 

on ouabain-induced SD. Suramin and RB-2 Sected the falling phase and suramin and 

PPADs the onset phase. These difEerential effects could not be explained if the effects of 

the purinergic antagonists were simply an inhibition of ecto-nucleotidases to a sUnilar 

extent (Ziganshin et al., 1996). 

Both surarnin and RB-2 have been shown to inhibit glutamate and GABA 

receptors in this concentration range wakazawa et ai., 1995), and giutarnate-activated 

currents in CA1 pyramidal neurons (Motin and Bennett, 1995). The slowing of the falling 

phase of SD cannot be explained solely by an inhibition of glutamate and GABA 

receptors, as experirnents in this thesis demonstrated that NMDq non-NMDA, and 

GABAA receptor antagonists slow preferentially the onset phase, and are without effect on 

the failing phase. This rules out GABA and dutamate inhibition as a possible non-specific 

effect of suramin and RB-2 on the faliîng phase of ouabain-induced SD. 

4,6 Purinergic antagonists slow the faUing phase of SD by Pz,-purinergic 

recep tor blockade 

One of the principal findings of this thesis is that suramin and RB-2 inhibited the 

falling phase of SD, in the absence of any other treatment. The mode1 presented in Fig. 30 

suggests suramin and RB-2 inhibit the binding of ATP to a Pz-purinergic receptor. This is 

most likely a metabotropic Pz,-purinoceptor resistant to PPADs, but inhibited by RB-2 

and surarnin. A receptor with sirniiar antagonist selectivity was described in the rat vas 

deferens (E3ültmann and Starke, 1994). Ln C6 giiorna celfs, suramin and RB2 competitively 

antagonized the inhibitory effect of 2-methylthio ATP (a potent Pa agonist) Woyer et al., 

19941, whereas PPADs (concentrations up to 100ClM) had no effect (Boyer et al., 1994). 



In addition to its weli known Pz, antagonism, PPADs was shown to be a 

cornpetitive antagonist at P+-stimulated phosphotipase C (PLC) activity in turkey 

erythrocytes but was without effect on Pz,-purinoceptors on C6 glioma cens coupled to 

adenylyl cyclase (Boyer et al., 1994). This suggests that activation of phosphotipase C and 

inhibition of adenylyl cyclase are rnediated by different P-purinoceptor subtypes (Boyer 

et al., 1994) with diBering selectivity far PPADs. 2-methylthio ATP (a potent Pzy agonist) 

was shown in cultured rat hippocarnpal neurons to enhance intraceilular calcium via a 

pathway independent of the PLC-mediated phosphatidylinositol signahg pathway 

(Ikeuchi et al., 1996), possibly by inhibiting adenylyl cyclase. This provides an explanation 

for the failure of PPADs to mhibit the f a h g  phase of SD. In the rat hippocampus, it may 

be that Pz, receptors act via a pathway independent of PLC (Ikeuchi et al., 1996), 

receptors resistant to inhibition by PPADs. 

Although both surarnin and RB-2 have an effect on the falling phase of SD, 

indicating P. receptor involvement, there is a discrepancy in the effect of these dmgs on 

the falling phase of SD in the presence of NMDA. non-NMDA, and GABAA receptor 

antagonists. Suramin, in the presence cf  these antagonists, results in a dose-dependent 

inhibition of the faiiing phase (ICso of - 1 15 m. Conversely, RB-2 (200 pM) does not 

have an effect on the falling phase of ouabain-induced SD in the presence of these 

antagonists. 

One explanation is that suramin, unlike RB-2, has an affect on the fdiing phase of 

SD in the presence of these antagonists as a result of an action independent of its blockade 

of purinergic receptors. Having ruled out ecto-nucleotidase inhibition as a possible non- 

specific effect of suramin, the possibility that the effect of surarnin could be exp1ained by 

inhibition of PKC (Mahoney et al., 1990) was investigated. 

The involvement of PKC has been dernonstrated in SD initiated by a high KCI 

solution in rat cerebrai cortex in vivo (I(rivanek and Koroleva, 1996). Suramiq in addition 

to its weU-characterized purinergic antagonism, has been shown to inhibit PKC in a 



concentration-dependent rnanner (Mahoney et al., 1990). H-7, a potent PKC inhibitor. 

was detennined to have no effect on the falling phase of spreading depression (Fig. 16), 

ruiing out PKC inhibition as a possible non-speciiïc effect of suramin. Furthemore, Pzy 

purinergic receptors in cultured rat hippocampai neurons are not regulated by PKC and 

enhance [ca2*]i via a pathway independent of PLC-mediated signaling (Ikeuchi et al.. 

1996), a finding which fùrther re-afiirms rny conclusion that suramin is not a6ecting the 

fding phase through PKC inhibition. 

The resuits of the present study suggest that the inhibition of the falling phase of 

SD by suramin in the presence of the GABA- and glutamate receptor antagonists is best 

explained by a blockade of P2 purinergic receptors. The reason for the failure of RB-2 to 

maintain an effect on SD in the presence of the N M û A ,  non-NMDA, and GABA* 

receptor antagonists is not currently known and is difficult to explain. It may be, however, 

that the process underlying channel inhibition of different ligand gated channels may not be 

explained by a common mechanism. For exarnple, the inhibition by RB-2 of the NMDA- 

activated current in rat hippocampal neurons was dependent on agonist concentration and 

voltage, whereas the inhibition by suramin was dependent only on voltage, in a particular 

concentration range (Nakazawa et al., 1995). This suggests the effect of surarnin may be 

explained by a block at channel pores (Ascher et al.. 1978; 1979), whereas with RB-2 it 

may be a combination of both a pore block and cornpetitive antagonism. However, the 

blockade by both suramin and RB-2 of ATP-activated channels in PC 12 cells depended 

on agonist concentration but not on voltage (Nakazawa et al., 1 99Oa; 199 1 ). suggesting 

competitive antagonism. 

RB-2 (200 CIM) results in a blockade of preferentidiy the Pz, purinergic subtype 

(Motin and Bennett, 1995), whereas suramin (100-1000 pMJ results in blockade of both 

the P b  and Ps purinergic receptor subtypes (Motin and Bennett, 1995; Nakazawa et al., 

19906). Ph ionotropic receptors are coupled directly to a non-specïfïc cation channel, and 

the failure of RB2 to antagonize these receptors may result in an increased influx of Nac 



and ca2+ through these channels. This may lead to increased release of glutamate and 

consequently ATP. At these increased extracellular concentrations of ATP, RB-2 may 

have only a weak antagonistic effect at Pz, purinergic receptors. A sirnilar dependence of 

antagonism by RB-2 on NMDA concentration has previously been described (Nakazawa 

et al., 1995). RB-2 strongly inhibited an inward current induced by 100 pM NMDA but 

weakly inhibited the sarne current induced by a higher concentration of NMDA (500 pM) 

(Nakazawa et al., 1995). Perhaps by increasing the concentration of RB-2 (greater than 

200 pM), a greater percentage of receptors would be inhibited, and at higher 

concentrations RB-2 would strongly inhibit Pz, receptors. 

An alternative explanation involves the effects of blocking NMDA receptors. It has 

previously been demonstrated that in cortical ce11 cultures hypo-osmoticaiiy swelled 

neurons engage in rapid RVD. However. swelling induced in these cells by a veratndine- 

stimulated Na* influx does not result in a process of RVD (Churchwell et al., 1996). On 

the other hand, if the veratridine-stimulated cells are pre-treated with NMDA antagonists 

(within a lirnited time), they engage in rapid RVD (Churchwell et al.. 1996). This raises 

the intriguing possibility that RVD in the presence of NMDA antagonists represents a 

different process of RVD than that activated during ouabain-induced SD; one blocked by 

the presence of surarnin and not by PPADS and RB-2. The first line of evidence in support 

of this idea is that in the presence of the NLMDA antagonist MK-80 1, the decrease in tissue 

transrnittance during the falling phase occurs much more quickly (afler the first 30 s from 

peak) than in control conditions in st. radiatum of the CA1 (Basarslq, personal 

communication). 

It has been suggested that RVD in the presence of NMDA antagonists requires a 

"threshold level of calcium to be reached (Churchwell et al., 1996). It is conceivable that 

in the presence of NMDA antagonists and suramin, both the NMDA and Pzx purinergic 

receptors are inhibited. and for this reason, in surarnin, the calcium influx is depressed such 

that the "threshold of intraceuular calcium is not reached. This provides an explanation as 



to why, conversely, the f d h g  phase of SD in the presence of these antagonists and RB-2 

occurs: lack of Pk antagonism results in an increased infiux ofcaiciurn reaching the 

"threshoId Ievel, and activating a different process of volume recovecy not dependent on 

Pzy purinergic activation. 

Finally, the ciassification of ATP receptors and the actions of purinergic 

antagonists are based primarily on experiments performed in non-neuronal tissue, and 

therefore may not explain aii of the effects observed in CNS tissue (Wieraszko and 

Ehrlich, 1994; Iles and Norenberg, 1993). Moreover, different Pz-purinergic receptors 

would exist in a cornplex ceIluIar preparation such as the hippocampal slice. and the final 

effect may be a compound effect of actions of different subpopulations of P2 receptors 

(Wieraszko and Ehrlich, 1994). The possibility that suramin may be having an effect on 

the f d h g  phase of SD in the presence of the NMDA, non-NMDq and GABAA 

antagonists due to a rndtitude of Pz purinergic effects, as well as the intriguing possibiIity 

of antagonism at an undescribed p u ~ e r g i c  receptor subtype. cannot be ignored. 

4.7 Interaction of the glutamatergic and purinergic systems during spreading 

depression: release of ATP or related compound 

One of the eariiest discoveries of spreading depression was that it could be 

initiated by glutamate (Van Harreveld, 1959; Hansen, 1985). Agonists of the glutamate 

subtype receptors, (NMDq quisqualate, and kainate) also trigger CSD (Van Harreveld, 

1959; Curtis and Watkins, 1963; Bures et al., 1974; Lauritzen et al., 1988). NMDA was 

approximated to be LOO h e s  more potent than glutamate in initiating SD (Curtis and 

Watkins, 1963). Both the CA1 and dentate gyms regions contain hi@ levels of neuronal 

NMDA receptors (Monaghan and Cotman, 1985; Jansen et al., 1989). 

NMDA receptors do play a role in the onset phase of spreading depression, as the 

application of MK-801 (100 CrM) prolongs the onset of SD in st. radiatum of the CAI 

significantly (Basarsky and MacVicar, 1996), consistent with the findings of the ~ffects of 



other NMDA antagonists on SD (Hemindéz-Ciceres et al., 1987; Mody et al., 1987; 

Marrannes et al.. 1988; Somjen et al., 1992). However, in the presence of the NMDA 

antagonist MK-80 1, the falling phase of SD in st. radiatum is not aEected and occurs as 

rapidly as in controls, even at a slightly faster rate (Eiasarsky, personal communication). 

Glutamate is released and involved during the onset phase of ouabain-induced 

spreading depression. The present study h a  determined that slices bathed in MK-80 1, 

CNQX (non-NMDA receptor antagonist) and bicuculline (GABAx antagonist ) inhibit the 

onset phase of spreading depression. in the presence of these antagonists, the fdling phase 

of SD does not occur until 15-20 minutes following the application of ouabain, a sli&tly 

longer period of time than in the presence of MK-80 1 alone @asarsky, personal 

communication). With the addition of suramin in the presence of the same drugs, the 

falling phase is slowed, suggesting a role of Pz-purinergic receptors in this phase of SD. 

ATP has been shown to be released from hippocarnpal slices by the stimulation of 

Schaffer coilaterals in rats and rnice (Wieraszko et al.. 1989). The release of ATP is 

dependent on extracellular caicium concentration, and is not evoked by glutamate release 

itself suggesting that perhaps both ATP and glutamate are stored and released together 

(Wieraszko et ai., 1989). ATP, a transmitter at autonomie neuromuscular junctions 

(Burnstock, 1990 j and gangiia (Evans et al., 19%; Silinsky and Gerzanich, 1993) is also a 

transmitter in the central nervous system (Edwards et ai., 1992), and acts through Pz- 

purinoceptors. 

As the falling phase of spreading depression is d ib i t ed  by the Pz purinergic 

receptor antagonists suramin and RB-2, this implies a retease of ATP or related compound 

during this phase of spreading depression. A recent study has dernonstrated that the 

release of ATP in cultured rat hippocampal neurons evokes an increase in intracellular 

calcium through Pz-purinoceptors (houe et ai,, 1995). Pzipurinoceptors have been 

identified which in response to ATP increase intracellular calcium leveis in 30% of 



dissociated hippocampal neurons (Mironov, 1993). Consistent with these findings, it was 

detennined that in cultured rat hippocampal neurons, Pz, purinergic activation resulted in 

whole ceil potassium currents and ca2- release fiom intracellular calcium stores (Ikeuchi et 

al., 1996). 

The relationship between glutamate and ATP release has been studied in cultured 

rat hippocampal neurons (houe et al., 1995). It was demonstrated that giutmate release 

f?om a "giutamate responder" ce11 resulted in the release of ATP which stimulated ATP 

receptors on a "non-glutamate respondef' ce& resulting in an increase in intracellular 

calcium (Inoue et al., 1995). This response was inhibited by suramin, in the presence of 

TTY APV, CNQX, bicuculline, and cd2', indicating the involvernent of Pz purinergic 

receptors (boue et al., 1995). 

These findings suggested that glutamate can trigger the reIease of ATP fiom 

neurons which c m  act to raise intracellular calcium in other neurons via the activation of 

PI-purinergic receptors. It is not currently known how specifically purinergic neurons 

interact with the well-known glutarnatergic circuitry of the hippocarnpus (Inoue et al., 

1995), however it has been suggested that there may be intermembrane coupling between 

Pz,,-or P2Jîike purinergic receptors and glutamate receptors in the hippocampal slice 

(Motin and Bennett, 1995). Glutamate is released during SD, and it is conceivable that this 

giutamate release may contribute to the release of ATP in much the sarne way as the 

interactions in ce11 culture resulting in increased release of ATP, which activates 

metabotropic PZ, purinergic receptors and the release of ca2- from intracellular stores. 

4.8 Origin of extracellular ATP: release during spreading depression 

Experirnents in this thesis exarnined ouabain-induced spreading depression in the 

absence of extracellular ca2' and the presence of 100 @A EGTA. The affect of low 



calcium conditions on SD was an increase in the onset phase, or time to peak. The falling 

phase, and the one implicated in the volume recovery of st.  radiatum was unafTected by 

extracellular ca2- removal. 

Previous studies exarnining RVD in cortical astrocytes detennined that astrocyte 

swelling causes an increase in intracellular ca2- both by an increased influx frorn the 

extracellular space and release f?om intracellular stores (Churchwell et ai., 1996). In 

addition, it was shown that RVD in cortical astrocytes f i e r  hypotonic swelling is a cal- 

dependent process (O'Comer and Kimelberg, 1993; Bender and Norenberg, 1994). and 

the removal of extracellular ca2* was show to inhibit RVD and swelling activated K- and 

Cl- efflux (Churchwell et al., 1996). 

The cytoplasmic level of ATP in most rnarnmalian cells exceeds 5 mM (Zhang e t  

al.. 1995). so extracellular levels of ATP during stimulation could rise to a hi& 

micromolar range (Gordon, 1986). The fkdings of this thesis have suggested that the 

release of ATP is not dependent on either synaptic transmission or an influx of 

extracellular calcium, suggesting a mechanism of release independent of the findings of 

Wieraszko et al. (1989). 

One of the objectives, therefore, was to determine how ATP is being released 

during ouabain-induced SD. In a sirnilar study in HTC cells, it was suggested that ATP 

eHux occurs through the opening of a channel, however the molecular identity of the 

channel is not known (Wang et al., 1996). It may be that a similar mechanism of A I T  

release occurs in the hippocampus. It has been suggested that ATP-sensitive K' channels, 

observed in cardiac and other tissues (Ashcroft, 1988; Cook and Hales, 1984; Spruce e t  

ai.. 1985). may play a role in SD (Aitken et al., 199 1). It was also suggested that 

sulfonylurea receptors, members of ATP binding cassette proteins, may also be permeable 

to ATP (Al-Awqati, 1995). 

Sulfonylurea receptors sensitive to glibenclamide have been found throughout the 

hippocarnpus, including the CA1 region (Zini et al.. 1993). Glibenclarnide was observed to 

have an effect on the falling phase of spreading depression, but not to the same extent as 



suramin. Perhaps giibenclamide did block a component of ATP release during the failing 

phase of ouabain-induced SD, but did not inhibit the release completely. However, 

tolbutamide. also a sullonylurea antagonist (Krnjevic, 1990) failed to have an effect on 

either the onset or failing phases of spreading depression (Fig. 25). This suggests that 

ATP-sensitive K- channels sensitive to tolbutamide may not play a role in SD in the 

hippocampus. Alternatively, glibenclarnide blocks ATP-sensitive potassium channels, and 

may have an effecî independent of the postulated reIease of ATP through the channel. 

Glibendarnide blockade of these channels wouId inhibit the efflw of potassium slowing 

the process of volume recovery, and resulting in a slowing of the falling phase of ouabain- 

induced SD. 

4.9 Activation of purinergic receptors and regulatory volume decrease 

Consistent with previous studies (Andrew and MacVicar, 1994), the application of 

a hypo-osmotic solution resulted in a reversible increase in tissue transmittance in al1 

regions of the hippocampal slice, particularly in the radiatum of the CAI. This increase in 

tissue transmittance is correlated with an increase in ceIl volume (Andrew and MacVicar. 

1994) which remained at a stable level until the hypo-osmotic saline was washed off with 

normosmotic aCSF. 

These findings suggest that ce11 volume regulation in the hippocampal slice does 

not occur over the short term (minutes) (Andrew and MacVicar, 1994). Tt was proposed, 

therefore. that cells in the CA1 region behave passively during osrnotic stress lasting 

several minutes (McGann et al.. 1988; White et al.. 1992), and over the longer term 

(hours or days), mechanisms of volume regulation may become activated (Andrew, 199 1 ; 

Andrew and MacVicar, 1994). 

During the Ming phase of ouabain-induced spreading depression, there is a rapid 

increase and then cornpensatory decay of the tissue transrnittance which is associated with 

the rapid recovery of celi volume in st. radiatum of the CA1. This is aiso consistent with 



the 6nding that a brief application of NMDA ( t 00 pM) results in a simiiar increase and 

then decay in the tissue transrnittance in st. radiatum of the CA1 (Polischuk and Andrew, 

1996a). Results of this thesis have indicated that suramin and RB-2, Pz, purinergic 

antagonists, inhibit this volume recovery phase of spreading depression. This provides 

circumstantial evidence for a release of ATP which mediates the regdatory volume 

decrease response (Fig. 3 0). 

The release of ATP and activation of PZ purinergic receptors resulting in a process 

of regdatory volume decrease by the subsequent activation of chloride channels has been 

shown in rat hepatoma ceUs in culture (Wang et al-, 1996). Furthemore, RVD was 

blocked by the purinergic antagonists suramin and RB-2 (Wang et al ,  1996). 1 propose 

that a similar, novel mechanism of volume recovery occurs in the rat hippocampus during 

the fallmg phase of spreadig depression as presented in Fig. 30. 

At present, there is uncertainty as to which cell type (neuronal, glial, or both) is 

responsible for the changes in IOS of st. radiatum of the CA1, as there is swelling in both 

astrocytes (Chebabo et al.. 1995) and neurons (Van Harreveld, 1958; Van Harreveld and 

Khattab, 1967) during SD. It has been suggested that in tissue slices it would be difficult, 

ifnot impossible, to detennine which ceIl type contributes to the volume regdation 

(Huang and Somjen, 1995) during processes such as SD. Quantitative studies of 

hippocarnpal cytoarchitecture are scarce, however, there are hints that glia are more 

abundant in st. radiatum than in st .  pyramidale (Werreras and Somjen, 1993), and 

conceivably rnay generate a greater proportion of the signal. Additionally, it was 

demonstrated that exposure to a high K- solution resuited in a nearly 40% volume increase 

in astrocytes (Walz, 1987), which during ouabain-induced SD may contribute to the 

change in IOS observed in the giia-abundant st. radiatum. 

Extracellular field potentials have been measured during a high K* induced-SD in 

st. radiatum, demonstrating initialiy a rapid shift to a negative peak, followed by a brief 

plateau, a second larger peak, followea by repolarization, and fiequently a positive 



overshoot (Somjen et al., 1992), a result confirmed in our laboratory (Basarsicy, personai 

communication). This neuronal and glial repolarization in st. radiatum of the CA1 has been 

demonstrated in conditions where ATP supply dropped considerably (Olson et al., 1986): 

and was not altered when external ca2- was removed (Harold and Walz, 1992). This 

suggests that an elevation of intracellular caZ* could lead to activation of ca2--activated 

K* channels (Miller, 1991; Harold and Walz, I992), as such channels are known to be 

expressed in astrocytes (Quandt and MacVicar, 1986) or CI- channels (Bender et al., 

1993). Furthemore, it was suggested that this pattern rnay be compatible with the 

presence of ATP-sensitive K- channels, whose K- emux is activated by a drop in ATP 

concentration (Noma, 1983). However, cytosolic ATP Ievels must fail to approximately 1 

nM before ATP-sensitive channels will open (Noma, 1983; Ashcroft, 1988). 

Consistent with this hypothesis, a recent study demonstrated that activation of PI" 

purinoceptors with 2-methylthioATP activates a potassium chanriel in cuttured rat 

hippocampal neurons (Ikeuchi et al., 1996), and stimulates ca2' release Eom intracellular 

stores regulated by a G-protein-mediated signaling pathway (Ikeuchi et al., 1996). The 

activation of K* channels directly or through the activation of ca2--activated K- channels 

may contribute to the regdatory volume decrease during the falling phase of SD. 

Alternatively, Pz -purinergic activation by ATP may result in activation of chioride 

channels leading to a ce11 volume decrease (Wang el ai.. 1996). Evidence from another 

study in our laboratory provides support for the chioride channei hypothesis. It has been 

deterrnined that NPPB, a chloride channel inhibitor, has an effect sirnilar to suramin, by 

slowing the fding phase of ouabain-induced SD. This suggests that chioride channel 

activation may play a role in the volume-recovery fdling phase of ouabain-induced SD 

(Basarsky and MacVicar, 1996; Basarslq. personal communication). 



4.10 Role of sodium influx in spreading depression: Implication o f  ~ a ' l ~ a ~ '  

exchanger in the onset phase 

The results of this thesis have shown that the propagation and falling phases of 

ouabain-induced SD as measured in st. radiatum of the CA1 are not dependent on the 

presence of extracellular calcium. The influx of Na- and ca2- has been demonstrated 

during SD, although the contribution of various Na* channels has not been described. 

There are several possible pathways for Na- influx: through a Pzx purïnoceptor non- 

selective cation channel, a ~ a - / ~ a ~ *  exchanger, a voltage-sensitive Na- channel or perhaps 

an ATP-induced membrane pore. 

Replacement of the bath-applied Na*-containing aCSF with NMDG- resulted in a 

process simiiar to SD, although the propagation was at a much slower rate (Table 1). The 

effect of 26rnM Na- was not the sarne throughout al1 regions of the hippocarnpus. In the 

dentate gyms, propagation of SD occurred at a similar rate as in control slices (data not 

shown), and in st. oriens was measured at a rate not statistically significant relative to 

control (Table 1). In st. radiatum propagation occurred at a significantly slower rate then 

in control (Table l), although reaching the same peak level of tissue transrnittance as 

controls. In other words, in a Na--fiee (26 rnM) medium, ouabain induces a process which 

looks much like a slowly propagating wave of SD. It has been shown previously that the 

IOS generated dunng ouabain-induced SD in the hippocampal slice do not occur in the 

presence of TTX (Du@ and MacVicar, 1995, unpublished results), suggesting the 

involvement of TTX-sensitive Na- channels in SD. Furthemore, it was demonstrated that 

IOS themselves are not blocked by the application of TTX (Andrew and MacVicar, 1994). 

When these results are taken together, they indicate that perhaps Na* entry during 

ouabain-induced SD is via TTX-sensitive Na* channels. 

Another possibility is that the i d u x  of Na* may occur through channels sensitive 

to amiloride. Amiloride has been used in the investigation of several Na* transport systems 

(Garty and Benos, 1988). It is known to block epithelial Na' channels and inhibit Nac/H- 

and ~ a ' / ~ a ' '  exchange in preparations from various tissues (Luciania et al., 1988). In the 



presence of amiloride, the onset phase including the onset to peak time (Fig. 28) and 

propagation rate in st. radiatum (Table 1) of spreading depression is inhibited, suggesting 

an effect specitic to the Na- transport system, or blockade of a subset of arniioride- 

sensitive Na- channels. 

There is a possibility that the ~ a - / ~ a ' -  exchanger may be involved in the transport 

of Na- during the onset phase of SD. Benzamil, a derivative of amiloride, blocks the 

~ a - / ~ a ' -  exchanger (Kaczorowski et al., 1985; Markrarn et al., 1995), but does not inhibit 

the Na-/iT exchange (Ong and Kerr, 1994). The onset to peak time of ouabain-induced 

SD is significantly increased by the application of benzarnil(500 ph4 ) (Kg. 29). In 

addition, the propagation rate in st. radiatum is significantly increased relative to control 

(Table 1). This suggests that the ~ a - l ~ a * -  exchange may play a role in the onset phase of 

SD, although at these concentrations benzamil cm inhibit other Na- channels resistant to 

inhibition by amiloride. 

In physiological conditions, the importance of the sodium/caicium exchange has 

been questioned (DiPolo and Beaugé, 1979, 1983). Sodium/caicium exchange becomes 

much more important during pathological conditions where intracellular calcium levels are 

far higher than normal (Lees. 199 l) ,  such as spreading depression. During application of 

the glutamate agonist quisqualate, there is increased involvement of the sodium/calcium 

exchange mechanism to extrude ca2* (Stabel et al., 1990). In cerebeiiar granule cell 

cultures, it has been shown that inhibitors of the IVa-/ca2- exchange exacerbate the degree 

of neuronal death caused by glutamate (Andreeva et al., 199 1 ). 

Benzarnil inhibits the onset phase of ouabain-induced SD, suggesting involvement 

of the ~ a - / ~ a ' '  exchange mechanism. Activation of the T4a-/ca2' exchanger could be a 

response by the cells to lower the intraceiiular calcium levels during the massive influx of 

ca2* during ouabain-induced SD. The high Uitraceiiular sodium resulting fiom SD would 

also reduce the efficiency of the ~ a - / ~ a ~ &  exchange (Lees, 199 l), decreasing the ability of 

the ceiis to cope with the increased calcium idux. The response by the cells to the high 



levels of intracellular calcium may be a mechanism during SD to 1 s t  the damage caused 

by the massive influx of ca2* accompanied by the cellular swelling. 

4.1 1 Ouabain-induced spreading depression may lead to cell death 

One of the fiindamentai questions arising from the results of this thesis is whether 

the wave of spreading depression observed results in cell death. The most obvious 

observation contriburing to this idea is that ouabain-induced SD cm only be initiated once 

in a slice. There are, however, several hypothesized reasons as to why SD can ody be 

initiated once. The first is not necessarily related to ce11 death. Ouabain binds tightly and 

neariy irreversibty to the Na-,Kc-ATPase (Lees and Leong, 1994). Transfemng 

hippocarnpal slices to a thermo-regulated superfision bath wilI ailow the slices to be kept 

alive for a maximum of ten hours. However. washing off ouabain would require a tirne 

much greater than ten hours. For this reason, ouabain binds with such efficacy that its 

effect is nearly irreversible, and this does not necessarily suggest ce11 death. 

Another reason why ouabain-induced SD can be initiated only once in a slice, and 

for reasons not related to cellular death, stems fiom other work conducted in our 

laboratory. In these experiments, an analogue of ouabain, dihydroouabain, was tested to 

see if spreading depression can be initiated more than once. Dihydroouabain, with one- 

fifth to one-tentb the potency of ouabain as an inhibitor Na--K- ATPase (Brosemer, 1985; 

Vyas and Marchbanks, 198 1) was tested for its effects in initiating SD, and it was found 

that it can be washed off in a much shorter time period (within several hours) (Basarsky 

and MacVicar, unpublished results). Foiiowing the wash, SD could be initiated a second 

time with dihydroouatiain in the sarne slice, although with a much weaker magnitude 

(EIasarsIq, persond communication). 

Certainiy the hypothesis that ouabain-induced spreading depression daes resuit in 

widespread ceU death cannot be excluded. Ouabain is one of the most potent neurotoxins 

in the hippocarnpus (Lees, 1991), with a toxicity estirnated to be at least equivalent to that 



of kainic acid and greater than that of NMDA (Lees, 199 1). Ouabain, at a dose of 1 nM 

produces, in vivo, neuronal death in di regions of the hippocampus (Lees et ai., 1990). 

Furthermore. injections of ouabain into the brain leads to seinire activity, and neuronal 

death at the site of injection and other sites in the brain (Bignami and Paiiadini, 1966; 

Lowe. 1978). Other sudies have demonstrated that ouabain causes the death of ceUs in 

cerebellar slices (Garthwaite et al., 1986) and myocardiai celis in culture (Liu et al., 

1987). For these reasons it is conceivable that if ouabain at 1 nM can result in neuronal 

death in the hippocampus in vivo, surely at a concentration of 100 pM, nearly 100,000 

times higher, it d l  have a sirnilar effect in the in vitro hippocarnpal slice. 

4-12 Decreased activity of Na',K' ATPase by ouabain may result in ce1 death 

There are severai possibIe mechanisms by which decreased activity of the Na-, K* - 
-AïPase caused by ouabain may result in a cellular death. The first is that the inhibition of 

the Na-.K--ATPase may induce neuronal death secondarily, by causing the release of toxic 

concentrations of endogenous glutamate, or a related glutamate agonist. Consistent with 

this idea. the rate of glutamate release is increased 2-3 fold by infusions of ouabain in vivo 

(Jacobson et al., 1986; Westerink et al., 1989). In vitro. giutarnate release by a calcium- 

independent process has been observed (Sanchez-Prieto et al., 1987). Furthermore, 

cytotoxic potencies of ouabain and diydroouabain are roughly in the sarne order as their 

potency as inhibitors of the enzyme (Brosemer, 1985; Haugar et al., 1985; Vyas and 

Marchbanks, 198 1). 

Inhibition by ouabain of Na-,K--ATPase results in a slow depolarkation of the 

cellular membrane. The rate of depolarization is dependent on the degree of inhibition by 

ouabain (Brosemer, 1985; RugoIo et al., 1986). The slow depolarization induced by 

ouabain would eventudy alleviate the rnagnesium-regulated voltage block of NMDA 

receptors (Mayer and Westbrook, 1987)- and contribute to an increased influx of calcium 

and sodium. High intracelluIar concentrations of caicium are toxic to cells (Choi, 1988). 



Slices bathed in MK-80 1 (MADA receptor antagonist), slowed the onset of spreading 

depression (Basarsky and MacVicar, 1996), suggesting glutamate reIease plays a role in 

the propagation of spreading depression. It is not unreasonable to infer that the application 

of ouabain triggers a process which results in an increase in extraceliular concentrations of 

glutamate. The ouabain-induced glutamate release may secondarily be responsible for the 

widespread ceU death by glutamate toxicity. 

Another observation which contributes to the hypothesis that ouabain resuIts in 

ce11 death is the observation that the intrinsic optical signals generated in the cell-body 

Iayer, or st. pyramidale, do not decay fiom peak. There may be several reasons why. A 

recent study by (Polischuk and Andrew, 1996a) demonstrated that retum to baseiine of 

the 10s in st. pyramidale occurs following the treatment of the hippocampal slice with 

NMDA ( 100 M. In this study, NMDA (100 CLM) was pertUsed for one minute. 

Following this, a rapid increase in transrnittance in both st. radiatum and st. pyramidale of 

the CA1 was observed. Subsequently, the transmittance levels rapidly returned to baseline 

in both cellular layers, sirnilar to what is observed only in st. radiatum of the CA1 during 

ouabain-induced SD. However, if the NMDA (100 CLM) is perfised for three minutes, 

there is a similar increase in tissue transrnittance in both st. radiatum and st. pyramidale, 

but no return to baseline of the IOS in st. pyramidale (Polischuk and Andrew, I996a). 

Tissue histology was then done forty minutes following treatment and the cells in st. 

pyramidale appear swoiien and dead (Polischuk and Andrew, 1996a). 

The infusion of ouabain into brain structures in vivo has been demonstrated to 

release acidic amino acids including giutamate (Jacobson et al., 1986; Westennk et al., 

1989), which would have a sirnilar action to the application of NMDA. In addition, the 

death of neuronal cerebeiiar granule cells, induced by glutamate and NMDA, is 

potentiated by non-toxic doses of ouabain (Novelli et al.. 1988). This suggests that during 

ouabain-induced SD, the release of glutamate may secondarily result in ce11 death by 



glutamate toxicity, exacerbated by the presence of ouabain, sirnilar to the swollen and 

dead celis observed in st. pyramidale foilomlng the application of NMDA (Polischuk and 

Andrew, 1996a). 

S. SUMMARY CONCLUSIONS 

Spreading depression of neurond activity was first descnbed over 50 years ago 

(Lego, 1944), and mechanisrns describing its propagation have remained elusive. Imaging 

activity-dependent changes in tissue transmittance in the in vitro hippocarnpal slice 

preparation has provided a non-invasive method of analyzing the rnechanisms underlying 

the propagation of spreading depression. 

This present work suggests a noveI mechanism for the recovery of ceii volume 

during the fdIing phase of ouabain-induced spreading depression. A similar mechanism has 

been proposed in J3TC rat hepatoma celIs in culture (Wang et al., 1996) and will be 

sumrnarized briefly. The swehg-induced release of ATP occurs in a calcium-influx 

independent manner, activates Pz-punnergic receptors. and results in the recovery of ce11 

volume. This recovery of ceil volume is thought to occur through either ca2--activated KL 

channels, or as recent work in our laboratory suggests, through the opening of Cl- 

channels (Basarsky, persona1 communication). 

5.1 Future Experiments 

The swelling-induced reIease of ATP resulting in volume recovery has not 

previously, to my knowledge, been suggested d u ~ g  the propagation of spreading 

depression. Purinergic antagonism with suramin and RB-2 provide circumstantid evidence 

for ATP release, but the development of more specific purinergic antagonists is necessary 



before this can be finnly concluded. A few possible hture experiments examining the 

mechanisms of ATP release during ouabain-induced SD are presented. 

1. The most obvious experiment wouId be to image the release of ATP during ouabain- 

induced spreading depression and determine if it is correlated with the intnnsic optical 

wave. In Our laboratory, calcium imaging with Fura-2-AM has been combined with 

imaging the intrinsic optical signals (Du£@ and MacVicar, Basarslq and MacVicar. 

unpublished results), making this a feasible idea. Providing evidence that ATP is 

released during the fdling phase would give the first direct evidence for the 

involvement of purinergic receptors. 

3. Another experiment would be to eliminate ATP 6om the extracellular space with the 

presence of phosphatase apyrase (Schwiebert et al, 1995). This would presumably 

have the sarne ef5ect as suramin and RB-2. by preventing activation of the Pt 

purinergic receptor and inhibiting the recovery of ce11 volume. 

3. ATP stores couid be depleted intracellularly before the application of ouabain. VATP 

release occurs during the falling phase, then the depletion of ATP stores before SD 

should inhibit the falling phase sirnilar to suramin and RB-2. Depleting ATP stores may 

have other devastating non-specific effects on the physiological status of cells, 

however, fùrther cornplicating interpretation of these results. 
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