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ABSTRACT

This thesis examines the alterations in electrophysiotogical function during hypoxia
in the rat hippocampal slice, in particular those alterations induced by extracellutar
accumulation of adenosine. Evaluation of electrophysiological responses in the jn
vitro rat hippocampal slice is a standard model for neurophysiologicat investigations,
^^.J L^^ L^^- ---^ I . rdnû nas Deen used extensively in the stuciy oí hypoxia. Rat hippocampal CA,,
pyramidal neurons are considered to be selectively vulnerable to hypoxic damage;
however, adenosine A1 receptor-mediated depression of excitatory synaptic
transmission during hypoxia may protect neurons. Enhanced excitability of neurons
is reported following hypoxia, and is proposed to contribute to neuronal damage.

ln the present studies, the post-hypoxic recovery of synapticatty evoked field
potentials was used to measure the survival of CA, pyramidal neurons, and to assess
any functional alterations precipitated by hypoxia. Excitatory synaptic transmission
in the hippocampal CA.¡ area was depressed during 30 minutes of hypoxia due to
activatíon of adenosine A,¡ receptors, this depression being sensitive to A' receptor
antagonism. Synaptic transmission always recovered upon reoxygenation, indicating
that CAt neurons survived prolonged inhibition of respiration, and that adenosine A'
receptor activation during hypoxia was not necessary for this neuronal recovery.
Following prolonged hypoxia, recovered postsynaptic potentials manifested a
permanent hyperexcitability, obvious as multiple population spikes. A method for
quantifying this hyperexcitability was developed, which established that it results
from a postsynaptic alteration in CA, neuronal excitability. Similar hyperexcitability
also followed normoxic adenosine exposure, but was not produced by agonists for
the At or A', adenosine receptor subtypes. Apparentty, adenosine activation of an
unidentified receptor subtype produces postsynaptic hyperexcitability, and this may
be the mechanism of hyperexcitability following hypoxic adenosine accumulation.

This work also examined the mechanism of adenosine accumu!ation Curíng h.¡poxia,
by assessing A1 receptor-mediated depression of synapticatty evoked field potentials.
Hypoxia, respiratory inhibitors and mitochondrial uncoupling agents all caused an
adenosine induced depression of synaptic transmission, whereas inhibitors of
oxidative phosphorylation did not. Furthermore, alleviation of ATp depletion failed
to increase the latency of synaptic depression during mitochondrial uncoupling. lt
seems likely, therefore, that the massive adenosine accumulatíon during energy
deprivation is not a direct consequence of ATP depletion, but is most tikely a resutt of
stimulation of cytosolic S'-nucleotidase and inhibition of adenosine kinase, possibly
by changes in free AMP, pH or cytosolic calcium.
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1. INTRODUCTION AND OVERVIEW

1.1. GENERAL OVERVIEW OF CEREBRAL HYPOXIA

Cerebral hypoxía results in rapid loss of higher brain functions such as consciousness

and purposive behaviour, but these can return with timely reoxygenation (Rossen ef

at. 1943). Despite this apparent recovery, serious consequences may develop later,

including epilepsy (Bergamasco et al. 1984; Oppenheimer and Hachinski, 1992) and

delayed neuropsychological deterioration with associated neuronal damage (Meyer,

1956; Plum ef at. 1962; Meyer, 1936). Neurons may initially survive hypoxia, but

undergo delayed neuronal degeneration in the subsequent hours or days, progressing

from microvacuolisation to ischaemic cell change, characterised by shrunken

neuronal soma and disolganisation of organelles, and finally disintegration (Brown

and Brierley, 1968). Although hypoxic neuronal damage can be widespread, some

brain areas are selectively vulnerable and can be damaged by even brief hypoxia,

whilst others are not affected; prominent amongst these selectively vulnerable areas

is the hippocampus, in padicular it's CA' region (Sommer's field) (Meyeç 1936;

Meyer, 1956; Plum ef al. 1962; Scholz, 1953; Sommer, 1880; Speilmeyer, 1925).

Hypoxia and ischaemia may have different consequences, for instance, hypoxia, but

not ischaemia, may produce neuronal necrosis in the globus pallidus, and

widespread axonal demyelination (Hirano et al. 1967; Plum et a/. 1962; Meyer,

1936; LaPresle and Fardeau, 1967; Brown and Brierley, 1968). However, while both

hypoxia and ischaemia otherwise result in essentially the same pattern of neuronal

degeneration, the two are rarely distinct in vivo since hypoxia may often be

accompanied by hypotension and reduced brain per{usion (Winn et al. 1981;

Zetterström et al. 1982).

There is a long history of neuropathological investigation of the consequences of

hypoxia and ischaemia for hippocampal neurons in vivo (Meyer, 1936; Speilmeyer,

1925; Brown and Brierley, 1968, and references therein). More recently, in vitro

models of cerebral hypoxia have allowed investigations uncomplicated by ischaemia.

Most significantly, use of the in vitro hippocampal slice has contributed to

understanding of cerebral hypoxia, so that some aspects are now well defined. This

is particularly so in CA' pyramidal neurons, where the hypoxic response has some

unique features, but is largely characteristic of other principal coÉical neurons.

Hypoxia causes a rapid depression of synaptic activity in the CA1 area of the

hippocampal slice (Fujiwara et al. 1987; Hansen et al. 1982), as a result of

extraceltular accumulation of adenosine and activation of adenosine At receptors

(Cribkoff et al. 1990; Fowter, 1989). If hypoxia is prolonged, or combined with

aglycaemia, neuronal ionic homeostasis and membrane polarisation is lost, after

which neuronal recovery is unlikely (Fairchild et al. 1988; Reid, 1987; Hansen ef a/.
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1982; Fujiwara et al. 1987; Taylor and weber, 1993), due to extracellular
accumulation of glutamate (Pellegrini-Ciampietro et al. 1990) and massive activation
of glutamate receptor cation conductances. Such excitotoxic neuronal damage can
result from acute swelling due to osmotic imbalance (Rothman et al. 1987), or
calcium influx can initiate delayed neuronal degeneration (Choi, 1988; Choi, 1990;
Rothman and Olney, 1986). However, if oxygen is re-introduced in time, neurons
will recover, but may display a form of hyperexcitability characterised by firing of
multiple action potentials (Schiff and Somjen, 1985).

Adenosine, aside from it's role in intermediary energy metabolism, has become
established as an important neuromodulator (Sattin and Rall, 1970), and is now
recognised to participate in hypoxic pathophysiology. Adenosine release is the
earliest cellular response to hypoxia, and adenosine-mediated synaptic depression a

prominent consequence of hypoxia (Cribkoff et al. 1990). Furthermore, adenosine
can provide protection of neurons against hypoxic excitotoxicity (Boissard et al.

1992). Adenosine is active at a growing list of C protein-linked receptors which
modulate ion channels, adenylate cyclase and phospholipase C (Greene and Haas,

1991; Sebastiào and Ribeiro, 1992; van Calker et al. 1979; Fredholm et al. 1985;
Ramkumar et al. 1993; White et al. 1992). Adenosine receptors can both inhibit and

stimulate adenylate cyclase activity, and were originally classifíed as A' and A,
receptor respectively on this basis (Londos ef a/. 1980; van Calker et al. 1979; van
Calker et al. 1978). Adenosine receptors also mediate electrophysiological actions
that are not necessarily related to their modulation of adenylate cyclase. Presynaptic

adenosine 41 receptors depress excitatory synaptic transmission (Lupica et at. 1992)
by inhibiting glutamate release (Corradetti et al. 1984) whilst postsynaptic A1

receptors reduce neuronal excitability by hyperpolarising the neuronal membrane
enrl onhen¡ino fho cl^r^, tffo.-h.r^o.^^1.'icinn ^^l^^+i^l tl--^^^ ^^l Lr^^^ I rrrìl \ r-,Þ !rre Jrv" qrLvr rrtyLrPvrqrrJrrró PvrçrrLtg¡ \\JlgEttç gtt(l I ¡oú¡J, aJJtt. ¡tt

contrast to this, there are high affinity adenosine Aru receptors and low affinity Azu

receptors that increase both synaptic transmission and pyramidal neuron excitability
(Sebastiào and Ribeiro, 1992; Ameri and Jurna, 1991; Mogul et al. 1gg3). A3

receptors are linked to phospholipase C (Ramkumar et al. 1993) with an as yet

unidentified action in neurons.

Some aspects of hypoxic pathophysiology have been intensively studied, such as

hypoxic excitotoxicity and the membrane currents initiated by hypoxia in

hippocampal pyramidal cells, while other aspects have been overlooked. For

instance, adenosine has been generally presumed to accumulate during hypoxia as a

result of ATP catabolism, despite evidence of relative preseruation of ATP during
hypoxia (Fredholm et al. 1984). lt has otherwise been suggested that hypoxia
activates 5'-nucleotidase (Lloyd and Schrader, 1987), but the evidence is ambiguous.

For instance, the mechanism of adenosine release at the onset of hypoxia has
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rece¡ved little attention, as has the extent and consequences of adenosine receptor

activátion during hypoxia. Curiously, early poshhypoxic hyperexcitability in the CA'

area of the hippocampus has been noted several times in the literature but never

pursued in depth. Originally, Anderson, commented on the appearance of multiple

population spikes in hippocampal field potentials in vìvo following hypoxia in

rabbits, cats and rats (Andersen, 1960). Two decades later, Dunwiddie noted

multiple population spikes in the CA.' in hippocampal slices following prolonged

invitro hypoxia(Dunwiddie, 1981)andthenSchiff andSomjendevotedabrief paper

to describing this phenomenon (Schiff and Somjen, 1985). There is, so far, only a

single description of post-hypoxic hyperexcitability using intracellular recording in

the rat hippocampal slice (Fujiwara et al. 1987). None of these few, brief reports

provide any clues as to the cause or underlying mechanism of post-hypoxic

hyperexcitability. Post-hypoxic hyperexcitability seems to be the earliest evidence of

consequential functional disturbance in neurons following hypoxia. Whether post-

hypoxic hyperexcitability is required for hypoxic excitotoxicity is still debated (lmon

et al. 1991), but delayed neuronal death is dependent on intact excitatory synaptic

pathways (Onodera et al. 1986; Benveniste et al. 1988; Rothman, 1983), and thus

may be the result of enhanced sensitivity of pyràmidal neurons to synaptic glutamate

release.

1.2. ArMS

The role of adenosine in hypoxia in the hippocampus is still only partially

understood. lndeed, knowledge of the pharmacology of adenosine receptors is still

developing. This thesis examines the earliest responses to hypoxia in the CA., area of

the hippocampal slice, and in particular, those mediated by adenosine. The

mechanism and extent of extracellular adenosine accumulation in the hippocampus

still requires clarification, and this thesis seeks to explore the relationship between

neuronal oxidative energy metabolism and extracellular adenosine accumulation.

Here, the remarkable survival of these selectively vulnerable CA,, neurons during

prolonged hypoxia or mitochondrial poisoning in the presence of high glucose has

been investigated. ln particular, the role of glycolysis, oxidative phosphorylation and

cellular energy state in both adenosine accumulation and neuronal survival during

hypoxia have been assessed. The contribution of adenosine A,, receptor activation to

hypoxic depression of synaptic transmission has been confirmed here and used to

estimate the concentration of accumulated extracellular adenosine. The role of

adenosine 4., receptor activation in the suruival of neurons during prolonged hypoxia

in vítro has also been addressed. The consequences of activation of adenosine

receptors otherthan the A.' subtype is not well understood. Of particular significance

to this project is that hyperexcitability, somewhat similar to that following hypoxia,

accompanies washout after prolonged exposure to exogenous adenosine in the
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noffnox¡c hippocampal slice (Okada et at. 1g92). lt is this similarity that tead me to
investigate whether hypoxic adenosine release is the sole, or merely a contributing
factor, in the production and maintenance of post-hypoxic hyperexcitability that
develops upon rcoxygenation.
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2. INVOLVEMENT OF ADENOSINE IN HYPOXIA IN THE
HIPPOCAMPAL SLICE: BACKGROUND TITERATURE REVIEW

2.1 . INTRODUCTION

The hippocampus has a long history of anatomical investigation, culminating in the

work of S. Ramon y Cajal at the turn of this century which has largely stood the test

of time. With nearly as long a history, is the investigation of the hippocampus as a

brain area that is selectively vulnerable to hypoxia (Speilmeyer, 1925). Theories of

hippocampal function have changed from an earlier presumed role in olfaction or

emotíon, to its current putative role in memory formation. Despite such changes, the

hippocampus has maintained a role as a primary model of coÉical organisation and

functíon throughout modern neurophysiology. Surely the pyramidal cells in the

hippocampus and their connections are the best studied veñebrate neurons and

synapses. Along with basic brain function, the hippocampus has been the model of

choice for investigation of cerebral hypoxia. The neuromodulator adenosine has

recently received much attention, particularly its actions in the hippocampus which is

richly endowed with adenosine receptors. During hypoxia, adenosine accumulates

extracellularly in many tissues, notably in the brain, and the consequences of this in
the hippocampus have received considerable attention. The present work continues

these studies, examining the sources and some consequences of adenosine

accumulation during hypoxia in the CA' area of the hippocampal slice. This chapter

initially provides an overuiew of hippocampal anatomy, both to illustrate the

development of the hippocampal slice technique, and to provide an understanding of

the synaptic connections studied in this model. The electrophysiology of the

hippocampus and pharmacology of the major transmitters in the CA, area are

reviewed in brief, to provide a background for the subsequent examination of the

actions of the neuromodulator adenosine. The current state of knowledge regarding

the consequences of hypoxia on the synaptic transmission and neuronal excitability

in the hippocampus and the survival of. hippocampal neurons is reviewed. The

particular emphasis of these latter is neuronal function and survival during hypoxia,

and the possible role of adenosine in these phenomena.

2.2. HI PPOCAM PAL FORMATION

2.2.1. ANATOMY AND CONNECTIONS OT THE HIPPOCAMPAT TORMAT¡ON

2.2.1.1. General cortical organisation

The mammalian cerebral cortex can be divided into two morphological types,

isocoñex and allocodex, this latter including the hippocampus. lsocortex or

neocoÉex is an phylogenetically new tissue and is characterised by six histological

layers (Ramon y Cajal, 19521. The most superficial is the molecular or plexiform
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layer consisting of fibrcs runníng paraltel to the sudace, including pyramidal cell
axons and dendrites, the Horizontal cells of Cajal as well as axons from the MaÉinotti
cells running towards the sudace. Next is the outer granular layer, a tayer of granule
cells and predominantly small pyramidal celts. Below is the pyramidal tayer
containing typical pyramidal cells of medium size. The deepest part of this layer is
crossed by transverse fibres of the outer podion of Baillarger's band. The fourth !a,ver-

is identified by stellate cells called granule cells. The portion of these previous two
layers crossed by the outer band of Baillarger are also called collectively the layer of
polymorphic cells. The fifth layer is the ganglionic layer or layer of large pyramidal
cells and also contains the inner aspect of Baillarger's.band. The deepest layer is the
polymorphous layer containing fusiform cells and Madinotti cetts and is extensively
penetrated by radial fibres to and from the superficial layers.

Allocodex or paleocortex, including the hippocampus, is a phylogenetically old area
of coñex. Allocortex is also highly organised, but characteristically only in three
distinct layers, with a superficial molecutar layer, a celt body tayer and a deep tayer
of fibres and polymorphous cells. Many authors also describe transitional tissues
between isocodex and allocortex called variousty peri-allocodex or juxta-allocortex.

2.2.1.2. Architectonics of the hippocampal formation
The classic histological work on the hippocampus was done at the turn of the century
by Santiago Ramon y Cajal. The hippocampal formation is a convolution of
allocortical and transitionál tissue occupying an area medial to the temporal lobe
adjacent to the lateral ventricle and betow the corpus caltosum. lts major
connections are wíth the septum, and only a small part reaches thalamic mamillary
bodies rostrally and the prorhinal codex caudally. tn humans, the hippocampus is a
comparatively small convolution on f he ve ntral innpr açnor-t nf fha ¡orahrrlsJPsv( vt (t tL LLtçvt qt

hemisphere, limited in size dorsally by the splenium of the corpus callosum. ln
rodents, however, the hippocampus occupies a relatively large area of the inner side
of the hemispheres, stretching from the temporal tobe towards the septum. The
following discussion on the morphology and organisation of this structure in the rat is
drawn largely from a 1968 translation of Ramon y Cajal and a number of excellent
reviews (Bayer, 1985; Angevine, 1975; Chronister and White, 1g7S)

Figure 1 .1 shows a horizontal or transverse section through the hippocampal
formation, which shows all the architectonic areas. Such transverse sections are a

typical representation of the hippocampus, which is considered to be a lamellar
structure, whereby this organisation is repeated along it's septal/temporal
(ventral/dorsal) axis. The term hippocampus is often used to denote both the
hippocampus and the closely associated structures described betow, but this
convention will be avoided in favour of the term hippocampal formation in the
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Figure 2.1 Architectonics and major connections of the hippocampat formation
Diagram showing a transverse sectíon of the híppocampus, illustrating the major
architectonic areas, cell types and major excitatory pathways. Abbreviatioñs: med. ent.
- medial entorhinal arca; para sub. - parasubiculum; perf. path - perforant path; pre
sub. - presubiculumj R.e. - retrosplenalis e; Sch. coll. - Schaffer collaterals; st. grän.
- stratum granulosum; st. lac.-mol. - stratum lacunosum-moleculare; st. mol. - strãtum
moleculare; st. or. - stratum oriens; st. pyr. - stratum pyramidale; st. rad. - stratum
radiatum; sub. - subiculum. The alveus is the deepest layers and the molecular layers
are the most supedicial.

present work. Hippocampus will be used to denote onty hippocampal âr€âs CA1,
CA, and CAr, see sect¡on 2.2.1.2.4. ln normat histological sections the boundaries
between the architecton¡c areas are not always distinct, but rather are graduat
changes in cell types and arrangements; however, fibre degenerat¡on studies can
reveal sharper boundaries. There are phys¡ological differences, impodant in the
present context, that distinguish not only the hippocampus from adjacent areas, but
also subdivisions in the hippocampus. Furthermorc, as ¡mportant hippocampat
afferents arise ¡n the adjacent closety assoc¡ated structures, these will be briefly
described.

2.2.1 .2.1 . Entorhinal area

Adjacent to the isocodical tissue of the piriform lobe is the first peri-allocodical
structure, the entorhinal area, divided into taterat intermediate and mediat areas.
Layer I is the lamina zonalis, a thick plexiform tayer containing fibres of the
supeÍicial neurons. Layer ll and lll comprise the taminar principatis externa. Layer ll
is a mixed population of large and small stellate cells grouped in istands in the tateral
area and becoming continuous in the intermediate and medial areas. Pyramidal cells
occupy layer l!1. ln the lateral area these two layers are separated'by a cell spaße
zone. The next layer is the lamina dessicans, a cell poor layer. The lamina
principalis interna, layer lV is composed of medium and smatt pyramidat cells.
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The next major divisions are the parasubiculum and presubiculum. Some
investigators separate these areas with the area retrosplenalis e. The smalt pyramidal
cells of the lamina principalis externa become increasingly more densely packed.
Anterolaterally is the border with the subiculum which also marks the border
between peri-allocortex and allocortex proper.

2.2.1.2.3. Subiculum

The subiculum has a wide molecular layer and a pyramidal cell layer continuous
with the lamina principalis interna that progressively narrows as it approaches the
hippocampus. A deep plexiform layer completes this typical tri-laminar alloco¡'tex.

2.2.1 .2.4. Hippocampus

Although the hippocampus has the general allocortical structure, detailed
examinations shows that the three layers are fuñher subdivided. The hippocampus
proper, or Ammon's Horn, is identified by the beginning of a crowded narrow layer
of pyramidal cell bodies, four to five cells deep, the stratum pyramidale. The

hippocampus is divided into three areas most commonty labelled CAj-CA3 (Cornu

Ammonís) after Lorente de Nó, 1934. Histologically, the pyramidal cells are more
densely packed in CA1 and the proximal dendrites lack the thorny projections of CA,
and CA, cells. The hilus of the dentate gyrus was originally considered part of the
hippocampus and called area CAo (Ramon y Cajal, 1968), but this nomenclature has

been discontinued. Deep to the pyramidal layer is the stratum oriens, a dense plexus

of fibres composed of the basal dendrites of the pyramidat cells, pyramidal cell axon
collaterals that arise in this layer, ascending branches from alveus fibres and the
processes of the dispersed polymorphic cells of this layer. Underlying the stratum
oriens is the alveus, containing afferent fibres and efferent axons of the pyramida!

cells. The alveus is continuous rostrally and laterally with the fimbria. The

superficial molecular layer is fudher divided into the stratum radiatum and the
stratum lacunosum-moleculare. The stratum radiatum is a dense fibre plexus which
fades at the end of the CA, region, merging with the dentate hílus. The stratum
radiatum contains the unbranched podion of the pyramidal cell apical dendrites and

horizontal fibres, including many arising from ipsilateral CA, pyramidal neurons as

well as commissural fibres. The stratum lacunosum-moleculare contains the
pyramidal apical dendrites branches, numerous polymorphic cells and horizontal
fibre pathways. These include in the lacunosum, collaterals and terminal fibres

which have ascended from the alveus forming a dense plexus around lacunosum

cells, axon collaterals from the CA3, and terminal fibres from oriens and radiatum

interneurons (Ramon y Cajal, 1968). The molecular layer is composed of some

polymorphic cells and a pathway from the subiculum (Ramon y Cajal,1968).
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Several systems of nomenclature for the hippocampal arcas co-exist. The

classification of Rose, 1926 uses h1-h5 to denote hippocampal and dentate

subdivisions and will not be used in this work. As CA, and CA, do not appear

distinct in normally stained sections these are often combined into the regio inferior

as opposed to the regio superior comprising the CA., (Ramon y Cajal, 1968). The CA

areas are further subdivided into areas a, b, and c, based on minor differences in cell

morphology and fibrearchitecture, this will not be discussed here.

2.2.1.2.5. Pyramidal neurons

Pyramidal neurons are the primary cell type in the hippocampus. Pyramidal neuron

soma are densely packed and surrounded by the axon plexus of the interneurons of

the stratum oriens, radiatum, and lacunosum-moleculare (Ramon y Cajal, 1968).

Pyramidal dendrites are varicose and spiny; a tuft of basal dendrites descends into

stratum oriens and a single pyramidal apical dendrite ascends unbranched through

the pyramidal layer and gives of collaterals and processes in the stratum radiatum and

lacunosum-moleculare and finally branches into a tuft in the molecular layer (Ramon

y Cajal, 1968). The pyramidal axon arises from the soma or a basal dendrite, and

descends obliquely to travel in, the alveus (Ramon y Cajal, 1968). The axon gives off

collaterals in the stratum oriens which arborise in this layer, and in a few pyramids

the axon may also bifurcate in alveus, giving rise to a thinner ascending fibre (Ramon

y Cajal, 1968). Pyramidal neuron axon terminals form excitatory, glutamergic

synapses, identified both within the hippocampus and externally in the septum

(Stevens and Cotman, 1986).

Ramon y Cajal noted the differences between the inferior (CAz, CAr) pyramidal

neurons and the superior (CA1) neurons. The apical dendrites of regio inferio

pyramidal neurons have wart-like protrusions at which the Mossy fibres synapse. The

axons of these neurons also give rise to the Schaffer collaterals, a thick axon

collateral more like an axon bifurcation (Ramon y Cajal, 1968). Superior pyramids

have delicate local collaterals, but no true ascending axon collaterals (Ramon y Cajal,

1968).

2.2.1 .2.6. Dentate evrus

The dentate gyrus surrounds the CA, region of the hippoca¡npus. The stratum

granulosum of densely packed granule cell somas 4-10 deep is c-shaped in cross

section, thinning towards each end. This layer is divided into a superpyramidale or

ectal limb nearest the hippocampal fissure and an infrapyramidale or endal limb

opposite the thalamus. The superficial stratum moleculare contains the dendrites of

the granule cells and appears continuous with the stratum lacunosum-moleculare of

the hippocampus. The deep hilus is transitional to hippocampus. The hilus contains
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a variety of neurons, most commonly the mossy' cett, but also including scattered
large modified pyramidal cells, potymorphs, fusiform and basket cetts.

2.2.1.3. Major pathways of the hippocampal formation
The major excitatory pathways in the hippocampus project strongly within the same
septal/temporal level, allowíng these pathways to be itlustrated in a transverse section
as in figure 2.1. Excitatory synaptic transmission in the pathways arising within the
hippocampal formation is mediated by glutamic acid (Davies and Collingridge, 19g9;
colbert and Levy, 1992; Turner and wheal, 1 991; Atzheime r et al. 1993).

2.2.1.3.1. Alveus

The alveus is a major afferent and efferent pathway for the hippocampus. The
pyramidal neuron axon travels in the alveus to the fimbria. Axons of CA' pyramidat
neurons may also bifurcate and project via the alveus to the subiculum. The atveus
also contains the major hippocampal afferents which arise in the septum.

2.2.1 .3.2. Schaffer collaterals

ln the CAr region recurrent branches of the axons catled Schaffer collaterals penetrate
to the stratum radiatum and travel to the CA,, region, where they synapse with the
apical dendrites of pyramidal cells (Bayer, 1985). Schaffer collaterals are myelinated
for some of their length in the rabbit and cat (Ramon y Cajal,l 968), but only weakly
so in the rat (Andersen ef al. 1978). Schaffer coltaterals have a large number of 

'side

branches and may synapse en passant with hundreds or thousands of CA., and CA,
cells (Andersen ef al. 1978). CA, neurons ctosest to the dentate gyrus project to near
the subicular border and terminate in the superficiat stratum radiatum and CA,
neurons closer to the CA1 border project to closer CA., and terminate deeper in the
stratum radiatum and into the stratum oriens (Amar-a! and witter., lggg). CA,
neurons near the dentate gyrus project more septally and CA, neurons closer to the
CA, project more temporally within the hippocampus (Amaral and Witter, 1989).
Regardless of their origin within the CAr, projections originating more temporally
tend to terminate superficially in the radiatum near the subicular border, whereas
those arising from the septal end tend to terminate nearer the CA, border in the deep
radiatum and stratum oriens (Amaral and Witter, 19gg). CA, cottaterals also project
to other septo-temporal CA, regíons (Amaral and Witter, 19gg).

2.2. 1 .3.3. Mossv fibres

Dentate granule cell axons, called mossy fibres, project into the hilus where they
ramify and synapses with mossy cells, but a long mossy fibre branch projects into the
CA, region (Bayer, 1985). The mossy fibre is a thin unmyelinated fibre with giant
boutons which makes en passant synapses with CA, pyramidal neurons (yamamoto,
1972). Close to the hilus, mossy fibres run within the stratum pyramidate, but run for
10



most of their length in the deep stratum rad¡atum in a cell poor layer called the

lucidúm where they synapse with thorny projections of the proximal apical dendrite

of CA, pyramidal neurons (Blackstad et al. 19701. Mossy fibrcs do not extend into

the CAt (Blackstad et al. 1970). Fibres from cells in the infrapyramidale limb of the

stratum granulosum travel in the deepest paths, grading to the fibres running most

superficially, which arise from the superpyramidale limb (Blackstad ef a/. 1970;

Caarskjaer, 1978a,b,c). Mossy fibres project entirely within the same septal/temporal

layer (Blackstad et al. 1970).

2.2.1.3.4. Perforant path

The perforant paths, arising in the entorhinal area, are impoftant hippocampal

afferents, one path enterc the hippocampus directly, whereas another first crosses the

hippocampal fissure to the dentate gyrus. The entorhinal stellate cells from layer ll

seinds fibres which perforate the subiculum and project to the stratum moleculare in

the dentate fascia and hippocampal CA, (Steward and Scoville, 1976). The lateral

pedorant path, from the lateral entorhinal area terminates super{icially in the dentate

fascia and in the CAr region. The medial perlorant path terminates in the deep part

of the CA3 stratum lacunosum-moleculare and middle third of the dentate fascia

stratum moteculare. The intermediate path terminates in intermediate zones in the

dentate stratum moleculare (Blackstad, 1958; Steward, 1976; Hjorth-Simonsen,

1972).

The entorhinal pyramidale cells of layer lll project directly to all fields of the

hippocampus. This perforant path travels entirely within the stratum lacunosum-

moleculare (Blackstad, 1958; Steward and Scoville, 1976); indeed, lesions of the

entorhinal and parasubiculum demonstrate a sharp boundary between the

lacunosum-moleculare and stratum radiatum that is indistinct in normal histological

sections (Blackstad, 1958). This projection is arranged in a longitudinal pattern with

medial entorhinal afferents terminating closest to the CA1/CA2 border and lateral

entorhinal afferents terminating near the CA.,/subiculum transition (Steward, 1976).

The perforant path synapses en passanf in dentate stratum moleculare, CAt and CA,

stratum lacunosum-moleculare, and projects within the same septal/temporal layer

(Hjodh-Simonsen and Jeune, 1972).

2.2.1 .3.5. Commissural connections

As well as the ipsilateral projections each hippocampus also projects to the

contralateral hippocampus. ln rodents, these projections are through the corpus

callosum, the ventral psalterium (hippocampal commissure) and the psalterium

dorsalis (dorsal commissure). The psalterium dosalis does not exist in species with

greater callosal development. Contralateral projections are similady distributed to

the ipsilateral projections according to the architectonic divisions and septal/temporal

11



arrangement (Blackstad, 1956). Additionally, symmetric contralateral fields are

connected, and this homotopic symmetry exists for points within architectonic fields
as well as between fields (Andersen, 1959).

Connections between the contralateral stratum lacunosum-moleculare of the
hippocampus pass through the psalteriuni dorsalis, and are strongest in the CA' and
fade towards the CA¡ (Blackstad, 1956; Andersen, 1959). The majority of
contralateral projections within the hippocampus, however, cross via the ventral
(hippocampal) commissure (psalterium ventralis) and travel in the fimbria. After
reaching the hippocampus some of these fibres travel to all hippocampal regions in
the stratum oriens, synapsing with basal dendrites of pyramidal neurons (Blackstad,

1956; Andersen, 1959). The majority of fibres originating from the ventral
commissure cross thè pyramidal layer unbranched near the mid area of the CA, and

the travel exclusively in the stratum radiatum in the direction of the CA,, and CA,
synapsing with the apical dendrites of pyramidal neurons (Blackstad, 1956;
Andercen, 1959) and with inhibitory interneurons (Schwa¡tzkroin and Kunkel, 1gB5).

The majority of these fibres travel to the CA,, but not beyond, and are numerous, as

revealed by massive degeneration after contralateral ablation (Blackstad, 1956).
Degeneration is less in the CA, radiatum but becomes dense in the hilus, and these

contralateral fibres do not extend into the dentate gyrus (Blackstad, 1956).

2.2. 1 .3.6. Associative pathways

Associative pathways in the hippocampus include a longitudinal or axial associative
path of CAr fibres in the stratum radiatum and stratum oriens associative pathways
(Chronister and White, 1975).

2.2.1 .3.7. Lamellar onqanisation

Much of the early histological evidence indicated that the pathways in the
hippocampus are organised in a lamellar pattern, with the majority of fibre projecting
largely with the transverse axis of the hippocampus within the same septal/temporat

layer. This, and the electrophysiological studies of Andersen et al. 1971, see betow,

lead to the proposal of a lamellar organisation of the hippocampus. Whereas this is

strictly true for the Mossy fibres and largely correct for other pathways, more recent

neuroanatomical studies have shown that there exist significant projections oriented
with the septal/temporal axis (Amaral and Witter, 1989). lndeed, as described in
section 2.2.1.3.2, the Schaffer collaterals, rather than exclusively connecting
padicular septal/temporal CA, and CA., areas, project strongly to different
septal/temporal regions (Amaral and Witter, 1989).

The perforant path, mossy fibres, fimbrial axons and Schaffer collaterals and the CA'

axons in the alveus can be regarded as a four member 'loop' as in figure 2.1. ln vivo
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field potential recordings in response to odhodromic and antidromic stimulation of
these pathways at different depths reveal that the hippocampus is arranged in
lamellae transverse to its septal/temporal axis which contain all members of a

neuronal loop (Andersen et al. 1971a). Stimulation of the entorhinal area in
anaesthetised rabbits causes firing of the dentate granule cells followed by activity in
the CAt cell dendrites. The latency of this activity is consistent with a polysynaptic

pathway, and is abolished by sectioning of the Schaffer collaterals. This suggests the

existence of a tri-synaptic pathway of entorhinal arca to granule cells to CA, to CA'

as well as the direct perforant path projections to CA., (Andersen et al. 1966). This

lamellar affangement has had important experimental ramifications as it was directly

responsible for the development of the in vitro transverse hippocampal slice.

2.2.1.4. External connections of the hippocampal formation

2.2.1.4.1. Afferents

The lateral input to the entorhinal area is the major codical input to the hippocampal

formation (Segal and Landis, 1974), with input from olfactory coÉex, piriform cortex,

orbito-frontal cortex and temporal codex (Chronister and White, 1975; Bayer, 1985;

Pribram and MacLean, 1953; MacLean and Pribram, 1953). Supracallosal input is

from the cingulate gyrus which projects to the entorhinal area, the presubiculum, the

parasubiculum, and to the retrosplenalis e (White, 1959; Pribram and Maclean,

1953). The anterior thalamic nuclei also project to the entorhinal area, via the

cingulum, the hypothalamus, amygdala, periamygdala and brainstem (Bayer, 1985;

Pribram et al. 1950). The pathways within the hippocampal formation described

above in section 2.2.1.3 make it clear that the perforant path from the entorhinal area

provides strong input to the hippocampus and the dentate gyrus, and the dentate

gyrus in turn also projects to the hippocampus. However, there is no direct coftical

innervation of either the hippocampus proper or the dentate gyrus (White, 1959;

Pribram and Maclean, 1953).

The hippocampus and the dentate gyrus do receive monosynaptic input from outside

the hippocampal formation, from the septum via the fornix-fimbrial fibres (Andersen

et al. 1961a,b) Septo-hippocampal fibres travel to the alveus and terminate in all

hippocampal areas and dentate ByilS, and some fornix fibres continue to the

subiculum and entorhinal area (Chronister and White, 1975; Meibach and Siegal,

1977; Segal andLandis,1974l. Septal neuronsfromthemidlineof thevedical limb

of the diagonal band travel via the dorsal fornix to the dorsal hippocampus, cells

immediately lateral to the vedical limb of diagonal band project via the medial

fimbria to the ventral hippocampus and the intermediolateral septum projects via the

lateral fimbria to all levels (Meibach and Siegal , 1977; Segal and Landis, 1974).
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The septo-hippocampal projection is unlike the other major connections of the
hippocampal formation in that it does not form gtutameryic synapses with the apicat
dendrites of primary neurons. A large portion of septo-hippocampal fibres are
cholinergic (Lewis et al. 19671, and these terminate in the stratum pyramidale and in
the adjacent zones of the stratum oriens and radiatum in the hippocampus, and
similarly project predominantly to the granule cell !ayer and adjacent stratum
moleculare and hilus in the dentate gyrus (Frotscher and Léránth, 1gB5). Dentate
granule cells and CA1 pyramidal cells are activated monosynapticatly by septal
stimulation (Andersen et al. 1961a,b), the current source is on or near the soma
(Andersen et al. 1961b), which corresponds with the location of cholinergic synapses
(Frotscher and Léránth, 1985). Approximately 30o/o of septo-hippocampal fibres arise
from a separate population of septal neurons from the cholinergic neurons and are
CABAergic (¡amíno-butyric acid), staining for glutamate decarboxylase (Köhter ef a/.

1984). lnterneurons also receive septal cholinergic and CABAergic projections from
the septum (Frotscher and Léránth, 1985; Fraser and MacVicar, 1 991).

2.2.1.4.2. EfÍerents

The major target of hippocampal efferents is the septum (Chronister and White, 1975;
Powell and Hines, 1975). Stimulation of hippocampal efferents in the fimbria
produces glutamate receptor-mediated excitation in the septum, (Stevens and
Cotman, 1986). Septal projections from the hippocampus travel via the
precommisural fornix. The dorsal hippocampus projects to the medial septat nucleus
and dorsomedial lateral nucleus and the ventrat hippocampus to the laterat nucleus
(Bayer, 1985; chronister and white, 1975; powell and Hines, 1975). other
projections include the amygdaloid nuclei, accumbens nucleus, bed nucleus, nucleus
of the diagonal band and stria terminalis (Bayer, 1985; Powell and Hines,1975).
Oniy the fibres of the subicular area terminate outside the telencephalon in the
diencephalon, these efferents travel via the postcommisural fornix and the major
targpf is thp mamillaru hndiac nf lha hrrnnlhrlrmr,c /Þaarc^^ o^J D^ãF^^ 1î18.-- o-- ¡rtHvrrrs¡urrrur \f uslJvrr gllu ¡ E;6ltJvtt, lJlv,

Powell and Hines, 1975; Bayer,1g85).

2.2.1.5. local circuits neurons in the CA, area

ln addition to the primary neurons, the hippocampus has a diversity of non-pyramidal
neuronal types forming local connections. These potymorphic interneurons are

immunoreactive for CABA, form symmetric, inhibitory synapses with pyramidal
neurons and produce inhibitory postsynaptic potentials (IPSP) in pyramids and
occasionally other interneurons (Lacaille et al. 1987; Buhl et al. 1994; Schwadzkroin
and Kunkel, 1985; Knowles and Schwarlzkroin, 1981; Lacaitte and Schwartzkroin,

1988a,b). The intrinsic excitabílity of pyramidal neurons is dampened by rich supply
of inhibitory synapses from these interneurons.
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The pyramidal cell bodies are surrounded by a dense plexus of inhibitory fibres and

synapses (Ramon y Cajal, 1968), which is derived from interneurons in adjacent

layers. lnterneurons in the alveus and stratum oriens are fusiform or triangular, with

most dendrites parallel to the alveus, although some penetrate into the stratum

radiatum, the axon branches profusely in the stratum oriens and stratum pyramidale,

forming symmetric synapses with pyramidal neuron dendrites, somata and initial

segments (Lacaille et al. 1987; Ramon y Cajal, 1968; McBain et al. 1994). Similar

fusiform or triangular interneuron somata are found in the superficial stratum oriens

near the stratum pyramidale, these also have horizontal or descending dendrites with

short spines, but the axon ascends and either ramifies in lacunosum-moleculare, or

arches in the stratum radiatum and re-enters stratum pyramidale, before branching

horizontally among pyramidal neurons in a rich plexus (Ramon y Cajal, 1968;

McBain et al. 1994). Axon collaterals arising in the stratum radiatum either ramify in

this layer and the stratum lacunosum-moleculare, or travel horizontally then enter

stratum pyramidale and contribute to the plexus (Ramon y Cajal,1968; McBain et a/.

1994). Also in the stratum oriens are large stellate somata with mostly horizontal

aspinous dendrites, although some larger dendrites ascend into the stratum

lacunosum-moleculare and terminate either without ramification or as roseate

branches. The thick, varicose axon courses horizontally or obliquely and covers a

large distance, with branches mostly ascending into the stratum pyramidale and

contributing to the plexus (Ramon y Cajal, 1968). Similar interneurons, although

with fine axons, are described ín the stratum oriens and also in the stratum

pyramidale layer and form synapses on the soma of many CA1 pyramidal neurons,

and have dendrites that ramify extensively and receive asymmetric (excitatory)

synapses in the stratum oriens but also reach into the stratum pyramidale and stratum

lacunosum-moleculare (Schwadzkroin and Kunkel, 1 985).

Neurons are found in the stratum pyramidale which, although morphologically

similar to a small pyramidal cell, have electrophysiological characteristics of

interneurons, see section 2.2.2.4.5. These have varicose, smooth or occasionally

spiny dendrites, the apical dendrites branches progressively and reaches the

hippocampal fissure and the basal dendrite tuft reach the alveus (Schwadzkroin and

Mathers, 1978; Buhl et al. 1994; Kawaguchi and Hama, 1987). These neurons are

distinguished morphologically from pyramidal neurons by the origin and course of

their axon, in some cases arising from the apical dendrites, with extensive vertical

ramifications in the oriens, pyramidal and radiatum layers (Schwartzkroin and

Mathers, 1978). ln othercellsthe axon emelgesfrom the cell body and traversesthe

lower stratum radiatum with myelinated main branches ramifying horizontally and

giving rise to a dense network of terminal branches in the deep stratum pyramidale

and shallow stratum oriens (Buhl et al. 1994; Kawaguchi and Hama, 1987\. The
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terminal branches are arranged radially but somewhat oblique in CA, in rows
following axon initial segments and forming symmetrical synapses (Buhl et at. 1994).

Several polymorphic cell types are described in the super{icial hippocampal tayers,
and although these contribute to some extent to the stratum pyramidale ptexus, their
targets are predominantly the pyramidal neuron apical dendrites. ln the stratum
radiatum there are stellate or triangular cells with horizontatty oriented processes
including three or four branching, varicose dendrites with some branches descending
into the stratum oriens, and an axon that arborises as fine varicose branches in the
stratum radiatum or stratum lacunosum-moteculare. There are also vertically
oriented triangular or fusiform cells in the stratum radiatum, sending dendrites to the
stratum oriens and axon into the lacunosum which continues horizontalty, forming
varicose branches (Ramon y Cajal, 1968). Although some of stratum radiatum
interneurons have axons which descend and contribute to the stratum pyramidat
plexus, these may be displaced lacunosum interneurons (Ramon y Cajal, 196g).
Triangular or stellate interneurons in the lacunosum can be identical to displaced
neurons just described or else may have a horizontal axon in lacunosum with
extensive arborisation in stratum lacunosum-motecutare (Ramon y Cajal, 1968).
Fusiform or horizontal multipolar stellate neurons in the molecular tayer have
varicose dendrites and a delicate, horizontal axon with fine arborisation which ramify
over long distances in stratum lacunosum-moleculare, radiatum and sometimes
oriens, extending outside the CA', region, and some cross hippocampal fissure to
dentate molecular layer (Ramon y Cajal, 1968; Lacailte and Schwañzkroin, 198gb;
Kawaguchí and Hama,1987; Williams et al. 1994).

2.2.1 .5.1 . Recurrent inhibition
There is a rich reciproca! lnnervation between the pyramidal neurons and the
interneurons of the deeper hippocampal layers. Recurrent inhibition of CA'
pyramidal neurons follows sufficiently strong excitation of CA., pyramidal neurons by
all afferents tested (Andersen et al. 1964a). Axon collaterals from the CA,, pyramidal
neurons arise in the stratum oriens and branch among polymorphíc cetts in this layer
(Ramon y Caial, 1968) forming excitatory synapses with interneurons that make
recurrent, inhibitory synapses with the CA' pyramidat neurons (Andersen et al.
1964a,b; Kandel et al. 1961; Dingledine and Langmoen, 19g0; Alger and Nicolt,
1982; Knowles and Schwañzkroin, 1981; Lacailte et al. 1987; Schwartzkroin and
Kunkel, 1985; Schwadzkroin and Mathers, 1978; Lorente de Nó, 1934).
Orthodromic excitatory postsynaptic potentials (EPSP) are produced in these
interneurons by stimulation of pyramidal neuron afferents in the atveus or by spike
trains produced by depolarising steps in CA, pyramidal neurons (Knowles and
Schwartzkroin, 1981; Lacaille et al. 1987; SchwaÉzkroin and Mathers, 1g7B).
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Similarly, in paired intracellular recordings, spike trains in interneurons produces

excluSively tPSPs in pyramidal neurons (Knowles and Schwartzkroin, 1981; Lacaille

et al. 1987). The horizontally ramifying dendrites of these interneurons must allow

integration of signals from many pyramidal neurons. The predominantly horizontal

orientation of interneuronal axons allows each cell to synapse with many pyramidal

neurons, a single interneuron forming symmetrical, inhibitory synapses with more

than 600 pyramidal neurons in a slice (Buhl et al. 1994\. lt is presumably these

interneurons which mediate the strong recurrent IPSPs in CAt pyramidal neurons

produced by stimulation of the alveus in anaesthetised or decerebrate cats (Andenen

et al. 1964a,b; Kandel et al. 1961) or in hippocampal slices (Dingledine and

Langmoen, 1980; Alger and Nicoll , 1982; Newberry and Nicoll, 1984).

2.2. 1 .5.2. Feed-forward inhibition

Whereas hippocampal inhibition was originally considered to be largely recurrent, it

was subsequently found that orthodromic stimulation in the stratum radiatum could

produce strong, complex feed-forward IPSPs (Alger and Nicoll, 1982; Newberry and

Nicoll, 1984). ln these studies, antidromic, recurrent IPSPs were completely

abolished by bicuculline methiodide, but the feed-forward IPSP contained a

bicuculline insensitive component (Alger and Nicoll, 1982; Newberry and Nicoll,

1984), latter shown to be CABAB receptor-mediated. Antagonism of glutamergic fast

excitatory synaptic transmission in the hippocampus abolishes the polysynaptic

recurrent inhibition, but monosynaptic IPSPs can be evoked by electrical stimulation

sufficiently close to the recording site (Davies ef al. 1990). Using this technique,

one-dimensional current source density analysis of fast (GABAo-mediated) inhibitory

field potentials reveals that odhodromic stimulation in the stratum radiatum produces

a current source in this layer and current sinks in other dendrite layers (Lambed ef a/.

1991), thusthese IPSPs are due to chloride influx at receptors in this dendritic region,

rather than the classical somatic synapses of recurrent inhibition. Stimulation in

other layers produced current sources at horizontal locations, with stratum oriens

stimulation producing a source centred at the stratum orienlstratum pyramidale

border, stratum lacunosum-moleculare stimulation producing a source in this layer

and the strongest current source produced in the stratum pyramidale by stimulation

in this layer (LambeÉ ef al. 1991). However, this alone does not prove feed-forward

inhibition as monosynaptic IPSPs could result from direct stimulation of interneurons

whose only afferents arise from local pyramidal neurons.

Many interneurons do receive afferents from other than CA.' pyramidal neurons

(Schwartzkroin and Kunkel, 1985; Lacaille et al. 1987; Lacaille and Schwadzkroin,

1988a; Lacaille and Schwartzkroin, 1988b; Schwadzkroin and Mathers, 1978).

Therefore, the classes of interneurons which mediate recurrent inhibition may also
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mediate feed-forward inhibition, indeed all have dendrites ramifying in the apicat
dendrite fields, away fr'om the site of recurrent synapses in the stratum oriens
(Lacaille et al. 1987; Schwadzkroin and Mathers, 1978; Schwartzkroin and Kunkel,
1985) and the stratum oriens also receives axons from the white matter which
originate remotely, in addition to pyramidal recurrent collaterats (Ramon y Cajal,
1968). The basket cells, for instance, in addition to mediating recunent inhibltion,
have asymmetric, presumably excitatory, synapses that degenerate following lesions
to CAr afferents and commissural connections, suggesting they may also provide
feed-fon¡rard inhibition (Schwartzkroin and Kunkel, 1985). Stratum radiatum
stimulation monosynaptically activates the pyramidal interneuron (Schwadzkroin and
Mathers, 1978) and the alveuloriens interneurons (Lacaille ef at. 1987). The axo-
axonic interneuron in the stratum pyramidale is activated monosynaptically by
stimulation in the stratum radiatum or stratum lacunosum-motecutare (Buhl et al.
1994)' Of all the interneurons in the CA, the stratum lacunosum-moleculare
interneurons alone do not receive any excitatory input from CA., pyramidal neurons
(Lacaille and Schwartzkroin, 1988a), however stimulation of the atveus, stratum
radiatum, stratum lacunosum-moleculare or the dentate motecutare layer activates
EPSPs in these interneurons (Lacaille and Schwadzkroin, 1gggb).

2.2.2, ELECTRO PHYSI OTOGY

2.2.2.1. Hippocampal slices and whole animal preparations
Whereas many electrophysíological studies of the hippocampus are conducted in
anaesthetised, decofticated animals or in animats with chronicatly implanted
electrodes, the in vifro hippocampal slice preparation has become poputar due to its
simplicity. As early as 1951 sectíons of mammatian codex maintained in vivo
demonstrated metabolic responses, such as increased respiration in response to
electrical stimulation (Mcllwain, 1951), and in the 1960s evoked synaptic potentiats
were recorded in preparatíons of guinea pig prepiriform and piriform codex
/Vrmrmnl^ .^.1 ht¡11..,-i^ I (ìÃck. \.¿^-^-^r^ ^-l ¡ ¡ ^rl-. -^?- 4 ^.- -\ r r .\.u,r,q'rfvlv qrru rvrLtrvyc¡tttt tJvvv, ld¡ild¡ilutu dllu lvlLllwdlll, lyooa, ano later ln
dentate gyrus (Yamamoto and Kawai, 1967a; yamamoto and Kawai, 196g;
Yamamoto and Kawaa, 1967b). Skrede and Westgaard first took advantage of the
previously proposed lamellar structure of the hippocampus (Andercen ef al. 1971a),
and stimulated specific pathways and recorded mono-, di-, and tri-synaptic field
potentials from the laryely intact excitatory pathways of the in vifro transveße
hippocampal slice (Skrede and Westgaard, 1971). tntracetlular recordings soon
followed these first extracellular records (yamamot o, 1970).

Many studies have shown that the hippocampal stice is a good model for cortical
function as ¡t retains activity that is similar to intact animat preparations
(Schwa¡tzkroin, 1975; Schwadzkroin, 1977; Skrede and westgaard, 1971). The
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hippocampal slice preparation produces stable field potentials for 9-16 hours,

although the amplitude of responses begins to diminish after six or seven houru, and

this duration is inversely related to the frequency of stimulation (Schurr et al. 1986a;

Schurr et al. 1984\. The hippocampal slice is an important tool for studying cortical

synaptic transmission and organisation. Being an ìn vitro preparation obviates the

need for anaesthesia and its complicating effects on neural transmission, and better

recording is possible because of the mechanical stability of a slice in an incubation

chamber. The neural pathways are easily accessible for stimulation and recording

and the layered arrangement of pathways within the slice allows stimulation of

discrete areas of the dendritic tree.

2.2.2.2. Anatomy of the recording site in the CAt

The pyramidal neuron is primary cell type in the CA.' area. A strong mixed pathway

travels in the stratum radiatum and makes en passant excitatory glutamergic synapses

with the proximal apical dendrites of the CA, pyramidal neurons. This pathway is

composed of the Schaffer collaterals which arise from ipsilateral CA, pyramidal

neurons and the commissural connections that travel via the ventral hippocampal

commissure from the contralateral CA., area. The direct perforant path projection

travels in the stratum lacunosum-moleculare and synapses en passant with the distal

portions of the pyramidal CA., neuron apical dendrites. Travelling in the alveus and

stratum oriens, and synapsing with the basal dendrites of the CAt pyramidal cells, are

associational and commissural hippocampal pathways and external afferents. The

pyramidal neuron axon travels through the stratum oriens and leaves the CAt area in

the alveus, but axon collaterals arise locally and innervate interneurons that form

inhibitory synapses, largely on the pyramidal cell soma, but also on dendrites and

initial segments, and mediate recurrent inhibition. Excitatory pathways in all layers

inneryate local interneurons which form inhibitory synapses with CAt pyramidal

neurons, mediating feed-fon¡rard inhibition. Whereas interneurons may mediate both

feed-forward and recurrent inhibition, those in the apical dendritic field may be

largely feed-forward and synapse largely with pyramidal dendrites. The organisation

of these pathways is shown schematically in figures2.l and 2.2.
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SItMULUS

PYRAMIDAL

RADIATUM

Figure 2.2 Pathways and electrode placements in the CA, area.
Stimulating electrodes are shown inserted from the left and stratum pyramidale and stratum
radiatum recording electrodes are shown inseÉed from the ríght. Neuronal populatíons are
represented by the single CA3 pyramidal neuron, the CA1 pyramidal neuron, a CA1 recurrent
interneuron and a CAl feed-fon'vard interneuron. Filled triangles represent excitatory synapses
and open triangles represent inhibitory synapses.

2,2.2.3. Extracel lular record¡ngs

Field potentials, recorded with low res¡stance extracellular electrodes, represent the

summat¡on of synchronous activity in many cells. A negative field potential is

recorded in response to current flow into cells at the level of the extracellular
record¡ng electrode. Negative fEPSPs can be recorded in stratum oriens, stratum

radiatum and stratum lacunosum-moleculare evoked by stimulation at a horizontal

site (Ault and Nadler, 1982; Colbed and Levy, 19921 suggest¡ng that there are

exc¡tatory synapses in each layer. Such active current sinks produce pass¡ve current

sources in other layers, recorded extracellularly in other layers as pos¡tive potentials

as current flows out of the pyramidal neuron and to the active sink. On the other

hand, a positive field potential may represent an active cunent flow out of cells at the

level of the recording electrode, such positive field potentials can represent field
lPSPs, and although usually masked by the excitatory field potentials, can be

recorded when exc¡tatory synaptic transmission is blocked (Lambe¡t et al. 1991).

The most common extracellular electrode configuration in the hippocampal slice CA'

is shown in figure 2.2, and has recording electrodes in the stratum pyramidale and

stratum radiatum recording the field potentials at the pyramidal neurons somata and

proximal apical dendrites respectively and electrodes in the stratum radiatum to

stimulate the Schaffer collateral/commissural fibres for odhodromic activation of

synapses horizontal to this electrode. An electrode in the alveus near the pyramidal
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layer recording electrode can be used to stimulate pyramidal neuron axons for
antidiomic activation of spikes. In response to orthodromic stimulation in this setup,

the stratum radiatum electrode records a prevolley, a compound action potential

which represents the summation of spikes in affercnt fibrcs and is a characteristic of

unmyelinated fibres (Andersen et al. 1978). The dendritic electrode records a

negative field EPSP (fEPSP) as synaptically activated current flows into the dendritic

tree and corresponds to the intracellularly recorded EPSP (Andenen et al. 1978).

Population spikes measured at the stratum pyramidale in slices are a negative wave

caused by the flow of cations into the cells (Andersen ef al. 1971b). The populatíon

spike is the record of many individual spikes, the onset and duration coincide with
intracellular spikes, and there is a linear relationship between population spike

amplitude and the number of spikes from individual cells (Andersen et al. 1971b).

These active current sinks produce positive waves in other layers, whereby the

population spike rides on a positive fEPSP in the stratum pyramidale and a positive

population spike is superimposed on the negative wave of the fEPSP in the stratum

radiatum (Andersen et al. 1971b; Andersen et al. 1978).

Masked by these excitatory field potentials are inhibitory potentials. Stratum

radiatum stimulation of excitatory afferents that synapse with interneurons can

mediate polysynaptic feed-forward inhibition, and stimulation sufficiently close to the

recording site can directly stimulate interneurons and activate monosynaptic feed-

forward inhibition onto pyramidal neurons. Stratum radiatum and, more effectively,

alveus stimulation activates recurrent inhibition onto pyramidal neurons. lnhibitory
field potentials cannot be identified directly without pharmacological isolation, but

evidence of their modulation of excitatory potentials can be easily demonstrated with
paired pulse stimulation. The population spike amplitude is depressed by an

appropriately timed preceding stimulus of recurrent or feed-forward inhibition.

Longer interstimulus intervals can result in disinhibition via CABA autoreceptors on

i nterneuronal term i nal s.

To avoid repetition, within the present work, unless specifically stated otherwise,

orthodromic and antidromic field potentials in the CA' of the hippocampal slice are

electrically evoked and recorded from the electrode configuration just described, and

are in the rat. Similarly, single cell recording of evoked potentials in CA, pyramidal

neurons use a stratum pyramidale intracellular or patch electrode and identical

stimul ating electrode placement.

2,2.2.4. lntracellular recording

lntracellular recording allows identification of single electrical phenomena in single

cells. The first intracellular recordings from hippocampal pyramidal cells where

made in 1961 in deco¡ticate cats (Kandel et al. 1961). These deflections of
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membrane potential include action potentials, hereafter called spikes, and single
excitatory and inhibitory postsynaptic potentials, Epsps and lpSps.

2.2.2.4.1. Soikes

lntracellular recording of spikes in pyramidal neurons from decodicate cat CA, and
CA, areas, in response to oñhodromic and antidromic stimuli, show a fast rising
positive spike with a mean amplitude of 70 mV above the resting membrane
potential of about -52mV and duration of 1.84+0.09 msec (Kandel et al. 1961).
Orthodromic stimulation gives rise to a fast pre-potential, which is an abrupt
depolarisation at the beginning of a spike, about one third the amptitude of the spike,
(Spencer and Kandel, 1961). Spikes often are followed by a depotarising after-
potential of 10 mV amplitude and 30 msec duration (Spencerand Kandel, 196,l), that
ís due to passive recharying of the soma from the dendrites (Warman et al. 1994).

lntracellular CAt pyramidal neuron recordings in response to stimutation of the
alveus (antidromic) and Schaffer collateral (orthodromic) in guinea pig hippocampat
slices display the same characteristics as whole animats. Pyramidat cetls have a

resting membrane potential near -55mV, an input resistance of about 16MQ, a spike
amplitude of about 65mV and duration of 1.6-1.9 msec. These spikes disptay a

dr:cay half time of 6-14 msec and depolarising after-potentiats of 3-B mV. Summation
ol depolarising after-potentials during bursts of spikes can trigger fudher spikes
(Schwartzkroin, 1975). Low amplitude fast pre-potentiats can be recorded with
orthodromic or antidromic stimulation (Schwartzkroin, 1 975; Schw arizkroin, 1977),
these are likely associated with spike generation at a site distant from the recording
electrode (Turner ef a/. 1993).

2.2.2.4.2.1P5P

The IPSP reduces pyramidal excitability by shunting the EPSP current, 'ctamping' the
cell at the IPSP reversal potential, and by hyperpolarisation of the membrane away
from spike threshold (Dingledine and Cjerstad, 1979; Dingledine and Langmoen,
1980). An intracellular record of an IPSP shows a membrane hyperpolarisation, and
an increase in conductance associated with opening of chloride channets (Dingledine
and cjerstad, 1979; Dingledine and Langmoen, 1980; Dingledine and Cjerstad,
1980). The IPSP produced by somatic synapses can be reversed by injection of
hyperpolarising current or increased in amplitude with depolarising current
(Schwartzkroin, 1975; Schwartzkroin, 1977). Whereas it was discovered that the
hyperpolarisation and cónductance change of the fast IPSP or exogenous CABA
could be reduced with penicillin, it was also noted that this did not reduce the
duration of the IPSP (Dingledine and Langmoen, 1980; Dingledine and Cjerstad,
1980). lt became obvious that there were two pharmacologically distinct CABA
receptors in the CAt mediating fast, bicuculline sensitive, and slow components of
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the IPSP (Alger and Nicoll, 1982\, and that the slow component was not mediated by

chforíde, but by potassium (Newberry and Nicoll, 1984); interestingly this had been

foreshadowed in earlier in vivo experiments (Anderuen et al. 1964a). The

development of the CABA, receptor antagonists, phaclofen and 2-OH-saclofen,

established that this receptor-mediated the slow IPSP (Lambert et al. 1989) and was

distinct from the bicuculline sensitive GABA¡mediated fast IPSP, see section

2.2.2.5.1.

2.2.2.4.3. EPSP

The excitatory postsynaptic potential recorded intracellularly in pyramidal cells is a

membrane depolarisation (Schwartzkroin, 1975; Schwadzkroin, 1977) that is graded

with stimulus intensity and results from synaptic activation of glutamate receptors

(Davies and Collingridge, 1989). EPSPs of sufficient amplitude give rise to spikes

(Schwartzkroin, 1975; Schwañzkroin, 1977; Davies and Collingridge, 1989). EPSPs

have a slow time course, 3-12 msec from onset to peak and 8-15 msec decay half

time (Schwartzkroin, 1975). The early part of the EPSP is voltage insensitive whereas

the later part of the EPSP has anomalous voltage sensitivity, conferred by a voltage-

dependent magnesium block (Davies and Collingridge, 1989). The fast part of the

EPSP/C is mediated by the' AMPA (RS-amino-3-hydroxy-5-methyl-4-

isoxazolopropionate) subtype of glutamate receptor and is blocked by the AMPA

selective antagonist CNQX (6-cyano-7-nitro-quinoxaline-2,3-dione), whilst the slow

EPSP/C is mediated by NMDA (N-methyl-o-aspartate) subtype and is blocked by the

selective antagonist AP5 (2-amino-5-phosphonopentanoate) (Davies and Collingridge,

1989; Hestrin et al. 1990), see section 2.2.2.6.

A thorough review of voltage activated ion channels is beyond the scope of the

present account, and is available elsewhere (Dolphin, 1991; Storm, 1990; Storm,

1993). Here it is simply mentioned that hippocampal pyramidal neurons express the

low-voltage-activated T-type calcium currents as well as the high-voltage-activated

L-type, N{ype and P-type calcium currents (Westenbroeck et al. 1990; Mogul and

Fox, 1991; Mogul et al. 1993), as these appear in the later discussions of adenosine

actions and are also of importance in hypoxia-induced neuronal calcium overload.

Hippocampal pyramidal neuron potassium currents are presented in brief, since these

are important in the context of the present work because some are modulated by

adenosine, some are activated by hypoxia, whilst others modulate neuronal

excitability and may be important in pyramidal hyperexcitability. Table 2.1 presents

a summary of pyramidal neuron potassium cunents. lo and lo both delay the onset of

spikes, lo causing a long delay and depressing initial firing rate. Both lo and lo along

with l* and l. contribute to spike repolarisation. l* is the classical delayed outward
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rectifying potassium current. 1., l" and to", underlie the fast, medium and stow after-
hyperpolarisa'tions respectivety, and contribute to spike train frequency adaptation.
ln also seryes to limit persistent depolarisation of the pyramidal neuron membrane,
and introduces the sag in depolarising pulses that is typicat of pyramidat neurons.

current blocked by activated by activn '

voltage
inactivn
voltage

activn
kinetics

inactivn
kinetícs

lA 4-AP 1-4mM
DTX 5G300nM

depol -60mV -60 to
-40mV

1Oms 100ms

lD 4-AP 3G40¡rM
DTX?

depol -70mV -120 to
-60mV

20ms seconds

lK TEA 5-30mM depol.
increased by
phorbol esters
muscarinics

-40mV <-100mV 2G
80ms

seconds

lM TEA 5-1OmM
baríum'lmM
lP3 activaton
eg. M2 muscarinics

depol.
somatostatín
leucotrieines

-60mV does not
inactivate

50ms does not
inactivate

lc TEA <lmM
CTX 30nM
BAPTA
Ca2+ channel blocken

calcium influx
and depol.

-40mV slow slow

InHp cAMP calcium influx
increased by
adenosine

N/A N/A 400ms seconds

Table 2.1 Some hippocampal pyramidal neuron potassium currents.
This table summarÍses the reviews by J.F. Storm (Storm, 199O; Storm, 1993) concerning voltage-
actívated and calcium-dependent potassíum currents. Abbreviations: CTX - oconotoxin; DTX- dendrotoxin; BAPTA - 1,2-bis(2-aminophenoxy)ethane.N,N,N,,N'-tetraacetic acid; 4-Ap -4-aminopyridine; TEA - tetraethylammonium; N/A - not applicable.

ln addition to morphology and function (inhibition), electrophysiotogical
characteristics distinguish interneurons from pyram¡dat neurons. This distinctive
physiology is apparently due to differences in neuronal potassium currents between
interneurons ancj primary ceii types. All interneurons produce brief (0.4 msec
duration at half spike amplitude), small amplitude (43-64mV) spikes compared to
pyramidal neurons (Schwartzkroin and Mathers, 1978; Lacaitte et al. 19g7;
Kawaguchi and Hama,"1987; Buhl ef at. 1994; Wiltiams et al. 1994), these spikes are
followed by a prominent fast AHP (Schwartzkroin and Mathers, 1978; Lacaille et al.
1987; Kawaguchi and Hama, 1987; Buht ef al. 1994; williams et al. 1994) which is
apparently a cont¡nuation of spike repolar¡sat¡on. These characteristics suggest that
the potassium curents involved in spike repolar¡sation, lo, t*, and l. (Storm, 1990;
Storm, 1993) are strong. Rapid onset of firing in interneurons (Lacaille and
Schwartzkroin, 1988a; Lacaille and Schwartzkroin, l9BBb; Lacaille et al. 19g7;
Schwartzkroin and Mathers, 1978) suggests the absence of a potass¡um current,
possibly lo, which delays sp¡ke onset in pyramidal neurons (Storm, 1990; Storm,
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1993). ln most cases the interneurons lack the slow calcium activated potassium

current, the ln", and spike accommodation is weak or absent, but see below. As a

result of this composition of currents, excitatory input to interneurons causes rapid

activation of spikes which continue without frequency adaptation, but firing ceases

immediately excitatory input is terminated. lnterneurons display a near linear

current-voltage relationship (Lacaille and Schwadzkroin, 1988b; Buhl et al. 1994)

and, additionally, have a relatively depolarised resting membrane potential of -51 to

-65mV (Schwadzkroin and Mathers, 1978; Lacaille et al. 1987; Kawaguchi and

Hama, 1987; Buhl ef al. 1994).

Basket cells, pyramidale interneurons and alveuVoriens interneurons are

physiologically similar. They have a high rate of spontaneous spike activity with

basket cells firing at 4Hz and others at 20-80H2 (Schwadzkroin and Mathers, 1978;

Lacaille et al. 1987). Odhodromic stimulation produces bursts of spikes and

intracellular injection of depolarising current produces trains of spikes with no

accommodation or adaptation (Schwadzkroin and Mathers, 1978; Lacailte et al.

1987; Kawaguchi and Hama, 1987). Whereas the slow AHP is usually absent

(Schwartzkroin and Mathers, 1978; Lacaille et al. 1987; Kawaguchi and Hama,

1987), orienValveus and pyramidale interneurons, but not basket cells, produce early

inactivation between first and subsequent spikes in a burst (Schwa¡tzkroin and

Mathers, 1978; Lacaille et al. 1987). AlveuVoriens interneurons and oriens

interneurons respond differently to metabotropic glutamate receptor activation, the

former displaying a small inward current whereas the latter produce a large inward

current with oscillations (McBain et al. 1994\.

Although still characteristic of interneurons, the stratum lacunosum-moleculare and

the axo-axonic stratum pyramidale interneurons form a physiologically distinct group.

From the range of interneuron values, they have the more depolarised resting

membrane potential C60 to -65mV), the higher input resistance (63-74M4) and the

larger action potential amplitude (60 to 64mV) (Buhl et al. 1994; Lacaille and

Schwartzkroin, 1988b). This group of interneurons rarely fires spontaneous spikes,

and odhodromic activation produces usually only one or two spikes (Buhl ef a/.

1994; Lacaille and Schwadzkroin, 1988b; Williams et al. 1994). Spontaneous

spikes, when present are not blocked by glutamate or GABA receptor antagonism

and are apparently intrinsically generated (Williams et al. 1994). Depolarising

current injection results in a slow AHP in most cells, and variable, generally weak,

spike frequency adaptation (Buhl et al. 1994; Lacaille and Schwartzkroin, 1988b;

Williams et al. 1994). Such spike frequency adaptation is differcnt from pyramidal

cells, being preceded with an initial acceleration of spikes on a depolarising hump

(Buhl et al. 19941. Many lacunosum-moleculare interneurons have a delayed onset

of firing during depolarisation (Williams et al. 1994), presumably mediated by In.
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2.2.2.5. lnhibitory synapses

2.2.2.5. 1 . Postsvnaptic inhibition
lnterneurons form GABAergic synapses (Buhl et al. 1994) that produce lpSps in
hippocampal pyramidal cells (Dingledine and cjerstad, 1980; Langmoen and
Andersen, 1981; Lacaille and Schwadzkroin, 1988a; Lacaitte and Schwartzkroin,
1988b; Lacaille et al. 1987; Andersen et al. 1964b; Andersen et al. 1964a). There
are two main subtypes of CABA receptors, the CABA^ receptor and the CABAB
receptor which mediate the fast and slow IPSPs respectivety (Thompson, 1994).
Typically, fast neurotransmitter receptors form an integrat ion channet which, in the
case of the CABA¡ receptor is permeable to chloride (Thompson, 1994). The CABA,
receptor is coupled via a C protein to a potassium channel (Thompson , 1gg4).
Although the early studies of recurrent inhibition were made well before the
identification of the CABAB receptor subtype, with hindsight, ¡t is ctear that
antidromic stimulation produces a primarily fast CABAo-mediated IPSP, btocked by
the CABA¡ antagonist bicuculline methiodide (Alger and Nicoll, 1982; Newberry
and Nicoll, 1984); however, in some studies, the IPSP duration with antidromic
stimulation suggests a possible slow GABAu-mediated IPSP of hundreds of
milliseconds duration (Dingledine and Langmoen, 1980; Andersen et al. 1964a).
Whilst orthodromic activation produces bursts of spikes in interneurons, lasting up to
40 msec (Schwadzkroin and Mathers, 1978; Lacaílle et al. 1gB7), this is of
insufficient duration to produce the long lasting IPSP of pyramidal neurons. The
discrepancy between the pure CABAA recurrent IPSPs in slices and the tong recurrent
IPSPs in vivo may be due to a loss of inhibitory connection in the slice, since
inhibition is reduced with transverse as compared to more tongitudinal slices of
hippocampus. Feed-fon¡rard IPSPs produced by stratum radiatum stimulation have a

fast component blocked by the CABAA antagonists bicuculline methiodide or
picrotoxin (Alger and Nicoll, 1982; Lambed et al. 1991; Davies et al. 1990;
Newberry and Nicoll, 1984; witliams and Lacaille, 1992), and a slow component
Ll^^l--l L-- ^L- ^blocked by the GABAB antagonists CCS 35348 or 2-OH-saciofen (Lamben et ai.

1991; Lambert et al. 1989; Williams and Lacaille, 1gg2).

Whether CABAA and CABA, receptors are located at the same or different synapses,

or whether fast and slow IPSPs are mediated by different interneurons is not ctear.

There is evidence that the interneuronal terminals in the stratum pyramidale and in
the stratum radiatum are different, being subject to presynaptic modutation by
distinct neuromodulator substances (Segal, 1990; Lambed and Witson, 1993), and

may thus arise from different populations of interneurons. There is some evidence
that recurrent inhibition is due to GABA^ receptors only (Alger and Nicoll, 1982),

and there is also evidence for an interneuron subset that, when stimulated by

application of 4-aminopyridine (4-AP), produces only GABA, receptor-mediated
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hyperpolarisation in pyramidal neurons (Segal, 1990). Feed-forward inhibition of
pyramidal neurons by the stratum-lacunosum moleculare interneurons gives a slowly
decaying IPSP that could be CABA' receptor-mediated (Lacaille and Schwartzkroin,

1988a). More convincingly, micro-iontophoresis of glutamate onto the stratum

lacunosum-moleculare produces tetrodotoxin (TTX) sensitive IPSPs in CA., pyramidal

neurons, presumably due to activation of lacunosum-moleculare interneurons, which

are blocked by the GABAB antagonist 2-OH-saclofen but not the CABAA antagonist

bicuculline (Williams and Lacaille, 1992). lnterestingly, these glutamate evoked

IPSPs are not sensitive to phaclofen, unlike electrically stimulated late IPSPs

(Williams and Lacaille, 1992).

2.2.2.5.2. Presynaptic inhibition

Excitatory transmission at the Schaffer collateral/commissural synapses in the CA' is
inhibited by the CABAB receptor agonist baclofen (Lanthorn and Cotman, 1981; Ault
and Nadler, 1982; Blaxter and Carlen, 1985; Colbed and Levy, 1992). GABAB

presynaptic receptors are on the excitatory terminals of CA, pyramidal neuron axons,

and baclofen inhibits excitatory transmission at the Schaffer collaterals, in the stratum

radiatum and associational/commissural fibres in the stratum oriens but not the

perforant path in the stratum lacunosum-moleculare (Lanthorn.and Cotman, 1981;

Colbed and Levy, 1992; Ault and Nadler, 1982). Similarly, local baclofen

application on the proximal apical CA., pyramidal neuron dendrites, but not distal

apical or basal dendrites, in rat hippocampal slices inhibits the Schaffer collateral

EPSP (Blaxter and Carlen, 1985). Native presynaptic inhibition is presumably

mediated by axo-axonic synapse arising from the interneuron axons which ramify in

the stratum radiatum and oriens.

Bath applied baclofen (Peet and Mclennan, 1986) or local iontophoresis of baclofen

on the proximal apical CA., pyramidal neuron dendrites, but not distal apical or basal

dendrites (Blaxter and Carlen, 1985), in rat hippocampal slices, inhibits the stratum

radiatum feed-forward fast and slow lPSPs. This suggests the presence of GABA,

autoreceptoß on interneuronal terminals, which may be activated by GABA released

from these terminals.

2.2.2.6. Excitatory synapses

The amino acids glutamate and aspartate are found in high concentrations in the

brain where they account for most excitatory neurotransmission (Storm-Mathisen,

1978). Autoradiographic studies of high affinity uptake of these amino acids shows

they are localised in the excitatory terminals of the perforant path, mossy fibres and

pyramidal cêll axons, as well as in hippocampal efferents to the septum and

mami llary bodies and contral ateral hippocampal projections (Storm-Mathisen, 197 8).

The highest levels of these transmitters are in the stratum radiatum and oriens as well

27



as the inner stratum moleculare of the dentate facia, whilst lower levels are in the
stratum lacuhosum moleculare and outer dentate stratum moleculare (Storm-
Mathisen, 1978). Excitatory neurotransmission in the hippocampus is mediated by
two groups of excitatory amino acíd receptors, originally ctassified as gtutamate
preferring and aspañate preferring, but tater ctassified as the receptoru activated by
the glutamate agonist NMDA and the non-NMDA or AMPA receptors, activated by
the agonists, kainate, quisquatate and AMPA (Monaghan et al. 1989). These receptor
subtypes occur at the same synapses in the hippocampus (Bekker and Stevens, 19g9).

2.2.2.6. 1 . AMPA receptors

Fast excitatory neurotransmission at hippocampal synapses is mediated by non-
NMDA receptors activated by the agonists kainate and quisqualate, and most
selectively by AMPA (Monaghan et al. 1989; Krogsgaard-Larsen et al. 19g0). This
component of synaptic transmission is blocked specifically by the quinoxaline
derivatives CNQX and 6,7 dinitro-quinoxatine-2,3-dione (DNeX) (Andreasen et al.
1988; Honoré et al. 1988; Davies and collingridge, 19gg). The ctoned and
expressed AMPA receptor binds AMPA > quisqualate > glutamate > kainate, and
is an intrinsic cation channel gated by these agonists and blocked by CNeX
(Keinänen ef a/. 1990).

2.2.2.6.2. N M DA receotor-ionophore

The NMDA receptor has been well characterised due to the early identification of a

specific agonist and a range of antagonists. The transmitter binding site binds the
specific agonist NMDA and a range of antagonists such as, ø-aminoapidate and the
morc potent and selective antagonísts such as AP5 (aminophosphonovalerate, ApV),
2-amino-7-heptanoate (AP7), and the highly potent heterocyclic derivatives of these
compounds such as 3-((t)-2-carboxypiperazin-4-yl-propyl-1-phosphonic acid (cpp)
(Monaghan et a/. 1989).

Biock of AMPA receptors by CNQX reveals a small pesistent synaptic component of
synaptic transmission corresponding to NMDA receptor activation (Andreasen et al.
1988; Davies and Collingridge, 1989; Hestrin et al. 1990). Under physiological
conditions the NMDA receptor is btocked in a voltage dependent fashion by
magnesium. NMDA currents are greatest if the membrane is depolarised to -2O or
-30 mV, which relieves the magnesium block (Mayer et al. 1984; Now ak et al.19g4).
lf this magnesium block is relieved by depolarisation, btockade of GABAergic
inhibition, or by omission of magnesium from an in vífro medium, an NMDA
component of synaptic transmission is evident as a stow EPSP and muttiple late
spikes (Andreasen et al. 1988; Davies and Coltingridge, l9B9). These secondary
spikes are blocked in a concentration-dependent fashion by Ap5 (Coan and
Collingridge, 1987a). The NMDA ion channel differs from the non-NMDA ion
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channel as, in addition to sodium, it allows the flow of calcium ions. This calcium

current is independent of the voltage-gated calcium currents (Holopainen et al.

1989).

ln addition to the glutamate binding site, the NMDA receptor contains other distinct

ligand sites: a glycine site, a voltage dependent magnesium binding site and an

inhibitory site that binds z.inc, and a binding site inside the channel (Monaghan et al.

1989). lnhibitors that bind at these sites can be exploited as non-competitive

antagonists of the NMDA receptor complex. Glycine is an allosteric potentiator of

NMDA currents which increases the opening probability of the ion channel (Kessler

et al. 1989), with the suggestion of an absolute requirement of glycine for NMDA

activation (Huettner, 1989). The glycine potentiation is specifically blocked by 7-

chlorokynureate, indole-2-carboxylic acid and HA-966 (Fosterand Kemp, 1989). The

dissociative anaesthetics ketamine and phencyclidine, the structurally related

compounds N-[1-(2{hienyl)cyclohexyl]-piperadine and dibenzocyclohepteneimine

(MK-801), and the opiate SKF 10047, all bind at the site within the ion channel and

block NMDA initiated currents and abolish the NMDA component of synaptic

transmission (Coan and Collingridge, 1987b).

2.2.2.6.3. Glutamate inactivation

Uptake by glial cells are responsible for the termination of glutamate

neurotransmission, so that gliotoxin treatment in vivo leads to an increased

accumulation of both glutamate and CABA over controls (Paulsen and Fonnum,

1989). Clial cells importglutamate from the extracellularcleft by an active transpod

mechanism, metabolise it to glutamine, which is rctumed to the extracellular space

where it becomes available to neurons for the synthesis of more neurotransmitter

(Waniewski and Madin, 1986).

2,2.2.7 . Other neurotransmitters and neuromodulators

ln addition to the major neurotransmitters glutamate and CABA described in the

previous sections 2.2.2.5 and 2.2.2.6, the hippocampus also contains many other

neurotransmitters and receptors that mediate synaptic transmission or modulate

synaptic transmission by other transmitters. Receptors for acetylcholine,

noradrenaline, serotonin, histamine, dopamine, ATP and various neuropeptides

contribute to hippocampal function (Nicoll et al. 1990). ln addition to these

transmitters and co-transmitters there are receptors for neuromodulators, which differ

from neurotransmitters in that they are not released as a result of exocytosis of

neurosecretory vesicles. Adenosine is such a neuromodulator, which is released by

facilitated diffusion and whose extracellular concentrations reflect intracellular levels.

Nevedheless, extracellular adenosine levels can fluctuate greatly and mediate

powerful neurophysiological actions.
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2.3. ADENOSINE

Although adenosine was long known to cause vasodilatation and bradycardia (Drury
and Szant-Cyorgi, 1929), it was Sattin and Rall (1970) who originally demonstrated
that adenosine had neuroactive properties and played a rote distinct from that as an

intermediary in energy metabolism. They showed in guinea pig cortical stices that
^l^^^^:^^ ^- ^l^-:-^ --.^l-^^:l-- -1f l rorrEilu)il18 ur ¿utrnlne iluLteuuues slrrlluta¡.e cl\Mr accumulatlon, ano tnat tnls act¡on
is blocked by theophylline (Sattin and Rall, 1970).

2.3.1. ADENOSINE RECEPTOR CLASSIFICAT¡ON

Adenosine both stimulates and inhibits adenylate cyclase activity, and these two
activities are mediated by two pharmacologically distinct receptors, originally named

R,, for inhibition, and Ru, for activation, of adenylate cyclase (Londos et al. 1980).
The R. receptor is activated by 5'-N-ethylcarboxyamidoadenosine (NECA) >
adenosine > phenylisopropyladenosine (PlA), whereas the reverse order of potency

is observed at R' (Londos et a/. 1980). By current nomenclature, these are property

called the 4., and A, receptor. Low concentrations of adenosine agonists inhibit
cAMP accumulation by an action at the A,, receptor, and higher concentrations
stimulate cAMP accumulation by an action at the A, receptor (van Calker et at. 1979;
van Calker et al. 1978). Adenosine receptors also mediate electrophysiotogical
actions that are not related to their modulation of adenylate cyclase. The 4., receptor
mediates diverse presynaptic and postsynaptic inhibitory actions in many
preparations. The Ar receptor has been further subdivided on the basis of binding
data (Bruns et al. 1986) into the low affinity Azasubtype coupted to adenytate cyclase
and a high affinity Azu subtype that mediates poorly characterised excitatory
electrophysiological actions. Recently a novel A, receptor has been identified (Zhou

et al. 1992) that ís coupled to phosphatidylinositide hydrotysis (Ramkumar et al.

1993) which evidently mediates as yet unknown central actions.

Current classification re!les on the pharmacolog'y of !igand binding at these

adenosine receptors. The first proposed classification of adenosine receptors was

based on the earliest available agonists, the 4., receptor being characterised by the

relative affinity forthe agonists R-PIA > NECA > 2-chloroadenosine (2-CA), whereas
for the A, receptor binding affinity is NECA > 2-CA > R-PIA (Williams and Cusack,

1990; Stone, 1991). The most specific and poient A., receptor agonists are N6

substituted analogues of adenosine, including 2-chloro-N6-cyctopentyladenosíne
(ccPA), N6-endonorbornyladenosine (s-ENBA), N6-cyctopentyladenosine (cpA), and

N6-cyclohexyladenosine (CHA). Less selective agonists include 2-CA and NECA.

The relative affinity of the most common agonists for the 4., receptor is as fotlows:

ccPA > S-ENBA > CPA>CHA>R-ptA > 2-CA > NECA > s-ptA(Williamsand
Cusack, 1990).
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The most selective A, agonist available is 2-[p-(carboxyethyl)-phenylethylamino]-

NECA (CCS 21680) (Jaruis et al. 1989), which may be selective forthe Ar. subtype.

Functional studies in peripheral tissues known to express A, receptors show a rank

order of efficacy of agonists CCS 21680 : 2-(phenylamino)adenosine (CV 1801)>

NECA >

[(1 S,trans)-2-hydroxycyclopentyl]adenosine (CR 79236) : S-PIA, whereas in guinea-

pig aorta, also known to expresses A, receptors, agonist efficacy shows a rank order

of NECA > metrifud¡l > R-PIA = CPA > CV 1801 : CR 79236 > CCS 21680:
S-PIA (Curden ef al. 19931. These may represent Aru and A16 receptors respectively,

thus metrifudil may represent a reasonably selective A16 receptor agonist.

Whereas the A, receptor shows a general similarity in agonist binding profile to At

receptors, the affinity for the typical A' receptor agonists is 2-3 orders of magnitude

lower, closer to the affinity of these agonists for Aru receptors (Zhou et al. 1992;

Jacobson et al. 1993; Ramkumar et al. 1993; van Calen et al. 1994). ln contrast to

Ar receptors, and Aru receptors, the A, receptor binds N6 and 5' di-substituted

adenosine analogues with highest affinity (van Calen et al. 1994). The A, receptor

binds N6-2-(4-amino-3-iodophenyl)ethyladenosine (APNEA), N6-(3-iodobenzyl)-5'-N-

methycarboxamidoadenosine (3-lB-MECA) and N6-benzyl-NECA with high affinity

(Zhou et al. 1992; Jacobson et al. 1993; Ramkumar et al. 1993; van Calen et al.

1994). 3-IB-MECA and N6-benzyl-NECA in particular are potent and selective

agonists, binding A, receptors with low nanomolar affinity and 10-50 selectivity

compared to 4., and A, receptors (Jacobson et a|.1993; van Galen et al.1994).

Whereas caffeine and theophylline are non-selective A' and A, antagonists, the most

useful 4., antagonists are 8-substituted xanthines. These include the potent and

highly selective xanthine amino congener (XAC), B-cyclopentyl-1,3-dipropylxanthine

(DPCPX) and the slightly less selective B-cyclopentyl-1,3-dimethylxanthine

(8-cyclopentyltheophylline, 8-CPT), as well as 1,3-dipropyl-B-p-sulfophenylxanthine

(DPSPX), and 8-phenyltheophylline (B-PT) (Williams and Cusack, 1990; Stone, 1991).

Recently useful A, antagonists have been described, and the A, antagonist 3,7-

dimethy-1-propylargylxanthine (DMPX) (Sebastiào and Ribeiro, 1992a) is readily

available. The non-xanthine adenosine antagonist 5-imino-9-chloro-2-(2-furyl 1,2,4-

triazolo [1,5-c] quinazoline (CCS 15943) and 5-amino-8-(4-flourobenzyl)-2-(21ury1)-

pyrazolof4,3-el-1 ,2, -triazolo[1,S-c]pyrimidine (8FB-PTP) bind to rat striatal and

bovine membrane A, receptor more avidly than do the alkylxanthines (Jarvis et al.

1989; Dionsotti et al. 1994). Recently, a potent antagonist selective for the Ar,

su bclass of receptors, (E)-1 ,3-dipropyl-7-methyl-8-(3,4-d imethoxystyryl)xanthine

(KF17837), has been described (Kanda et al. 1994). By contrast, the Ar receptor is

insensitive to alkylxanthine binding and, as yet, no antagonists exist for this receptor
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(Zhou et al. 1992; Jacobson et al. 1993; Ramkumar et al. 1993; van calen et al.
1994).

Adenosine receptors have been purified to homogeneity and cloned from several
sources. They are typical C protein binding receptors (Mahan et al. 1991; Zhou et at.

1992; Rivkees and Reppeû., 1992), being glycoproteins with an extracellular amino-
terminal, seven putative membrane spanning domains connected with three
intracellular and three extracellular loops, and an intracellular carboxy-terminal
(Taylor, 1990; Boege et al. 1991). They share sequence analogy with most other
members of the superfamily of C protein linked receptors, and this has been used as

a strategy for identifying their cDNA sequences.

2.3.1.1. A., receptors

The A1 receptor has been purified to homogeneity from a number of species

including rat (Nakata, 1989) and human (Nakata, 1992). The brain A' receptor is a

glycoproteín of about 35kDa and bínds I3HIDPCPX with high affinity (Nakata, 1gg2).

A rat striatal cDNA fragment encodes a 326 amíno acid protein with seven trans-

membrane domains typical of C protein linked receptors (Mahan et at. 1991). The
At receptor expressed from this striatal cDNA binds t3HlDPCpX with high affinity,
binds agonists with the appropriate rank order of potency, CCPA : R-plA > NECA

Cpp(NH)p (Mahan et al. 1991). An 4., receptor cloned from human hippocampal
cDNA has 95o/o sequence homology with the rat receptor, and when expressed in
Chinese hamster ovary cells, binds DPCPX with high affinity, and inhibits adenylate
cyclase (Townsend-Nicholson and Shine, 1gg2).

The hippocampus expresses the highest density of A' receptors in the brain, and 4.,

receptor mRNA is abundant in hippocampal neurons as revealed by cDN A in situ
hybridisation (Mahan et al. 1991; Cunha et a\.1994a). Autoradiography of t3HlCHA
binding in rat brain shows that 4., receptor density is high in the molecular Iayer of
the dentate gyrus and in the stratum radiatum and stratum oriens of all hippocampal
areas, whilst the highest binding is in the stratum radiatum of the hippocampal CA.,

area (Fastbom et al. 1987; Coodman and Snyder, 1982). Within the hippocampal
fields, A1 receptor density is heterogenous along the septal/temporal axis, with
highest numbers of receptors in the septal aspect (Lee ef al. 1gB3). A high A'
receptor density is also found in the cerebellum, in the subiculum, the superior
colliculus, and the geniculate nuclei (Goodman and Snyder, 1982; Fastbom et al.

1987). lntermediate high levels of A' receptors are found in the remaining thalamic
nuclei, the lateral septum, and the cerebral codex (Fastbom et al. 1987; Coodman
and Snyder, 1982). Lower levels of A' receptors are also found in the basal ganglia,

the hypothalamus, amygdala, midbrain areas other than superior colliculus (central
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gr€y, substantia nigra), brainstem and stratum moleculare of the CA' area (Fastbom ef

al. 1987; Coodman and Snyder, 1982). With the exception of a relatively high

density in the granule cell layer of the cerebellum, the receptors are found in the

molecular layers of these structures, suggesting they are associated with excitatory

synapses (Goodman and Snyder, 1982).

2.3.1.2. A, receptors

The rat striatal cDNA clone of the novel A, receptor has 58o/o homology with
previously cloned adenosine receptors (Zhou et al. 1992). The cloned receptor,

expressed in Chinese hamster ovary cells and the native receptor in mast cells binds

A.' receptor agonists, although with an affinity 2-3 orders of magnitude lower for the

most selective A'' receptor agonists, and it does not bind alkylxanthine antagonists

(Zhou et al. 1992; Jacobson et al. 1993; Ramkumar et al. 1993; van Calen et al.

1994). The A, receptor expressed in Chinese hamster ovary cells is linked to a

Pedussis toxin sensitive G protein and will inhibit adenylate cyclase (Zhou et al.

1992; van Galen et al. 1994), whereas the native receptor in mast cells stimulates

phospholipase C (Ramkumar et al. 1993). lntraperitoneal 3-lB-MECA causes a

DPCPX insensitive locomotor depression in mice (Jacobson et al. 1993). Low levels

of A, receptor, determined by [1251]AB-MECA binding in the presence of DPCPX, are

found in various regions of the mouse brain, including the hippocampus, cortex,

cerebellum and striatum (Jacobson et al. 1993). lt is wodhwhile noting that binding

of A,' receptor agonists in the absence of antagonists could, in fact, represent A,

receptors, and some incongruous data may need rc-interpretation in this light.

2.3.1.3. A, receptors

An Aru rcceptor clone has been isolated from a hippocampal cDNA library, which

when transfected into a human cell line expresses a receptor that does not bind

CCPA but binds CCS 21680 with high affinity (K¿ 10r1nM), and [3H]CCS 21680 is

displaced by adenosine receptor ligands with an appropriate rank order of affinity

NECA > XAC > 2-CA > CPA (Furlong et al. 1992). The Aru receptor clone isolated

from rat striatal cDNA library and transfected in COS cells binds CCS 21680 with K6

38.6nM (Fink et al. 1992), and it is interesting to note that this is a lower affinity than

the cloned hippocampal receptor. However, [3H]CCS 21680 binds to striatal

membranes with a K¿ of 16nM (Jarvis et al. 1989). The deduced amino acid

sequence of the rat Aru receptor shows the seven ø-helical membrane spanning

domains (Uzerman et al. 1994) typical of G-protein coupled receptors.

A16 receptorc have been cloned from rat (Rivkees and Reppert, 1992) and human

(Pierce et al. 1992) brain cDNA libraries. Native receptors in human fibrobasts and

those expressed in Chinese hamster ovary cells bind NECA but not 4., or Aru selective

agonists, and are positively coupled to adenylate cyclase (Pierce et al. 1992; Rivkees
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and Reppeft, 1992) Receptors expressed in Xenopus oocytes are positivety coupled
to phospholipase C (Yakel et al. 1994).

Autoradiography of [3H]CCS 21680 shows high Aru receptor density in the striatum,
with lower densities detected in the caudate-putamen, nucteus accumbens, olfactory
tubercle and globus pallidus flaruis and Wittiams, 1989). Although earlier work
failed to demonstrate [3H]CCS 21680 binding in the hippocampus, an adenosine Aru
receptor has been cloned from a human hippocampal cDNA library, and Aru receptor
mRNA is identified in the soma of rat CA' and CA, pyramidat neurons and dentate
granule cells by in situ hybridisation (Cunha et al. 1994a), suggesting that this
receptor must be expressed in the hippocampus (Furlong et at. 1992). This is further
supported by enhanced excitatory synaptic transmission and excitability caused by
nanomolar concentrations of CCS 21680 in the hippocampus (Sebastiào and Ribeiro,
1992a; Sebastiào and Ribeiro, 1992b; Cunha et al. 1994a). Only recentty has

specific [3H]CCS 21680 binding been demonstrated in alt synaptic layen of the
hippocampus, dentate and subicutum, but at levels much lower than detected in
even the basal ganglia (Cunha et al. 1994a). Aru receptor density in the hippocampus
matches the distribution of A,¡ receptors and is highest in the stratum radiatum of the
CA' (Cunha et al. 1994a). [3H]CCS 21680 binding exceeds t3H]CHR binding ín the
stratum lacunosum-moleculare of the CA3 (Cunha et a\.1994a). A' and Aru recepton
are co-localised on the presynaptic terminals of the rat neuromuscular junction
(Correia de Sá et al. 1991), and the electrophysiological interaction between Aru and
presynaptic Al receptors (Cunha et al. 1994a) point to a similar arrangement in the
hippocampus. A16 receptors are found throughout the brain (Bruns et al. 1986).

2.3.2. ADENOS¡NE Ar RECEPTORS MEDIATE DEPRESSION OF SYNAPTIC
TRANSMTSSTON AND OF NEURONAT EXC|TABIUTy tN THE CAl
Adenosine was first shown to depress CNS neurons in 1 974, micro-iontophoresis of
adenosine or adenine nucleotides depressed spontaneous activity of corticospinal
celis in methoxyflurane/NrO anaesthetised rats (Phitlis et al. 1974). ln the same year,

adenosine was shown to inhibit synaptic transmission in the guinea-pig otfactory
codex slice in vitrc, evoked by lateral olfactory tract stímulation (Schofietd, 1974). ln
1979 adenosine was shown to depress synaptic transmission in the hippocampal
slice, where postsynaptic excitatory field potentials and the synaptic current sink in
the apical dendrites in the CA' area, evoked by Schaffer cottaterat stimulation,
showed a concentration-dependent inhibition by adenosine (Schube¡t and Mitzdorf,
1979). The demonstration that the adenosine depression of postsynaptic field
potentials in the CAt of rat hippocampal slices could be antagonised by the
methylxanthine theophylline (Dunwiddie and Hoffer, 1980) was a major step,

identifying that the synaptic depression is mediated by adenosine receptors.
Fudhermore, it became obvious that endogenous adenosine causes tonic inhibition,
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s¡nce adenosine degradation with exogenous adenosine deaminase increases, and

adenosine uptake block with hexobendine decreases postsynaptic potentials

(Dunwiddie and Hoffer, 1980).

2.3.2.1. Adenosine inhibition in the hippocampus is mediated by A, receptors

The potency and specificity of ligands at the A' receptor parallels their efficacy at

neuronal inhibition. ln the CA' of the rat hippocampal slice, agonist potency at

inhibition of orthodromic postsynaptic field potentials (Reddington et al. 1982;

Fowler, 1988), inhibition of antidromic after-potentials in low calcium, high

magnesium medium (Schubert and Lee, 1986), of hyperpolarisation and reduction of

input resistance (Ameri and Jurna, 1991), all follow a rank order of potency

characteristic of the 4., receptor. The same rank order of agonist potency is shown

for inhibition of aspadate and glutamate release from hippocampal slices or

hippocampal synaptosomes (Poli et al. 1991; Corradetti et al. 1984). Such

exogenous agonist-induced inhibition, as well as inhibition from endogenous

adenosine, can be blocked by the selective 4., antagonists DPCPX and 8-CPT

(Alzheimer et al. 1991; Dunwiddie and Fredholm, 1 989; Ameri and Jurna, 1991).

2.3.2.2. Presynaptic actions of adenosine A.' receptors

2.3.2.2.1 . Adenosine inhibits neurotransmitter release

The primary action of adenosine is the depression of excitatory postsynaptic

potentials, and electrophysiological evidence suggests that adenosine acts

presynaptically to reduce synaptic transmission. ln hippocampal slices, the evoked

EPSP in CA' pyramidal cells can be significantly reduced, without effect on input

resistance and membrane potential, by iontophoresis of adenosine onto synaptic

region in stratum radiatum or bath application of low adenosine concentrations

(Siggins and Schubed, 1981; Segal, 1982). Similarly, adenosine depresses the

electrically evoked excitatory postsynaptic current (EPSC) without effect on

postsynaptic membrane propertíes in dissociated peri-natal rat hippocampal neurons

(Yoon and Rothman, 1991; Kamiya, 1991). This effect could result from activation of

either presynaptic adenosine receptors, or dendritic spine adenosine receptors

electrotonically distant from the soma, which do not effect recordings of soma

membrane properties. However, strong evidence suggests a presynaptic mechanism

in the hippocampal slice since analysis of unitary EPSP variance in whole-cell patch

clamped CA' pyramidal cells shows a high conelation between depression of the

unitary EPSP and the depression of mean quantal content as estimated by M2/o2

(squared average EPSP/variance) in response to low concentrations of adenosine (5-

20 ¡rM) (Lúpica et al. 19921. Fudhermore, in guinea-pig otfactory cortex slices,

which are devoid of postsynaptic adenosine receptors (Schofield, 1978), synaptic

transmission in response to lateral olfactory tract stimulation is depressed by
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exogenous and endogenous adenosine (Schofield, 1974; Schofietd and Steel, 19gg;
Motley and Collins, 1983; Schofield, 197g).

Presynaptic inhibition by adenosine and A' receptor agonists involves inhibition of
neurotransmitter release. In hippocampal slices the 4., receptor agonist R-plA inhibits
electrical field stimulated release of acetylchotine, norádrenaline, and glutamate
(Dunér-Engström and Fredholm, 1988; Fredholm and Lingren, 1987; Fredholm ef a/.
1986). Adenosine, R-PIA, CHA or 2-CA depress the potassium, kainate or 4-Ap
evoked release of glutamate and aspartate from rat and guinea pig hippocampat
synaptosomes (Poli et al. 1991; Arvin et al. 1989; Barrie and Nicholls, 1993). ln
hippocampal slices, R-PIA, CHA and adenosine depress release of glutamate and
aspartate by electrical stimulation of Schaffer cottaterals (Corradetti et al. 1984), and
in mini-slices of C41, lacking stratum lacunosum-moleculare, exogenous adenosine
action at an Al receptor inhibits potassium evoked glutamate and aspadate retease,
presumably from Schaffer collateral/commissural fibre terminals (Nadler et al. 1990).
B-PT enhancement of evoked glutamate and aspartate release in hippocampal stices
indicates a tonic depression of neurotransmitter release, due to basal activation of
adenosine receptors by endogenous adenosine (Nadter et at. 1990; Corradetti ef a/.
1984). Adenosine also depresses evoked retease of gtutamate, noradrenatine and
dopamine in othercentral preparations (Harms et al. 1978; Dolphin, 1985; Cass and
Zahiniser, 1 991).

There are variable findings regarding adenosine depression of inhibitory synaptic
transmissio.n. Adenosine does not depress a fast IPSC in dissociated peri-natal
hippocampal neurons, evoked by extracellular stimutation or intracellular stimulation
in paired recordings (Yoon and Rothman, 1991 ; Kamiya, 19gl). .ln the cA, of rat
hippocampal slices in the presence of DNQX and AP5, adenosine depresses the
monosynaptically activated late IPSP but not the fast IPSP (Lambert and Teyler,
1991a). Since adenosine Al receptoru are coupled to the same or a similar
population of postsynaptic potassium channels as the GABAB receptor, see section
2.3.4.3.1, it is possible that the adenosine depression of the late lpSp is due to
postsynaptic occlusion of the CABAB current. lt appears that adenosine setectively
inhibits excitatory neurotransmitter retease, whilst sparing inhibitory neurotransmitter
release. Adenosine, R-PIA or 2-CA cause a concentration-dependent decrease in
potassium or kainate evoked release glutamate and aspartate but not CABA from
hippocampal synaptosomes (Poli et at. 1991) and from dentate gyrus slices (Dolphin
and Archer, 1983). This selectivity concurs with the tocation of adenosine Al
receptors on the terminals of excitatory neurons, as has been demonstrated
autoradiographically in the cerebellum (Goodman et ar. 19g3).
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Presynaptic A' receptor activation presumably depresses neurotransmitter release by

reducing calcium influx into neuronal terminals. Adenosine causes a concentration-

dependent decrease in electrically stimulated or potass¡um stimulated 45çu2+ uptake

into rat brain synaptosomes (Conçalves et al. 1991), and CHA reduces both the

potassium or 4-AP evoked plateau of cytoplasmic calcium fluorescence in guinea pig

brain synaptosomes (Barrie and Nicholls, 1993). Adenosine reduces the decrease in

extracellular calcium, due to presynaptic terminal calcium uptake in response to

Schaffer collaterals stimulation with synaptic transmission inhibited, measured by

ion-selective microelectrodes in the stratum radiatum of the hippocampal slice

(Schubert et al. 1986).

2.3.2.2.2. Adenosine A,' receptor inhibition of N{ype calcium channels

ln a number of preparations used to model presynaptic events, A' receptors depress

N{ype calcium channels. In whole cell voltage clamp of cultured mouse dorsal root

ganglion cells,2-CA reduces the whole cell calcium current and shortens calcium

dependent action potentials recorded in tetraethylammonium (TEA), by selectively

inhibilìrrg the N{ype calcium current but not Ltype orT-type currents (Dolphin et a/.

1986; Cross et al. 1989). lncrease in intracellular calcium through r¡-conotoxin

sensitive, N{ype channels ís depressed by adenosine 4., receptors in chick ciliary

ganglion giant presynaptic terminals (Yawo and Chuhma, 1993) and post-ganglionic

neurons (Bennett et al. 1992). Fudhermore, in whole cell voltage clamp of acutely

isolated guinea pig CA, pyramidal neurons, from which the Schaffercollaterals arise,

current carried through N{ype channels is decreased by adenosine or 2-CA (Mogul et

al. 1993) via an 4., receptor. However, adenosine does not alter calcium currents in

guinea pig CA' pyramidal neurons or olfactory codex neurons (Halliwell and

Schofield, 1984).

2.3.2.2.3. Adenosine modulation of presynaptic potassium currents

There is some evidence that A,, receptor depression of transmitter release may result

from enhanced presynaptic potassium currents, and consequent spike narrowing, and

therefore a reduction in depolarisation-induced calcium influx. 2-CA inhibition of

evoked fEPSP in the CA., area of hippocampal slices, a putative presynaptic action, is

inhibited by 30¡rM 4-AP, and, unlike baclofen- and neuropeptide Y induced

inhibition, 2-CA induced inhibition is not regained by reducing extracellular calcium,

suggesting involvement of potassium channels but not voltage-activated calcium

channels (Klapstein and Colmers, 1992). lndirect suppod of this notion is given by

the enhancement of the 4-AP sensitive, transient potassium current, lo, and

shortening of the action potential by adenosine and 2-CA in locus coeruleus neurons

(Pan ef al. 1994) and lo may be modulated by A.' receptors in hippocampal pyramidal

neurons (Schubed and Lee, 1986). ln one repoÉ, the potassium channel blocker
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barium reduced A.¡ receptor-mediated depression of CA' EPSP (Birnstiel ef at. 1992).

Also, adenosine reduces the calcium-dependent potassium current, 1., and the after-
hyperpolarisation in presynaptic terminals of chick ciliary ganglia (Bennett and Ho,
1992), this may be secondary to block of the N{ype calcium current, but may also be

a non-A., receptor action.

2.3.2.3. Postsynaptic actions of adenosine A' receptors
Adenosine has two actions on postsynaptic neurons. Firstly, it limits large excitatory
input by enhancing the long after-hyperpolarisation (AHP) which follows action
potential repolarisation and accommodation, causing the slowing of action potential
frequency during prolonged depolarisation (Creene and Haas, 1985; Haas and
Creene, 1984). Additionally, high concentrations of adenosine, in the range of 10-

100¡rM, reduce neuronal excitability by membrane hyperpolarisation and decreased
input resistance (Cerber et al. 1989; Siggins and Schubert, 1981; Creene and Haas,

1985; Haas and creene, 1984; Proctor and Dunwiddie, 1983; Segal, 1gB2). These
different actions are due to enhancement of distinct potassium currents

2.3.2.3. 1 . Membrane hyperpolarisation

Membrane hyperpolarisation was the first described electrophysiological action of
adenosine, in the hippocampus this was initially described in CA, neurons (Okada

anJ Ozawa, 1980) then in CAr neurons (Siggins and Schubert, 1gg1). Bath

application of 20pM adenosine hyperpolarises the membrane of CA' pyramidal
neurons and reduces input resistance during hyperpolarising current injection
(Siggins and Schubert, 1981). High concentrations of adenosíne hyperpolarise rat

CAt pyramidal neurons, with average hyperpolarisations of 7J or 8mV reported from
a range of 1-15mV from bath application of 100¡rM adenosine and direct micro-drop
application of 0.1-1OmM adenosine (Creene and Haas, 1985; Sega!, 1gg2). Low
concentrations of 10 to 20pM adenosine are less consistent, hyperpolarising most

CAt pyramidal neurons by an average of 3.14mV to 5mV (Siggins and Schubert,

1981; Haas and Creene, 1984). All concentrations of adenosine cause inconsistent
decreases in input resistance with mean values reported from B to 30o/o from a range

of 0-50o/o (Siggins and Schubert, 1981; Haas and creene, 1gB4; Segal, 1gB2).

Membrane hyperpolarisation and reduced input resistance from 10-100¡rM adenosine
application in rat hippocampal CAl pyramidal celts is due to the activation of an

outward potassium current (Cerber et al. 1989). Under single electrode voltage
clamp, hyperpolarisation by adenosine reverses at membrane hotding potentials of
-B5mV (Haas and Creene, 1984) or -90mV (Segal, 1982) and is also reversed by
raising extracellular potassium from 5mM to 12mM (Cerber et al. 1989). lnput
resistance changes by adenosine also vary with alterations in extracettutar potassium,
consistent with changes in a potassium current (Cerber et a/. 1989). The identity of
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the potassium channel opened by Ar receptors in CA., pyramidal neurons is obscure,

but this ligand-gated potassium channel is directly C protein-linked (Van Dongen ef

a/. 1988; Trussell and Jackson, 1987) and may be distinct from the voltage-gated

channels.

Adenosine hyperpolarisation and reduced input resistance are insensitive to blockade

of calcium-dependent potassium currents, ls or l¡¡p, by the extracellular calcium

channel blockers, cadmium, cobalt or manganese or the calcium chelator ECTA

(Haas and Creene, 1984; Creene and Haas, 1985; Segal, 1982). Adenosine

hyperpolarisation or outward current are not blocked by TEA or micromolar 4-AP

which block le, lv, and l. (Creene and Haas, 1985; Segal, 1982; Cerber ef al. 1989).

However, the adenosine activated potassium current can be blocked by millimolar

concentrations of 4-AP or barium which will block lo or ln (Gerber et al. 1989).

Fu¡thermore, R-PIA inhibition of CA., antidromic after-potentials is blocked by 50pM

4-AP (lD) but not millimolarTEA (Schube¡'t and Lee, 1986), and adenosine and 2-CA

enhances the 4-AP sensitive lo in locus coeruleus neurons (Pan ef al. 1994). This

latter action is due to depolarisation of the lo inactivation curve, increasing the

amount of lo available near threshold, rather than an increase in maximal stimulation

of lo (Pan et al. 1994). Such an action on lo would not occur under hyperpolarised

conditions (Creene and Haas, 1985; Segal, 1982; Gerber et al. 1989) where

adenosine does not alter ln (Greene and Haas, 1985).

The apparent inward rectification of the adenosine activated potassium current,

originally observed in striatal neurons (Trussell and Jackson, 1985; Trussell and

Jackson, 1987), is not observed in most adult rat hippocampal pyramidal neurons

(Cerber et al. 1989). ln those neurons that do display inward rectification (7 oÍ 21, or

38o/o), it is abolished by 10mM TEA, leaving a potassium current with a linear

currenVvoltage relationship, suggesting the inward rectification may be due to

interaction with the TEA sensitive l. (Gerber et al. 1989) or possibly the l*, reducing

the length constant or space clamp, or causing a current shunt.

2. 3.2.3.2. Slow after-hyperpol arisation

20-50pM adenosine greatly increases the amplitude and decreases the rate of decay

of the slow AHP which follows single spikes, bursts of spikes or TTX insensitive slow

calcium spikes in CA,, pyramidal cells (Creene and Haas, 1985; Haas and Creene,

1984). Adenosine also slightly enhances the early voltage sensitive AHP following

bursts of spikes (Haas and Creene, 1984). Adenosine enhancement of the AHP

increases spike frequency accommodation (Greene and Haas, 1985; Haas and

Creene, 1984). The AHP is usually enhanced despite hyperpolarisation and

decreased input resistance, although a sufficient decrease in input resistance with
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high concentrations of adenosine will reduce the AHP amplitude (Creene and Haas,

1985; Haas and Creene, 1984).

The slow AHP is mediated by a small-conductance, voltage and TEA insensitive,

calcium-dependent potassium current, lr¡rp, which is blocked by increased

intracellular cAMP (Storm, 1990; Storm, 1993; Lancaster et al. 1991; Lancaster and

Adams, 1986). The lon, is blocked by a varíety of neurotransmittersubstances which
stimulate adenylate cyclase (Storm, 1990; Storm, 1993), and this may be the mode of
adenosine A1 receptor action. Accommodation, the slowing of frequency of
repetitive action potential discharge during long depolarising pulses, is mediated by

lon, and is the main mechanism for reducing large excitatory inputs with relative

sparing of small excitatory input (Madison and Nicoll, 1984). Modulation of the AHP
may be the most important ascending influence on hippocampal function.

2.3.2.3.3. Other postsvnaptic A., receptor actions

Adenosine 4., receptor activation increases the threshold for, and decreases the

amplitude of TTX-Insensitive slow calcium spikes in CA,, pyramids in hippocampal
slices (Haas and Creene, 1988; Haas and Creene, 1984; Proctor and Dunwiddie,
1983). Howeverin guinea pig hippocampal CA' pyramidal cells, adenosine does not
reduce calcium currents although it will reduce calcium spikes, suggesting this is not

a direct modulation of calcium channels (Halliwell and Schofield, 1984).

ln rat CA1 cells held near resting membrane potential C60mV), A,, receptor agonists

induce a steady state inward chloride current sensitive to theophylline, PTX pre-

treatment or the chloride channel blocker 4,4'-diisothiocyano-2,2'-stilbenedisulfonate
(Mager et al. 1990). Theophylline induced increase in electrically stimulated calcium
flux in rat CA1 is btocked by the chloride channel blocker 4,4'-diisothiocyano-2,2'-

stilbenedisulfonate or the chloride pump blocker furosemíde (Schubert et al. 1991).

This chloride current could be calcium-activated, as a result of adenosine 4., receptor-

med iateci phosphoi nositide hyci roiysis.

2.3.3. ADENOSTNE A2 RECEPTORS

2.3.3,1. Excitatory actions of adenosine receptor agonists

As early as 1983, paradoxical locornotor stimulation was noted following i.p.

injection of low doses of n-PlA in mice (Bruns et al. 1983), with this low dose of a

usually depressant compound suggesting the action of a non-A, adenosine receptor.

ln contrast to the characteristic depressive action of micromolar concentrations of
adenosine, low concentrations (10nM-1¡rM) increase the amplitude of extracellularly

recorded, submaximal postsynaptic field potentials in the guinea pig hippocampal

CA,, CA, area, superlicial grey of the superior colliculus, and dentate gyrus
(Nishimura et al. 1990; Okada et al. 1990; Okada et al. 1992). Although the
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relatively more selective A., receptor agonists NECA and n-PlA are inhibitory in
nanomolar concentrations, intracellular recordings show that high, micromolar,

concentrations of R-PlA and NECA have excitatory actions, characterised by

membrane depolarisation, increased input resistance, enhanced EPSPs, and increased

spontaneous action potential frequency, in 50o/o of CA., pyramidal neurons in rat

hippocampal slices (Ameri and Jurna, 1991). This effect is seen at low agonist

concentrations, and in all neurons if A' receptors are blocked by the selective A'
antagonist DPCPX, and this excitatory action is blocked by the non-selective

adenosine receptor antagonist theophylline (Ameri and Jurna, 1 991)

2.3.3.2. Post-inhibitory hyperexcitability

ln their intracellular study, Siggins and Schubert note a "rebound depolarisation" of

hippocampal CA., neurons with washout following seven minutes of 20¡rM adenosine

(Siggins and Schubed, 1981). Although concentrations of adenosine higher than

1O¡rM inhibit postsynaptic potentials in the guinea pig hippocampal CA, and CA,
(Okada et al. 1990; Okada et al. 1992) and dentate gyrus (Nishimura et al. 1990;

Nishimura et al. 1992), washout, after 1G20 minutes application of adenosine, is

accompanied by a transient increase in population spike amplitude. Following 30

minute adenosine superfusion, population spike amplitude is persistently increased in

the CAr, CA' (Okada et al. 1992) and dentate gyrus (Nishimura et al. 1992) of guinea

pig hippocampal slices. lt is curious that hyperexcitability due to low, excitatory,

concentrations of adenosine, will persist after only 15 minutes adenosine exposure in

the hippocampus (Okada et al. 1992) and only 5 minutes adenosine exposure in the

superior colliculus (lshikawa et al. 1994), whereas a longer exposure to micromolar

concentrations of adenosine is required for persistent post-inhibitory

hyperexcitability. Possibly the opposing depressive actions of adenosine A' receptor

activation restrain the excitatory actions of non-A, receptors

ln the superior colliculus, adenosine (0.5-1OpM) curiously has no inhibitory actions

and causes a persistent excitation (Okada et al. 1990). The superior colliculus has

only A1 receptors on the presynaptic terminals and A1 and A2 receptors

postsynaptically (Wan and Geiger, 1990). Why these A' receptors fail to produce

inhibitory actions is unclear; howev€r, the A' receptor binding was determined with

[3H]CHR (Wan and Ceiger, 1990), and such binding could represent A, receptors.

Alternatively, collicular 4., receptors may be differently coupled to effector systems

than are A' receptors in other tissues. lt may be ill-advised to compare adenosine

actions in the superior colliculus with those in other tissues. Howeveç in the

superior colliculus, persistent increase in the field postsynaptic potential amplitude in

the superficial grey, due to optic layer stimulation, occurs during and after even 5

minute superfusion of adenosine, and a similar increase in field postsynaptic
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potential amplitude can be produced by both specific A' and Aru receptor agonists
(n-PlA, CHA, NECA and CCS 21680) at concentrations as low as 1nM (lshikawa ef al.
1994). The xanthines theophylline, 8-CPT and DMPX, and the non-xanthine A,
receptor antagonist CCS 15943 all produce excitability in the superior colliculus in
nanomolar concentrations (lshikawa ef al. 1994) where they cannot be antagonising
tonic At receptor-mediated depression, as this action of A, receptorc is absent.

Excitability produced by agonists selective at both A' and A, adenosine receptor
subtypes is intriguing, and suggests the possibility of involvement of another receptor
subtype. The agonists used in the superior colliculus (lshikawa et al. 1994) all bind
the A, receptor subtype, but only with high nanomolar affinity (van Calen et al.
1994). The excitatory actions of xanthine and non-xanthine adenosine receptor
antagonists (lshikawa et al. 1994), which do not bind the A, receptor (van Calen ef
al. 1994), is good evidence against A, receptor involvement, as is the inhibition of
adenosine agonist excitability in CA., pyramidal neurons by theophyttine (Ameri and

)urna, 1991). Enhancement of excitability by adenosine receptor agonists in the
presence of DPCPX eliminates the A1 receptor (Ameri and Jurna, 1991), and this
leaves only the A, receptors. Although the published affinity of the Aru receptorc for
adenosine analogues does not explain the superior cotticutar data, these affinities are
generally established in the striatum (van Calen et al. 1994) and there is reasonabte
evidence that this receptor differs both in affinity and effector coupling from those in
other tissues, see section 2.3.3.3. Enhancement of the field postsynaptic potentiat in
the superiorcolliculus by adenosine can be blocked by the selective protein kinase A
inhibitor H-89 as well as the less selective H-7 and H-8 (Hirai et al. 1994) and
blockade of adenosine enhanced glutamate retease by the protein kinase A inhibitor
HA-1004 (Hirai and Okada, 1994), indicate an adenosine receptor positivety coupled
to adenylate cyclase, as are A16 receptors.

2.3.3.3. Adenosine Aru receptor-med iated excitation
Fifteen to thirty minutes perfusion with the selective adenosine Aru agonist, CGS
21680 (3 and 1OnM), increases both the amplitude of CA, population spikes and the
slope of the fEPSP, effects blocked by the A, receptor antagonist DMPX (Sebastiào

and Ribeiro, 1992a; Cunha et al. 1994a). The presynaptic inhibition of synaptic
transmission by the At receptor agonist CPA is significantly attenuated in the
presence of CGS 21680 (Cunha et al. 1994a), and the excitatory actions of Ar,
receptor activation may in pad result from alleviation of tonic 4., rcceptor action by

endogenous adenosine. lndeed, the increase in fEPSP by CCS 21680 (Cunha et al.
1994a) is of the same order as that produced by A,, receptor antagonists (Dunwiddie
and Diao, 1994). However, Aru receptor-mediated excitability cannot be entirely due
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to alleviation of At receptor depression, since adenosine receptor agonists have

excitatory actions in the presence of 4., receptor antagonists (Ameri and Jurna, 1991).

There is apparently a high affinity A, receptor in the rat hippocampus, since the

electrophysiological efficacy of low nanomolar CCS 21680 is well below the

reported Ko of 16nM for binding to rat striatal membranes (Jaruis et al. f989).
Apparently, the Ar receptor mediating excitatory electrophysiological effects in the

hippocampus is distinct from the low af(inity, C, linked A16 receptor mediating cAMP

accumulation (Gilman, 1987), since forskolin-induced cAMP accumulation does not

cause membrane depolarisation (Dunwiddie ef al. 1992), as does adenosine induced

excitation (Ameri and Jurna, 1991), and whereas CCS 21680 is a weak and non-

efficacious agonist of adenylate cyclase in the striatum (Lupica et al. 1990), ¡t fails to

stimulate cAMP formation in the hippocampus (Lupica et al. 1990). FuÉhermore,

only micromolar concentrations of NECA will stimulate cAMP accumulation in the

hippocampus (Fredholm et al. 1990), and only nanomolar concentrations are

required to produce an excitatory action (Ameri and Jurna, 1991). This suggests the

presence of a high affinity Aru receptor in the hippocampus, mediâting excitatory

electrophysiological actions independent of adenylate cyclase modulation, and

possibly different from the striatal Aru receptor.

2.3.3.4. Adenosine Aro receptor enhancement of P-type calcium channels

Adenosine causes a large enhancement of P{ype calcium currents in acutely ísolated

hippocampal CA, neurons (Mogul et al. 1993). This action is mediated via Aro

receptors as it is caused by non-selective A, agonists adenosine,2-CA or N6-[2-(3,5-

dimethoxyphenyl)-2-(2-methylphenyl)ethylladenosine (DPMA), but not CPA or CCS

21680, and is dependent on protein kinase A activation (Mogul et al. 1993). The

N-type, as well as the P-type or Q-type voltage activated calcium channels contribute

to excitatory synaptic transmission between the Schaffer collaterals and the CA, area,

but the latter appear to be dominant (Wheeler et al. 1994). Enhancement of these

channels via A16 receptor activation by adenosine could thus cause the increased

glutamate release and excitatory synaptic transmission in the CA,, described in

sections 2.3.3.1 , 2.3.3.2 and 2.3.3.5.1 .

2.3.3.5. Presynaptic and postsynaptic mechanisms of adenosine hyperexcitability

2.3.3.5. 1 . Presvnaptic mechanisms

Data from the superior colliculus shows that the action of 100nM or 100pM

adenosine, which causes an increase in the amplitude of the field postsynaptic

potential in the superficial grey due to optic layer stimulation, also causes an increase

basal and electrically stimulated glutamate release, blocked by the protein kinase A

inhibitor HA-1004 (Hirai and Okada , 1994). ln patch clamp recordings of whole-cell

cunents in CA,' pyramidal neurons, application of 5pM 8-CPT on a background
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concentration of 1OpM adenosine causes a large increase in the EPSC compared to
controls with no drugs or adenosine alone (Garaschuk et al. 1992); this enhancement
is likely presynaptic as both the NMDA and non-NMDA components of the EpSC are
similarly enhanced. lndeed, 100nM adenosine increases electrically evoked
glutamate release from hippocampal stices 1'.7 fold (Okada et al. 1gg2). This
presynaptic hyperexcitability is different from the altered postsynaptic excitabitity of
interest in the present study.

2.3.3.5.2. Postsynaptic mechanisms

It seems likely that the "rebound depolarisation" of hippocampat CA,, neurons upon
washout following seven minutes of 20¡rM adenosíne (Siggins and Schubeft, 1981)
results from a postsynaptic change. ln TTX treated hippocampal stices, synaptic
transmission is blocked, and during prolonged application of 50pM adenosine
depolarisation follows the initial hyperpolarisation, in 4 of 10 CA1 neurons (proctor
and Dunwiddie, 1983). A, receptor-mediated excitation in the CA., is characterised
by membrane depolarisation, increased input resistance, enhanced EpSps, and
increased spontaneous action potential frequency, jn rat hippocampat CA,, neurons
(Ameri and Jurna, 1991). These actions suggest closure of a potassium channel.
Although not discussed, in the CA3 low adenosine concentrations apparently prevent
the development of a slow AHP following stimulus induced bursts of spikes (Okada
et al. 1992) Íigure 2A.

2.3.4, ADENOSINE RECEPTOR SECOND MESSENCER SYSTEMS

2.3.4.1. G proteins

Unlike the classic fast neurotransmitter receptors, where agonist binding and channet
response are properties of the same protein complex, many receptors modulate ion
channels via a guanine nucleotide-binding (C) protein, in either a membrane
delimited fashion or via fuÉher intracellular second messengers. G proteins are
heterotrimers composed of a, p and I subunits, in order of decreasing mass (e ilman,
1987), that, when activated by binding of GTP, modulate diverse cellular functions.
C protein heterogeneity resides largely in the ø subunit, whereas p and l subunits are
simílar. cDNAs that encode at least 21 distinct a subunits form four families of
c proteins: G¡, G' co, Grz (Hille, 1992; Heplerand cilman, 1992; Gilman, 1gg7).
Co, common in the brain, is a member of the C, famity, and cellutar concentrations
of G, are higher than other G proteins with Go alone being 1-2oh ol membrane
protein in the brain (Hepler and Cilman, 1gg2).

The inactive ø-GDP complex and the By complex combine forming the inactive G-
CDP. Receptor-agonist interaction promotes receptor binding of the inactive C-CDp,
and promotes the dissociation of GDP. The receptor has high affinity for the ø81
complex without bound guanÍne nucteotide, and this conformation is also the high
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affinity state of the receptor for agonists. The øp1-receptor complex is transitory, as

the nucleotide site ís open and CTP binds, causing dissociation of the receptor from

the two possible regulatory units, the l3f complex and the ø-CTP complex.

Dissocíation of the a-CTP complex initiates the intrinsic CTPase activity of the ø
subunit, which in time de-activates the C protein. See (Hille, 1992; Cilman, 1987;

Tayloç 1990; Sternweis and lok-Hou, 1990; Hepler and Cilman, 1992; Boege ef a/.

1991) for reviews.

Different ø subunits with bound CTP activate a variety of effector systems. as

stimulates adenylate cyclase, a, inhibits adenylate cyclase, and these effects gave this

nomenclature. di, and ao also inhibit calcium channels and open potassium

channels. øo stimulates phospholipase C. cr, and ao also stimulate phospholipase C

and phospholipase A2 (Hepler and Cilman, 1992; Hille, 1992). lt has been suggested

that the B1 complex can activate phospholipase A, (Sternweis and lok-Hou, 1990;

Hille, 1992) and possibly some forms of adenylate cyclase (Hille, 1992), as well as

directly inhibiting other forms of adenylate cyclase (Hepler and Gilman, 1992; Hille,

1992). B1 complexes can also indirectly inhibit adenylate cyclase by promoting

formation of the inactive C*f3r complex (Gilman, 1987). Receptor, C protein and

effector systems are not thought to be continuously associated in the membrane, but

diffuse separately, making random contacts and allowing amplification, integration,

conver€ence and crosstalk of signals.

2.3.4.2. C protein linked adenosine receptors modulate adenylate cyclase

Modulation of cAMP levels was the first identified action of adenosine on neurons

(Sattin and Rall, 1970), and it was established that adenylate cyclase is both

stimulated and ínhibited by different adenosine receptors (van Calker et al. 1979;

Londos et al. 1980). Adenylate cyclase is modulated by C, and C, C proteins as

describe{ above in section 2.3.4.1, and these are linked to adenosine A16 and A'

receptors respectively (van Calker et al. 1979; van Calker et al. 1978; Fredholm ef a/.

198s).

2.3.4.3. Adenosine A.' receptor inhibitory actions are G protein linked

Both presynaptic and postsynaptic adenosine 4., receptors are linked to G proteins.

Pedussis toxin (PTX) inhibits Co and G, but not C, C proteins by irreversible ADP

ribosylation of the a subunit, and the sulphydryl alkylating agent N-ethylmaleimide

also inactivates C proteins with the same specificity (Fredholm ef a/. 1985). PTX or

N-ethylmaleimide treatment shifts adenosine A,' receptors from the high-affinity,

C protein coupled, state to the low-affinity, C protein uncoupled, state (van der Ploeg

et al. 1992; Allende etal. 1991), whereas high-affinity agonist bindingtothe receptor

promotes tight coupling of the receptor/C protein complex, and such a coupled

C protein is not a substrate for PTX (van der Ploeg et al. 1992). Bovine brain 4.,
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receptors co-pur¡fy with 4,1, øo, and qizG protein subunits, as well as p36 and 835
C protein subunits, and all of these a subunits restore high affinity agonist binding to
reconstituted membrane preparations (Munshi et al. 19g1).

lnhibítion of synaptic transmission by presynaptic adenosine A' receptors is coupled
to Ci or Co. ln hippocampal slices prepared from animals following
intrahippocampal PTX injection, adenosine causes no depression of CA., evoked
postsynaptic field potentials (Stratton et al. 1989), and treatment of rat hippocampal
slices with N-ethylmaleimide prevents R-PlA depression of electrically f ield
stimulated release of acetylcholine, noradrenaline and glutamate. (Dunér-Engström

and Fredholm, 1988; Fredholm and Lingren, 1987; Fredholm et a/. 1986). Similarly,
PTX treatment of cerebellar cultures abolishes the R-PlA inhibition of K+ or
veratridine stimulated efflux of glutamate from cerebellar neurons (Dolphin, 1gB5),
and incubation of mouse dorsal root ganglion cell cultures with PTX prevents 2-CA
inhibition of N-type calcium currents (Cross ef a/. 1989). However, in hippocampal
slices prepared following intracerebroventricular PTX injection, adenosine
presynaptic inhibition of acetylcholine and noradrenaline release and depression of
synaptic transmission remains intact (Fredholm et al. 1989). These contradictory
results may be the result of the limited diffusion of PTX following
intracerebroventricular injection (van der Ploeg et at. 1991).

Postsynaptic depression of neuronal excitability by adenosine A1 receptors is

similarly coupled to a PTX sensitive C protein. ln hippocampal slices prepared from
rats after intraventricular injection of PTX, adenosine does not hyperpolarise or
reduce input resistance in CA., or CA, pyramidal cells, and does not inhibit low
calcium spontaneous spike bursts (Fredholm et al. 1989; Spuler and Crafe, 1989).
The adenosine hyperpolarisation recorded in whole-celt patch clamp of cultured
hippocampal neurons runs down unless CTP is included in the patch electrode and is
abolished by including non-hydrolysable GTP analogues ¡n the patch electrode or by
prior incubation of the cultures with PTX (Trussell and Jackson, 1987). 2-CA and
R-PIA elicited inward chloride current, in cultured rat CA' neurons, is abolished by
pre-incubation of cell cultures with PTX (Mage r et al. 1 990).

Adenosine A1 receptor inhibition of adenylate cyctase via a C, protein may be

responsible for the enhancement of the slow AHP, which is modulated by cAMP
accumulation (Storm, 1990; Storm, 1993). However, A' receptor depression of
synaptic transmission and activation of a postsynaptic potassium current is not
dependent on modulation of adenylate cyclase. R-PIA reduction of electrically field
stimulated release of acetylcholine, noradrenaline and glutamate from rat

hippocampal slices, which is sensitive to inactivation of Co and G, proteins with N-
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ethylmaleimide, is not affected by stimulation of adenylate cyclase with forskolin or

inhibition of phosphodiesterase with rolipram (Dunér-Engström and Fredholm, 1988;

Fredholm and Lingren, 1987; Fredholm et al. 1986). ln patch clamped rat striatal

neurons adenosine activates a C protein linked outward potassium current, but bath

application of forskolin, or cAMP in the patch electrode, does not inhibit the

adenosine response (Trussell and Jackson, 1987).

4., and 5HTlA receptor linked C protein activation mediates both adenylate cyclase

inhibition in rat hippocampal membranes and hyperpolarisation in rat hippocampal

pyramidal neurons, co-application of saturating concentrations of agonists at both

reèeptors do not produce additive effects (Zgombick et al. 1989). The 5HT1A

receptor is also similarly coupled to the same potassium channels as the CABAB

receptor in hippocampal neurons (Andrade et a/. 1986). This potassium channel can

be actívated by G protein ao subunits with bound CTP1S applied to the cytosolic

surface of excised hippocampal neuron patches (Van Dongen ef a/. 1988). lt is likely

that the electrophysiological actions of adenosine Ar receptors are Co linked,

whereas the inhibition of adenylate cyclase is characteristically C, linked.

2.3.4.4. Adenosine Ar, receptor is G protein linked

Whereas A16 receptors are well known to be C, protein linked, the identity of the

G protein that mediates Azu receptor electrophysiological actions is unknown.

Evidence suggests a C, or Co protein, since hippocampal slices from PTX pre-treated

rats fail to show adenosine A, receptor-mediated excitation (Ameri, 1992).

2.3.4.5. Phospholipase C

Adenosine A' receptorc in smooth muscle (White et al. 1992; Dickenson and Hill,

1993) and A, receptors in mast cells (Ramkumar et al. 1993) stimulate phospholipase

C. Phospholipase stimulation can be mediated by G,, Co ort Go proteins (Hepler and

Cilman, 1992; Hille, 1992). This may activate the A' receptor-mediated chloride

current. Note that stimulation of phospholipase C is an early pathophysiological

response to ischaemia (Katsura et al. 1993).

2.3,5. ADENOSINE METABOTISM AND RETEASE

2.3.5.1. Adenosine formation by 5'-nucleotidase

Adenosine can be formed from a number of sources, including hydrolysis of the a
phosphate of AMP by 5'-nucleotidases or non-specific phosphatases, metabolism of

cAMP then dephosphorylation of 5'-nucleotidase, and from S-adenosylhomocysteine

by S-adenosylhomocysteine hydrolase. Whereas adenosine may be produced from

all these pathways, the pool of adenine nucleotides involved in cellular energy

metabolism could provide for the large fluctuations in adenosine that occurs under

some conditions.
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Extracellular AMP can be dephosphorylated by a membrane bound ecto-S'-
nucleotidase, and intracellular AMP can be the substrate for at least two soluble
5'-nucleotidases. The ecto-S'-nucleotidase is inhibited by di-nucleotides, particularly
a,p-methylene ADP and to a lesser extent by tri-nucleotides. Furthermore,
membrane bound 5'-nucleotidase may exist in an intracellular, membrane bound,
pool that recycles with the plasma membrane pool, as we!l as a soluble pocl that has
detached from its membrane anchor (Zimmerm ann, 1992). Whereas hydrolysis of
released nucleotides by the ecto-enzyme may be responsible for a portion of the
basal adenosine tone, it is apparently tess important in hypoxia or ischaemia when
nucleosides are released (Lloyd et al. 1993). The solubte S'-nucleotidases include an
AMP preferring form and an inosine-5'-monophosphate (lMP) preferring form, both of
which are stimulated by nucleotides (Zimmermann, 1gg2). Whereas the
5'-nucleotidases of the brain are not well characterised, adenosine production by
dephosphorylation of AMP has been more thoroughly examined in the rat heart and
liver.

2.3.5.1 .1 . Heart and liver
One form of cytosolic S'-nucleotidase characterised both in rat heart and pigeon
heart (Newby, 1988; Meghji et al. lgBB), strongly prefers IMp over AMp
(Sl:ladanowski et al. 1990; Newby, 19BB; Truong et al. 19gB) wíth an apparent K,
(K.pp) for AMP of 1.8mM and a maximum velocity (Vn,'u,) of 57.3nm ol/min/mg proteín
compared to Kuoo 0.2mM and Vn,'u, 24ïnmol/min/mg protein for IMP in the presence
of 5mM ATP (Truong et al. 1988). This enzyme is activated by ATP, the Kuoo for AMp
and IMP increasing to 6mM and 0.8mM respectively and the Vmax dropping to
13.6nmol/min/mg protein and 121nmol/min/mg protein respectively, in the absence
of ATP (Truong et al. 1988). This 5'-nucleotidase is inhibited by 5'-deoxy-S'-
isobutylthioadenosine (2-6mM) which can penetrate intact cells (Skladanowski ef a/.

1990; Newby, 1988). lt is unlikely to be responsible for ischaemic adenosine
nrodlrrtinn rvifh rrrfncnli¡ ÄÀ,{Þ hai^- {^^ l^.^,. f^- :^^+^-^ .^^^--r:^r ¡.--^ ¡ r ¡ñ...'"t vçrrró rvv rvvv, rvr ilrJr,(¡rrLg, o iltyuL<tfuldl llcg 

^lvlr
concentrations of 1.25¡rM is calculated for ischaemia (Headrick ef at. 1989).

The second, AMP preferring form, of rat head cytosolic S'-nucteotidase has a higher
V'u, for AMP of 2O2 nmol/min/mg protein compared to 47.3 nmot/min/mg protein
for lMP, although the Kuoo forAMP is higherat 1.2mM compared to 0.8mM for lMp,
measured in the presence of ATP. The rat heart AMP preferring 5'-nucleotidase is

activated by ATP and ADP and inhibited by P,, but it shows a sharp increase in
activity in vitro as adenylate energy charge decreases from 0.9 to 0.7 with maximal
activity at 0.6, and whereas overall activity is diminished, this effect is seen in the
presence of physiological concentrations of P, (ltoh et al. 1986; Truon g et al.19BB).
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Pigeon head, which lacks the ecto-5'-nucleotidase (Meghji et al. 1988), contains a

cytosolic AMP preferring S'-nucleotidase with a K, for AMP of 4.6-5.5mM, in the

presence of ATP, prefers AMP over IMP by 15 fold, and is not inhibited by ø,ft
methylene ADP (Newby, 1988; Skladanowski and Newby, 1990). The IMP

preferring 5'-nucletidase inhibitor 5'-deoxy-5'-isobutylthioadenosine only weakly

inhibits this 5'-nucleotidase, (Newby, 1988; Skladanowski and Newby, 1990). This

enzyme, however, is stimulated by ATP and ADP with high level of substrate

(Newby, 19BB), although at physiological concentrations of AMP (0.1mM) is only

stimulated by ADP (Skladanowski and Newby, 1990). This enzyme has a apparent

molecularweightof 150 kDa (Skladanowski and Newby, 1990) and may be different

from the rat head enzyme which has a molecular weight of 58 kDa (ltoh ef al. 1986).

Adenosine may be formed in the rat liver by the action of two soluble

5'-nucleotidases, high and low K, forms, and a membrane bound ecto-enzyme. The

high K, soluble form is specific for IMP and GMP, has low activity with AMP, and is

activated by ATP and inhibited by P¡ (Spychala et al. 1 990). The low K, soluble form

is similar to the membrane bound ecto-enzyme, preferring AMP with a K, of 12¡tM

and a pH optimumT.T-8.2 (Spychala et al. 1990; Nakamura, 1976). Also similarto
the ecto-enzyme it is strongly competitively inhibited by ATP, K, 13pM, and ADP, K,

3pM respectively (Spychala et al. 1990; Nakamura, 1976) and ø,ftmethylene ADP,

K, 0.5¡rM (Spychala et al. 1990). This ATP induced inhibition is not substantially

increased with ATP in the physíological range of 2-3mM (Spychala et al. 1990). W¡th

fixed ATP (3mM) and ADP (50pM) S'-nucleotidase activity increases linearly with

increased AMP 1-100pM (Spychala ef a/. 1990).

2.3.5.1.2. Brain

ln rat brain several enzymes, including non-specific alkaline or acid phosphatases,

can catalyse the removal of the a phosphate from AMP but only the S'-nucleotidase is

active at physiological pH (Nagata et al. 1984). Two different cytosolic forms and a

membrane bound form of S'-nucleotidase exist (Meghji and Newby, 1990). ln

subcellular fractions from whole rat brain, S'-nucleotidase activity is located mainly

in crude mitochondrial fraction, microsomal fraction and nerye end particles, all with

high specific activity, and the highest specific activity is in purified synaptic

membranes (Nagata et al. 1984). High activity of the enzyme in the rat brain is

found in the basal ganglia, medulla oblongata, thalamus, and all synaptic layers of

the CA,' area of the hippocampus (Nagata et al. 1984; Fastbom et al. 1987). The

membrane bound form is an ecto-5'-nucleotidase (Meghji and Newby, 1990), shown

to catalyse the hydrolysis of extracellular AMP in synaptosomes (Hoehn and White,

1990b; MacDonald and White, 1985) and cortical slices (Hoehn and White, 1990a),
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but is not likely to be the S'-nucleotidase responsibte for hypoxic adenosine release
which is not dimished by ecto-S'-nucleotidase inhibition (Ltoyd ef al. 1993).

2.3.5.2. Adenosine release

Adenosine may be released through the equilibrative transpoÉer, and thus
extracellular adenosine accumulation is essentially a result of facititated diffusion and
reflects intracellular levels. Although adenosine is clearly transported by the
nucleoside transporter, adenosine release may be mediated by additional
mechanisms, including extracellular metabolism of nucleotides. Nucleotides are not
freely transpoñed across the neuronal membrane but may be co-reteased with true
neurotransmitters as part of the vesicle structure. Basal adenosine release (Fowler,

1991; Daval and Barberis, 1981; Craig and White, 1993), glutamate stimulated
adenosine release (craig and white, 1993; Hoehn and white, 1990b), and

electrically stimulated adenosine inhibition (Fowler, 1988; Mitchell et al. 1993;
Lloyd et al. 1993) are not entirely blocked by nucteoside transporter inhibition.
However potassium evoked adenosine release (Hoehn and White, 1990b; Daval and
Barberis, 1981) and possibly hypoxic adenosine release (Meghji et al. 1989) are

inhibited by nucleoside transporter inhibition.

2.3.5.2.1. Basal adenosine release

Basal extracellular accumulation of adenosine has been demonstrated in cortical
slices (Pazzagli et al. 1990; Hoehn and White, 1990a), hippocampal stices (Haas and

Creene, 1988; Pazzagli et al. 1990; Fowler, 1988; Lloyd et al. 1993), striatal slices
(Pazzagli ef al. 1990) pontine slices (Regenold and llles, 1990), codical
synaptosomes (MacDonald and white, 1985), and [3H]adenosine loaded
hippocampal synaptosomes (Poli et al. 1991). Considerable evidence from the
excitatory actions of adenosine receptor antagonists, and from inhibitory actions of
adenosine uptake blockers, suggests a basal, inhibitory adenosine tone (Haas and

Creene. 1988; Fowler, 1988). Electrophysiological evidqnce in hippocampal slices
suggests that basal adenosine release is independent of presynaptic actíon potentials

and calcium influx, as it continues in low catcium, high magnesium media, and in
the presence of TTX (Haas and Creene, 1988; Fowler, 1988). Although the majority
of basal adenosine accumulation results from extracellular hydrolysis of a nucteotide,
as it is blocked by inhibition of ecto-S'-nucleotidase with ø,B-methytene ADP plus

CMP, in co¡tical synaptosomes (MacDonald and White, 1985) and codical slices
(Hoehn and white, 1990a; craig and white, 1993), this is not the case in

hippocampal slices (Lloyd et al. 1993). However, indirect evidence supports the
release of nucleotides, even in the hippocampus, as adenosine inhibitory tone on
electrical responses in hippocampal slices continues in the presence of nucteoside
transporter inhibiters (Haas and Creene, 1988; Fowler, 1988), and basal adenosine
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release from codical slices, hippocampal slices, synaptosomes or dissociated brain

cells is not blocked by dipyridamole or nitrobenzylthioinosine (NBTI) at

concentrations which block both the passive nucleoside transporter and the sodium

dependent, concentrative nucleoside transporter (Craig and White, 1993; Johnson
and Geiger, 1989; Fowler, 1991; Daval and Barberis, 1981; Dunwiddie and Diao,

1994). This latter could also be due to adenosine release via a mechanism other than

the nucleoside transpoder.

2.3.5.2.1 .1. Basal adenosine levels

Extracellular adenosine measured by microdialysis in vivo is 340nM in the rat

striatum (Zetterström et al. 1982), 130nM in the rat caudate nucleus (Van Wylen ef

a/. 1986) and 500nM in the gerbil hippocampus (Dux ef al. 1990). Basal adenosine

in the hippocampal slice estimated from the increase in fEPSP by adenosine

antagonists and the ECro for adenosine is in the range 150-200nM (Dunwiddie and

Diao, 1994). Although it has been argued that slice preparation or insedion of a

microdialysis probe ín vivo causes cell damage and may release adenosine, the

excitatory actions of methylxanthine adenosine antagonists in vivo argue strongly in

favour of a basal adenosine release and tonic adenosinergic tone. For instance i.p.

B-CPT produces hyperactivity and aggression in rats (Boissard et al. 1992), and most

readers are probably familiar with the stimulant properties of caffeine.

2.3.5.2.2. Adenosine accumulation secondary to presynaptic nucleotide release

A component of evoked extracellular accumulation of adenosine is dependent on

depolarisation of presynaptic terminals and calcium entry, and requires action of the

ecto-S'-nucleotidase. Presumably vesicular ATP is released with other

neurotransmitters, and is hydrolysed extracellularly to adenosine. Electrically

stimulated release of adenosine from codical, hippocampal and striatal slices and

primary striatal cultured neurons, presumably as a result activation of neurons and

action potential invasion of axon terminals, is blocked by TTX or calcium free

medium (Pazzagli et al. 1990; Caciagli ef a/. 1985). Calcium free medium, and to

some extent TTX, blocks potassium evoked release of adenosine from codical and

hippocampal synaptosomes (Poli et a/. 1991; MacDonald and White, 1985). A

podion of potassium evoked extrasynaptosomal adenosine accumulation is due to

nucleotide release as it is blocked by inhibition of ecto-S'-nucleotidase by a,l3-

methylene ADP plus CMP (MacDonald and White, 1985). A fraction of total

adenosine release from cortical slices by excitatory amino acids or potassium

depolarisation is also blocked by TTX or calcium free medium (Hoehn and White,

1990c; Hoehn and White, 199Oa; Craig and White, 1993; Hoehn and White, 1989).

NMDA receptor evoked extracellular adenosine accumulation in cortical slices is
apparently due to presynaptic release of a nucleotide, ai ¡t ¡s largely blocked by
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inhibition of ecto-5'-nucleotidase with a,p-methylene ADP plus CMP or in calcium
free medium (Craig and white, 1993). However, whereas both NMDA and AMpA
receptor agonists should produce soma depolarisation, AMPA receptor evoked
adenosine release from codical slices is not inhibited by calcium free medium or
inhibition of ecto-5'-nucleotidase with a,B-methylene ADP plus CMP (Hoehn and

White, 1990a; Craig and White, 1993).

Some excitatory amino acid-stimulated release of adenosine from synaptosomes is
not mediated by action potentials, calcium influx, or ionotropic receptors. Neither
NMDA nor non-NMDA receptor antagonists block glutamate evoked release of
endogenous adenosine from codical synaptosomes (Hoehn and White, 1990b) or
[3H]adenosine from hippocampal synaptosomes (Poti et a/. 1991). Similarly, the
glutamate agonists NMDA, kainate and quisqualate do not release [3H]adenosine
from rat hippocampal synaptosomes (Poli ef al. 1991). L-glutamate, D-glutamate,

D-aspartate, L-aspartate and CABA can cause adenosine release from co¡tical
synaptosomes and [3H]adenosíne release from hippocampal synaptosomes (Poli ef a/.

1991; Hoehn and White, 1990b). Potency of glutamate and aspartate stereoisomers

at stimulating adenosine release from synaptosomes is paralleled by their affínity for
the glutamate uptake site, and is blocked by the glutamate uptake inhibitor
dihydrokainate (Hoehn and White, 1990b). Clutamate stimulated extrasynaptosomal

accumulation of adenosine apparently involves the extracellular hydrolysis of a

nucleotide as it is blocked by a,p-methylene ADP plus CMP, and is not blocked by

the nucleoside transporter inhibitor dipyridamole 120¡rM (Hoehn and White, 1990b).

2.3.5.2.3. Adenosine release with depolarisation

ln addition to the calcium dependent extracellular accumulation of adenosine from
nucleotides, there is also a calcium independent, TTX insensitive release of
adenosine with potassium or veratridine depolarisation (Poli et al. 1991; Hoehn and

White, 1990b; MacDonald and White, 1985; Hoehn and White, 1990a). Such

adenosine release is via the nucleoside transpoder, as it is blocked by dipyridamole
but not by ecto-5'-nucleotidase inhibition (Hoehn and White, 1990b; Hoehn and

White, 1990a). Excitatory amino acid evoked adenosine release from codical slices

and hippocampal slices is mediated by NMDA, AMPA and probably metabotropic

receptors (Hoehn and White, 1989; Hoehn and White, 199Oa; Hoehn and White,

1990c; Pedata et al. 1991). Whereas NMDA evoked extracellular adenosine

accumulation is due to presynaptic release of nucleotides (Craig and White, 1993),

activation of other glutamate receptors results in nucleoside release, as inhibition of
ecto-S'-nucleotidase does not inhibit glutamate, kainate, or AMPA evoked adenosine

accumulation (Hoehn and White, 1990a; Craig and White, 1993). Total adenosine

released by excitatory amino acids from codical slices has been shown to be only
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paÉially independent of extracellular calcium, and is only partially blocked by TTX

(Hoehn and White, 1990c; Hoehn and White, 1990a; Craig and White, 1993). This

suggests that depolarisation from glutamate receptor activation results in adenosine

release by mechanism similar to those of potassium or veratridine. This may be due

to the increase ATP hydrolysis by ion translocating ATPase during repolarisation, as is

seen in synaptosomes with veratridine or potassium depolarisation (Kauppinen and

Nicholls, 1986). Such oxidative stress can result in increased production of cytosolic

adenosíne which is released by facilitated diffusion, see for instance section

2.3.5.2.4.

2.3.5.2.4. Adenosine release during hypoxia

ln paralysed, artificially ventjlated rats, brain tissue adenosine levels rise from

0.34nmol/g to 1.65nmol/g upon ventilation with 100o/o nitrogen for 30 seconds, but,

although mean arterial blood pressure remains constant at 145mmHg for 15 seconds,

it falls to 90mmHg by 30 seconds (Winn et a/. 1981). With a similar experimental

design, 5 minutes PuoroÍ 30mmHg with steady blood pressure, also causes a rise of

brain adenosine from 0.38nmol/gto 2.73nmol/g (Winn et al. 1981). During hypoxia,

extracellular adenosine, measured by microdialysis in anaesthetised rats, is elevated

three fold from 0.34pM in the striatum and 10 fold from 0.13pM in the caudate

nucleus, hypoxia being accompanied by profound hypotension in the study where

this was measured (Zetterström et al. 1982; Van Wylen et al. 1986). Adenosine

concentration in the foudh ventricle cerebrospinal fluid of unanaesthetised rats

increases from 58.1nM to 95.1nM during 25 minutes of breathing 5o/o 02 and is still

elevated one and three hours following hypoxia, 226.7 and 130.5nM respectively

(Banaco et al. 1991). ln gerbils, whole brain tissue adenosine levels, and interstitial

adenosine recovered by microdialysis in the hippocampus and striatum, rise 20-100

fold during cerebral ischaemia (Morimoto et al. 1982; Dux et al. 1990).

Tissue adenosine levels in hippocampal slices are increased during preparation,

which involves brief ischaemia, and also rise in the incubation bath during a hypoxic

insult (Fredholm et al. '1984). Adenosine collected in the pedusate of hippocampal

slices is a minor component of basal purine release but increases dramatically with

ischaemia (Lloyd and Fredholm, 1990). ACSF adenosine levels increase in static bath

ACSF during hypoxia in hippocampal slices (Fowler, 1991). lschaemia increases

release of adenosine and hypoxanthine from hippocampal slices in the presence of

the adenosine deaminase inhibitor EHNA and the ecto-S'-nucleotidase inhibitor ø,8-

methylene ADP, demonstrating an increase cytosolic production of both nucleosides

via hydrolysis of AMP and IMP respectively, and subsequent release (Lloyd et al.

1993).
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2.3.5.3. Adenosine action is terminated by uptake and catabolism
lnactivation of adenosine requires uptake into cells as the enzymes that promote
adenosine catabolism are primarily cytosotic (Meghji and Newby, 1990). Nucleotide
uptake in rat brain occurs via an equilibrative transporter and a sodium-dependent
active transporter (Plagemann et al. 1988; Jarvis, 1987; Johnson and Ceiger, 19g9).
Although NBTI and dipyridamole preferentially block the high affinity, active and low
affinity, equilibrative transpoders respectively in some systems, the rat brain is
comparably insensitive to these inhibitors (Van Belle, 1988; Verma and Marangos,
1985). However, in hippocampal neuron or gliat cell cuttures, adenosine uptake by
either transporter is blocked non-selectively by dipyridamole and NBTI in
micromolar concentrations (Ohkubo et at. 1991). Such adenosine uptake blockade
by NBTI or dipyridamole increases extracellular accumulation of adenosine in rat
codical slices (Craig and White, 1993), hippocampal slices (Fredholm et al. 1994;
Fowler, 1991), coftical synaptosomes (Daval and Barberis, 19g1) and dissociated
brain cells (Johnson and Ceiger, 1989). Nucleoside transporter inhibitors increase
endogenous adenosine induced inhibitory tone on electrical activity in the
hippocampal slice (Haas and creene, 19BB; Mitchell et al. 1993; Fowler, 19gg;
Dunwiddie and Diao, 1994).

Most adenosine uptake in the brain is via the equilibrative transporter(Ohkubo et al.
1991; Dunwiddie and Diao, 1994), where this low affinity uptake is not saturabte
and has an apparent K, of 4pM (Gu and Ceiger, 1992). Since the primary nucleoside
transpoder is equilibrative, net uptake of adenosine is dependent on subsequent
intracellular metabolism. ln rat cerebral codical synaptosomes, ¡f adenosine
deaminase and adenosine kinase are inhibited, net accumulation of l3H]adenosine
does not occur/ rather intra- and extrasynaptosomat concentrations equilibrate within
60s and remain stable (Cu and Ceiger, 1gg2). -However, with active adenosine
deaminase and adenosine kinase, radio-tabelled purine nucleotides equitibrate with
excess extracellular l3H]adenosine by 15 seconds, and net accumulation of radio-
labelled adenosine and purine nucleotides occur with continued incubation (Cu and
Ceiger, 1992).

Deamination of adenosine produces the inactive nucleoside inosine. Exogenous
adenosine deaminase inactivates adenosine and relieves adenosine tone on synaptic
transmission and excitability in the hippocampus (Dunwiddie and Hoffer, 1gB0);
however, the hippocampus has the lowest endogenous levels of this enzyme in the
brain (Nagy et al. 1990). lndeed adenosine deaminase is probabty not important in
adenosine inactivation, as the inhibitor erythro-9-(-2-hydroxy-3-nonyt)adenosine
(EHNA) does not enhance field potential depression due to endogenous adenosine in
the hippocampal slice (Dunwiddie and Diao, 1gg4), and does not prevent post-
ischaemic ATP salvage in hepatocytes (Bontemps ef al. 1993). lnosine and
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hypoxanthine production account for less than 5o/o adenosine catabolism in codical

synaptosomes (Gu and Ceiger, 1992). However, the adenosine deaminase inhibitor

deoxcoformycin does increase normoxic and hypoxic adenosine accumulation in

hepatocytes (Bontemps ef a/. 1993).

Adenosine can be phosphorylated to AMP by adenosine kinase. Blockade of

adenosine kinase with iodotubercidin increases extracellular adenos¡ne accumulation

in hippocampal slices (Lloyd and Fredholm, 1990). lodotubercidin prevents

adenosine removal upon reoxygenation of hypoxic hepatocytes (Bontemps ef al.

1993). Adenosine uptake in cortical synaptosomes primarily results in 5'-AMP

accumulation (Cu and Ceiger, 1992).

2.4. HYPOXIA

2.4.1 . HYPOXIA AN D ISCHAEM IA

Two insults with similar, but not identical, results are discussed in the literature:

hypoxia, reduced oxygen supply to the tissue, and ischaemia, reduced blood flow to

the tissue. lschaemia has received far more attention than hypoxia ín vivo, where the

two insults may not be discrete. Forebrain ischaemia is usually produced ín vivo by

aderial blood vessel occlusion, occasionally accompanied by reduced inspired

oxygen concentration or aderial hypotension. The four vessel-occlusion model in the

rat, involves permanent occlusion of the vertebral arteries followed, upon recovery

from surgery, with transient occlusion of the common carotid arteries; the ischaemia

usually being verified by an isoelectric electroencephalogram (Pulsinelli and Brierley,

1979). ln the gerbil, forebrain ischaemia can be produced by bilateral carotid

occlusion alone, since these vessels do not communicate with the vedebrals, but in

the rat, carotid occlusion alone must be accompanied by severe hypotension to

produce forebrain ischaemia. Hypoxia can be achieved by reducing the inspired

oxygen concentration, but in anaesthetised animals blood pressure may not always

be maintained, resulting in some degree of ischaemia.

ln vitro the supply of oxygen and glucose to isolated tissue preparations can be easily

regulated. For instance, in brain slice preparations, tissue nutrient requirements may

be supplied by diffusion from a superfused adificial cerebrospinal fluid. ln such a

preparation, hypoxia is achieved by dissolving nitrogen rather than oxygen in the

superfusate, and 'ischaemia' is modelled by the additional omission of glucose.

These in vitro insults are not identical with their ìn vÍvo correlates, in particular, in

vífro ischaemia is far less complex than in vívq where metabolites build up in the

tissues due to the reduced blood flow. ln vitro simulation of ischaemia by reducing

the flow of superfusate or by temporary incubation of the tissue in a small static bath

is rarely used, primarily because excised brain tissue nutrient requirements are met
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by small static volumes on the order of the tissue votume (Mcllwain and Bachelard,
1971).

ln the present review, the terms ischaemia or hypoxia will be apptied to the common
in vívo or in vitro insults described above, with the following additional proviso. ln
the hippocampal slice, use of physiological levets of gtucose 4mM resutt in less

stable responses both under control and hypoxic conditions, and 10mM glucose is

more commonly used. Hypoxic exposure in 4mM glucose or tess produces

metabolic and physiological responses similar to ischaemia, see section 2.4.5.4, and
will thus be considered ischaemic in the present work.

2.4.2. ENERCY METABOLTSM DURTNC HypOXtA, |SCHAEMtA AND
HYPOGLYCAEM IA

2.4.2.1. Mitochondrial respiration

The usual substrate for brain metabolism is glucose. Pyruvate, produced by
glycolysis, is metabolised by the enzymes of the Krebs cycte, with free energy
conserved in the reduction of NAD+ and FAD+. Electrons from NADH and FADH,
are shuttled into the mitochondrial matrix, where they are transported by a number of
flavoproteins, cytochromes, non-haem iron and copper proteins, to the final electron
acceptor oxygen. Oxidation/reduction of the electron carriers of the inner
mitochondrial membrane is accompanied by the release of free ene€y. At three sites

along this electron transpod chain, energy is conserved by pumping of protons across

the inner mitochondrial membrane, the resulting pH gradient and membrane
potential (aü,n) of 150mV form an electrochemical gradient (apn*). This
electrochemical gradient is the common high energy intermediate that drives a

number of mitochondrial reactions (Mitchell, 1976), including ATP synthesis via the
ATP synthetase, a reversible H* ATPase, as well as calcium accumutation into the
mitochondrial matrix via a carrier protein, and matrix ATP expoÉ via a ADP3-/ATP4'

electrotonic excha.nger (Hanstein, 197 6).

2.4.2,2. Glycolysis

Under normal steady state conditions in vivo, glucose is metabolised to pyruvate,

most of which is oxidised aerobically in the mitochondrial Kreb's cycle, while
approximately 13olo of pyruvate produced is conve¡{ed to lactate and removed in the

circulation. The glycolytic rate is controlled by key enzymes, the first, hexokinase,
has a higher affinity for glucos€, K, 40pM, than the blood brain barrier gtucose

transporter (Mcllwain and Bachelard, 1971). Clycolytic rate ís measured at 0.3 to 0.9
mmoleVkg/min in various species; in the rat, values range from 0.3 mmole/kglmin, in
codical slices, to 0.79+3 mmoleVkg/min in hippocampal slices (Clarke et al. 1989;
Balâzs, 1970; Lowry et al. 1964).
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ln vivo, the brain is an obligate user 'of glucose. Although glucose uptake by the

brain cells themselves is rapid, glucose crosses the blood brain barrier by a specific

transporter with â K, of 7 to 8mM (Clarke ef al. 1989). Aderial glucose

concentration is normally 4 to 5mM, and is lower than the K, of the glucose

transporter. Therefore, brain glucose levels vary directly with the a¡terial

concentration, and glucose level is l.SmmoleVkg in rodent brain. The brain contains

a small supply of glycogen which is continually turned over; in the absence of

external glucose, brain glycogen supply could maintain the normal glycolytic flux for

some 5 minutes (Clarke et al. 1989). During ketosis, the brain can utilise

acetoacetate and p-hydroxybutyrate produced by the Iiver; this ketone body use is

passive and reflects blood levels (Mcllwain and Bachelard, 1971; Sokoloff, 1989).

The brain can also oxidise fats, but these are not abundant in the brain (Mcllwain and

Bachelard, 1971), and neither fats nor ketone bodies can supply cerebral energy

demands in the absence of glucose (Mcllwain and Bachelard, 1971; Sokoloff, 1989).

Mannose is the only substrate that can successfully replace glucose and maintain

brain function in vívo (SokolofÍ, 1989; Mcllwain and Bachelard, 1971; Clarke et al.

1989).

Hippocampal slices require at least 2-3mM glucose in the ACSF to support normal

electrical function (Fan et al. 1988; Schurr et al. 1986b), and 2-3mM glucose

suppods maximal respiration (Mcllwain and Bachelard, 1971). In brain slices there is

no blood brain barrier to reduce glucose transport into the cells and this process is

governed by diffusion of glucose into the slice; it has been calculated that, at the

centre of slices 400pm thick, the glucose concentration would be greater than 95o/o

of perlusate glucose concentration (Newman ef al. 1988a), and indeed uptake of
lac-2-deoxyglucose into the cells is constant throughout slices of this thickness

(Newman et al. 1988b). Brain slices, devoid of a blood brain barrier, are not obligate

users of glucose, and can take up and oxidise lactate, pyruvate, fructose 1,6-

bisphosphate, acetate, B-hydroxybutyrate and acetoacetate (Sokoloff, 1 989). Ketone

bodies and fats will be oxidised, but in the absence of glucose these supply

insufficient energy and will not suppoft electrical activity (Mcllwain and Bachelard,

1971). Lactate will support electrical activity in brain slices in the absence of

glucose, and like glucose must be in excess of 2mM (Schurr et al. 1989); however,

10mM lactate is required to support maximal respiration (Mcllwain and Bachelard,

1971). Lactate production is initially rapid after brain slice preparation,

S0pmolelg/hr, and lactate levels rise to 3mM after which they stabilise, as above this

concentration lactate is used as substrate even in the presence of glucose (Mcllwain

and Bachelard,1971).

During hypoxia, oxidative phosphorylation of pyruvate must cease and there is a

concomitant increase in the glycolytic flux and lactate production, the Pasteur effect.
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Activation of phosphofructokinase the key regulatory enzyme of glycotysis accounts
for this effect. Phosphofructokinase is inhibited by ATP, MB'* and citrate, and is
stimulated by NH4*, K*, po4-, ADp, 5'-AMp, fructose-1,6-bisphosphate and fructose-
6-phosphate. During steady state conditions the enzyme is predominantly under the
influence of the inhibitors, provided the stimulator concentrations are tow. W¡th
hypoxia the enzyme is disinhibited by the accumulation of AMp, ADp, and pOn3-

(Clarke et al. 1989; Balâzs, 1970). Under anaerobic conditions, in brain slices,
lactate production increases to lOOpmoleVg/hr (Mcllwain and Bachelard, 1971).
lschaemia produced by decapitation of adult unanaesthetised mice results in an
increase in glycolytic flux of at least 7.4lold from 0.76mmoteVkg/min, with glucose
dropping from 1.Smmol/kg to near zero in 30 seconds, gtycogen and ATp dropping
to near zero in 60 seconds, and lactate rising steadily over 2 minutes (Lowry et al.
1964).

2.4.2.3. Enzymes catalysing nucleotide metabolism
A variety of ATPase enzymes catalyse the removal of the 1 phosphate of ATp to drive
energy requiring processes. ln neurons, maintenance of ionic gradients by
membrane Na+/K*-ATPase and Ca2*-ATPase accounts for 5G60o/o of ATp utilisation
(Ereciñska and Silver, 1989; Scott and Nichotts, 1980). A timited amount of ATp can
be reformed from ADP, independent of mitochondriat oxidative phosphorylation,
through the action of cytosolic creatine kinase which catatyses the transfer of
phosphate from phosphocreatine to ADP (Ereciñska and Silver, 1989; Wallimann ef
a|.1992).

ADP+PCr+H+eATP+Cr
The apparent equilibrium constant for this reaction is large, favouring ATp
production, thus phosphocreatine must fatl considerably before ADP tevels rise.
Phosphocreatine acts as an ene€y store, maintains ATP/ADP ratios in a range where
they act as regulators of various cellular functions, prevents loss of nucleotides
through adenylate kinase and 5'-nucleotidases, and buffers proton production during
rapid ATP hydrolysis (Wallimann et al. 1992).

Adenylate kinase, which catalyses the conversion of two molecutes of ADp to ATp
and AMP (Criss and Pradman, 1978), is a salvage pathway that maintains ATP levels
when ATP catabolism is high, and is the major pathway for the formation of AMp.
Adenylate kinase is unusual in having an equilibrium constant close to unity,
allowing the direction of catalysis to be determined by nucleotide concentration.
IMP can be formed by the deamination of AMP by AMP deaminase, the rat skeletal
muscle form of this enzyme is at half maximal velocity at 0.4-0.5mM AMP (Coffee,

1978).
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2.4.2.4. Hypoxic nucleotide metabolism

ln the absence of oxygen, mitochondrial oxidative phosphorylation, which provides

the majority of ATP during aerobic metabolism of glucose, does not occur.

Nevertheless, energy use continues. Hypoxia alone is little studied in vivo whereas

ischaemia has drawn considerable attention.

ln vivo levels of brain labile energy metabolites are similar across mammalian

species (Ereciñska and Silver, 1989). The following range of values are reported, in

mmol/kg wet weight: phosphocreatine 3.74-6.15; ATP 2.30-3.1; ADP 0.21-0.69;

AMP 0.01-0.13 (Ereciñska and Silver, 1989; Katsura et al. 1993; Ekholm ef al. 1992).

Whereas total levels of ATP and phosphocreatine approximate free cytosolic levels of

these compounds, much of the total ADP and AMP are bound to cellular substituents,

and not available for general energy consuming reactions (Ereciñska and Silver,

1989). Free cytosolic AMP and ADP can be estimated from ATP, creatine and

phosphocreatine (PCr) from the following equations (Ereciñska and Silver, 1989;

Ekholm et al. 1992):

trADpt = -=!îrP]JCt]- un¿ tßMpt = ,,!å,otl:
lPOrl . ¡¡+l . K6¡ -" [ATP] . Klx

Under normoxic conditions, cytosolic fADP is calculated as 0.026 mmol/kg and

fAMP asO.24 pmol/kg (Ekholm et al. 1992).

During cerebral ischaemia in the rat (cardiac arrest) and mouse (decapitation), ATP is

maintained above 90o/o of aerobic baseline levels at the expense of phosphocreatine

for the first 30 seconds, by which time phosphocreatine has declined to 30o/o of

baseline. ATP declines slowly, being 85o/o of baseline by 45 seconds and 650/o of

baseline by 60 seconds, and only drops precipitously to about25oh of aerobic levels

at 70-80 seconds, coincident with hypoxic spreading depression (see section 2.4.7.2)

(Katsura et al. 1993; Ekholm et al. 1992; Lowry et al. 1964). Total ADP and AMP

remain low until 45 seconds of ischaemia, at which time they are increased to 2-3

fold normoxic levels, AMP levels continue to rise, reaching 1O-2O fold normoxic

levels (Ekholm et al. 1992; Lowry et al. 1964; Katsuraet al. 1993). Cytosolic free di-

and mono-nucleotides, estimated from ATP and creatine/phosphocreatine levels, rise

more quickly. Free ADP doubles by 15 seconds ischaemia and continues to rise to 4

fold pre-ischaemic levels (Ekholm et al. 1992). Free AMP increases four fold at 15

seconds ischaemia, 15 fold at 30 seconds, and peaks at 40 fold control levels at 60

seconds ischaemia, before declining to 10 fold control levels after spreading

depression (Ekholm et al. 1992). Lactate accumulates steadily during ischaemia

(Lowry et al. 1964; Ekholm et al. 1992; Katsura et al. 1993). The accompanying

accumulation in protons causes an intracellular acidification of about 0.5 pH units

(Ekholm et al. 1992; Whittingham et al. 1984; Kauppinen and Williams, 1990).
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ln rat and guínea p¡g hippocampal slices at 37"c, ATP tevels are reported over a

range of 9 to 29 mmol/kg protein (Okada and Yoneda, 1983; Whittingham et al.
1984; Fredholm et al. 1984; yoneda and okada, 19g9; Lipton and whittingham,
1982) and, similar to that in vivo, 4 to 5 mmol/kg wet weight (Kass and Lipton,
1989). Phosphocreatine levels are reported from 27.6 to 56 mmol/kg protein (Lipton
and whittingham, 1982; whittingham et al. 1984; yoneda and Okada, 19g9; okada
and Yoneda, 1983). ln the slice, as in vivo, ATP is initialty preserved atthe expense
of phosphocreatine during ischaemia or hypoxia. ln guinea p¡g hippocampal slices
prepared and incubated under ischaemic conditions following decapitation, the
changes in labile metabolites show a similar time course to those Ín vivo, at 2
minutes ATP but has dropped precipitously to 30o/o of control, phosphocreatine has
dropped to 5o/o and both total ADP and lactate have risen nine fotd (Whittingham ef
al. 1984).

With ischaemic superfusion at3Tocin vitro, metabotite changes are slower, due to a
slow drop in oxygen in a superfusion system compared to the rapid depletion of
oxygen with decapitation. ATP is maintained above 75oh of control for the first 2
minutes of ischaemic superlusion and drops to about 650/o by 5 minutes (yoneda and
Okada, 1989). Phosphocreatine drops to 600/o of controt by two minutes and 30o/o by
5 minutes (Yoneda and okada, 1989; Lipton and whittingham, 1gg2). Hypoxic
superfusion with 4mM glucose is similar to ischaemia, ATP is maintained near 90o/o

of control for 2 minutes, while phosphocreatine is rapidly depleted to 600/o, ATp
drops to 60-850/o at 5 minutes, and continues to fall (Kass and Lipton, 1989; Waltis et
al. 1990; Lipton and Whittingham, 1gB2). Hypoxia in the presence of the more usuat
10mM glucose promotes a much slower depletion of ATP, showing an initial drop in
the first 5 minutes but is maintained near 857o of controt for 30 minutes while
phosphocreatine is depleted to near40o/o (Fredholm ef at. 1984; yoneda and Okada,
1989). Concomitant with the initial drop in ATP is a rise in total ADp and AMp
(Fredholm et al. 1gB4). Normoxic adenytate energy charge
(ATP + 0.5(ADP))/(ATP + ADP + AMp) in the rat hippocampal stice is reported to
range from 0.79 to 0.9 (Cunha et al. 1994b; Fredhotm et al. 1984), this drops as low
as 0.34 immediately after slice preparation, but normatises during normoxic
incubation due to phosphorylation and loss of nucleotides to nucteosides (Fredholm
et al. 1984). Hypoxic superfusion drops the adenytate eneryy charge to 0.g
(Fredholm et al. 1984). These energy charges are based on totat nucleotides and may
not be an accurate representation of the free energy of the cytosotic adenylate pool
due to bound mono- and di-nucleotides. During 30 minutes hypoxia in the
neocodical slice, nuclear magnetic resonance indicates that ATP is relativety
preserued for the first 10 minutes, and declines onty slowty thereafter; the eartiest
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s¡gns arc rise in lactate, drop in pH, and a drop in phosphocrcatine (Kauppinen and
Williams, 1990).

2.4.3. HYPOXIC RELEASE OF AMINO ACID TRANSMITTERS

Hypoxia and ischaemia promote a large extracellular accumutation of amino acid
transmitters. Excitatory amino acid induced toxicity (excitotoxicity), appears identical
with hypoxic or ischaemic neuronal death, and excitatory amino acid receptor
antagonists ameliorate hypoxic/ischaemic neuronal damage. These facts have
established the excitotoxic hypothesis of hypoxia, where excessive activation of
glutamate receptors and consequent pathologicat increase in intracettular catcium
concentration is considered responsible for hypoxic cell death (Rothman and Olney,
1986; Choi, 1988; Choi, 1990).

Cerebral ischaemia in the rat increases extracellular glutamate (2 to 100 fold) and
aspadate (3 to 10 fold), recovered by cortical cup (Simpson et al. 1gg2) or by
microdialysis in the hippocampus (Lekieffre et al. 1991; Heron et al. 1993;
Benveniste et al. 1984). lschaemic superfusion increases basat and potassium

evoked glutamate and aspartate release from rat and gerbit hippocampal slices (lkeda

et al. 1989; Pellegrini-Ciampietro et al. 1990; Mitani et al. 1991), and from cultured
hippocampal neurons and astrocytes (Ogata et al. 1gg2).

To what extent in vivo ischaemic glutamate release represents exocytotic retease of
excitatory amino acids is unclear. Microdialysis with calcium free medium has been
variously shown to allow ischaemic glutamate release in gerbit brain (lked a et al.
1989) and prevent ischaemic glutamate release in rat brain (Drejer ef a/. 1985). ln
hippocampal slices, basal excitatory amino acid release by ischaemia is not calcium
dependent, but enhanced potassium evoked gtutamate release during ischaemia is

entirely calcium dependent (lkeda et al. 1989; Pellegrini-Ciampietro et al. 1990).
Enhanced potassium evoked release of glutamate during ischaemia is catcium
dependent in cultured cerebellar granule cetts but not in cultured cerebettar
astrocytes (Drejer et al. 1985); and in the hippocampus, astrocytes account for the
majority of glutamate release during ischaemia (Ogata et al. 1992). Thus, in vitro,
ischaemic glutamate and aspartate release appeaß to be largely from non-transmitter
pools, and may be due to reversal of the glutamate uptake mechanism. Clutamate is

transported into cells along with 2 sodium ions and the extrusion of a potassium and

an hydroxide ion, this ion co-transport may be rcverced when ATP is depteted and
membrane ion gradients run down (Attwell et at. 1993).

It is possible, however, that excitatory amino acids are reteased from neurons during
hypoxia, as such release only occurs with depolarisation during hypoxia. Hypoxia
alone does not increase excitatory amino acid rclease from cuttured hippocampal
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astrocytes, or from rat hippocampal slices, but does greatly increase the potassium
stimulated release of l3H]aspartate and endogenous aspartate (2 to 14 fold) as well as
glutamate (15 to 40 fold) from hippocampal stíces (Ogata et al. 1992; pellegrini-

Ciampietro ef a/. 1990).

2.4.4. EXCtTOTOXtCtTY

The primary excitatory neurotransmitter in the brain is the excitatory amino acid
glutamate; however, glutamate and its analogues that potentty depolarise neuronat
membranes are, in excess, potent neurbtoxins. The possibility that a pathotogical
increase in synaptic glutamate release can cause neurotoxic effects has fostered the
concept of excitotoxicity. Excitatory amino acids can induce neuronal toss by
systemic (Olney, 1969) or parenchymal (McBean and Robeds, 1994; Köhter and
Schwarcz, 1981)administration in vivo, as well as in codical cell cultures (Frandsen

et al. 1989; Choi, 1987; Choi ef al. 1987), in hippocampal celt cultures (Rothman ef
al. 1987; Rothman, 1985) and hippocampal slices (Siman and Card, lgBB). Cultures
containing astroglial cells are more resistant to glutdmate toxicity, presumably due to
uptake of the amino acid by the glial cells (Rosenbery and Aizenman, 1989).
Similarly, slices, although susceptible to acute damage (Siman and Card, 1988), may
be less sensitive to delayed neuronal death. Clutamate neurotoxicity is characterised
by an acute phase involving sodium and chtoride influx causing rapid but short lived
neuronal swelling, and a delayed phase characterised by elevated cytosolic calcium.

2.4.4.1. Acute neuronal damage

Excessive depolarisation causes acute swelling in rat hippocampal cuttures (Rothman

et al. 1987; Rothman, 1985) and mouse corticat cuttures (Koh and Choi, 1991; Choi,
1987; Choi, 1985; Koh ef a/. 1990) that results in acute neurotogicat damage. Large

amounts of sodium entering neurons, in excess of potassium efflux, must be

accompanied by an anion such as chloríde to maintain electrical neutrality, and the
accumulated sodium and chloride are accompanied osmotically by wateç causing
cell swelling (Siesjö, 1990). tn mouse coftical cultures, five minute exposure to
500pM glutamate, kainate, quisqualate or NMDA but not AMPA produces acute
swelling (Koh and Choi, 1991; Koh et al. 1990), and a combination of both NMDA
and non-NMDA antagonists is required to prevent glutamate-induced neuronal
swellíng (Koh and Choi, 1991). Massive depolarisation with 100mM potassium can
also induce acute neuronal swelting in mouse corticat cuttures (Choi, 1987).

Cultured mouse codical neurons can survive acute swelling in calcium free medium
and remain stable for days (Choi, 1987; Choi, 1gB5). However, the hippocampus is

particularly sensitive to this acute toxicity, and cell swelling, as a result of sustained
glutamate receptor activation, can cause rapid neuronal disintegration in
hippocampal cultures (Rothman, 1985) and slices (Siman and Card, 1988). ln the
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hippocampal slice, cell damage is usually restricted to the soma and dendrites where

excitatory amino acid receptor density is highest, whereas axons and glia are spared

(Siman and Card, 1988).

2.4.4.2. Delayed neuronal damage

Acute osmotic damage requires massive or sustained receptor activation (Siman and

Card, 1988; Koh and Choi, 1991; Rothman, 1985), and may be less important

pathologically than the increase of cytosolic calcium that accompanies even a lower

level of receptor activation. Excitatory amino acids can elevate intracellular calcium

by calcium entry through the NMDA ionophore, by depolarisation and activation of

voltage-activated calcium channels, and by release of calcium from intracellular

stores. Gtutamate-induced elevation of cytosolic calcium can activate calcium-

dependent membrane-located proteases with cytoskeleton substrates (Mellgren,

1987), and excess activation may cause membrane damage that may be the

mechanism of delayed neuronal death (Choi, 1988).

Both intracellular calcium stores and extracellular calcium contribute to excitotoxic

cytosolic catcium overload and delayed neuronal death. Prolonged exposure to low

concentrations of glutamate, kainate, quisqualate, or AMPA, will cause delayed

neuronat death in murine codical cultures (Frandsen and Schousboe, 1991a; Koh and

Choi, 1991; Koh et a/. 1990) that is largely a result of release of calcium from

intracettular stores. Dantrolene, which prevents release of calcium from calcium-

sensitive intracellular stores (Thayer et al. 1988), completely blocks hypoxic

excitotoxicity in mouse cortical neuron cultures (Frandsen and Schousboe, 1991a;

Frandsen and Schousboe, 1991b). ln calcium free medium, dantrolene, completety

btocks the glutamate-induced rise in cytosolic calcium in murine cortical neuron

cultures (Frandsen and Schousboe, 1991a,b). ln the presence of extracellular

catcium, dantrolene greatly reduces the rise in cytosolic calcium in mouse cortical

neuron cuttures exposed to glutamate, NMDA and quisqualate (Frandsen and

Schousboe, 1 991 a,b).

Entry of extracellutar calcium during brief, large exposures to excitatory amino acids

also produces delayed neuronal death. Removal of calcium from the medium of

murine cortical cuttures, or rat hippocampal cultures, reduces the extent of delayed

neuronat death due to excitatory amino acid exposure despite acute swelling (Choi,

1987; Choi, 1985; Rothman et at. 1987). lf acute swelling of culture mouse cortical

neurons due to glutamate exposure is btocked by the replacement of extracellular

sodium or chtoride, but not calcium, by impermeant ions, delayed neuronal death

stitl occurs (Choi, 1987; Choi, 1985). AMPA and kainate, which do not release

calcium from intracetlutar stores, will produce excitotoxicity that is critically
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dependent of extracellular calcium and is not blocked by dantrolene (Frandsen and

Schousboe, 1 991 b).

2.4.4.3. Clutamate receptors mediate excitotoxicity
Both NMDA and non-NMDA receptors are involved in delayed glutamate toxicity.
The AMPA receptor antagonists CNQX and DNQX protect codicat cell culturcs from
kainate, quisqualate or AMPA toxicity, but not from NMDA, and conversely, the
NMDA receptor antagonists AP5, AP7, ketamine or HA-966, protect against NMDA
but not AMPA or kainate, so that a combination of non-NMDA and NMDA
antagonists are required to protect against glutamate-induced delayed death in
cortical neuron cultures (Frandsen et al. 1989; Koh and Choi, 1991; Koh ef at. 199O;

McDonald et al. 1989; Rosenberg and Aizenman, 1989; Lysko et al. 1989; Cox ef a/.

1989). However, activation of NMDA receptors seems to be primarily responsible

for cell death, since the NMDA antagonists AP5, AP7, ketamine, MK-801 and

thienylphencyclidine provide good protection against glutamate-induced, delayed

neuronal death in murine and rat cortical cultures (Choi et al. 1988; Rosenberg and

Aizenman, 1989; Koh and Choi, 1991) and in hippocampal cultures (Michaels and

Rothman, 1990; Rondouin et al. 1988). AP5 admínistered even after glutamate

exposure still confers added protection against delayed neuronal death in murine
cortical cultures (Choi et al. 1988). Brief exposure of mouse cortical cultures to
glutamate, quisqualate or NMDA but not kainate or AMPA causes delayed neuronal

degeneration (Koh and choi, 1991; choi, 1987; choi ef al. 1987; choi, 1985; Koh et
a/. 1990). Whereas it is suggested that quisqualate may be taken up by neurons and

slowly released in micromolar concentrations (Koh ef al. 1990), it is also possible that
this acute exposure produces long term release of intracellular calcium via

metabotropic receptors.

2.4.5, HYPOXIC AND ISCHAEMIC NEURONAT DAMACE

2.4.5.1. Selective vulnerability of the hippocampus

It has long been known that the hippocampus is among those brain areas that are

selectively vulnerable to hypoxic, ischaemic and epileptic damage (Meyer, 1956;

Meyer, 1936; Brown and Brierley, 1968; Speilmeyer, 1925; Sommer, l8B0). ln

particular, the hippocampal CA., area undergoes delayed neuronal degeneration

whilst other brain areas, including the hippocampal CAr, may be preserued

(Pulsinelli and Brierley, 1979; Petito and Pulsinelli, 1984). lt is the CA, pyramidal

neurons that are damaged, whereas interneurons in the hippocampus sulvive
hypoxia, with the exception of the particularly vulnerable somatostatin-containing

hilar interneurons which degenerate following the briefest hypoxic insults (Freund

and Maglóczky, 1993; Nitsch et al. 1989). To what extent the consequences of
hypoxia and ischaemia are similar is unclear, since hypoxia may often be
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accompanied by hypotension (Winn et al. 1981; Zetterström et al. 1982). lndeed,

insults that may reflect pure hypoxia, such as carbon monoxide or cyanide poisoning

more often involve neuronal necrosis in the globus pallidus, and diffuse axonal

demyelination, than do hypoxic insults which may involve some degree of

hypoperfusion (Hirano et al. 1967; Plum ef al. 1962; Meyer, 1936; LaPresle and

Fardeau, 1967; Brown and Brierley, 1968).

Selective vulnerability of hippocampal CA' neurons cannot be explained in terms of

a dispropodionate increase in extracellular glutamate, as glutamate is released

equally in the CA, area (Mitani et al. 1992), but rather must be a characteristic of the

CA., pyramidal neurons themselves. Possibilities that might explain this selectivity

include different glutamate uptake by glia, increased intrinsic excitability of the CA1

pyramidal neurons due to a high density of glutamate receptors or differences in

voltage-activated membrane currents, or susceptibility to intracellular calcium.

2.4.5.2. Synaptic release of amino acids mediates hypoxic neuronal death

Whereas a balance between excitatory and inhibitory transmitters may be required to

maintain neural circuits (Mattson and Kater, 1989; Mattson, 1988), excess release of

excitatory amino acids can produce neuronal degeneration, and such excitotoxicity

may underlie hypoxic and ischaemic cell death. Cultured hippocampal neurons,

when exposed to cyanide or hypoxia during the early stages of differentiation, are not

visibly affected. tn mature cultures, however, neurons which receive synaptic

connections die when exposed to cyanide or anoxia (Rothman, 1983). ln rats,

unilaterat intraventricular injection of kainate destroys ipsilateral CA, neurons and

their projections, the Schaffer collaterals, but preserves the CAt pyramidal cells.

Subsequent cerebral ischaemia causes delayed neuronal loss in the CAt of the

hippocampus contralateral to the ablated CA, area, but no CA.' damage occurs

ipsilaterally (Onodera et a\.1986; Benveniste et al. 1988). Evidently, CAr projections

to the CA., area are necessary to produce cell death. Although these synapses are

required for glutamate release and excitotoxicity, the actual release of glutamate

during hypoxia may not be exocytotic, but due to reversal of the glutamate

transpoÉer (Attwell et al. 1993).

ln hypoxia, delayed neuronal death results from excitatory amino acid accumulation,

glutamate receptor activation, and resultant rise in intracellular calcium (Choi, 1988;

Choi, 1990; Rothman and Olney, 1986). Hypoxia causes delayed degeneration in

hippocampal and codical neuronal but not glial cultures (Kaku et al. 1991). Non-

specific glutamate receptor antagonists, or a combination of antagonists for NMDA

and AMPA receptors, block hypoxic death in cultured neurons (Rothman, 1984;

Goldberg et al. 1987; Kaku ef al. 1991). In vivo, NMDA and AMPA receptor

antagonists provide some protection against brain damage following hypoxia
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(Sheardown et al. 1990; Meldrum et al. 1987). Delayed neuronat degeneration
following hypoxia may, therefore, be a resutt of hypoxia-induced glutamate ¡elease
and excitotoxicity due to glutamate receptor-induced incrcase in cytosotic catcium.
ln neuronal culture and the hippocampal slice, hypoxia results in an increase in
intracellular calcium (Dubinsky and Rothman, 1991; Reid, 1987). ln vivo catcium
uptake evoked by electrical stimulation of the per{orant path is enhanced following
ischaemia and precedes delayed neuronal death in CA' of rat hippocampus (Andiné

et al. 1988). lntraventricular administration of dantrotene protects CA., pyramidat
neurons from delayed neuronal death following cerebrat ischaemia in gerbils (Zhang
et al. 1993).

2.4.5.3. Delayed neuronal death

Prolonged ischaemia results in progressive, wide-spread neuronal death over 24
hours, but brief ischaemia may produce delayed neuronal death only in vulnerable
areas, where neuronal necrosis does not develop for three to four days following the
insult (Schmidt-Kastner and Freund, 1991). lmmediatety following reperfusion,
neurons remain intact, but underyo typical reactive changes evident only by electron
microscopy, including transient mitochondrial swelling, disaggregation of
polyribosomes, reduced rough endoplasmic reticulum, loss of Colgi apparatus and
smooth endoplasmic reticulum proliferation (Petito and Putsinelli, 1984). Whereas
all CA, and some CA1 pyramidal neurons tater recover normal uttrastructure, most
CA.' neurons eventually disintegrate.

2.4.5.4.lrreversible loss of synaptic transmission in hippocampal slices
The return of synaptic transmission in the CA, area of the rat hippocampal slice
following hypoxia is dependent on the degree of hypoxia, the glucose concentration,
and the temperature, but these have not been systematicatty studied. The CA,, is
more sensitive than other hippocampal subareas, and irrevesible toss of postsynaptic
field potentials occurs in the CA', without loss of the prevolley following seven
minutes of hypoxia in the presence of 4mM glucose at37"C (Kass and Lipton, 1986).
This loss of synaptic transmission is presumably acute excitotoxicity from massive
glutamate receptor activation, and can be prevented by a combination of NMDA and
AMPA receptor antagonists (Lobner and Lipton, 1993). lrreversible loss of synaptic
transmission is thought to be a consequence of hypoxic spreading depression,
secondary to ATP depletion (Kass and Lipton, 1 986), see sectio n 2.4.7 .2.

The level of glucose appears to be fundamental to this damage, since, in the prcsence

of the more commonly used level of 1OmM glucose, synaptic transmission witt return
following 30 to 60 minutes of hypoxia at37"C, in rat (Fujiwara et al. 1g87; Taytor
and Webea 1993) and guinea pig (Hansen et al. 1982) hippocampat slices. lndeed,
at 34oc, the number of slices in which hypoxic depression of synaptic transmission is
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revers¡ble is critically dependent on the glucose concentration between 5 and 20mM

(Schurr et al. 1987). The extent of recovery of synaptic transmission following 10

minutes hypoxia in low glucose is inversely related to incubation temperatures

between 31oc and 37"c, with these extremes showing comlete and no recovery of

the population spike respectively (Reid et al. 1987). The duration of hypoxia

required to produce a large negative shift in DC potential in the CAt is dependent on

the temperature between 31oC and 36'C (Taylor and Weber, 1993). This large

negative shift in DC potential in the CA,, is likely to be a manifestation of the

hypoxia-induced depolarisation that is similar to spreading depression (Czéh et al.

1993) afterwhich neuronal recovery is unlikely (Fairchild et al. 1988; Fujiwaraet al.

1gB7; Taylor and Weber, 1993). Thus, slices at 31oc neverdisplay the DC potential

shift and always recover synaptic transmission following exposure to 10o/o oxygen

and 2mM glucose, but increasing temperature reduces the duration of hypoxia that

can be tolerated (Taylor and Weber, 1993). Temperatures in the vicinity of 32oc are

far more commonly used than body temperature (37'c) in hippocampal slice

preparations; indeed, lower temperatures are standard in most in vitro

neurophysiological preparations, as such conditions produce stable and robust

electrophysiol ogical record i ngs.

2.4.6. HYPOXIC INHIBITION OF SYNAPTIC TRANSMISSION

ln vivo, cerebral hypoxia or ischaemia produce unconsciousness (Rossen et al. 1943),

and complete experimental forebrain ischaemia is usually verified by an isoelectric

electroencephalogram (Petito and Pulsinelli, 1984). Forebrain ischaemia suppresses

hippocampal CA, unit activity in gerbil (Suzuki et al. 1983b; Mitani et al. 1990; lmon

et al. 1991) and rat (Buzsáki et al. 1989; Chang et al. 1989) within 20 seconds, the

same time course for ftattening of the electroencephalogram. Using implanted

electrodes, the depression of CA,, evoked field potentials parallels fhe drop in

hippocampal oxygen tensions during ischaemia (Freund et al. 1989), but ATP levels

are well preserved (Wallis et al. 1990).

Andersen et al. originally showed that ventilation of cats, rabbits and rats with

nitrogen rapidly inhibits synaptic transmission in the CA,, area of the hippocampus

(Andersen, 1960). In the hippocampal slice preparation, hypoxia was shown to

inhibit synaptic transmission at the perforant path-dentate granule cell synapse

(Lipton and Whittingham, 1g7g), and was later shown to inhibit the postsynaptic field

potentiats as well as intracetlularly recorded spontaneous and evoked potentials in

the CA, (Hansen et al. 1982).

Earty work suggested that the IPSP is more rapidly suppressed by hypoxia than the

EPSP (Leblond and Krnjevic, 1989; Fujiwara et al. 1987) and similar findings have

been made with patch clamp recording of the IPSC (Hershkowitz et al. 1993). More
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recently, it has been clarified that polysynaptically evoked IPSP/Cs are more sensitJve
to hypoxia than EPSP/Cs; evidently, either excitatory synaptic activation of
interneurons is more sensitive to hypoxia than is excitation of pyramidal neurons, or
transmissin through polysynaptic pathways is more susceptibte to depression than is
transmission across a a síngle synapse. lt has been suggested that lPSps recover
slowly and sometimes incompletely upon reoxygenation following hypoxia (Krnjevic
et al. 1991). However, in the presence of gtutamate receptor antagonists,
monosynaptic CABAI IPSP/Cs, evoked by stratum radiatum stimulation close to the
recording site, are resistant to hypoxia (Zhu and Krnjevic, 1994; Zhazipov et al.
1994). On the other hand, the monosynapticalty evoked CABAB IPSC or baclofen
induced outward current are revercibly depressed by hypoxia (Thazipov et al. 1993;
Zhazipov et al. 1994), but this may be a postsynaptic occtusion due to other hypoxia-
induced currents, see section 2.4.7.1.

Hypoxia selectively inhibits synaptic transmission but not membrane excitabitity, as

shown by a rapid decrease in fEPSPs amplitude and poputation spike amplitude,
whereas the prevolley persists and the antidromic spike declines only slowty, in
parallel with hypoxic depolarisation (Sick ef al. 1987; Somjen et at. 1987). tt is now
clear that hypoxia blocks synaptíc transmission by a presynaptic mechanism, and
stimulus evoked presynaptic calcium influx in CA' is reduced by hypoxia in the
hippocampal slice (Young and Somjen, 1gg2). ln whole cetl recording of CA'
n€'urons/ synaptic transmission can be blocked by hypoxia without alteration in
membrane potential or input resistance Ín the postsynaptic neuron, whilst
intracellular CTP1S blocks hypoxic outward current but does not prevent hypoxic
inhibition of synaptic transmission (Zhang and Krnjevic, 1993; Krnjevic and Xu,
1990b). lnward current evoked by exogenous glutamate is atso not blocked during
hypoxic block of synaptic transmission in the CA' (Hershkowitz et at. 1993).

Synaptic transmission may briefly recover during hypoxia (Fowler, 1992; Sick ef al.
1987; Fowler, 1993; Fowler, 1990; Fairchild et al. 1988; Hershkowitz et a/. 1993).
This recovery occurs just prior to loss of the prevotley and the antidromic poputation
spike if hypoxia or ischaemia is sufficiently prolonged. Synaptic transmission returns
when extracellular potassium has risen to 8-1OmM, and faits atong with the prevolley
and antidromic spike during hypoxic spreading depression (Sick et al. 1987; Fairchild
et al. 1988; Fowler, 1990; Fowler, 1992; Fowler, 1993). lf hypoxia continues
beyond this paradoxical recovery, synaptic transmission rarety returns upon
reoxygenation (Fairchild et a/. 1988). Paradoxical recovery occurs even in the
presence of agonists for the C protein-linked adenosine A' receptors and CABAB
receptors, that would normally inhibit synaptic transmission, suggesting uncoupling
of C proteins during hypoxia (Fowler, 1gg2).
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2.4.7. HYPOXIC ACTIONS ON POSTSYNAPTIC NEURONS

2.4.7 .1. Hypoxic hyperpolarisation

Hypoxia causes a hyperpolarisation of hippocampal CA1 neurons, with a reversal

potential and sensitivity to extracellular potassium concentration that indicates it is
mediated by an increased potassium conductance (Hansen et al. 1982; Fujiwara et al.

1987; Leblond and Krnjevic, 1989; Krnjevic and Xu, 1990b). This hypoxic outward

current is strongly outward rectifying (Krnjevic and Xu, 1990b), but it's identity

remains obscure. Block of synaptic transmission with low calcium and high

magnesium, or TTX containing medium does not change the hypoxic

hyperpolarisation (Fujiwara et al. 1987; Hansen et al. 1982; Leblond and Krnjevic,

1989), indicating either a direct effect of hypoxia on the postsynaptic neurons, or

activation of a receptor by non-synaptically rcleased agents. Attempts to block this

potassium current have yielded mixed results; whereas an early repod shows a block

of hypoxic hyperpolarisation by 0.4mM 4-AP (Hansen et al. 1982),later reports show

that the hypoxic hyperpolarisation is not fully blocked by extracellular application of

4-AP, TEA, caesium, apamin or quinine (Fujiwara et al. 1987; Leblond and Krnjevic,

1989). Either intraceltular caesium or a combination of extracellular caesium and

TEA provides a near complete block of the hypoxia evoked outward current in

voltage clamped hippocampal CA' pyramidal neurons (Krnjevic and Leblond, 1989).

Whereas intracellular EGTA does not block the hypoxic hyperpolarisation (Fujiwara

et al. 1987;Lhang and Krnjevic, 1993; Leblond and Krnjevic, 1989), the possibility

remains that it is a calcium-dependent potassium current, as it is blocked by

dantrolene (Krnjevic and Xu, 1989).

Carbachol (20pM) action at a muscarinic receptor blocks the hypoxic

hyperpotarisation, in an atropine sensitive manner, uncovering a depolarisation and a

reduced membrane conductance, coincident with an early transient hypoxic

depotarisation that is occasionally seen before hyperpolarisation (Krnjevic and Xu,

1990b); however, carbachol 1pM alone will cause a depolarisation in the CA1 (Cole

and Nicoll, 1984) associated with a sharp inward current (Krnjevic and Xu, 1990b).

ln comparison to responses recorded with sharp electrodes, whole cell patch clamp

of CA' neurons produces a smaller hypoxic hyperpolarisation and a smaller reduction

in input resistance, and can even be replaced by a depolarisation or inward current,

possibly due to diatysis of a diffusible intracellular messenger with pahh electrodes

contents (1han1 and Krnjevic, 1993; Henhkowilz et al. 1993). A similar block of

anoxic outward current is achieved by recording with electrodes containing GTPIS

which irreversibly activates G proteins (Krnjevic and Xu, 1990b). This indicates that

the current is C protein dependent, and carbachol modulation may result from

phosphoinositide hydrotysis and subsequent protein kinase-mediated

phosphorylation of G protein regulatory domains. Such a block of potassium
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currents is produced by muscarinic agonists that increase inositol 1,4,S-trísphosphate
(Dutar and Nicoll, 1988a; Madison et al. 1987). Carbachol additionally btocks the
AHP current by raising cAMP, and produces slow EPSPs in the CA', possibty due to
block of a voltage insensitive potassium current (Madison et al. 1987). However,
dibutyl-cAMP superfusion is without effect on input resistance or membrane
potential, and does not reduce hypoxic hyperpolarisation (Fujiwara et al. 1987).

A possible mechanism of hypoxic hyperpolarisation is the activation of ATP-sensitive
potassium channels, which are opened by low intracellular ATP concentrations and
are closed when ATP concentrations are high. Such an action is evident in the
substantia nigra, which is rich in these channels (Mourre et al. 1989), where
metabolic poisoning causes 86Rb+ efflux (Amoroso et al. 1990) and an

hyperpolarisation that is blocked by the ATP-sensitive potassium channel btocking
sulfonylurea, tolbutamide (Murphy and Creenfíeld, I 991 ).

Hypoxic hyperpolarisation in CAr pyramidal cells in hippocampal stices can be

blocked by the sulfonylurea glibenclamide (Mourre ef at, 1989), suggesting that it is
mediated by ATP-sensitive potassium channels. However, [3H]gtibenclamide binding
in the CA, area appears to be mostly on the presynaptic terminats of the Mossy fibres
(Tremblay et al. 1991). ln the CA' area of the hippocampus, l3H]gl¡benctamide
binding is lower than in the CA, but is prominent in the stratum pyramidale and

superficial stratum radiatum, and appears to be confined to the pyramidal cells, with
no receptors on the Schaffer collateral terminals (Tremblay et al. 1991). ln CA'
pyramidal cells however, the hypoxic hyperpolarisation and fall in input resistance is

enhanced by tolbutamide (Leblond and Krnjevic, 1989). Nevertheless, ¡f ATP-

sensitive channels contribute to hypoxic hyperpolarisation in the C4.,, hypoxia may
override sulfony.lurea block of the channel. lndeed, in myocytes, sulfonyturca
binding is competitive with nucleotides (Ripoll et al. 1993), as arc their action against
86Rb+ efflux in rat islet cell lines (Schmid-Antomarchi ef al. 1987). Additionatty,
sulfonylureas fail to prevent ATP-sensitive potassium channel activation during
metabolic poisoning of myocytes with mitochondrial uncouplers (Findlay, 1993). On
the other hand, whole-cell recording of CA,, pyramidal neurons with ATP-free

electrodes fails to show hypoxic hyperpolarisation, despite favourable intracettular
conditions for opening of ATP-sensitive potassium channels (7hang and Krnjevic,
1993). ATP-sensitive channels are activated by dinucleotides (Tezic et al. 1994), so

that the rise in free ADP during hypoxia possibly activates these channels before a

drop in ATP occurs. Adenosine receptor activation can relieve the ATP block of
these channels by activatinEGoC protein subunits in cardiac myocytes (-lerzicet al.

1994), which is in part responsible for adenosine cardiac protection (Yao and Cross,
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1993). Therefore, accumulation of free AMP and adenosine may override

sulfonylurea block of ATP-sensitive channels during hypoxia in CA' pyramidal

neurons, but this has not been verified.

2.4.7 .2. hypoxic spreading depression

Hypoxic hyperpolarisation may be followed by a slow depolarisation or inward

current. TTX has no effect on hypoxic depolarisation (Fujiwara et al. 1987;

Hershkowitz et al. 1993), suggesting that synaptically released glutamate is not

responsible. This slow hypoxic depolarisation results from the increase in
extracellular potassium that is due to depression of the Na*/K+-ATPase (Fujiwara ef

al. 1987; Hershkowitz et al. 1993).

If hypoxia is of sufficient duration it produces a complete loss of neuronal membrane

potential in the CA' of hippocampal slices that has been likened to spreading

depression. Such hypoxic spreading depression can be measured as a rapid

depolarisation to zero mV with an undetectable input resistance (Fujiwara et al.

1987; Hansen et al. 1982), or a rapid inward current that reverses near zero mV

(Czéh et al. 1993; Hershkowitz et al. 1993); these events coincide with an

extracellularly recorded negative shift in DC potential (Czéh et al. 1993; Taylor and

Weber, 1993). Whereas hypoxic depolarisation is associated with a slow increase in

extracellular potassíum to 10mM, and a slow decrease in extracellular calcium, the

onset of hypoxic spreading depression is characterised by a by rapid increase in

extracellular potassium to greater than 20mM and a precipitous drop in extracellular

calcium from 1.2mM to 0.4mM (Sick et al. 1987; Young and Somjen, 1992; Reid,

1987; Hansen et al. 1982). With hypoxic spreading depression the antidromic spike

and the prevolley are lost (Young and Somjen, 1992; Fairchild et al. 1988; Sick ef al.

1987), stimulus trains no longer produce presynaptic calcium influx (Young and

Somjen, 1992), and therè is no response to exogenous glutamate analogues

(Hershkowitz et al. 1993). After hypoxic spreading depression, neuronal recovery is

unlikely (Fairchild et al. 1988; Fujiwara et al. 1987; Taylor and Weber, 1993).

In the hippocampal slice CA.', hypoxic spreading depression is promoted by

physiological temperature and glucose concentration, but is rare at the lower

temperatures and higher glucose concentrations more typically used (Taylor and

Weber, 1993). For instance, at 36oc, in the prcsence of 10 mM glucose, a negative

shift in DC potential is never seen (Taylor and Weber, 1993) and only a fraction of

pyramidal neurons rapidly depolarise (Fuiiwara ef al. 1987). Under similar

conditions, CA¡ pyramidal neurons undergo hypoxic spreading depression much

earlierthan CA' neurons (Kawasaki et a/. 1990).
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Hypoxic or ischaemic excitatory amino acid release probably occurs after hypoxic
spreading depression (Martin et al. 1994). However, hypoxic spreading depression
may be partially dependent on glutamate receptor activation as it is delayed, but not
prevented, by kynureate or a combination of CNQX and CPP in the hippocampat
slice (Young and somjen, 1992; Hershkowitz et al. 1993). Neither TTX, nor
intracellular caesium, nor QX-314 inhibit hypoxic spreading depression, suggesting
this phenomena is not mediated by potassium or sodium channets (Czéh et al. 1993).
lnstead, it has been proposed that the rapid depolarisation is due to failure of the
Na+/K+-ATPase (Fujiwara et al. 1987; Matsuda et al. 1992) and Ca2*-ATPase (Kass

and Lipton, 1986), and this notion is strengthened by the observation that rapid
ischaemic calcium influx only occurs when ATP levels have dropped (Kass and
Lipton, 1986; Katsura et al. 1993).

2.4.8. RETATIONSHIP OF NEURONAT DEPRESSION AND ENERGY METABOL¡SM
Forebrain ischaemia supresses CA., unit activity in gerbil (Suzuki et al. 1983b; Mitani
et al. 1990; lmon et a/. 1991) and rat (Buzsáki et al. 1989; chang et al. 19g9)
hippocampus within 20 seconds, the same time course of ftattening of the
electroencephalogram. W¡th implanted electrodes it can be determined that the
depression of CA1 evoked field potentials parallels the drop in hippocampat oxygen
tensions during ischaemia (Freund et al. 1989). This rapid inhibition of synaptic
transmission precedes any significant drop ín cerebral ATP (Katsura et al. 1993;
Ekholm et al. 1992; Lowry et al. 1964). ln the hippocampat slice, synaptic
transmission between the pedorant path and dentate granule cells (Lipton and
Whittingham, 1982), and the Schaffer collaterals and CA' pyramidat neurons (Wattis

et al. 1990), fails despite ATP levels being maintained near 90o/o. CA' fEPSPs are

completely depressed while adenylate energy charge has only dropped from 0.9 to
0.8 with hypoxia, and the beginning of this synaptic transmission depression
precedes any change in adenylate energy charge (Fredholm et al. 1984). Potassium

conductances in cerebral cortex ín vÍvo are activated by 15-30 seconds ischaernia,

while ATP exceeds 90o/o of control (Katsura et al. 1993; Fotberyrovâ et at. 1990;
Ekholm et al. 1992). Since in the hippocampal slice with 1OmM glucose, ATp is
reasonably well maintained throughout prolonged hypoxia (Fredholm et al. 1984;
Yoneda and Okad a, 1989), ATP depletion is not necessary for the CA' membrane
hyperpolarisation and outward potassium current produced by hypoxia. However, at

the time of these depressive actions on synaptic transmission and membrane
excitability, calculated free ADP and free AMP have risen enormously, and pH may
have dropped by 0.2 units (Ekholm et al. 1992), and these cytosolic changes may
contribute to neuronal depression.
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Hypoxic spreading depression is likely a result of failure of the Na+/K*-ATPase

secondary to depletion of ATP (Matsuda et al. 1992). The rapid depolarisation and

rapid extracellular K+ accumulation by 70-80 seconds ischaemia in vivo occuts when

ATP is depleted to 40olo of control (Katsura et al. 1993; Folberyrová et al. 1990).

Since this phase of hypoxia and ischaemia is associated with irreversible neuronal

damage, such damage is thus dependent on failure of energy maintenance. lndeed,

the time required to produce irreversible loss of synaptic transmission parallels that

required to produce a severe depletion of ATP to 30-40o/o of control (Kass and Lipton,

1989; Yoneda and Okada, 1989)

lncubation of hippocampal slices with creatine increases their phosphocreatine levels

without increasing ATP (Lipton and Whittingham, 1982; Okada and Yoneda, 1983;

Yoneda et al. 1983). Elevated phosphocreatine slows ATP loss, and increases the

time that slices can be ischaemic and still recover synaptic function with

reoxygenation in the CA, (Okada and Yoneda, 1983). In keeping with this, pre-

incubation of hippocampal slices with creatine increases post-ischaemic ATP and

reduces the 4sca2+ influx associated with hypoxic spreading depression (Kass and

Lipton, 1986). Such elevated phosphocreatine increases the latency of inhibition of

synaptic transmission and postsynaptic hyperpolarisation due to ischaemia or

hypoxia in the dentate gyrus, CA, and CA., of hippocampal slices (Lipton and

Whittingham, 1982; Okada and Yoneda, 1983; Leblond and Krnjevic, 1989). Since

synaptic transmission declines before any considerable decrease in ATP, the

prolonged latency until synaptic inhibition produced by elevated phosphocreatine

may result from reduced accumulation of ADP and AMP via adenylate kinase and

nucleoside loss as adenosine.

2.4.9. ADENOSINE AND HYPOXIC NEURONAL INHIBITION

Adenosine apparently does not contribute to all the postsynaptic effects of hypoxia.

tnactivation of G proteins by treatment of rats with PTX, which ADP-ribosylates G'

and Co proteins, prevents the hyperpolarisation and reduced input resistance to

exogenously applied adenosine in hippocampal CAs neurons, yet the hypoxic

hyperpolarisation and reduced input resistance are preserved (Spuler and Crafe,

1989). Caffeine, theophylline or DPCPX do not prevent hypoxic hyperpolarisation

and reduced input resistance in CA' neurons (Leblond and Krnjevic, 1989; Croning et

al. 1994), suggesting that these are not adenosine A' receptor-mediated effects.

However, hypoxia-induced adenosine release may cause some depression of

postsynaptic excitability, as the antidromically evoked after-potentials in calcium free

medium are depressed by hypoxia and this depression is blocked by 8-PT (Murphy

and Creenfield, 1991). Curiously, A' rcceptor antagonism does depress the rise in

extracellular potassium concentration during five minutes hypoxia in the
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hippocampal slice (Croning et al. 1994), since this rise is likely the resutt of Na+/K*-
ATPase depression, adenosine must considerably limit depolarisation of neurons.

A role for adenosine in the inhibition of excitatory synaptic transmission is ctear. In

the hippocampus, hypoxia rapidly inhibits synaptic transmission at the Schaffer
collateral to CA1 synapse, and the selective adenosine A'' receptor antagonists
DPCPX, B-CPT or 8-PT, as well as the less selective antagonist theophyltine can
preserve synaptic transmission during hypoxia at this synapse (CribÈoff et al. 1990;
Fowler, 1989; Cribkoff and Bauman, 1992; Katchman and Hershkowitz, 1gg3).

Similarly 8-CPT and 8-PT can preserve transmission at this synapse during in vitro
ischaemia (Fowler, 1990). Perfusion of the isolated rat spinal cord with hypoxic
ACSF causes depression of the extracellularly recorded monosynaptic reftex and

again, adenosine A,¡ receptor antagonist 8-CPT blocks this hypoxic depression (Ltoyd

et al. 1988; Czéh and Somjen, 1990; Moorhouse et al. 1991). Atso perfusion with
low magnesium ACSF, which reduces 4., receptor agonist activity (Badrup and Stone,

1988), similarly, reduces the hypoxic depression of the monosynaptic reflex (Czéh

and Somjen, 1990). Hypoxic inhibition of EPSCs but not lpSCs in whole-cell patch

clamp of CAt pyramidal neurons, can be blocked by DPCPX or B-PT (Katchman and
Hershkowitz, 1993).

2.4.10. ADENOSTNE pROTECTS AcAtNST HypOXtA, tSCHAEMtA AND
EXCTTOTOXtCtTY

Postsynaptic adenosine Ar receptor actions could provide protection against

excitotoxícity during hypoxia and ischaemia. Following adenosine release,

adenosine enhancement of lo", and consequent inhibition of multiple firing coutd
specifically attenuate strong glutameryic activation of neurons. Additionally, the
opening of adenosine gated potassium channels should act to shunt gtutamate-

induced currents, whilst hyperpolarisation of the neuronal membrane by adenosine
will help maintain calcium homeostasis, by preventing alleviation of the magnesium

block on NMDA receptors, and by reducing activation of voltage-activated potássium

channels. Also of possible importance, adenosine hyperpolarisation may prevent

inactivation of lA thus limiting presynaptic action potentials. Fudhermore,
presynaptic A1 receptors may limit hypoxic glutamate release, by depressing
glutamate release from the neurotransmitter pool.

2.4.10.1. Neuronal survival

Hippocampal injections of 2-CA given immediately prior to or after 10 mínutes of
forebrain ischaemia, and repeated at 4 and 10 hours, protect against CA' cell toss

(Evans et al. 1987). lntraventricular injection of CHA 15 minutes following 30

minutes of cerebral ischaemia in gerbils, protects hippocampal CA., neurons from

degeneration (Januszewicz von Lubitz et al. 1989; von Lubitz et al. 1988).
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Endogenous adenosine retease provides some protection against ischaemic and

hypoxic neuronal degeneration. lncreasing extracellular levels of endogenous

adenosine with i.p. administration of the nucleoside uptake inhibitor propentofylline

or the adenosine deaminase inhibitor deoxycoformycin, significantly reduces the

extent of ischaemia-induced CA., cell necrosis (Dux et al. 1990; Phillis and O'Regan,

1989) and codical infarct size (Lin and Phillis,1992\. Upregulation of A' rcceptors

with chronic caffeine treatment in rats (Sutherland et al. 1991)and gerbils (Rudolphi

et al. 1989) provided protection of CA., neurons following ischaemia. Conversely,

acute i.p. theophylline or caffeine enhances ischaemic damage in gerbils (Dux ef a/.

1990; Sutherland et al. 1991) and i.p. B-CPT produces hypoxic neuronal damage that

is otherwise absent in the CA.' of rats (Boissard et al. 1992).

ln foetal mouse codical cell or rat cortical/hippocampal cell cultures with developed

synaptic connections, adenosine or CHA provides concentration-dependent

protection against cell loss due to hypoxia, but not against exogenous glutamate

(Coldberg et al. 1988; Daval and Nicolas, 1994). ln hippocampal slicesthe evoked

synaptic population responses survived longer periods of hypoxia in the presence of

exogenous adenosine 100¡rM than control slices (Donaghy and Schofield, 1991).

Adenosine may act postsynapticaly to some extent to reduce excitotoxicity. Co-

injection of 2-CA with excitatory amino acids into rat striatum provided partial

protection against excitotoxicity (Finn et al. 1991; Arvin et al. 1989). Hypoxia in

vivo, largely prevents hippocampal CAs damage following i.p. kainate

administration. However, CHA fails to protect cortical cell cultures against

exogenous glutamate (Coldberg et al. 1988). The majority of the neuroprotective

action of adenosine in the CA., is likely a result of depression of glutamate release.

2.4.10.2. Adenosine modulation of ischaemic excitatory amino acid release

2.4.10.2.1. A' receptor inhibition of excitatory amino acid release

Endogenous adenosine, released during cerebral ischaemia in rats, limits the

ischaemic glutamate accumulation in the hippocampus, since this is increased 2 to 4

fold by i.p. or local theophylline administration (Lekieffre et al. 1991; Heron et al.

1 993). Ar receptor activation by local application of agonists, 0.1 nM

cyclopentyladenosine or 1nM NECA, greatly reduces extracellular aspadate and

glutamate recovered by cortical cup during ischaemic and reperfusion (Simpson ef al.

1992). However, the adenosine deaminase inhibitor deoxycoformycin 500pg/kg i.p.

increases extracellular adenosine in the rat brain but does.not attenuate ischaemic

excitatory amino acid release, measured by the cortical cup technique (Phillis et al.

1991), and local application of micromolar n-PlA or CPA does not reduce ischaemic

glutamate release in the rat hippocampus (Heron et al. 1993; Simpson ef al, 1992).
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This variability may result from confounding A, receptor activation by adenosine and
high concentrations of n-plA or CpA.

ln the four-vessel occlusion model of ischaemia in the rat, micromotar doses of CpA
or NECA and A, receptor agonist CCS 21680 enhance retease of aspartate and
glutamate during ischaemic and reperfusion, an action blocked by the A, receptor
antagonist DMPX (O'Regan et al. 1992; Simpson et al. 1gg2). This is probabty an
Ar5 effect as it is not produced by nanomolarCCs 21680 (O'Regan et al. 1992) and
CGS 21680 does not alter acute excitotoxicity assessed by re-appearance of the CA.,
population spike following hypoxia in the hippocampal slice (Zeng et al. 1gg2).
However, as the non-selective adenosine receptor antagonist theophylline increases
ischaemic glutamate release, it is apparentty the A,, rcceptor effect that prcvails
during ischaemic adenosine accumutation.

2.4. 1 0.2.3. A. receptors

Acute 3-lB-MECA results in lower post-ischaemic cerebral blood flow, enhanced
modality, and in the 1 of 15 gerbils surviving to 7 days there is increased loss of
hippocampal CA' neurons (von Lubitz et al. 1994). Apart from these vascular
actíons, it is not known whether adenosine A, receptors participate in neuronal
modulation during hypoxia.

2.4.1 1. POST.HYPOXIC HYPEREXCITABI TITY

lschaemia in not well tolerated by hippocampat CA' pyramidal neurons. Even brjef
cerebral ischaemia in vivo results in hippocampal damage (Benveniste et al. 198g;
Evans et al. 1987), and brief hypoxia/hypogtycaemia in vitro is sufficient to cause
acute toxicity in the hippocampal slice (Kass and Lipton, 1986; Okada et al. 19gS)
and delayed neuronal death in neuronal cultures (Kaku et at. 1991). However, the
extent to which acute or delayed neuronat death due to hypoxia is a significant
problem is unclear. Acute cell death in the hippocampal stice requires impractically
prolonged hypoxic superfusion (Okada et al. 1988; Fujiwara et at. 1987; Ctarke ef al.
1989), and delayed neuronal death in neuronal cultures also requires many hours of
hypoxía (Coldberg et al. 1987; Rothman, 1984), and atthough hypoxia is little
studied in vivo, it is probably complicated by hypotension. Hypoxia alone is a poor
stimulus for excessive excítatory amino acid release, untess it is accompanied by
neuronal depolarisation (Pellegríni-Ciampietro et al. 1990), However, hypoxia is far
from benign, and the earliest, and functionatty most obvious, pathotogy is the
persistent increase in neuronal excitability that accompanies the return of synaptic
transmission with reoxygenation following hypoxia. tndeed, atthough controversy
exists on this point, such hyperexcitability may be a predisposing factor in hypoxic
excitotoxicity.
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As with many aspects of hippocampal electrophysiology, the wide ranging work of

Andersen et al. in 1960 first described post-hypoxic hyperexcitability in the CA., area

of the hippocampus. Field potentials recorded in the CA., area of rabbits, rats and

cats in response to contralateral stimulation in vivo showed hyperexcitability, evident

as multiple population spikes, prior to synaptic depression during brief ventilation

with nitrogen, and transient similar hyperexcitability was seen during the early

reoxygenation period (Andersen, 1 960).

Hippocampal slices exposed to prolonged experimental hypoxic pre-incubation

in vitro, at and below room temperature, display multiple population spikes in the

CA., area in response to stratum radiatum stimulation (Dunwiddie, 1981).

Hippocampal slices that initially respond with only one population spike, once

exposed to 30 minutes hypoxic superfusion at 29'c, display multiple population

spikes with recovery of synaptic transmission upon reoxygenation (Schiff and

Somjen, 1985). lndeed, such multiple population spikes, pr€sumably evidence of

unintentional brief hypoxia at higher temperatures during tissue preparation, are

readily evident in much of the literature. ln the only study to examine prolonged

hypoxia with intracellular recordings of CA' pyramidal neurons in the hippocampal

slice,6 of 18 neurons showed a rapid phase of depolarisation at 15-30 minutes

hypoxia, that reduced the membrane potential and input resistance to zero, after

which reoxygenation was not accompanied by recovery of function (Fujiwara et al.

1987). However, 12 ol 18 neurons rcmained 25mV depolarised from resting

membrane potential throughout 40 minutes hypoxia; membrane potential returned to

normal within 15 minutes of reoxygenation but was accompanied by increase

spontaneous EPSP frequency (Fujiwara et al. 1987). ln neocodical slices, recovery

from brief hypoxia is characterised by a slow recovery of the late IPSP, a depolarised

membrane potential and an increase in input resistance; apparently this latter persists

following prolonged hypoxia (Luhmann and Heinemann, 1992). Brief ischaemia has

been shown to cause a long-term potentiation of the NMDA receptor-mediated

component of synaptic transmission in hippocampal slices, similar to that seen

in vívo (Crépel et al. 1993). Although post-hypoxic hyperexcitability has been little

studied, it has been proposed that post-hypoxic hyperexcitability may result from

alteration of adenosine-induced inhibitory tone (Lee and Kreutzberg, 1987), possibly

through down-regulation of hippocampal adenosine A1 receptors after ín vivo

ischaemia (Lee et al. 1986). lndeed, down-regulation of adenosine A' receptor-

mediated inhibition of cAMP production follows prolonged adenosine exposure

(Abbracchio et al. 1992) as would occur during hypoxia, and this may produce

hyperexcitability by preventing adenosine-induced enhancement of the AHP.

There is controversy regarding the existence of post-ischaemic hyperexcitability

in vivo. ln rats, 12-20 minutes ischaemia fails to produce any hyperexcitability of
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CAt spontaneous or evoked field potentials, whereas both spontaneous and stratum
radiatum evoked activity decline in parallel wíth neuronat necrosis (Buzsáki et al.
1989; Miyazaki et al. 1993). However, a true hyperexcitability is seen foltowing
ischaemia in the rat C41, where paired pulse inhibition, in response to contralatera!
CA, stimulation with long inter-stimulus intervals, becomes a facilitation, possibty
due to loss of AHP or CABAB receptor-mediated inhibition (Chang ef a/. 1989). CA,
pyramídal neurons are poorly resistant to ischaemia, and the inconsistencies in
producing hyperexcitability may be due to differences in the duration of ischaemia
and possibly the maintenance of brain temperature, both of which may contribute to
acute neuronal damage in the population of neurons that are potentialty
hyperexcitable.

Rather than hyperexcitability, ischaemia may produce an increase in synaptic
transmission similar to long-term potentiation, as seen in the hippocampal slice
following ischaemic incubation. ln gerbil hippocampal slices prepared 5 to 10 hours
following in vivo forebrain ischaemia, synaptic transmission, as measured by the
fEPSP slope, in the CA,¡ is increased compared to non-ischaemic slices, whereas the
odhodromic and antidromic population spike is reduced (Urban et al. 1989) All field
potentials are reduced, as a result of neuronal necrosis, in stices prepared in
subsequent days (Urban et al. lg8g). Simitarly, with invivo rat hippocampal
rer:ordings, the CAl fEPSP is potentiated at 6 to I hours post-ischaemia without an

increase in pyramidal neuron excitability (Miyazaki et al. 1993). ln gerbits, the
spontaneous unit activity recorded in the CA,, area does not show any increase in
frequency or amplitude following 5 or more minutes of forebrain ischaemia (lmon ef
al. 1991; Mitani et al. 1990; Suzuki et al. 1983b; Katchman et at. 1994). However
increase in spontaneous unit activity in the CA', and a decrcase in CAr, is seen in the
days following less than 5 minutes ischaemia in gerbils (Suzuki et al. 1983b;
Katchman et al. 1994), and 10 minutes ischaemia in rats (Chang et al. 1989). Unit
recordings do not elifferentiate between pyramidal neurons and interneurons, and the
burst-like unit spike discharges (lmon et al. 1991) coutd well be produced by
interneurons.

Whereas seizures are common following ischaemia or hypoxia in humans (Rossen ef
al. 1943; Oppenheimer and Hachinski, 1992) and experimental animals, obvious
motor seizure are not necessary for neuronal damage, and animals displaying such

seizures are usually excluded from study (Petito and Pulsinelli, 1984). Nevertheless,
non-motor seizures may occur; indeed, such seizures may account for some of the
behavioural changes described during the early recircutation period fottowing
ischaemia (Suzuki et al. 1983a).
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2.5. SUMMARY AND CONCLUSIONS

Electrophysiological recordings in the CA' area of the hippocampal slice provide a

good model for the study of basic coñical physiology and pharmacology as well as

multi-faceted neurochemical interactions, so long as these produce obvious

alterations in electrophysiological recordings. The hippocampus slice is a convenient

model for a variety of such interactions, notably synaptic plasticity and, more

important in the present context, the effects of hypoxia.

Most importantly, the CA., area provides a well defined model of cortical synaptic

connections between a common primary cortical cell type, the pyramidal neuron,

and a diversity of interneurons. The CA., pyramidal neurons receive a number of

excitatory glutamergic pathways, and a cholinergic pathway, which being

anatomically distinct, are easily accessible for selective stimulation. In addition,

interneuronal populations mediating a variety of types of CABA induced inhibition

can be activated with a moderate degree of selectivity. The hippocampus is also

richty endowed with receptors for most neurotransmitters and neuroregulators

present in the brain.

Excitatory synaptic transmission, in particular via the Schaffer collaterals, and

inhibitory synaptic transmission, along with pyramidal neuron electrophysiology are

welt characterised in the CA1, providing a good basis for fudher studies in this area.

ln addition, many consequences of hypoxia arc well defined in the CA, area, indeed,

the Schaffer collaterals are of major importance in the outcome of hypoxia.

Furthermore, the pharmacology of adenosine A, and A, receptors in the CA1 area is

developing and adenosine A' receptor pharmacology has been well characterised in

the CA,, area, and these receptors are intimately involved in the modulation off

excitatory synaptic transmission at the Schaffer collateral synapse. The activation of

adenosine receptors during cerebral hypoxia is established, and some consequences

of this have so far been investigated.
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3. METHODS

3.1 . HIPPOCAMPAL SLICE PREPARATION

3.1.1. TISSUE PREPARATION

Hippocampal slices were prepared by standard techniques. Mate Sprague-Dawley
rats, 250-3509, aged 7-10 weeks, were supplied by the the Animal Resources Centre,
Cilles Plain and housed at the lnstitute of Medical and Veterinary Science Animat
House, Adelaide. Rats were decapitated without anaesthesia using a smatt animal
guillotine (Stoelting). The skull was rapidly opened by removing the catvarium, and
the brain removed, severing the cranial nerves and olfactory bulb with a spatuta. The
brain was chilled for 40-60 minutes ín ice cold adificiat cerebrospinal fluid (ACSF),
which serves both to limit cell damage due to the inevitable ischeamia foltowing
decapitation and to 'set' the tissue for ease of cutting. On an ice chitted dissecting
stage, the hippocampus was dissecting free from the surrounding tissue and an
approximately 4mm section cut from the míddle of the hippocampus, the section
being slightly diagonal from transverse (coronal), judged by alignment with the septat
end of the hippocampus. This section was mounted on a teflon btock using
cyanoacrylate glue, submerged in ice cold ACSF, and 400pm coronal stices were cut
with a víbrating blade (Vibroslice, campden lnstruments Ltd.). Slices were stored
temporarily at room temperature in a static holding chamber (Medical Systems Corp.)
containing approximately 45ml of continually oxygenated and circulated ACSF,
before being transferred by pippette to the recording chamber. In most cases this
temporary storage of slices was only for the duration of preparation of slices from the
two hippocampi, between 5 and 20 minutes. ln the recording chamber, slices were
held submerged in and superperfused with ACSF at room temperatu re (18-22C) for
90 minutes before the ACSF was slowly heated to, and held at 32.0 t 0.2oc for
recording. During heating, electrodes were ptaced and at least 15 minutes attowed
for recovery before experiments began, usualty 12O minutes following stice
piacement in the chamber.

3.1.2. RECORDING CHAMBER

The recording chamber (Medical Systems Corp.) was an acrylic bath of approximately
600¡rl volume with transverse fluid flow from a bottom fluid inlet at one end to an
outlet on top of a dam at the other end. ACSF was delivered via a variabte speed
peristaltic pump (lsmatec), and removed by vacuum aspiration of the dam ovedlow.
Slices were held at the mid-level of the ACSF between a fixed stiff nylon mesh and a
removable weighted nylon net. The slice bath sat on top of an acrylic base unit
consisting of a water jacket enclosing a coil of tubing in-line between the pump and
bath inlet, and a nichrome wire heating element. The heating element was supptied
with proportionally regulated DC current via a model TC-102 temperature controlter
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(Medical Systems Corp.) which monitored bath temperature via a thermistor probe
(Medical Systems Corp.) and maintained the bath temperaturc. ACSF was superfused

at a rate of 2.4ml,/min. Fudher increase in superfusion rate did not improve field
potentials, however, if the superlusion rate was reduced, field potential amplitude
diminished.

3.1.3. ACSF

ACSFcomprised in mM: NaCl 127,KCl 3.5, NaHrPO4 1.25,MgClz1.2,CaClr2,
NaHCO, 26, and o-glucose 10. ACSF was oxygenated by bubbling carbogen (957o

C2/5oh CO2) through a stainless steel, 10pm pore size, HPLC filter at a rate of
500m1/min for 40 minutes. Hypoxic ACSF was similarly produced by bubbling with
95o/o N2 /5oh CO2. Cases were supplied by Commonwealth lndustrial Cas. ACSF

was gassed at approximately 32oC to ensure gas saturation at the recording bath

temperature. 40 minutes was sufficient time for equilbration, and indeed no increase

in oxygenation was found alter 20 minutes bubbling. ACSF PO, was occasionally

verifíed with a blood gas machine (Corning). Hypoxic ACSF, produced as described

had a PO, of 24 + 6mmHg (S.D., n:3). PO, of fully oxygenated ACSF, 719 t
59mmHg (S.D., n:13), varied considerably, being well outside the calibrated range

of the blood gas machine. ACSF pH ranged from 7.37-7.4O.

For a few studies ACSF was gassed with different gas mixtures containing soh, 1}oh,

25oh,50o/o or 600/o oxygen. These were produced with a triple rotameter bank to mix

oxygen, carbon dioxide and a diluent gas, either nitrogen or carbon monoxide. The

oxygen and carbon dioxide tensions in these mixtures were additionally verified by

in-line monitoring. Oxygen was measured by a polarographic electrode at a gel/gas

interface (lnstrumentation Laboratory), and carbon dioxide by an infrared end tidal

carbon dioxide sensor (Nihon Cohden). Results of ACSF PO, determinations with the

blood gas machine for various oxygen fractions in the bubbling gas are shown in
figure 3.1. These show a linear relationship and the slope of the regression line is

0.98, indicating complete equilibration of ACSF oxygen tension with the bubbling
gas.

After gassing, ACSF was sealed in an airtight bottle with two outlets, one connected

to a flexible resevoir of the same gas used for bubbling and the other connected to

the peristaltic pump used to perfuse the recording chamber. Hypoxic and

oxygenated ACSF or drug containing ACSF were switched using a two-way tap. All
tubing was gas impermeable (Tygon). While it is possible that ACSF gas tensions

altered during transit through the recording bath, due to contact with atmospheric

gâs, alterations were probably minimal as bath ACSF POz and pH, the latter

dependent on PCO2, were not different from those of ACSF in the resevoir.

B1



1.0

0.8

0.6

0.4

o.2

0.0
0.0 0.2 0.4 0.6

gos FO2

0.8 1.0

Figure 3.1 ACSF oxygen tension versus bubbling gas oxygen fraction
This figure íllustrates the linear relationship between ACSF oxygen tension (POr) and
gxygen fraction (for) in the bubbling gas. Both Po, and bubbling gas fo, expresied in
bar. The línear regression line was calculated with the least squares methbd, É = 0.99
and slope = 0.98.

Drugs were prepared as stock solutions 100-10,000 times the final concentration jn

distilled water or 0.05N NaOH and added to ACSF before perfusion. The smatt
quant¡ty of NaOH that was added had no effect on ACSF pH. Occasionally drugs

were dissolved in DMSO or ethanol, the maximum final concentrations in ACSF

being DMSO 0.1oh, and ethanol 0.01o/o (170mM). At these concentrations, neither
DMSO or ethanol alone had any effect on field potentials.

3.1.4. DtFFUS|ON

Exchange of substances between the capillaries and tissue by diffusion is ensured by

sho¡t distances and steep eoncentration gradients" ln vitro tissue slices are isolated
from the vascular system and diffusion distances between the ACSF and the interior
of the slice are relatively large, thus permeation of substances, paÉicularly those that
are consumed by cells, will be limited. ln considering diffusion into a tissue slice,
the slice is considered to be a semi-infinite slab with a finite thickness surrounded by

a well stirred layer of liquid (H¡ll, 1966). However, it is likely that the slice is not

homogeneous; ¡n pafticular, the the cells near the sudaces are damaged during
cutting (Garthwaite et al. 1979), and there is an unstirred layer of liquid of
approximately 40¡rm adjacent to the slice sudaces (Ganfield et a\.1970).
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3.1.4.1. Oxygen

Oxygen diffusion is governed by the Fick equation with the inclusion of a term for
oxygen consumption by cells in the slice (H¡l¡, 1966).

#*"= K# (3.r)

Where y is the partial pressure of oxygen, t is time, x is distance, K is the Krough

diffusion coefficient (Krough, 1919) and a is the oxygen consumption rate of the

tissue. Some models suggest that the diffusion coefficient must be multiplied by

oJ)"2, where a is the extracellular volume fraction and À the toduosity, values that

may vary between viable and non-viable zones of tissue (Lipinsky, 1989). However,

as respiratory gases diffuse readily through the cell membrane, a and À can be safely

ignored in the case of oxygen. lndeed, while a smaller value of K is found for animal

tissues than water (Krough, 1919), the validity of the equation 3.1 is confirmed

experimentally in cat cerebral cortical slices (Ganfield et al. 1970).

Of importance in the present context is the supply of oxygen throughout the

hippocampal slice under both fully oxygenated and hypoxic conditions. lt is well

accepted that cells can utilise any available oxygen, and only a minimum oxygen

gradient between the cell surface and the mitochondria is required to allow oxidative

phosphorylation. For instance, in mitochondrial suspensions or neuroblastoma cell

suspensions, a PO, of less than l mmHg is required to reduce oxygen consumption
(Wilson, 1990), and oxygen diffusion only departs from that predicted in brain slice

areas where the tissue tension is below 2mmHg (Ganfield et al. 1970). At steady

state, the distance into a slice where PO, is zero is defined by an equation derived

from equation 3.1 (H¡ll, 1966).

,,= rFrr/" (3.2)

Where x, is the distance from the slice surface and yo is the PO, in the bathing

medium. The following values can be used to approximate hippocampal slice

oxygenation, the Krough oxygen diffusion coefficient for muscle, corrected to 32"c,

of 1.57x10-s ml*cm-1*atm-l (H¡ll, 1966), co¡tical oxygen consumption of 0.03 ml*g
tissue-l+min-l (Leniger-Folled, 1977) and yo of 0.95 atm for fully oxygenated ACSF,

and 0.03 atm for hypoxic ACSF. Substituting these values into equation 3.2 give the

distance into the slice from each sudace where anoxia occurs as 315pm for

oxygenated ACSF and 56¡rm for hypoxic ACSF, although these are only

approximations. The true values may vary considerably, in paÉicular oxygen

consumption may be lower at less than physiological temperature. However these

calculations suggest that, for the 400¡rm slices in the present study, control conditions

provided adequate oxygenation throughout the slice, and this is supported by

measurements in guinea pig olfactory cortex slices which demonstrated 430pm as the
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limiting thickness of a slice to prevent an anoxic core at 37"c (Fujii ef at. 1982).
With hypoxic superfusion, the majority of viable cells may be anoxic, as oxygen may
not penetrate beyond any unstirred ACSF layer and outer damaged cetl tayer.

3.1.4.2. Membrane impermeant substances

The diffusion of membrane impermeant substances through the extracettutar spaces

in the slice are similarly modelled by the Fick equation, with or without the term for
consumption as appropriate. Cenerally for non-gases, the more usual diffusion
coefficient k is used, which is the quotient of K and the solubility coefficient, and

concentrations rather than partial pressures are used. ln thís case, however,
extracellular volume fraction a and tortuosity À modify diffusion, such that k is

multiplied by a/)"2. ln cerebellar slices, a, ranges from 0.21 to 0.28 and l, ranges

from 1.55 to 1.84 and are similarto intact brain (Nicholson and Hounsgaard, 1983)

but it ís possible that these values may be altered in non-viable tissue zones
(Lipinsky, 1989). Thus penetration of bath applied substances into the slice is slower
than would be calculated for free medium, and several minutes must be attowed for
equilibration. Fudhermore, substances produced within the slice witt accumutate in
the vicinity of their source À2la, times greater than in free medium.

3.2. ELECTROPHYSIOLOCICAL RECORDINCS

3.2.1. RATIONALE FOR USE OF TIEID POTENTIAI RECORDINGS

For this project, extracellular recording was the preferred methodology.
Extracellularly recorded population spikes and fEPSP are described in chapter 2

section 2.2.2.3, and represent the summed action potentials and EPSP respectivety in
a population of neurons (Andersen et al. 1971b; Andersen et al. 1978). Thus these

field potentials represent graded responses, and can be used to estimate
pharmacological responses from a neuronal population. The fEPSP is a graded

response, like the underlying EPSP, but also represents the overall strength of
synaptic transmission to all neurons contributing to the dendritic plexus at the
recording site. The population spike, unlike the underlying action potentials, is also

a graded response and can be used to measure alterations in synaptic input or spike
threshold where only a portion of the population may be affected. Post-hypoxic and

post-inhibitory hyperexcitability, as evidenced by multiple extracellular poputation

spikes, represents multiple action potential firing in some, but perhaps not alt,

neurons in the recording population. This is clearly seen in the figures of
hyperexcitability in slices from kainate lesioned rats (Williams et al. 1993) which
show paired intracellular and extracellular recordings, the former not always showing
multiple spikes evident in the latter. Additionally, the prevolley, for which there is
no intracellular counterpart (Andersen et al. 1978), provides a more reliable estimate
of input strength to the neuronal population than does stimulus strength.
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Figure 3.2 Typical averaged orthodromic field potentials
odhodromic field potentials in the cA1 area of the híppocampal slice, evoked by
stimulation in the stratum radiatum (Schaffer collateral/commissural pathways) and
recorded in the stratum pyramidale (cell body layer), top, and stratum radiatum (apical
dendritdsynaptic layer), bottom. Stímulus current was set subthreshold for a population
spike (left) or to evoke a population spike of 85o/o maxímal amplitude (right). The stratum
radiatum electrode records a prevolley, a compound action potential which represents
the summation of spikes in the fibres of the Schaffer collateral/commissural afferent
pathway and a negative fEPSP as synaptically activated current flows into the dendritic
tree (Andersen ef a/. 1978). The population spike, resulting from cation flow into
neuronal cell bodies, is the record of many individual spíkes, the onset and duration
coincide with intracellular spikes, and there is a linear relationship between population
spike amplitude and the number of spikes from individual cells (Andersen et al. 1971b).
These active current sources produce positive waves ín other layers, whereby the
population spike rides on a positive fEPSP in the stratum pyramidale and a positive
population spike is superimposed on the negative wave of the fEPSP in the stratum
radiatum. Average of three evoked potentials at 0.05H2. Calibration bars are 1mV and
1ms, negative down. Stimulus artifacts are truncated for clarity.

FuÉhermore, assessment of field responses in the present studies reduces bias

introduced by variations in concentrat¡ons of bath-applied drugs within a slice, this
being of particular ¡mpoÉance ¡f the substance under study is taken up by cells to any
extent (Dunwíddie and Diao, 1994). Of obvious impoÉance, ¡n the present context,
are adenosine and oxygen which are taken up and metabolised by cetls.

Such field potential recording is a robust technique, record¡ngs are easy to obtain,
rema¡n stable over long per¡ods, and experimentally induced hyperexcitabilíty can be

reliably assessed. lnduction of hyperexcitability requ¡res prolonged hypoxia or drug
superperfusion, and the pharmacological assessment of receptor function requ¡res
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long periods of recordings during which baseline rcsponses can be safety presumed
stable.

3.2.2. INSTRUMENTATION OF THE STICE

Glass microelectrodes for extracellular recording were putted from 1.5mm capittary
glass with internal filament (World Precision lnstruments tnc.) using a Brown-Ftaming
microelectrode puller (Sutter lnstrument Co.). Electrodes were fitted with ACSF and
the tips broken back to give a resistance of 1-3MQ. and held with 3M KCI filled
AglAgCl halÊcell holders (World Precision tnstruments lnc.). Two unity voltage gain
headstages with current gains of x1 (stratum radiatum) and x10 (stratum pyramidale)
were used in conjunction with an Axoclamp-2A dual channel microetectrode ctamp
(Axon lnstruments). Axoclamp output from the stratum radiatum etectrode was
filtered at 30kHz low pass and from the stratum pyramidale at l kHz tow pass.

Recording electrodes were referenced to a Ag/AgCl balt electrode at one end of the
recording chamber. Monopolar stimulating electrodes were tungsten needles, coated
with a two part epoxy resin leaving only the tip exposed. Stimulating electrodes
were referenced to a fine Ag/AgCl wire runníng the length of the recording chamber
beneath the slices.

The slice was trans-illuminated with a fibre-optic light source (Votpi) below the
recording chamber and viewed at 6-30 times magnification through a conventional
stereomicroscope (W¡ld Heerbrugg). The headstage and electrode assemblies were
moved using a combination of 3-dimensional mechanical micro-maniputatorc and
either 1-dimensional or 3-dimensional hydraulic micro-manipulators attached to
magnetic pillar stands (Narishige Scientific lnstrument Laboratory). The anatomy of
the recording area in the CA' has been discussed in detail in chapter 2, and the
electrode placement illustrated in figure 2.2 is identical to that used in this study.
Recording electrodes were placed under visual control in the stratum pyramidale and

stratum radiatum of the CA., subfield of the hippocampal slice. A tungsten etectrode
placed in the stratum radiatum, on the CA, side of, and approximatety 0.5mm from
the recording electrode in this layer, was used to stimutate the Schaffer
collateral/commisural fiber pathway, the major excitatory input to the CA' pyramidal
neurons. ln addition, this stratum radiatum stimulating electrode would activate the
local interneurons evoking monosynaptic feedfoward inhibition to pyramidat

neurons. For some experiments, a second stimulating electrode, for antidromic
stimulation of the pyramidal neurons, was positioned in the alveus above the stratum
pyramidale recording electrode.

Field potentials were evoked in response to constant current stimuli of 0.2ms
duration provided by a S-88 dual channel, solid-state square wave stimulator (Crass

lnstrument Co.) via PSIU6 photoelectric stimulus isolation units (Crass tnstrument
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Co.). Pathways were stimulated at 0.05H2 to avoid the production of multiple
population spikes from each oñhodromic stimulus, which occured at stimulus rates

of 0.1H2 or higher. Antidromic and oÉhodromic pathway stimulation were

alternated wíth a 10s intentimulus interual.

3.2.3. DATA ACQUISITTON AND ANATYS¡S

3.2.3.1. Recording of evoked field potentials

Field potentials were referenced to the recording bath fluid, considered to be OmV.

The Axoclamp-24 output was digitised (DASH-16F analogue/digital l/O expansion

board, Metrabyte), recorded to disk for off-line analysis, and displayed on an 80286

microcomputer-based data acquisition and analysis system (Asystant+, Asyst

Software Technologies, lnc.). The three.waveforms recorded over one minute were

averaged for data analysis. Figure 3.2 shows typical averaged submaximal

orthodromic field potentials recorded in the stratum pyramidale and stratum

radiatum, as described in 2.2.2.3.

3.2.3.2. tield potential measurements

Data and field potential analysis was a modification of the method described by

Balestrino et al. 1986. Figure 3.3 shows the various components of the post-hypoxic

field potentials and how they were measured. These post-hypoxic field potentials

differ from pre-hypoxic field potentials in that the former is typified by two
populations spikes, while a single population spike is normal for pre-hypoxic

recordings. The stratum radiatum field potential in figure 3.3 B. consists of a stimulus

aÉifact, followed by a biphasic prevolley a-b-c, this negative go¡ng spike is preceded

by a smaller negative going spike which is often masked by the stimulus adefact, as is

the case here. Prevolley amplitude is measured from point a to b, as the late upward-

component is truncated by the onset of the dendritic field excitatory postsynaptic

potential (fEPSP). The fEPSP is the slowly decaying negative wave c-d-e, on which

are superimposed, at higher stimulus strenghts, positive waves that result from

current flow to the population spikes in the cell soma. fEPSP rate of rise was

measured as the maximum slope between c and d, calculated as a first order

derivative after digital smoothing through a 6kHz low pass filter. fEPSP rate of rise

was contaminated by the prevolley, but since the prevolley was linear with stimulus

current yet otherwise unaffected by any treatments in this study, it was ignorcd for

inpuVoutput experiments, but the contribution of the prevolley to the fEPSP rate of

rise was subtracted'for time course experiments, see section 3.2.3.4. The fEPSP

amplitude was approximated by subtracting d from the baseline. To measure fEPSP

area, a line was fitted manually from point d to exclude any positive wave forms,

leaving a pure fEPSP, uncontaminated by the current flow to the population spikes,

this is the straight line in figure 3.3 B. This monóphasic waveform was inverted, as
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Figure 3.3 Measurement techniques for fEPSp and population spikes
lllustration of the method of fíeld potential analysis, details of these methods are in the
text. A. inveded fEPSP section of stratum radiatum field potential used for calculation of
fEPSP area. B. Post-hypoxic stratum radiatum field potential showing the prevolley a-b-c
and the ÍEPSP c-d-e. C. Post-hypoxic stratum pyramidale fíeld potential showíng two
population spikes u-v-w and x-y-2. Small arrows indicate the stimulus artifacts, which
have been truncated for clarity.

shown in figure 3.3 A, and the area under the resulting curye integrated to give fEPSP

area. Duration of the fEPSP was measured at 2}oh amplitude, as the wave tends to
asymptote and an impractically long record¡ng time was necessary to monitor return
to reference voltage.

Figure 3.3 C. shows two odhodromically evoked population spikes, u-v-w and x-y-x,
recorded in the pyramídal cell layer. The amplitude of these spikes was measurcd as

the average of the two positive peaks minus the negative peak. The onset of the
second population spike at point x was chosen manually as the inftexion point on the
descending limb from w where dy'ldx' increased. Later population spikes, if prcsent,
were not included in analysis. These population spikes are superimposed on a slow
positive wave, the rise from baseline to w and back, that results from current flow to
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the fEPSP in the dendrites. The first population spike is preceded by the rising phase

of the fEPSP, contaminated by a small prevolley, and the stimulus artifact.

Antidromic stimulation evoked a single negative population spike, not pictured,

whose onset was often obscured by the stimulus artifact, necessitating that its

amplitude measurement taken from the peak negativity to the second positive peak.

The waveform events indicated by the letten in figure 3.3 show reliable temporal

coincidence between subsequent waveforms evoked in a slice and good coincidence

between slices, which aids comparisons before and after treatments and pooling of

slice data. Some drugs, notable 8-CPT, cause an earlier onset of the second

population spike, requiring adjustment of point x during data analysis.

3.2.3.3. lnpuUoutput curves

lnpu/output curyes were constructed by recording orthodromic field potential

response to a series of stimulus currents from below threshotd for, to supramaximal

for population spikes and the relationships shown in figure 3.4 plotted. 1) The

prevolley versus stimulus current relationship provides an indication the polarisation

of the axonal membrane, the prevolley only being lost in the case of loss of

membrane potentiat (Sick et at. 1987\. The prevolley varies linearly with the range of

stimulus currents used in this study, growing as more axons are recruited. 2) fEPSP

rate of rise versus prevolley amplitude measures the strength of synaptic transmission.

The fEPSP, reflecting the overall strength of individual EPSPs, directly measures

synaptic transmission and is a combined measure of transmitter release and

sensitivity of the postsynaptic receptors, and varies linearly with the prevolley

(Andersen et al. 1978). 3&4) The amplitude of each population spike versus

prevolley amplitude, as well as against fEPSP rate of rise, indicates overall synaptic

efficiency and postsynaptic excitability respectively. These are true inpuVoutput

curyes, with input defined here as either synaptic input (prevolley) or synaptic

activation (fEPSP). While there is a linear relationship between population spike

amplitude and the number of spikes from individual cells (Andersen et al. 1971b),

the individual neurons onty fire spikes above threshold, and these input/output

relationships approximate sigmoid curves (Rall, 1955). lt is assumed that the

excitatory synapses on individual neurons and neuron threshold are both distributed

approximately normally, and it follows that the distribution of neurons with respect to

both input and threshold will also be normal. Therefore, the fraction of the neuronal

poputation that will fire spikes (as measured by population spike amplitude) plotted

against increasing overall input will be the integral of this approximately normal

probability density distribution, and thus approximate a sigmoid curye (Rall, 1955).

The first poputation spike versus the prcvolley indicates overall synaptic efficiency.

Variations in both the number of activated excitatory synapses on individual neurons
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and variations in threshold neuronal threshold will modify this input/output curye.
The first population spike versus the fEPSP input/output curve wilt be modified by
alterations in threshold of the underlying neuronal population. Multiple poputation
spikes reflects firing of a multiple action potentiats in some of the underlying
neuronal population. This is supported by the good temporal coincidence of
multiple population spikes and multiple action potentials seen in paired intraceltutar
and extracellular recordings in the hippocampal slice (Meíer et al. 1992; Williams ef
a/. 1993). This multiple firing suggests that neurons are remaining depolarised above
threshold for longer duration, either as a result of protonged excitatory input or
reduced inhibition of the postsynaptic neurons. The second population spike versus

the prevolley input/output curve could be modified by prolonged activation of AMpA
receptor channels or increased activation of NMDA receptor channels. On the other
hand, the input/output cutves describing the second poputation spike against either
the prevolley or the fEPSP could be modified by changes in the duration of neuronal
threshold independent of excitatory input, such as by variation in inhibition or in
intrinsic membrane currents.

lnpuloutput cunre analysis was essentially as described in the literature (Balestrino ef
al. 1986; Skelton et al. 1983), with the modification that second population spike
amplitude was also included. For the inpuVoutput curyes predicted to be tinear, the
slope of the line of best fit was calculated using the least squares linear regression

method. The areas bounded by the approximately sigmoid curves and the abscissa

were estimated as previously described (Skelton et al. 1983; Balestrino ef at. 1986),

using the following formula.

AREA -Vt+Yz)lXz- Xt) *Vz+Yù(Xs- x.) *...*(Yr-1+Y)(Xn- xn-l_ (3.3)2 2 -"'-T
When comparing cuwe areas before and after treatment, the same range of abscissa

values was used. lnpuUoutput curye data for any treatment is shown as a percentage

of the pretreatmeni vaiue, with the exception of the inpui/output curyes for the
second population spike which, often being zero pretreatment, were expresses as a
percentage of the first population spike pre-treatment input/output curve value.
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Figure 3.4 InpuUoutput curves of CAt field potentials
lnput/output curyes of field potentials constructed from recordings of prevolley, ÍEPSP and

first orthodromic populatíon spike taken before, open circles, and one hour following 30
minutes of hypoxia, open triangles. The filled symbols are curues constructed from
measurements of the second orthodromíc population spike.

3.2.3.4. Time course studies

To measure the time course of action of experimental treatments such as hypoxia or

drugs during their application to the slice, the stimulus was adjusted to give a first

population spike amplitude of 85o/o of maximum amplitude. This just submaximal

response was used to allow identification of changes in excitability without using the

more definitive, but time consum¡ng, inpuVoutput curve method. Supramaximal

responses may mask some m¡nor depressive effects of agents, while just submaximal

responses ensures that secondary spikes will be evident if hyperexcitability occurs.

Field potentials were recorded for 2 minutes (6 stimuli to each pathway) before

introduction of hypoxic or drug conta¡ning ACSF. Field potentials were expressed as

a percentage of the first minute minute average, with the except¡on of the second

population spike which is expregsed as percentage of the initial minute value of the

first population spike amplitude. Thus the second minute value is also a control

value which, being normally distributed, was used for paired comparisons. Since the

prevolley rides on the initial slope of the fEPSP it contaminated the fEPSP rate of rise

measurements. The contribution of prevolley to fEPSP rate of r¡se was subtracted by

measuring the fEPSP, at the end of experimentation, under conditions of negligible

-ttt'wI
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synapt¡c transmission in ACSF containing 4mM magnesium and 0.24mM catcium,
and the minimum fEPSP rate of rise obtained was then subtracted from all previous
measurements.

3.3. PRESENTATION AND STATISTICAL ANALYSIS OF DATA

Normalised data is presented as meano/o i standard error of the mean (S.E.M.) Raw
data is presented as mean + standard deviation (S.D.). Vatues of n, generally n:5,
are stated in text.

Statistics analysis was carried out by paired or unpaired Student's t-test where
appropriate, or by 1-way or 2-way analysis of variance (ANOVA) followed by a

modified t-test, using the ANOVA within samples mean sum of squares as a pooled
estimate of variance and the within sample degrees of freedom to determine the
critical t statistic value. Unless stated otherwise in the text, significance was assumed
at P < 0.05 for single comparisons or P < 0.01 for multiple comparisons, 1{ailed tests.

Unless otherwise stated, P values in the text are for 1-tailed tests. When normatised
data from different series of slices were compared, raw pre-treatment data was
analysed by ANOVA or unpaired t-test to verify that the control populations were the
same.

3.4. ETHICAL CONSIDERATIONS

All experimental work involvíng animals conformed to National Health and Medical
Research Council animal usage guidelines, and was approved by the Animal Ethics
Committees of the University of Adelaide and the lnstitute of Medicat and Veterinary
Science.
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4. ACUTE ACTIONS OF HYPOXIA

4.1 . INTRODUCTION

For a number of years, the hippocampal slice has been used as a model for

investigating the acute effects of hypoxia, including hypoxic depression of synaptic

transmission, acute excitotoxicity, and the selective vulnerability of the CA,,

pyramidal neurons. Recently, the use of 1OmM glucose has become standard for

incubation of hippocampal slices, as it provides more stable electrophysiological

responses than lower glucose levels. Nevedheless, some laboratories use a mor€

physiological level of 4mM glucose, but hypoxia in the presence of 4mM glucose, is

similar to an ischaemic insult, as discussed in chapter 2 section 2.4.5.4.

Consequently, even brief hypoxia in low glucose results in hypoxic spreading

depression and irreversible loss of electrophysiological function in the CA.' (Kass,

1987; Kass and Lipton, 1986). However, considerable work using 1OmM glucose has

established that even prolonged hypoxia is well tolerated in the in vitro hippocampal

slice, where synaptic transmission is depressed during hypoxia but recovers with

reoxygenation (Fujiwara et al. 1987; Schiff and Somjen, 1985). lt is also likely that

tolerance to hypoxia is further improved with lower incubation temperatures (Taylor

and Weber, 1993).

ln the hippocampal slice and the spinal cord, the causal relationship between

hypoxic release of adenosine and hypoxic depression of synaptic transmission has

been well established (Cribkoff et al. 1990; Fowler, 1989; Cribkoff and Bauman,

1992; Fowler, 1993; Lloyd et al. 1988). Adenosine has also been proposed as a

"retaliatory metabolite" (Newby et al. 1990), where activation of At receptors in vivo

is associated with protection of neurons against ischaemic excitotoxic damage.

lrreversible loss of synaptic transmission following ischaemia/hypoxia in the

hippocampal slice is an indication of acute excitotoxic neuronal damage (Lobner and

Lipton, 1993). lt is possible that extracellular accumulation of adenosine in the

hippocampal slice provides protection of CA., pyramidal neurons against

excitotoxicity, and contributes to the recovery of synaptic transmission following

hypoxia.

ln the present model, using 1OmM glucose at 32"c, depression of synaptic

transmission during prolonged hypoxia, and recovery of synaptic transmission with

reoxygenation was examined in detail, to establish the viability of hippocampal slices

for fuÉher investigation. Adenosine accumulation and adenosine At receptor-

mediated depression of synaptic transmission during hypoxia was verified, and the

role of this depression in the survival of pyramidal neurons exposed to hypoxia was

evaluated. In addition, an estimate was made of the concentration of adenosine that
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is achieved during hypoxia in the vicinity of the A' rcceptors on the excitatory
synaptic terminals. Thus, it is proposed that superfusion of hippocampal stices with
hypoxic ACSF causes a rapid, reversible depression of synaptic transmission; and the
CA1 pyramídal neuron population surr¡ives 30 minutes of such hypoxia, as illustrated
by full recovery of synaptic transmission. Fudhermore, the depression of synaptic
transmission during hypoxia, being due to adenosine A' receptor activation, is

blocked by selective adenosine 41 receptor antagonists. Such A' receptor activation
during hypoxia is the result of an enormous extracettular accumulation of adenosine.
Finally, antagonism of adenosine 4., receptor-mediated neuronal depression during
hypoxia does not prevent full recovery of synaptic transmission in the CA., area.

4.2. METHODS

ln the following investigations, hippocampal slices were exposed to only a single
drug or hypoxic treatment, thus all comparisons were between different slices,
prepared from different animals. ln the figures illustrating time course of drug or
hypoxia actions, the first two time points are always recorded in drug free, normoxic
ACSF, and the first time point is considered baseline. All data is prcsented as a
percentage of the baseline recording. When used, antagonists were superfused onto
hippocampal slices for five minutes prior to superfusion with hypoxic ACSF.

lnput/output curves were typically recorded over 12 minutes. lnpuVoutput
recordings were made immediately prior to treatment of slices with drugs or hypoxia
and then again after one hour of reoxygenation and wash with normoxic ACSF.

Headspace gas analysis of ACSF samples for carbon monoxide (CO) was performed

by gas chromatographic separation of gases on a motecular sieve column and

catalytic conversion of CO to methane for flame ionisation detection. B-cyclopentyl-
1,3-dimethylxanthine (8-cyclopentyltheophylline, B-cpr), 1,3-dipropyl-8-p-
sulfophenylxanthine (DPSPX) and cyclopentyladenosine (CPA) were purchased from
Research Biochemical lncorporated, 2,4 dinitrophenol (DNP) and gtibenclamide

were purchased from Sigma, adenosine was obtained from Calbiochem and 2-OH-
saclofen was provided by Dr. D. l. B. Kerr. 8-CPT and DNP stock solutions were

made in 0.05N NaOH, CPA and glibenclamide stock solutions were made in

ethanol, and DPSPX and adenosine stock solutions were made in distilted water. 2-

OH-saclofen was dissolved in equimolar NaOH then diluted directly into ACSF.

4.3. RESULTS

4.3.1. HYPOXTA

4.3,1.1. Acute effects of hypoxia

Superfusion of hippocampal slices with hypoxic ACSF caused a rapid, reversible

depression of synaptic field potentials, as can be seen in figure 4.1, where the
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postsynapt¡c field potentials are lost while the prevolley is preserved. Upon

reoxygenation, synaptic transmission returned to pre-hypoxic levels, but was

characterised by appearance of a second population spike; this post-hypoxic

hyperexcitability will be addressed in detail in chapter 6. ACSF POz above

450mmHg, produced by gassing with at least 600/o 02¡ Wâs required to maintain

synaptic transmission, any ACSF equilibrated with 50o/o 02 or less, caused loss of

synaptic transmission. ln these studies, hypoxic ACSF was produced by gassing with

95o/o N2 / soh CO2, unless otherwise indicated. Figure 4.2 shows the time course of

the alterations of field potentials induced by superfusion of slices with hypoxic ACSF

for 30 minutes (n : 5) compared to a separate set of slices never exposed to hypoxia

(n : 5). Evoked field potentials from hippocampal slices not exposed to hypoxic

ACSF remained relatively unchanged over a 40 minute time period, figure 4.2.

However, in slices exposed to 30 minutes of hypoxic superfusion, the fEPSP and

population spike were maximally depressed by 7 and 4 minutes respectively

following the switch from normoxic to hypoxic ACSF, and remain depressed

throughout hypoxia. Figure 4.3 shows the minimum amplitudes or rate of rise of the

field potentials for these same slices. The fEPSP rate of rise in the apical dendrite

field was depressed to 5.53 t 0.680/o S.E.M. (n : 5), of its baseline value during

hypoxia, this non-zero value results from some contamination of the fEPSP by the

prevolley, the latter unaffected by hypoxia; thus, synaptic transmission was probably

more completely depressed. The population spike, which measures the summed

action potentials in the neuronal population was not evident during hypoxia (n : 5).

Both oÉhodromic field potentials were significantly smaller during hypoxia than the

minimum field potentials measured in slices exposed to an identical period of

normoxic incubation P < 0.01. Non-synaptic field potentials were less sensitive to

hypoxia, as the antidromic population spike amplitude declined lo 79.7 t 6.2oh

S.E.M. (n : 5) over 10 minutes, followed by a slowerdecline to a minimum of 69.7

t 56.00/o S.E.M. (n : 5), just prior to reoxygenation, which was significantly smaller

than the minimum amplitude in normoxic slices, P<0.01, figures 4.2and 4.3. The

prevolley, a compound action potential which measures afferent input to the CAt

neurons, was not depressed by hypoxia. Thus, excitatory synaptic transmission and,

to a much lesser extent, postsynaptic excitability are depressed by hypoxia, but

axonal conduction of action potentials is unaffected. Orthodromic and antidromic

field potentials began to recover within two minutes of reintroduction of normoxic

ACSF and full recovery took 7 minutes.

4.3.1.2. I npuUoutput curves

Fudher analysis of synaptic transmission was achieved by producing inpuUoutput

curyes of field potentials immediately before and one hour following hypoxia. Such

inpuUoutput curyes examine alterations in synaptic transmission and neuronal
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threshold (Balestrino et al. 1986). Figure 4.4 shows sample input/output curyes
produced before, and one hour following 30 minutes hypoxia, and shows that, in
these slices, synaptic transmission was not altered by hypoxia. Figure 4.5 shows the
mean slopes or areas of the post-treatment input/output curves of field potentiat
components and additionally the mean maximum first poputation spike amplitude for
slices exposed either to 30 minutes hypoxic superfusion (n : 5) or to continual
normoxic incubation (n = 5). 'These post{reatment values are expressed as a

percentage of the pre-treatment values, analysis of raw pre-treatment data shows that
these two series of slices form one poputation, so post-treatment data can be
compared. Post-treatment input/output curves did not differ between hypoxia and
normoxia, illustrating that axonal conduction, synaptic transmission, and postsynaptic
spike threshold are not differently affected by hypoxia or normoxia. Maximum
population spike amplitude of post-hypoxic slices was stightly, but significantty,
greater than that from normoxic slices (P < 0.05, n = 5), suggesting that the neuronal
population is as well preserved following hypoxia as following normoxic incubation.
It is apparent in this figure that the area under the curves relating poputation spike
amplitude to fEPSP rate of rise in both series of slices was greater than l11o/o,

showing this relationship increased with time; however, neither the population spike
amplitude or the fEPSP rate of rise increased in comparison to the prevolley. Since
neither postsynaptic field potential varied with the prevotley, despite an alteration in
their inter-relationship, this suggests that the increase in population spike versus
fEPSP is an artefact; indeed, this was typical of most stices. The explanation of this
seems to be the slight deterioration of the fEPSP recording with time, insufficient to
alter the slope of its relationship with the prevolley, that caused a smatl left shift in
the curve relating population spike to fEPSP, evident in figure 4.4. Since areas were
calculated using the same range of abscissa values, this resulted in raised post-

treatment area. lt is unlikely that this represents a true increase in postsynaptic

excítability with time.

4.3.1.3. Miscellaneous hypoxic exposures

To further explore the resilience of the hippocampat slice preparation, some stices
were exposed to two 30 minutes superlusions with hypoxic ACSF (n = 3) separated
by 90 minutes. Slices survived the second hypoxic exposure with synaptic
transmission being preserved. One slice was exposed to hypoxia at 36"C for 15

minutes and synaptic transmission recovered upon reoxygenation. Longer periods of
hypoxia near physiological temperature were not examined.

4.3.2. CARBON MONOXIDE

While PO, was not measured within the slice during hypoxia or nornoxia, it was

assumed to be lower than bath POr, due to the diffusion limitations imposed by the
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Figure 4.1 Effects of superfusion of hypoxic ACSF on synaptic field potentials in the
hippocampal slice
Synaptic fíeld potentials in the CA1 area evoked by Schaffer collateral/commissural
stimulation. The left column shows recordings from the stratum pyramidale (cell body
layer) and the right column shows'recordings from stratum radiatum (apical
dendritdsynaptic layer). From top to bottom are shown respectively response from
before, during and t hour following 30 minutes of hypoxia. Calibration bars are 1mV
and 1ms, negative down. Stimulus artefacts are truncated for clarity.

slice thickness of 400¡rm and by oxygen consumpt¡on, as discussed in chapter 3. lt is
presumed that the near, or total, anoxia achieved within the slice with hypoxic

superfus¡on inhibits oxidative phosphorylation and alters neuronal ene€y
homeostasis. ln order to confirm hippocampal slice surv¡val under severe inhibition

of oxidative phosphorylation, investigations of histotoxic hypoxia (Brierley, 1976)

were carr¡ed out, induced by inhibiting the electron transport chain with CO, and

also by uncoupl¡ng electron transport from ATP product¡on with DNP.

CO toxicity is associated with delayed neuronal degeneration which resembles

ischaemic or hypox¡c brain damage (LaPrcsle and Fardeau, 1967; Plum ef al. 1962).

CO toxicity in vivo is generally thought to be a result of tissue hypoxia due to failure

of oxygen delivery as a result of the grcater affinity of haemoglobin (Hb) for CO than

97

-J



IJ
tzoè
tn
Ut
J
o
æt-z
oo
tszU
oe
l¡J
À

0

120

t20

EO

10

100

120

100

80

/10

0

120

80

0 l0 20

MINUTES

30 10

tigure 4.2 Time course of hypoxic alterations in field potentials in the cA1 area
Field potentials in hippocampal slices before, during and after 30 minuies of hypoxia
alone (n : 5) and during a similar period of normoxic incubation in slices never exposed
to hypoxia (n = 5). Hypoxia was produced by superlusion of slices with hypoxic ACSF
for 30 minutes as indicated by the bar at bottom. Schaffer collateral/commissural fibres
were stimulated at 0.05H2 and each three consecutive field potentials averaged to give
minute averages. Values are expressed as a percentage of the baseline (first minute
average) response. Points represent the mean t S.E.M. (n = 5) for each condition, where
no error bars are evident, they are smaller than the symbol. fEPSP values represent the
percentage of the baseline rate of rise of the inítíal segment and all other values are
percentage of baseline amplitude of the respective field potentials. Hypoxia caused
significant depression of fEPSP, orthodromic populatíon spike and antidromic population
spike compared to normoxia. ln slices not exposed to hypoxia, field potential values
remained close to 100o/o of baseline.

for oxygen; however, there is evidence to suggest that CO has direct toxic effects,

independent of COHb-induced hypoxia (Haldane, 1927; Piantadosi et al. 1988;
Orellano et al. 1976; Raybourn et al. 1978). A possible cellular target for CO in
produc¡ng direct toxic effects would be cytochroh€ â3r part of the terminat etectron

carr¡er complex in the mitochondrial respiratory chain. This complex is known to
bind CO (Chance, 1953), and the result¡ng block in resp¡rat¡on would cause

histotoxic hypoxia (Brierley, 197 6).

The hypoxic ACSF produced here, to compare with nitrogen or CO, was gassed with
10o/o oxygen and had a mean POroi 79 t 12 mmHg (n = 7). Headspace analysis

indicated that the hypoxic ACSF prepared with 85o/o CO in the bubbling m¡xture was

orlhodromlc populollon splkc

fEPSP

onlidromic populolion spikc

prcvollcy

v hYPorlo
hypoxlo

98



00

80

60

40

20

t
l¡J
f
J

Jo
É,
t-z
oo
ò{

0
fEPS P P. sP¡ke onli. prevolley

P.splko

Figure 4.3 Minimum values of field potentials during normox¡a and hypoxia with and
without adenosine A1 receptor antagonism
Shows the minimum values, mean + S.E.M., of the field potential components during
hypoxia alone (n = 5), hypoxia in the presence of lpM 8-CPT (n = 5) and hypoxia in the
presence of 1OpM 8-CPT (n = 3), compared to time matched values during normoxia
(n = 5), each condition tested in different slices. Values are expressed as percentage of
baseline as in figure 4.2. Minimum values for the fEPSP, population spike, antidromic
population spike and prevolley during hypoxia are 5.53 I 0.680/o, 0 * 0o/o, 69.73 t
56.O4o/o, and 98.03 + 1.560/o respectively, for hypoxia in the presence of 1¡rM 8-CPT are
54.09 t 5.85o/o, 34.14 ! 11.47o/o,80.98 t 8.91o/o, and 98.32 + 0.640/o respectively.
Minimum values for the fEPSP, population spike and prevolley during hypoxia in the
presence of 10pM 8-CPT are 73.74 + 7.83o/o,66.55 t 3.08o/o and 104.10 + 4.55o/o,
respectively. Double asterisks denotes values that are significantly smaller than all other
values, P < 0.01. Single aster¡sk denotes values significantly smaller than 1OpM B-CPT
and normoxia, P S 0.01. Arrows denote significantly different from normoxia, P S 0.01.
N/M indicates that antidromic spike was not measured.

saturated with this gas, giving aCO|O2 ratio of approx¡mately 8 based on the similar
solubilities of these gases (Altman and Dittmer, 1971). Assuming similar diffusion
coefficients for these gases, tissue CO levels should greatly exceed oxygen and these

two gases compete approx¡mately equally for cytochrome a, binding (Coburn, 1979;

Haab, 1990).

Hypoxic ACSF equilibrated with CO produced a depression of synaptic transmission

identical to that in nitrogen-induced hypoxia. Synaptic transmission, as assessed

from input/output curyes, one hour following 30 minutes superfusion with hypoxic
ACSF, prepared us¡ng either CO or nitrogen, is shown in figure 4.6. No significant

difference existed between the post-hypox¡a values of any input/output curves or

maximum populat¡on spike height recorded from slices exposed to either nitrogen
(n : 5) or CO (n : 5) as the diluent gas (P < 0.05). Superfusion of slices with ACSF

conta¡n¡ng 2o/o CO (n:16), 10o/o CO (n=8) or 35o/o CO (n:1), in the presence of

Sreater than 600/o oxygen, did not acutely depress, or have any other effects on,

synapt¡c transmission, data not shown. This indicates that, in the hippocampal slice,

CO is no more toxic than nitrogen.
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Figure 4.4 InpuUoutput curves
lnput/output curyes of field potentials from a representat¡ve slice constructed before,
circles, and one hour following 30 minutes of hypoxia, triangles. lnpuVoutput curues
were constructed from measurements of prevolley amplitude , fEPSP rate of rise and first
orthodromic population spike amplitude recorded over a range of stimulus currents. Each
point ís measured from an average of three responses evoked using 0.05H2 stimulation.

4.3.3. 2,4-DtNtTROPH ENOt

A further strategy to mimic anox¡a was to inhibit mitochondrial oxidative
phosphorylation using DNP which dissipates the proton electrochemical gradient
across the inner mitochondrial membrane and thus uncouples mitochondrial
resp¡rat¡on from ATP production. As with hypoxia, thir.ty minutes superfusion w¡th
normox¡c ACSF contain¡ng DNP 50 pM (n = 2) produced a rapid, reversible

depression of synaptic transmission, as evident in figure 4.7. The onset of synaptic

depression was ídentical with DNP and hypoxia, but the highly lipophilic DNP was

slow to washout, and synaptic transmission only returned slowly wíth reoxygenation,

but did recoverfully with continued wash. 1O¡rM DNP similarly caused a complete,
revers¡ble inhibition of synaptic transmissiorì (n : 1), this slice tolerated two separate

30 minute DNP exposures with complete recovery of synaptic transmiss¡on, data not

shown. The CAr pyramidal neuron population surv¡ves prolonged inhibition of
eneryy production by mitochondrial uncoupling.
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Figure 4.5 Comparison of inpuUoutput curves following hypoxia or normoxia
Slopes or areas of the post-treatment inpuVoutput curves of prevolley amplitude (PREV),

fEPSP rate of rise (fEPSP) and first population spike amplitude (PS) and additionally the
maximum first population spike amplitude (MAX PS AMPL) taken one hour following 30
minutes of either hypoxic and normoxic superfusion. Post{reatment values are expressed
as a percentage of the pre'treatment inpuUoutput or maximum population spike
amplitude values for the same slice, mean t S.E.M. (n : 5). There was no significant
difference between the post-treatment input/output curves for hypoxía or normoxia.
Asterisk indicates that the maximum population spike amplitude was significantly greater
following hypoxia than that from normoxic slices (P < 0.05).

4.3.4. ADENOSTNE A1 RECEPTOR ANTAGONTSM AND HYPOXTA

4.3.4.1. Acute effects of hypoxia during A, receptor antagon¡sm

Hypoxic inhibition of synaptic transmission is due largely to activation of A1

receptors by an increase in extracellular adenosine. Adenosine 4., receptor blockade

during hypoxia therefore resulted in reduced hypoxic depression of field potentials

compared to slices exposed to hypoxia alone, figure 4.8. The methylxanthine 8-CPT

was used throughout this study as an adenosine 4., receptor antagonist. 8-CPT has

cons¡derable affinity and selectivity for the 4., receptor in binding assays, A1 Ki

10.9nM versus Az K¡ 1400nM (Bruns et al. 1986), and has been shown to have an

apparent affinity (K¿) of 42nM for the 4., receptor aga¡nst agon¡st induced depression

of synaptic transmission in the CA., area (Dunwiddie and Fredholm, 1989).

Pre-treatment of hippocampal slices with 1pM 8-CPT for 5 minutes caused a small

but significant increase in population spike amplitude to 116.3 + 2.2oh S.E.M. of

baseline and in fEPSP rate of rise to 105.2 t 3.2o/o S.E.M. of baseline (n:5,
P < 0.01). During subsequent supedusion of hypoxic ACSF in the presence of 8-CPT,

the fEPSP was only reduced to 54.1 t 5.9olo S.E.M of baseline, and the population

spike was still evident at34.1 t 11.5o/o S.E.M.(n = 5) of baseline. These values were

significantly smaller than time matched normoxic values, but larger than hypoxia

alone, P<0.01, see figure 4.3. The antidromic population spike declined to 85.4 +

5.60lo S.E.M. of its baseline value by 10 minutes of hypoxia, which was not different

from either hypoxic or normoxic time matched values, figure 4.3.
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Figure 4.6 Comparison of input/output curves following nitrogen-induced or carbon
monox¡de.¡nduced hypoxia
Slopes or areas of the post-treatment input/output curues of prevolley ampl¡tude (PREV),
fEPSP rate of rise (ÍEPSP) and first population spike amplítude (PS) and additionally the
maximum first population spike amplitude (MAX PS AMPL) taken one hour following 30
minutes of superfusion with ACSF equilibrated with either 859o nitrogen or 85o/o carbon
monoxide. Post-treatment values are expressed as a percentage of the pre.treatment
input/output or maximum population spike amplitude values for the same slice, mean +
S.E.M. (n : 5). There was no sígnificant difference between the post-treatment
inpuUoutput curves for nitrogen or carbon monoxide (P S 0.05).

The block of hypoxic depression of synapt¡c field potentials by 8-CPT was

concentration dependent, figure 4.3. ln the presence of 1OpM B-CPT, the minimum
hypoxic fEPSP was 73.7 + 7.ïoh S.E.M., and the minimum hypoxic populat¡on spike
was 66.6* 3.1olo S.E.M. (n : 3). Synaptic field potentialsduring hypoxia in slices in
the presence of 1O¡rM 8-CPT were significantly laryer than those from slices made

hypoxic either in the presence of 1pM 8-CPT or without antagonist. Although the
fEPSP and population spike were clearly depressed during hypoxia in the presence of
1OpM 8-CPT, this depression failed to reach significance compared to normoxic field
potentials (P < 0.01).

Normoxic incubation of slices with l¡rM B-CPT for 35 minutes caused a slight
significant increase in the fEPSP to 115.0 t 6.Bo/o S.E.M. and in the population spike
to 114.8 t 6.90/o S.E.M. (P<0.05, n:5) of their baseline values, effects which
declined with washout of the 8-CPT, data not shown. This increase in field potentials

is a result of blockade of the tonic adenosine tone at the A., receptors during
normoxia. The increase in the fEPSP rate of rise and population spike ampl¡tude
prior to hypoxia was similar with 1pM or 10pM B-CPT; 10pM B-CPT caused the
fEPSP rate or rise to increase to 104.9 t 4.260/o and the population spike amplitude to
increase to 110.6 + 2.60/0 neither of these were significantly different from 1pM
8-CPT (P < 0.05), data not shown. This suggests that even lpM 8-CPT is sufficient to
block tonic activation of 4., receptors by the basal, normoxic levels of adenosine
present in the extracellular space of the slice.
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Figure 4.7 Comparison of the time course of alterations in field potentials in the CA1
area by hypoxia or 2,4 dinitrophenol
Alterations in field potentials in hippocampal slices before, during and after 30 minutes of
superfusion with hypoxic ACSF (n = 5) or with normoxic ACSF containing DNP 50pM
(n = 5). Hypoxia or DNP supedusion is indicated by the bar at bottom. Data was
collected and presented as in iigure 4.2. Hypoxia data in this figure is from the same
slices as tigure 4.2, presented for comparison. DNP, like hypoxia, caused depression of
the fEPSP and orthodromic population spíke.

ln order to verify that the effects of 8-CPT were due to adenosine 4., receptor

antagon¡sm, another adenosine receptor antagon¡st, DPSPX, was tested aga¡nst

hypoxia. DPSPX has considerably less affinity and selectivity for the adenosine A'
receptorthan 8-CPT: K, A,' 21OnM and A2b 71OnM (Daly et al. 1985). ln addition,

this methylxanthine, unlike 8-CPT, is charyed and relatively lipid insoluble, and will
therefore not penetrate the cell membrane, excluding the possibility of inhibition of

intracellular phosphodiesterases, an act¡on typical of methylxanthines (Goodsell ef al.

1971). DPSPX 75pM (n: 1) reduced hypoxic depression of the populat¡on spike

and fEPSP, figure 4.9, this concentration being approximately equipotent with 1¡rM

8-CPT.

4.3.4.2. I npuUoutput curves

lnpuVoutput curues were produced immediately before and one hour following
treatment with 8-CPT alone, and in combination with hypoxia, to explore any

pers¡stent consequences of adenosine A' receptor antagonism during hypoxia and
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normox¡a. Figure 4.10 shows the slopes or areas of the post-treatment input/output
curues of early field potential components and additionally the maximum first
population spike amplitude, expressed as a percentage of the pre-treatment values.

This figure includes the data presented in figure 4.5 for slices not exposed to 8-CPT.

1-way ANOVA indicated that the raw values for the pre-treatment input/output curues

for the four treatment groups were from the same population, so post-treatment

normalised percentage values between treatment groups can be compared. As an

exception were the inpuUoutput areas of population spike 1 versus the fEPSP, the pre-

treatment raw values of the different groups were significantly different (P < 0.01),

and the post-treatment, normalised values showed significant within sample variation

by 2-way ANOVA 1n < 0.05); therefore, no conclusions will be drawn from these

data. No post-treatment values of input/output curyes of early field potential

components showed any differences, demonstrating that early components of
synaptic transmission and neuronal excitability were not altered by hypoxia or
antagonist treatment. Maximum populatíon spike amplitude of post hypoxic slices

was significantly greater than normoxic slices and 8-CPT/normoxic slices (P < 0.05).

Slices exposed to hypoxia in the presence of 8-CPT had maximum population spike

amplitudes that were not different from other groups, figure 4.1O. Adenosine A'
receptor antagonism during hypoxia does not compromise suruival of the CA,,

neuronal population.

4.3.s. ADENOSTNE A1 RECEPTOR ACTTVATTON W|TH EXOGENOUS AGONTSTS

Superfusion of slices with exogenous adenosine, or with the selective adenosine A'
receptor agonist CPA, produced a reversible depression of synaptic transmission,

without effect on the prevolley or antidromic population spike. Synaptic

transmission remained depressed throughout 30 minutes superfusion with these

agonists, data not shown. The time course of depression and recovery of synaptic

transmission with superfusion of adenosine, the putative endogenous agonist, was

similar to that with hypoxia. Synaptic transmission recovered slowly with washout of

CPA which, unlike adenosine, is not a substrate for uptake by the nucleoside

transpoder. lnhibition of synaptic transmission was concentration dependent as

shown in the concentration/response curye for inhibition of the fEPSP in figure 4.11.

Hill plots, not shown, of these concentration/response curyes gave for adenosine

(n : 4) an ECrs of 17pM, Hill slope 1.64 and for CPA (n : 3) an ECro of 52nM, Hill

slope 1.79.

4.3.6. ADENOSTNE A1 RECEPTORS, BUT NOT ATP-SENS|TIVE POTASSIUM
CHANNEtS, CONTRTBUTE TO 2,4 DtNITROPHENOt-tNDUCED DEPRESSION OF
SYNAPTIC TRANSMISS¡ON

The synaptic depression due to DNP, like hypoxia, is the result of adenosine At

receptor activation. ln the presence of 1pM 8-CPT, synaptic depression due to 30
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minutes superfusion with 1OpM DNP was reduced compared to DNP alone (n = 1),

data not shown. As will be seen in chapter 5, 1¡rM 8-CPT reduced the synaptic
depression induced by brief application of 20pM or 50pM DNP.

Many studies have demonstrated that hypoxia produces an outward cunent through
potassium channels (Hansen et al. 1982; Fujiwaraet al. 1987; Leblond and Krnjevic,

1989; Krnjevic and Xu, 1990b), that is responsible for hypoxic hyperpolarisation and

may be associated with the hypoxic depression of synaptic transmission. DNP
produces a similar potassium current mediated hyperpolarisation in codical neurons
(Godfraind et al. 1970; Codfraind et al. 1971\. ln addition to depressing synaptic

transmission, adenosine, acting at 4., receptors, is known to increase presynaptic and

postsynaptic potassium currents (Pan ef al. 1994; Creene and Haas, 1985; Haas and

Creene, 1984; Segal, 1982). ln some brain areas, ATP-sensitive potassium channels

open in response to ATP depletion during hypoxia (Mourre et al. 1989; Amoroso ef
al. 199O; Murphy and Greenfield, 1991). DNP was used to assess the contribution of
ATP-sensitive potassium channels to hypoxic depression of synaptic field potentials.

The partial depression of the fEPSP and population spike by DNP in the presence of
1pM 8-CPT was not alleviated by the ATP-sensitive potassium channel blocker
glibenclamide 5¡rM (n : 3). This indicates that in the CA,, area of the hippocampus,

ATP-sensitive potassium channels do not contribute to inhibition of neuronal activity
duri ng energy deprivation.

4.3.7. CATCUTAT¡ON OF ADENOSINE CONCENTRAT¡ON DURING HYPOXIA

While adenosine acts at both presynaptic and postsynaptic 4., receptors, hypoxic
block of synaptic transmission at the Schaffer collateral/CA, synapse is largely

presynaptic (Zhang and Krnjevic, 1993; Krnjevic and Xu, 1990b). Postsynaptic A'
receptors probably reduce field potentials, particularly the population spike, by

hyperpolarisation of the membrane away from threshold, and by current shunting.

Adenosine A., receptor-mediated presynaptic depression of synaptic transmission is

best measured as the reduction in the fEPSP, as this field potential should be less

affected by postsynaptic actions of adenosine; indeed, hyperpolarisation and current

shunt should have opposing effects on the fEPSP. Conveniently, during hypoxia,

antagonism of adenosine A' receptors with 1pM 8-CPT reduced deprcssion of the

fEPSP to approximately 50o/o. Comparison of this hypoxic ECro in the presence of
antagonist (ECsoB) wíth the ECro for depression of the fEPSP by exogenous adenosine
(ECso), both putative A' receptor actions, might provide an estimate of extracellular

adenosine concentrations in the vicinity of the excitatory synapses during hypoxia.

Measurement of adenosine ECro and Hill slope is complicated by both the presence

of basal adenosine levels and rapid uptake and metabolism of exogenous adenosine.

Dunwiddie and Diao carefully examined this problem and arrived at an estimate of
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200nM endogenous adenosine present in the hippocampat slice, and calculated the
actual ECro for adenosine as 610nM (Dunwíddie and Diao, 1gg4)" 'These figures are
arrived at by measuring exogenous adenosine concentration/response in the presence
of large antagonist concentrations and nucleoside transporter btockers to minimise
contributíons of endogenous adenosine and nucleoside uptake. The ECuo is then
corrected for the antagonist shift, estimated from the shift of CHA
concentration/response curye, and equation 4.1 curue fitted (Dunwiddie and Diao,
1994).

g'=8:l9 where:

([A]+ [Aen¿])H

(4.1)

([A]+[R"no])H+EC5sH
(4.2)

Ro = [Aen¿]H'rA#ftu¡ (4'3)

lAenol =Fl)h.ECso (4.4)

Where tAl is exogenous adenosine [A"n¿] is endogenous adenosine, Fl is the
fractional increase in the baselíne fEPSP due to complete block of endogenous
adenosine with A1 receptor antagonists, H is the Hill plot slope for CHA, and ECro is

the calculated actual ECro for adenosine. R is the fractional depression of the fEpSp

by adenosine, Ro is the tonic depression due to endogenous adenosine alone and R'

is the response redefined with Ro considered to be basetine, such as is usuatty done,
including in the present investigation.

Dunwiddie and colleagues measured the CA' fEPSP amptitude and found an

adenosine apparent ECro of 29¡tM and Fl of 0.18-0.20 (Dunwiddie and Fredholm,
1984; Dunwiddie and Diao, 1994). The present work measured fEPSP rate of rise,

but similarly found an apparent adenosine ECuo of 17pM and Fl of 0.15, this latter
figure being taken only from slices where the fEPSP rate of rise before 8-CPT was
judged to be sub-maxima! (114.9 t. 11.7a/o s.E.M, n:7). The pubtished K, for
B-CPT antagonism of 41 receptor-induced depression of the CA, fEPSP amplitude is

42nM, with a Schild slope not different from unity (Dunwiddie and Fredholm, 1989).

The Schild equation relates the dose response, gp=[EC5¡ylECsoB] which is the
quotient of the ECro for an agonist alone and the ECro in the presence of antagonist,
to the concentration of antagonist tBl and the antagonist affinity for the receptor K, by
the equatíon: log(OR-l) : s.loglBl - log(Kd (Lazareno and Birdsall, 1993).
Extracellular adenosine accumulation during hypoxia provides approximatety 50o/o

depression of the fEPSP in presence of 1¡rM 8-CPT: from figure 4.3, R' = 0.46, us¡ng

the measured Fl of 0.15, Ro : 0.15/1.15 : 0.13 and rearranging equation 4.1 gives

R : R'(1-Ro) + Ro : 0.53" Therefore, the extracellular adenosine concentration

R=
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Figure 4.8 Time course of hypoxic changes in field potentials in the CA1 area in the
presence of the adenosine At receptor antagonist 8-CPT
Time course of alterations of the hippocampal slice field potentials before, during and
after 30 minutes of hypoxia alone (n = 5) and hypoxia in the presence of 1pM 8-CPT
(n : 5). Slices were pretreated with 8-CPT for 5 minutes before hypoxia. Hypoxia is
produced by superlusion of slices with hypoxic ACSF for 30 minutes as indicated by the
bar at bottom. Data was collected and presented as in Íigure 4.2. Hypoxia without
antagonist data in this figure is from the same slices as Íigure 4.2, presented for
comparison. Hypoxic depression of fEPSP, orthodromic population spike and antidromic
population spike was attenuated by 8-CPT, see figure 4.3.

during hypoxia approximatesthe ECrot in the presence of lpM 8-CPT and calculating

lECs.Bl : DR. [ECs'] should g¡ve an estimate of hypoxic adenosine accumulation.

Solving the Schild equat¡on for DR using [B] = 1x10{M, Ke = 4.2x10€M, and s : 1

gives DR : 26. Solving for ECueB using the apparent ECs' of 17pM g¡ves hypoxic

adenosine as 442¡tM. Solving for ECroB us¡ng the actual ECro of 610nM g¡ves

hypoxic adenosine as 16pM. Using Dunwiddie and Diao's actual ECro and either

their Hill slope for CHA of 1.52 or my Hill slope for CPA oÍ 1.79 and my Fl : 0.15,

solving equat¡on 4.4 gives endogenous normoxic adenosine 175nM or 21 1nM

respect¡vely in the slices in this study.

These two estimates of hypoxic adenosine concentrations differ by an order of

magnitude, as the higher est¡mate is based on an ECuo determined with active uptake

of adenosine. However, this is not likely the case during hypoxia. The majority of

adenosine transport occurs by facilitated diffusion via the low affinity nucleoside
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Figure 4.9 Time course of hypoxic changes in field potentials in the CA1 area ¡n the
presence of the adenosine A1 receptor antagonist DPSPX
Time course of alterations of the hippocampal slice field potentials before, during and
after 30 minutes of hypoxia in the presence of 75pM DPSPX (n = 1) and hypoxia alone
(n = 5). Slices were pre{reated with DPSPX for 5 minutes before hypoxia. Hypoxia is

produced by superfusion of slices wíth hypoxic ACSF for 30 minutes as indicated by the
bar at bottom. Data was collected and presented as in Íigure 4.2. Hypoxia without
antagonist data in this figure is from the same slices as Íigure 4.2, presented for
comparison. Hypoxic depression of fEPSP, orthodromic population spike was attenuated
by DPSPX.

transporteç such adenosine uptake is equilibrative so that cytosolic hypoxic

adenosine levels probably reflect the elevated extracellular levels (Fredholm et al.

1984). ln addition, adenosine uptake is limited by subsequent metabolism of

adenosine via adenosine kinase (Gu and Geiger, 1992) which is not likely active with

the lowered cell ene€y charge (Bontemps et al. 1993). The sodium-dependent,

concentrative transpoder is probably saturated during hypoxia, and would not

contribute significantly to adenos¡ne uptake. Additionally, work in this laboratory,

see chapter 5, shows that the nucleoside uptake via the dipyridamole sensitive

nucleoside transpoder is impodant for terminating adenosine act¡on during

reoxygenat¡on, indicating that uptake may not be active during hypoxia. This

suggests that the calculated ECro is the correct choice, and thus it is likely that

extracellular adenos¡ne levels rise from the vicinity of 200nM during normox¡a to

16¡rM during hypoxia.
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4.4. DISCUSSION

4.4.1. HYPOXIA IS WEtt TOLERATED IN THE HIPPOCAMPAL SLICE

Permanent loss of synaptic transmission following hypoxia can be used as an index of

acute excitotoxic hypoxic neuronal damage (Kass and Lipton, 1986; Lobner and

Lipton, 1993). Orthodromic populatíon spike amplitude correlates well with the

number of histologically normal cells in the CA, area of hippocampal slice; indeed

the population spike amplitude declines proportionally with the increase of swollen

versus normal pyramidal cells following hypoxia (Misgeld and Frotscher, 1982).

Thus, assessment of synaptic transmission with field potentials allows measurement

of partial or complete damage to the underlying neuronal population. At 32"c,

synaptic transmission following hypoxic hypoxia or histotoxic hypoxia is not different

from that following identical normoxic incubation periods, and the maximum

population spike, representing the pool of surviving neurons, is similarly not reduced

by hypoxia. The slight increase in the post-hypoxic maximum population spike

amplitude may represent an increase number of neurons able to fire action potentials,

which is unlikely at maximum stimulation, or perhaps an increase in individual

action potential size, which cannot be assessed with field potentials. Alternatively,

alterations in the electrical propedies of the extracellular space will affect field

potentials; possible alterations following hypoxia that would increase the population

spike amplitude include an increase in extracellular potassium concentration (Alger

and Teyler, 1978), or a decrease in extracellular space. Whatever the reason, this

increase in population spike amplitude is only minor. Synaptic transmission also

survives multiple 30 minute hypoxic exposures, and additionally, synaptic

transmission survives at least 15 minutes of hypoxia at 36'c. This study confirms

that in the presence of 1OmM glucose, hypoxia is well tolerated in the CA., area of

the hippocampal slice (Fujiwara et al. 1987; Taylor and Weber, 1993; Schurr et al.

1987; Hansen et al. 1982). No attempt was made to determine the duration of

hypoxia required to produce CA, neuronal damage in this model, but others have

found neuronal survival following 60 minutes hypoxia (Taylorand Weber, 1993).

lrreversible loss of synaptic transmission following ischaemia is presumably acute

excitotoxicity from massive glutamate receptor activation (Lobner and Lipton, 1993).

Such neuronal death is dependent on hypoxic spreading depression (Fairchild et al.

1988; Fujiwara et al. 1987; Taylor and Weber, 1993) and these only occur with

severe ATP depletion (Kass and Lipton, 1986; Katsura et al. 1993; Folbetgrovâ et al.

1990; Kass and Lipton, 1989; Yoneda and Okada, 1989). lt is apparent from the

preservation of the antidromic spike and the prevolley that hypoxic spreading

depression did not occur in the present model (Young and Somjen, 1992; Fairchild ef

al. 1988; Sick et al. 19871; indeed, it is unlikely to occur at the temperature used here

(Taylorand Weber, 1993). lt is also likely, therefore, that in the presentstudy, ATP is
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Figure 4.10 Comparison of inpuUoutput curves following hypoxia or normox¡a alone
and in the presence of 8-CPT
Slopes or areas of the post-treatment ínpuVoutput curves of prevolley, fEPSP and fint
population spike and additionally the maximum fint population spike amplitude for
normoxic and hypoxic 8-CPT treatment, combined with the normoxia and hypoxia data
from figure 4.5. Data expressed as mean + s.E.M. (n = 5) of percentage of the pre.
treatment input/output values for the same slice. There was no significant difference
between the post-treatment input/output curyes for hypoxia or normoxia. Asterisk
denotes significantly different from normoxíc control slíces and normoxíd8-CPT slices
(P < 0.0s).

well preserved in the slice. lndeed, measurements of tissue ATP in the hippocampal
slice establish that ATP is reasonably well maintained throughout prolonged hypoxia
in the presence of 1OmM glucose (Fredholm et al. 1984; Yoneda and Okada, 1989;

Cox ef a/. 1985).

The present survival times are far in excess of the seven minute surv¡val time of CA,

neurons in vítro in 4mM glucose (Kass and Lipton, 1986). The major factor that

determines in vitro hypoxic res¡stance is the level of D-glucose in the ACSF (Schurr ef
al. 1987; Taylor and weber, 1993). Hypoxia induced in the presence of ACSF

glucose concentrations below 4mM can be cons¡dered an ischaemic model, and

rapidly leads to irreversible loss of synaptic transmíssion. Apparently anaerob¡c

glycolysis contributes to hypoxic survival of hippocampal slices. While 2-3mM

glucose suppods maximal respirat¡on in the normoxic slice (Mcllwain and Bachelard,

1971), this level may be insuffícient to support the glycolytic flux, presumably

increased due to the Pasteur effect, during hypoxia. lschaemia in vivo is complicated
by the reduced removal of metabolites, in particular, accumulation of lactic acid may

have deleter¡ous act¡ons on neuronal survival. However, in the slice lactic acid will
not accumulate due to continual superfusion and lack of glucose. Furthermore, in

vitro, lactic acid is known to be benign during hypoxia (Schun et al. 19BBa), and in

fact can be used as a substrate ¡n the normoxic hippocampal slice (Schun et al.

1988b).
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4.4.2. CARBON MONOXIDE

CO is a commonly encountered toxic gas. Severe poisoning may either be fatal or

may lead to neurological dysfunctions identical to those following hypoxia, including

coma or seizures, often followed by delayed neuropsychiatric disorders that may

occur days or weeks after apparent recovery (Plum et al. 1962). This occurs in brain

structures vulnerable to hypoxic or ischaemic insults, padicularly the hippocampus

and striatum, but also typically in the globus pallidus which is less commonly

affected by ischaemia (LaPresle and Fardeau, 1967; Meyer, 1936; Meyer, 1963).

While direct toxic effects of CO, independent of COHb induced hypoxia (Haldane,

1927; Piantadosi et al. 1988; Orellano ef al. 1976; Raybourn et al. 1978) have been

proposed, in the present study, CO was no more toxic than nitrogen. One proposed

direct toxic mechanism for CO in vivo is its ability to bind to reduced cytochrome a,

in the cytochrome oxidase complex and so inhibit mitochondrial respiration

(Piantadosi, 1987). The similarity of neuropathological changes in central white

matter with cyanide (Hirano et al. 1967) and CO poisoning (LaPresle and Fardeau,

1967) suggests that this occurs, since cyanide also inhibits respiration, but by binding

oxidised forms of cytochrome a3. Exposure of hippocampal slices to cyanide

reversibly depresses synaptic transmission in hippocampal slices in fully oxygenated

ACSF (Aitken and Braitman, 1989), a finding confirmed in this laboratory, see chapter

5, but low concentrations of CO had no comparable effect. This suggests that, with a

PO, sufficient to maintain synaptic transmission, CO does not inhibit mitochondrial

respiration, although CO might be expected to bind cytochrome ar. Tissue hypoxia

and a high CO/O, ratio at the mitochondria are necessary Íor in vívo binding of CO

to'cytochrome a3 (Piantadosi et al. 1988; Piantadosi, '1987; Brierley, 1976); the

hypoxic ACSF in this study had a CO/O2 ratio of 8, in the range of that previously

calculated as required for CO binding to cytochromes (Coburn, 1979; Haab, 1990).

It was not possible to determine whether CO binding to cytochrome a3 did occur

during the hypoxic insulU however, the complete recovery of synaptic transmission

upon returning to control ACSF shows that there was no persistent inhibition of

mitochondrial respiration. Although the cytochrome ar-CO complex is photo-labile

(Chance, 1953), incident light had no observable effect on CO actions on synaptic

transmission in the present study.

ln addition to providing fudher evidence for the resilience of the present model, no

direct actions of CO poisoning were identified. A previous in vitro study used

cerebellar Purkinje cell cultures, and demonstrated reduced spontaneous electrical

activity during exposure to 3olo CO in air (Raybourn ef al. 1978). lt is apparent in the

hippocampal slice, that, although evoked potentials are depressed by superlusion

with CO-containing ACSF with a PO, below the critical level for maintenance of

synaptic transmission, no persistent insult from dissolved CO occurs under these
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Figure 4.1 1 Concentration/response curve for adenosine A1-receptor agonists
Concentratior/response curue for adenosine A1-receptor agonísts adenosíne (top) and
cyclopentyladenosine (below). Points are mean t S.E.M. percent depression of fEPSP for
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conditions. The lack of direct effects in the present study could be attributed to the
higher PO, in the control ACSF requ¡red for slice preparat¡ons, as compared to mono-
layer cell cultures, which can der¡ve sufficient O, from media equilibrated with air.
This high PO, in the control ACSF may displace CO from cellular binding sites, since

the relative colo2 affinity of cytochrome a, is unity or less (Haab, 1990).
Alternatively, cerebellar Purkinje cells may be susceptible to toxic actions dependent
on the generation of cyclic CMP (Carthwaite, 1991) that are more prominent in the
cerebellum than the hippocampus. Both CO and nitric oxide (NO; endothelial
dependent relaxing factor) activate guanylate cyclase (Marks et al. 1991), and

activation of guanylate cyclase, has also been implicated in glutamate-mediated

ischaemic damage (Schousboe et al. 1990).
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Both endogenous co, produced by haem oxygenase, and NO, produced from
arginine by nitric oxide synthetase, have been implicated as a transmitter substances

in the brain (Hirsch et al. 1992); and indeed, haem oxygenase and guanylate cyclase

are co-expressed in the hippocampal pyramidal cell layer (Verma et al. 1993). These

gases possibly act as retrograde messengers in hippocampal long-term potentiation,

as CO or NO application paired with weak tetanic stimulation can induce long-term
potentiation in the CA.' area and long-term potentiation due to strong tetanic

stimulation can be blocked by inhibitors of haem oxygenase or nitric oxide
synthetase (Zhou ef a/. 1993). That no potentiation of hippocampal field potentials

by CO was obsenred in the present investigation is of no surprise, since CO exposure

was not paired with tetaníc stimulation. lt remains possible, however, that

exogenous CO, acting through guanylate cyclase, may alter neuronal excitability, and

possibly lead to delayed neuronal death independent of any hypoxic actions.

However, despite the distinct possibility of direct toxic actions of CO in the brain,

none were observed in the present study.

4.4.3. DINITROPHENOT

The concentration of DNP used in the current study, 50pM, was sufficiently large to
produce mitochondrial uncoupling and promote respiration (Hanstein, 1976) but not

so large as to maximally stimulate mitochondrial ATPase activity (Hemker, 1962), a

characteristic of uncoupling agents. Thus the concentration used here imitates

anoxic ene€y deprivation, but does not additionally promote excessive ATP

hydrolysis. ln the present investigation, this chemical inhibitíon of ene€y
metabolism was no more damaging than hypoxic supedusion. lt seems that as long

as glycolytic energy production is able to proceed maximally, hippocampal slices

will suruive prolonged inhibition of aerobic energy production.

4.4.4. HypOXtC DEPRESSTON OF SYNAPT¡C TRANSM¡SStON ¡S DUE TO A1

RECEPTOR ACTIVATION

The depression of excitatory synaptic activity during hypoxia is due, at least in pad,

to adenosine 41 receptor activation, as is evident here from the alleviation of this

depression by the adenosine A,, receptor antagonist 8-CPT. This finding confirms
those of previous studies in the rat hippocampal slice (Gribkoff et al. 1990; Cribkoff
and Bauman, 1992; Fowler, 1990; Fowler, 1989) and in the hemisected spinal cord
(Lloyd et al. 1988). An increased adenosine A' receptor activation during hypoxia is

supported by the rise in total tissue adenosine levels (Fredholm et al. 1984) and in
the superfusion medium (Fowler, 1991) during in vit¡o hypoxia in hippocampal slice,

as well as by the rise in brain adenosine levels with hypoxia in paralysed, ventilated

rats (Winn et al. 1981). Alternatively, S-CPT may be acting as a 3',S'-cAMP
phosphodiesterase inhibitor, like many other methylxanthines. However, 8-CPT is
only a weak inhibitor, with a K, value of 21OpM (Coodsell et al. 1971), suggesting
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that the observed block of hypoxic depression of synaptic depression by 1¡rM 8-CpT
is unrelated to phosphodiesterase inhibition. This notion is further strengthened by
the similar action of DPSPX which is a cell impermeant adenosine receptor
antagonist, and would not inhibit i ntracellular phosphodiesterases.

The K, of 8-CPT for inhibition of [3Hlcyclohexyladenosine binding to A' receptors in
rat brain membranes is 10.9nM (Bruns ef a/. 1986). Schild analysis of its antagonist
actions in the CA1 area of the hippocampus gives a K¿ of 42nM for block of inhibition
of the fEPSP by adenosine, a Ko of 45nM for block of adenosine inhibition of fint
antidromic after-potential, and a Ko of 57nM for block of PIA inhibition of forskotin
stimulated cAMP accumulation (Dunwiddie and Fredholm, 1gB9). The

concentrations of 8-CPT used in this study, 1pM and 1O¡rM, are large in comparison
to these published values for its affinity at brain adenosine A' receptors, yet were
insufficient to give complete block of the hypoxic depression of synaptic
transmission. This suggests that antagonism of the adenosine A' receptor by 8-CPT is
surmounted by massive extracellular accumulation of adenosine during hypoxia.
Alternatively, some other mechanism, unrelated to 4., receptor activation, may
contribute to the hypoxic depression of synaptic transmission. ln the CAt of
hippocampal slices, hypoxic depression of synaptically evoked field potentials has

previously been shown to be antagonised in a concentration-dependent fashion by

0.1 to 2pM 8-CPT (CribkofÍ et al. 1990; Gribkoff and Bauman, 1992), with a similar
potency as found in the present investigation. Furthermore, the depression of
orthodromically evoked CAt field potentials due to in vitro ischaemia is partialty
blocked by 1pM 8-CPT and nearly completely blocked by 1OpM 8-CPT (Fowler,

1990). Similar, near complete, block of synaptic depression in the slice CA,, is

achieved with 1O¡rM 8-phenyltheophylline (8-PT) during ischaemia (Fowler, 1990)

and also during hypoxia (Fowler, 1989). Reconciliation of the equal potency of 8-PT

and 8-CPT is difficult, as 8-PT has 8 fold less affinity than 8-CPT for the A' receptor,
with a K, of 86nM (Bruns et al. 1986); however, !t is not alwa,rrs possible to equate

binding data to antagonist potency (Cheng and Prusoff , ß73). Neverthetess, since

the protection of synaptic transmission during hypoxia by 8-CPT was concentration
dependent, even atthe high concentrations used in this and otherstudies, and lOpM
8-CPT provídes near complete preservation of synaptic transmission during hypoxia,
it is most likely that the hypoxic depression of synaptic transmission is due primarily
to activation of adenosine 4., receptors.

Calculations of extracellular adenosine action at the A,, receptors suggest an B0 fold
increase in extracellular adenosine from 200nM during normoxia to 16¡rM during

hypoxia, in the present study. This basal, normoxic level of endogenous adenosine

was derived using the method of Dunwiddie and Diao, 1994, and is in good

agreement with their findings. Similar basal adenosine levels have been directly
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measured in rats and gerbils by extraction from whole brain tissue (Winn et al. 1981;
Morimoto et al. 1982), by extracellular microdialysis (Zetterström et al. 1982; Dux ef
al. 1990), as well as with static equilibration of ACSF with hippocampal slices
(Fowler, 1991). However, during hypoxia, only 10 fold elevations in adenosine have

previously been found (Winn et al. 1981; Zetterström et al. 1982; Fowler, 1991), but

20 to 100 fold íncreases have been measured with ischaemia (Dux et al. 1990;

Morimoto et al. 1982). The order of magnitude differences between the actual

measurements of hypoxic adenosine release and the present calculations may be

explained by compadmentation. The present calculations represent adenosine

present at the A1 receptors, whilst the direct measurements reflect whole tissue

levels. 4., receptors are localised predominantly at synaptic sites (Fastbom et al.

1987; Goodman and Snyder, 1982) which are additionally rich in mitochondria.

Thus, given the obvious coupling between oxidative stress and adenosine release

evident in this work, it is possible that adenosine concentrations rise locally at the

synaptic sites during hypoxia, as a consequence of high local mitochondrial density.

4.4.5. POSTSYNAPTIC DEPRESSION OI PYRAMIDAI NEURONS DURING
HYPOX¡A

The hypoxic depression of the antidromic population spike in this study is of the

same maginitude as the slight depressíon of the first antidromic population spike

during hypoxia in low calcium, high magnes¡um ACSF, previously described (Fowler,

1989). The lack of effect of the A' receptor antagonist 8-CPT on this antidromic
population spike depression suggests that it is not an adenosine 4., receptor-mediated

action. Consistent with the latter, 50¡rM adenosine or 50nM CPA cause near

complete depression of the fEPSP and population spike but have no effect on the

antidromic population spike. A well documented action of adenosine 4., receptor

agonists in the CA.' is the depression of antidromic after-potenfíals in low calcium,
high magnesium ACSF (Schubed and Lee, 1986; Dunwiddie and Fredholm, 1989),

but this must represent a different form of postsynaptic depression than the action of

hypoxia reported in this study. The depression of the first antidromic spike during

hypoxia may reflect the repoded 4-15mV hypoxic hyperpolarisation of hippocampal

CA, neurons (Hansen et al. 1982; Fujiwara et al. 19871.

Hypoxia causes a hyperpolarisation of hippocampal CA, neurons with a reversal

potential and sensitivity to extracellular potassium concentration that indicates it is

mediated by an increase potassium conductance (Hansen et al. 1982; Fujiwara et al.

1987; Leblond and Krnjevic, 1989; Krnjevic and Xu, t990b); however, the identity of

this potassium current remains obscure. Attempts to block this current have yielded

mixed results (Hansen et al. 1982; Fujiwaraet al. 1987; Leblond and Krnjevic, 1989;

Krnjevic and Leblond, 1989), but non-selective blockade with either intracellular

caesium, or a combination of extracellular caesium and 1OmM TEA gives a near
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complete block of the hypoxía-evoked outward cunent in voltage clamped
hippocampal cAl pyramidal neurons (Krnjevic and Leblond, 1989). Hypoxic
hyperpolarisation is blocked by recording with electrodes containing CTPIS or by

extracellular application of 20¡rM carbachol (Krnjevic and Xu, 1990b), indicating that
the current is C protein dependent, and is likely modulated by phosphoinositide

hydrolysis. Furthermore, while hypoxic hyperpolarisation is not sensitive to
intracellular ECTA (Fujiwara et al. 1987; Zhang and Krnjevic, 1993; Leblond and

Krnjevic, 1989), the possibility remains that it is a calcium-dependent potassium

current, as it is blocked by dantrolene (Krnjevic and Xu, 1989), which prevents

calcium release from internal stores. lt is most likely that a number of currents are

activated during hypoxia.

A further possible mechanism of hypoxic hyperpolarisation is the activation of ATP

sensitive potassium channels. Such an action is evident in the substantia nigra,

which is rich in these channels (Mourre et al. 1989), where metabolic poisoning

causes hyperpolarisation (Murphy and Creenfield, 1991) and B6Rb+ efflux through
potassium channels (Amoroso et al. 1990). ATP potassium channels exist on CA,,

neurons (Mourre et al. 1989; Tremblay et al. 1991); however, while hypoxic
hyperpolarisation is blocked by glibenclamide in CA3 neurons (Mourre et al. 1989),

hypoxic hyperpolarisation in the CA., is not blocked by the ATP potassium channel

blockertolbutamide (Leblond and Krnjevic, 1989), and isthedore notdue to an ATP-

sensitive potassium current.

It is unlikely that the hypoxic hyperpolarisation in CA,, neurons is mediated by

adenosine A,' receptors as is not blocked by caffeine, 8-(p-sulfophenyl)theophylline or
DPCPX (Leblond and Krnjevic, 1989; Krnjevic and Xu, 1990a; croning et al. 19g4).

Fudher evidence from CA, neurons from rats pre-treated with Pertussis toxin shows

that both baclofen and adenosine are without effect on postsynaptic cell membrane

propedies, yet hypoxia still evokes a hyperpolarisation and drop in input resistance

(Spulerand Crafe, 1989), which therefore can not be mediated by C, orCo proteins.

Therefore, the block of hypoxic hyperpolarisation in the CA' by CTPIS and carbachol
(Krnjevic and Xu, 1990b) suggests activation of the Pertussis toxin insensitive Co.

While there is no proven role of adenosine in hypoxic hyperpolarisation, the

possibility remains that adenosine activates phospholipase C via A, receptors, and

that this activates a "metabotropic" potassium current.

4.4.6. ADENOSINE IS NOT NECESSARY FOR POST.HYPOXIC NEURONAI
SURVIVAI IN THIS MODET

Adenosine has been proposed as a "retaliatory metabolite", its depressive actions

serving to limit ATP use, and promote cell survival during metabolic stress (Newby ef

a/. 1990). While it is attractive to consider that, anaerobic glycolysis is sufficient to
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maintain ATP levels only during reduced energy requirements imposed by inhibition
of synaptic transmission by endogenous adenosine, this is clearly not the case. B-

CPT, which largely relieves the A1 receptor mediated block of synaptic transmission,
does not promote neuronal damage, nor, apparently, does it allow ATp to be

depleted to a point that initiates hypoxic spreading depression. This raises two
points, firstly, adenosine is not providing a neuroprotective role in the hypoxic
hippocampal slice. Secondly, as synaptic transmission is maintained throughout
hypoxia in the presence of 8-CPT, anaerobic glycolysis produces sufficient ATP to
maintain neuronal electrical activity for at least 30 minutes. Thus, with the hypoxic
challenge presented in these experiments, adenosine does not provide neuro-
protection by limíting ATP use.

While endogenous adenosine does not contribute to neuro-protection in the
hippocampal slice, endogenous adenosine or exogenous A' receptor agonists reduce

hypoxic and ischaemic neuronal injury in vivo (Dux et al. 1990; Evans et at. 1987;
von Lubitz et al. 1988; Phillis and O'Regan, 1989; Januszewicz von Lubitz et al.
1989; Lin and Phillis, 1992; Sutherland et al. 1991; Boissard et al. 1992).

Furthermore, exogenous adenosine promotes cell survival following hypoxia in

cortical cell cultures (Coldber1o et al. 1988), and improves recovery of synaptic

transmission following ischaemia in the hippocampal slice CA' area (Donaghy and

Schofield, 1991). Adenosine A' receptoractivation limits ischaemic excitatory amino
acid release (Lekieffre et al. 1991; Heron et al. 1993; Simpson et al. 1992), but does

not protect against exogenous excitatory amino acids in cortical neuron cultures
(Coldberg et al. 1988); therefore, it seems that adenosine neuro-protection results

from limiting excitatory amino acid release. Fuñhermore, in light of the difference
between the findings of the present investigation, and thbse with ischaemic
hippocampal slices (Donaghy and Schofield, 1991), it seems likely that pathological

excitatory amino acid release does not occur during hypoxia in the current model.

Excitatory amino acid release only occurs after ATP depletion and hypoxic spreading
depression, as is common during ischaemia; since these are absent during hypoxia,
adenosine is not necessary for hypoxic neuro-protection.

4.4.7. SUMMARY AND CONCTUSIONS

Hypoxia causes a massive extracellular accumulation of adenosine, and a consequent
adenosine 41 receptor-mediated depression of synaptic transmission. Although PO,
was not measured in the slice, calculations of oxygen diffusion suggest complete
anoxia within the slice during superfusion of hypoxic ACSF. Such total anoxia for 30

minutes at 32"c in 1OmM glucose does not cause acute excitotoxicity and

consequent CAl neuronal damage, as indicated by the recovery of synaptic
transmission following hypoxia, such recovery persisting for at least three hours.
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Complete suppression of oxidative phosphorylation was attempted by combining
hypoxia with carbon monoxide exposure and also by superfusion with ACSF

containing DNP. Neither of these treatments yielded results different from hypoxia,

and did not produce acute excitotoxicity. Together these results indicate that as long

as glycolysis is allowed to proceed maximalty, the CA' area of the hippocampal slice

suruives prolonged hypoxia. Depression of synaptic transnnission during hypoxia is

largely due to activation of adenosine A' receptors, it being blocked by the selective

antagonist 8-CPT. During hypoxia, extracellular adenosine concentrations increased

80 fold, from 200nM to 16pM. Neuronal survival during hypoxia was not promoted

by the adenosine-mediated depression of synaptic transmission and neuronal eneryy

demands, as antagonism of the adenosine A' receptor did not alter neuronal survival,

indicated by the post-hypoxic recovery of the population spike.
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5. MECHANISM OF HYPOXIC ADENOSINE ACCUMUTATION

5.1. INTRODUCTION

Being the terminal electron acceptor in the electron transport chain, oxygen is a

fundamental requirement for mitochondrial ATP production. Cyanide, which inhibits

electron transfer to oxygen in the mitochondrial respiratory chain, has identical

actions to hypoxia in neurons, causing hyperpolarisation (Reiner et al. 1990) and

inhibiting synaptic transmission (Lees and Sandberg, 1991; Yamamoto and

Kurokawa, 1970; Aitken and Braitman, 1989). Presumably hypoxia and cyanide

produce neuronal inhibition via the same mechanisms. These studies therefore

explore the relationship between the inhibition of mitochondrial energy metabolism

and the release of adenosine that causes inhibition of synaptic transmission during

hypoxia in the hippocampal slice.

Electrons from NADH and FADH2, produced in the metabolism of substrates, are

shuttled into the mitochondrial matrix, where they are transported by a number of

flavoproteins, cytochromes, non-haem iron and copper proteins to the final electron

acceptor, oxygen. Oxidation/reduction of these electron carriers of the inner

mitochondrial membrane is accompanied by pumping of protons out of the

mitochondrial matrix. The resulting electrochemical gradient across the inner

membrane is the common high ene€y intermediate that drives a number of

mitochondrial reactions (Mitchell, 1976), including ATP synthesis and export, as well

as calcium accumulation into the mitochondrial matrix (Hanstein, 1976).

H+

H+
DNP

ADP

Ca2+

Figure 5.1 mitochondria partial reactions and inhibitors
This diagram illustrates the partial reactions integral to, and associated with, the inner
mitochondrial membrane. The principal inhibitors of these reactions used in the present

study are indicated in italics.
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ATP is hydrolysed to ADP in energy requiring processes. ln neurons, the largest
energy demand is the maintenance of the membrane potential via the Na+/K+-
ATPase and the Ca2*-ATPase (Ereciñska and Sílver, 1989). Cytosolic salvage
pathways for ATP include transfer of the high energy phosphate from
phosphocreatine to ADP by creatine kinase, or recycling of two motecules of ADP to
ATP and AMP bv adenvlate kinase. AMP thus produced may either be re-

phosphorylated or may be hydrolysed to adenosine by 5'-nucleotidase. Adenosine
can also be produced by an alternate route via s-adenosylhomocysteine (SAH) by

SAH-hydrolase.

It is generally assumed that hypoxic adenosine accumulation is a result of loss of
adenine nucleotides to nucleosides by mass action, secondary to ATP depletion.
However, during hypoxia in the cortical slice, ATP may drop initially, but is in fact
preserued at a relatively high level (Fredholm ef al. 1984). Despite this preservation

of ATP, adenosine accumulates in brain slices during hypoxia. Adenosine may
accumulate as a result of a rise in free AMP, or due to activation of adenosine
producing pathways or inactivation of adenosine catabolic pathways. Major
metabolite changes during hypoxia include a drop in phosphocreatine and a rise in
lactate with a corresponding drop in intracellular pH (Kauppinen and Willíams,
1990); possibly these changes may be a signal for adenosine accumulation.
lnhibitors are available for many padial reactions involved in energy production and

metabolism, and inhibition of some of these reactions mimic hypoxia. Such

metabolic inhibitors were used to examine the following hypotheses. Adenosine
accumulation during hypoxia is a result of inhibition of mitochondrial energy
production but not inhibition of oxidative phosphorylation. Adenosine accumulates
despite preservation of total neuronal ATP. Adenosine accumulates during hypoxia
as a result of stimulation oí S'-nucleotidase and inhibition of adenosine kinase.

5.2. M ETHODS

ln most instances, the following figures compare various treatments in the same

slices. Typically slices were washed for one hour between treatments, and no more

than three drug and/or metabolic inhibitor applications were made to any one slice.
ln the figures illustrating time course of inhibitor actions, alt field potential

measurements are presented as a percentage of the unique baseline recording forthat
padicular treatment. Where slices were not pretreated with an antagonist or an

enzyme inhibitor, the fírst two time points are always recorded in drug free ACSF,

and the first of these is considered baseline. When used, 8-cyclopentyl-1,3-
dimethylxanthine (8-CPT) was super{used onto hippocampal slices for 15 to 20
minutes before application of metabolic inhibitors; however, only the final two
minutes of antagonist superfusion are illustrated, and the first of these is used as the
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baseline field potential recording. Similarly, with other pre-treatments, baseline field
potentials were normalised to 100o/o at the equivalent time point as tests without pre-

treatment. Stimulus current was kept the same between the various treatments in any

slice, and in the case of 8-CPT this resulted in a slight increase in the field potentials.

8-CPT and 2,4 dinitrophenol (DNP) stock solutions were made in 0.05N NaOH.
Oligomycin B, dipyridamole, rotenone and pentachlorophenol werc used from stock

solutions in ethanol. Atractyloside, dantrolene, ø,B-methylene ADP, (+)catechin,

1 ,3-dipropyl-8-p-su lfophenylxanthine (DPSPX) and p1 , p5-di(adenosine-5')

pentaphosphate (Ap5A) stock solutions were made in distilled water. s-(p-

nitrobenzyl)-6-thioinosine (nitrobenzylthioinosine, NBTI) and 4-amino-5-iodo-7-(f3-D-

ribofuranosyl)pyrrolol2,3-dlpyrimidine (iodotubercidin) were dissolved in dimethyl

sulfoxide at 1000 times the final required concentration. Sodium cyanide was made

up in ACSF immediately before superfusion. Ruthenium red (45o/o purc) was

dissolved directly in ACSF. Creatine monohydrate was dissolved directly in ACSF,

which, to compensate for acidification, contained 32mM NaHCOr. B-CPT, DPSPX

and iodotubercidin and were purchased from Research Biochemicals lncorporated,

sodium cyanide and creatine monohydrate were analytical reagents, and all other

compounds were purchased from Sigma.

5.3. RESULTS

5.3.1. MITOCHONDRIAT UNCOUPTING

Respiration and ATP production are usually tightly coupled in mitochondria;

however, in the presence of exogenous uncoupling chemicals, electron transport

continues without oxidative phosphorylation, and indeed, a net hydrolysis of ATP

occurs (Heytler, 1979; Lehninger, 1964; Lardy and Wellman, 1953). ln uncoupled

mitochondria, respiration and oxidation of substrate continues at an increased rate,

and energy is dissipated as heat (Hanstein, 1976). The classic uncoupling agent is

DNP, which, as a lipophilic weak acid, freely exchanges protons across the inner

mitochondrial membrane, dissipating the electrochemical gradient (Heytler, 1979).

This agent was tested for its action on synaptic transmission in the hippocampal slice.

Superfusion of hippocampal slices with 50pM DNP causes a rapid reversible

inhibition of synaptic transmission, as was discussed briefly in the previous chapter,

and shown in Íigure 4.7. Here, figure 5.2 shows that 3.5 minutes superlusion with
50¡rM DNP caused near complete depression of the population spike amplitude to
0.3 + 0.3olo S.E.M. and fEPSP rate of rise to 6.8 + 1.0o/o S.E.M. of baseline, and that

these synaptic potentials recovered with washout of the uncoupler (n: 10). DNP

hadnoaffectontheprevolley(n:10) orantidromicpopulationspike(n:4). As¡n
hypoxia, adenosine release contributes to the DNP depression of synaptic
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transmission, which was reduced by the adenosine 4., receptor antagonist B-CPT.
DNP superfusion in the presence of 1¡rM 8-CPT (n = 6) depressed the population
spike amplitude depressed to 48.4 + 6.40/0 S.E.M. and the fEPSP rate of rise depressed
to 56.0 t 4.2o/o S.E.M. of baseline, both significantly different from DNP alone
(P < 0.01). After one hour washout of 8-CPT, DNP superfusion again comptetety
depressed synaptic trans¡'nission (n : 4), and was not significantly different from the
pre-antagonist test. Figure 5.3 shows typical odhodromically evoked field potentÍals
before, during and after 3.5 mínutes superfusion of 50¡rM DNP. Note that upon
washout of DNP, after this brief inhibition, synaptic potentials recover without the
hyperexcitability that followed prolonged inhibition seen in chapter 4. Such
hyperexcitability will be discussed in chapter 6.

Superfusion with 20¡rM DNP for 3.5 minutes caused a reduced depression of
synaptic transmission compared to 50pM and was nearly completely blocked by
1¡rM 8-CPT (n = 3), see figure 5.4. Synaptic depression by DNp 20¡rM for 3.5
minutes was also completely blocked by the less selective adenosine antagonist
DPSPX (n : 1), data not shown.

The uncoupling agent pentachlorophenol, which acts simitarly to DNP, depressed
synaptic transmission without effect on the prevolley. Unlike DNP, the poputation
spike and fEPSP did not recover during one hour of washout fotlowing 3.5 minutes
superlusion of 1O¡rM pentachlorophenol. Flgure 5.5 shows superfusion of
pentachlorophenol and the first 21.5 minutes of wash. ln a separate slice, blockade
of adenosine A,¡ receptors with 1¡rM 8-CPT delayed the depression of synaptic
transmission by pentachlorophenol considerably, but did not prevent loss of the
population spike and fEPSP, indicating either that A' receptor antagonism was
eventually surmounted or that some othei'action contributed to neuronai depression.

5.3.2. ELECTRON CARRIER INHIBITION
While the uncoupling agent DNP mimics the electrophysiological consequences of
hypoxia, its site of action at the mitochondria is distinct from the site of electron
transfer to oxygen, and uncoupling stimulates rather than inhibits respiration.
Cyanide inhibits electron transfer from cytochrome aa, to oxygen, and thus blocks
respiration and energy production (Lehninger, 1964). Cyanide has been used

extensively in neuropathological (Maduh et al. 1990; Oberpichler et al. 1990;
Coldberg et al. 1987; Rothman, 1983) and neurophysíotogical models (Reiner et al.
1990; Aitken and Braitman, 1989; Johnson et al. 1987; yamamoto and Kurokawa,
1970; Murphy and creenfield, 1991; Dubinsky and Rothman, 1991) to mimic
cerebral hypoxia.
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Figure 5.2 Comparison of time course of alterations in field potentials in the CA1 area
produced by 50¡rM 2,4 dinitrophenol in the presence and absence of the adenosine A1
receptor antagonist 8-CPT
Field potentials in hippocampal slices before, during and after 3.5 minutes supedusion of
50¡rM DNP alone (CONTROL, n = 10), DNP in the presence of 1pM 8-CPT (1pM
8-CPT, n : 6) and DNP alone following one hour washout of 8-CPT (WASH, n = 4).
DNP superfusion is indicated by the bar at bottom. ln the case of adenosine 4., receptor
antagonism (triangles), slices were superfused with 1pM 8-CPT for 20 minutes prior to
and during the DNP supedusion, only the last two minutes of 8-CPT pretreatment are
shown. Slices were washed with drug-free ACSF at the end of the DNP superfusion.
Schaffer collateral/commissural fibres were stimulated at 0.05H2 and each three
consecutive field potentials averaged to give minute averages. Values are expressed as a

percentage of the baseline (fint minute average illustrated) response for that treatment.
Points represent the mean t S.E.M. for each condition, where no error bars are evident,
they are smaller than the symbol. fEPSP values represent the percentage of the baseline
rate of rise of the initial segment and all other values are percentage of baseline amplítude
of the respective field potentials. Mitochondrial uncoupling caused depressíon of fEPSP

and the orthodromic population spike. Depression of the ÍEPSP and oÉhodromic
populatíon spike was attenuated by 8-CPT. The antidromíc population spike was
recorded during four of the CONTROL DNP exposures only.

Figure 5.6 shows that 3.5 minutes superfus¡on of hippocampal slices with 200pM

sodium cyan¡de causes a revers¡ble depression of the fEPSP rate of rise to 1 1.0 t
2.7oh S.E.M. and the populat¡on spike amplitude to 0.2 t O.2oh S.E.M. of baseline,

with no effect on the prevolley (n : 5). As with hypoxia and DNP, the inhibition of

synapt¡c transmission is significantly reduced by adenosine A., receptor antagonism,

an effect that washes out by one hour. ln the presence of 1pM 8-CPT, cyan¡de
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Figure 5.3 Effects of superfusion of 2,4 dinitrophenol on synaptic field potentials in the
hippocampal slice
Synaptic field potentials in the CAt area evoked by Schaffer collateral/commíssural
stimulation. The left column shows recordings from the stratum pyramidale (cell body
layer) and the right column shows recordings from stratum radiatum (apical
dendritdsynaptic layer). From top to bottom are shown respectively response from
before, during and t hour following 3.5 minutes supedusion of 50pM DNP. Calibration
bars are l mV and 1ms, negative down. Stimulus a¡tefacts are truncated for clarity.

reduced the fEPSP to 77.8 + 7.8o/o S.E.M. of baseline and the populat¡on spike to 69.5
* 3.5o/o S.E.M. of baseline (n : 5), both significantly different from the depression of

synapt¡c transmission by sodium cyanide alone (P < 0.01). Rotenone, 1OpM, which
inhibits mitochondrial respirat¡on by blocking electron transfer between NADH

dehydrogenase and ubiquinone (Singer, 1979) caused an ¡rreveßible depression of

synapt¡c transmissioñ (n : 1), data not shown.

Hydrogen cyan¡de is volatile and disappears from dilute aqueous solutions (Slater,

1967) and thus sodium cyan¡de needed to be dissolved in ACSF immediately prior to

use. Additionally, the cyan¡de conta¡n¡ng ACSF oxidised the silver/silver chloride

bath electrode, and caused rapid baseline drift during superfus¡on. These technical
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Figure 5.4 Comparison of time course of alterations in field potentials in the CA1 area
produced by 20¡rM 2,4 dinitrophenol in the presence and absence of the adenosine A1

receptor antagonist 8-CPT
Field potentials in hippocampal slices (n = 3) before, during and after 3.5 minutes
superfusion of 20¡rM DNP alone (CONTROL) or DNP in the presence of 1¡rM 8-CpT
(1pM 8-CPT). DNP superfusion is indicated by the bar at bottom. ln the case of
adenosine A1 receptor antagonism (triangles), slices were superfused with 1pM 8-CPT for
15 minutes prior to and during the DNP superfusion, only the last two minutes of B-CPT
pre-treatment are shown. Slices were washed with drug-free ACSF at the end of the DNP
supedusion. Data was collected and presented as in figure 5.2. 20pM DNp caused
depression of the ÍEPSP and the orthodromic population spike that was largely attenuated
by 8-CPT.

difficulties, and the similarity of synaptic depression by cyanide or DNP, made DNP
a more conven¡ent metabolic inhibitor for fuÉher investigation.

5.3.3. INHIBIT¡ON OF OXIDATIVE PHOSPHORYTATION

5.3.3.1. ATP synthetase inhibition
True inhibiton of oxidative phosphorylation inhibit ATP synthetase (F,,FoATPase)

(Lehninger, 1964), oligomycin B being the classical inhibitor of this enzyme (Linnett

and Beechey, 1979). lncubation of substantia nigra slices with a combination of
oligomycin B and the glycolytic inhibitor 2-deoxyglucose causes a reduction in ATP

content, and activates ATP-sensitive potass¡um channels (Amoroso et al. 1990;

Schmid-Antomarchi et al. 1987). lncubation of avian neuronal or glial cell cultures

with oligomyc¡n B and 2-deoxyglucose likewise reduces ATP content and enhances

adenosine release (Meehj¡ et al. 1989). While this combination of inhibitors might
simulate an ischaemic insult, in order to mimic hypoxia, oligomycin B alone was

tested for action on synapt¡c transmission in hippocampal slices.
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tigure 5.5 Comparison of time course of alterations in field potentials in the CA1 area
produced by 10¡^rM 2,4 pentachlorophenol in the presence and absence of the
adenosine A1 receptor antagonist 8-CPT
Field potentials in a hippocampal slice before, during and after 3.5 minutes superlusion of
10pM pentachlorophenol alone (control, n = 1) and, in a separate slice
pentachlorophenol in the presence of 1pM 8-CPT (1pM 8-CPT, n = 1).
Pentachlorophenol superfusion is indicated by the bar at bottom, and for adenosine A.,
receptor antagonism (triangles), the slice was superlused with 1pM 8-CPT for20 minutes
prior to and during the pentachlorophenol superfusion, only the last two minutes of
8-CPT pre-treatment are shown. Slices were washed wíth drug-free ACSF at the end of
the DNP superfusion. Data was collected and presented as ín Íigure 5.2. lO¡rM
pentachlorophenol caused depression of the íEPSP and the oÉhodromic population spike
that was delayed by 8-CPT.

Unlike hypoxia or the prev¡ously described inhibitors, 3¡rM oligomyc¡n B díd not

cause rapid depression of synapt¡c transmission in the hippocampus. Figure 5.7

shows that 3.5 minutes superfusion of hippocampal slices with oligomyc¡n B 3pM
had no significant effect on the population spike, fEPSP or prevolley (n = 4),

although both postsynapt¡c potentials declined slightly. A similar slight decline in

field potentials was seen w¡th 3.5 minutes supedus¡on of 1¡rM (n = 1)orsix minutes

of 5¡rM (n:1) oligomycin B, data not shown. As can be seen ¡n figure 5.9 the

initial 10 minutes superfusion of oligomycin B 3pM also had no affect on synapt¡c

transmission (n : 5). Superfusion of a single hippocampal slice with oligomycin B

3¡rM for 20 minutes produced a slow decline in synaptic transmission to about 45olo

of baseline levels, data not shown. ln addition, 1mM 2-deoxyglucose was co-

administered with 3pM oligomycin B, and this also had no effect on synapt¡c

transmissioñ (n = 1), data not shown.
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Figure 5.6 Comparison of time course of alterations in field potentials in the CA1 area

produced by 200¡rM sodium cyanide in the presence and absence of the adenosine A1

receptor antagonist 8-CPT
Field potentials in hippocampal slices (n = 5) before, during and after 3.5 minutes

supedusion of 200¡rM sodium cyanide alone (control), in the presence of 1¡rM 8-CPT

(1pM 8-CPT) and again alone following one hour washout of B-CPT (wash). Sodium

cyanide was dissolved in ACSF immediately prior to use and supedusion is indicated by

the bar at bottom. ln the case of adenosine A1 receptor antagonism (triangles), slices

were supedused with 1¡rM 8-CPT for 15 minutes priorto and during the sodium cyanide

supe#usion, only the last two minutes of 8-CPT pre-treatment are shown. Slices were

washed with drug{ree ACSF at the end of the sodium cyanide superfusion. Data was

collected and presented as in figure 5.2. lnhibition of electron mitochondrial transport

caused depression of fEPSP and the odhodromic population spike. Depression of the

íEPSP and oÉhodromic population spike was attenuated by 8-CPT.

5.3.3.2. Mitochondrial nucleotide transporter inhibition

The adenine nucleotide translocator of the inner mitochondrial membrane

electrotonically exchanges cytosolic ADP3- for matrix ATP4-, and may be both

physically and functionally associated with the F,,Fo ATPase ¡n normally energised

mitochondria, where nucleot¡de exchange is essential for ATP synthesis (Lanoue and

Schoolwerth, 1984; Vignais, 1976Ìl. Atractyloside, by binding to the cytosolic side of

the adenine nucleotide translocator, inhibits nucleotide exchange and prevents

oxidative phosphorylation (Lanoue and Schoolwerth, 1984; Vignais, 1976).

Superfusion of hippocampal slices with 75pM atractyloside for 8.5 minutes did not

alter the population spike, fEPSP or prevolley (n = 4), see figure 5.8. One slice was

additionally superfused with 100pM atractyloside for 19 minutes and later with 1mM

atractyloside for 4.5 minutes, and in neither case was there any effect on evoked CA1

field potentials, data not shown. Thus, neither true inhibition of oxidative
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Figure 5.7 Oligomycin B does not cause rap¡d depression of synapt¡c field potentials in
the CA1 area
Field potentials in hippocampal slices (n = 4) before, during and after 6 minutes
superfusion of 3pM Q.aqglmll oligomycin B. Oligomycin B super{usion is indicated by
the bar at bottom. Data was collected and presented as in figure 5.2. lnhibition of
oxidative phosphorylation had no significant effect on hippocampal field potentials
(p < 0.05).

phosphorylation with oligomyc¡n B nor inhibition of nucleotide exchange produced

rapid adenosine release from hippocampal cells.

5.3.4. REDUCING ATP DEPLETION

5.3.4.1. lnhibition of ATPase activity
It is easy to imagine that with inhibition of respiration during hypoxia, cytosolic ATP

depletion, and ATP salvage via adenylate kinase, would lead to increased AMP
which would drive the equilibrium of the reaction catalysed by S'-nucleotidases
towards adenosine production. Alternatively, reduced free energy of the cytosolic
adenine nucleotide pool may reduce the activity of adenosine kinase, an enzyme
essential for adenosine salvage. However, this simple explanat¡on for rapid

adenosine production during oxidative stress may be insufficient, since inhibition of
oxidative phosphorylation does not produce rap¡d synaptic depress¡on. Therefore,
another mechanism may contribute to hypoxic adenosine formation. One possibility

explored was that uncouplíng, or resp¡ratory inhibition produces a more severe ATP

depletion than inhibition of oxidative phosphorylation; indeed, DNP is well known
to stimulate ATP hydrolysis by F,Fo ATPase-driven proton pump¡ng (Heytler, 1979;
Lehninger, 1964; Lardy and wellman, 1953), and cyan¡de similarly promotes

mitochondrial ATP hydrolysis (Kauppinen and Nicholls, 1986; Scott and Nicholls,
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Figure 5.8 Atractyloside does not cause rapid depression of synaptic field potentials in
the CA' area
Field potentials in hippocampal slices (n : 4) before, during and after 8.5 minutes
superfusion of 75¡rM atractyloside, indicated by the bar at bottom. Data was collected
and presented as in figure 5.2. The last six time points are recorded from one slíce only.
lnhibition of mitochondrial nucleotide exchange had no sígnifícant effect on hippocampal
field potentials (p < 0.05).

1980). 50pM DNP prov¡des half max¡mat stimulation of ATPase activity at

physiological pH (Hemker, 1962); therefore, the doses of DNP used ¡n the present

study should have given some ATPase stimulation, and this may have contributed to

adenosine release.

To investigate the contribution of ATP depletion due to ATPase stimulation in the

DNP-mediated depression of synapt¡c transmission, oligomycin B was co-

administered with DNP. Oligomycin B prevents DNP stimulation of FlFo ATPase

activity, and additionally inhibits plasma membrane Na+/K+-ATPase activity flöbsis
and Vreman, 1963; Linnett and Beechey, 19791. Five hippocampal slices were

superfused with 20¡rM DNP for 3.5 minutes which depressed the population spike

amplitude to 15.7 t 13.0o/o S.E.M. and fEPSP rate of rise to 23.q + 6.60/o S.E.M..

Following one hourof recovery, the same slices were pre-treated for 10 minutes with

3pM oligomycin B, then super{used with 20¡rM DNP in the presence of 3¡rM

oligomycin B. Oligomycin B failed to prevent the DNP mediated depression of

synapt¡c transmission, see figure 5.9. ln the presence of oligomycin B, the maximal

depression of the population spike amplitude to29.2 t 13.0o/o S.E.M. and fEPSP rate

of rise to 34.3 + 10.9olo S.E.M. was not different (P<0.01) from that during the

previous DNP exposure.
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5.3.4.2. ATP buffering with phosphocreatine

While cytosolic ATP is maintained near 85o/o of normoxic levels during 30 minutes of
hypoxia in the hippocampal slice, phosphocreatine drops precipitously, coincident
with the initial small drop in ATP during the first 5 minutes of hypoxia (Fredholm ef
al. 1984; Yoneda and okada, 1989; Kauppinen and williams, 1990).
Phosphocreatine acts as a cytosolic energy store; during rapid ATP hydrotysis,

creatine kinase catalyses the transfer of the high energy phosphate from
phosphocreatine to ADP. Thus phosphocreatine can buffer cytosolic ATP, maintain
ATP/ADP ratios in a range where they act as regulators of various cellular functions,
prevent loss of nucleotides through adenylate kinase and 5'-nucleotidases, and buffer
intracellular pH (Ereciñska and Silver, 1989; Wallimann et al. 1992). lncubation of
hippocampal slices with creatine increases the phosphocreatine levels in the slice,

without increasing ATP (Lipton and Whittingham, 1982¡ Okada and Yoneda, 1983;
Yoneda et al. 1983), and this elevated phosphocreatine slows subsequent ATP

depletion during energy deprivation (okada and Yoneda, l 983). Elevated

phosphocreatine has been observed to increases the latency of depression of synaptic

transmission during in vitro ischaemia in the dentate gyrus (Lipton and Whittingham,
1982), cA, (okada and Yoneda, 1983), and cA' (Leblond and Krnjevic, 1989).

ln the present study, hippocampal slices were incubated with 25mM creatine for
three hours, which has been shown to produce maximal accumulation of intracellular
phosphocreatine (Yoneda ef a/. 1983). During creatine exposure, slices displayed a

postsynaptic hyperexcitability with multiple population spikes evoked by a single

stimulus, and increased amplitude of the first population spike but a reduced fEPSP,

data not shown. Slices were washed with creatine free ACSF for 15 minutes before

superfusion with DNP, and washout of the creatine-induced hyperexcitability
declined, but not to control levels. Figure 5.10 shows that, 15 minutes following 3

hours creatine exposure, superfusion of slices with 50¡rM DNP for 3.5 minutes

caused a similar rapid complete depression of synaptic transmission as it did prior to
creatine incubation (n : 3). One slice was incubated with creatine at 34oc to
determine whether improved phosphocreatine formation at a higher temperaturc
would protect synaptic transmission from DNP. Therc was no difference in DNP

action between this and the other two slices, so the data was combined. Adenosine

accumulation during uncoupling is not a result of rapid ATP hydrolysis.

5.3.5. INHIBITORS OF NUCTEOTIDE METABOTISM

The enzymes which metabolise nucleotides to adenosine exist as cytosolic forms,

and some also as ecto-enzymes. For instance, the existence of an ecto-s'-
nucleotidase is well known (Meghji and Newby, 1990) and adenylate kinase may

exist as an ecto-enzyme (Nagy ef a/. 1989). Adenosine could be released from cells

as a nucleosíde, or released nucleotides could be subsequently metabolised. The
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Figure 5.9 Comparison of time course of alterations in field potentials in the CA, area
produced by 20pM 2,4 dinitrophenol in the presence and absence of the ATPase
inhibitor oligomycin B

Fíeld potentials in hippocampal slices (n = 3) before, during and after 3.5 minutes
supedusion of 20¡rM DNP alone (control) or DNP in the presence of 3pM oligomycin B

(oligomycin). DNP and oligomycin B supedusions are indicated by the bar at bottom.
Data was collected and presented as in figure 5.2. ATPase inhibition had no effect on
hippocampal field potentials and did not alter the depression of the fEPSP and the
oñhodromic population spike by mitochondrial uncoupling

ecto-S'-nucleotidase that metabolises extracellular AMP to adenosine can be

inhibited w¡th the non-metabolised nucleotide ø,8-methylene ADP, and this

compound was used in the hope of elucidating whether adenine nucleotides were

released during oxidative stress. However, a,ftmethylene ADP alone caused

depression of synaptic transmission that was blocked by 8-CPT (n:1), suggesting

that this nucleotide is an agonist at adenos¡ne 4., receptors. lndeed a,B-methylene

ADP has s¡nce been shown to depress [3H]-noradrenaline release from rabbit co¡tex

via an action at the 4., receptor (von Kügelgen et al. 1992). Two potential inhibitors

of adenylate kinase were examined in the cunent model. (+)Catechin, which

inhibits hepatic adenylate kinase, had no effect on hippocampal field potentials and

did not alterthe depression of synaptic transmission due to DNP 2O¡tM, (n : 1), data

not shown. Also, Ap5A inhibits rat brain adenylate kinase (Nagy et al. 1989) and was

tested in the hippocampus. Ap5A proved however, to be an adenosine 4., receptor

agonist, caus¡ng a depression of synaptic field potentials that was blocked by 8-CPT

(n : 1), an action that has recently been confirmed (Klishin eú al.'1994).
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Figure 5.10 Comparison of time course of alterations in field potentials in the CA1 area
produced by 50pM 2,4 dinitrophenol with and without pre¡ncubat¡on with creat¡ne
Field potentials in hippocampal slices (n = 3) before, during and after 3.5 minutes supeffusion
of 50pM DNP alone (control) or DNP after pre.íncubation in 25mM creatine (creatine). Slices
were superfused with ACSF containing 25mM creatine for three hours and then washed in
creatine free ACSF for 15 minutes priorto DNP superfusíon. DNP superfusion is indicated by
the bar at bottom. Data was collected and presented as in figure 5.2. Creatine preincubation
caused some hyperexcitability (not shown), but did not alter the depression of the ÍEPSP and the
odhodromic population spike by mitochondrial uncoupling.

5.3.6. INTRACEI.LUTAR CALCIUM STORES

ln mitochondria, oxidative phosphorylation and calcium uptake are alternative,
energy requ¡r¡ng processes, driven by the electrochemical gradient across the inner
mitochondrial membrane (Lehninger et al. 1967). Uncoupling agents such as DNP
prevent calcium uptake and cause calcium efflux from mitochondria, but the
inhibitors of oxidative phosphorylation, atractyloside and oligomycin, do not alter
mitochondrial calcium homeostasis (Lehninger et al. 1967; Carafoli, 1987). The rote
in intracellular calcium homeostas¡s per{ormed by mitochondria (Lehninger et al.

1967; Carafoli, 1987) may account for the dífferent actions on synaptic transmission
of the metabolic inhibitors described above, with mitochondrial catcium release itself
initiating adenosine release, or this signal being further amplified via non-
mitochondrial, calcium-sens¡t¡ve intracellular calc¡um storcs. Dantrolene btocks

calcium release from calcium-sensitive intracellular calc¡um stores in the brain
(Thayer et al. 1988; Frandsen and Schousboe, 1991a), and has been demonstrated to
block the r¡se in intracellular calc¡um due to cyanide or ischaemia in the
hippocampus in vitro (Dubinsky and Rothm an, 1991; Mitani et al. 1993). lndeed

dantrolene blocks an hypoxia-activated outward potassium current in CA' pyramidal
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Figure 5.11 Comparison of time course of alterations in field potentiats in the CA1 area
produced by 50¡rM 2,4 dinitrophenol in the presence and absence of the nucleotiie
transporter inhibitor N BTI
Field potentials in hippocampal slices (n = 3) before, during and after 3.5 minutes
superfusion of 50pM DNP alone (control) or DNp in the presence of 30pM
nitrobenzylthioinosine (NBTI). DNP and NBTI superfusions are indicated by the bar at
bottom. Data was collected and presented as in figure 5.2. Nucleoside transpoder
inhibition caused a slight depression of synaptic field potentials, but did not alter the
depression or recovery of the fEPSP and the oÉhodromic population spike by
mitochondrial uncoupl ing.

neurons (Krnjevic and Xu, 1989). This prompted investigation of dantrolene ¡n

hypoxic depression of synaptic transmission. Superfusion of 30¡rM dantrotene for 1O

minutes had no effect on field potentials. Synaptic depression by supedusion of
50pM DNP for 3.5 minutes was not altered by pre-treatment with dantrolene,
(n : 1), data not shown.

Ruthenium red blocks the passive, reversible calcium carr¡er of the inner
mitochondrial membrane (carafoli, 1987); however, ruthenium red is shown
variously to penetrate CA., neurons (Carcía-Ugalde and Tapia, 1991), or to be

membrane impermeant (Åkerman and Nichotts, 1981), and may atso btock neuronal
membrane calcium channels. Superfusion of 1OpM ruthenium red ineversibty
depressed hippocampal synaptic transmission, without effect on the prevolley or
antidromic population spike, (n = 1), data not shown. During this synaptic
depression by ruthenium red, superfusion of 1¡rM 8-CPT increased the population
spike amplitude but not the fEPSP rate of rise, indicating a slight increase in
postsynaptic excitability rather than alleviation of synaptic depression. This suggests

orlhod¡omic populollon rplko
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prrvo ay O co
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that ruthenium red blocked calcium influx into the presynaptic terminats, rather than
affecti ng m itoc hond rial calc iu m homeostasis.

5.3.7. NUCTEOSIDE TRANSPORTER INHIBITION BTOCKS ADENOSINE UPTAKE
BUT NOT RELEASE

Adenosine crosses the cell membrane via a nucleoside transpoÉer which mediates
facílitatecj d¡ffusion. High and low affinity nucleoside transpoders exist that can be

blocked by NBTI and dipyridamole respectively, although micromotar concentrations
of these inhibitors are repoded to block either transpoder in the rat (Ohkubo et al.
1991). ln the hippocampal slice, NBTI or dípyridamole causes an adenosine
mediated depression of synaptic transmission (Fowler, 19BB; Dunwiddie and Diao,
1994; Haas and Creene, 1988). To determine whether adenosine formed
intracellularly is released via the nucleoside transpoders during energy deprivation,
these inhibitors were investigated in the hippocampal slice.

ln the present study 30¡rM NBTI cause a minor, slow developing depression of
synaptic field potentials in two of three slices. Figure 5.11 shows that pre-treatment

of slices with 30¡rM NBTI had no affect on the synaptíc depression or recovery due to
3.5 minutes superfusion with 50¡rM DNP. Dipyramidole is a more effective inhibitor
of nucleoside transport in the rat hippocampus than is NBTI, and in two different
slices, I minute dipyridamole superfusion at 5¡rM or 50¡rM caused a slow developing
depression of synaptic transmission that did not wash out within one hour, data not
shown. ln the slice exposed to 5pM dipyridamole, DNP 50¡rM superlused prior to
complete depression of field potentials, still produced rapid depression of synaptic
transmission. Thus, while adenosine transport inhibition apparently reduced
normoxic adenosine uptake, ¡t d¡d not prevent adenosine release during oxidative
stress when transport block may have been surmounted by enormous adenosine
production.

5.3.8. ADEn-OSi¡iE UPTAKE ÂND CÂTÂBOL¡SM

The action of dipyramidole described above suggests that adenosine uptake is

important in termination of adenosine action. lt has been suggested that adenosine

uptake is limited by subsequent intracellular metabolism, primarily by adenosine

kinase (Cu and Ceiger, 1992). Co-administration of 100¡rM iodotubercidin, an

adenosine kinase inhibitor (Henderson et al. 1972), and 50¡rM DNP for 3.5 minutes

resulted in depression of synaptic transmission that was not reversed by 30 minutes

washout (n: 1), indicating that phosphorylation of adenosine to AMP is primarily
responsible for termination of adenosine action in the hippocampal slice, data not

shown.
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Figure 5.12 Depression of synaptic transmission by adenosine kinase inhibition and by
hypoxia
The ÍEPSP was recorded in hippocampal slices exposed to the adenosine kínase inhibitor
iodotubercidin (100pM) alone, and in the presence of 1¡rM 8-CPT, and subsequently to
hypoxia. lodotubercidin, 8-CPT and hypoxic ACSF superlusion is indicated by the bars at
bottom. ÍEPSP data was collected and presented as in fígure 5.2. lodotubercidin caused
a depression of synaptic transmission that was completely reversed by 8-CPT (n : 2).
Superfusion of slices with hypoxic ACSF duríng adenosine kinase inhibition and
adenosine A1 receptor antagonism (n = 4) produced a depressíon of synaptic
transmission.

It is possible that inhibition of adenosine kinase is primarily responsible for
adenosine accumulation during hypoxia, and this was ¡nvestigated. Figure 5.12

shows that superfus¡on of slices with 100pM iodotubercidin caused an adenos¡ne-

mediated depression of the fEPSP, such depression being prev¡ously shown to persist

for at least 30 minutes. After 12 minutes, slices were superfused with 1¡rM 8-CPT

which completely reversed the depression of synaptic transmission by

iodotubercidin. This indicates that adenosine kinase inhibition during normoxia does

not produce adenosine accumulation to the same extent as does hypoxia, since 12

minutes hypoxia in the presence of 1pM 8-CPT produced maximal depression the

fEPSP to 55.1 + 5.85o/o S.E.M. (n = 5) of baseline, see sect¡on 4.3.4.1 and 4.3.7.

During adenosine A1 receptor antagon¡sm, slices were aga¡n superfused with
iodotubercidin to ensure continued inhibition of adenosíne k¡nase, then superfused

with hypoxic ACSF Íor 12 minutes. Figure 5.12 shows that the combination of

adenosine kinase inhibition and hypoxia in the presence of 1¡rM 8-CPT depressed the

fEPSP to 49.4 t 4.73oh S.E.M. (n : 4) of baseline, which was not significantly

different from hypoxia alone in the presence of 1pM 8-CPT (P < 0.05). Apparently

adenosine kinase is completely inhibited during hypoxia, but this alone cannot

account for hypoxic adenos¡ne accumulation, and hydrolysis of AMP to adenosine

must also be increased.

5.4. DISCUSSION

ln order to examine whether hypoxic inhibition of mitochondrial energy production

causes hypoxic production of adenosine, inhibitors of mitochondrial respiration and

uncoupling agents were tested, and indeed found to promote adenosine induced

0

hypoxlo
8-CPT

ITU ITU
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depression of synaptic transmission. However, inhibitors of oxidative
phosphorylation did not cause an extracellular accumulation of adenosine, indicating
that hypoxic adenosine production is not directly related to block of mitochondriat
ATP production.

5.4.1. RESPIRATION

ln normally energised brain mitochondria, reducing equivalents from NADH and

FADH2, produced in the metabolism of pyruvate, are shuttted into the mítochondrial
matrix. NAD+ is regenerated in the reduction of the flavin mononucleotide
prosthetic group of NADH dehydrogenase, a flavoprotein that is the initial etectron
carrier in the electron transport chain. This chain is a series of electron carrier
complexes, comprised of flavoproteíns, non-haem iron, coenzymes, cytochromes and

copper proteins, either integral to or associated with the inner mitochondrial
membrane, see figure 5.13. These carriers, in a series of oxidation/reduction
reactions, transfer reducing equivalents from NADH or FADH, to oxygen, producing

water. At the three integral membrane complexes, NADH dehydrogenase,

ubiquinone-cytochrome c-reductase and cytochrome oxídase, the transfer of reducing
equivalents results in the pumping of protons out of the mitochondrial matrix, with a

consequent pH gradient and -150mV membrane potential across the inner
mitochondrial membrane (AQ,) (Scott and Nicholls, 1980; Mitchell, 1976; Lehninger

et al. 1967). This proton electrochemical gradient (Âpn*), totalling some 200mV
(Åkerman and Nicholls, 1983), conserues the large free energy difference between

the reactants and products of the electron transport chain, and drives ene€y requiring
mitochondrial reactions (Mitchell, 1976; Lehninger et al. 1967).

The primary function of mitochondria is oxidative phosphorylation, the
phosphorylation of ADP to ATP. This is catalysed by ATP synthetase, a member of
the class of membrane-associated, reversible ATPases whose catalytic activity is

linked to cation translocation (Ragan and Calant'e, 1985). The ATP synthetase

complex consists of two domains, an oligomycin sensitive, membrane domain, Fs,

through which protons can flow, driving the phosphorylation of ADP by the water-

soluble, F1ATPase domain (Ragan and Calante, 1985). Respiration and oxidative
phosphorylation are usually tightly coupled, transport of two electrons results in
phosphorylation of three molecules ADP, and respiration may be blocked ¡f ATP

synthesis is inhibited. A further mitochondrial process driven by the electrochemical
gradient is the exchange of matrix ATP4- for cytosolic ADP3- by the atractyloside

sensitive ADP3-/ATP4- electrotonic exchanger (Lanoue and Schoolwerth, 1984),

without which oxidative phosphorylation does not proceed (Vignais, 1976; Lanoue

and Schoolwerth, 1984). An alternative energy requiring mitochondrial function is

calcium sequestration. Calcium transport across the inner mitochondrial membrane
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occurs via a passive, reversible carrier and is driven by the electrical potential of the

proton electrochemical gradient (Lehninger, 1970; Carafoli and Sottocasa, 1984).
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Figure 5.1 3 Electron transport chain
Diagram of the flow of reducing equivalents from substrate to NAD, and through the electron
transport chain to oxygen. Abbreviations: nicotinamide adenine dinucleotide (NAD), flavin
mononucleotide (FMN), cytochrome (cyt), and ubiquinone (Q). Protons are pumped at the
bracketed, integral inner membrane complexes.

Under normal cond¡t¡ons, where oxygen is plentiful and ADP is low, mitochondria

are ¡n state 4, characterised by slow respirat¡on with NADH mostly reduced and

subsequent electron transport chain components progressively more oxidised (Jöbsis,

1972). W¡th increased metabolic demand and ATP hydrolysis, the increased

availability of ADP allows fast, state 3 respiration, which results in greater oxidation

of the all but the terminal electron carr¡ers, which are more reduced by the greater

flow of reducingequ¡valents (Jöbsis, 1972), see table 5.1. When necessary, both the

cytosolic glycolytic capacity and mitochondrial resp¡ratory capacity can readily

increase to maintain Arþ,n (Kauppinen and Nicholls, 1986), and therefore ox¡dat¡ve

phosphorylation.

5.4.2. ENERGY DEPRIVATION

5.4.2.1. Electron transport inhi bitors

lnhibiting resp¡rat¡on with cyan¡de prevents electron transfer from cytochrome

oxidase to oxygen (Slater, 1967), this block of the electron transport chain prevents

proton pumping and therefore ox¡dative phosphorylation, and thus closely mimics

hypoxia. Consequently, cyanide has been used as an exper¡mental tool for studying
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hypoxic mechanisms; for instance, prolonged cyanide mimics hypoxic excitotoxicity
in cortical neurons and neuronal cell lines in vifro (Rothman, 1983; Oberpichler ef
al. 199o; Maduh et al. 1990; Johnson et al. 1987; coldberg et al. 1987). tn the
following discussion, the term respiratory inhibition will be used to indicate both
hypoxia and cyanide actions on the mitochondria. lt is not surprising, that in the
present study, cyanide caused an adenosine A1 receptor-mediated synaptic
depression identical to hypoxia. The present findings confirm that exposure on
neurons to cyanide causes rapid, reversible loss of synaptic transmission, previously

shown between the perforant path and dentate granule cetts in vívo (Lees and

Sandberg, 1991), at lateral olfactory tract synapses in olfactory codicat stices
(Yamamoto and Kurokawa, 1970) and at the Schaffer collateral synapses in the CA' of
hippocampal slices (Aitken and Braitman, 1989). tntracellular recordings in the CA'
show that cyanide produces changes typical of hypoxia: a pronounced
hyperpolarisation with decreased input resistance, followed by a slow depolarisation
and eventual loss of plasma membrane potential (Reiner et al. 1990). Rotenone,
which also inhibits respiration, but by extremely tight binding to the NADH
dehydrogenase complex (Singer, 1979), caused irreversible synaptic depression in

the present study.

characteristics steady-state o/o reduction of
components

state to2l ADP
level

substrate
level

resp.
rate

rate-limiting
substance

a c b flavo-
prot.

NAD

1 >0 low low slow ADP 0 7 17 21 90
2 >0 high 0 slow su bstrate 0 0 0 0 0
3 >0 hieh high fast e- chain 4 6 16 20 53
4 >0 low hieh slow ADP 0 14 35 40 99
5 0 high hish 0 oxygen 100 100 100 100 100

Table 5.1 Metabolic states of mitochondria
Table compares respiratory rates and substrate availability with steady state reduction of
respiratory chain components in mitochondria under dífferent metabolic states. Adapted
írom Jöbsis,F.F. i972.

5.4.2.2. Uncoupling

Uncoupling agents typified by DNP are lipophilic, weak ac¡ds, and freely exchange
protons across the inner mitochondrial membrane, preventing formation of A¡r¡1+

(Heytler, 1979). Thus, respiration continues at an increased rate, but enelgy is

dissipated as heat (Hanstein, 1976) and no mitochondrial energy requiring process

proceed. Like hypoxia, uncoupling produced an adenosine A' receptor-mediated

depression of synaptic transmission, due to an extracellular accumulation of
adenosine.
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These studies confirm, in the C4.,, previously described depressive

electrophysiological actions of DNP. For instance, lateral olfactory tract synaptic

transmission in olfactory cortical slices, and that between the perforant path and

dentate gyrus cells in hippocampal slices, is reversibly depressed by DNP (Yamamoto

and Kurokawa, 1970; Cox ef a/. 1985). Microiontophoresis of DNP onto co¡tical and

spinal neurons in anaesthetised cats causes a hyperpolarisation of 12mV and rcduces

input resistance by 6MQ, and depolarisation or acetylcholine induced firing is
inhibited, effects consistent with activation of a potassium conductance (Codfraind ef

al. 1970; Codfraind et al. 1971; Krnjevic and Werman, 1978). The inhibition of

synaptic transmission and activation of a potassium current by DNP and cyanide are

similar to the actions of hypoxia.

5.4.2.3. M itochondrial poisons selectively i nhibit synaptic transmission

Rotenone (Scott and Nicholls, 1980) and cyanide (Kauppinen and Nicholls, 1986)

have only minor effect on the plasma membrane potential in synaptosomes,

indicating that the depressive actions are not the result of membrane dysfunction.

The modest change in membrane potential ín cortical and spinal neurons induced by

DNP (Godfraind et al. 1971; Krnjevic and Werman, 1978) suggests that uncouplers

activate a membrane current, but do not collapse the plasma membrane potential as

they do to Ârþn,'. Fudhermore, in synaptosomes, the proton translocating uncoupler

carbonyl cyanide p-triflouromethoxyphenylhydrazone (FCCP) does not alter the

plasma membrane potential measured by 86Rb equilibrium (Scott and Nicholls,

1980). lndeed uncouplers, acting as proton carriers, could not hyperpolarise the

plasma membrane, as there is insufficient difference between intracellular and

extracellular pH (Martin et al. 1994; Ekholm et al. 1992; Whittingham et al. 1984;

Kauppinen and Williams, 1990) to extrude protons against the membrane potential.

This indicates a specific action of uncoupling on synaptic transmission and

postsynaptic membrane currents, rather than membrane dysfunction.

While the depressive actions of inhibitors of respiration and uncoupling agents on

synaptic transmission in the CNS have previously been described, the prcsent studies

further demonstrate that, in common with hypoxia, the synaptic depression is a result

of activation of adenosine A., receptors. Adenosine mediation of synaptic depression

by metabolic inhibitors has not previously been described. lndeed there are few

demonstration of adenosine release due to these inhibitors in any tissues (Bontemps

et al. 1993).

5.4.3. SIGNAL FOR ADENOSINE RETEASE

It seems likely that, DNP, cyanide and hypoxia act at a common site resulting in the

adenosine mediated inhibition of synaptic transmission, and this site is the

mitochondria. The adenosine that accumulates during energy deprivation does not
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or¡g¡nate from the mitochondria, as the release of adenosine from isolated
mitochondria, via the atractyloside sensitive adenine nucteotide carrier, during state

3 and 4 respiration is not enhanced by rotenone or anoxia (state 5), and is decreased
by uncoupling (Bukoski ef a/. 1983). lt seems that mitochondrial inhibition must
signal cytosolic adenosine accumulation, and cytosolic adenosine wilt equilibrate
with the extracellular space via the nucleoside transporter. Adenosine may
accumulate during enet€y deprivation because of a change in the batance of the
cytosolic anabolic and catabolic pathways. lncrease adenosine production coutd
result from an increase activity of S'-nucleotidase as a resutt of enzyme activation,
independent of an increase in substrate. lncrease production of adenosine via 5'-
nucleotidase could also result from an increase in free AMP, secondary to ATP
depletion, or due to local increases in free AMP, with minor overall ATP deptetion.
Adenosine may accumulate due to reduced salvage due to inactivation of adenosine
kinase, which may result from reduced free ene€y of the ATp poot.

5.4.3.1. ATP depletion is not responsible for initial inhibition of synaptic
transmission

Since electron transport inhibition and uncoupling have different actions on
mitochondrial energisation, on the surface it would appear that a common action,
leading to adenosine release, might be the prevention of oxidative phosphorylation.
However, it seems that adenosine release and inhibition of synaptic transmission is

not due to ATP depletion or a drop in the free energy of the cytosolic adenylate pool.

5.4.3.1.1. Oxidative phosphorvlation

lnhibitors of oxidative phosphorylation prevent mitochondrial production of ATP
(Lehninger, 1964). Oligomycin is the classical ATP synthetase inhibitor (Linnett and

Beechey, 1979) and, as expeeted, causes a slight hyperpolarlsation of Ârþ,n in
synaptosomes, but will cause the collapse of Arþ, if respiration is also inhibited (Scott

and Nicholls, 1980). Atractyloside binds the cytosolic síde of the adenine nucleotide
translocator, inhibiting ATP export from the mítochondrial matrix (Lanoue and

Schoolwedh, 1984; Vignais, 1976) and has been used experimentally to produce

ischaemic-like changes in canine heart (Bittar et al. 1976). However, in the
hippocampal slice neither oligomycin B nor atractyloside produced a depression of
synaptic transmission; therefore, inhibition of oxidative phosphorylation is an

insufficient stimulus for adenosine release. The present findings are at odds with the

observation that oligomycin iontophoresis depresses synaptic transmission in cat
cortical neurons in vivo (Codfraind et al. 1971); these different results may be due to
the lower glucose in vivo fudher compromising energy production compared to the

1OmM glucose used in vifro.
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Glycolysis can maintain ATP during inhibition of oxidative phosphorylation. ln

whole cells, oligomycin, in combination with inhibition of glycolysis, will reduce

ATP (Schmid-Antomarchi ef al. 1987; Kristensen, 1989; Meghji et al. 1989), but it

seems likely that oligomycin B in the presence of glucose will not greatly deplete

ATP. While oligomycin in glucose free medium results in ATP depletion in human

fibroblast cultures, in the presence of glucose, the ATP drop is only slight, and

glucose can regenerate depleted ATP in the presence of oligomycin (Kristensen,

1989). ln isolated rat líver cells, atractyloside alone reduces cytoplasmic ATP/ADP

ratio and increases AMP (Zuurendonk and Tager, 1974; Kristensen, 1989), but may

not result in a laqge ATP depletion. ln the present investigation, prolonged

incubation of the slice in oligomycin caused a slowly developing depression of

synaptic transmission that may have been adenosine A' receptor-mediated, although

this was not verified. Such slow adenosine build up may be a result of loss of

adenine nucleotides to nucleosides.

5.4.3.1 .2. ATP depletion

There is a generally poor correlation between the depression of synaptic transmission

by hypoxia and ATP depletion in the gerbil hippocampus ín vivo (Katsura et al. 1993;

Ekholm et al. 1992; Lowry et al. 1964), guinea pig olfactory cortex slice (Yamamoto

and Kurokawa, 1970), h¡ppocampal slice CA., (Wallis et al. 1990) and dentate gyrus

(Lipton and Whittingham, 1982). Respiratory inhibitors and uncouplers can inhibit

synaptic activity in hippocampal slices without significantly decreasing tissue levels

of phosphocreatine or ATP (Cox ef a/. 1985). Hypoxia, while producing an initial

small, rapid drop in ATP, and a depletion of phosphocreatine, does not result in a

large depletion of total cell ATP in brain slices (Kauppinen and Williams, 1990;

Fredholm et al. 1984; Yoneda and Okada, 1989). Only prolonged respiratory

inhibition reduces cytosolic ATP (Kauppinen and Williams, 1990; Fredholm ef a/.

1984; Yoneda and Okada, 1989). ln cortical synaptosomes, maintenance of A{.
during inhibition of respiration results from a stimulation of inner mitochondrial

membrane F,,ATPase activity to actively pump protons (Kauppinen and Nicholls,

1986; Scott and Nicholls, 1980), indicating that glycolysis can maintain the free

energy of the cytosolic adenine nucleotide pool sufficiently for basal energy

demands.

R¿?l ? ATPh"ffori .^ri{h nhncnhnrraali no

During ín vivo cerebral ischaemia, while synaptic transmission is inhibited, ATP is

maintained at the expense of phosphocreatine (Katsura et al. 1993; Ekholm et al.

1992; Lowry et al. 1964). Similarly, in brain slices during ischaemia or hypoxia,

despite an initial drop in ATP and rise in ADP and AMP, ATP is preserued at the

expense of phosphocreatine (Kauppinen and Williams, 1990; Fredholm et al. 1984;
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Yoneda and Okada, 1989). Phosphocreatine acts as an energy store, buffering ATp,
maintaining ATP/ADP ratios in a range where they act as regulators of various cellular
functions, preventing loss of nucleotides through adenylate kinase and 5'-
nucleotidases, and buffering proton production during rapid ATP hydrolysis
(Wallimann et al. 1992; Ereciñska and Silver, 1989).

lncubation of hippocampal slices with creatine can increase the phosphocreatine
levels in the slice without increasing ATP, levels increase linearly with incubation
time, doubling from 40 to 8Ommol/kg in the first hour (Lipton and Whittingham,
1982; Okada and Yoneda, 1983; Yoneda et al. 1983). Elevated phosphocreatine
slows ATP loss and increases the time that stices can be ischaemic yet still recover
synaptic function with reoxygenation CA, (Okada and yoneda, 19g3); ¡t also

increases the latency of inhibition of synaptic transmission due to ischaemia and

hypoxia in the dentate gyrus (Lipton and Whittingham, 1gB2), CA, (Okada and

Yoneda, 1983) and CA.' (Leblond and Krnjevic, 1989). Creatine pre-incubation did
not delay the depression of synaptic field potentials in the present investigation,
contrary to previous findings with intracellular recording in some CA' neurons
(Leblond and Krnjevic, 1989). The failure of creatine pre{reatment to delay synaptic
depression provides further evidence against ATP depletion contributing to adenosine
release and hypoxic inhibition of synaptic transmission. However, ATP depletion
may have a role in hypoxic hyperpolarisation, and this can be delayed with creatine
pre-incubation (Leblond and Krnjevic, 1989). Also, ATP depletion may be a source
of adenosine during prolonged energy deprivation.

5.4.3. 1 .4. Hypoelvcaemia

Hypoglycaemia provides fudher evidence that ATP depletion may not contribute to
the rapid adenosine accumulation with hypoxia. Hypoglycaemia alone, causes a

slow depression of synaptic transmission in the hippocampus, which is, at least in
part, mediated by adenosine release (Fowler, 1993). Untike hypoxia however,
hypoglycaemic depression of synaptic transmission in the CA1 progresses slowly,
beginning after 10 minutes of hypoglycaemic superfusion, with full depression of the
population spike only after 60 minutes (Fowter, 1993; Schurr ef al. 1g86b).
Similarly, in vivo recordings from rat dentate granule cell layer show that injection of
sodium cyanide causes an immediate depression of field potentials while the
glycolysis inhibitor iodoacetate causes synaptic depression developing slowly over
15 minutes (Lees and Sandberg, 1991). [3H]-2-deoxygtucose washes out from brain
slices with a half life of 2.6 minutes, suggesting that glucose depletion within the
slice following a switch from 10mM glucose to gtucose free superfusion should only
take 10-15 minutes, (Newm an et al. 1988a), the time to onset of aglycaemic synaptic
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depression. This leaves a 30 minute disparity between the complete depression of

the population spike due to hypoxia and that due to hypoglycaemia.

Two possibilities exist to explain this difference. Firstly, the hypoglycaemic slice may

derive substrate for oxidation from a source other than glucose, in the slice this

substrate would necessarily be endogenous, as no other is provided in the ACSF.

Brain glycogen stores can maintain glycolysis for only 5 minutes in the absence of

exogenous glucose (Clarke ef a/. 1989). During aerobic glycolysis, 15o/o of glucose

consumed is converted to lactate, which is largely removed in the blood in vivo.

Brain lactate levels are 1-2mmole/kg wet weight in vivo (Balázs, 1970) and lactate

levels in rat hippocampal slices are 4 fold higher than in vivo (Whittingham et al.

1984). Such levels of lactate would be consumed foraerobic ATP production in two

to ten minutes (Mcllwain and Bachelard, 1971). Although the brain can oxidise fats

to acetyl-CoA, and use ketone bodies, acetoacetate and fthydroxybutyrate , these are

not abundant in the brain and cannot supply cerebral ener€y demands in the absence

of glucose (Clarke et al. 1989; Mcllwain and Bachelard, 1971\. lt is difficult,

therefore, to understand the slow time counse of the depression of synaptic

transmission in hippocampal slices due to hypoglycaemia, as it seems unlikely that

there are sufficient substrate stores. Thus, inhibition of energy production alone may

be insufficient stimulus for rapid adenosine accumulation, but may cause a slower

loss of adenine nucleotides to adenosine. A different mechanism may be responsible

for hypoglycaemic adenosine release compared to hypoxia. lf this is the case,

mitochondrial status may be the trigger in hypoxia.

5.4.4. ADENOSINE METABOTIC PATHWAYS

The brain does not synthesise nucleosides de novo but adenosine can be formed

from a number of sources, including hydrolysis of the a phosphate of AMP by 5'-

nucleotidases or non-specific phosphatases, metabolism of cAMP then de-

phosphorylation by 5'-nucleotidase, and from S-adenosylhomocysteine by

S-adenosylhomocysteine hydrolase. Adenosine can be catabolised by

phosphorylation or deamination.

5.4.4.1. S-adenosylhomocystei ne hydrolase

S-adenosylhomocysteine hydrolase can catalyse the reversible hydrolysis of

S-adenosylhomocysteine to adenosine and homocysteine, but unless the products are

removed, the equilibrium greatly favours S-adenosylhomocysteine synthesis

(Schrader et al. 1981; de la Haba and Cantoni, 1959), and the enzyme is subject to

product inhibition (de la Haba and Cantoni, 1959). The K, for hydrolysis of

S-adenosylhomocysteine is 2.9¡tM, and the K, for adenosine is 0.39¡rM but is in the

millimolar range for homocysteine (Schrader et al. 1981). This explains why

intracellular trapping of adenosine with homocysteine thiolactone reduces release of
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adenosine from ischaemic hippocampal slices (Shirasaki et al. 1994). while
formation of adenosine from S-adenosylhomocysteine contributes to normoxic basat

adenosine levels, adenosine is not prod'uced via this route during hypoxia. tn rat

hepatocytes, the S-adenosylhomocysteine hydrolase inhibitor, adenosine dialdehyde,
causes a decreased adenosine production during normoxia but has no effect during
hypoxia (Bontemps ef a/. 1993).

5.4.4.2. 5'-nucleotidase

ln rat brain, several enzymes, including non-specific alkaline or acid phosphatases,

can catalyse the removal of the a phosphate from AMP, but only the S'-nucleotidase

is active at physíological pH (Nagata et al. 1984). ln sub-cellular fractions from
whote rat brain, S'-nucleotidase activity is located mainty in the crude mitochondrial
fraction, microsomal fraction and nerve end particles, all with high specific activity,
and the highest specific activity is in purified synaptic membranes (Nagata et al.

1984). High activity of the enzyme in the rat brain is found in the basal ganglia,

medulla oblongata, ,thalamus, and all synaptic layers of the CA, area of the
hippocampus (Nagata et al. 1984; Fastbom et al. 1987). There are two different
cytosolic forms as well as a membrane bound form of S'-nucleotidase (Meghji and

Newby, 1990). The membrane bound form is an ecto-S'-nucleotidase (Meghji and

Newby, 1990), shown to catalyse the hydrolysis of extracellular AMP in

synaptosomes (Hoehn and White, 1990b; MacDonald and White, 1985) and cortical
slices (Hoehn and White, 1990a), but is not likely to be the 5'-nucleotidase
responsible for extracellular adenosine accumulation during hypoxia (Lloyd et al.

1993), when nucleosides are released. Cytosolic 5'-nucleotidases have been

extensively studied in head and liver, where many IMP preferring forms have been

described (Skladanowski ef al. 1990; Newby, 19BB; Truong et al. 1988; Meghji et al.

19BB). AMP oreferring forms of 5'-nucleotidase are described in the rat and pigeon

heart and the r¿t liver (Truong et al. 1988; ltoh ef a/. 1986; Skladanowski and

Newby, 1990; Newby, 19BB; Spychala et al. 1990; Nakamura, 1976). This latter

enzyme is stimulated by ADP and ATP, although this ATP stimulation may not occur
at physiological levels of AMP (ltoh et al. 1986; Skladanowski and Newby, 1990).

The purified enzyme is activated by falling adenylate energy charye (ttoh et a/. 1986)

and with fixed nucleotide levels, activity increases with AMP concentration (Spychala

et al. 1990). The AMP preferring S'-nucleotidase has a pH optimum in the range

near pH 7 (Timmermann, 1992; Newby, 19BB). These methods of control of

catalytic activity may be important during hypoxia when AMP increases and energy

charge and pH fall.
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5.4.4.3. Nucleoside transporter

ln embryonic chick neuronal orglial cell cultures, where 4tglml oligomycin plus 30

mM 2-deoxyglucose increased cytosolic and extracellular adenosine, dilazep, a

nucleoside transport inhibitor, decreased release of adenosine by 80-90o/o, trapping

adenosine intracellularly (Meghji et al. 1989). Failure of nucleoside transpoders to

prevent DNP depression of synaptic transmission in the present work is curious.

Possibly some adenosine was trapped intracellularly but the transport block was

surmounted. lndeed, the nucleoside transpoder inhibitors are poorly effective in the

rat (Van Belle, 1988; Verma and Marangos, 1985), and the adenosine released in the

absence of nucleoside transpoder inhibitors is at least an order of magnitude greater

than is necessary for complete block of synaptic transmission, see chapter 4.

Extracellular adenosine accumulation during hypoxia or metabolic inhibition is

unlikely a result of inhibition of nucleoside uptake, since the majority of transport

occurs via a passive carrier (Ohkubo et al. 1991; Dunwiddie and Diao, 1994). lt is
more likely that, during hypoxia, cytosolic adenosine production increases, and

adenosine uptake, being mostly equilibrative, is limited by inhibition of subsequent

adenosine metabolism via adenosine kinase (Cu and Ceiger, 1992; Bontemps ef a/.

1993).

5.4.4.4. Adenosine kinase

Uptake of adenosine and phosphorylation via adenosine kinase is the primary

mechanism for removing extracellular adenosine and salvaging nucleotides. This is

apparent in the present study from the continual depression of synaptic transmission

by the adenosine kinase inhibitor iodotubercidin. ln normoxic hepatocytes,

iodotubercidin causes an increase in adenosine production (Bontemps et al. 1983) to

a rate similar to that during hypoxia (Bontemps et al. 1993). This indicates a futile

cycle of phosphorylation and dephosphorylation of adenosine during normoxia, and

the present evidence indicates such a futile cycle occurs in the hippocampus.

Evidence suggests that phosphorylation of adenosine is inhibited during hypoxia, and

this contributes to adenosine accumulation. Rat hepatocytes in the presence of

iodotubercidin and deoxycoformycin produce adenosine at a linear rate of about 18

nmoleVmin/g cells, however, this rate only doubles with the introduction of hypoxia,

despite a 20fold increase in total AMP (Bontempsef a/. 1993). lodotubercidin alone

does not alter hypoxia or cyanide induced accumulation of adenosine, suggesting

that adenosine kinase is completely inhibited during hypoxia (Bontemps et al. 1993),

and, in the present study, iodotubercidin did not increase the adenosine mediated

depression of synaptic transmission during hypoxia. Howeveç an 8-CPT

concentration that completely reversed the iodotubercidin-induced, A1 receptor-

mediated depression of synaptic transmission, only paÉially restored the synaptic

depression due to hypoxia. lt is apparent that, in the hippocampus, hypoxia causes a
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cons¡derable increase in adenosine production that far outweighs the adenosine

accumulation due to adenosine kinase inhibition.

Nevedheless, enhanced production of adenosine via 5'-nucleotidase during hypoxia
cannot account for adenosine accumulation if the adenosine kinase is not saturated

or inactivated, since the hypoxic rate of adenosine production in hepatocytes equals

the rate of normoxic phosphorylation by adenosine kinase (Bontemps et al. 1993;

Bontemps et al. 1983). ln normoxic rat hepatocytes and synaptosomes, adenosine

kinase is not saturated by basal adenosine 'levels, since exogenous adenosine is

phosphorylated at about 0.08¡rmole/min/g cells and V,nu, O.8pmole/min/mg protein
(Bontemps et al. 1983; Cu and Ceiger, 1992). This suggests adenosine kinase is not

saturated by the adenosine produced during hypoxia, and therefore must be inhibited

to allow adenosine accumulation.

The rapid recovery of synaptic potentials with reoxygenation demonstrates that

adenosine action at the A1 receptor is terminated rapidly, despite the apparent large

concentration of adenosine present extracellularly during hypoxia. lf adenosine

kinase is inhibited during hypoxia, it must recover immediately and have

considerable capacity.

Purified adenosine kinase is inhibited by low rnillimolar concentrations of AMP
(Murray, 1968; Hawkins and Bagnara, 1987) but these are not likely to be impodant

physiologícally as neither total, nor free AMP achieve these levels, even during

ischaemia (Ekholm et al. 19921" Drop in the adenylate energy charye below 0.7

causes a steep drop in purified adenosine kinase activity (Murray, 1968). As

previously discussed, ATP is not greatly depleted, and free energy of the cytosolic

adenine nucleotide pool remains high during respiratory inhibition, and this is

therefore unlikely to be the cause of adenosine kinase inhibition. Adenosine kinase

from rat brain has a broad pH optimum at 7.5-8.5 but acidification to pH 7 results in

^ tr^o/- A^^-^^-^:^ ^^+:.,:+., tw^^^A^ ^t ^l lôo^\ lJ.,^^.,:^ -^^,,1+^:^ ^^ :-r-^^^ll..l^-

acidification that may be sufficient to deactivate adenylate kinase.

5.4.4.5. Adenosine deaminase

Adenosine deaminase is probably not greatly involved in the deactivation of

adenosine, and indeed the hippocampus has only low levels of adenosine deamínase

(Nagy et al. 1990). While the adenosine deaminase inhibitor deoxycoformycin

slightly increases adenosine accumulation and depresses inosine accumulation in rat

cortex ín vivo (Phillis et al. 1991) and increases adenosine production in hepatocytes

(Bontemps et al. 1993) this may be a result of AMP deaminase inhibition. The more

selective adenosine deaminase inhibitor erythro-9-(-2-hydroxy-3-nonyl)adenosine

(EHNA) does not further increase adenosine mediated inhibition of field potentials in
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the hippocampal slice in the presence of nucleoside transport inhibitors (Dunwiddie

and Diao, 1994), and does not increase ischaemic release of adenosine from

hippocampal slices (Lloyd and Fredholm, 1990).

5.4.5. ACTIVATION OT ENZYMES

5.4.5.1. Mitochondrial signals

It is evident from the preceding discussion that inhibition of oxidative

phosphorylation and ATP depletion are not the common mechanism for adenosine

accumulation during uncoupling or respiratory inhibition. The best explanation is a

hypoxic inhibition of adenosine kinase and an increase activity of 5'-nucleotidase.

Yet the common site of action for respiratory inhibition and uncoupling appears to be

the mitochondria, and this must signal these changes.

While respiratory inhibition and uncoupling both cause rapid adenosine release, they

act differently, and have different consequences on mitochondrial eneryisation; thus,

the common mechanism stimulating adenosine release is unclear. Alterations in the

redox potential of the respiratory chain components is not the signal. When the flow

of electrons from cytochrome oxidase to oxygen is inhibited, as with hypoxia or

cyanide, all components of the respiratory chain will be completely reduced (Jöbsis,

1972); however, with increase electron flow in the presence of an uncoupler, carriers

near oxygen will become reduced and carriers near NADH become oxidised to a

greater extent than in state 3 (Oshino et al. 1974). Furthermore, alterations in the

proton electrochemical gradient is not the signal for adenosine release. ln cortical

synaptosomes, inhibition of respiration causes only a small reduction of Arþr, from

-150mV to -125mV, while uncouplerc cause a collapse of Arþ, (Kauppinen and

Nicholls, 1986; Scott and Nicholls, 1980). Howeverthe signal may be local adenine

nucleotide changes, for instance at the presynaptic sites which are mitochondria rich,

rather than whole cell or tissue nucleotide levels, as are usuually measured. lt may

also be that fluctuations in cytosolic calcium due to release from mitochondrial and

non-mitochondrial intracellular stores alters enzyme activation. lntracellular

acidification as a result of energy deprivation may alter enzyme function.

5.4.5.2. lncrease in AMP

Apparently glycolysis maintains cellular ATP during hypoxia. However, an increase

in free ADP or free AMP occurs before ATP depletion during ischaemia; cerebral

cortex free AMP raises lrom 0.24 pmoleVkg wet weight during normoxia to 2-8

pmole/kg wet weight during ischaemia (Ekholm et al. 1992), and this rise in AMP

might result in a raised adenosine production via 5'-nucleotidases. CAt fEPSP is

completely depressed while adenylate ene€y charge has dropped from 0.9 to 0.8

with hypoxia, and the stad of synaptic transmission depression precedes any change

in adenylate energy charge (Fredholm et al. 1984). However, this charge estimate
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was based on total nucleotides, not free ADP and AMP. tn the isolated perfused rat

head during ischaemia or metabolic stimulation, the drop in phosphorylation
potential, tATPytADPI*[Pi] calculated using free ADP, correlates well with adenosine

release (Headrick ef a/. 1989).

While there is certainly an increase in free AMP, this may not be the sole avenue for
increased adenosine production. As previously indicated, in hepatocytes, hypoxic
AMP increase is disproportionately large compared to the increased adenosine
production (Bontemps et al. 1993). Elevation of phosphocreatine should delay the

rise in free AMP, but creatine pre-incubation of hippocampal slices did not delay the

DNP depression of synaptic transmission.

Mitochondrial ATP synthetase can catalyse a close thermodynamic equilibrium
between ApH* and the cytosolic ATP pool. Uncoupling with DNP stimulates ATPase

activity (Lardy and Wellman, 1953; Lehninger, 1964; Heytler, 1979; Slater, 1967;
Hemker, 1962) as ATP is hydrolysed in a futile pumping of protons. Measurement of
mitochondrial membrane potential in synaptosomes indicate that inhibition of
respiration with cyanide or rotenone also stimulates ATPase activity (Kauppinen and

Nicholls, 1986; Scott and Nicholls, 1980). This ATPase activity may promote free

ADP and free AMP accumulation and contribute to adenosine release. lnhibition of
the ATP synthetase will prevent this ATPase activity. Oligomycin 5pglml perfused

into in sítu rat liver for 15 minutes prevents the FCCP drop in ATP content, measured

1 minute after FCCP infusion (Kraus-Friedmann et al" 1990). Fudhermore, in

neurons, maintenance of ionic gradients by membrane Na+/K+-ATPase and Ca2*-

ATPase accounts for 50-600/o of cytosolic ATP utilisation (Ereciñska and Silver, 1989;

Scott and Nicholls, 1980) and oligomycin also inhibits Na+/K+-ATPase (Jöbsis and

Vreman, 1963; Linnett and Beechey, 1979). However oligomycin failed to prevent

DNP inhibition of synaptic transmission, suggesting that stimulation of ATPase

activity does not promote adenosine release.

5.4.5.3. Enzyme activation

lncrease of both adenosine and inosine production in the hippocampus during

ischaemia in the presence of EHNA suggests an activation of S'-nucleotidase acting

on both AMP and IMP (Lloyd et al. 1993); however, there may also be an incrcase in

IMP production during ischaemia due to deamination of elevated AMP, indeed, AMP

deaminase activity is enhanced by a decrease in energy charge (Coffee, 1978). The

synthetic nucleoside tricyclic nucleotide (TCN) is taken up by cells and is

phosphorylated by adenosine kinase to TCN-P and can be hydrolysed to TCN by 5'-

nucleotidase. ln hippocampal slices pre-incubated with TCN, ischaemic conditions

promote an efflux of TCN as well as adenosine (Lloyd and Schrader, 1987). This

suggests that during ischaemia either S'-nucleotidase is activated or adenosine kinase
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is inhibited, as an increase in endogenous mono-nucleotides would not effect TCN-P

dephosphorylation.

5.4.5.4. pH

pH changes have been proposed as a mechanism for increasing S'-nucleotidase

activity (Madin et al. 1994). IntracellularpH in normoxic cortical slices is7.2, about

0.29 pH units more acidic than extracellular pH, but anoxia causes an acidification of
0.5 pH units within two minutes (Ekholm et al. 1992; Whittingham et al. 1984;

Kauppinen and Williams, 1990). lntracellular acidification may be a possible

hypoxic signal, increasing the activity of 5'-nucleotidase (Newby, 1988) and

decreasing the activity of adenosine kinase (Yamada et al. 1980). Such hypoxic

intracellular acidification is a result of lactic acidosis. Whereas most pyruvate

produced by aerobic glycolysis is destined for oxidative metabolism, some pyruvate

is reduced to lactate. Lactate accumulates during respiratory inhibition as a result of

the block of oxidation of pyruvate, as well as by a stimulation of lactate production

concomitant with an increase in glycolysis (Mcllwain and Bachelard, 1971). Even

though respiration is stimulated during uncoupling, and pyruvate is rapidly utilised,

lactate may accumulate due to an increased glycolytic rate; indeed, an increase in

aerobic gylcolytic rate produces an accumulation of lactate similar to that produced

by hypoxia (Mcllwain and Bachelard, 1971). Whereas inhibitors of oxidative
phosphorylation can inhibit tightly coupled respiration (Lehninger, 1964), and might

be expected to cause lactate accumulation, oligomycin only slightly reduces state 4

respiration in synaptosomes (Scott and Nicholls, 1980), and thus may not produce

lactic acidosis. With uncoupling and respiratory inhibition, there could be an initial,
lactate independent, drop in pH due to a mismatch between ATP hydrolysis and

phosphocreatine hydrolysis (Wallimann et al. 1992) when phosphocreatine stores are

depleted; however, the failure of creatine pre-incubation to alter the DNP depression

of synaptic transmission argues against this being important in adenosine release.

Thus, lactic acidosis could be a common mechanism by which respiratory inhibition
and uncoupling produce adenosine accumulation.

5.4.5.5. Calcium

5.4.5.5.1 . Mitochondrial calcium homeostasis

Although total intra-neuronal calcium is in the range 1.5mM, cytosolic free calcium is

approximately 0.1tt|/. (Carafoli, 1987). Calcium is an impoÉant second messenger

controlling numerable cellular processes, and thus cytosolic calcium levels fluctuate

both temporally and spatially. The mitochondria are intimately associated with
neuronal calcium homeostasis. Mitochondrial oxidative phosphorylation and

calcium uptake are alternative, energy requiring processes, that use the eneryy of the

electrochemical gradient across the inner mitochondrial membrane; as a pair of
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electrons traverses the respiratory chain either, six calcium ions can be transported or
three molecules of ADP phosphorylated (Lehninger et al. 1967; Lehninger, 1970;

Carafoli and Sottocasa, 1984; Miller, 1991). Calcium uptake in the mitochondria
occurs via a passive, reversible, electrophoretic carrier, and uptake is driven by the

electrical potential across the inner mitochondrial membrane (Lehningeç 197O;

Carafoli and Sottocasa, 1984). This transpoÉ can be specificallv blocked by

ruthenium red (Moore, 1971). Calcium is normally expoded from the mitochondria

by an electrically silent Na*/Ca2* exchanger, Na+ in turn is exported by the Na+/H+

antiporter (Carafoli and Sottocasa, 1984). ln the face of high cytosolic calcium levels,

the Na*/H+ antiporter becomes saturated and net calcium accumulation occurs, to

the exclusion of oxidative phosphorylation (Lehninger et al. 1967; Lehninger, 1970;

Carafoli and Sottocasa, 1984; Miller, 1991). The mitochondrial set point for calcium

accumulation is often presumed to be 0.5-1pM, well above the level of cytosolic free

calcium (Miller, 1991; Carafoli, 1987). Whether neuronal mitochondria accumulate

calcium under physiological conditions is controversial but evidence supports some

role in cytosolic calcium buffering in the range of 0.1-1pM (Miller, 1991; Thayerand

Milleç 1990). Nerve terminals are rich ín mitochondria (Kauppinen and Nicholls,

1986; Scott and Nicholls, 1980) and these terminals are subject to considerable

influx of calcium during stimuluVcoupling. lndeed, calcium accumulation into

mitochondria has been shown to account for most of synaptosomal calcium

accumulation (Lust and Robinson, 1969; Åkerman and Nichotts, 1981).

Non-mitochondrial calcium-storage organelles are found within various parts of the

neuron including the presynaptiê terminals, and are often associated with
mitochondria, suggesting the two may cooperate in calcium buffering (Miller, 1991).

Calcium-storage organelles are associated with the endoplamic reticulum, and are

characterised by Ca2*-ATPase pumps, calcium binding proteins and calcium release

channels (Krause, 1991). Some calcium storage organelles can be stimulated to
release calcium by calcium itself, or by methylxanthines such as caffeine, and may

contain the ryanodine receptor typical of muscle cells, while a second type of

calcium-storage olganelle has calcium channels opened by the second messenger

inositol 1,4,S-trisphosphate (Henzi and MacDermott, 1992; Krause, 1991). lnositol

1,4,5-trisphosphate receptors and ryanodine receptors are found in high levels in the

hippocampus but are physically segregated (Henzi and MacDermotl, 1992). These

intracellular calcium stores have a lower capacity than the mitochondria but a higher

affinity for calcium, and can buffer cytosolic calcium in the physiological range

(Miller, 1991).

Mitochondrial calcium uptake is dependent on the eneryisation state, and the

ruthenium red sensitive carrier will reverse if the mitochondrial electrochemical

gradient is sufficiently low (Carafoli, 1987). Uncoupling agents such as DNP,
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dicoumarol or gramicidin prevent calcium uptake and cause calcium efflux from

mitochondria; however, atractyloside and oligomycin do not inhibit calcium uptake

(Lehninger et al. 1967; Lehninger, 197O; Carafoli and Sottocasa, 1984). To what

extent respiratory inhibition might affect mitochondrial calcium homeostasis is less

clear. While block of electron flow should prevent calcium uptake, in rotenone

treated synaptosomes, the maintenance of the inner mitochondrial membrane in an

energised state by glycolytic ATP production (Scott and Nicholls, 1980), suggests that

hypoxic mitochondria are sufficiently energised to still retain calcium; however, the

poisoned mitochondria may be unable to accumulate further calcium if cytosolic

calcium rises. ln the hippocampal slice in the presence of DNP or cyanide,

presynaptic calcium might rise more quickly than under control conditions, since the

prevoltey is preserved, it is assumed that action potentials are invading the synaptic

terminals and causing calcium influx. Such a rise in cytosolic calcium may trigger

adenosine accumulation.

Energy deprivation can lead to an increase in cytosolic calcium both from release of

calcium and from inhibition of energy dependent uptake of calcium into

mitochondrial and non-mitochondrial stores. ln isolated fura-2 loaded Heliosoma

trivolis neurons and in isolated rat hepatocytes, the uncoupler FCCP causes a

biphasic release of calcium from mitochondrial stores (Jensen and Rehder, 1991;

Fulceri et al. 1991). ln per{used rat liver and isolated Heliosoma trivolis neurons,

FCCP causes an increase in intracellular calcium released from non-mitochondrial

stores associated with decreased ATP levels (Kraus-Friedmann et al. 1990; Jensen and

Rehder, 1991). ln neonatal rat hippocampal cultures sodium cyanide or azide

increases intracellular calcium over five minutes, while oligomycin and DNP cause a

slower elevation of cytosolic calcium that is blocked by dantrolene (Dubinsky and

Rothman, 1991). ln ischaemic hippocampal slices the early rise in intracellular

calcium is partially blocked by calcium free media and fu¡.ther reduced by dantrolene

(Mitani et al. 1993). Respiratory inhibition with antimycin A, but not inhibition of

oxidative phosphorylation with olígomycin, blocks substrate driven calcium

accumulation into synaptosomes and mitochondria (Lust and Robinson, 1969).

q 4 q q ) Calcittrn ovnl¿od hvnnyíc rrrrranf

Apparently the hypoxic potassium current in neurons is activated by an increase in

cytosolic calcium (Leblond and Krnjevic, 1989; Krnjevic and Xu, 1989) and DNP

similarly activates a potassium conductance due to an increase in cytosolic calcium

initiated by release of mitochondrial calcium (Codfraind et al. 1971). ln CAt neurons

in the hippocampal slice, EGTA-containing electrodes have a variable effect on input

resistance (Leblond and Krnjevic, 1989) while the hypoxic hyperpolarisation is

unaffected (Leblond and Krnjevic, 1989; Fujiwara et al. 1987; Zhang and Krnjevic,
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1993). The best evidence that hypoxic potassium current is calcium-dependent is

that it is blocked by dantrolene (Krnjevic and Xu, 1989), which prevents calcium
release from calcium-sensitive intracellular calcium stores (Miller, 1991; Thayer et a/.

1988). Whether dantrolene sensitive calcium release activates the hypoxic catcium
current, or is an additional requirement for its activity, is unknown. However, in the
current work, dantrolene failed to block the DNP depression of synaptic transmission.
This is not altogether surprising, as evidence suggests that hypoxic hyperpotarisation

and the depression of synaptic transmission are different processes, see chapter 4,

section 4.4.5. However, it seems possible that an increase in cytosolic calcium, from
mitochondrial stores, during hypoxia, respiratory inhibition or mitochondrial
uncoupling may alter the activity of adenosine metabolising enzymes and promote

adenosine accumu I ation.

5.5. SUMMARY AND CONCLUSIONS

The respiratory inhibitor cyanide and the mitochondrial uncoupler DNP produced an

adenosine A1 receptor-mediated depression of synaptic transmission, identical to that
produced by hypoxia. However, inhibitors of mitochondrial ATP production and

export failed to mimic hypoxia. Buffering of cytosolic ATP with phosphocreatine also

failed to alter synaptic depression due to inhibition of mitochondrial energy

metabolism. Apparently, neuronal ATP depletion is not responsible for the initial
rapid accumulation of adenosine. The best evidence available suggests that
adenosine accumulation results from stimulation of 5'-nucleotidase, combined with
inhibition of phosphorylation of adenosine by adenosine kinase. lntracellular and

extracellular adenosine probably equilibrate by facilitated diffusion via the

nucleoside transpoder. Both of these effects may be localised in the synaptic

terminals which are rich in mitochondria. Possible regulatory mechanisms for 5'-
nucleotidase and adenylate kinase that are common to respiratory inhibition and

uncoupling include increase in cytosolic calcium secondary to alteration of
mitochondrial calcium homeostasis, acidification of the cytosol by lactic acid

accumulation, or localised increases in free AMP.
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6. PERSISTENT AcrloNs oF HYPoxlA AND ADENOS|NE: Posr-
INHIBITORY AND POST.HYPOXIC HYPEREXCITABITITY

6.1. INTRODUCTION

Lack of oxygen supply to the br.ain results in a rapid loss of higher brain functions,

such as conscíousness and purposive behaviour, but these will return with timely
reoxygenation (Rossen ef al. 1943; Sugar and Cerard, 1938). Despite this apparent

recovery, the brain may be rendered hyperexcitable, and delayed neuropsychological

deterioratíon with associated neuronal damage can develop (Bergamasco et al. 1984;
Meyer, 1936). Such post-hypoxic brain damage is found particularly in the
pyramidal neurons of the hippocampal CA' subfield (Sommer's field) (Sommer,

1880), and is characterísed by neuronal degeneration several days after apparent

recovery from the hypoxic episode (Speílmeyer, 1925). To date, such delayed

neuronal death has attracted most attention, whereas the often persistent

hyperexcitability that appears immediately following reoxygenation has been

essentially neglected, even though it may foreshadow further brain deterioration.

It is now well established that the loss of neuronal synaptic activity in the CA' area of
the hippocampus during hypoxia is due to adenosine (CribkofÍ et al. 1990; Cribkoff
and Bauman, 1992; Fowler, 1989), which accumulates extracellularly during hypoxia
(Fredholm et al. 1984), see chapter 4. This adenosine is a potent neuromodulator

that, acting at adenosine A1 receptors, blocks excitatory synaptic transmission (Siggins

and Schubert, 1981), presumably through inhibiting glutamate release (Lupica ef a/.

1992; Nadler et al. 1990). These depressive effects of adenosine on glutamate

release can protect against hypoxic excitotoxicity. Indeed increasing endogenous

adenosine (Dux et al. 1990; Phillis and O'Regan, 1989) or administration of

exogenous adenosine receptor agonists (Evans et al. 1987; Januszewicz von Lubitz ef

al. 1989; von Lubitz et al. 1988; Donaghy and Schofield, 1991) promotes the

survival of neurons following hypoxia or ischaemia. Civen these protective effects of
adenosine and the release of adenosine during hypoxia, it has become firmly
established in the literature that adenosine release is the brain's own protective

mechanism against hypoxia-induced damage (Newby ef a/. 1990).

However, subsequent to an hypoxic or ischaemic episode, synaptic activity may

recover, and neuronal hyperexcitability appeans. For instance, following brief

cerebral ischaemia, spontaneous action potential frequency increases in CA., neurons

of rats in vivo (Chang et al. 1989), whilst electrical stimulation of CA' afferents

evokes epileptiform discharge of pyramidal neurons following Ín vitro hypoxia in

hippocampal slices (Schiff and Somjen, 1985). Such hyperexcitability is poorly

characterised; for instance, there is evidence both for increased excitatory synaptic
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transmission (Miyazaki et a/. 1993) as well as for an increase in pyramidal neuron
excitability (Andersen, 1960; Chang et al. 1989), but whether this latter is due to
disinhibition or increased intrinsic excitability is unclear.

While it has become lore that the depressive actions of adenosine protect against

hypoxic neuronal death, less attention has been focussed on any potentiat pro-

convulsive action of the prolonged, elevated adenosine levets that occur during
hypoxia. This aspect of hypoxic pathophysiology is important, since synaptic

excitation of CAt pyramidal neurons seems a prerequisite of post-hypoxic

excitotoxicity (Onodera et al. 1986). This chapter presents evidence in hippocampal
slices that hypoxia-induced adenosine release itself may contribute to a form of post-

hypoxic hyperexcitability that is a result of an increase in excitability of the CA'
pyramidal neurons. lt is hypothesised that examination of inpuVoutput relationships

for CA1 synaptic transmission will indicate that post-hypoxic hyperexcitability results

from an increase excitability of pyramidal neurons. lt is proposed that antagonism of
adenosine 41 receptor activation during hypoxia does not prevent the production

hyperexcitabilíty upon reoxygenation. However, application adenosine to slices

during normoxia will produce similar hyperexcitability, through an action at another
receptor subtype.

6.2. METHODS

ln the following investigations, hippocampal .slices were exposed to only a single

drug and/or hypoxic treatment, thus all comparisons were between different slices,

prepared from different animals. ln the figures illustrating time course of drug or
hypoxia actions, the first two time points are always recorded in drug free, normoxic
ACSF, and the first time point is considered baseline. All data is presented as a
percentage of the baseline recording. When used, antagonists were superfused onto
hippocampal slíces for five minutes prior to superfusion wíth hypoxic ACSF.
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recordings were made immediately prior to treatment of slices with drugs or hypoxia
and then again after one hour of reoxygenation and washout with normoxic, drug-

free ACSF. 8-cyclopentyl-1,3-dimethylxanthine (8-cyclopentyltheophylline, 8-CPT),

1,3-dipropyl-8-p-sulfophenylxanthine (DPSPX), cyclopentyladenosine (CPA), N6-[2-

(3,5-dimethoxyphenyl)-2-(2-methylphenyl)ethylladenosine (DM PA), 2-VQ-
carboxyethyl)phenethylamino-5'-ethylcarboxamidoadenosine (cCS 21680), 3,7-

dimethyl-1-propylargylxanthine (DM PX), DL-2-amino-phosphons-g-pentanoic acid
(AP5), 1-(S-isoquinolinesulfonyl)-2-methylpiperazine hydrochloride (H-7), N-t2-
(methylamino)ethyll-5-isoquinolinesulfonamide hydrochloride (H-8) were purchased

from Research Biochemical I ncorporated; 2,4 dinitrophenol (DN P), staurosporine and

8-bromo-adenosine-3',5'-cyclic-monophosphate (B-Br-cAMP) were purchased from
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Sigma; and adenosine was obtained from Calbiochem. 8-CPT, DMPA and DNP stock

solutions were made in 0.05N NaOH, CPA stock solution was made in ethanol, and

DPSPX, DMPX, AP5, H-7, H-8, 8-Br-cAMP and adenosine stock solutions were made

in distilled water.

The data concerning superlusion of hippocampal slices with hypoxic ACSF or with
DNP was measured in the same slices from which the data presented in chapter 4

was obtained. Several of the following figures illustrating post-hypoxic

hyperexcitability also include, for comparison, data previously presented in chapter

4.

6.3. RESULTS

6.3.1. POST-HYPOXIC HYPEREXCITABITITY

6.3.1.1. Prolonged hypoxia resulted in hyperexcitability upon reoxygenation

As was shown in chapter 4, hypoxia caused a rapid, reversible, adenosine 4.,

receptor-mediated depression of synaptic field potentials in the CA' area of the

hippocampal slice. Coincident with the recovery of field potentials, with the

reintroduction of oxygenated ACSF following 30 minutes of hypoxia, was the

appearance of a second o¡thodromic population spike, see figures 6.1 and 6.2. The

averaged field potentials in figure 6.1 show that this second population spike of 3.5 +

0.8mV S.D. maximum amplitude was smaller in than the primary population spike of

7.1 + 0.6mV S.D. maximum amplitude (n:5). The second spike was also wider,

indicating less synchronous firing of the underlying action potentials in the neuronal

population. These second population spikes were never seen to decline over 90-180

minutes of post-hypoxic recordings. Whilst these slices were continually stimulated at

0.05H2 during hypoxia, preliminary studies showed that such stimulation was not

necessary for development of multiple population spikes (n : 2), data not shown.

Occasionally, slices displayed multiple population spikes from the outset of

recording, prior to experimental hypoxia, and it was presumed that this reflected

hypoxia during brain slice preparation. Surgical isolation of the CA, area with a

vertical cut across all layers at the level of the CAz did not prevent this

hyperexcitability, indicating that, whateverthe origin, it is intrinsic to the CA.' area.

The second population spike arose from the same fEPSP as the first, with an onset

delay of a fudher 4-5ms. Although the post-hypoxic field potentials showed multiple

population spikes, the underlying fEPSPs before and after hypoxia were similar. This

is evident in figure 6.34. which shows superimposed stratum radiatum field

potentials, arisíng from the same stimulus strength, before and after hypoxia.

Analysis of sub-maximal fEPSPs at a similar prevolley amplitude before and after
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Figure 6.1 Effects of superfusion of hypoxic ACSF on synaptic field potentials in the
hippocampal slice
Synaptic field potentials in the CAt area evoked by Schaffer collateral/commissural
stimulation. The left column shows recordings from the stratum pyramidale (cell body
layer) and the right column shows recordings from stratum radiatum (apÍcal
dendritdsynaptic layer). From top to bottom are shown respectively field potentials
before, during and t hour following 30 minutes of hypoxia. Calibration bars are 1mV
and 1ms, negative down. Stimulus artefacts are truncated for clarity. Note that this is

identical with figure 4.1.

hypoxia showed that fEPSP amplitude, rate of rise, area and duration at 20o/o of

amplitude were not different (P < 0.05, n = 5), figure 6.38.

6.3.1.2. 2,4-Dinitrophenol induced hyperexcitability

As was illustrated in chapters 4 and 5, the mitochondrial uncoupler DNP and

hypoxia have actions s¡m¡lar act¡ons, reveß¡bly depressing synapt¡c field potentials.

ln these exper¡ments, washout following 30 minutes superfusion of 50 ¡rM DNP was

also accompanied by the appearance of a second o¡'thodromic population spike,

figure 6.4. lt is only prolonged synapt¡c depression that produces such

hyperexcitability, since 3.5 minutes DNP never caused hyperexcitability (n: 10),

despite depression of synaptic transmission, see chapter 5. Figure 5.3, chapter 5,

J
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Figure 6.2 Time course of alterations in field potentials in the CA1 area during hypoxia
and reoxygenation
Field potentials in hippocampal slices before, during and after 30 minutes of hypoxia
alone (n = 5) and during a similar period of normoxic incubation in slices never exposed
to hypoxia (n = 5). Hypoxia is produced by superfusion of slíces with hypoxic ACSF for
30 minutes as indicated by the bar at bottom. Schaffer collateral/commissural fibres were
stimulated at 0.05H2 and each three consecutive field potentials averaged to give minute
averages. Values are expressed as a percentage of the baseline (fint mínute average)
response. Points represent the mean t S.E.M. (n : 5) for each condition, where no error
bars are evident, they are smaller than the symbol. fEPSP values represent the percentage
of the baseline rate of rise of the initial segment and prevolley, antidromic spike and first
orthodromic population spike values are percentage of baseline amplitude of the
respective field potentials. Second orthodromic population spike values are expressed as

a percentage of the baseline amplitude of first population spike, to avoid divisíon by zero
where the second population spike is absent during baseline recordings. Hypoxia caused
significant depression of fEPSP, oÉhodromic population spike and antidromic population
spike compared to normoxia. Recovery of field potentials was accompanied by the
appearance of a second oÉhodromic population spike. ln slices not exposed to hypoxía,
field potential values remained close to 100o/o of baseline and a second orthodromic
population spike did not develop.

shows typical odhodromically evoked field potentials before, during and after DNP

50pM superfus¡on for 3.5 minutes, w¡th no second populat¡on spike evident upon

recovery of synaptic transmission.
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Figure 6.3 Secondary population sp¡kes following hypoxia occurred despite no
differences in fEPSP before and after hypoxia
A. Superimposed prehypoxíc fEPSP and post-hypoxic fEPSP evoked by same stimulus
current, note the two population spikes in the post-hypoxic field potential. B.
Measurements of fEPSP evoked by the same submaximal stímulus current ímmediately
before and one hour following 30 minutes of hypoxia. Pre.hypoxic values of fEPSP

amplitude, rate of rise (slope) of initial segment, area, and duration al2Oo/o of amplítude
were 2.8 t O.71mV, 3.3 t O.42mY/ms, 15.46 + 3.52mVrms, and '10.76 t 0.62ms
respectively and post-hypoxic fEPSP values were 2.55 t 0.52mV, 2.98 i 0.50mV/ms,
15.4 t 2.73mVtms, and 10.82 t 1.16ms (mean t S.D., n:5), pre and post-hypoxic
values were not significantly different (P < 0.05).

6.3.1.3. Adenosine A, receptor antagon¡sm

Adenosine-mediated depression of synaptic transmission is a striking feature of

hypoxia in the CA, area, and the possible involvement of this adenosine 4., receptor

activation in the production of posLhypoxic hyperexcitability was ¡nvestigated. Pre-

treatment of hippocampal slices w¡th the adenosine 4., receptor antagon¡st 8-CPT

resulted in the appearance orenhancement of a second population sp¡ke in all slices,

figure 6.5 and figure 6.6. This disinhibition in the presence of 1¡rM 8-CPT slowly
declined after 8-CPT exposure if the slices were not exposed to hypoxia. However,

adenosine 4., receptor antagon¡sm during hypoxia failed to prevent the appearance of
persistent multiple population spikes upon reoxygenat¡on.

5

NE
pre-hypoxio
posl- hypoxio
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Multiple spiking which occurred in the presence of 8-CPT was similar in appearance

to that seen following hypoxia but, unlike with hypoxia, was accompanied by small
changes in the underlying fEPSP. As previously mentioned, chapter 4, section
4.3.4.1, and can be seen in figure 6.6, the rate of rise of the fEPSP was significantly
increased to 105.2 + 3.2oh s.E.M. of baselinê (n:5, p<0.01). The area of the
fEPSP at a similar prevolley amplitude is slightly, but significantly increased from
16.5 + 2.9mV*ms to 17.5 + 2.8mV*ms (mean t s.D., rì = 10, p(0.05) during
8-cPT exposure. However, neither the amplitude 2.9 + 0.3mV and 2.9 t 0.3mV
(mean + S.D., n = 10), northe duration at2}oh of amplitude 10.3 t 1.6ms and 10.5
+ 1.4ms (mean + S.D., n : 6), were significantly changed (P<0.05) by adenosine Al
receptor antagonism, data not shown. This slight increase in fEPSP area, without
increase in duration, frây be due in part to the increase in rate of rise, and in part to
an increase in late area of the fEPSP, this latter may be due to alteration of spike after-

potentials (Nathan et al. 1990), such as the AHP.

Perfusion of slices with 10pM 8-CPT produced a second population spike or
increased the amplitude of an existing second population spike, figure 6.7. This

effect was only padially reversed by 90 minutes washout of 8-CPT, see figure 6.7 A.¡¡.

compared to B.l. Reoxygenation following subsequent exposed to hypoxia in the
presence of 1OpM 8-CPT resulted in a fudher increase in multiple spiking, this is

apparent as an increase ín amplitude of the second population spike and appearance

of a third population spike in figure 6.8 B.u¡.

Disinhibition, manifest as a second population spike also occurred with 75pM
DPSPX, and increased during the onset of hypoxia (n:1), figure 6.8. This

concentration of DPSPX would be active at both A1 (Ki 21OnM) and A, (Ki 710nM)
receptors. lt seems, therefore that the second orthodromic population spike does not

occur as a result of adenosine A, receptor activation. Furthermore, the moderately

potent adenosine A, receptor antagonist DMPX (10pM) promoted the appearance of
multiple population spikes, and also failed to depress the second population spike

when applied in the presence of 1pM 8-CPT (n : 1), data not shown.

During the onset of hypoxia in the presence of B-CPT, the second orthodromic
population spike increased in amplitude and further multiple spiking occurred, prior
to depression of these spikes, figure 6.5 and figure 6.6. A second population spike

usually occurred transiently during the onset of hypoxia without 8-CPT, but being

evident in only one or two responses at 0.05H2, it was lost in the averaging. This

disinhibition seen during the onset of hypoxia may be due to the greater sensitivity of
GABAergic inhibitory synaptic transmission than excitatory transmission to hypoxic
depression (Henhkowitz et al. 1993).
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6.3.1.4. lnpuUoutput curve changes after hypoxia

Further analysis of field potentíals was achieved by producing input/output curves of
field potentials immediately before, and one hour following 30 minutes of hypoxia
and 1pM 8-CPT, allowing identification of persistent changes in synaptic transmission
and excitability. Figure 6.9 and 6.10 show sample input/output curves produced

before and after 30 minutes hypoxia and normoxia time control respectively. These

figures shows that similar fEPSPs and first population spikes were evoked before and

after hypoxia. A second population spike occurs only in response to strong input
before hypoxia but this relationship is strongly left-shifted and enhanced foltowing
hypoxia. As was shown in chapter 4, tigure 4.10 no post-treatment values of
inpuVoutput cu¡ves of early field potential components, the prevolley, fEPSP and first
population spike, showed any differences (P S 0.01), demonstrating that fast

components of synaptic transmission and neuronal excitability were not attered by

hypoxia or antagonist treatment.

Following recovery from hypoxia, the most striking alteration in neuronal activity was

a prolongation of excitation in response to a single odhodromic stimutus, evident in
the enhancement of the second population spike, as seen in the representative slices
of figures 6.1 and 6.9 and in the mean areas of the inpuUoutput curyes of the second
population spike shown in figure 6.11. Hypoxia produced significant increases in
ínput/output curves describing the second population spike, compared to normoxic
controls, normoxia with 8-CPT (1pM) or the pooled pre-treatment values, (P < 0.01).
Hypoxia alone or hypoxia in the presence of 8-CPT (1pM) produced a similar
increase in these inpuVoutput curves. Normoxia alone or norrnoxic 8-CPT (1pM)

superfusion did not result in persistent alterations in the inpuUoutput curyes second
population spike in the compared to pre-treatment, (P<0.01), except where the
8-CPT (1¡rM) normoxic value for population spike 2 versus prevolley was larger than
pre-treatment, which was a consequence of considerable hyperexcitability appearing

in only one of the 5 slices in this B-CPT (1pM) group. Clearly, hypoxia produces an

increase in excitation that persists for at least one hour after reoxygenation, and this
disinhibition is not altered by adenosine A,, receptor blockade.

Although 1¡rM 8-CPT produces a disinhibition during superfusion as already noted,

this effect declínes with washout of the drug, whereas, disinhibition induced by

1OpM B-CPT did not completely washout within 90 minutes. lnpuVoutput curyes

following hypoxia in the presence of 1O¡rM B-CPT werc not derived in all cases;

however, 1O¡rM 8-CPT yielded results qualitatively similarto 1¡rM 8-CPT, see figure
6.7. The areas of the second population spike curues were increased following
1OpM 8-CPT alone, and further increased in the same slice by subsequent hypoxia in

the presence of 1O¡rM 8-CPT, data not shown. The relative contributions of hypoxia
and 1O¡rM 8-CPT to this hyperexcitability could not be determined. Similar results
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Figure 6.4 Comparison of the time course of alterations in field potentials in the CA1
area by hypoxia or 2,4 dinitrophenol
Alterations in field potentials in hippocampal slices before, during and after 30 minutes of
superfusion with hypoxic ACSF (n = 5) or with normoxic ACSF containing DNP 50¡rM
(n = 5). Hypoxia or DNP supedusíon is indicated by the bar at bottom. Data was
collected and presented as in tigure 6.2. Hypoxia data in this figure is from the same
slices as Íigure 6.2, presented for comparison. DNP, like hypoxia, caused depression of
the fEPSP and orthodromic population spike, and recovery synaptic transmission after
DNP washout was characterised by the appearance of a second orthodromic population
spike.

were obtained in the two slices exposed to hypoxia in the presence of 75pM DPSPX.

DPSPX failed to prevent post-hypoxic hyperexcitability (n : 1), but the

hyperexcitability induced by normox¡c superfusion w¡th DPSPX also failed to
washout in 90 minutes (n : 1).

Adenosine 4., receptor antagonists produce presynaptic disinhibition, characterised

by an increase in fEPSP rate of rise and populat¡on spike amplitude, which decline

immediately with washout of the antagon¡st, and postsynapt¡c disinhibition,

characterised by multiple populat¡on spikes, which persist for some time after drug

washout. lt has recently been described that postsynaptic disinhibition of CA.,

161



CONfROL

E-CPT (tr¿r¡) ¡1 mln

HYPoxlA oNsET (2 mln)

Figure 6.5 8-CPT disinhibition and hypoxic onset disinhibition
Averaged pyramidal layer field potentials taken before, after 4 minutes of lpM B-CPT
perlusion and during the onset of hypoxia in the presence of 1pM B-cpr. Note the
increase ín amplitude of the second population with 8-CPT which fuÉher increased in
amplitude during the onset of hypoxia. Stimulus artefacts are truncated for clarity.
Calibratíon bars are 1ms and 1mV, negative down.

pyramidal neurons in the hippocampal slice by 8-CPT involves a preferential
enhancement of the NMDA component of the EPSC (K!ishin ef a/. 1995), and this
may be respons¡ble for the multiple populat¡on spikes seen ¡n the present study. The
persistent postsynaptic disinhibition after normoxic supedusion of adenosine A,,

receptor antagonists represent a form of synaptic plasticity that warants further
investigation, particularly sínce 4., receptor-mediated hyperpolarisation is preserved
(Alzheimer et al. 1989).

Superfusion of 20¡rM DMPX (n : 1) during hypoxia failed to prevent the
development of persistent multiple spiking after hypoxia, data not shown. However,
DMPX is a relatively weak and non-selective antagonist at adenosine A, receptors,
and further trials were not conducted in light of the large extraceltular concentration
of adenosine obtained during hypoxia, see chapter4, section 4.3.7.

J

162



6.3.2. ADENOSTNE A, RECEPTOR tNHTBITION rS NOT REDUCED FOLLOWTNC
HYPOXIA

It has been proposed that adenosine A' receptor desensitisation could account for
post-hypoxic hyperexcitability (Lee and Kreutzberg, 1987), and indeed, both post-

hypoxic hyperexcitability and adenosine A' receptor antagonism are characterised by

the appearance of multiple population spikes. This possibility was tested by

measuring the depression of the synaptically evoked field potentials using the

selective A' receptor agonist cyclopentlyadenosine before and after hypoxia. The

concentration/response curves for the fEPSP in figure 6.12 show that there was no

difference in 4., receptor-mediated depression of synaptic transmission before or after

hypoxia. Similarly, the depression of the population spike by cyclopentlyadenosine

was no different before and after hypoxia, data not shown. ln addition, antagonism

of adenosine A' receptors with 8-CPT following a period of hypoxia resulted in an

increase in fEPSP rate of rise, and in the amplitude of both population spikes, similar

to that found before hypoxia, data not shown. This indicates the continued presence,

following hypoxia, of a depressive tone due to basal extracellular levels of

endogenous adenosine.

6.3.3. ADENOSINE RECEPTOR AGONISTS DURING NORMOXIA

6.3.3.1. Adenosine caused rebound hyperexcitability

ln order to explore whether adenosine action, possibly at some receptor subtype

other than A1 receptors, may be responsible for rebound hyperexcitabílity,

hippocampal slices were exposed to a variety of adenosine receptor agonists for 30

minutes. Hyperexcitability was produced by adenosine, the endogenous ligand, but

not by selective agonists for the A' and A, receptors. Application of exogenous

adenosine under normoxic conditions produced effects much like those following an

hypoxic episode. Superfusion of hippocampal slices with 50pM adenosine for 30

minutes caused a rapid, reversible depression of synaptic field potentials; the

population spike was completely abolished and the fEPSP was reduced to a minimum

of 13.5 t 0.Bo/o of baseline value (n : 4), while the prevolley persisted at 96.3 +

1.3olo (n = 4); the antidromic population spike persisted at 95o/o in the one slice

where it was measured. Moreover, upon washout of the applied adenosine, recovery

of synaptic field potentials was accompanied by the appearance of a second

population spike, despite the absence of hypoxia, see figure 6.13.

6.3.3.2. low dose adenosine did not produce multiple population spikes

Superfusion of guinea pag hippocampal slices with low micromolar or nanomolar

concentrations of adenosine produces presynaptic enhancement of excitatory

synaptic transmission to C4.,, CA, and dentate granule cells, by a mechanism that can

persist following washout (Okada et al. 1990; Nishimura et al. 1992; Okada et al.

1992). To examine whether the post-inhibitory rebound excitability described in the
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Figure 6.6 Time course of hypoxic changes in field potentials in the CA, area in the
presence of the adenosine A1 receptor antagonist 8-CPT
Time course of alterations of the hippocampal slice field potentials before, during and
after 30 minutes of hypoxia alone (n = 5) and hypoxia in the presence of 1pM 8-cpT
(n = 5). Slices were pre-treated with 8-CPT for 5 minutes before hypoxia. Hypoxia is
produced by supelusion of slices with hypoxic ACSF for 30 mínutes as indicated by the
bar at bottom. Data was collected and presented as in figure 6.2. Hypoxia without
antagonist dàta in this figure is from the same slices as tigure 6.2, presented for
comparison. Hypoxic depression of fEPSP, odhodromic population spike and antidromic
population spike was attenuated by 8-CPT. Prior to hypoxia, 8-CPT caused disinhibition,
evident as an increase in fEPSP, fint populatÍon spike and in particular second population
spike. Note the increase in second population spike amplitude duríng the onset of
hypoxía, see figure 6.5.

present study can be similarly produced, hippocampal slices were exposed to low
adenosine concentrat¡ons. However, 30 minutes superfusion of stices with 100nM
adenosine (n:2), 1pM (n : 1) adenos¡ne or 10pM (n = 1) adenosine did not
produce multiple populat¡on sp¡kes either during or following drug application.

6.3.3.3. Ar and A, receptor agon¡sts did not produce multiple population spikes

Adenosine, being the endogenous ligand, w¡ll activate all adenosine receptor
subtypes. Superfusion of hippocampal slices for 30 minutes with selective agonists
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Figure 6.7 Field potentials during 1OpM 8-CPT and hypoxia
Al. shows a control field potential, All. shows field potentials during superfusion with
1OpM 8-CPT. Bl. shows field potentials following 90 minutes washout of 1OpM 8-CPT.
Bll. shows field potential during a subsequent superfusion with 1O¡rM B-CPT. Blll. shows
field potentialsfollowing 30 minutes hypoxia in the presence of 1O¡rM 8-CPT. Note the
increase in excitability following hypoxía. Calibration bars are 1mV and 1ms, negative
down. Stimulus artefacts are truncated for clarity.

for the 4., and A, adenosine receptor subtypes failed to produce hyperexcitability like

that following adenosine. The most obvious action of hypoxia, or exogenous

adenosine, is the A' receptor-mediated depression of synaptic transmission; however,

although 8-CPT (1-1OpM) reduced synaptic depression during hypoxia, nevertheless

this A1 receptor antagonism failed to alter the appearance of post-hypox¡c

hyperexcitability. This suggests that hypoxic activation of A' receptors is unlikely to

be respons¡ble for the generat¡on of post-hypox¡c, rebound, hyperexcitability.

lndeed, supedus¡on of hippocampal slices with the selective adenosine A' receptor

agonist CPA 50nM for 30 minutes produced a complete depression of the population

spike, and depressed the fEPSP to 21.1 + 1.60/o S.E.M (n : 2) of baseline.

Nevedheless, recovery of the population spike and fEPSP upon washout of CPA, was

not accompanied by appearance of a second population spike (n : 4).

Possible involvement of an adenosine A, receptor in rebound hyperexcitability was

explored, using two different agonists. The adenosine A, receptor agonist DMPA,

which does not discriminate between Ar" or A16 receptors, at 50nM caused a small,
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steady decline in the fEPSP to a minimum of 77.6 + 6.70/0 of baseline, and in the
population spike to a minimum of 83.37 +7.1o/o (n : 4) of baseline values, over 30
minutes exposure. Again, washout of DMPA was not accompanied by the
appearance of a second population spike. On the other hand, CGS 21680 is thought
to act at the Aru subclass of adenosine A, recepton, which have been proposed to
medíate a form of hyperexcitability (Cunha et al. 19941. Superfusion of hippocampal
slices with CCS 21680 (50nM) for 30 minutes caused a slow, steady decline in the
fEPSP to 85.6 t 1.4o/o of baseline. The population spike, however was initiatty
increased to 107.8 | 4.9o/o S.E.M. (n:3) of the baseline value at seven minutes
superfusion of CGS 21680, whereafter it declined over the remaining period of
superfusion to 98.8 * 3.5o/o of baseline (n : 3). This initial increase in poputation
spike amplitude was variable, a 10-15o/o increase occurring in two of the three stices

tested and no increase in the remaining slice. CCS 21680 had no effect on the
amplitude of a small second population spike which was already present in these

slices prior to drug superfusion. ln one slice, a combination of 5OnM CPA, 50nM
CCS 21680 and 50nM DMPA also failed to produce any hyperexcitability. Attempts
to replicate adenosine mediated post-inhibitory hyperexcitability by using selective
agonists for adenosine A' and A, receptor subtypes thus failed.

6.3.3.4. lnpuuoutput curve changes after adenosine receptor agonists

As with hypoxia, the input/output curves relating to the first population spike, and the
maximum population spike amplitude, were not useful indicators of hyperexcitability
induced by adenosine, as there were no significant differences between their pre- and

post{reatment values, data not shown. Hyperexcitability is evident, however, in
figure 6.14 which shows the mean post-treatment values of the area under the
inpuVoutput curves relating the second population spike to the prevotley and the
fEPSP, for slices exposed to the various adenosine receptor agonists and controt
slices; the figure additionally shows the combined pre{reatment values of all these

slices. Adenosine exposure produced significant hyperexcitabi!ity compared to the

control slices, and to all other agonists treated slices, as well as to the combined pre-

treatment values for all slices, (PS0.01). No other adenosine receptor agonist
produced inpuUoutput curue areas for the second population spike greater than

control or pre-treatment. This hyperexcitability produced by adenosine, however,
was itself significantly less than that produced by hypoxia, (P < 0.05). However, the
production of hyperexcitability by adenosine may be concentration dependent since

50¡rM, but not lower concentrations, were effective. The concentration of exogenous

adenosine tested in the present study was lower than that calculated to be present at

the receptors during hypoxia, and future testing of higher adenosine concentrations is

warranted.
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Figure 6.8 Time course of hypoxic changes in field potentials in the CA1 area in the
presence of the adenosine A1 receptor antagonist DPSPX
Time course of alterations of the hippocampal slice field potentials before, during and
after 30 minutes of hypoxia in the presence of 75pM DPSPX (n : 1) and hypoxia alone
(n : 5). Slices were pre.treated with DPSPX for 5 minutes before hypoxia. Hypoxia is
produced by superlusion of slices with hypoxic ACSF for 30 minutes as indicated by the
bar at bottom. Data was collected and presented as in figure 6.2. Hypoxia without
antagonist data in this figure is from the same slíces as Íigure 6.2, presented for
comparison. Hypoxic depression of fEPSP, orthodromic population spike was attenuated
by DPSPX. Note the increase in disinhibition duríng hypoxia, similar to that with 8-CPT
ín figure 6.6.

6.3.4. GTUTAMATE RECEPTORS IN POST.HYPOXIC HYPEREXCITABILTTY

It is well known that glutamate accumulates extracellularly in the brain during and

following ischaemia, and may accumulate with hypoxia if neurons are depolarised

(Pellegrini-Ciampietro et al. 1990; Ogata et al. 1992), see chapter 2, section 2.4.3.

However, such glutamate release is untikèly in the present model where hypoxic

spread¡ng depression does not occur (Martin et al. 1994), see chapter 2 section

2.4.7.2 and chapter 4, section 4.4.1. Nevertheless, even in the absence of enhanced
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Figure 6.9 lnpuUoutput curves of CAt field potentials before and after hypoxia
lnpuVoutput curues of field potentials from a representative slice constructed before
(circles) and one hour following 30 minutes of hypoxia (tríangles). lnput/output curves
were constructed from measurements of prevolley amplitude , fEPSP rate of rise, first
orthodromic population spíke amplitude (open symbols) and second orthodromic
population spike amplitude (filled symbols) recorded over a range of stimulus currents.
Each point is measured from an average of three responses evoked usíng 0.05H2
stimulation. Note the strong left-shift ol and increase of area undeç the second
population spike curues.

glutamate release, glutamate act¡on at the NMDA or metabotropic receptors may

produce multiple populat¡on spikes, and this was investigated.

6.3.4.1. NMDA receptor antagon¡sm

Under physiological conditions, the NMDA receptor is blocked in a voltage

dependent manner by magnesium (Mayer et al. 1984; Nowak et al. 1984). lf this

magnes¡um block is relieved by depolarisation, blockade of CABAergic inhibition, or

by omission of magnes¡um from an in vitro medium, an NMDA component of

synapt¡c transmission is evident as a slow EPSP and multiple late act¡on potentials

(Andreasen et al. 19BB; Davies and Collingridge, 1989). These secondary sp¡kes are

blocked in a concentration-dependent fashion by the NMDA receptor antagonist AP5

(Coan and Collingridge, 1987a). ln the present investigation, antagonism of NMDA

receptors with 50pM racem¡c AP5 was ineffective in depressing the second

population spikefollowing hypoxia in the hippocampal slice (n:2), seefigure 6.15.

This indicates that the second population spike is generated from the initial, AMPA

receptor-mediated, depolarisation, as seemed apparent from the fEPSP measurements
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Figure 6.10 lnpuUoutput curves of CAt field potentials of a slice never exposed to
hypoxia
lnput/output curyes of field potentials from a representative slice constructed before
(circles) and one hour following 30 minutes of normoxic control incubation (triangles).
lnput/output curyes were constructed from measurements of prevolley amplitude , fEPSP

rate of rise, first oÉhodromic population spike amplitude (open symbols) and second
orthodromic population spike amplitude (filled symbols) recorded over a range of
stímulus currents. Each point is measured from an average of three responses evoked
using 0.05H2 stimulation.

above. Also, NMDA receptor activation and tetanus of synaptic input can produce

long{erm potentiation of synaptic transmissions (Bliss and Collingridge, 1993).

NMDA receptor activation during hypoxia does not contribute to the development of
post-hypoxic hyperexcitability s¡nce supeíus¡on of 30pM AP5 throughout hypoxia

did not prevent the development of multiple populat¡on sp¡kes (n : 1).

6.3.4.2. frans-ACDP

Metabotropic glutamate receptor act¡vat¡on comb¡ned with tetanus of the Schaffer

collaterals can produce long-term potentiation mediated by protein kinase C,

characterised by multiple population spikes (Aniksztejn et al. 1992). Here, 100pM

frans-ACDP application caused an initial appearance of a second populat¡on sp¡ke

but eventual depression of synapt¡c transmission. No post-inhibitory

hyperexcitability was evident upon washout, see figurc 6.16.
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Figure 6.11 Second population spike inpuUoutput areas following hypoxia or normoxia
Areas of the inpuUoutput curues for hypoxia and 8-CPT relating the second population
spike amplitude to prevolley amplitude or fEPSP rate of rise (n : 5) and, for comparison,
the combined pre.treatment value for these curyes (n = 20). The figure shows the mean
+ S.E.M. value for area expressed as a percentage of the corresponding first population
spike pre{reatment input/output curue area. Double asterisks denote that the hypoxic
curves whether in the presence or not of B-CPT are significantly larger than either
normoxic curve (P<0.01), and are also significantly larger than the combined pre
treatment value (P < 0.01). The hypoxic curves are not different from each other, and the
normoxic curyes are not different from each other. Single asterisk shows the area of the
cunve of population spike 2 versus fEPSP for 8-CPT application during normoxia is larger
than the pre-treatment control (P <0.01), but no other normoxic values are different from
pre-treatment.

6.3.5. PROTEIN KINASE

Several lines of ev¡dence suggest a poss¡ble protein kinase involvement in the

generat¡on of post-hypoxic and adenosine rebound hyperexcitability. Firstly,

adenosine'4' and A3 receptors activate phospholipase C (White et al. 1992;

Dickenson and H¡ll, 1993; Ramkumar et al. 1993), and modulation of adenylate

cyclase was the first described action of adenosine A' and A2 receptors (Sattin and

Rall, 1970; Londos ef a/. 1980). Such modulation may promote excitability, for
instance, adenosine A16 receptor-med¡ated cAMP accumulation and prote¡n kinase A
-^+¡.,^+i^^ i^ l-^ ^^L^^^^^ D+.,^^ ^^l^:. .-^^1^ trt^-,,1 ^L ^t rl'lñt\cLLrvq[l\rll lll \Jra3 llcul\JllJ (:llllal|Lt:J a -l.yPC LOlLlUlll L(¡llElll,J \rY¡UË,l'll Ëa At, lJJJt.

Also, both protein kinase C and prote¡n kinase A have been implicated in the

adenosine-mediated increase in exc¡tatory synapt¡c transmission in the super¡or

colliculus and dentate gyrus (Okada and Hirai, 1993; Hirai ef al. 1994; Nishimura ef

al. 1992). While these represent presynapt¡c act¡ons of adenosine, protein kinases

may also participate in postsynaptic excitation. For instance, protein kinase C is

apparently required for long-term potent¡ation in the CA., area (Malinow and Tsien,

1990). Also, adenylate cyclase act¡vators orcAMP analogues produce a potentiation

of sub-maximal population spikes, without any increase in the fEPSP in the CA' area,

which persists or decays only slowly after washout of the drug (Dunwiddie and

Hoffer, 1980; Dunwiddie et al. 1992; Pockett.et a\.1993; Slack and Pockett, 1991).

nmØNm
a

prclrcolmcnl
normoxlo
SCPT
hypo x ld
hypox lo + SCPT

aa
aa

aa
aù

170



100

80

50

¡10

20

È
t
È
U

t
o

o
E
s
bt

0
t00

cyclopcnlylod.nosinc nM

Figure 6.12 CPA concentration/response curves before and after hypoxia
Concentration-response curye for the adenosine A1-receptor agonist
cyclopentyladenosine before (circles) and after (triangles) hypoxia. Points are mean t
S.E.M. percent depression of fEPSP (n = 2 or 3).

H-7 is a relatively non-selective protein kinase inhibitor, active at both prote¡n kinase

A and prote¡n kinase C, with micromolar efficacy (Hidaka et al. 1984). Super{usion

of one hippocampal slice with 100pM H-7 throughout 30 minutes of hypoxia did not

prevent the hypoxic depression of synapt¡c transmission, and also failed to prevent

post-hypoxic hyperexcitability. lnterpretation of this result is difficult because, as has

been previously described (Leahy and Vallano, 1991; Corradetti et al. 1989), H-7

alone produced increase in excitability, manifest as multiple population spike and an

enormous increase in fEPSP duration, see figure 6.17. However, while the fEPSP

returned to baseline duration, multiple population spikes persisted.

H-8 is a moderately selective protein kinase A inhibitor (Hidaka et al. 1984).

Staurosporine, like H-7, inhibits protein kinase C at the magnesium-ATP site, but is

more potent and selective with an ICro in the range 2.7-1OnM (Tamaoki et al. 1986;

Robinson, 1992). Neither 10pM H-8 (n:1), nor 100nM staurosporine (n:2)
superfused during hypoxia prevented the hypoxic depression of synaptic transmission

or the development of multiple population spikes upon reoxygenation, data not

shown. Neither of these compounds alone had any effect on CA., field potentials,

indicatíng that the H-7-induced excitability is probably unrelated to protein kinase

inhibition.

Superfusion of a slice with 500pM (n = 1,) but not 250pM (n:1), of the cell

permeant cAMP analogue 8-Br-cAMP depressed synaptic field potentials in an 8-CPT

sensitive manner, see figure 6.18. This indicates that 8-Br-cAMP is an agonist at the

4., receptor, as are many adenine nucleotides (Phillis et al. 1974), see also chapter 5,

section 5.3.5. Figure 6.18 shows that ln the presence of 1¡rM 8-CPT,500pM 8-Br-

cAMP, rather than depressing synaptic transmission, instead increased the amplitude

0
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Figure 6.13 Comparison of the time course of changes in field potentials in the CA1 area
by 50¡rM adenosine and hypoxia
Alterations in field potentials in hippocampal slices before, during and after 30 minutes of
supedusion with hypoxic ACSF (n = 5) or with normoxic ACSF containing 5OprM
adenosine (n:4), except antidromic spike (n:1). Hypoxia or DNP supedusion is
indicated by the bar at bottom. Data was collected and presented as in ligure 6.2.
Hypoxia data ín this figure is from the same slíces as figure 6.2, presented for comparison.
Adenosine, like hypoxia, caused depression of the fEPSP and orthodromic population
spike, and recovery of synaptic transmission after adenosine washout was characterised
by the appearance of a second odhodromic population spike.

of the second populat¡on spike without altering the fEPSP. Although this
enhancernent of the second population sp!ke cculd represent 8-Br-cA.MP action at an

undefined adenosine receptor, it may also be a prote¡n kinase A action.

6.4. DISCUSSION

6.4.1. POST.HYPOXIC HYPEREXCITABITITY IS AN INCREASE ¡N POSTSYNAPTIC
NEURONAT EXCITABITITY

Using a new method of analysis of hippocampal evoked field potentials, inpuVoutput

curyes of the second population spike were constructed in this study as an indicator
of hyperexcitability induced by hypoxia or adenosine. This striking form of

hyperexcitability is rarely discussed in the literature, despite being apparent in figures

from some papers (Okada et al. 1992). lmportantly, the prcsent method prov¡des a

means to quantify alterations in neuronal excitability that are not revealed in
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Figure 6.14 Second populat¡on spike inpuUoutput areas following adenosine receptor
agon¡sts
Areas of the input/output currres relating the second population spike amplitude to
prevolley amplitude or fEPSP rate of rise (n : 5) and, for comparison, the combined pre.
treatment value for these curves (n = 25) for various adenosine receptor agonists. The
figure shows the mean t S.E.M. value for area expressed as a percentage of the
corresponding first population spike pre.treatment inpuUoutput curye area. Asterisk
denotes significantly different from combined pre'treatment value (P<0.01) and greater
than any other agonist treatment (P < 0.05).

established methods using field potentials. ln conjunction with the input/output

curues of the early synaptic components, it can prov¡de further information as to the

presynapt¡c or postsynaptic site of increases in excitatory synaptic transmission.

It is apparent that a 30 minute period of hypoxia does not result in an increase in fast

synaptic transmission, relative to afferent input. ln chapter 4, compar¡son of

inpuVoutput curves relating prevolley amplitude to either fEPSP slope, or first

population spike amplitude, revealed no significant difference between normoxic or

hypoxic íncubation of slices, suggest¡ng that there is no increase in exc¡tatory

transmitter release following recovery from hypoxia. lt is likely that the component

of the stratum radiatum fEPSP following the population spikes is modulated to some

extent by spike after-potentials and lPSPs, indeed, increase in this late area of the

fEPSP can be produced by paired pulse depression of the fast IPSP (Nathan et al.

1990). Also, the amplitude of the fEPSP may be curtailed by the onset of a

population spike. Such contamination complicates interpretation of fEPSP amplitude,

area and duration. However, measurements of fEPSPs, resulting from inputs of

similar strength, showed no differences before and after hypoxia, despite the obvious

multiple populat¡on spikes following hypoxia. Taken together, these results indicate

that there is no increase ¡n the net exc¡tatory input to the CA' neurons. Nevertheless,

posþhypoxic hyperexcitability is evident in the input/output curves of the second

population spike, and is likely, therefore, to result from a protonged postsynaptic

neuronal excitation in response to stimulation. This prolonged excitation is in
response to AMPA receptor activation and not NMDA receptors, since NMDA
receptor antagonism did not reduce any of the population spikes. This multiple

spiking following hypoxia indicates that, in some of the neuronal population,
173
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Figure 6.15 Second population spike is not NMDA generated
Stratum pyramidale field potentials following 30 minutes of hypoxia. Superimposed
multiple odhodromic population spikes recorded in the presence (thick line) and absence
(thin line) of the NMDA antagonist AP5 (50pM). Calibration bars are 1mV and tms,
negative down. Stimulus artefacts are truncated for clarity.

membrane depolarisation exceeds threshold for a prolonged period in response to
exc¡tatory input, as a result of either disinhibition or an alteration in intrinsic neuronal

excitability.

CA.' pyramidal neurons are ¡ntr¡nsically excitable, but are under the influence of
polysynaptic feedback and feedforward CABA mediated inhibition, as well as an

inhibitory tone from the action of basal levels of endogenous adenosine, which limit
their activity. Alleviation of either of these forms of inhibition could be responsible

for post-hypox¡c hyperexcitability. lndeed, disinhibition leads to multiple population

spikes; for instance, in the present study, adenosine A,, receptor antagonism with
8-CPT produced multiple population spikes, whilst multiple population spikes

accompany depression of CABAA receptor function in hippocampal slice (Garcia-

Ugalde et al. 1992; Watson and Lanthorn, 1993). However, in both cases th¡s

disinhibition is accompanied by an increase in the first population spike amplitude
that is not obserued in post-hypoxic inpuUoutput curves such as figure 6.9, see also

chapter 4, section 4.3.1.2. Also, the lack of change in fEPSP area and duration, a

^..ú^f:.,^ f^^t tclcD ^^t:^- /xt^aL^- ^¿ -, i^^^\ - ----. -L- -- ^L^-^-^ !- rL- z--^ rñ-ñ
Pur.or.rYt: t(¡Jr. tr Jr dLuuil (rrdr,rt(ltt eL cil. tlav)r 5uË,Be5t5 t¡u LftdilE,e tIt Lile ld5t lr)r.
Although hypoxia can depress monosynaptically evoked tPSCs in CA., pyramidal

neurons in hippocampal slices (Zhazipov et al. 1994; Katchman et al. 1994), there is

no evidence that this persists with reoxygenation. lt is well established that

CABAergic interneurons in the CA' are resistant to ischaemia, and will survive when

CAt pyramidal cells have degenerated (Schlander et al. 19BB; Nitsch et al. 1989;

Schmidt-Kastner and Freund 1991); therefore, post-hypoxic hyperexcitability is

unlikely, to result from selective loss of these inhibitory interneurons. Furthermore,

[3H]CABA binding, CABA release (ohansen et al. 1991), and fast IPSPs flohansen ef

al. 1 991; Jensen et al. 1 991 ) are not reduced in rats following ischaemia.

Nevertheless, excitation of interneurons is padicularly sens¡t¡ve to hypoxic

depression (Leblond and Krnjevic, 1989; Fujiwara et al. 1987; Krnjevic ef al. 1991),
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Figure 6.16 Time course of alterations in field potentials in the CA1 area by fransACPD
Alterations in field potentials in hippocampal slices before, during and after 30 minutes of
superlusion with 100¡rM trans-ACPD (n = 1), indicated by the bar at bottom. Data was
collected and presented as in figure 6.2. trans-ACPD initially caused the appearance of a

second population spike without enhancement of the first populatíon spike or fEPSP.

Continued trans-ACPD superfusion caused depression of the fEPSP and both population
spikes. Synaptic transmission returned to normal, with no second population spíke, after
trans-ACPD washout.

and polysynaptic IPSPs are suggested to recover incompletely from hypoxia (Krnjevic

et al. 1991). Thus, reduced recurrent inhibition may contribute to post-hypoxic

hyperexcitability. and is an avenue for further investigation.

Desensitisation of A' receptors as a consequence of exposure to adenosine during

hypoxia has been proposed as a mechan¡sm of post-hypox¡c hyperexcitability (Lee

and Kreutzberg, 1987). lndeed, prolonged exposure of striatal slices to adenosine A1

receptor agon¡sts does desensitise the A' receptor-mediated inhibition of adenylate

cyclase (Abbracchio et al. 1992). However, in the present study, A' receptor-

mediated inhibition of synaptic transmission is not altered following hypoxia. This is

not to say that Ar receptor-mediated inhibition of adenylate cyclase is not

desensitised following hypoxia in the hippocampus, and indeed this could alter

intrinsic neuronal excitability by reducing the lnn, as discussed below. However,

failure of A'-receptor antagonism during hypoxia to alter post-hypoxic

hyperexcitability is evidence against this phenomenon being mediated by

desensitisation of 4., receptors. Secondly, a reduced endogenous adenosine level

after hypoxia is unlikely, as antagonism of the adenosine 4., receptor with 8-CPT still

caused increase excitability.
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Figure 6.17 H-7 increases synaptic transmission in the CA, area
Stratum radiatum field potentials recorded in a slice pre.treated wíth 'l00pM H-7 forfive
minutes then exposed to 30 minutes hypoxia in the continued presence of H-7. Field
potentials recorded before drug treatment and during normoxic H-7 pretreatment are
shown as thin lines, and the field potential shown as a thick line was recorded following
hypoxia, after one hour reoxygenation and wash in normoxic, drug-free ACSF. Note the
increase in fEPSP duration during normoxic H-7 superfusion and evidence of two
population spikes after hypoxia. Calibration bars are 0.5mV and 2ms, negative down.
Stimulus arlefacts are truncated for clarity.

An increase ín intrinsic excitability of pyramidal neurons could arise from reduced

potass¡um currents. A diversity of potassium currents ex¡st in the CA., pyramidal

neurons, where these currents contribute to maintenance of the resting membrane

potential, spike repolar¡sation and frequency accommodation, and the control of

neuronal excitability by some receptors (Storm, 1993). ln the only study found, that

made intracellular record¡ngs from hippocampal slice CA., pyramidal layer neurons

before, during, and after prolonged hypoxia, neither the resting membrane potential

nor the input resistance were any different before and after hypoxia (Fujiwara et al.

1987), suggest¡ng that the potassium currents that contribute to the resting membrane

potential are not altered by hypoxia. Since multiple population spikes, induced here

by hypoxia, represent multiple underlying action potentials, it is possible that the

potass¡um channels that mediate early frequency accommodat¡on and spike

repolarisation are involved. The fast, medium and slow afterhyperpolarisations (AHP)

that mediate accommodation are caused by the lc, lu and lAHp respect¡vely (Storm,

1993), and it is possible that one of these is depressed following hypoxia. For

instance, desensitisation of adenosine A1 receptor-mediated adenylate cyclase

inhibition (Abbracchio et al. 1992) could promote a cAMP-dependent depression of

the lonr. Whether or not reduction of any of these currents contribute to post-

hypoxic hyperexcitability awaits investigation with single cell techniquès.

6.4.2. SUBSET OF NEURONS BECOME HYPEREXCITABTE

It is possible that only a subset of neurons develop hyperexcitability following
hypoxia, and this would explain why the second spike is always smaller in amplitude

than the first population spike (Andersen et al. 1971b). This might correspond to the

portion of neurons that show post-hypoxic hyperexcitability in intracellular

recordings, 39o/o of spiny pyramidal neurons in layer llllll of neocortical slices
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Figure 6.18 8-Br-cAMP is an A1 receptor agon¡st and also produces hyperexcitability
Field potentials in the CAl area of the híppocampal slice. At top left is a control
recording and top right is during supedusion of 500pM 8-br-cAMP. The bottom row

shows the same treatment but in the presence of 1t¡M 8-CPT. Calibration bars are 1mV
and 1ms, negative down. Stimulus adefacts are truncated for clarity. Note that the
depression of the first population spike by 8-br-cAMP is blocked by 8-CPT and instead
8-br-cAMP increases the amplitude of the second population spike.

(Luhmann and Heinemann, 1992) and 43o/o of CA, pyram¡dal neurons in
hippocampal slices (Fujiwara et al. 1987).

6.4.3. CTUTAMATE RECEPTORS AND IONG-TERM POTENTIATION

lschaemia can produce a form of long-term potentiation in the hippocampus,

presumably due to glutamate release and NMDA receptor activation. ln the CA., of

hippocampal slices, NMDA receptor activation during one to three minutes of

ischaemia produces a potentiation of the NMDA component of evoked field

potentials (Crépel ef a/. 1993). Population spike and fEPSP are potentiated following

in vivo ischaemia ín the rat (Miyazaki et al. 1993) and the fEPSP is potentiated in

hippocampal slices prepared from gerbils following in vivo ischaemia (Urban et al.

1989). However, the post-hypox¡c hyperexcitability described here is different from

typical long-term potentiation. Long-term potentiation is usually characterised by an

increase amplitude of the fEPSP and first population spike (Bliss and Lomo,1978),

and not the appearance of multiple population sp¡kes like those evident following

hypoxia. Long-term potentiation requires synapt¡c activation of NMDA receptors

(Bliss and Collingridge, 1993) butthis is unlikely to occurduring hypoxia, since post-

hypoxic hyperexcitability can occur without Schaffer collateral stimulation during

hypoxia, non-synaptic glutamate release is unlikely in the absence of hypoxic

spreading depression (Martin et al. 1994) and hypoxic hyperpolarisation of CA1

I
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pyram¡dal neurons (Fujiwara et al. 1987) would maintain the magnesium btock of
NMDA receptors (Mayer et al. 1984; Nowak et al. 1984). Furthermore, here, NMDA
receptor antagonism during hypoxia wíth AP5 did not prevent development of post-

hypoxic hyperexcitability. Metabotropic glutamate receptor activation with trans-
ACPD can produce a form of long{erm potentiation independent of NMDA receptor
activation, but also requires presynaptic activity (Bodolotto and Collingridge, 1993;
Aniksztejn et al. 1992). Application of trans-ACPD in the absence of tetanic
stimulation failed to produce a long-term potentiation of any kind in the present

investigation.

6.4.4. HYPEREXCITABILITY DURING ONSET OF HYPOXIA

Synaptic excitation of interneurons is particularly sensitive to hypoxic depression
(Leblond and Krnjevic, 1989; Fujiwara et al. 1987; Krnjevic ef al. 1991). lf hypoxic
onset disinhibition represents depression of recurrent inhibition, it's potentiation

during A1 receptor antagonism suggests either an absence or insensitivity of
presynaptic At receptors on the CA., recurrent collaterals or reduced adenosine

release in the vicinity of the recurrent collateral synapses. However, CA, pyramidat

neurons express At receptor mRNA (Mahan et al. 1991; Cunha et al. 1994a) and A,,

receptor binding is high, not only in the stratum radiatum, but also in stratum oriens,
and is reasonably high in the stratum pyramidale (Fastbom et al. 1987), these tatter

being the site'of many recurrent synapses with interneurons, see chapter 2, section
2.2.1.5.

6.4.5. ADENOSINE MEDIATED HYPEREXCITABIL¡TY

Of particular interest, in this study, is the similarity of persistent multiple population

spikes produced by 30 minutes superfusion with 50¡rM exogenous adenosine and

those that appear following a similar period of hypoxia. The adenosine-induced

hyperexcitability is not as great as that produced by hypoxia but, due to rapid uptake,

the concentration of exogenous adenosine used probably represents a smatter

concentration at the receptors than that obtained during hypoxia, see chapter 4,

section 4.3.7. While adenosine itself produced hyperexcitability, none of the

agonists selectíve for adenosine receptor subtypes produced persistent multiple
population spikes. Of those used here, CCS 21680 is a putative selective Aru

adenosine receptor agonist, and CPA is a selective A' receptor agonist, whilst DMPA
is an less selective A, receptor agonist. But although it binds the Aru receptor with
high affinity (van Calen et al. 1994), the present study and another (Mogul et al.

1993) have shown it to have actions different from those of CCS 21680, raising the
possibility it may act at the Aro receptor. Possibly, the concentrations of agonists

used werc not appropriate, or adenosine post-inhibitory hyperexcitability results from

activation of an as yet poorly characterised receptor subtype, such as the recently
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described A, receptor (van Calen et al. 1994) or even a novel receptor subtype, or
possibly requires simultaneous activation of more than a single receptortype.

Persistent post-inhibitory hyperexcitability, consisting of multiple population spikes

following adenosine application, has not been previously reported, although the

figures in Okada et al. (1992) suggest multiple population spikes recorded in the CA,
region following washout of adenosine. Most other evidence supports an adenosine

receptor mediated hyperexcitability of a different, presumably presynaptic, kind,

characterised by an increased amplitude of the first population spike and EPSP

following adenosine application, in the dentate gyrus and in the CA, area (Nishimura

et al. 1990; Okada et al. 1990; Nishimura et al. 1992; Okada et al. 1992). ln

superior collicular slices, a persistent increase in postsynaptic potential amplitude in
the superficial grey, with optic layer stimulation, occurs during and after even 5
minute superfusion of adenosine (100nM), and similar increases in postsynaptic

potential amplitude can be produced by agonists specific for both A,, and Aru

receptors, at concentrations as low as 1nM (lshikawa et al. 1994). ln the superior

colliculus, the adenosine-mediated increase in synaptic transmission is mediated by

an increase in glutamate release; adenosine produces an increase in basal and

electrically stimulated glutamate release, which is dependent on extracellular

calcium and is blocked by TTX and by the protein kinase A inhibitor HA-1004 (Hirai

and Okada, 1994). lt may well be that a similar hyperexcitability can also occur in
the CAt. ln the presence of A1 receptor antagonists, adenosine or
phenylisopropyladenosine increase whole-cell EPSCs in CA,, pyramidal neurons
(Garaschuk et al. 1992). The Aru receptor agonist CGS 21680 transiently increases

the fint population spike amplitude in the CA' area in a some slices and reduces the

depression of synaptic transmission by CPA (Cunha et al. 1994a), the former finding
being confirmed here. The enhancement of synaptic transmission in the

hippocampus by adenosine may be related to adenosine enhancement of P-type

calcium currents in CA, neurons (Mogul et al. 1993). This action is mediated via A16

receptors as it is caused by adenosine, 2-chloroadenosine or DPMA, but not CPA or
CGS 21680, and is dependent on protein kinase A activation (Mogul et al. 1993).

On the other hand, adenosine agonists in the presence of 4., receptor antagonists

produce depolarisation with an increased input res¡stance (Ameri and Jurna, 1991),

and rebound depolarisation occurs after adenosine withdrawal (Siggins and Schubert,

1981). This may represent a postsynaptic form of hyperexcitability, such as that

described in the present investigation. lt is intercsting to note that, similar to the

present study, hyperexcitability persisting beyond the drug application in slices is
reported only with exogenous adenosine, not with A' and A, selective agonists.
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6.4.6. POST-HYPOXtC HYPEREXC|TABtUTy tS NOT MEDTATED By A1

RECEPTORS

Whether adenosine release by hypoxia is solely responsible for the observed post-

hypoxic hyperexcitability has not yet been established conclusively. Nevertheless, it
seems unlikely that post-hypoxic hyperexcitability results from the obvious adenosine

Ar receptor activation during hypoxia, since post-hypoxic hyperexcitability still
occurred if the adenosine 4., receptor antagonist 8-CPT was present throughout the
period of hypoxia. Preliminary studies using the adenosine A, receptor antagonist

DMPX, found that this compound will neither block the development of post-hypoxic

hyperexcitability nor depress the secondary population spikes after they become

established. DMPX, however is a relatively weak antagoníst with only moderate

selectivity at A, receptors , and is likely of limited use in the face of the evident

massive adenosine release during hypoxia.

6.4.7 . SECOND MESSENCERS

lf post-hypoxic hyperexcitability is mediated by adenosine receptor activation, ¡t

represents a different electrophysiological action from the well known direct C
protein/ion channel interaction typically ascribed to these receptors. Nevertheless,

rebound hyperexcitabilíty may be mediated by C protein-coupled second messengeß

produced by adenosine receptor activation. To date, identified adenosine receptor/C

protein effector systems include phospholipase C and adenylate cyclase, the latter

being subject to both positive and negative modulation (van Calker et al. 1979; Sattin

and Rall, 1970; Londos et al" 1980; White et al. 1992; Dickenson and Hill, 1993;

Ramkumar ef a/. 1993). Thus, adenosine receptor activation could modulate cAMP-

dependent protein kinase A, calcium/phospholipid-dependent protein kinase C or
inositol 1,4,5-trisphosphate calcium stores, and these second messengers can have

excitatory effects in pyramidal neurons.

6.4.7.1. Second messenger regulation of potassium channels

Potassium channeis are regulated by the second messengers, and inhibition of
potassium channels would promote hyperexcitability; in paÉicular, inhibition of 1., ln

and lo", may lead to production of multiple population spikes. The lon, is blocked

by cAMP, and this is presumably the mode of action of many of those

neurotransmitters positively linked to adenylate cyclase, which depress the slow AHP

(Storm, 1990; Storm, 1993; Sim et al. 1992; Cerber et al. 1992).

Calcium/calmodulin-dependent protein kinase ll activation, secondary to an inositol

1,4,5-trisphosphate induced raise in intracellular calcium by muscarinic receptors,

also blocks the slow AHP (Muller et al. 1992). Activation of protein kinase C with its
natural activator, díacylglycerol, a synthetic analogue, 1-oleyl-2-acetyl-glycerol, or
the membrane permeant tumour-promoting phorbol esters reduces the amplitude of

the slow AHP and reduces lo", elicited by synaptic activation or depolarising current
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in CAt pyramidal neurons, in hippocampal slices and acutely dissociated

hippocampal cultures, but may not be the mode of action of rcceptor depression of
the lon, (Algerand Williamson, 1988; Dutarand Nicoll, 1988a; Baraban ef al. 1985;

Doerner et al. 1988; Cerber et al. 1992). ln,. can be reduced by intracellular
application of inositol 1,4,S-trisphosphate in hippocampal neurons (Dutar and Nicoll,
1989; Dutar and Nicoll, 1988a). lnsertion of rat brain membrane calcium-activated

maxi-K+ channels into lipid bilayers results in two calcium activated potassium

channels, one of which is characteristic of lç (Reinhart et al. 1991). Most of these l.
channels are up-regulated by protein kinase A action, and down-regulated by

phosphatase 2A action, but some are down regulated by phosphorylation (Reinhart ef
al. 1991). ln Xenopus oocytes expressing cloned mouse brain potassium channels,

activation of co-expressed cloned mouse brain serotonin 5HT1. receptor, direct

activation of C proteins, or intracellular injection of calcium, reversibly suppresses l*

amplitude for 20 minutes. This probably occurs vía calcium/calmodulin-dependent
phosphatase since calmodulin antagonists, but not protein kinase inhibiton block the

l. suppression (Hoger et al. 1991). lntracellular perfusion of calcium blocks l^ in
acutely dissociated guinea pig neurons (Chen and Wong, 1991), and purified protein

kinase C in the presence of phorbol 12-myristate-13-acetate depresses chick brain lo
expressed in Xenopus oocytes (Lotan ef a/. 1990). Thus, any number of potassium

channels could be modified by second messengers produced by adenosine.

Verification of such an effect will require single cell recording and intracellular

application of second messenger inhibitors or activators, to identify any current

modified by a preiod of hypoxia or prolonged adenosine appplication.

6.4.7.2. Receptor mediated hyperexcitability

Activation of a variety of receptors C protein linked receptors can produce

postsynaptic hyperexcitability, manifest as an increase in either the first population

spike or'development of a second population spike, without an increase in synaptic

transmission, as evidenced by no increase in the fEPSP. A single C protein subtype

may stimulate different effectors, whilst multiple subtypes can modulate the same

effector system (Taylor, 1990). The fact that agonist binding and channel response

are not properties of the same protein complex in C protein linked receptors allows

amplification, integration, convergence and crosstalk of different receptor mediated

signals. Here two such receptors will be discussed. The extrasynaptic ftadrenergic
receptors produce a well characterised form of hyperexcitability similar to that

described here following hypoxia, and muscarinic receptors produce an increase in

pyramidal neuron excitability via second messengers which are up-regulated

following hypoxia (Ninomiya ef a/. 1989).
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6.4.7.2.1. Fadrenoceptor and cAMP mediated hvperexcitability

The hippocampus receives adrenergic input from the locus coeruleus, the brain's
adrenergic nucleus (Nicoll et al. 1990). Axon varicosities from locus coeruleus

neurons do not form specialised synapse with target neurons (Seguéla et al. 1990)

and can exert a tonic control of neuronal excitability by activation of non-synaptic

receptors. Locus coeruleus stimulation and local application of norepinephrine in the

hippocampus excites pyramidal neurons via B-adrenoceptors (Pang and Rose, 1987;

Summers and McMartin, 1993). B-adrenoceptors are characteristic C protein linked

receptors which are positively coupled to adenylate cyclase via G,, and 80-90oh ol
hippocampal p-adrenoceptors are of the B,, subtype (Summers and McMartin, 1993).

Activation of p-adrenoceptors in the CA', area of the hippocampal slice produces

long-lasting potentiation of evoked population spikes. A ten minute application of

the B-adrenoceptor agonist isoproternol (500nM) causes a 200-4000/o increase in the

amplitude of sub-maximal orthodromic CA' population spikes, and antidromic
population spikes, which persists after washout of the agonist (Mueller et al. 1981;

Dunwiddie et al. 1992; Heginbotham and Dunwiddie, 1991). This potentiation

occurs post-synaptically and does not reflect increased excitatory neurotransmitter

release, as the evoked fEPSP is not increased (Heginbotham and Dunwiddie, 1991;

Dunwiddie et al. 1992; Mueller et al. 1981). While B-adrenoceptors activation

depolarises the postsynaptic membrane, it also depresses the amptitude and duration

of the slow AHP, this latter action being evident even at concentrations too low to
produce membrane depolarisation (Dunwiddie et al. 1992; Haas and Konnefth,

1983; Madison and Nicoll, 1986). Such potentiation is independent of membrane

d,-'polarisation, as it is evoked both in 3.5mM potassium (Mueller et al. 1981) and

6mM potassium (Dunwiddie ef al. 1992), and electrical stimulation. during

isoproterenol perfusion is not necessary (Heginbotham and Dunwiddie, 1991). B-

adrenoceptor-induced hyperexcitability is likely mediated by elevation of cAMP.

Application of cAMP analogues or forskolin, an adenylate cyclase activator, to
hippocampal slices produces postsynaptic hyperexcitability, evident as a slow

decaying, or peruistent potentiation of sub-maximal population spikes, without

increase in the fEPSP in the CA.' area after washout of the drug (Dunwiddie and

Hoffer, 1980; Dunwiddie et al. 1992; Pockett ef al. 1993; Slack and Pockett, 1991).

The longer the application the more persistent is the potentiation, with 2O to 40

minute drug application producing population spike potentiation lasting over 120

minutes (Pockett et al. 1993; Slack and Pockett, 1991). Forskolin and cAMP

analogues apparently produce a second population spike from a single stimulus,

which although evident in the figures, it is not discussed in the text (Pockett et al.

1993). lntracellular recording from CA., neurons shows that the cAMP analogues and

forskolin greatly depress the amplitude of the AHP, but do not cause depolarisation
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or effect the EPSP (Dunwiddie et al. 1992). This hyperexcitability is distinct from

tetanus-evoked long-term potentiation, as such potentiation rarely produces second

population spikes, and long-term potentiation can be produced in slices alrcady

potentiated with dibutyl-cAMP (Pockett et al. 1993). Dibutyl-cAMP (200¡rM) is a

weak agonist at the adenosine 4., receptor, and causes a depression of synaptic

transmission that is blocked by the A1 receptor antagonist 8-(f
sulfophenyl)theophylline (1OpM); such receptor antagonism does not prevent the

potentiating action of dibutyl-cAMP (Pockett et al. 1993), a similar action was

confirmed for 8-Br-cAMP in the present investigation.

6.4.7.2.2. Cholinergic receptor mediated hvperexcitability

The septum provides a major input to the hippocampus via the fornix and alveus, and

about half of this projection is cholinergic. These unmyelinated fibres are

concentrated in the stratum pyramidale, deep stratum radiatum and super{icial

stratum oriens, and synapse with pyramidal cell soma and proximal dendrites
(Frotscher and Léránth, 1985; Lewis et al. 1967). Electrical stimulation of cholinergic

afferents can produce an increase in input resistance, slow EPSPs and spikes, and

depress the slow AHP in CA' pyramidale neurons (Madison et al. 1987). lnhibitory
cholinergic actions are also present in the hippocampus, including a muscarinic

receptor-mediated depression of the fEPSP and EPSC (Sheridan and Sutor, 1990;

Kamiya, 1991; Dutarand Nicoll, 1988b) and enhancement of l* (Zhanget al. 1992).

Nevertheless, in CA.1 neurons, cholinergic receptors, which are all of the muscarinic

subtype, are mostly excitatory, producing depression of potassium currents (Cole and

Nicoll, 1984; Madison and Nicoll, 1984). Muscarinic M1 and M3 receptoractivation

blocks voltage-insensitive potassium leak cur¡ents, producing depolarisation and

spike discharge (Cole and Nicoll , 1984). lt also blocks lo resulting in increased spike

amplitude and duration (Nakajima et al. 1986), as well as inhibiting the slow AHP

and underlying lnn, (Dutarand Nicoll, 1988b; Madison et al. 1987; Cole and Nicoll,
1984; Madison and Nicoll, 1984; Lambed and Teyler, 1991b). M1 and M3

receptors, coupled to Co, activate phospholipase C, and stimulate hydrolysis of
phosphatidylinositide (Offermanns ef a/. 1994; Dutar and Nicoll, 1988b; Fisher ef a/.

19921. This results in the production of the second messengers inositol 1,4,5-

trisphosphate and diacylglycerol. While it is well known that activation of protein

kinase C will depress lonr, (Algerand Williamson, 1988; Sim ef al. 1992), the protein

kinase C inhibitor staurosporine does not prevent cholinergic agonist depression of

the lo", (Sim ef al. 1992). However, inhibition of the calcium/calmodulin-dependent

protein kinase ll prevents the muscarinic block of the slow AHP (Muller et al. 1992),

presumably this is due to phosphorylation of the potassium channel and is secondary

to an inositol 1,4,S-trisphosphate induced raise in intracellularcalcium. Activation of

muscarinic M2 receptors, coupled to C¡ (Offermanns ef al. 1994), blocks the non-
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inactivating l^,¡ (Madison ef al. 1987; Dutar and Nicoll, 1988b; Dutar and Nicoll,
1988a). Depression of lM appears critically dependent on strong agonists of
stimulation of phosphatidylinositide hydrolysis (Dutar and Nicoll, 1988b; Dutar and

Nicoll, 1988a), but this maybe because of the relative inefficiency of M2 receptors at

stimulating phosphatidylinositide hydrolysis (Hosey, 1992). Activation of protein

kinase C fails to block 1", but intracellular application of inositol 1,4,5-trisphosphate

reproducibly reduces lM (Dutar and Nicoll, 1988b; Dutar and Nicoll, 1988a).

Stimulation of cholinergic afferents in the stratum oriens blocks the leak currents and

can depress slow AHPs, but does not inhibit l" (Madison et al. 1987); this may be

due to higher concentrations of acetylcholine needed to activate the I, response.

6.4.7.3. Second messengers in post-hypoxic hyperexcitability

As previously noted, the presynaptic form of adenosine-mediated hyperexcitability in
the dentate gyrus and superior colliculus is apparently mediated by protein kinase A,

being inhibited by H-7, H-8, HA-1004 and H-89 (Okada and Hirai, 1993; Nishimura

et al. 1992; Hirai et al. 1994; Hírai and Okada, 1994), and P-type calcium channel

enhancement by adenosine A16 receptor activation in the hippocampus is blocked by

the protein kinase A inhibiting peptide WIPTIDE (Mogul et al. 1993). Neither of

these are likely to be the same phenomenon as the postsynaptic excitability
described in the present study. However, the involvement of cAMP and protein

kinase A in post-hypoxic or post-inhibitory excitability warranted investigation, since

these are involved in previously described forms of postsynaptic excitability.

Fu¡thermore, the G, or Co linked receptors, serotonin or CABAT, which share effector

systems with adenosine 4., receptors, can actually enhance the C, linked action of B-

adrenoceptors on the slow AHP in hippocampal neurons (Andrade, 1993), and thus

could enhance tonic adrenergic excitation. However, neither of the protein kinase A

inhibitors H-7 or H-8, nor the protein kinase C inhibitor sphingosine prevented post-

hypoxic hyperexcitability. Clarification by the use of a more potent and selective

protein kinase A inhibitor is necessary, in partieular sinee 8-Br-cAMP produced some

hyperexcitability.

An inositol 1,4,S{risphosphate mediated rise in intracellular calcium may mediate

post-hypoxic hyperexcitability, by an action similar to the cholinergic

calcium/calmodulin-dependent protein kinase ll depression of the slow AHP (Muller

et al. 1992) or a calcium/calmodulin-dependent protein phosphatase depression l.
(Hoger et al. 1991). This may be a direct action of adenosine receptor phospholipase

C activation, or may be due to interaction of adenosine receptors with, for instance

cholinergic muscarinic receptors, at the level of second messengers. For example,

electrical stimulation of cholinergic afferents in the presence of eserine, or

application of exogenous cholinergic agonist that are full agonists at stimulating
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phosphatidylinositide hydrolysis, such as carbachol, inhibits adenosine A' receptor

and CABA, receptor mediated depression of field potentials in the CA' area of the

hippocampus (Worley et al. 1987). lndeed, transient severe hypoxia, or chronic,

mild in vivo hypoxia, causes up-regulation of muscarinic cholinergic receptor-

coupled phosphatidylinositide turnover in the rat brain, lasting for 48 hours
(Ninomiya ef a/. 1989). Cholinergic fibre terminals in the hippocampus are a source

of normoxic, basal adenosine, since ecto-S'-nucleotídase is located on cholinergic

synapses (Sebastiào et al. 1993), and adenosine is produced from ATP at cholinergic

synapses (James and Richardson, 1993). ATP is involved in the packaging of

acetylcholine in vesicles, and these are likely co-released from cholinergic terminals.

Hippocampal cholinergic terminals have high affinity Ar receptors which depress

acetylcholine release in the CA., (Dunér-Engström and Fredholm, 1988; Fredholm,

1990; Cunha et al. 1994b), and these may be altered by hypoxia.

6.5. SUMMARY AND CONCLUSIONS

Depression of synaptic transmission in the CA' area of hippocampal slices for 30

minutes by either hypoxia or adenosine superfusion resulted in an increase in

postsynaptic excitability upon return of synaptic transmission following

reoxygenation or drug washout. This hyperexcitability, manifest as firing of multiple

spikes in response to unchanged AMPA receptor-mediated excitatory synaptic

transmission, may have resulted from reduced CABAergic inhibition but more likely

resulted from increased pyramidal neuron excitability. Post-hypoxic hyperexcitability

was not blocked by adenosine A,' receptor antagonism or by NMDA receptor

antagonism during hypoxia, nor by inhibition of protein kinases. While adenosine

produced hyperexcitability, agonists selective for adenosine 4,,, Ar, and Ars receptor

subtypes did not, and adenosine may act at A, receptoß or an unidentified receptor

subtype to produce rebound hyperexcitabílity.

While the cause of post-hypoxic hyperexcitability remains unclear, this study has

focussed on the possible involvement of adenosine in its generation. lndeed, it is

attractive to consider that the post-inhibitory hyperexcitability following adenosine

application, and the post-hypoxic hyperexcitability described here may be the same

phenomenon. lf this is the case, it represents a novel, and possibly deleterious,

action of adenosine that should be considered in future design of therapeutic

purinergic agents. lndeed, adenosine enhances ischaemic damage in the superior

colliculus (Fujiwara et al. 1994), and a similar action may co-exist with "protective"

actions of adenosine in the hippocampus and other brain areas. Confirmation of

these findings will require potent and specific antagonism of the as yet unidentified

adenosine receptor involved in post-hypoxic hyperexcitability.
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7. CONCTUDING REMARKS

7.1. CENERAL SUMMARY OF EXPERIMENTAL WORK

The aim of this thesis was to investigate the earliest responses to hypoxia in the CA'
area of the hippocampal slice, and in padicular, those mediated by adenosine. The

present study explored the relationships between neurona! oxidative energy

metabolism, extracellular adenosine accumulation, and the remarkable survival of
these selectively vulnerable CA, neurons during prolonged hypoxia. The present

work also investigated whether hypoxic adenosine release is a contributing factor in
the production of the post-hypoxic hyperexcitability that develops in the

hippocampus upon reoxygenation following prolonged hypoxia. A summary of the

contributions of this thesis to these areas is now presented.

7.1.1. CHAPTER 4

Procedural differences between laboratories has resulted in varying estimates of the

acute damage caused by hypoxia in the hippocampal slice. This chapter examined

the depression of synaptic transmission during prolonged hypoxia and the recovery

of synaptic transmission upon reoxygenation in 10mM glucose at 32c, to establish

the viability of hippocampal slices in the present model. Also, the repoded

adenosine A' receptor-mediated depression of synaptic transmission during hypoxia

was verified. These studies allowed estimation of the extracellular concentration of

adenosine that is achieved during hypoxia, and evaluation of the role of adenosine-

mediated neuronal depression in recovery of synaptic transmission following hypoxia

in the present model. In hippocampal slices,30 minutes of hypoxia at32c did not

cause acute excitotoxic CA., neuronal damage, as indicated by the preservation of

synaptic transmission following re-admission of oxygenated ACSF. More aggressive

blocking of oxidative phosphorylation was attempted by combining hypoxia with
carbon monoxide exposure, and also by superfusion with oxygenated ACSF
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results different from those with hypoxia, and did not produce acute excitotoxicity.

These results show that, the CA., area of the hippocampal slice survived prolonged

hypoxia, under conditions which allowed glycolysis to proceed at maximum rate.

Hypoxia or chemical inhibition of mítochondrial energy metabolism caused massive

extracellular accumulation of adenosine, and an adenosine A' receptor-mediated

depression of synaptic transmission. It was estimated that, during hypoxia,

extracellular adenosine concentrations rose 80 fold, from 200nM to 16pM. Neuronal

survival during hypoxia was not promoted by the adenosine A' receptor-mediated

depression of synaptic transmission, as antagonism of the adenosine 4., receptor did

not alter neuronal suruival, indicated by the unchanged post-hypoxic recovery of

neuronal function in its presence. Future studies might examine the role of
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adenosine A' receptor activation in protecting slices incubated at physiological

temperature and glucose concentration and exposed to a duration of hypoxia

following which synaptic transmission only partially recovers.

7.1.2. CHAPTER 5

Since ATP is relatively preserved during hypoxia (Fredholm et al. 1984), ¡t has never

been clear whether adenosine accumulation during hypoxia is a result of loss of

adenine nucleotides to nucleosides by mass action, or whether the activities of the

enzymes involved in adenosine metabolism are altered. This chapter employed

inhibiton for some of the partial reactions involved in ene€y production and

metabolism to investigate adenosine-mediated synaptic depression during hypoxia.

Blockade of the mitochondrial electron transport chain or dissipation of the inner

mitochondrial membrane electrochemical gradient produced an adenosine A1

receptor-mediated depression of synaptic transmission, identical with that produced

by hypoxia. However, this initial rapid accumulation of adenosine was evidently not

due to neuronal ATP depletion, since inhibition of mitochondrial ATP production or

export failed to mimic hypoxia. Also, buffering of cytosolic ATP concentrations with

phosphocreatine failed to delay synaptic depression arising from inhibition of

mitochondrial energy metabolism. Adenosine accumulation may result from

stimulation of S'-nucleotidase and increase in free AMP, possibly combined with

inhibition of adenosine salvage via adenosine kinase. Possible regulatory

mechanisms for adenylate kinase include increase in cytosolic calcium secondary to

the alteration of mitochondrial calcium homeostasis, acidification of the cytosol due

to lactic acidosis, or localised increase in free AMP. A cell permeant and selective

adenylate kinase inhibitor, as well as a 5'-nucleotidase inhibitor, would be useful to

investigate the relative contributíons of loss of adenine nucleotides and 5'-

nucleotidase activation in hypoxic adenosine accumulation.

7.1.3. CHAPTER 6

Subsequent to an hypoxic or ischaemic episode, synaptic activity may recover, and

neuronal hyperexcitability can appear, both in vivo and in vitro (Chang et al. 1989;

Schiff and Somjen, 1985). Such hyperexcitability is poorly characterised; for

instance, there is evidence both for increased excitatory synaptic transmission

(Miyazaki et al. 1993) as well as for an increase in pyramidal neuron excitability

(Andersen , 1960; Chang ef al. 1989). This chapter presented evidence in

hippocampal slices that hypoxia-induced adenosine release itself may contribute to a

form of post-hypoxic hyperexcitability that is a result of an increase in excitability of

the CA' pyramidal neurons. Depression of synaptic transmission in the CA' area of

hippocampal slices for 30 minutes by either hypoxia or adenosine superfusion

resulted in a postsynaptic hyperexcitability upon return of synaptic transmission
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following reoxygenation or drug washout. This represents a novel form of
hyperexcitability, quite distinct from classical long-term potentiation or otherforms of
adenosine receptor-mediated hyperexcitability. Post-hypoxic hyperexcitabitity is not
blocked by adenosine Ar receptor antagonism or NMDA receptor antagonism during
hypoxía, nor by inhibition of protein kinases. While adenosine produces

hyperexcitability, agonists selective for adenosine 4', Aru and Ar5 receptor subtypes
do not, and adenosine may be acting at A, receptors or an unidentified receptor
subtype. This hyperexcitability, manifest as firing of multiple spikes in response to
otherwise unchanged excitatory synaptic transmission, may have resulted from
reduced CABAergic inhibition but more likely resulted from increased pyramidal

neuron excitability. Fudher studies are required to characterise the pharmacology of
excitatory actions of adenosine in the hippocampus. ln particular the adenosine

receptor responsible for the postsynaptic rebound excitation described here needs to
be identified and antagonist developed; such antagonists would help investigation of
the mechanism of post-hypoxic hyperexcitability.

7.2. FUTURE DIRECTIONS

A number of areas would prove profitable for future research. The mechanism of
post-hypoxic and post-inhibitory rebound hyperexcitability can be examined,

concentrating on two areas. First would be the second messengers involved in
production of hyperexcitability using intracellular application of kinase and

phosphatase inhibitors, and modulation of calcium release from intracellular stores.

Second would be identifying of receptors other than adenosine that might participate

in the production of hyperexcitability via crosstalk. For instance, adenosine receptor
activation may up-regulate excitatory actions of B-adrenergic receptors and thus

enhance adrenergic tone. The actual underlying membrane currents that are

reflected in multiple population spikes should be identified; initially currents
responsible for the various spike after-hyperpolarisations would be examined.

The mechanism of hypoxic excitotoxicity should be examined. On one hand, it may

be that sufficiently prolonged hypoxia results in ATP depletion and excitotoxicity
identical to ischaemia. On the other hand, the role of post-hypoxic hyperexcitability
in delayed neuronal death following hypoxia may be amenable to study in

hippocampal cultures or slice cultures. This woutd hinge on the ability to block the

induction or development of post-hypoxic hyperexcitability, or the ability to
successfully mimic hyperexcitability by normoxic application of adenosine agonists.

The role of adenosine 4., receptor activation by endogenous or exogenous adenosine

in the protection of neurons from damage due to hypoxia should be examined, again

in culture.
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Perhaps the globus pallidus, potentially an area selectively vulnerable to hypoxia

ratherthan ischaemia (Plum et al. 1962; Meyer, 1936), may be the place to examine

pure hypoxic damage. Also, examination of the effects of hypoxia in the superior

colliculus might provide useful information, in light of the curious adenosine receptor

pharmacology in this brain area (lshikawa et al. 1994).

7.3. FRAMEWORK OF EARLY HYPOXIC EVENTS INCLUDINC THE
FINDINCS OF THE PRESENT STUDY

Chapter one presents a framework of events associated with cerebral hypoxia, from

the loss of consciousness through to delayed neuropsychiatric deterioration and

neuronal degeneration in vivo, which can be reflected in vitro by the depression of

synaptic transmission through to acute and delayed excitotoxicity. The present

studies have added to the understanding of these processes, and an expanded

framework of the early hypoxic events in the CA' area of the hippocampal slice is

now presented.

During hypoxia, the absence of oxygen as the terminal electron acceptor in the

electron transport chain prevents mitochondrial respiration. This results in local

cytosolic changes in the synaptic terminals which are rich in mitochondria. These

changes may include increase in cytosolic calcium secondary to alteration of

mitochondrial calcium homeostasis, acidification of the cytosol due to lactic acid

accumulation, localised drop in free energy, and accumulation of free AMP. Some of

these changes could initiate a rapid cytosolic accumulation of adenosine, due to an

increase in free AMP, activation of S'-nucleotidase and depression of adenosine

kinase activity. lntracellular and extracellular adenosine equilibrate, through the

passive nucleoside transporter, causing a rapid increase in extracellular adenosine to

16¡rM, from the basal normoxic concentration of 200nM. The resulting increased

activation of presynaptic adenosine A' receptors depresses synaptic activity in the

CA' area.

Hypoxic depression of synaptic transmission is accompanied by hyperpolarisation of

the pyramidal neurones that results from activation of a potassium conductance

(Leblond and Krnjevic, 1989; Hansen et al. 1982; Fujiwara et al. 1987). This

hyperpolarisation is not mediated by activation of ATP-sensitive potassium channels

(Leblond and Krnjevic, 1989) or adenosine 4., receptors (Croning et al. 1994), but

could be due to activation of another adenosine receptor. lf hypoxia is prolonged,

neurones may depolarise, and eventually ionic homeostasis and membrane

polarisation is lost, after which neuronal recovery is unlikely (Fairchild et al. 1988;

Reid, 1987; Hansen eú al. 1982; Fujiwara et al. 1987; Taylor and Weber, 1993).

Such hypoxic depolarisation, and the associated glutamate release (Attwell et al.
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1993), only occurs once ATP depletion is sufficiently severe that membrane-
associated ion-translocating ATPases cannot function (Kass and Lipton, t 986);
however, neuronal energy demands during hypoxia are usually met by glycotytic
ATP production (Fredholm ef al. 1984; Kauppinen and Nicholls, 1986; Scott and
Nicholls, 1980). lf oxygen is re-introduced before hypoxic depotarisation, synaptic
transmission recovers, indicating survival of a majority of the neuronal population.
Such neuronal survival during hypoxia is not dependent on adenosine A' receptor-
mediated depression of neuronal activity and energy consumption.

Following hypoxia, hippocampal slices may display a form of hyperexcitabitity
characterised by firing of multiple population spikes in response to unchanged AMPA
receptor-mediated excitatory synaptic transmission. This hyperexcitability may result
from reduced CABAergic inhibition, but more likely is due to increased pyramidat

neuron excitability. This post-hypoxic hyperexcitability results from prolonged
activation of adenosine receptors, probably of a type which activate phospholipase C.

Subsequent second messenger activation of a calcium-dependent protein kinase or
phosphatase may promote hyperexcitability by persistent closure of a neuronal
potassium channel.

7.4. RELEVANCE OF THE PRESENT FINDINGS

At a fundamental level these investigations provide further insight into some

modulatory mechanisms governing synaptic transmission and excitability in the
hippocampus. ln particular, they provide a better knowledge of the actions of
adenosine' in modulating excitatory synapses and neuronal excitability, and the
alterations precipitated by hypoxic adenosine release. Secondly, these studies

provide an improved definition of the earliest changes in hippocampus induced by

hypoxia. Post-hypoxic hyperexcitability is particularly impodant since increased

neuronal excitability following reoxygenation may well be a prerequisite for some
fnrrnc nf hwnnvi¡ nr ic¡hro-i¡ ow¡ifnlnvi¡ih¡v¡ rJ!tru!¡¡ttL L^LtLvrv^t!ttt.

7.4.1. NEURONAI DEATH AND HYPOXIA

7.4.1.1. Hypoxia and ischaemia

To address the in vivo relevance of the present hypoxia studies, it is necessary to
summarise the relationship between ischaemia and hypoxia. While both ischaemia

and hypoxia inhibit oxidative phosphorylation and cause adenosine release, only
ischaemia inhibits glycolysis. During ischaemia, extracellular accumulation of
glutamate may occur due to ATP depletion and loss of membrane ion homeostasis

and polarisation, resulting in reversal of the glutamate/sodium/potassium/hydroxide

co-transporter (Attwell et al. 1993). The resulting massive activation of glutamate

receptor cation conductances leads to excitotoxic neuronal damage, including acute
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swelling due to osmotic imbalance and calcium influx-initiated detayed neuronal

degeneration (Rothman ef al. 1987; Choi, 1988; Rothman and Olney, 1986; Choi,

1990). Acute hypoxic excitotoxicity occurs in the hippocampal slice with ATP

depletion and hypoxic depolarisation, and this is demonstrated with ACSF containing
low glucose (Rose, 1926; Kass and Lipton, 1986). However, in the present

investigation with 10mM glucose, prolonged hypoxia was well tolerated in the

hippocampal slice aI32c, and in other studies this is also the case at 37'c (Fujiwara

et al. 1987; Taylor and Weber, 1993). Due to continued glycolytic flux during

hypoxia in the presence of 10mM glucose, ATP levels and cytosolic free energy are

maintained and neurons do not depolarise; therefore, glutamate is not released by

transpoñer reversal. Additionally, during hypoxia, adenosine accumulation inhibits

exocytotic glutamate release. If glutamate receptor activation does not occur during

hypoxia, any hypoxic excitotoxicity must develop in response to normal synaptic

glutamate release upon reoxygenation. ln the present study, glutamate-mediated

synaptic transmission is not enhanced following hypoxia; however, post-hypoxic

hyperexcitability may promote of form of excitotoxicity that develops subsequent to

hypoxia in response to normal synaptic glutamate release. lndeed, intact synaptic

pathways are required for delayed neuronal death following in vítro hypoxia

(Rothman, 1983).

It seems that as long as glycolysis can proceed maximally, CA' neurons in vitro are

not intrinsically susceptible to hypoxia; therefore, ãîy in vívo hypoxic damage may

be a result of other factors. The lower blood concentration of glucose compared to

ACSF may result in insufficient glucose supply to neurons in the face of increased

glycolytic flux during hypoxia. However, glucose concentrations are probably

optimal as adverse effects of hyperglycaemia during hypoxia are reported in vívo.

Hypoxia may result in reduced glucose supply due to hypoxic hypotension (Van

Wylen .et al. 1986). A combination of hypo-perfusion and low glucose

concentrations may sufficiently decrease ATP production such that glycolysis will
eventually be compromised by preventing phosphorylation of glucose to glucose-6-

phosphate.

Conversely, during cerebral ischaemia, so called penumbral areas may exist where

eneryy deprivation is of reduced severity due to residual perfusion (Astrup et al.

1981). ln this ischaemic penumbra, hypoxic mechanism, such as those examined in

the present work, may take precedence over ischaemic pathology. lt is important to

develop an understanding of hypoxia alone, both as an insult in its own right, but

also to aid fudher investigation into ischaemia.
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7.4.1.2.1s post-hypoxic hyperexcitability required for delayed neuronal death?
The development of enhanced excitability foltowing ischaemia, and any involvement
of this hyperexcitability in neuronal degeneration in vivo, is controversial. Seizurcs
are common following ischaemia (Rossen et al. 1943; Oppenheimer and Hachinski,
1992) but do not influence morbidity or mortality (Oppenheimer and Hachinski,
1992). ln experimental models, ischaemia either results in a postsynaptic
hyperexcitability (Chang et al. 1989) or a synaptic long{erm potentiation (Urban ef
al. 1989), or results in no change in excitability (Buzsáki et at. 1989; Thayer and
Miller, 1990). lt has been shown that hippocampal delayed neuronal degeneration
occurs following ischaemia in gerbils despite an absence of hyperexcitability in unit
recordings (lmon et al. 1991).

While it seems that hyperexcitability is not required for post-ischaemic neuronal
degeneration, the situation may be different for hypoxia. Adenosine provides some
protection against ischaemic excitotoxicity; however, adenosine does not provide
protection against exogenous glutamate-mediated excitotoxicity. lt seems likely that
adenosine provide protection against ischaemia by acting presynaptically to prevent
glutamate release, yet ischaemic glutamate release is not exocytotic. Possibly
adenosine is acting in an ischaemic penumbra where excitotoxic damage is a result
of enhanced excitability in response to synaptically glutamate retease.

7.t1.1.3. Therapeutics and drug design

Although delayed neuronal death often follows hypoxia or ischaemia, it is not an

obligatory consequence, since the pathological changes may be alteviated by
plrarmacological intervention in the recovery phase (Meldrum et al. 1987; Evans et
al. 1987). An undentanding of the pathophysiology of the initial reoxygenation
period following hypoxia or ischaemia is impodant since it may well permit more
effective treatments for the brain damage that occurs during the first 24 hours
following hypoxia, a time when neurons othen¡rise destíned for disintegration can be

rescued.

Adenosine has been implicated in the survival of neurons during ischaemia (Newby

et al. 1990). Within the present model, adenosine A,, receptor activation did not
contribute to the suruival of CA., neurons during 30 minutes of hypoxia at 32c.
Adenosine may improve the outcome following in vívo ischaemia, by increasing
blood flow via A, receptors. However, in vivo, activation of adenosine 4., receptors
by endogenous adenosine provides protection of neurons during hypoxia (Boissard ef
al. 1992). Such A,-mediated protection is presumably due to timiting glutamate

release and excitation of neurons. However, adenosine excitatory actions may
promote neuronal damage. lndeed, in the superior colliculus, where inhibitory
actions of adenosine are absent, exogenous adenosine enhances acute ischaemic
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neuronal damage (Fujiwara et al. 1994). Such an action may co-exist with inhibitory

actions of adenosine in other brain areas. ln these other areas, initiation of

hyperexcitability, that becomes apparent after uptake of adenosine with
reoxygenation, may promote excitotoxicity in response to normal synaptic glutamate

release.

While the cause of post-hypoxic hyperexcitability is not completely clear, this study

has focussed on the possible involvement of adenosine in its generation. lndeed, it is

attractive to consider that the rebound hyperexcitability following adenosine

application, and the post-hypoxic hyperexcitability described here may be the same

phenomenon. lf this ís the case, it represents a novel, and possibly deleterious,

action of adenosine that should be considered in future design of therapeutic

purinergic agents. For instance, while adenosine may be provide some protection

against ischaemia, it may be of no value, or even detrimental, for hypoxia.

Clutamate antagonists provide a better avenue for anti-hypoxia and anti-ischaemia

drugs, as they avoid the excitatory actions of adenosine agonists.

7.4.2. ADENOSINE RELEASE

lnvestigation into the mechanisms of adenosine accumulation provides an example

of non-synaptic neuromodulation, a fundamental form of communication within the

brain. Synaptic transmission is traditionally characterised by vesicular release of a

neuromodulator substance and resultant activation of an extracellular receptor both

occurring within a specialised synapse; however this scheme is being redefined, with

the recent identification of gaseous neuromodulators, which diffuse between neurons

and act intracellularly. Fudhermore, synaptic transmission is not the exclusive means

of communication in the brain; for instance, neuromodulators can perform a

paracrine role, being released from axon varicosities that do not form specialised

synapses with neurons, and activating remote extra-synaptic or synaptic receptors.

Also, neuromodulators can be released at synaptic or non-synaptic sites via reversible

transpoders rather than by exocytosis. Such forms of non-synaptic neuromodulation

may mediate generalised and sustained brain activity, such as level of arousal or

mood (Bach-Y-Rita, 1993), whereas synaptic transmission mediates discrete neuronal

activation. Adenosine release during hypoxia has been investigated in the present

study, and has been shown to provide a direct connection between oxidative ener€y

production and modulation of synaptic transmission. Extracellular adenosine

accumulation probably causes the unconsciousness which accompanies hypoxia, and

thus, provides a simple functional example of non-synaptic neurotransmission.

Adenosine also accumulates during repetitive electrical stimulation of neuronal

afferents (Mitchell et al. 1993). Such use-dependent release of adenosine may occur

via a similar mechanism as during hypoxia, for instance, increase membrane ATPase
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activity may lead to a rise in free AMP and lactic acid, or calcium influx into the
presynaptic terminals may alter the balance of adenosine anabolism and catabolism.

Such mechanisms are worthy of fufther investigation.

At a practical level, regulation of adenosine release mechanisms themselves may

have clinical applications for early treatment of hypoxia or ischaemia. Also estimates

of extracellular adenosine accumulation during hypoxia provide a reference for
further investigation of possible pharmacological consequences of hypoxic adenosine

receptor activation, such as rebound hyperexcitability.

7.4.3. APPTICATION OF FIETD POTENTIAL RECORDINCS AND
PHARMACOTOGICAL METHODS TO THE STUDY OT HYPOXIA IN THE
HIPPOCAMPAL STICE

7.4.3.1. Success of field potential studies

Pharmacological manipulation of field potentials with receptors antagonists and

enzyme inhibitors has proven to be a highly successful strategy for investigating the

role of adenosine in hypoxia. Extracellular adenosine accumulation provides a direct
link between cellular oxidative ene€y metabolism and synaptic transmission and

neuronal excitability, and such adenosine accumulation can be assessed by

adenosine A', receptor-mediated synaptic depression. Adenosine release may be a

good indicator of brain tissue energy status, since acute measurements of total

nucleotides do not accurately reflect neuronal free energy, and cedainly not

oxidative energy production. The present pharmacological studies provided, for the

first time, some insight into the connection between adenosine accumulation during

hypoxia and a potentially deleterious hypoxic outcome, namely, post-hypoxic

hyperexcitability.

7.4.3.2. Advantages and limitations of field potential recordings

Extraceltutarly recorded poputation spikes and field excitatory post-synaptic

potentials (ÍEPSP) represent the summed action potentials and excitatory post-synaptic

potentials respectively ín a population of neurons. Such field potential recordings

allow assessment of the mean response of a population of neurons, rather than that

from a single neuron which could be unrepresentative of the whole population. ln
this context, diffusion limitations in tissue slices may result in gradients of drug

concentration from exogenously applied compounds, or from those produced within

the tissue, and field potentials will be less biased than single cell techniques by the

recording location within such gradients across the depth of the slice. Also, post-

hypoxic and rebound hyperexcitability, as evidenced by multiple extracellular

population spikes, represents multiple action potential firing in some, but perhaps not

all, neurons in the recording population, and thus can be best assessed from
population responses. The influence of an extracellular recording electrode on the
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populat¡on response is minor in comparison to single cell techniques where the

intracellular or patch electrodes may dialyse the intracellular milieu, leading to run-

down or complete alteration of the response. This is particularly important in the

investigation of an integrated response such as hypoxia where adenosine is produced

in the cytosol, and cytosolic second messengers may be important in persistent

actions of adenosine receptor activation. On the other hand, extracellular recording

does not provide access to the cytosol for application of cell impermeant compounds

active intracellularly. Field potential recording is a robust technique, recordings are

easy to obtain, and remain stable over long periods. Experimentally-induced

hyperexcitability requires prolonged hypoxia or drug perfusion, and the

pharmacological assessment of receptor function requires long periods of recordings

during which baseline responses can be safely presumed stable. On the other hand,

in assessing electrophysiology, extracellular recording is limited to a reflection of

what is occurring in individual neurons, whilst changes in individual spike amplitude

or threshold are masked, and spike after-potentials as well as inhibitory potentials are

relatively inaccessible. Nevedheless, field potentials have provided a number of

advantages in the study of hypoxia in the hippocampal slice.

195



APPENDIX A: PUBIICATIONS DURtNc CANDTDATURE

Chapter 4

Doolette, D.J. and Kerr, D.l.B. (1992) Comparison of carbon monoxide and nitrogen induced effects
on synaptic transmission in the rat hippocampal slice. Neurosci. tett. 139,9-13.

Doolette, D.J. (1990) Comparison of nitrogen and carbon monoxide hypoxia in the rat híppocampal
slice. C/in. Exp. Pharmacol. Physiol.lT Supplement, 19(Abstract)

Chapter 6

Doolette, D.J. and Kerr, D.l.B. (1995) Hyperexcitability in CA1 of the rat hippocampal slíce following
hypoxia or adenosine. Brain Res. 677, 127-137

Other contributions

Kerr, D.l.B., OnE, )., Doolette, D.J., Abenante, J. and Prager, R.H. (1992) 3-Amino-2-(4-chlorophenyl)-
nitropropane is a new CABAB receptor agonist, more actíve peripherally. Eur. J, Pharmacol. 236,
239-245.

ong,J., Kerr, D.l.B., Doolette, D.J., Duke, R.J., Mewett, K.N., Allen, R.D. andJohnston, G.A.R. (1993)
R-(-)-Fphenyl-CABA is a full agonist at CABAg receptors in brain slices but a partial agonist in the
ileum. Eur. J. Pharmacol. 233, 169-172.

196



B IBTIOC RAPHY

Abbracchio, M.P., Fogliatto, G., Paoletti,4.M., Rovati, G.E. and Cattabeni, F. (1992) Prolonged invitto
exposure of rat brain slices to adenosine analogues: selective desensitization of 4., but not A,
receptors. Eur. J. Pharmacol. (Mol. Pharmacol. ) 227,317-324.

Aitken, P.C. and Braitman, D.J. 11989) The effects of cyanide on neural and synaptic function in
hippocampal slices. Neurotoxicology 10, 239-247.

Åkerman, K.E.O. and Nicholls, D.O. (1981) lntrasynaptosomal compaÉmentation of calcium during
depolarization-induced calcium uptake across the plasma membrane. Biochim, Biophys. Acta 645,
41-48.

Åkerman, K.E.O. and Nicholls, D.C.(1983) Physiological and bioenergetic aspects of mitochondrial
calcium transport. Rev. Physiol. Biochem. Pharmacol. 95, 149-201.

Alger, B.E. and Nicoll, *.O.('t982) Feed{on¡vard dendritic inhibition in rat hippocampal pyramidal
cells studied in vitro. J. Physiol. (Lond. ) 328, 105-123.

Alger, B.E. and Teyler, T.J. (1978) Potassium and short-term response plasticity in the hippocampal
slice. Braín Res. 159, 239-242.

Alger, B.E. and Williamson, A. (1988) A transient calcium-dependent potassium component of the
epileptiform burst after-hyperpolarization in rat hippocampus. J. Physiol. (Lond.I399, 191-205.

Allende, C., Franco, R., Mallol, J., Lluis, c. and lCanela, E. (1991) N-ethylmaleimide affects agonist
binding to A1 adenosine receptors differently in the presence than in the absence of ligand.
Biochem. Biophys. Res. Commun. 181, 213-218.

Altman, P.L. and Dittmer, D.S. (1971lr Respiration and Circulation, Bethesda: Federation of American
Societies for Experimental Biology.

Alzheimer, C., Katgl, L. and Bruggencate, C.T. (1991) Adenosinergic inhibition in the hippcampus is
mediated by adenosine A1 receptors very similar to those of peripheral tissues. Eur. J. Pharmacol.
1 96, 31 3-317 .

Alzheimer, C., Sutor, B. and ten Bruggencate, G. (1993) Disinhibition of hippocampal CA3 neurons
induced by suppression of an adenosine 4., receptor-mediated inhibitory tonus: pre and
postsynaptic components. Neuroscience 57, 565-575.

Alzheimer, C., Sutor, B. and ten Bruggencate, G. (1989) Transient and selective blockade of adenosine
At-receptors by cyclopently-1,3-dipropylxanthine (DPCPX) causes sustained epileptiform activity in
hippocampal CA3 neurons of guinea pígs. Neurosci. Lett. 99, 107-112.

Amaral, D.G. and Witter, M.P. (1989) The threedimensional organization of the hippocampal
formation: a review of anatomical data. Neuroscience 31, 571-591.

Ameri, A. (1992) Coupling of pertussis toxin sensítive C proteins to A1 and non-A, receptors. Naunyn-
Schmeideberg's Arch. Pharmacol. 345 (suppl.), RS9(Abstract)

Ameri, A. and Jurna, l. (1991) Adenosine A1 and non-41 receptors: intracellular analysis of the actions
of adenosine agonists and antagonists in rat hippocampal neurones. Braîn Res.546, 69-78.

Amoroso, S., Schmid-Antomarchi, H., Fosset, M. and Lazdunski, M. (1990) Clucose, sulfonylureas, and
neurotransmitter release: role of ATP-sensitive K+ channels. Science 247,852-854.

Andersen, P. (1959) lnterhippocampal impulses. l. origin, course and distribution in cat, rabbit and rat.
Acta Physiol. Scand. 47, 63-90.

Andersen, P. (1960) lnterhippocampal impulses. ll. Apical dendritic activation of CA1 neurons. Acfa
Physiol. Scand. 48, 178-208.

Andersen, P., Bliss, T.V.P. and Skrede, K.K. (1971a) Lamellar organization of hippocampal excitatory
pathways. Exp. Brain Res. 13, 222-238.

Andersen, P., Bliss, T.V.P. and Skrede, *.*.('t971b) Unit analysis of hippocampal population spikes.
Braín Res. 13,208-221.

Andersen, P., Bruland, H. and Kaada, B.n.(1961a) Activation of the dentate area by septal stimulation.
Acta Physiol. Scand. 51, 17-28.

197



Andersen, P., Bruland, H. and Kaada, U.n.(t961b) Activation of the field CA1 of the hippocampus by
septal stimulation. Acta Physîol. Scand. 51,29-40.

Andersen, P., Eccles, J.C. and Loyning, Y. (1964a) Location of postsynaptic inhibitory synapses on
hippocampal pyramids. J. Neurophysiol. 27, 592-607.

Andersen, P., Eccles, J.C. and Loyning, Y. (1964b) Pathways of postsynaptic inhibition in the
hippocampus. /. Neurophysiol. 27, 608-61 9.

Andersen, P., Holmqvist, B. and Voorhoeve, P.E. (1966) Excitatory synapses on hippocampal apical
dendrites actívated by entorhinal stimulatioh. Acta Physíol. scand. 6G, 461-412.

Andersen, P., silfvenius, H., Sundberg, s.H., sveen, o. and wigstrom, H. (1978) Functional
characteristics of unmyelinated fibres in the hippocampal cortex. Brain Res.144,11-18.

Andiné, P., Jacobson, l. and Hagberg, H. (1988) Calcium uptake evoked by electrical stimulation is
enhanced postischemically and precedes delayed neuronal death in CA' of rat hippocampus:
involvement of N-methyl-D-aspadate receptors. J. Cereb. Blood Flow Metab.8,799-807.

Andrade, R. (1993) Enhancement of beta-adrenergic responses by C¡linked recepton in rat
hippocampus. Neuron 10, 83-88.

Andrade, R., Malenka, R.C.and Nicoll, R.A. (1986) A C-protein couples serotonin and GABA'
receptors to the same channels in hippocampus. Science 234, 1261-'1265.

Andreasen, M., Lambert, J.D.C.and Jensen, M.S. (1988) Direct demonstration of an N-methyl-D-
aspaÉate receptor mediated component of excitatory synaptic transmission in area CA., of the rat
hippocampus. Neurosci. Lett. 93, 61-66.

Angevine, J.B. (1975) Development of the hippocampal region. ln: lsaacson, R.L. and Pribram, K.H.,
(Eds.) Ihe hìppocampus, pp. 61-94. New York: Plenum Press.

Aniksztejn, 1., Otani, S. and Ben-Ari, Y. (1992) Quisqualate metabotropic receptors modulate NMDA
currents and facilitate induction of long{erm potentiation through protein kinase C. Eur. J.
Neurosci. 4, 50G505.

Arvin,8., Neville, 1.F., Pan, J. and Roberts, P.J. (1989) 2-Chloroadenosíne attenuates kainic acid-
induced toxicity within the rat striatum: relatioship to release of glutamate and Ca2+ intlux. Br. J.
Pharmacol. 98, 225-235.

Astrup, J., Siesjö, B.K. and Symon, L. (1981) Thresholds in cerebral ischemia{he ischemic penumbra.
Sfroke 12,723-725.

Attwell, D., Barbour, B. and Szatkowski, M. (1993) Nonvesicular release of neurotransmitter. Neuron
11, 401-407.

Ault, B. and Nadler, J.V. (1982) Baclofen selectively inhibits transmission at synapses made by axons of
CAr pyramidal cells in the hippocampal slice. /. Pharmacol. Exp. Ther.223,29J-297.

Bach-Y-Rita, P. (1993) Nonsynaptic diffusion neurotransmission (NDN) in the brain. Neurochem. tnt.
¿J, ¿Jt-ttö.

Balíns, R. (1970) Carbohydrate metabolism. ln: Lajtha, 4., (Ed.) Handbook of Neurochemistry. Volume
lll: Metabolic Reactions in the Ne¡vous sysfem, pp. 1-36. New York: Plenum press.

Balestrino, M., Aitken, P.G. and Somjen, C.C. (1986) The effects of moderate changes of extracellular
K+ and Ca2+ on synaptic and neural function in the CA' region of the hippocampal slice. Brain
Res. 377,229-239.

Baraban, J.M., Snyder, S.H. and Alger, B.E. (1985) Protein kinase C regulates ionic conductance in
hippocampal pyramidal neurons: electrophysiological effects of phorbol esters. Proc. Natl. Acad.
Sci. U. S. A.82,2538-2542.

Barraco, R.4., Walter, G.4., Polesek, P.M. and Phillis, J.W. (1991) Purine concentratíons in the
cerebrospinal fluid of unanesthetized rats during and after hypoxia. Neurochem. Int. 18,243-248.

Barrie, A.P. and Nicholls, D.C. (1993) Adenosine A1 receptor inhíbition of glutamate exocytosis and
protein kínase C-mediated decoupling. J. Neurochem. 60,lOB1-1086.

Bartrup, J.T. and Stone, T.W. (1988) lnteractíons of adenosine and magnesíum on rat hippocampal
slices. Brain Res. 463, 374-379.

198



Bayer, S.A. (1985) Hippocampal region. ln: Paxinos, C., (Ed.) The rat netyous system, pp. 33$352.
Sydney: Academic Press.

Bekker, J.M. and Stevens, C.f.(1989) NMDA and non-NMDA receptors are co-localised at individual
excitatory synapses in cultured rat hippocampus. Nature 341,23U233.

Bennett, M.R. and Ho, S. (1992) Adenosine modulation of potassium currents in preganglionic nerye
termínals of avian ciliary ganglia. Neurosci. Lett. 137, 41-44.

Bennett, M.R., Kerr, R. and Khurana, C. (1992) Adenosine modulation of calcium currents in
postganglionic neurones of avian ciliary ganglia. Br. J. Pharmacol. 106,25-32.

Benveniste, H., Drejer, J., Schousboe, A. and Diemer, N.H. (1984) Elevation of extracellular
concentrations of glutamate and aspartate in rat hippocampus during transient cerebral ischemia
monitored by intracerebral microdialysis.. /. Neurochem. 43, 1369-137 4.

Benveniste, H., Jotgensen, M.8., Diemer, N.H. and Hansen, A.J.(t988) Calcium accumulation by
glutamate receptor activation is involved in hippocampal cell damage after ischemia. Acta
Neuropath. Scand. 7 8, 529-536.

Bergamasco,8., Benna, P., Ferrero, P. and Gavinellí, R. (1984) Neonatal hypoxia and epilepsy risk: a

clinical prospective study. Epilepsia 25, 1 31-1 36.

Birnstiel, S., Cerber, U. and Greene, *.*.('t992) Adenosinemediated synaptic inhibition: partial
blockade by barium does not prevent anti-epileptiform activity. Synapse 11, 191-196.

Bittaç N., Shug,4.1., Folts, J.D. and Koke, J.R. (1976) lschemic-like change produced in caníne heart
by atractyloside: a chemical model. Recent. Adv. Stud. Ca¡diac. Sfruct. Metab.12,167-174.

Blackstad, T.W. (1956) Commisural connections of the hippocampal region in the rat, with special
reference to their mode of termination. J. Comp. Neuro/. 105, 41 7-521.

Blackstad, t.*.('t958) On the termination of some afferents to the hippocampus and fascia dentate.
Acta Anatomica 35, 202-21 4.

Blackstad, T.W., Brink, K., Hem, J. and Jeune, B. (1970) Distribution of hippocampal mossy fibers in
the rat. An experimental study with silver impregnation methods. J. Comp. Neurol. 138, 433-450.

Blaxter, T.J. and Carlen, P.L. (1985) Pre- and postsynaptic effects of baclofen in the rat hippocampal
slice. Erain Res. 341, 195-199.

Bliss, T.V. and Collingridge, G.L. (1993) A synaptic model of memory: long-term potentiation in the
hippocampus. Nature 361, 31-39.

Bliss, T.V.P. and Lomo, T. (1978) Long lasting potentiation of synaptic transmission in the dentate area
of anaesthitized rabbit following stimulation of the perforant path. J. Physiol. (Lond. ) 232, 331-
356.

Boege, F., Neumann, E. and Helmreich, E.J.M. (1991)Structural hetero$eneity of membrane receptors
and CTP-binding proteins and its functional consequences for signal transduction . Eur. J. Biochem.
199, 1-1 5.

Boissard, C.G., Lindner, M.D. and Cribkoff, V.K. (1992) Hypoxía produces cell death in the rat
hippocampus in the presence of an A1 adenosine receptor antagonist: an anatomical and behavíoral
study. Neuroscience 48, 8O7-812.

Bontemps, F., Van den Berghe, C. and Hers, H.-C. (1983) Evidence for a substrate cycle between AMP
and adenosine in isolated hepatocytes. Proc. Natl. Acad. Sci. U. S. A. 80,2829-2833.

Bontemps, F., Vincent, M.F. and Van den Berghe, C. (1993) Mechanisms of elevation of adenosine
levels in anoxic hepatocytes. Biochem. J. 290, 671-677.

Bortolotto, Z.A. and Collingridge, C.L. (1993) Characterisation of LTP induced by the activation of
glutamate metabotropic receptors in area CAl of the hippocampus. Neuropharmacology.32,l-9.

Brierley, J.B. (1976) Cerebral hypoxia. ln: Blackwood, W. and Corsellis, J.A.N., (Eds.) Greenfield's
Neuropathology, 3rd edn. pp. 43-85. Chicago: Yearbook Medícal Publishen.

Brown, A.W. and Brierley, J.B. (1968) The nature and distribution and earliest stages of anoxic-
ischaemic nerue cell damage in the rat brain as defined by the optical microscope. Brit. J. Exp.
Pathol. 49,87-106.

199



Bruns, R.F., Katims,J.J., Annau,2., Synder, S.H. and Daly,J.W. (1983)Adenosine receptorinteractions
and anxiolytics. Neuropharmacology 22, 1 523-1529.

Bruns, R.F., Lu, G.H. and Pugsley, T.A. (1986) Characterization of the A2 adenosine receptor labeled
by tH3INECA in rat striatal membranes. Mol. Pharmacol.29,331-346.

Buhl, E.H., Han, Z.-S., Lörinczi,2., Stezhka, V.V., Karnup, S.V. and Somogyi, P. (1994) Physiological
properties of anatomically identified axo-axonic cells in the rat hippocampus. J. Neurcphysiol.71,
1289-1307.

Bukoski, R.D., Sparks, H.V. and Mela, ,.". ('t983) Rat heart mitochondria release adenosine.
Biochem. Biophys. Res. Commun. 1 13, 990-995.

Buzsáki, G., Freund, T.F., Bayardo, F. and Somogyi, P. (1989) lschemia-induced changes in the
electrical activity of the hippocampus. Exp. Braín Res. 78, 268-278.

Caciagli, F., Calabrese, S., Ciccarelli, R., Di lorio, P. and Longh, O.N. (1985) Relationship between
electically-induced adenosine release and cAMP levels in rat striatal primary cultures. Br.J.
Pharmacol. 86, 672P(Abstract)

Carafoli, E. (1987) lntracellularcalcium homeostasís. Annu. Rev. Biochem. 56, 395-433.

Carafoli, E. and Sottocasa, G. (1984)The uptake and release of calcium from mitochondria. ln: Ernster,
1., (Ed.) Bioenetgetics, pp. 269-289. Amsterdam: Elsevier Science Publishers.

Cass, W.A. and Zahiniser, N.R. (1991) Potassium channel blockers inhibit D2 dopamine, but not A1

adenosine, receptor-mediated inhibition of striatal dopamine release. J. Neurochem.57,147-152.

Chance, B. (1953) The carbon monoxide compounds of the cytochrome oxidases. ll Photodissociation
spectra.. J. Biol. Chem. 202,397-406.

Chang, H.S., Sasaki, T. and Kassell, N.F. (1989) Híppocampal unit activity after transient cerebral
ischemia in rats. Stroke 20, 1051-1058.

Chen, Q.X. and Wong, R.K.S. (1991) lntracellular Ca2+ suppressed a transient potassíum current in
hippocampal neurons. J. Neurosci. 11, 337-343.

Cheng, Y.-C. and Prusoff, W.H. (1973) Relationship between the inhibition constant (Ki) and the
concentration of inhibitor which causes 50o/o inhibition of an enzymatíc reaction.. Biochem.
Pharmacol. 22, 3099-31 08.

Choi, D.W. (1985) Glutamate neurotoxicity in coñical cell cultures is calcium dependent. Neurosci.
Leff. 58, 293-297.

Choi, D.W. (1987) lonic dependence of glutamate neurotoxicity. J. Neurosc¡. 7 , 369-379.

Choi, D.W. (1988) Calcium-mediated neurotoxicity: relationship to specific channel types and role in
ischemic damage. Trends Neurosci. 10, 465-469.

Choi, D.W. (1990) Cerebral hypoxia: some new approaches and unanswered questions. ,f. Neuroscí.
10 ?4q7-)\O1

Choi, D.W., Koh, J.-Y. and Peters, S. (1988) Pharmacology of glutamate neurotoxicity in cortical cell
culture: attenuation by NMDA antagonists. J. Neurosci. S, 185-196.

Choi, D.W., Maulucci-Gedde, M. and Kriegstein, A.R. (1987) Clutamate neurotoxicity in cortical cell
culture. J. Neurosci. 7, 357-368.

Chronister, R.B. and White, L.E. (1975) Fiberarchitecture of the hippocampal formation: anatomy,
projections and structural signif icance. ln: lsaacson, R.L. and Pribram, K.H., (Eds.) The
hippocampus, pp. 9-39. New York: Plenum Press.

Clarke, D.D., Lajtha, A.L. and Makeç H.S. (1989) lntermediary metabolism. ln: Siegel, G.1., Agranolf,
8.W., Albers, r.W.and MolinoÍÍ, P.8., (Eds.) Easic neurochemistry: Molecular, Cellular, and
Medical Aspects, 4th edn. pp. 541-564. New York: Raven Press.

Coan, E.J. and Collingridge, G.L. (1987a) Characterization of an N-methyl-D-aspartate receptor
component of synaptic transmission in rat hippocamal slices. Neuroscience 22, 1-8.

200



Coan, E.J. and Collingridge, C.L. (1987b) Effects of phencyclidine, SKF 10047 and related
pschotomimetic agents on N-methyl-D-aspartate receptor mediated responses in rat hippocampal
slices. 8r. J. Pharmacol. 91, 547-556.

Coburn, R.F. (1979) Mechanisms of carbon monoxide toxicity. Prev. Med.8,31G322.

Coffee, C.r. (1978) AMP deaminase from rat skeletal muscle. Methods Enzymol. 51, 49ù497.

Colbeñ, C.M. and Levy, W.B. (1992) Electrophysiological and pharmacological characterization of
perforant path synapses in CAt: mediation byglutamate receptors. t. Neurophysio/.68, 1-8.

Cole, A.E. and Nicoll, R.A. (1984) The pharmacology of cholinergic excitatory responses in
hippocampal pyramidal cells. Srain Res. 305, 283-290.

Corradetti, R., Lo Conte, C., Moroní, F., Passani, M.B. and Pepeu, C. (1984) Adenosine decreases
aspartate and glutamate release from rat hippocampal slices. Eur. J. Pharmacol. 104, 19-26.

Corradetti, R., Pugliese, A.M. and Ropert, N. (1989) The protein kinase C inhibitor 1-(-
isoquinolinesulphonyl)-2-methylpiperazine (H-7) disinhibits CA1 pyramidal cells in rat hippocampal
slices. Br. J. Pharmacol. 98, 1376-1382.

Correia de Sá, P., Sebastiào, A.M. and Ribeiro, J.A. (1991) lnhibitory and excitatory effects of
adenosine receptor agonists on evoked transmitter release from phrenic nerve ending of the rat. 8r.
J. Pharmacol. 103, 1 61 4-1 620.

Cox, J.4., Lysko, P.C. and Henneberry, R.C. (1989) Excitatory amino acid neurotoxicity at the N-
methyl-D-aspartate receptor in cultured neurons: role of voltagedependent magnesium block.
Brai n Res. 499, 267 -27 2.

Cox, D.W., Drower, J. and Bachelard, H.S. (1985) Effects of metabolic inhibiton on evoked activity
and the ene€y state of hippocampal slices superlused in vitro. Exp. Brain Res. 57, 464-470.

Craig, C.C. and White, T.D. (1993) N-methyl-D-aspartate' and non-N-methyl-D-aspartateevoked
adenosine release from rat cortical slices: distinct purinergic sources and mechanisms of release. /.
Neurochem. 60, 1 073-1 080.

Crépel, V., Hammond, C., Krnjevic, K., Chinestra, P. and Ben-Ari, Y. (1993) Anoxia-induced LTP of
isolated NMDA receptor-mediated synaptic responses. J. Neurophysiol. 69, 1774-1778.

Criss, W.E. and Pradman, T.K. (1978) Purification and characterization of adenylate kinase from rat
liver. Methods Enzymol. 51, 459-467.

Croning, M.D.R., Zetterström, T.S.C. and Newberry, N.R. (1994) Adenosine receptor antagonists
attenuate the [K+]e increase during hypoxia in the rat hippocampus ìn vit¡o. Br. J. Pharmacol.112
(Suppl.), 51 4P(Abstract)

Cunha, R.4., Johansson, 8., Van der Ploeg, 1., Sebastiào, 4.M., Ribeiro, J.A. and Fredholm, B.B.
(1994a) Evidence forfunctionally important 42" receptors in the rat hippocampus. Brain Res. 649,
208-2116.

Cunha, R.4., Milusheva, E., Visi, E.S., Ribeiro, J.A. and Sebastiào, O.".(t994b) Excitatory and
inhibitory effects of A.t and A2u adenosine receptor activation on the electrically evoked
[3H]acetylcholine release from diffèrent areas of the hippocampus. J. Neurochem.63,2O7-214.

Czéh, G. and Somjen, G.C. (1990) Hypoxic failure of synaptic transmission in the isolated spinal cord,
and the effects of divalent cations. Brain Res. 527,224-223.

Czéh, G., Aitken, P.G. and Somjen, G.C. (1993) Membrane currents in CA1 pyramidal cells during
spreading depression (SD) and SD-líke hypoxic depolarization. Brain Res. 632, 19'208.

Daly, J.W., Padgett, W., Shamim, M.T.,Butts-Lamb, P. and Waters, J. (1985) 1,3-díakyl-8-(p-
sulfophenyl)xanthines: potent water soluble antagonists for the A1- and A2-adenosine receptors. /.
Med. Chem.28,487-492.

Daval, J.-1. and Barberis, C. (1981) Release of radiolabelled adenosine from supedused synaptosome
beds. Eiochem. Pharmacol. 3O, 2559-2567.

Daval, J.-1. and Nicolas, F. (1994) Opposite effects of cyclohexyladenosine and theophylline an
hypoxic damage in cultured neurons. Neurosci. Lett.175,114-116.

201



Davies, C.H., Davies, S.N. and Collingridge, C.L. (1990) Paired-pulse depression of monosynaptic
GABA-mediated inhibitory postsynaptic responses in rat hippocampus. J. Physiot. (Lond. ) 424,
51 3-53 1 .

Davies, S.N. and Collingridge, C.L.(1989) Role of excitatory amino acid recepton in synaptic
transmission in area cA1 of rat hippocampus. Proc. R. Soc. Lond. B 236,373-394.

De la Haba, C. and Cantoni, C.L. (1959) The enzymatic synthesis of S-adenosyl-L-homocysteine from
adenosine and homocysteine, J. Biol. Chem.234, 603-608.

Dickenson, J.M. and H¡ll, S.J. (1993) lntracellular cross-talk between receptors coupleci to
phospholipase C via pertussis toxin-sensitive and insensitive C-proteins in DDTIMF-2 cells. 8r. /.
Pharmacol. 1 09, 7 1 9-7 24.

Dingledine, R. and Cjerstad, L. (1979) Penicillin blocks hippocampal lPSPs, unmasking prolonged
EPSPS. Brain Res. 168, 205-209.

Dingledine, R. and Cjerstad, L. (1980) Reduced inhibition during epileptiform activity in the in vifro
hippocampal slice. J. Physíol. (Lond. ) 305,297-313.

Dingledine, R. and Langmoen, l.A. (1980) Conductance changes and inhibitory actíons of
hippocampal recurrent lPSls. Srain Res. 185, 277-287.

Dionsotti, S., conti,4., Sandoli, D., Zocchi, c., catta, F. and ongin¡, E. (,l994) Effects of the new A2
adenosine receptor antagonist 8FB-PTP, an I substituted pyrazolo{riazolo-pyrimidine, on in vitrõ
functional models. Br. J. Pharmacol. 112, 659-665.

Doerner, D., Pitler, T.A. and Alger, B.E. (1988) Protein kinase C activaton block specific calcium and
potassium current components in isolated hippocampal neurons. J. Neurosci. 8, 4069-4078.

Dolphin, A.C. (1985) Pertussis toxin reverses adenosine ínhibition of neuronal glutamate release.
Nafure 316, 148-1 50.

Dolphin, A.C. (1991) Regulation of calcium channel activity by CTP binding proteins and second
messengers. Biochim. Biophys. Acta 1091 ,68-80.

Dolphin, A.C. and Archer, E.*.(t983) An adenosine agonist inhíbits and a cyclic AMP analogue
enhances the release of glutamate but not CABA from slíces of rat dentate gyrus. Neurosci. teff.
43,49-54.

Dolphin,4.C., Forda, S.R. and Scott, R.H. (1986) Calcium-dependent currents in cultured rat dorsal
rootganglionneuronesareinhibitedbyanadenosineanalogue. J.Physiol.(Lond.)373,47-61.

Donaghy, K. and Schofield, C.N. (1991) Adenosine enhances recovery of synaptic transmission in rat
hippocampus after anoxia. Br. J. Pharmacol. 101 Proc. Suppl., 499P(Abstract)

Drejer, J., Benveniste, H., Diemer, N.H. and Schousboe, A. (1985) Cellular origín of ischemia-induced
glutamate release from brain tissue in vivo and in vitro. J. Neurochem. 45,145.1 51.

D-ry, A.N. and Szant-Gyoryi, A. (1929) The physiological activity of adenine compounds with
especiai reÍerence to iheir action upon mammaiian heart. /. Physioi. (Lond. ) 68,213-237.

Dubinsky, J.M. and Rothman, S.M. (1991) lntracellular calcium concentrations during "chemical
hypoxia" and excítotoxic neuronal injury. /. Neurosci. 11,2545-2511.

Dunér-Engström, M. and Fredholm, B.B. (1988) Evidence that prejunctional adenosine receptors
regulating acetylcholine release from rat hippocampal slices are linked to an N-ethylmaleimide-
sensitive C-protein, but not to adenylate cyclase or dihydropyridinesensitive Ca2+-channels. Acta
Physiol. Scand. 1 34, 1 1 9-1 26.

Dunwiddie, T.U. ('t981) Age-related differences in the in vitro ral hippocampus. Development of
inhibition and the effects of hypoxia. Dey. Neurosci. 4, 165-175.

Dunwiddie, T.V. and Diao, L. (1994) Extracellular adenosine concentration ín hippocampal brain
slices and the toníc inhibitory modulation of evoked excitatory responses. J. Pharmacol. Exp. Ther.
268,537-545.

Dunwiddie, T.V. and Fredholm, B.B. (1984) Adenosine receptors mediating inhibitory
electrophysiological responses in rat hippocampus are different from receptors mediating cyclÍc
AM P accu mu lation. N au nyn-Schmei deberg's A rch. Ph arm acol. 326, 29 4-301 .

202



Dunwiddie, T.V. and Fredholm, B.a.(1989) Adenosine A1 receptors inhibit adenylate cyclase activity
and neurotransmitter release and hyperpolarize pyramidal neurons in rat hippocampus. t.
Pharmacol. Exp. Ther. 249,31-37.

Dunwiddie, T.V. and Hoffer, B.J. (1980) Adenine nucleotides and synaptic transmissíon in the in vjfro
rat hippocampus. 8r. J. Pharmacol. 69, 59-68.

Dunwiddie, T.V., Taylor, M., Heginbotham, L.R. and Proctor, W.R. (1992) Long-term increase in
excitability in the CA1 region of rat hippocampus induced by ftadrenergic stimulation: possible
mediation by cAMP. J. Neurosci. 12, 506-517.

Dutar, P. and Nicoll, R.A. (1988a) Stimulation of phosphatidylinositol (Pl) turnover may mediate the
muscarinic suppression of the M-current in hippocampal pyramidal cells. Neurosci. Letf. 85, 89-
94.

Dutar, P. and Nicoll, R.A. (1988b) Classification of muscarinic responses in hippocampus in terms of
receptor subtypes and second-messengersystems: electrophysiological studies in vítro. J. Neurosci.
8,4214-4224.

Dutar, P. and Nicoll, R.A. (1989) Pharmacological characterization of muscarinic responses in rat
hippocampal pyramidal cells. Experientia 57 (Suppl.), 68-76.

Dux, E., Fastbom, J., Ungerstedt, U., Rudolphi, K. and Fredholm, B.B. (1990) Protective effect of
adenosine and a novel xanthine derivative propentofylline on the cell damage after bilateral carotid
occlusion in the gerbil hippocampus. Braîn Res. 51 6,248-256.

Ekholm, 4., Asplund, B. and Siesjo, B.K. (1992) Perturbation of cellular energy state in complete
ischemia: relationship to dissipative ion fluxes. Exp. Brain Res. 90, 47-53.

Ereciñska, M. and Silver, l.A. (1989) ATP and brain function. J. Cereb. Blood FIow Metab. 9,2-19.

Evans, M.C., Swan, J.H. and Meldrum, B.S. (1987) An adenosine analogue,2-chloroadenosine,
protects against long term development of ischaemic cell loss in the rat hippocampus. Neuroscí.
[eft. 83, 287-292.

Fairchild, M.D., Parsons,J.E., Wasterlain, C.C., Rinaldi, P.C. and Wallis, R.A. (1988) A hypoxic injury
potential in the hippocampal slice. Brain Res. 453, 357-361.

Fdn, P., O'Regan, P.A. and Szerb, J.C. (1988) Effect of low glucose concentration on synaptic
transmíssion in the rat hippocampal slice. Brain Res. Bull. 21,741-747.

Fastbom, )., Pazos, A. and Palacios, J.M. (1987) The distribution of adenosine A' receptors and 5'-
nucleotidase in the brain of some commonly used experimental animals. Neuroscíence 22, 813-
826.

Findlay, l. (1993) Sulphonylurea drugs no longer inhibit ATP-sensitive K+ channels during metabolic
stress in cardiac muscle. J. Pharmacol. Exp. Ther.266,456-467.

Fink, J.S., Weaver, D.R., Rivkees, S.4., Peterfreund, R.4., Pollack, 4.E., Adler, E.M. and Reppert, S.M.
(1992) Molecular cloning of the rat A2 adenosine receptor: selective co-expression with D2
dopamine receptors in rat striatum. Mol. Brain Res.14, 186-195.

Finn, S.F., Swartz, K.J. and Beal, M.F. (1991) 2-Chloroadenosine attenuates NMDA, kainate, and
quisqualate toxicity. Neurosci. Lett. 126, 191-194.

Fisher, S.K., Heacock, A.M. and Agranoff, B.W. (1992) lnositol lipids and signal transduction in the
nervous system: an update. J. Neurochem.58,18-38.

Folbergrová, J., Minamisawa, H., Ekholm, A. and Siesjö, B.K. (1990) Phosphorylase a and labile
metabolites during anoxia: correlation to membrane fluxes of K+ and Caz*. l. Neurochem. 55,
169G1696.

Foster, A.C. and Kemp, J.A. (1989) Glycine maintains excitement. Nature 338,377-378.

Fowler, J.C. (1988) Modulation of neuronal excitability by endogenous adenosine in the absence of
synaptic transmission. Brain Res. 463, 368-373.

Fowler, J.C. (1989) Adenosine antagonists delay hypoxia-induced depression of neuronal activity in
hippocampal brain slice. Erain Res. 490, 378-384.

203



Fowler, J.C. (1990) Adenosine antagonists alter the synaptic response lo Ín vitto íschemia in the rat
hippocampus. Brain Res. 509, 331-334.

Fowler, J.C. (1991) Regulation of endogenous adenosine during hypoxia in the rat hippocampal slice.
Soc. Neurosci. Abstr. 1 7, 1 O84(Abstract)

Fowler, J.C. (1992) Escape from inhibition of synaptic transmission during in vîtro hypoxia and
hypoglycaemia in the hippocampus. Brain Res. 573, 169-173.

Fowler, J.C. (1993) Purine release and inhibition of synaptic transmission during hypoxia and
hypoglycemia in rat hippocampal slices. Neurosci, Lett. 157,83-86.

Fowler, J.C. (1993) Glucose deprivation results in a lactate preventable increase in adenosine and
depression of synaptic transmission. J. Neurochem. 60,572-576.

Frandsen, A. and Schousboe, A. (1991a) Dantrolene prevents glutamate cytotoxicity and Ca2+ release
from intracellular stores in cultured cerebral cortical neurons. J. Neurochem. 56,1075-1078.

Frandsen, A. and Schousboe, A. (1991b) Excitatory amino acids: toxicity and calcium homeostasis. /.
Neurochem. 57 Suppl., S57A(Abstract)

Frandsen, 4., Drejer, J. and Schousboe, A. (1989) Direct evidence that excitotoxicity in cultured
neurons is mediated via N-methy-D-aspadate (NMDA) as well as non-NMDA receptors. ,f.
Neurochem. 53, 297 -299.

Fraser, D.D. and MacVicar, B.A. (1991) Low{hreshold transient calcium current in rat hippocampal
lacunosum-moleculare interneurons: kinetics and modulation by neurotransmitters. J. Neurosci.
11, 2812-2920.

Fredholm, B.B. (1990) Adenosine A1-receptor-mediated inhibition of evoked acetylcholine release in
the rat hippocampus does not depend on protein kinase C. Acta Physiol. Scand. 140,245-255.

Fredholm,8.8., Dunwiddie, T.V., Bergman, B. and Lindström, K. (1984) Levels of adenosine and
adenine nucleotides in slices of rat hippocampus. Brain Res.295, 127-136.

Fredholm,8.8., Fastbom, J. and Lingren, E. (1986) Effects of N-ethylmaleimide and forskolin on
glutamate release from rat hippocampal slices. Evidence that prejunctional adenosine receptors are
linked to N-proteins, but not to adenylate cyclase. Acta Physiol. Scand. 127,381-386.

Fredholm, 8.8., Fastbom, J., Dunér-Engström, M., Hu, P.-S., Van der Ploeg, 1., Altiok, N., Cerwins, P.,
Kvanta, A. and Nordstedt, C. (1990) Mechanisms of adenosine action. In: Jacobson, K.4., Daly,
J.W. and Mangianello, V., (Eds.) Purines in cellular signalìng: taryets for new drugs, pp.184-193.
New York: Springer-Verlag.

Fredholm, 8.8., Lindström, K. and Wallman-Johansson, A. (1994) Propentofylline and otheradenosine
transpott inhibiton increase the efflux of adenosine following electrical or metabolic stimulation of
rat hippocampal slices. J. Neurochem. 62, 563-573.

Fredholm, B.B. and Lingren, E. (1987) Effects of N-ethylmaleimide and forskolin on noradrenaline
release from rat hior¡ocamnal slices. Evidence that oreiunctiona! adenosine and a.-receotors areF -',-_'

linked to N-proteins but not to adenylate cyclase. Acta Physiol. Scand.130, 95-105.

Fredholm,8.8., Lingren, E. and Lindström, K. (1985) Treatment with N-ethylmaleimide selectively
reduces adenosine receptor-mediated decreases in cyclic AMP accumulation in rat hippocampal
slices. 8r. J. Pharmacol. 86, 509-513.

Fredholm, 8.8., Proctor, W., Van der Ploeg, L and Dunwiddie, T.V. (1989) ln vivo pertussis toxin
treatment attenuates some, but not all, adenosine A.' effects in slices of the rat hippocampus. Eur. J.
Pþarmacol. 17 2, 249-262.

Freund, T.F., Buzsáki, C., Prohaska, O.).,leon, A. and Somogyi, P. (1989) Simultaneous recording of
local electrical activity, padial oxygen tension and temperature in the rat hippocampus with a

chamber{ype microelectrode. Effects of anaesthesia, ischemia and epilepsy.. Neuroscience 28,
539-549.

Freund, T.F. and Maglóczky, Z. (1993) Early degeneration of calretinin-containing neurons in the rat
hippocampus after ischemia. Neuroscience 56, 581-596.

204



Frotscher, M. and Léránth, C.S. (1985) Cholinergic inneruation of the rat hippocampus as revealed by
choline acetyltransferase immunocytochemistry: a combined light and electron microscope study.

J. Comp. Neuro/. 239,237-246.

Fujii, T., Baumgärtl, H. and Lübbers, D.W. (1982) Limiting section thickness of guinea pig olfactory
cortical slices studied from tissue pO2 values and electrical activities. Pflügerc Arch.393,83-87.

Fujiwara, N., Higashi, H., Shimoji, K. and Yoshimura, M. (1987) Effectsof hypoxia on rat hippocampal
neurones in vitro. J. Physiol. (Lond. ) 384, 131-151.

Fujiwara, F., Hirai, H., Tamaki, N. and Okada, Y. (1994) Adenosine enhances neuronal damage during
deprivation of oxygen and glucose in guinea pig superior collicular slices. Neurosci. Lett. 182,
283-286.

Fulceri, R., Bellomo, C., Mirabelli, F., Camberucci, A. and Benedetti, A. (1991) Measurement of
mitochondrial and non-mitochondrial Ca2+ in isolated intact hepatocytes: a critical re-evaluation of
the use of mitochondrial inhibiton. Ce// Calcíum 12,431-439.

Furlong, T.J., Pierce, K.D., Selbie, L.A. and Shine, J. (1992) Molecular characterization of a human

brain adenosine A2 receptor. Mol. Braîn Res. 15, 62-66.

Gaarskjaer, F.B. (1978a) Organization of the mossy fiber system of the rat studied in extended
hippocampi ll. experimental analysis of fiber distribution with silver impregnation methods. J.

Comp. Neuro/. 17 8, 73-88.

Caarskjaer, F.B. (1978b) Organization of the mossy fiber system of the rat studied in extended
hippocampi l. terminal area related to number of granule and pyramidal cells. J. Comp. Neurol.
178,49-72.

Caarskjaer, F.B. (1978c) The hippocampal mossy fiber system of the rat studied with retrograde tracing
techniques. Correlation between topographic organization and neurogenetic gradients. J. Comp.

Neuro/. 203,717-735.

Ganfield, R.4., Nair, P. and Whalen, W.J. (1970) Masstransfer, storage, and utilization of 02 in ratcat
cerebral cortex. Am. J. Physiol. 219,814-821.

Garaschuk, O., Kovalchuk, Y. and Krishtal, O. (1992) Adenosine-dependent enhancement by

methylxanthines of excitatory synaptic transmission in hippocampus of rats. Neurosci. letf. 135,

10-12.

Carcia-Ugalde, C., Calarraga, 8., Bargas, J. and Brailowsky, S. (1992) Hyperexcitability of
hippocampal CA1 region in brain slices after CABA withdrawal. Neurosci. Lett. 147,229-232.

Carcía-Ugalde, G. and Tapia, R. (1991) Convulsions and wet-dog shakes produced by systemic or
intrahippocampal administration of ruthenium red in the rat. Exp. Brain Res.86,633-640.

Gadhwaite,J., Woodhams, P.1., Collius, M.J. and Balazs, R. (1979) On the preparation of brain slices:

morphology and cyclic nucleotides. Brain Res. 173,373-377.

Carthwaite, J. (1991) Clutamate, nitric oxide and cell-cell signalling in the nevous system. Trends

Neurosci. 14,6G67.

Cerber, V., Greene, R.W., Haas, H.L. and Stevens, D.R. (1989) Characterization of ínhibition mediated

by adenosine in the hippocampus of the ral in vitro. J. Physiol. (Lond. ) 417,567-578.

Gerber, U., Sim, J.A. and Gähwiler, B.H. (1992) Reduction of potassium conductances mediated by

metabotropic glutamate receptors in rat CA3 pyramidal cells does not require protein kinase C or
protein kinase A. Eur. J. Neurosci.4,792-797.

Cilman, A.C. (1987) G proteins: transducers of receptorgenerated signals. Annu. Rev. Biochem.56,
615-649.

Godfraind,J.M., Krnjevic, K. and Pumain, R. (1970) Unexpected featuresof the action of dinitrophenol
on cortical neurons. Nature 228,562-564.

Godfraind, J.M., Kawamura, H., Krnjevic, K. and Pumain, R. (1971) Actionsof dinitrophenol and some

other metabolic inhibitors on coÉical neurons. l. Physiol. (Lond. ) 215, 199-222.

Coldberg, M.P., Monyer, H., Weiss,J.H. and Choi, D.W. (1988) Adenosine reducescortical neuronal
injury induced by oxygen or glucose deprivation in vitro. Neurosci. Left. 89, 323-327.

205



Goldberg, M.P., Weiss, t.H., Pham, P.C. and Choi, D.W. (19g7) N-methyl-D-aspartate receptors
mediate hypoxic neuronal injury in cortical culture. J. Pharmacol. Exp. Ther. 243,284-791.

Conçalves, M.1., Pinto, F. and Ribeiro, J.A. (1991) Effect of adenosine on [45]Ca2+ uptake by
electrically stimulated rat brain synaptosomes. ,/. Neurochem. s6,1769-1773.

Coodman, R.R. and Snyder, t.".('t982) Autoradiographic localization of adenosine receptors in rat
brain using [3H]cyclohexyladenosine. /. Neurosc ¡. 2,, 1230-1241.

Goodman, R.R., Kuhaç M.J., Hester, L. and Snyder, S.H.(1983) Adenosíne receptors: autoradíographic
evidence for their location on axon terminals of excitatory neurons. Science 22O, 967-969.

Goodsell, E.8., Stein, H.H. and Wenzke, K.J. (1971) 8-substituted theophyllines. ln vitro inhibition of
3'S'-cyclic adenosine monophosphate phosphodiesterase and pharmacological spectrum in mice.
J. Med. Chem. 1 4, 1202-1205.

Greene, R.W. and Haas, H.L. (1985) Adenosine actions on CA' pyramidal neurones in rat
hippocampal slices. J. Physiol. (Lond. ) 366,119-j27.

Creene, R.W. and Haas, H.L. (1991) The electrophysiology of adenosine in the mammalian central
nervous system. Prog. Neurobîol. 36,329-34i.

Gribkoff, V'K. and Bauman, t.O. ('t992) Endogenous adenosine contributes to hypoxic synaptic
depression in hippocampus from young and aged rats. /. Neurophysiot. 69, 620-629.

Cribkoff, V.K., Bauman, L.A. and Van der Maelen, C.P. (1990) The adenosine antagonist B-
cyclopentyltheophylline reduces the depression of hippocampal neuronal ,"tponrei during
hypoxia. Brain Res. 512,353-357.

Cross, R.4., MacDonald, R.L. and Ryan-Jastrow, T. (1989) 2-chloroadenosine reduces the N calcíum
current of cultured mouse sensory neurones in a pertussis toxin-sensitive manner. J. physiot.
(Lond.) 41 1, 585-595.

Gu, J.G. and Ceiger, J.D. (1992) Transport and metabolism of D-[3H]adenosine and L-l3H]adenosine in
rat cerebral cortical synaptoneurosomes. J. Neurochem. SB,1699-1 705.

Gurden, M.F., Coates, J., Ellis, F., Evans, 8., Foster, M., Hornby, E., Kennedy, 1., MaÉin, D.p., Strong,
P., Vardey, C.J. and Wheeldon, A. (1993) Functional characterization of three adenosine receptor
types. 8r. J. Pharmacol. 109, 693-698.

Haab, P. (1990) The effect of carbon monoxide on respiration. Experientía 46, 1202-1207.

Haas, H.L. and Greene, *.*.(t984) Adenosine enhances afterhyperpolarization and accommodation
ín hippocampal pyramidal cells. Pflügerc Arch. 402,244-247.

Haas, H.L. and Greene, R.W.(1988) Endogenous adenosine inhibits hippocampal CA,, neurones:
further evidence from extra- and intracellular recording. Naunyn-Schmeideberg's Arch. Pharmacol.
337,561-565.

Haas, H.L' and Konnedh, A. (1983) Histamine and noradrenaline decrease calcium-activated
potassiurn eonductances in hippocampal pyramicjal celis. Nature goz, 432-434.

Haldane, J.B.s. (1927) carbon monoxide as a tissue poison. Bíochem.l.11,106g-1075.

Halliwell, J.V. and Schofield, C.N. (1984) Somatically recorded Ca-currents in guinea-píg hippocampal
and olfactory cortex neurones are resistant to adenosine action. Neurosci, Lett. 50, 13-18.

Hansen, 4.J., Hounsgaard, ). and Jahnsen, H. (1982) Anoxia increases potassium conductance in
hippocampal nenye cells. Acta Physiol. Scand. 115, 301-310.

Hanstein, W.G. (1976) Uncoupling of oxidative phosphorylation. Biochim. Bíophys. Acta 456, 129-
148.

Harms, H.H., Wardeh, G. and Mulder, A.H. (1978) Adenosine modulates depolarization-induced
release of 3H-noradrenaline from slices of rat brain neocortex. Eur. J. Pharmacol. 49,305-308.

Hawkins, C.F. and Bagnara, A.S. (1987) Adenosine kinase from human erythrocytes: kinetic studies
and characte rization of adenosine binding sites. Bioche misfty 26, 1982-1987.

Headrick, J., Clarke, K. and Willis, R.J. (1989) Adenosine production and energy metabolism in
ischaemic and metabolically stimulated rat hearl. J. Mol. Cell Cardiol.2l, 1089-1'100.

206



Heginbotham, L.R. and Dunwiddie, T.V. (1991) Long{erm increase in the evoked population spike in
the CA.t region of rat hippocampus induced by ftadrenergic receptor activation. J. Neurosci. 11,
2519-2527.

Hemker, H.C. (1962) Lipid solubility as a factor influencing the activity of uncoupling phenols.
Biochim. Biophys. Acta 63, 46-54.

Henderson, J.F., Paterson, A.R.P., caldwell, 1.C., Paul, 8., chan, M.c. and Lau, K.F. (19721lnhibitors
of nucleoside and nucleotide metabolism. cancer chemother. Rep. pañ 2 3,71-Bs.

Henzi, V. and MacDermott, O.U. ('t992) Characteristics and function oÍ Ca2+- and inositol 1,4,5-
trisphosphate'releasable stores of ca2+ in neurons. Neuroscíence 46,251-273.

Hepler, J.R. and Gilman, A.C. (1 992) C proteins. Trends Biol. Sci. 17,383-387.

Heron,4., Lasbennes, F. and Seylaz, J. (1993) Adenosíne modulation of amino acid release in rat
hippocampus during ischemia and veratridine depolarization. Brain Res. 608, 27-32.

Hershkowitz, N., Katchman, A.N. and Veregge, S. (1993) Site of synaptic depression during hypoxia: a
patch-clamp analysis. J. Neurophysiol. 69, 432-441.

Hestrin, S., Nicoll, R.4., Perkel, D.J. and Sah, P. (1990) Analysis of excítatory synaptic action in
pyramidal cells using whole-cell recording from rat hippocampal slices. J. Physiot. (Lond. ) 422,
203-225.

Heytler, P.G. (1979) Uncouplers of oxidative phosphorylation. Mefho ds Enzymol. 55, 462-472.

Hidaka, H., lnagaki, M., Kawamoto, S. and Sasaki, Y. (1984) lsoquinolinesulfon-amides, novel and
potent inhibiton of cyclin nucleotide dependent protein kinase and protein kinase C. Biochemistry
23, 5036-5041.

Hill, A.V. (1966) The diffusion of oxygen through tissues. ln: Anonymous, (Ed.) Trials and trails in
physiology, pp. 209-241. Baltimore: Willians and Wilkins.

Hille, B. (1992) G protein-coupled mechanismsand neryoussignaling. Neuron 9,187-195.

Hirai, H., lkeuchi, Y. and Okada, Y. (1994) The contribution of PKA to the excitatory mechanism of
adenosine in guinea pig superior colliculus slices. Neurosci. Lett.1B2,33-36.

Hirai, H. and Okada, Y. (1994) Adenosine facilitates glutamate release in a protein kinase-dependent
manner in superior colliculus slices. Eur. J. Pharmacol. 256, 65-71.

Hirano, A., Levine, S. and Zimmermann, H.M. (1967) Experimental cyanide encephalopathy: electron
mincroscopic obseruations of early lesions in white matter. J. Neuropathol. Exp. Neurol. 26,20G
213.

Hirsch, D.J., Verma,4., Glatt, c., Ronnett, c. and snyder, s.H. (1992) carbon monoxide as a

physiological messenger indicated by heme oxygenase localizations and cyclíc CMP regulation.
Soc. Neuroscí. Abstr. 1 87, 1 OO4(Abstract)

Hjorth-Simonsen, A. (1972) Projection of the lateral part of the entorhinal area to the hippocampus and
fascia dentata. J. Comp. Neurol. 146,219-232.

Hjorth-Simonsen, A. and Jeune, B. (1972) Origin and termination of the hippocampal per.forant path in
the rat studied by silver impregnation . J. Comp. Neurol. 144,215-232.

Hoehn, K. and White, T.D. (1989) Evoked release of endogenous adenosine from rat cor.tícal slices by
K+ and glutamate. Brain Res. 478,149-151.

Hoehn, K. and White, T.D. (1990a) Role of excitatory amino acid receptors in K+- and glutamate
evoked release of endogenous adenosine from rat cortical slices. /. Neurochem.54,256-265.

Hoehn, K. and White, T.D. (1990b) Clutamate-evoked release of endogenous adenosine from rat
cortical synaptosomes is mediated by glutamate uptake and not by receptors. J. Neurochem. 54,
17 16-1724.

Hoehn, K. and White, T.D. (1990c) N-methyl-D-aspartate, kainate and quisqualate release endogenous
adenosine from rat cortical slices. Neuroscience 39, 441-45O.

Hoger, J.H., walter,4.E., Vance, D., Yu, L., Lester, H.A. and Davidson, N. (1991) Modulation of a

cloned mouse brain potassium channel. Neuron 6,227-236.

207



Holopainen, 1., Enkvist, M.O.K. and Akerman, K.E.O. (1989) Clutamate receptor agonists increase
intracellular Ca2+ índependently of voltage-gated Ca2+ channels in rat cerebellar granule cells.
Neurosci. tett. 98, 57-62.

Honoré, T., Davies, S.N., Drejer, J., Fletcher, E.J., Jacobson,,P., Lodge, D. and Nielsen, F.E. (1988)
Quinoxalinediones: potent competitive non-NMDA glutamate receptor antagonísts. Science 241,
701-703.

Hosey, M.M. (1992) Diversity of structure, signaling and regulation withín the family of muscarínic
cholinergic ree eptors. FASEB J. 6,845-852.

Huettner, J.E. (1989) lndole'2-carboxylic acid: a competitive antagonist of potentiation of glycine at the
NMDA receptor. Scíence 243, 1611-1613.

lJzerman,4.P., Van der wenden, E.M., Van Galen, P.J.M. and Jacobson, K.A. (1994) Molecular
modeling of adenosine receptors. The ligand binding site on the rat adenosine A2u receptor. Eur. J.
Pharmacol. (Mol. Pharmacol. ) 268,95-104.

lkeda, M., Nakazawa, T., Abe, K., Kaneko, T. and Yamatsu, K. (1989) Extracellular accumulation of
glutamate in the hippoCampus induced by ischemia is not calcium dependent în vitro and in vivo
evidence. Neurosci. teff. 96, 202-206.

lmon, H., Mitani,4., Andou, Y., Arai, T. and Kataoka, K. (1991) Delayed neuronal death is induced
without postischemic hyperexcitability: continuous multiple.unit recording from ischemic CA.,
neurons. J. Cereb. Elood Flow Metab.11, 819-823.

lshikawa, 4., Kurihara, E. and Okada, Y. (1994) Excitatory effects of adenosine receptor agonists and
antagonists on neurotransmission in guinea pig superiorcollicularslices. Neurosci. Lett.171,129-
132.

Itoh, R., Oka, J. and Ozasa, H. (1986) Regulation of rat heaÉ cytosol S'-nucleotidase by adenylate
energy charge. Biochem. J. 235,847-851 .

Jacobson, K.4., Nikodijevic, O., Shi, D., Callo-Rodriguez, C., Olah, M.E., Stiles, C.L. and Daly, J.W.
(1993) A role forcentral Ar-adenosine receptors: mediation of behavioral depressant effects. FE85
Lett. 336,57-60.

James, S. and Richardson, P.J. (1993) Production of adenosine from extracellular ATP at striatal
cholinergic synapse. J. Neurochem. 60, 219-227.

Januszewicz Von Lubitz, D.K.E., Dambrosia, J.M. and Redmond, D.J.tl9B9) Protective effect of
cyclohexyl adenosine in treatment of cerebral ischemia in gerbils. Neuroscience3O,45l-462.

Jaruis, M.F., Schulz, R., Hutchison, A.)., Hoi Do, U., Sills, M.A. and Williams, M. (1989) t3HlCCS
21680, a selective A2 adenosine receptor agonist directly labels A2 receptors in rat brain. l.
Pharmacol. Exp. Ther. 251, BBB-893.

Jarvis, M.F. and Williams, M. (1989) Direct autoradiographic localization of adenosine A2 receptors in
the rat brain using the A2-selective agonist t3UlCCS 21680. Eur. J. Pharmacol. 168, 243-246.

Jaruis, S.M. (1987) Kinetíc and molecular propeÉies of nucleoside transporters ¡n animal cells. ln:
Gerlach, E. and Becker, 8.F., (Eds.) Topics and perspectives ín adenosine research, pp. 102-117.
Berl in: Springer-Verlag.

Jensen, J.R. and Rehder, V. (1991) FCCP releases Ca2+ from a non-mitochondrial store in an identified
Heliosoma neuron. Brain Res.551, 31 1-314.

Jensen, M.S., Lambert, J.D.C. and Johansen, F.F. (1991) Electrophysíological recordings from rat
hippocampus slices following in vivo brain ischemia. Brain Res. 554, 166-175.

Jöbsis, F.F. (1972) Oxidative metabolism at low PO2. Fed. Proc.31,1404-1413.

Jöbsis, F.F. and Vreman, H.J. (1963) lnhibition of a Na+- and K+-stimulated adenosine triphosphatase
by oligomycin. Biochim. Biophys. Acta 73, 346-348.

Johansen, F.F., Christensen, T., Jensen, M.S., Valente, E., Jensen, C,Y., Nathan, T., Lambert, J.D.C. and
Diemer, N.H. (1991)lnhibition ín postischemic rat hippocampus: CABA receptors, OABA release,
and inhibitory postsynaptic potentials. Exp. Brain Res. 84, 529-537.

208



Johnson, M.E. and Geiger, J.D. t1989) Sodium-dependent uptake of nucleosides by dissociated brain
cells from the rat. J. Neurochem. 52,75-81.

Johnson,J.D., Conroy, W.C.and lsom, C.E. (1987) Alteration of cytosolic calcium levels in pCl2 cells
by potassium cyanide. Toxicol. Appl. Pharmacol. 88,217-224.

Kaku, D.4., Coldberg, M.P. and Choi, D.W. (1991) Antagonism of non-NMDA receptors auguments
the neuroprotective effect of NMDA receptor blockade in cortical cultures subjected to prolonged
deprivation of oxygen and glucose. Brain Res. 554,344-347.

Kamiya, H. (1991)Some pharmacological differences between hippocampal excitatory and inhibitory
synapses in transmitter release: an in vitro study. Synap se B, 229-235.

Kanda, T., Shiozaki, S., Shimada, J., Suzuki, F. and Nakamura, J. (1994) KF17B37 a novel selective
adenosine A2u receptor antagonist with anticataleptic activity. Eur. J. Pharmacol. 265,263-268.

Kandel, E.R., Spencer, W.A. and Brinley, F.J. (1961) Electrophysiology of hippocampal neurons L
sequential invasion and synaptic organization . J. Neurophysiol.24, 224-242.

Kass, LS. (1987) The hippocampal slice: an in vítro system forstudying irrevenible anoxic damage. ln:
Schurr, 4., Teyler, T.J. and Tseng, M.T., (Eds.) Brain slíces: fundamentals, applications and
implîcatîons, pp. 105-1 '17. Basel: Karger.

Kass, l.S. and Lipton, P. (1986) Calcium and long{erm transmission damage following anoxia in
dentate gyrus and CA' regions of the rat hippocampal slice. J. Physiol. (Lond. ) 378,313-334.

Kass, l.S. and Lipton, P. (1989) Protection of hippocampal slices from young rats against anoxic
transmission damage is due to better maintenance of ATP. l. Physiol. (Lond. ) 413, 1-11 .

Katchman, A.N. and Hershkowitz, N. (1993) Adenosine antagonists prevent hypoxia-induced
depression of excitatory but not inhibitory synaptic currents. Neurosci. Lett. 159, 123-126.

Katchman, 4.N., Vicini, S. and Hershkowitz, N. (1994) Mechanism of early anoxia-induced
suppression of the CABA¡-mediated inhibitory postsynaptic current. J. Neurophysiol. 71, 1128-
1138.

Katsura, K.-i., Rodriguez de Turco, E.8., Folbergrovár,J.,Bazan, N.G. and Siesjö, B.K. (1993) Coupling
among energy failure, loss of ion homeostasis, and phospholipase A2 and C activation during
ischemia. J. Neurochem. 61, 1677-1684.

Kauppinen, R.A. and Nicholls, D.C. (1986) Synaptosomal bioenergetics: the role of glycolysis,
pyruvate oxidation and responses to hypoglycaemia. Eur. J. Biochem. 158, 159-i65.

Kauppinen, R.A. and Williams, S.R. (1990) Cerebral energy metabolism and intracellular pH during
severe hypoxia and recovery: A study using 1H,31P, and 1H[13C] nuclear magnetic-resonance
spectroscopy in the guinea pig cortex in vitro. J. Neuroscì.26, 356-369.

Kawaguchi, Y. and Hama, K. (1987) Two subtypes of non-pyramidal cells in rat hippocampal
formation identified by intracellular recording and HRP injection. Brain Res.411, 19G.195.

Kawasaki, K., Traynelis, S.F. and Dingledine, R. (1990) Different responses of CA., and CA3 regions to
hypoxia ín rat hippocampal slice. J. Neurophysiol.63,385-394.

Keinänen, K., Wisden, W., Sommer, 8., Werner, P., Herb, 4., Verndoon, T.4., Sakmann, B. and
Seeburg, P.H. (1990) A family of AMPA-selective glutamate receptors. Science 249, 556-560.

Kessler, M., Baudry, M. and Lynch, C. (1989) Quinoxaline derivatives are high-affinity antagonists of
the NMDA receptor-associated glycine site. Srain Res. 489, 377-382.

Klapstein, G.J. and Colmers, W.F. (1992) 4-Aminopyridine and low Ca2+ differentiate presynaptic
inhibition mediated by neuropeptide Y, baclofen and 2-chloroadenosine in rat hippocampal CA., in
vitro. Br. J. Pharmaco,. 105, 470-474.

Klishin,4., Lozovaya, N., Pintor, J., Miras-Portugal, M.T. and Kríshtal, O. (1994) Possible functional
role of diadenosine polyphosphates: negative feedback for excitation in the hippocampus.
Neuroscienc e 58, 235-236.

Klishín,4., Lozovaya, N. and Krishtal, O. (1995) A1 adenosine receptors differentially regulate the N-
methyl-D-aspartate and non-N-methyl-D-aspartate receptor-mediated components of hippocampal
excitatory postsynaptic current in a Caz+lMgz*-dependent manner. Neuroscience 65,947-953.

209



Knowles, W'D. and Schwartzkroin, P.A. (1981) Local circuit synaptic interactions in the hippocampal
brain slices. /. Neurosci. 1,318-322.

Koh, J.-Y. and Choi, o.*.(t99'l) Selective blockade of non-NMDA receptors does not block rapidly
triggered glutamate.induced neuronal death. Brain Res. 54g, 31 g-321.

Koh, J.-Y., Goldberg, M.P., Hadley, D.M. and choi, D.w. (1990) Non-NMDA receptor-mediated
neurotoxicity in cortical culture. /. Neurosci. 10, 693-705.

Köhler, C., Chan-Palay, V. and Wu, J.-Y. (1984) Septal neurons caontaining glutamic acid
decarboxylase immunoreactivity project to the hippocampal region in the rat. enât.-fmbryol. 16g,
41-44.

Köhler, C. and Schwarcz, R. (1981) Monosodium glutamate: increased neurotoxicity after removal of
neuronal uptake sites. Erain Res.211, 485-491.

Kraus-Friedmann, N., Higham, S. and Fleschner, C.*.('t990) Hormonal stimulation of Ca2+ release
from the perfused liver: effects of uncouple r. Am. J. physiot. 258, G73-C77 .

Krause, K.-H. (1 991 ) Q¿2 +-5torage organelles. FEBS Lett. 2gS, 225-229.

Kristensen, S.R. (1989) A critical appraisal of the association between energy charge and cell damage.
Biochim. Biophys. Acta 1O12, 272-27 8.

Krnjevic, K. and Leblond, J. (1989) Changes in membrane currents of hippocampal neurons evoked by
brief anoxia. l. Neurophysiol. 62,'15-30.

Krnjevic, K. and Werman, R. (1978) Significance of 2,4-dinitrophenol action on spinal neurons. J.
Physiol. (Lond. ) 275,225-239.

Krnjevic, K. and Xu, Y. (1989) Dantrolene supresses the hyperpolarization or outward current observed
during anoxia in hippocampal neurons. can. J. physiol. pharmacol. 67, 1602-1604.

Krnjevic, K. and Xu, Y. (1990a)Adenosine antagonistsfailto prevent C¡-mediated hyperpolarization of
hippocampal neurons. Soc. Neuroscí. Abstr. 16, 941 (Abstract)

Krnjevic, K. and Xu, Y. (1990b) Mechanisms underlying anoxic hyperpolarization of hippocampal
neurons. Can. J. Physiol. Pharmacol.68, ,f609-1613.

Krnjevic, K., Xu, Y.Z. and Zhang, L. (1991) Anoxic block of CABAeTíc lPSPs. Neurochem. Res. 16,
279-284.

Krogsgaard-Larsen, P., Honoré, T., Hansen, J.J., curtis, D.R. and Lodge, D. (1990) New class of
glutamate agonists structurally related to ibotenic acid. Nafure 284,64-66.

Krough, A. (1919) The rate of diffusion of gases through animal tíssues, with some remarks on the
coefficient of invasion. J. Physiol. (Lond.) 52, 391-408.

Lacaille, J.-C., Mueller, A.L., Kunkel, D.D. and Schwartzkroin, P.A. (1987) Local circuit interactions
between orienJalveus intemeurons and CAr pyramidal cells in hippocampal slices:
elpclronhvsinlnøv and mnrnhnlnov I Nottrncri 7 1o7o-loo?f ..r_._._ot ,_èr. ,, ., t¿. r tr¿J.

Lacaille, J.-C. and Schwartzkroin, P.A. (1988a) Stratum lacunosum-moleculare ínterneurons of
hippocampal CA1 region: ll intrasomatic and intradendritic recordings of local círcuit synaptic
interactions. J. Neurosci. 8, 1 411-1 424.

Lacaílle, J.-C. and SchwaÉzkroin, P.A. (19S8b) Stratum lacunosum-moleculare interneurons of
hippocampal CAt region: I intracellular reponse characteristics, synaptic responses, and
morphology. /. Neurosc i. 8, 1 4OG1 41O.

Lambed, N.4., Borroni,4.M., Grover, L.M. and Teyler, T.J. (1991) Hyperpolarizing and depolarizing
GABAA receptor-mediated dendritic inhibition in area CAI of the rat hippocampus. J.
Neurophysiol. 66, 1 538-1 548.

LambeÉ, N.4., Harrison, N.1., Kerr, D.l.B., ong, J., prager, R.H. and Teyler, T.J. (.l989) Blockade of
the late IPSP in rat CA1 hippocampal neurons by 2-hydroxy-saclofen. Neurosci. Lett.1O7,125-128.

Lambert, N.A. and Teyler, T.J, (1991a) Adenosine depresses excitatory but not fast inhibitory synaptic
transmissíon in area CA1 of the rat hippocampus. Neurosci. Lett.122,5G52.

210



LambeÉ, N.A. and Teyler, T.J. (1991b) Cholinergic disínhibition in area CA' of the rat hippocampus is
not mediated by receptors located on inhibitory neurons. Eur. J. Pharmacol. 2O3,12$-131.

Lambert, N.A. and Wilson, W.A. (1993) Heterogeneity in presynaptic inhibition of GABA releasefrom
hippocampal inhibitory neurons. Neuron 11, 1057-1067.

Lancaster, B. and Adams, P.R. (1986) Calcium-dependent current generating the afterhyperpolarization
of hippocampal neurons. J. Neurophysio/. 55, 1268-1282.

Lancaster, 8., Nicoll, R.A. and Perkel, D.J. (1991) Calcium activates two types of potassium channels in
rat hippocampal neurons in culture. J, Neurosci. 11,23-30.

Langmoen, LA. and Andersen, P. (1981) The hippocampal slice ín vitro. A description of the technique
and some examples of the opportunities it offers. ln: Kerkut, C. and Wheal, H., (Eds.)

Electrophysiology of isolated mammalían CNS preparations, pp.51-105. New York: Academic
Press.

Lanoue, K.F. and Schoolwerth, A.C.(1984) Metabolite transport ín mammalian mitochondria. ln:
Ernster, 1., (Ed.) Bioenergetics, pp.221-268. Amsterdam: Elsevier Science publishers.

Lanthorn, T.H. and Cotman, C.W. (1981) Baclofen selectively inhibits excítatory synaptic transmission
in the hippocampus. Braín Res. 225, 171-178.

LaPresle, J. and Fardeau, M. (1967\ The central neryous system and carbon monoxide poisoning ll
Anatomical study of brain lesions following intoxication with carbon monoxide (22 cases). Prog.
Brain Res.24, -74.

Lardy, H.A. and Wellman, H. (1953) The catalytic effect of 2,4 dinítrophenol on adenosine
triphosphatase hydrolysis by cell particles and soluble enzymes. J. Biol. Chem.2O1,357-370.

Lazareno, S. and Birdsall, N.J.M. (1993) Estimation of competitíve antagonist affinity from functional
inhibition curves using the Gaddum, Schild and Cheng-Prussof equations. Br.J.Pharmacol. 1Og,
1110-1119.

Leahy, J.C. and Vallano, M.L. (1991) Differential effects of isoquínolinesulfonamide protein kinase
inhibitors on CA1 responses in hippocampal slices. Neuroscience 44,361-370.

Leblond, J. and Krnjevic, K. (1989) Hypoxic changes in hippocampal neurons. J. Neurophysiol.62,l-
14.

Lee, K.S. and Kreutzberg, C.W. (1987) The role adenosine of neuromodulation in postanoxic
hyperexcitability. ln: Cerlach, E. and Becker, 8.F., (Eds.) Topics and percpectives in adenosine
research, pp. 574-585. Berlin: Springer-Verlag.

Lee, K.S., Reddington, M., Schubert, P. and Kreutzberg, C. (1983) Regulation of the strength of
adenosine modulation in the hippocampus by a differential distribution of the density of A1

receptors. Brain Res.260, 1 56-1 59.

Lee, K.S., Tetzlaff,W. and Kreutzberg, C.W. (1986) Rapid down regulation of hippocampal adenosine
receptors following brief anoxia. Brain Res.380, 1 55-158.

Lees, G.J. and Sandberg, M. (1991)Evoked field potentialchanges in the rat hippocampus produced by
toxic doses of glutamate agonists and metabolic inhibitors: correlation with subsequent neuronal
death. Exp. Braín Res. 85, 625-630.

Lehninger, A.L. (1964) The mitochondrion: molecular basis of structure and function, pp.87-105.
New York: W. A. Benjamin lnc..

Lehninger, A.L. (1970) Mitochondria and calcium ion transport. Biochem. t. 119,129-138.

Lehninger,4.1., Carafoli, E. and Rossi, C.S. (1967) Energy-linked ion movements in mitochondrial
systems. Adv. Enzymol. 29, 259-320.

Lekieffre, D., Callebert, J., Plotkine, M., Allix, M. and Boulu, R.C. (1991) Enhancement of endogenous
excitatory amino acids by theophylline does not modify the behavioral and histological
consequences of forebrain ischemia. Brain Res.565, 353-357.

Leniger-Follert, E. (1977) Direct determination of local oxygen consumption of the braín coftex in vivo.
Pflügerc Arch. 37 2, 1 7 5-1 7 9.

211



Lewis, P.r., Shute, C.C.D. and Silver, A. (1967) Confirmation from choline acetylase analyses of a
massive cholinergic innervation of the adult rat hippocampus. /. Physiot. (Lond. ) 191,215-225.

Lin, Y. and Phillis, J.W. (1992) Deoxycoformycin and oxypurinol: protection against focal ischaemic
brain injury in the rat. Brain Res. 571, 272-280.

Linnett, P.E. and Beechey, R.B. (1979) lnhibitors of the ATP synthetase system. Methods Enzymol. SS,
472-518.

Lipinsky, H.C. (1989) Model calculations of oxygen supply to tissue slice preparations. Phys. Med.
8io1.34,1103-1111.

Lipton, P. and Whittingham, T.S. (1979) The effect of hypoxia on evoked potentials in the jn vífro
hippocampus. J. Physiol. (Lond. ) 287, 427-438.

Lipton, P. and Whittingham, T.S. (1982) Reduced ATP concentration as a basis for synaptic
transmission failure during hypoxia in the in vitro guinea-pig hippocampus. /. Physio!. (Lond. ) 325,
51-65.

Lloyd, H.G.E. and Fredholm, B.B.(1990) Regulation of purine release from rat hippocampal slices.
Eur. J. Neurosci. Suppl.3, 31(Abstract)

Lloyd, H.C.E., Lindström, K. and Fredholm, B.B. (1993) lntracellular formation and release of
adenonsine from rat hippocampal slices evoked by electrical stimulation or energy depletion.
Neurochem. lnt. 23, 173-185.

Lloyd, H.G.E. and Schrader, J. (1987) The impodance of the transmethylation pathway for adenosine
metabolism in the heaÉ. ln: Cerlach, E. and Becker, 8.F., (Eds.) Topics and perspectives ín
adenosine research, pp. 1 99-208. Berlin: Springer-Verlag.

Lloyd, H.C.E., Spence, l. and Johnston, G.A.R. (1988) lnvolvement of adenosine in synaptic depression
induced by a brief period of hypoxia in isolated spinal cord of neonatal rat. Brain Res. 462, 391-
39s.

Lobner, D. and Lipton, P. (1993) lntracellularcalcium levels and calcium fluxes in the CA' region of
the rat hippocampal slíce during in vitro ischemia: relationship to electrophysiological cell damage.
J. Neurosci. 13, 4861-4871.

Londos, C., Cooper, D.M.F. and Wolff, J. (1980) Subclasses of external adenosine receptors. Proc.
Natl. Acad. Sci. U. S. A.77,2551-2554.

Lc'rente de Nó, R. (1934) Studies on the structure of the cerebral cortex. ll Continuation of the study of
the ammonic system. J. Psychol. Neuro/. 46,113:177.

Lotan, 1., Dascal, N., Naor, 7. and Boton, R. (1990) Modulatíon of vertebrate brain Na+ and K+
channels by subtypes of protein kinase C. FEBS Lett. 2G7, 23-28.

Lowry, O.H., Passonneau, J.V., Hasselberger, F.X. and Schulz, D.W. (1964) Effect of ischemia on
known substrates and cofactors of the glycolytic pathway in brain. J. BÍot. Chem.239, 18-30.

Luhmann, H.J. and Heinemann, U. (1992) Hypoxia-induced functional alterations in adult rat
neocodex. J. Neurophysiol. 67,798-81 1.

Lupica, C.R., Cass, W.4., Zahiniser, N.R. and Dunwiddie, T.V. (1990) Effects of the selective A2
receptor agonist CCS 21680 on in vîtro electrophysiology, cAMP formation and dopamine release
in rat hippocampus and striatum . J. Pharmacol. Exp. Ther. 252, '1134-1141.

Lupica, C.R., Proctor, W.R. and Dunwiddie, T.V. (1992) Presynaptic inhibition of excitatory synaptíc
transmission by adenosine in rat hippocampus: analysis of unitary EPSP variance measured by
whole.cel I record i ng. /. Ncurosci. 1 2, 37 53-37 64.

Lust, W.D. and Robinson, J.D.(1969) Calcium accumulation by isolated nerve ending particles from
brain. l. The site of energy-dependent accumulatio n. J. Neurobiol. 1, 3O3-316.

Lysko, P.C., Cox,J.A., Vígano, M.A. and Henneberry, R.C. (1989) Excitatory amíno acid neurotoxicity
at the N-methyl-D-aspartate receptor ín cultured neurons: pharmacologícal characterization. Brain
Res. 499, 258-266.

MacDonald, W.F. and White, t.O. ('t985) Nature of extrasynaptosomal accumulation of endogenous
adenosine evoked by K+ and veratridine. J. Neurochem.45,791-797.

212



Maclean, P.D. and Pribram, K.H. (1953) Neuronographic analysis of medial and basal cerebral cortex
ll: cat. /. Neurophysiol. 16, 312-323.

Madison, D.V., Lancaster, B. and Nicoll, R.A. (1987) Voltage clamp analysis of cholinergic action in
the hippocampus. /. Neurosci. 7, 733-741.

Madison, D.V. and Nicoll, R.A. (1984) Control of the repetitive discharge of rat CA1 pyramidal
neurones in vitro. J. Physiol. (Lond. ) 354, 319-331.

Madison, D.V. and Nicoll, R.A. (1986) Actions of noradrenaline recorded intracellularly in CA1
pyramidal neurons in vitro. J. Physîol. (Lond. ) 372,221-244.

Maduh, E.U., Turek, J.J., Borowitz, J.1., Rebar, A. and lsom, C.E. (1990) Cyanide-induced
neurotoxicity: calcium mediation of morphological changes in neuronal cells. Toxicol. Appl.
Pharmacol. 1O3, 21 4-221.

Mager, R., Ferroni, S. and Schubert, P. (1990) Adenosine modulates a voltage-dependent chloride
conductance in cultured hippocampal neurons. Brain Res. 532, 58-62.

Mahan, 1.C., McVittie, L.D., Smyk-Randall, E.M., Nakata, H., Monsma, F.J., Jr., Gerfen, C.R. and
Sibley, D.R. (1991) Cloning and expression of an adenosine A1 receptor from rat brain. Mol.
Pharmacol. 40, 1-7.

Malinow, R. and Tsien, *.*. ('t990) Long{erm potentiation: postsynaptic activation oi Ca2+-
dependent protein kinases with subsequent presynaptic enhancement. Prog. Brain Res. 89, 271-
289.

Marks, C.S., Brien, J.F., Nakatsu, K. and Mclaughlin, B.E. (199 1) Does carbon monoxide have a

physiological function. Trends Pharmacol. Sci. 12, 185-188,

MaÉin, R.1., Lloyd, H.C.E. and Cowan, A.l. (1994) The early events of oxygen and glucose
deprivation: setting the scene for neuronal death?. Trends Neurosci. 6,251-257.

Matsuda, T., Shimizu, 1., Murata, Y. and Baba, A. (1992) Clucose and oxygen deprivation induces a

Ca2+-mediated decrease in (Na+ + K+)-ATPase activity in rat brain slices. Brain Res.576,263-
270.

Mattson, M.P. (1988) Neurotransmitters in the regulation of neuronal cytoarchiteclure. Braín Res. 472,
179-212.

Mattson, M.P. and Kater, S.B. (1989) Excitatory and inhibitory neurotransmitters in the generation and
degeneration of hi ppocam pal neu roarch itectu re. Brai n Res. 47 8, 337 -348.

Mayer, M.1., Westbrook, C.L. and Cuthrie, P.B. (1984) Voltage-dependent block by Mg2+ of NMDA
responses Ín spinal cord neurons. Nafure 3O9,261-263.

McBain, C.J., DiChiara, T.). and Kauer, J.A. (1994) Activation of metabotropic glutamate receptors
differentially affects two classes of hippocampal interneurons and potentiates excitatory synaptic
transmission. J. Neurosc¡. 14, 4433-4445.

McBean, G.J. and Roberts, P.J. (1984) Chronic infusion of L¿lutamate causes neurotoxicity in rat
striatum. Braín Res. 290,372-375.

McDonald, J.W., Uckele, J., Silverstein, F.S. and Johnston, M.V. (1989) HA-966 (1-hydroxy-3-
aminopyrrolidone-2) selectively reduces N-methyl-D-aspartate mediated brain damage. Neurosci.
Lett.1O4,167-170.

Mcllwain, H. (1951) Metabolic responses in vitro to electrical stimulation of sections of mammalian
brain. Biochem. J. 49,382-393.

Mcllwain, H.M. and Bachelard, H.S. (19711 Biochemistry and the CentralNervous System, 4th edn.
pp. 61-95. London: Churchill Livingstone.

Meghji, P. and Newby, A.C. (1990) Sites of adenosine formation, action and inactivation in the brain.
Neurochem. I nt. 1 6, 227 -232.

Meghji, P., Middleton, K.M. and Newby, A.C. (1988) Absolute rates of adenosine formation during
ischaemia in rat and pidgeon hearts. Biochem. J.249,695-709.

Meghji, P., Tuttle, J.B. and Rubio, R. (1989) Adenosine formatíon and release by embryonic chick
neurons and glia in cell culture. J. Neurochem. 53,1852-1860.

213



Meibach, R.C. and Siegal, A. ('1977') Efferent connections of the septal area in the rat: an analysis
utilizing retrograde and anterograde transport metods. Brain Res.11g,1-20.

Meier, C.1., Obenaus, A. and Dudek, F.E. (1992) Persistent hyperexcitability in isolated hippocampal
CA., of kainate.lesioned rats. J. Neurophysiol. 68, 2120-2127.

Meldrum, 8.S., Evans, M.C., Swan, J.H. and Simon, *.t.('t987) Protection against hypoxidischaemic
brain damage with excitatory amino acid antagonists. Med. Biol.6s,153-157.

Mellgren, R.l-.(1987) Calcium-dependent proteases: an enzyme system active at cellular membranes.
FASEE J. 1, 1 1 0-1 1 5.

Meyer, A. (1936) The selective regional vulnerability of the brain and its relation to psychiatric
problems. Proc. Roy. Soc. Med.29, 1175-1181.

Meyer, A. (1956) Neuropathological aspects of anoxia. Proc. Roy. soc. Med. 49,619-622.

Meyer, A. (1963) lntoxications: anoxic poisons and the problems of anoxia and selective vulnerability.
ln: Blackwood, W., Meyer, 4., McMenemey, W.H. and Norman, R.M., (Eds.) Greenfield,s
Neuropathology, 2nd edn. pp. 237-261. London: Edward Amold Ltd..

Michaels, R.L. and Rothman, t.".('t990) Glutamate neurotoxicity in vìtro: anlagonist pharmacology
and intracellular calcium concentrations.,/. Neurosci. I 0, 283-292.

Miller, R.J. (1991) The control of neuronal Ca2+ homeostasis. Prog. Neurobiol. 37, 255-285.

Misgeld, U. and Frotscher, M. (1982) Dependence of the viability of neurons in hippocampal slices on
oxygen supply. Brain Res. Bull.8,95-100.

Mitani,4., Andou, Y. and Kataoka, K. (1992) Selective vulnerability of hippocampal CA,, neurons
cannot be explained in terms of an increase in glutamate concentration during ischemia in the
gerbil: brain microdialysis study. Neuroscience 48, 307-313.

Mitani, 4., lmon, H., lga, K., Kubo, H. and Kataoka, K. (1990) Cerbil hippocampal extracellular
glutamate and neuronal activity after transient ischemia. Brain Res. 8u11.25,319-324.

Mitani, A., Kadoya, F., Nakamura, Y. and Kataoka, K. (1991) Visualization of hypoxia-induced
glutamate release in gerbil hippocampal slice. Neurosci. Lett. 122, 167-170.

Mitani,4., Yanase, H., Sakai, K., Wake, Y. and Kataoka, K. (1993) Origin of intracellular Ca2+
elevation by in vitro ischemia-like condition in hippocampal slices. Brain Res.601, 103-110.

Mitchell, J.8., Lupica, C.R. and Dunwiddie, T.V. (1993) Activity-dependent release of endogenous
adenosine modulates synaptic responses in the rat hippocampus. ,f. Neuroscí. 13,3439-3447.

Mitchell, P. (1976) Vectorial chemistry and the molecular mechanics of chemiosmotic coupling: power
transmission by proticity. Biochem. Soc. Trans.4, 399-430.

Miyazaki, s., Katayama, Y., Furuichi, M., Kinoshita, K., Kawamata, T. and Tsubokawa, T. (1993) post-

ischemic potentiation of Schaffer collateral/CAr pyramidal cell responses of the rat hippocampus ín
vi.;o: involvement of N-methyl-D-aspaitate i.eceptors. Brain Res.6Í l, i 55-i 59.

Mogul, D.J., Adams, M.E. and Fox, A.P. (1993) Differential activation of adenosine receptors decreases
N{ype but potentiates P-type Ca2+ current in hippocampal CA3 neurons. Neuron 10,327-394.

Mogul, D.J. and Fox, A.P. (1991) Evidence for multiple types of Ca2+ channels in acutely isolated
hippocampal CA3 neurones of the guinea-pig. J. Physiol. (Lond. ) 4.gi, 259-281.

Monaghan, D.T., Bridges, R.J. and Cotman, C.W. (1989) The excitatory amino acid recepton: their
classes, pharmacology, and distinct propeties in the function of the central neryous system. Annu.
Rev. Pharmacol, Toxicol. 29, 365-402.

Moore, C.L. (1971) Specific inhibition of mitochondrial Ca++ transport by ruthenium red. Biochem.
Biophys. Res. Commun. 42,298-305.

Moorhouse,4., Spence, 1., Lloyd, H. and Johnston, C.A.R. (1991) Depression of ventral and dorsal
root response by hypoxia or 2-chloroadenosine in the isolated rat spinal cord. J. Neurochem. 57
Suppl., S1 5SC(Abstract)

214



Morimoto, K.,Tagawa, K., Hayakawa, T., Watanabe, F. and Mogami, H. ('l 982) Cellular level of purine
compounds in ischemic gerbil brain by high performance liquid chromatography. J. Neurcchem.
38, 833-835.

Motley, S.J. and Collins, C.C,S. (1983) Endogenous adenosine inhibits excitatory transmission in the rat
olfactory coÉex slice. Neuro pharmacology 22, 1081-1086.

Mourre, C., Ben Ari,Y., Bernardi, H., Fosset, M. and Lazdunski, M. (1989) Antidiabetíc sulfonylureas:
localization of binding sites in the brain and the effects on the hyperpolarization induced by anoxia
in hippocampal slices. Brain Res.486, 159-164.

Mueller,4.1., Hoffer, B.J. and Dunwiddie, T.V. (1981) Noradrenergic responses in rat hippocampus:
evidence for mediation by a and B recepton in the in vitro slice. Erain Res.214,113-126.

Mulleç W., Petrozzino,).)., Criffith, 1.C., Danho, W. and Connor,J.A. (1992) Specific involvementof
Ca2+-calmodulin kinase ll in cholinergic modulation of neuronal responsiveness. ,/. Neurophysiol.
68,2264-2269.

Munshi, R., Pang, l.-H., Sternweis, P.C. and Linden, J. (1991)4' adenosine receptors of bovine brain
couple to guanine nucleotide-binding proteins C1, Ci2, and Co. J. Biol. Chem. 266,22285-22289.

Murphy, K.P.S.J. and Greenfield, S.A. (1991) ATP-sensitive potassium channels counteract anoxia in
neurones of the substantia nigra. Exp. Brain Res. 84, 355-358.

Murray, A.W. (1968) Some propedies of adenosine kínase from Ehrlich ascites-tumor cells. Biochem.
J. 106,549-555.

Nadler,J.V., Martin, D., Bustos, C.4., Burke, S.P. and Bowe, M.A. (1990) Regulation of glutamate and
asparlate release from the schaffer collaterals and other projections of the CA3 hippocampal
pyramidal cells. Prog. Brain Res.83, 1 1 5-130.

Nagata, H., Mimori, Y., Nakamura, S. and Kameyama, M. (1984) Regional and subcellulardistribution
in mammalian brain of the enzymes producing adenosine. J. Neurochem. 42, 1001-1007.

Nagy,4.K., Shuster, T.A. and Delgado-Escueta, A.V. (1989) Rat braín synaptosomal ATP:AMP-
phosphotransferase activity. J. Neurochem. 53, 1166-1172.

Nagy, J.1., Ceigeç J.D. and Staines, W.A. (1990) Adenosine deaminase and purinergic neuroregulation.
Neurochem. I nt. 1 6, 21 1 -221 .

Nakajima, Y., Nakajima, S., Leonard, R.J. and Yamaguchi, K. (1986)Acetylcholine raisesexcitabílity by
inhibiting the fast transient potassium current in cultured hippocampal neurons. Proc. Natl. Acad.
Sci. U. S. A. 83, 3022-3026.

Nakamura, S. (1976) Effect of sodium deoxycholate on 5'-nucleotidase. Bìochím. Biophys. Acta 426,
339-347.

Nakata, H. (1989) Purification of A1 adenosine receptor from rat brain membranes. J. Biol. Chem.
264, 1 6545-1 6551.

Nakata, H. (1992) Biochemical and immunological characterization of A1 adenosine receptors purified
from human brain membranes. Eur. J. Biochem.206,171-177.

Nathan, T., Jensen, M.S. and Lambert, J.D.C. (1990) CABAB receptors play a major role in paired-pulse
facilitation in area CA1 of the rat hippocampus. Brain Res. 531, 55-65.

Newberry, N.R. and Nicoll, R.A. (1984) A bicuculline-resistant inhibitory post-synaptic potential in rat
hippocampal pyramidal cel ls in vitro. J. Physiol. (Lond. ) 348, 239-254.

Newby, A.C. (1988) The pidgeon heart S'-nucleotidase responsible for ischaemia-induced adenosine
formation. Biochem. J. 253, 123-130.

Newby,4.C., Worku, Y., Meghji, P., Nakazawa, M. and Skadanowski, A.C. (1990) Adenosine: a

retaliatory metabolite or not?. News Physiol. Sci. 5, 67-70.

Newman, C.C., Hospod, F.E. and Patlak, C.S. (1988a) Brain slice glucose utilízation. J. Neurochem.
51, 1783-1796.

Newman, C.C., Hospod, F.E. and Wu, P. (1988b) Thick brain slices mode the ischemic penumbra. /.
Cereb. Blood Flow Metab.8, 586-597.

215



Nicholson, C. and Hounsgaard, J. (1983) Diffusion in the slice microenvironment and implications for
physiological studies. Fed. Proc. 42, 2865-2868.

Nicoll, R.4., Malenka, R.C. and Kauer, J.A. (1990) Functional comparison of neurotransmitterreceptor
subtypes in mammalian central nen/ous system. Physiol. Rev.70,513-565.

Ninomiya, H., Taniguchi, T., Fujiwara, M., Shimohama, S. and Kameyama, M. (1989) Effect of in vivo
exposure to hypoxia on muscarinic cholinergic receptor-coupled phosphoinositide tumover in the
rat brain. Brain Res. 482, 109-121.

Nishimura, S., Mohri, M., Okada, Y. and Mori, M. (1990) Excitatory and inhibitory effects of adenosine
on the neurotransmission in the hippocampal slicesof guinea pig. Braín Res. 525, 165-169.

Nishimura, S., Okada, Y. and Amatsu, M. (1992) Post-inhibitory excitation of adenosine on
neurotransmission in guinea pig hippocampal slices. Neurosci. [eft. 139, 126-129.

Nitsch, C., Coping, C. and Klatzo, l. (1989) Preservation of CABAe€ic perikarya and boutons after
transient ischemia in the gerbil hippocampal CA' field. Brain Res. 495,243-252.

Nowak, 1., Bregestovski, P., Ascher, P., Herbet, A. and Prochiantz, L. (1984) Magnesium gates
glutamate activated channels in mouse neurones. Nafure 307, 462-465.

O'Regan, M.H., Simpson, R.E., Perkins, L.M. and Phillis, J.W. (1992) The selectíve A2 adenosine
receptor agonist CCS 21680 enhances excitatory transmitter amino acid release from the ischemic
ratcerebral coñex. Neurosci. Lett. 138, 169-172.

Oberpichler, H., Brungs, H. and Krieglstein, J. (1990) Effectsof delayed administration of methohexital
and ketamine on posthypoxic cell damage of primary neuronal cultures. Pharmacology 40, '165-

173.

Offermanns, S., Wieland, T., Homann, D., Sandmann, )., Bombien, E., Spicher, K., Schultz, C. and

Jakobs, K.H. (1994) Transfected muscarinic actylcholine receptors selectively couple to C¡{ype G
proteins and Cp/11. Mol. Pharmacol.45, 890-898.

Ogata, T., Nakamura, Y., Shibata, T. and Kataoka, K. (1992) Release of excitatory amino acids from
cultured hippocampal astrocytes induced by hypoxic-hypoglycemic stimulation. J. Neurochem. 58,
1 957-1 959.

Ohkubo, T., Mitsumoto, Y. and Mohri, T. (1991) Characterizatíon of the uptake of adenosine by
cultured rat hippocampal cells and inhibition of the uptake by xanthine derivatives. Neuroscí. left
133,275-278.

Okada, Y. and Hirai, H. (1993) Excitatory action of adenosine on neurotransmission in the superior
colliculus is due to increase of glutamate release which ínvolves protein kinase system. J.
Neurochem. 61 (suppl.), S82(Abstract)

Okada, Y., Nishimura, S. and Miyamoto, T. (1990) Excitatory effect of adenosine on neurotransmission
in the slices of superior colliculus and hippocampus of guinea pig. Neurosci. Lett. 12O,205-208.

Okada, Y. and Ozawe, S. (1980) lnhibitory action cf aCenosine on synaptic transrnissicn in the
hippocampus of the guinea pig in vitro. Eur. J. Pharmacol. 68, 483-492.

Okada, Y., Sakurai, T. and Mori, M. (1992) Excitatory effect of adenosine on neurotransmission is due
toincreaseoftransmitterreleaseinthehippocampal slice. Neurosci.tett 142,233-236.

Okada, Y., Tanimoto, M. and Yoneda, K. (1988)The protective effect of hypothermía on reversibility in
the neuronal function of the hippocampal slice during long lasting anoxia. Neuroscí. Lett. 84,277-
282.

Okada, Y. and Yoneda, K. (1983) Effects of accumulation of phosphocreatine on the survival time of
thín hippocampal slices from the guinea pig during deprivation of both oxygen and glucose.
Neurosci. Lett. 41, 119-124.

Olney, J.W.(1969) Brain lesíons, and otherdisturbances in mice treated with monosodium glutamate.
Science 164,719-721.

Onodera, H., Sato, G. and Kogure, K. (1986) Lesions to schaffercollaterals prevent ischemic death of
CA.' pyramidal cells. Neurosci. Lett. 68,169-174.

Oppenheimer, S. and Hachinski, V. (1992) Complications of acute stroke. The Lancet 339,721-724.

216



orellano, T., Dergal, E., Alijani, M., Briggs, c., Vasquez, J., Goldbaum, L. and Absolon, K.B. (1976)
studies on the mechanisms of carbon monoxide toxicity. J suts Res 20, 4g5-4g7.

Oshino, N., Sugano, T., Oshino, R. and Chance, B. (1974) Mitochondrial function under hypoxic
conditions: The steady states of cytochrome a+a3 and their relation to mitochondrial energy states.
Biochim. Biophys. Acta 368, 298-310.

Pan, W'J., Osmanovic, S.S. and Shefner, S.¡. ('t994) Adenosine decreases action potential duration by
modulation of A-current in rat locus coeruleus neurons. J. Neurosci. 14, 111+-llZZ.

Pang, K. and Rose, C.M' (1987) Differential effects of norepinephrine on hippocampal complex-spike
and theta-neurons. Erain Res. 425, 146-1 58.

Paulsen, R.E. and Fonnum, F. (1989) Role of glial cells forthe basal and Ca++-dependent K+-evoked
release of transmitter amino acids investigated by microdialysis. J. Neurochem.'52, 1g23-1g2g.

Pazzagli, M., Pedata, F. and Pepeu, G. (1990) Release of endogenous adenosine and its metabolites
from electrically stimulated cortical, hippocampal and striatafslices. pharm acol. Res.22 Suppl. l,
1-2.

Pearson, R. and Pearson, L. (1976) The ve¡iebrate brain, Academic press: London.

Pedata, F.,Pazzagli, M. and Pepeu, C. (1991)Endoglnous adenosine release from hippocampal slices:
excitatory amino acid agonists stimulate release, antagonists reduce the electricaliy-evoked release.
Naunyn-Schmeideberg's Arch. pharmacol. 344, 539-543.

Peet, M'J' and McLennan, H' (1986) Pre'and postsynaptic action of baclofen: blockade of the late
synaptically-evoked hyperpolarization of CA1 hippocampal neurones. Exp. Brain Res.61,567-574.

Pellegrini-Ciampietro, D.E., Cherici, C., Alesiani, M., Carla, V. and Moroni, F. (19g0) Excitatory amino
acid release and free radical formation may cooperate in the genesis of ischemia-induced neuronal
damage. J. Neurosci. 10, 1035-'1041 .

Petito, C.K. and Pulsinelli, *.o.(t984) Delayed neuronal recovery and neuronal death in rat
hippocampus following severe cerebral ischemia: possible relationship to abnormalities in neuronal
processes. J. Cereb. Blood FIow Metab. 4,194-205.

Phillis, J.W', Kostopoulos, G.K. and Limacher, ).).(1974) Depression of codicospinal cells by various
purines and pyrimidines. can. J. physiol. pharmaco!. s2,1226-1229.

Phillis, J.W. and O'Regan, 
".". 

(t989) Deoxycoformycin antagonizes ischemia-induced neuronal'degeneration. 
Brain Res. Bull. 22, 537-S4O

Phillís, J'W', Walter, G.A. and Simpson, R.E. (1991) Brain adenosine and transmitter amino acid
release from the ischemic rat cerebral cortex: effects of the adenosine deaminase inhibitor
deoxycoformycin. J. Neurochem. 56, 644-650.

Piantadosi, a.o' (''987) Carbon monoxide, oxygen transport, and oxygen metabolism. . J. Hyperbaríc
Med.2,27-44.

Piantadosi, C.4., Lee, P.A. and Sylvia, A.L. (1988) Direct effects of CO on cerebral energy metabolism
in bloodless rats. /. Appl. Physiol. 65, g7}-gg7.

Pierce, K.D., Furlon8,T.t., Selbie, L.A. and Shine, J. (1992) Molecular cloníng and expression of an
adenosine A16 receptor from human brain. Biochem. Biophys. Res. comm*. ß2, a'o-g¡.

Plagemann, P.C.W., Wohlhueter, R.M. and woffendin, c. (1988) Nucleoside and nucleobase transport
in animal cells. Eiochim. Biophys. Acta g47, 4OS-443.

Plum, F., Posner, J.B' and Hain, R.F. (1962) Delayed neurological deterioration after anoxia. Arch.
lnternal Med. 110, 1 8-25.

Pockett, S., Slack, J.R. and Peacock, S. (1993) Cyclic AMp and long term potentíatíon in the CA1 region
on rat hippocampus. Neuroscience 52,229-236.

Poli,4., Lucchi, R., Vibio, M. and Barnabei, O. (1991) Adenosíne and glutamate modulate each
other's release from rat hippocampal synaptosomes. ,/. Neurochem.57, zsg-¡oo.

Powell, E.W. and Hines, C. (1975) Septo-hippocampal interface. ln: lsaacson, R.L. and pribram, K.H.,
(Eds.) Ihe hippocampus, pp. 41-59. New york: plenum press.

217



Pribram, K.H. and Maclean, P.D. (1953) Neuronographic analysis of medial and basal cerebral cortex
ll: monkey. J. Neurol. 16,324-340.

Pribram, K.H., Lennox, M.A. and Dunsmore, R.H. (1 950) Some connections of the orbito-fronto-
temporal, limbic and hippocampal areas oÍ Macaca Mulatta. J. Neurophysío|.13,122-135.

Proctor, W.R. and Dunwiddie, T.V. (1983) Adenosine inhibits calcium spikes in hippocampal neurons
in vitro. Neurosci. letf. 35, 197-201.

Pulsinelli, W.A. and Brierley, J.B. (1979) A new model of bilateral hemispheric ischemia in the
unanesthetized rai. Stroke 10, 267-272.

Ragan, C.l. and Calante, Y.M. (1985) The enzymes and the enzyme complexes of the mitochondrial
oxidative phosphorylation system. ln: Martonosi, 4.N., (Ed.) fhe enzymes of biotogica! membranes.
Volume 4, 2nd edn. pp. 1-70. New York: Plenum press.

Rall, W. (1955)A statistical theory of monosynaptic input-output relations. J. Cett. Comp. physiol.46,
373-411.

Ramkumar, V., Stiles, C.1., Beaven, M.A.and Ali, H. (1993) The A3 adenosine receptor is the unique
adenosine receptor which facilitates release of allergic mediatorsin mast cells. J. Biot. Chem. 268,
1 6887-1 6890.

Ramon y Caial, S. (1 952) Histologie du systeme neÌveux de l'homme et des veftebres, Madrid: lnstituto
Ramon y Cajal.

Ramon y Cajal, S. (1968) The structure of Ammon's horn, Springfield: Charles C Thomas.

Raybourn, M.S., Cork, C., Schimmerling, W. and Tobias, C.A. (1978) An in vitro electrophysiological
assessment of the direct cellular toxicity of carbon monoxíde. Toxicol. Appl. Pharmaco!. 46, 769-
779.

Reddíngton, M., Lee, K.S. and Schubert, P. (1982) An Ar-adenosine receptor, characterized by
[3H]cyclohexyladenosine binding, mediates the depression of evokei potentials in a rat
híppocampal slice preparation. Neurosci. Lett. 28, 275-279.

Regenold, J.T. and llles, P. (1990) lnhibitory adenosine 4.,-receptors on rat locus coeruleus neurones.
N a u ny n-Sch m e i d ebe rg's A rc h. P h a rm acol. 3 41, 225-23 1 .

Reid, K.H. (1987) lon changes associated with transient hypoxia in the hippocampal slice preparation.
ln: Schurr, 4., Teyler, T.J. and Tseng, M.T., (Eds.) Brain slices; fundamentals, applícations and
implications., pp. 1 18-128. Basel: Karger.

Reid, K.H., Schurr, A. and West, C.A. (1987) Effects of duration of hypoxia, temperature and ACSF
potassium concentration on probability of recovery of CA., function in the ín vitro rat hippocampal
slice.. ln: Schurr, 4., Teyler, T.J. and Tseng, M.T., (Eds.) Braìn slìces: fundamentals, applications and
implications., pp. 143-146. Basel: Kager.

Reiner, P.8., Laycock, A.C. and Doll, C.J. (1990) A pharmacological model of ischemia in
hipoocamoal slice. Neurosci. Lett. 119, 175-178.

Reinhart, P.H., Chung, S., Madin,8.1., Brautigan, D.L. and Levitan, l.B. (1991)Modulation of calcium-
activated potassium channels from rat brain by protein kinase A and phosphatase 2A. J.Neurosci.
11, 1627-1635.

Ripoll, C., Lederer, W.J. and Nichols, C.C. (1993) On the mechanism of inhibition of KATP channels
by glibenclamide in rat ventricular myocytes. J. cardìovasc. Electrophysiol. 4,38-47.

Rívkees, S.A. and Reppert, S.M. (1992) RFL9 encodes an 426-adenosine receptor. Mol. Endocrinol.6,
1 s98-1 604.

Robinson, P.t. (1992) Potencies of protein kinase C inhibitors are dependent on the activators used to
stimulate the enzyme. Biochem. Pharmacol. 44,1325-1334.

Rondouin, G., Drian, M.J., Chicheportiche, R., Kamenka, J.M. and Privat, A. (1988) Non-competitive
antagonists of N-methyl-D-aspartate receptors protect cortical and hippocampal cell cultures against
glutamate neurotoxicity. Neurosci. Lett. 91, 1 99-203.

Rose, M. (1926) Derallocortex beirierund Mensch. l. Teil. J. psychol. Neuro/. 34, j-111.

218



Rosenberg, P.A. and Aizenman, E. (1989) Hundred-fold increase in neuronal vulnerabilitytoglutamate
toxicity in astrocyte poor-poorcultures of rat cerebral cortex. Neurcsci. lett 103, '162-168.

Rossen, R., Kabal, H. and Anderson, J.P. (1943) Acute arrest of cerebral circulatíon in man. Arch.
Neuro/. Psych. 50, 51G528.

Rothman, S.M. (1983) Synaptic activity mediates death of hypoxic neurons. Science 22O,536-537.

Rothman, S.M. (1984) Synaptic release of excitatory amino acid neurotransmítter mediates anoxic
neuronal death. /. Neurosci. 4, 1884-1891.

Rothman, S.M. (1985) The neurotoxícity of excitatory amino acids is produced by passive chloride
influx. J. Neurosci.5, 1483-1489.

Rothman, S.M. and Olney, J.W. (1986) Clutamate and the pathophysiology of hypoxic-íschemic brain
damage. Ann. NeuroL l9, 105-1 1 1 .

Rothman, S.M., Thunton, J.H. and Hauhart, R.E. (1987) Delayed neurotoxicity of excitatory amino
acids in vitro. Neuroscíence 22, 471-480.

Rudolphi, K.4., Keil, M., Fastbom, J. and Fredholm, B.B. (1989) lschaemic damage in gerbil
hippocampus is reduced following upregulation of adenosine (41) receptors by caffeine treatment.
Neurosci. Lett. 103, 27 5-280.

Sattin, A. and Rall, T.w. (1970) The effect of adenosine and adenine nucleotides on the cyclic
adenosine 3',5'-phosphate content of guinea pig cerebral cortex slices. Mol. Pharmacol. 6, 13-23.

Schiff, S.J. and Somjen, C.C. (1985) Hyperexcitability following moderate hypoxia in hippocampal
tissue slice. Brain Res. 337,337-340.

Schlander, M., Hoyer, S. and Frotscher, M. (1988) Clutamate decarboxylaseimmunoreactíve neurons
in the aging rat hippocampus are more resistant to ischemia than CA,' pyramidal cells. Neurosci.
Lett. 91, 241-246.

Schmid-Antomarchi, H., De Weille, J., Fosset, M. and Lazdunski, M. (1987) The receptor for
antidiabetic sulfonylureas controls the activity of the ATP-modulated K+ channel in insulin-
secreting cells. /. Biol. Chem. 262, 1584U15844.

Schmidt-Kastner, R. and Freund, T.F. (1991) Selective vulnerability of the hippocampus in brain
ischemia. Neuroscience 40, 599-636.

Schofield, C.N. (1974) Adenosine action on synaptic transmission in brain slices. Physiologist 16,
242(Abstract)

Schofield,C.N.(1978) Depressionofevokedpotentialsinbrainslicesbyadenosinecompounds. Sr.,f.
Pharmacol. 63, 239-244.

Schofield, C.N. and Steel, L. (1988) Presynaptic K-channel blockade counteracts the depressent effect
of adenosine in olfactory coñex. Neuroscience 24,81-89.

Scholz,W.(1953) Selectiveneuronal necrosisanditstopisticpatternsinhypoxaemiaandoligaemia. J.
Neuropathol. Exp. Neurol. 12, 249-261.

Schousboe,4., Frandsen,4., Wahl, P., Drejer, J. and Honoré, T. (1990) Excitotoxicity in cultured
neurons: role of 2nd messengers and intracellular Ca++ homeostasis. Neurochem. lnt. 16 Suppl.
1, 536(Abstract)

Schrader, J., Schritz, W. and Bardenheuer, H. (1981) Role of S-adenosylhomocysteine hydrolase in
adenosine metabolism in mammalian heart. Biochem. l. 196, 65-70.

Schubert, P., Ferroni, S. and Mager, R. (1991) Pharmacological blockade of Cl- pumps
reduces the adenosine-mediated depression of stimulus train-evoked Ca2+
hippocampal slices. Neurosci. Lett. 124, 174-177.

or Cl- channels
fluxes in rat

SchubeÉ, P., Hqinemann, V. and Kolb, R. (1986) Differential effect of adenosine on pre-and
postsynaptic calcium fluxes. Brain Res. 376,382-386.

Schubert, P. and Lee, K.S. (1986) Non-synaptic modulation of repetitive firing by adenosine is
antagonized by 4-aminopyridine in a rat hippocampal slice. Neuroscí. Lett.67,334-338.

219



Schubert, P. and Mitzdorf, U. (1979) Analysis and quantitative evaluation of the depressive effects of
adenosine on evoked potentials in hippocampal slices. Brain Res.172,186-190.

Schurr,4., Dong, W.Q., Reid, K.H., West, C.A. and Rigoç B.M. (1988a) Lactic acidosis and recovery
of neuronal function following cerebral hypoxia ín vitro. Braín Res.438, 311-314.

Schurr, 4., Reid, K.H., Tseng, M.T. and Edmonds, H.L. (1984) The stability of the hippocampal slice
preparation: an electrophysiological and ultrastructural analysis. Brain Res.297,357-362.

Schurr,4., Reid, K.H., Tseng, M.T., Edmonds, H.1., Jr., West, C.A. and Rigor, B.M. (1986a) Effect of
electrical stimulation on the viability of the hippocampal slice preparation. Brain Res. Bull. 16,
299-301.

Schurr, 4., West, C.A. and Rigor, B.M. (1988b) Lactate-supported synaptic function in the rat
hippocampal slice preparation. Science 240, 1326-1328.

Schurr,4., West, C.A. and Rigor, B.M. (1989) Electrophysiology of energy metabolism and neuronal
function in the hippocampal slice preparation. /. Neurosci. Methods28,7-13.

Schurr,4., West, C.4., Reid, K.H., Tseng, M.T., Reiss, S.J. and Rigor, B.M. (1987) lncreased glucose
improves recovery of neuronal function after cerebral hypoxia in vitro. Brain Res. 421, 135-139.

Schurr,4., West, C.4., Tseng, M.T., Reid, K.H. and Rigor, B.M. (1986b) The role of glucose in
maintaining synaptic activity in the rat hippocampal slice prepartíon. ln: Schurr, 4., Teyler, T.J. and
Tseng, M.T., (Eds.) Brain Slîces: Fundamentals, Applications and lmplications, pp. 39-44. Basel:
Karger.

Schwartzkroin, P.A. (1975) Characteristics of CA.t neurons recorded intracellularly in the hippocampal
in vitro slice preparalion. Brain Res. 85, 423-436.

Schwartzkroin, P.A. (1977) Further characteristics of hippocampal CA1 cells in vitro. Brain Res. 128,
53-68.

Schwaftzkroin, P,A. and Kunkel, D.D. (1985) Morphology of identified interneurons in the CA1 of
guinea pig hippocampus. /. Comp. Neuro/. 232,205-218.

Schwarlzkroin, P.A. and Mathers, L.H. (1978) Physiological and morphological identificatíon of a

nonpyramidal hippocampal cell type. Brain Res. 157, 1-10.

Scott, l.D. and Nicholls, D.G. (1980) Energy transduction in intact synaptosomes. Biochem. J. 186, 21-
33.

Sebastiào, A.M., Cunha, R.A. and Ribeiro,J.A. (1993) Ecto-5'-nucleotidase activity in the hippocampus.
J. Neurochem. 61 (Suppl.), 51B1(Abstract)

Sebastiào, A.M. and Ribeiro, J.A. (1992a) Evidence for the presence of excitaton Az adenosine
receptors in the rat hippocampus. Neurosci. Lett.138,41-44.

Sebastiào, A.M. and Ribeiro, J.A. (1992b) Excitatory A2u adenosine receptors in the rat hippocampus.
Neurochem. lnt. 21 (suppl.), C13(Abstract)

Segal, M. (1982) lntracellular analysis of a postsynaptic action of adenosine in the rat hippocampus.
Eur. J. Pharmacol.79, 193-199.

Segal, M. (1990) A subset of local interneurons generate slow inhibitory postsynaptic potentials in
hippocampal neurons. Brain Res. 51 1, 1 63-1 64.

Segal, M. and Landis, S. (1974) Afferents to the hippocampus of the rat studied with the method of
retrograde transport of horseradish peroxidase. Brain Res. 78, 1-15.

Seguéla, P., Watkins, K.C., Geffard, M. and Descarries, L. (1990) Noradrenalíne axon terminals in adult
rat neocoÉex: an ¡mmunocytochemical analysis in serial thin sections. Neuroscíence35,249-264.

Sheardown, M.J., Hansen,4.J., Suzdak, P,, Eskesen, K., Jacobsen, P. and Honoré, T. (1990) AMPA
receptors mediate ischaemic neuronal cell death. Soc. Neurosci. Abstr.16, 17(Abstract)

Sheridan, R.D. and Sutor, B. (1990) Presynaptic M1 muscarinic cholinoceptors mediate inhibition of
excitatory synaptic transmission in the hippocampus in vítro. Neurosci. Letf. 108, 273-278.

Shirasaki, T., Harata, N. and Akaike, N. (1994) Metabotropic glutamate response ín acutely dissociated
hippocampal CA1 pyramidal neurons of the rat. J. Physiol. (Lond. ¡ 475, 439-453.

220



Sick, T.)., Solow, E.L. and RobeÉs, E.1., Jr. (1987) Extracellular potassium ion activity and
electrophysiology in the hippocampal slice: paradoxical recovery of synaptic transmission during
anoxia. Brain Res. 418,227-234.

Siesjö, B.K. (1990) Calcium in the brain underphysíological and pathological conditions. Eur. Neunc/.
30 Suppl. 2,3-9.

Siggins, G.R. and Schubert, P. (1981) Adenosine depression of hippocampal neurons in vitro: an
intracellular study of dose-dependent actions on synaptic and membrane potentials. Neurosci. Letf.
23, 55-60.

Sim, J.4., Cerber, U., Knöpfel, T. and Brown, D.A. (1992) Evidence against a role for protein kinase C
in the inhibition of the calcium-activated potassium current hHp by muscarinic stimulants in rat
hippocampal neurons. Eur. J. Neurosci. 4,785-791.

Siman, R. and Card, J.P. (1988) Excitatory amino acid neurotoxicity in the hippocampal slice
preparation. Neuroscience 26, 433-447 .

Simpson, R.E., O'Regan, M.H., Perkins, L.M. and Phillis,J.W. (1992) Excitatorytransmitteramino acid
release from the ischemic rat cerebral cortex: effects of adenosine receptor agonists and antagonists.
J. Neurochem. 58, 1683-1690.

Singer, T.P. (1979) Mitochondrial electron{ransport inhibitors. Methods Enzymol.55,454-462.

Skelton, R.W., Miller, J.J. and Phillips, A.C. (1983) Low-frequency stimulation of the perforant path
produces potentiation in the dentate gyrus of unanesthetized rats. Can. J. Physiol. Pharmacol.61,
1156-1161.

Skladanowski, A.C. and Newby, A.C. (1990) Partial purification and properties of an AMP-specífic
soluble S'-nucleotidase from pidgeon heaÉ. Bíochem. J.268,117-122.

Skladanowski,4.C., Sala, C.B. and Newby, A.C. (1990) Design and use of inhibiton of cytosolic 5'-
nucleotidase to prevent purine nucleotide degradation. In: Jacobson, K.4., Daly, J.W. and
Manganiello, V., (Eds.) Purines in cellular signaling: taryets for new drugs, pp. 381-382. New York:
Springer-Verlag.

Skrede, K.K. and Westgaard, R.H. (1971) The transverse hippocampal slice: a well-defined cortical
structure maintained in vitro. Brain Res.35, 589-593.

Slack, J.R. and Pockett, S. (1991)Cyclic AMP induces long-term increase in synaptic efficacy in CA1
region of rat hippocampus. Neuroscí. Letf. 130, 69-72.

Slateç E.C. (1967) Application of inhibitors and uncouplen for a study of oxidative phosphorylation.
Methods Enzymol. 10, 49-57.

Sokoloff, L. (1989) Circulation and eneryy metabolism in the brain. ln: Siegel, C.J., Agranoff,8.W.,
Albers, r.W. and Molinoff, P.8., (Eds.) Easic Neurochemistry: Molecular, Cellular, and Medical
Aspects, 4th edn. pp. 565-590. New York: Raven Press.

Somjen, G.G., Aitken,P.C., Balestrino, M. and Schiff, S.J. (1987) Brain slices in the study of brain
damage. ln: Schurr, 4., Teyleç T.J. and Tseng, M.T., (Eds.) Brain slices: fundamentals, applications
and implications, pp. 89-104. Basel: Kager.

Sommer, W. (1880) Erkrankung des Ammonshorns ab aetiologisches moment der epilepsie. Arch.
Psychiatr. 1 0, 631 -675.

Speilmeyer, W. (1925) Zur Pathogenese öÉlich elektiver Gehirnveräderungen. Z. Neurol. Psychiatr.
99,756-776.

Spencer, W.A. and Kandel, E.R. (1961) Electrophysiology of hippocampal neurons lV. fast
prepotentials. J. Neurophysiol. 24, 272-285.

Spuler, A. and CraÍe, P. (1989) Adenosine,'pertussis-sensitive'G-proteíns, and K+ conductance in
central mammalian neurones under energy deprivation. Neurosci. Lett. 98,28G284.

Spychala, )., Park, J.K. and Fox, l.H. (1990) Does low Km 5'-nucleotidase produce adenosine in rat
liver. ln: Jacobson, K.4., Daly, J.W. and Manganiello, V., (Eds.) Purines in cellularsignalíng: taryets
for new drugs, pp.382New York: Springer-Verlag.

221



Sternweis, P.C. and lok-Hou, P. (1990) The C protein-channel connection. frends Neurosci. 13, 122-
126.

Stevens, D.R. and Cotman, C.W. (1986) Excitatory amino acid antagonists depress transmission in
hippocampal projections to the lateral septum. Brain Res.382, 437-440.

Steward, O. (1976) Topographical organization of the projections from the entorhinal area to the
hippocampal formation of the rat. J. Comp. Neurol. 167,285-314.

Steward, O. and Scoville, S.A. (1976) Cells of origin of the entorhinal afferents to the hippocampus and
fascia dentata of the ral. J. Comp, Neuro/. 169,347-37O.

Stone, T.W. (1991) Receptors for adenosine and adenine nucleotides. Cen. Pharmacol. 22,25-31.

Storm,J.F.(1990) Potassiumcurrentsinhippocampal pyramidalcells. Prog.BrainRes.S3, 161-187.

Storm, J.F. (1993) Functíonal diversity of K+ currents in hippocampal pyramidal neurons. Sem.
Neurosci. 5,79-92.

Storm-Mathisen, J. (1978) Localízation of putative transmitters in the hippocampal formation. ln: Elliot,
K. and Whelan, J., (Eds.) Functíons of the septo-hippocampal system, pp. 49-79. Amsterdam:
Elsevier.

Stratton, K.R., Cole, A.)., Pritchett, J., Eccles, C.U., Wodey, P.F. and Baraban, J.M. (1989)
lntrahippocampal injection of pertussis toxin blocks adenosine suppression of synaptic responses.
Brain Res. 494, 359-364.

Sugar, O. and Cerard, R.W. (1938)Anoxia and brain potentials. J. Neurophysìol.1,558-572.

Summers, R.J. and McMaÉin, L.R. (1993) Adrenoceptors and their second messenger systems. J.
Neurochem. 60, 1G.23.

Sutherland, G.R., Peeling, J., Lesiuk, H.J., Brownstone, R.M., Rydzy, M., Saunders, J.K. and Geiger,
J.D.(1991) The effects of caffeine on ischemic neuronal injury as determined by magnetic
resonance imaging and histopathology. Neuroscience 42, 171-182.

Suzuki, R., Yamaguchí, T., Kirino,T., Orzi, F. and Klatzo, l. (1983a) The effects of 5-minute ischemia
in mongolian gerbils: l. blood-brain barrier, cerebral blood flow, and local cerebral glucose
utilization changes. Acta Neuropathol. (Berl. ) 60,207-216.

Suzuki, R., Yamaguchi, T., L¡, C.-1. and Klatzo, l. (1983b) The effects of S-minute ischemia in
mongolian gerbils: ll. changes of spontaneous neuronal actîvíty in cerebral cortex and CA1 sector of
hippocampus. Acta Neuropathol. (Berl. ) 60,217-222.

Tamaoki, T., Nomoto, H., Takahashi, l. and Kato, Y. (1986) Staurosporine, a potent inhibitor of
phospholipid/Ca+ +-dependent protein kínase. Biochem. Biophys. Res. Commun. 135,397-4O2.

Taylor, C.P. and Weber, M.L. (1993) Effect of temperature on synaptic function after reduced oxygen
and glucose in hippocampal slices. Neuroscience 52,555-562.

Taylor, C.W. (1990) The role of C proteins in transmembrane signalling. Biachem. J. 272, 1-13-

Terzic,4., Tung, R.T., lnanobe,4., Katada, T. and Kutachi, Y. (1994) G proteins activate ATP-sensitive
K+ channels by antagonizing ATP-dependent gating. Neuron 12, 885-893.

Thayer, S.4., Hirning, L.D. and Miller, R.J. (1988) The role of calcium-sensitive calcium stores in the
regulation of intracellular free calcium concentration in rat sympathetíc neurons in vitro. Mol.
Pharmacol. 34, 664-67 3.

Thayer, S.A. and Milleç R.J. (1990) Regulation of the intracellularfree calcíum concentration in síngle
rat dorsal root ganglion neurons in vitto. J. Physiol. (Lond. ) 425, 85-115.

Thompson, S.M. (1994) Modulation of inhibitory synaptic transmission in the hippocampus. Prog.
N eu robi ol. 42, 57 5-609.

Townsend-Nicholson, A. and Shine, J. (992) Molecular cloning and characterization of a human brain
A1 adenosine receptorcDNA. Mol. Braín Res. 16, 365-370.

Tremblay, E.,Zini, S. and Ben-Ari, Y. (1991) Autoradiographic study of the cellular localization of
t3Hlglibenclamide binding sites in the rat hippocampus. Neurosci. Lett.127,21-24.

222



Truong, V.1., Collinson, A.R. and Lowenstein, J.M. (1988) S'-nucleotidases in rat hea¡'t: evidence for
the occurance of two soluble enzymes with different substrate specificity. Biochem. J. 253, 117-
121.

Trussell, L.O. and Jackson, M.B. (1985) Adenosine-activated potassium conductance in culture striatal

neurons. Proc. Natl. Acad. Sci. U. S. A. 82, 4857-4861.

Trussell, L.O. and Jackson, M.B. (1987) Dependence of an adenosine'activated potassium current on a

CTP-binding protein in mammalian central neurons. J. Neurosci.7,3306-3316.

Turner, D.A. and Wheal, *.U.(.t991) Excitatory synaptic potentials in kainic acid-denervated rat CA1

pyramidal neurons. J. Neurosci. 11, 2786-2794

Turner, R.W., Meyer, D.E.R. and Barker, J.L. (1993) Fast prepotential generation ín rat hippocampal
CA1 pyramidal neurons. Neuroscience 53, 949,959

Urban, 1., Neill, K.H., Crain,8.J., Nadler, J.V. and Somjen, C.G. (1989) Postischemic synaptic
physiology in area CA1 of the gerbil hippocampus studied in vitro. J. Neurosci.9, 3966-3975.

Van Belle, H. (1988) ln vivo effects of inhibitors of adenosine uptake. ln: Paton, D.M., (Ed.) Adenosine

and adenine nucleotides: physiology and pharmacology, pp.251-258. London: Taylor and Francis.

Van Calker, D., Müller, M. and Hamprecht, B. (1978) Adenosine inhibits the accumulation of cyclic
AMP in cultured brain cells. Nature276,839-841.

Van Calker, D., Müller, M. and Hamprecht, B. (1979) Adenosine regulates via two different types of
receptors, the accumulation of cyclic AMP in cultured brain cells. J. Neurochem.33,999-1005.

Van der Ploeg, 1., Cintra,4., Altiok, N., Askelöf, P., Fuxe, K. and Fredholm, B.B' (1991) Limited

distribution of pertussis toxin in rat brain after injection into the lateral ventricles. Neuroscience 44,
20s-214.

Van der Ploeg, 1., Parkinson, F.E. and Fredholm, B.B. (1992) Effect of pertussis toxin on radio ligand

binding to rat brain adenosine 4., receptors. J. Neurochem. 58, 1221-1229.

Van Dongen,A.M., Codina,J., Olate,J., Mattera, R.,Joho, R., Birnbaumer, L. and Brown, A'M. (1988)

Newly identified brain potassium channels gated by the guanine nucleotide binding protein Co.

Science 242, 1 433-1 437 .

Van Galen, P.J.M., Van Bergen, 4.H., Gallo-Rodriguez, C., Melman, N., Olah, M.E., lJzerman, 4.P.,

Stiles, G.L. and Jacobson, K.A. (1994) A binding site model and structure-activity relationships for
the rat A3 adenôsine receptor. Mol. Pharmacol. 45,1 101-11 1'1.

Van Wylen, D.C.L., Park, T.S., Rubio, R. and Berne, R.M. (1986) lncreases in cerebral interstitial fluid
adenosine concentration during hypoxia, local potassium pedussion and ischemia. J. Cereb. Blood
FIow Metab.6,522-528.

Verma,4., Hirsch, D.J., Clatt, C.E., Ronnett, C.V. and Snyder, S.H. (1993) Carbon monoxide: a

putative neural messenger. Science 259, 381-384.

Verma, A. and Marangos, J.J. (1985) Nitrobenzylthioinosine binding in the brain: an interspecies study.

Life 9ci.36,283-290.

Vignais, P.V. (1976) Molecular and physiological aspects of adenine nucleotide transport in

mitochondria. Biochim. Biophys. Acta 456, 1-38.

Von Kügelgen, 1., Späth, L. and Starke, K. (1992) Stable adenine nucleotides inhíbit l3H]-noradrenaline
release in rabbit brain cortex slices by direct action at presynaptic adenosine A1-receptors.

Naunyn-schmeideberg's Arch. Pharmacol. 346, 187-196.

Von Lubitz, D.K.J.E., Dambrosia, J.M., Kempski, O. and Redmond, D.J. (1988) Cyclo hexyl adenosine
protects against neuronal death following ischemia ín the CA1 region of gerbil hippocampus.

Stroke 19,1133-1139.

Von Lubitz, D.K.J.E., Lin, R.C.-S., Popik, P., Carter, M.F. and Jacobson, K.A. (1994) Adenosine A3

receptor stimulation and cerebral ischemia. Eur. J. Pharmacol. 263, 59-67 '

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K. and Eppenberger, H.M. (1992) lntracellular
compadmentation, structure and function of creatine kinase isoenzymes in tissues with high and

223



fluctuating energy demands: the "phosphocreatine circuit" for cellular energy homeostasis.
Biochem. J.281,21-40.

Wallis, R.4., Hattori,H.,Panizzon, K., Csiszar, E. and Wasterlain, C.C. (1990) Depletion of ATP levels
ín the hippocampal slice does not predict synaptic failure during hypoxia. Soc. Neurosci. Abstr.
16, 275(Abstract)

Wan, W. and Geiger, J.D. (1990) Effects of enucleations and visual deprivation on adenosine A1 and
A, receptor binding in superior colliculus of rat. Neurosci. Left. 117, 16G164.

Waniewski, R.A. and Mañin, D.L. (1986) Exogenous glutamate is metabolized to glutamine and
exported by rat primary astrocyte cultures. J. Neurochem. 47,304-313.

Warman, E.N., Durand, D.M.and Yuen, G.L,F. (1994) Reconstruction of hippocampal CA1 pyramidal
cell electrophysiology by computer simulation. J. Neurophysiol.71,2033-2045.

Watson, C.B. and Lanthorn, T.H. (1993) Electrophysiological actions of delta opioids in the CA1 of the
rat hippocampal slice are mediated by one delta receptor subtype. Brain Res.601, 129-135.

Westenbroeck, R.E., Ahlijanian, M.K. and Catterall, W.A. (1990) Clustering of L{ype Ca2+ channels at
the base of major dendrites in hippocampal pyramidal neurons. Nafure 347,281-284.

Wheeler, D.8., Randall, A.D. and Tsien, *.*.('t994) The basisof conceded actionsof multiple Ca2+
channels in excitatory synaptic transmission in area CA, of rat hippocampal slices in vitro. t.
Physiol. (Lond. ) 480P, 30P(Abstract)

White, L.E. (1959) lpsilateral afferents to the hippocampal formation in the albino rat. J. Comp.
Neuro/. 113, 1-41.

White, T.E., Dickenson, J.M., Alexander, S.P.H. and Hill, S.J. (1992) Adenosine A'-receptor stimulation
of inositol phospholipid hydrolysis and calcium mobílization in DDTl MF-2 cells. Br. l.
Pharmacol. 106, 21 5-221 .

White, T.E., Dickenson, J.M., Alexander, S.P.H. and Hill, S.J. (1992)Adenosine A,,-receptor stimulation
of inositol phospholipid hydrolysis and calcium mobilization in DDTl MF-2 cells. Br. J.
Pharmacol. 106, 21 5-221 .

Whittingham, T.S., Lust, W.D. and Passonneau, J.V. (1984) An in vitro model of ischemia: metabolic
and electrical alterations in the hippocampal slice. /. Neurosci. 4,793-802.

Willíams, M. and Cusack, N.J.tl990) Neuromodulatory roles of purine nucleosides and nuclotides:
their receptors and ligands. Neurotransmissions 6, 1-6.

Williams, S. and Lacaille, J.-C.(1992) CABA, receptor-mediated inhibitory postsynaptic potentials
evoked by electrical stimulation and by glutamate stimulation of interneurons in stratum
lacunosum-moleculare in hippocampal CA1 pyramidal cells in vîtro. Synapse 11,249-258.

Williams, S., Samulack, D.D., Beaulieu, C. and Lacaille, J.-C. (1994) Membrane properties and
synaptic responses of interneurons located near the stratum lacunosum-moleculardradiatum border
of area CA1 in wholecell recordinss from rat hinnocamoal slices- !. Neuranhvsiol.71.2217-2235.¡ '--. -r'.t

Williams, S., Vachon, P. and Lacaille, J.-C. (1993) Monosynaptic CABA-mediated inhibitory
postsynaptic potentials in CAl pyramidal cells of hyperexcitable hippocampal slices from kainic
acid{reated rats. Neuroscience 52, 541-554.

Wilson, D.F. (1990) Contribution of diffusion to the oxygen dependence of energy metabolism in cells.
Experientia 46, 1 1 60-1 1 62.

Winn, H., Rubio, R. and Berne, R.M. (1981) Brain adenosine concentrations during hypoxia in rats.
Am. J. Physiol. 241, H235-H242.

Worley, P.F., Baraban, J.M., McCarren, M., Snyder, S.H. and Alger, B.E. (1987) Cholineryic
phosphatidylinositol modulation of inhibitory, C protein-linked, neurotransmifter actíon:
electrophysiological studies in rat hippocampus. Proc. Natl. Acad. Sci. U. S. A. 84,3467-3471.

Yakel, J.1., Warren, R.4., Reppert, S.M. and North, R.A. (1994) Functional expression of adenosine 425
receptor in Xenopus oocytes. Mol. Pharmacol. 43,272-29O.

Yamada, Y., Coto, H. and Ogasawara, N. (19S0) Purification and properties of adenosine kinase from
rat brain. Biochim. Biophys. Acta 616, 199-207.

224



Yamamoto, C. (1970) Synaptic transmíssion between mossy fiber and hippocampal neurons studied in
thin brain sections. Proc. Jap. Academy 46, 1041-1045.

Yamamoto, C. (1972) Activation of hippocampal neurons by mossy fiber stimulation in thin brain
sections. Exp. Brain Res. 14, 423-435.

Yamamoto, C. and Kawai, N. (1967a) Seizure discharyes evoked in vîtro in thin sections from guinea
pig hippocampus. Science 155, 341-342.

Yamamoto, C. and Kawai, N. (1967b) Presynaptic action of acetylcholine in thin sections from the
guinea pig dentate gyrus in vitro. Experimental Neurology 19,17G-197.

Yamamoto, C. and Kawai, N. (1968) Ceneration of the seizure discharge in thin sectíons from the
guinea pig brain in chloride free medium . Jap.J. Physiol. 19,62G631.

Yamamoto, C. and Kurokawa, M. (1970) Synaptic potentials recorded in brain slices and their
modification by changes in the level of tissue ATP. Exp. Brain Res. 10, 159-170.

Yamamoto, C. and Mcllwain, H. (1966a) Potentials evoked in vitro in preparations from the
mammalian brain. Nature 210, 1055-1056.

Yamamoto, C. and Mcllwain, H. (1966b) Electrical activity in thin sectionsfrom the mammalian brain
maintained in chemically-defined medium in vitro. J. Neurochem.13,1333-1343.

Yao, Z. and Gross, G.J. (1993) Clibenclamide antagonizes adenosine A,, receptor-mediated
cardioprotection in stunned canine myocardium . Circulatíon. 88, 235-244.

Yawo, H. and Chuhma, N. (1993) Preferential inhibition of w-conotoxin-sensitive presynaptic Ca2+
channels by adenosine autoreceptors. Nature 365, 256-258.

Yoneda, K., Arakawa, T., Asaoka, Y., Fukuoka, Y., Kinugasa, K., Takimoto, K. and okada, y. (1983)
Effects of accumulation of phosphocreatine on utilization and restoration of high-energy phosphates
during anoxia and recovery in thin hippocampal slices from the guinea pig. Exp. Neuro/. 82, 215-
222.

Yoneda, K. and Okada, Y. (1989) Effects of anoxia and recovery on the neurotransmission and level of
high-energy phosphates in thin hippocampal slices from the guinea-pig. Neuroscience 28, 401-
407.

Yoon, K.-W. and Rothman, S.M. (1991) Adenosine inhibits excitatory but not inhibitory synaptic
transmission in the hippocampus. J. Neuroscí.11, 1375-1380.

Young, J.N. and Somjen, C.C. (1992) Suppression of presynaptic calcium currents by hypoxia in
hippocampal tissue slices. Srain Res. 573, 7G76.

Zeng, Y.C., Domenici, M.R., Frank, C., Sagratella, S. and Scotti de Carolis, A. (1992) Effects of
adenosinergic drugs on hypoxia-induced electrophysiological changes in rat hippocampal slices.
Life. Sci. 51, 1073-1082.

Zetterström, T., Vernet, L., Ungentedt, u., Tossman, V., Jonzon, B. and Fredholm, B.B. (1982) purine
levelsintheintactratbrain. studieswithanimplantedelectrode. Neurosci. Lett.29,111-115.

Zgombick,J.M., Beck, S.G., Mahle,C.D., Craddock-Royal, B. and Maayan¡, S. (1989) Pertussistoxin-
sensitive guanine nucleotidebinding protein(S) couple adenosine A1 and S-hydroxytryptaminel¡
receptors to the same effector systems in rat hippocampus: biochemical and electrophysiologicál
studies. Mol. Pharmacol. 35, 484-494.

Zhang, L., Andou, Y., Masuda, S., Mitani, A. and Kataoka, K. (1993) Dantrolene protects against
ischemic, delayed neuronal death in gerbil brain. Neurosci. leff. 158, 105-108.

Zhang, L. and Krnjevic, K. (1993) Whole-cell recording of anoxic effects on hippocampal neurons in
slices. /. Neurophysiol. 69, 118-127.

Zhang,1., Weiner, J.L. and Carlen, P.L. (1992) Muscarinic potentiation of l¡ in hippocampal neurons:
electrophysiological characterization of the signal transductíon pathway. ,/. Neurosci. 12, 451U
4520.

Zhazipov, R., Bregestovski, P. and Ben-Ari, Y. (1993) Effects of brief anoxia episode on synaptic
currents in rat CAt hippocampal neurons. J. Neurochem. 61 (Suppl.), S278(Abstract)

225



Zhazipov, R., Bregestovski, P. and Ben-Ari, Y. (1994) Hipp6campal inhibitory intemeurons are
functionally disconnected from excitatory inputs by anoxia. J. Neurophysiol.7O,2251-2259.

Zhou, M., Small, S.4., Kandel, E.R. and Hawkins, R.D. (1993) Nitric oxide and carbon monoxide
produce activity-dependent long-term synaptic enhancement in hippocampus. Science 26O, 1946-
1 950.

Zhou, Q.-Y.,Li, C., Olah, M.E., Johnson, R.4., Stiles, C.L. and Civelli, O. (1992) Molecular cloning
and characterization of an adenosine receptor: The A3 receptor. Proc. Natl. Acad. Sci. U. S. Á. 89,
7432-7436.

Zhu, P.J. and Krnjevic, K. (1994) Anoxia selectively depresses excitatory synaptic transmission in
hippocampal slices. Neurosci. Lett. 166, 27-30.

Zímmermann, H. (1992) 5'-Nucleotidase: molecular structure and functional aspects. Biochem. l. 285,
345-365.

Zuurendonk, P.F. and Tager, J.M. (1974) Rapid separation of pañiculate components and soluble
cytoplasm of isolated raþliver cells. Eiocfr im. Bíophys. Acta 333, 393-399.

226




