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ABSTRACT
In this study, cerebral ischaemic damage was investigated at 
the cellular level using isolated nerve terminals, 
synaptosomes, prepared from adult rat brain. During 
ischaemia there is both a deficient supply of oxygen and 
substrate. The effect of altering individual and different 
combinations of the parameters involved in the ischaemic 
episode were investigated. A lack of oxygen supply (anoxia) 
and substrate (glucose) supply (aglycaemia) were assessed 
separately. Synaptosomes were also incubated in anoxic 
conditions exacerbated by low glucose availability as a 
model of ischaemic brain damage in vivo.

The involvement, during ischaemia, of the cellular 
parameters of calcium homeostasis, lactosis, acidosis, 
membrane depolarisation and synaptic transmission was 
assessed by studying alterations in these parameters under 
conditions of different oxygen and substrate availability. 
Integrity of the synaptosomal plasma membrane was assessed 
by release of choline from membrane phospholipids.

Calcium homeostasis was investigated by measuring calcium
uptake and intrasynaptosomal calcium concentration 

+ +([Ca ]i)* Anoxia resulted in an increased production of 
lactate and a decrease in [Ca++]^, calcium uptake and 
acetylcholine release. In contrast, ischaemia resulted in 
decreased lactate production but an increase in [Ca++]^, 
calcium uptake and acetylcholine release.
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A possible role for lactate in synaptosomal function was 
investigated by the addition of lactate to normoxic 
synaptosomes and this reproduced similar effects to those 
recorded in anoxia. It was also found that lactate could 
protect synaptosomes from the calcium overload induced by 
ischaemia. The results are discussed with respect to the 
possible role of lactate in synaptosomal function.
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CHAPTER ONE

INTRODUCTION



1.1 THE BRAIN

1.1. la Anatomy of the brain
The central nervous system (CNS) comprises an integrated 
network of great complexity capable of the transmission of 
messages and the storage of information. It is made up of 
two major cell types : neuronal cells and glial cells. The 
cerebral hemispheres of the brain are composed of white 
matter that is overlain by grey matter. Grey matter also 
exists within white matter and contains neuronal cell bodies 
and glia. White matter contains a large amount of myelin 
which gives it its characteristic whiteness.

1.1.1b Regions of the brain
Fig 1.1 shows the neuroanatomy of the rat brain.
The hind brain consists of the medulla oblongata, the pons, 
and the cerebellum. The medulla oblongata and the pons are 
collectively referred to as the brain stem and contain the 
main ascending and descending pathways of the brain. Also 
contained in this area are the centres for controlling 
involuntary movement, the facial reflex responses and eye 
movements. The cerebellum is thought to be concerned with 
the maintenance of posture, balance, muscle tone and the 
coordination of voluntary movements.
The midbrain is concerned with the integration of various 
impulses including olfactory impulses.
The forebrain is divided into the diencephalon and the end 
brain (telencephalon) . The diencephalon consists of the 
thalamus, epithalamus, hypothalamus, metathalamus and

1



Fig 1.1 Diagrammatic representation of the Neuroanatomy of 
the Rat Brain
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Legend for Fig 1.1
The representation of the neuroanatomy of the rat brain 
adapted from Glowinski and Iversen (1966) . Dotted lines 
indicate positions of initial sections. (HIPPO = 
Hippocampus; C.A. = commisure anterior; lat vent = lateral 
ventricle; N. Opticus = nucleus opticus; subthalm. = 
subthalamus). 2



subthalamus. The thalamus extends between the hypothalamus 
and the epithalamus and is bound by the subthalamus and 
metathalamus. The thalamus and associated areas are involved 
in all the activities of the major subregions of the CNS. 
The end brain is comprised mainly of the cortex and 
neocortex which in humans accounts for about three quarters 
of the total weight if the CNS. The hippocampus (which among 
other functions is involved in endocrine control) and basal 
ganglia (which act as a relay centre for the expression of 
behavioural functions) are also found in the end brain 
region.

1.1.2 The cellular components of the brain
Neural tissue is composed of neurons and their support 
cells, glia.
1.1.2a Neurons
I- Properties
Neurons, the basic building blocks of the brain can conduct 
bioelectric signals for long distances without loss of 
signal strength. These cells have specific intracellular 
connections with other nerve cells and with innervated 
tissue eg. muscles, glands. They are notable for their 
highly elaborate shapes (see Fig 1.2) and possession of long 
and often branching processes which intermingle with each 
other and with glia.
Neurons are classified in terms of the number of processes 
they possess. The simplest are those with one axon, eg. 
sensory fibres. The bi-polar neurons possess two processes, 
eg. the sensory receptor cells of the retina. All other
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Pig 1.2

Diagrammatic representation of a neuron
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Legend for Fig 1.2
Diagrammatic representation of a neuron adapted from Newman 
(1980). The region where the axon terminal contacts another 
neuron is known as the synapse.
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neurons are classed as multipolar neurons. They possess one 
axon which may be branched and which conduct efferent 
signals. The main differences are in the extent and size of 
the dendrites which are the afferent processes. It is on 
these dendritic branches and the cell body that axons from 
other neurons connect, forming specialised points, synapses, 
for the transfer of signals.
II- The Synapse
Neuronal signals are transmitted from one cell to another at 
the synapses (specialised points of contact). Most synapses 
are formed from axon to dendrite or axon to cell body 
connections. The connection is characterised by the 
presynaptic nerve terminal and a post synaptic terminal, 
with a synaptic cleft in the intervening gap (see Fig 1.2) . 
The synapse's main function is the release of 
neurotransmitters when stimulated by an electrical signal 
carried by the axon. A change of electrical potential in the 
presynaptic cell triggers the release of neurotransmitter 
(sometimes from synaptic vesicles) which diffuses across the 
synaptic cleft and provokes an electrical change in the post 
synaptic cell.
III- Function
Neurons like all living cells exhibit transmembrane 
potentials, i.e. a potential difference between the inside 
and the outside of the cell resulting in the inside of the 
cell being 50mV more negative than the outside. In resting 
cells, potassium ions flow out of the cell along a 
concentration gradient giving rise to an electrical 
potential causing the inside of the cell to be negative.
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This negative potential balances the concentration gradient 
pumping the potassium ions out. At the same time, the 
membrane potential and the concentration gradient tend to 
result in sodium ions leaking into the cell. Eventually the 
system would exhaust the ion concentration necessary to 
maintain the membrane potential and hence there is an ATP- 
dependent sodium pump in the cell membrane which ejects 
sodium from the cell with concommitant potassium uptake - 
sodium potassium ATP pump (Na+K+ATPase).
Nerve cell membranes are electrically excitable. The 
excitable responses, action potentials, are brought about by 
changes in the sodium conductance due to variation in the 
transmembrane potential. If a neuron is depolarised, sodium 
ions flow into the cells causing the inside of the cell to 
become positive, i.e. a reversal in membrane potential. 
However, this is accompanied by potassium ions being pushed 
out of the cell and, therefore, a restriction in the height 
of the reversal potential. Once the axon has reached a 
threshold value, the potential will be propagated along the 
nerve. Due to this "all or nothing" response axons transmit 
only frequency modulated information. The depolarisation of 
the presynaptic membrane by an action potential opens 
voltage-gated calcium channels, allowing an influx of Ca++ 
that triggers exocytotic release of neurotransmitter from 
synaptic vesicles. The neurotransmitter diffuses across the 
synaptic cleft and binds to receptor proteins in the 
membrane of the post synaptic cell. Receptors on the post 
synaptic membrane translate neurotransmitter concentration

6



into rates of ionic fluxes and, therefore, into depolarising 
or hyperpolarising responses in the cell body.
The frequency of depolarisation at the synapse defines the 
rates of neurotransmitter release into the synaptic cleft, 
and neurotransmitter release is terminated by the removal of 
Ca++ from the active zone. Nerve terminals have an array of 
calcium removal systems which restore cytoplasmic Ca++ 
concentrations to original levels. These include the 
Na+/Ca++ antiporter and other calcium uptake systems in the 
plasma membrane, endoplasmic reticulum and mitochondria. 
Neurotransmitter is eventually eliminated from the synaptic 
cleft by diffusion, enzyme degradation or re-uptake.

1.1.2b Glia
I- Properties
Neuroglial cells surround neurons in the brain. These cells 
make up about half of the nervous system and are thought to 
outnumber neurons by about ten to one. Glia lack axons and 
are thought to behave passively to electrical currents. Glia 
are divided into astrocytes (fibrous and protoplastic) and 
oligodendrocytes. Astrocytes are more abundant in grey 
matter (though present also in white matter) while 
oligodendrocytes predominate in white matter.
II- Proposed functions
Despite the wide distribution of glia, little is known of 
their neurochemistry. Several glial functions have been 
proposed. These include structural support for the brain and 
the electrical and ionic insulation of the neurons. Any 
electrical activity of neurons leads to release of potassium
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ions into the extracellular fluid giving rise to an increase 
in extracellular potassium (K+e ) concentrations. This 
increase in K+e may cause severe alterations in neuronal 
excitability, and several mechanisms have been suggested as 
to how K+e might be controlled. These include the active 
uptake of K+ by glial and / or neuronal cells and K+ 
redistribution by "spatial buffering" currents through glial 
cells.
Another proposed glial function is the uptake and metabolism 
of released neurotransmitters - glutamate uptake into glia 
and neurons keeps the extracellular glutamate concentration 
below neurotoxic levels, and helps terminate the synaptic 
action of the neurotransmitter glutamate (Barbour et al., 
1988) .
Glia are also thought to be important in CNS repair and
regeneration - gliosis is evident in some damaged brain
tissue - and general nervous system development. The surface

* _ <x^ . of glial cells a t h o u g h t  to be prominent substrate^ for/V *
the growth of neuronal processes during development and 
after injury. Astrocytes are thought to express molecules on 
their surfaces that can stimulate axon growth (Fallon, 1985) 
while oligodendrocytes are thought to express molecules that 
can inhibit axon outgrowth (Caroni and Schwab, 1988).
Cell surface interactions between neurons and glia play 
important roles in the development, functional maintenance 
and regeneration of the nervous system. Glial-guided 
neuronal migration is a critical step in the development of 
cortical regions of the mammalian brain, ushering young
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neurons from proliferative zones to the positions where they 
form synaptic connections, and establishing the structure of 
the cortex (Hatten, 1990). Oligodendrocyte damage occurs in 
inflammatory demyelination of the CNS when myelin is 
phagocytosed by macrophages; studies have also indicated a 
central role for calcium in oligodendrocyte injury (Scolding 
et al., 1989).
Interaction between glial cells and neurons is therefore 
important in the function of the nervous system.
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1.1.3 The Blood Brain Barrier
The blood brain barrier (BBB) is of key importance in 
regulating the entry of essential nutrients into the central 
nervous system (CNS) and sets limits on the ability of the 
CNS to meet its energy demands. The CNS is composed of three 
major interlocking cellular compartments: vascular, neuronal 
and glial.
The capillaries (vascular compartment) are almost completely 
surrounded by glia, with the neurons suspended in a 
framework of glia. Each capillary endothelial cell is joined 
to contiguous cells by tight junctions which are in effect a 
fusion of membranes (Brightman and Reese, 1969) and 
therefore do not allow the passage of molecules of molecular 
weights >2000 (Reese et al., 1971). Molecules therefore 
cannot pass between cells, and must penetrate the luminal 
and antiluminal membranes.
The BBB is described as acting at the capillary endothelium 
level (Fig 1.3) for endothelial cells effectively form a 
barrier that constitutes the initial point of resistance to 
the penetration of substrates to neurons. Lipid soluble 
molecules and gases such as oxygen and carbon dioxide pass 
readily through the membranes, but most nutrient molecules 
are hydrophilic and their passage must be mediated by 
specific transport systems. There are transport systems for 
glucose, amino acids and other essential nutrients; these 
mediate facilitated diffusion which is energy dependent and 
stereospecific. There are also active systems that operate 
to remove molecules from the brain, eg. the BBB has been 
shown to remove potassium ions by a Na+/K+ ATPase (Goldstein
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Fig 1.3

Schematic representation of the Blood Brain Barrier acting 
at the capillary endothelium level

Tight junction
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Legend for Fig 1.3

Diagrammatic representation of the blood brain barrier 
adapted from Katzman (1981). The transport processes across ( ̂  
the capillary endothelial cells in the brain shown.
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1979) .
The endothelial cells of the brain, therefore, differ from 
other non-neuronal endothelial cells because they have 
barrier properties (complex tight junctions, low number of 
vesicles) and carrier properties (specialised transport 
systems) which are absent from other endothelial cells in 
the body. A further distinction of cerebral capillaries is 
their ensheathment in glial cells. Astrocytes, as the cells 
immediately ensheathing brain capillaries, are the most 
likely candidates to affect the capillaries passive 
permeability by modulating the formation of tight junctions 
between endothelial cells. The astrocytes also form the next 
barrier metabolites encounter after passing through the 
endothelial cells. One of the roles attributed to astrocytes 
is a second line of defence in neuronal protection, eg. 
astrocytes rapidly convert ammonia to glutamine.
The blood brain barrier is important in the regulation of 
ionic balance and cerebral volume, and its permeability can 
be altered by various agents, eg. vasopressin (Grubb and 
Raichle, 1981).
The brain requires a continuous and balanced supply of 
nutrients to maintain function. Under certain circumstances, 
the balance between supply and demand is disturbed, eg. 
during hepatic encephalopathy the neutral amino acid carrier 
changes resulting in a higher entry of the amino acids. 
Changes in the permeability of the BBB have also been found 
in conditions such as diabetes (Mans et al.', 1981), hyper
thyroidism (Daniel et al., 1975) and hyperglycaemia (Gjedde 
and Crone, 1981). It is conceivable that a serious imbalance
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in the transport properties of the BBB will lead to
. ) n

1 discernable changes^/neural function.
In addition to changing under pathological circumstances, 
the BBB changes as a function of development and this is of 
great importance in cerebral energy metabolism. The BBB is 
present at birth, but its permeability characteristics are 
quite different from that of the adult (Braun et al., 1980), 
eg. glucose transport capacity is considerably lower, 
whereas that for lactate is much higher.
Due to the relative impermeability of the BBB to circulating 
lactate, it cannot be considered a significant fuel for the 
adult brain. However, in young mammals, the BBB is much more 
permeable to monocarboxylic acids. In newborn dogs, at lOmM 
lactate, a concentration that may result from intense 
exercise, a short period of hypoxia or excess insulin 
administration, it was found that lactate could supply up to 
50% of the total metabolic fuel required (Hernandez et al.,
1980) . In recent reports, it has been proposed that lactate 
is the main metabolic substrate for the brain during the 
early neonatal period (Medina et al., 1990).
Certain areas of brain are excluded from the BBB, eg. the 
line of attachment of the choroid plexus and the pineal 
gland. These areas may be of functional significance in that 
small organic molecules move through freely and the brain 
may monitor the blood content of these molecules.

Cerebral blood flow, the blood brain barrier and cerebral 
energy metabolism are closely interrelated in terms of the
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supply of oxygen, as well as transport to and utilisation by 
neurons of essential nutrients.
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1.2 BRAIN ENERGY METABOLISM (CARBON SUBSTRATE UTILISATION)

1.2a Glucose Metabolism
Numerous studies have been undertaken over the years to 
investigate the substrates used by the brain.
Long before quantitative methods for cerebral blood flow 
(CBF) had been worked out, analysis of arterial and cerebral 
venous blood from experimental animals and man provided 
important information on substrate utilisation in the brain. 
Noble and Macleod (1923) using insulin to induce acute 
hypoglycaemia in rabbits found that as substrates, only 
glucose and mannose could stop the convulsions resulting 
from the lack of substrates to the brain. Fructose, 
galactose and maltose caused some slight improvements while 
pentoses, sucrose, lactose, lactate and glycerol were 
ineffective. In 1929, Himwich and Nahum on sampling blood 
from the superior sagittal sinus in cats found the RQ, i.e. 
the ratio between the arteriovenous differences for C02 and 
02, to be close to one. Since only carbohydrates give an RQ 
of unity - substrates such as triacylglycerides and proteins 
have lower RQ's (0.7 and 0.8 respectively) - this indicated 
that sugar was the main substrate of the brain. The 
chemistry of carbohydrate oxidation is:

(CH2°)n + n°2 — * nco2 + nH2° 
such that the ratio of C02 output to 02 uptake (RQ) will be
unity. Lennox (1931) showed that the human brain had a
higher RQ (0.95) than the arm (0.86) or leg(0.76) suggesting
a greater brain dependence on carbohydrate metabolism.
Several experiments were also carried out in vitro. Loebel
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(1925) found that glucose, pyruvate and lactate were 
effective in maintaining respiration in cerebral tissue in 
vitro and Quastel and Wheatley (1932) showed further that 
fructose, mannose and galactose were progressively less 
effective than glucose as substrates, while pentoses were 
practically inert. Similar to in vivo experiments, RQ of rat 
brain cortical slices in vitro was found to be 0.99 using 
glucose (Dickens and Simer, 1930, 1931; Dickens, 1936) or 
fructose (Loebel, 1925; Dickens, 1936) . Glucose oxidation 
was also found to be much higher in brain slices than slices 
of liver, heart or kidney (Olson et al., 1950) in accordance 
with glucose being the preferred substrate. The differences 
that exist in the in vivo and in vitro utilisation of 
substrate can be explained by the differential penetration 
by substrate of the brain in vivo i.e. entry restriction by 
the blood brain barrier (see Introduction 1.3).
Gibbs et al., (1942) concluded that glucose is the principal 
energy source in the brain in vivo and that the net uptake 
of glucose, as determined by arteriovenous differences, is 
sufficient to supply the energy requirement of brain in 
normal well fed individuals. Most of the glucose is oxidised 
to C02 + H20 (Gibbs et al., 1942) and unoxidised glucose 
(«15%) is almost all accountable as lactate and pyruvate 
(Gibbs et al., 1942; Himwich and Himwich, 1946).
Transport across the blood brain barrier (see Introduction 
1.3) and phosphorylation by hexokinase (HK) are essential to 
the initial utilisation of glucose by brain. In general, 
glucose transport across the blood brain barrier is not
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thought to be limiting under normal circumstances (Sokloff et 
al., 1977) but in situations where plasma glucose 
concentration falls, the glucose transport may be rate 
limiting (Crane et al., 1981). Once in the brain, glucose is 
metabolised to generate energy to support a variety of 
cellular processes with glucose being used in glycolysis, 
the pentose phosphate pathway and glycogen synthesis.
I- Glvcolvsis (Fig 1.4)
Glycolysis is the dominant pathway and occurs in the 
cytosolic compartment. In glycolysis, glucose is broken down 
to pyruvate with the generation of two ATP molecules per 
glucose molecule. The pyruvate formed quickly enters the 
mitochondria to be completely oxidised to C02 and H20. On 
entering mitochondria, pyruvate is converted to Acetyl-CoA 
which is then fed into the citric acid cycle (see Fig 1.5). 
Under anaerobic conditions however, the pyruvate stays in 
the cytosol where it is converted to lactate. This anaerobic 
glycolysis is relatively inefficient at the generation of 
ATP from glucose.
The primary function of the citric acid (TCA) cycle (Fig 
1.5) is to oxidise acetyl groups that enter the cycle (as 
Acetyl-CoA) under aerobic conditions to generate NADH and 
FADH2 for the respiratory chain. The TCA cycle also 
generates vital carbon-containing intermediates, eg. 
oxaloacetate and a-ketoglutarate which are transferred back 
to the cytosol where they serve as precursors for the 
synthesis of essential molecules such as amino acids. 
Oxidative phosphorylation is the point at which most of the 
metabolic energy is released. Electrons are transferred by
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Fig 1.4
Glvcolvsis

I HEXOKINASC
CH.OH

lO L U C O K IN A S E

m - 2+
OH H

PHOSPH O H EXO SE
IS O M E R A S E
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The Embden—Meyerhof pathway of glycolysis. Glucose is oxi
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Fig 1.5

The Citric Acid Cycle
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The Citric acid cycle (TCA). Oxidation of NADH and FADH2 in 
the respiratory chain leads to the generation of ATP via 
oxidative phosphorylation. Pyruvate generated by glycolysis 
is oxidatively decarboxylated by the pyruvate dehydrogenase 
complex to AcetylCoa which is then utilised in the TCA.
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the electron carriers NADH and FADH2 (generated by the TCA 
cycle) to molecular oxygen through a series of electron 
transfers, the electron transport chain (respiratory chain), 
in the inner mitochondrial membrane. The energy released as 
the electrons are transferred is harnessed to produce an 
electrochemical gradient across the inner mitochondrial 
membrane, resulting in the pumping of protons out of the 
inner mitochondrial compartment. This gradient in turn 
drives protons back through the enzyme complex in the mem
brane and results in the generation of ATP from ADP inside 
the mitochondrion. The ATP is then transferred from the 
mitochondria to the rest of the cell where it is used to 
drive a variety of metabolic processes.
Glycolysis alone yields 2 ATP molecules per glucose molecule 
whereas 36 molecules of ATP can be generated from one 
glucose molecule by mitochondria.
II- The Pentose phosphate pathway
The pentose phosphate shunt is an alternative pathway for 
glucose metabolism that occurs in most tissues including the 
brain. The "flux" through the shunt is thought to be of the 
order of less than 5% in the adult brain (Hostetler et al., 
1970) and slightly greater in the newborn brain (Hothersall 
et al., 1979). The pentose phosphate pathway generates 
oxidative NADPH (i.e. reducing power) and non oxidative 
pentose (5-carbon moiety). The major role of this pathway is 
thought to be NADPH production for use in lipogenesis 
(Kauffman, 1972).
III- Glycogen synthesis
Glucose-6-Phosphate may also be converted to glycogen.
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Glycogen stores in the brain are relatively small (Maker et 
al., 1976) and only accounts for « 2% of the glycolytic flux 
in adult brain. These reserves, though low, may be important 
in certain metabolic perturbations and it has been suggested 
that the glycogen levels in the brain may serve to afford 
some degree of protection for the brain under conditions 
such as ataxia (McCandless and Schwartzenberg, 1981).

1.2b Ketone bodies
Although normal cerebral function requires glucose, it is 
not the only source of cerebral energy. Nervous tissue has 
the capability of oxidising ketone bodies (3-hydroxybutyrate 
and acetoacetate). Though normally in low concentration in 
circulation, there are conditions, eg. starvation, diabetes, 
in which the concentration of these compounds rise and they 
have the potential of becoming an important respiratory fuel 
(Robinson and Williamson, 1980). It is now known that 
ketoacids can supply more than half the metabolic 
requirement in starving man (Owen et al., 1967). Ketone 
bodies cross the blood brain barrier by a transport system 
that also carries other monocarboxylie acids (MCA's) 
including short chain fatty acids, lactate and pyruvate 
(Oldendorf, 1973; Cremer et al., 1976 and 1979). The 
activity of the MCA transport system is thought to increase 
moderately under certain conditions such as starvation and 
diabetes, increasing the ability to utilise ketone bodies 
(Mans et al., 1981). The consequences therefore of a fall in 
blood glucose due to starvation are not as initially serious

21



as in hypoglycaemia, due to the mobilisation and uptake of 
ketone bodies which then act as readily available substrate 
(Owen et al., 1967). The ability to utilise ketone bodies 
varies in different species. Humans may depend on ketone 
bodies for « 60% of energy requirement after prolonged 
fasting (Owen et al., 1967) whereas dogs do not develop 
significant ketosis.
The adult brain has a minimum absolute requirement for 
glucose and a preference for glucose under normal 
conditions. Under certain conditions, some glucose 
utilisation by the brain can be replaced by ketone bodies. 
The activity of the transporter of ketone bodies has been 
found to be greater in young rats than in adults and ketone 
bodies may be of greatest importance in children in whom 
brain oxygen consumption may comprise 50% or more of the 
basal metabolic rate.

1.2c Lactate
Due to the relative impermeability of the blood brain 
barrier to circulating lactate, it is not considered a 
significant fuel for the adult mammalian brain. In young 
mammals however, the blood brain barrier is more permeable 
to monocarboxylic acids (Cremer et al., 1979) and it was 
found that the higher lactate concentrations that result 
from a short period of hypoxia or intensive exercise could 
supply more than 50% of the total required metabolic fuel 
(Hernandez et al., 1980). Therefore, under abnormal 
circumstances, lactate can be oxidatively metabolised in 
lieu of glucose by young mammalian brains when the
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circulating concentrations rise.
A number of recent reports are consistent with the 
hypothesis that lactate is an important metabolic substrate 
for the brain during the early neonatal period (Medina et 
al., 1990) following studies on brain lactate transport and 
utilisation. Vicario et al., (1991) compared in isolated 
cells from early neonatal rat brain, the rate of utilisation 
of lactate and other relevant metabolic substrates for the 
brain, eg. glucose, and concluded that lactate is the main 
metabolic substrate for the brain immediately after birth.

Although the major fuel of respiration in the CNS is 
glucose, the role of other fuels cannot be ignored. Under 
certain circumstances, their combined role may be greater 
than that of glucose.
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1.3 ALTERED STATES OF METABOLISM
The vulnerability of brain cells, particularly neurons, has 
usually been ascribed to their functional and metabolic 
characteristics.
The central nervous system (CNS) has very little endogenous 
fuel (see Introduction 1.2). The total amount of glucose and 
glycogen is only sufficient to sustain the normal rate of 
oxygen consumption for less than 5 minutes (Siesjo, 1978) . 
A continuous supply of oxygen is even more crucial because 
there is virtually no reserve oxygen supply and the CNS 
extracts about a third of the total blood oxygen.
The energy utilising reactions in the brain are broadly 
divided into "biosynthesis" and "transport". Biosynthesis 
occurs mostly in the cell bodies (eg. proteins, lipids) or 
nerve terminals (neurotransmitters) . Transport processes are 
especially active in axons and dendrites, examples being 
axoplasmic transport, acquisition of nutrients, re-uptake of 
neurotransmitters and ion transport (responsible for 
maintaining transmembrane potentials) (Mata et al., 1980). 
Nerve cells are continuously active and consume substantial 
amounts of energy. The CNS is therefore greatly dependent on 
a continued substrate supply from the circulatory system.
In order to discuss the association, if any, between cell 
injury and cellular energy failure, and to explore other 
mechanisms of a potentially injurious nature, some of the 
basic characteristics of neuronal structure and metabolism 
should be recalled.
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Fig 1.6

Diagrammatic representation of the intracellular organelles 
of the neuron.
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Legend for Fig 1.6
This diagrammatic representation of the intracellular orga
nelles of a neuron was adapted from Droz and Koenig (1970). 
Axoplasmic transport supplying peripheral domains with 
materials synthesised in the perikaryon is shown.
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Neuronal Organisation and metabolism
Fig 1.6, reproduced from Droz and Koenig (1970) , is a 
diagrammatic representation of intracellular organelles in a 
neuron. Although all parts of the neuron are studded with 
mitochondria, thereby securing ATP production where needed, 
the nucleus (information system) and major sites of protein 
synthesis and macromolecular assembly (Endoplasmic reticulum 
and Golgi) are localised in the cell body. Renewal of 
membrane constituents and organelles in peripheral domains 
requires incessant traffic of material from cell body, an 
energy dependent process. Energy failure will bring the 
process of macromolecular synthesis and intraneuronal 
transport to a halt and damage of any intracellular 
structures in Fig 1.6 must have serious functional 
consequences.

The purpose of this project was to assess the mechanisms of 
biochemical damage caused by an interruption of blood flow 
to the brain.
Stroke, one of the leading causes of death in the United 
Kingdom, is generally attributed to an interruption of blood 
flow to the brain by an occlusion or haemorrhage, which 
leads to ischaemia. During ischaemia, there is a decrease or 
abolition of tissue perfusion (partial or complete 
ischaemia) leading to a decrease in substrate supply, 
accumulation of toxic metabolic products and hypoxia or 
anoxia (decreased or abolished oxygen supply).

In this study, cerebral ischaemic damage was investigated at
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the cellular level using isolated nerve terminal 
preparations, synaptosomes. During ischaemia there is both a 
deficient supply of oxygen and substrate. The effect of 
altering individual and different combinations of the 
parameters involved in the ischaemic episode were 
investigated. A lack of oxygen supply (anoxia) and substrate 
(glucose) supply (aglycaemia) were assessed separately in 
synaptosomes. The nature and mechanism(s) of biochemical 
damage caused by anoxia exacerbated by low glucose 
availability in synaptosomes was also investigated as a 
model for ischaemic brain damage in vivo.
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1.3.1 Hypoxia and Anoxia
The brain is very sensitive to hypoxia (Siesjo, 1978). The 
lack of oxygen that is characteristic of hypoxia leads to 
decreased mitochondrial oxidative phosphorylation with a 
decrease in the [ATP] : [ADP] + [Pi] ratio. This in turn 
stimulates anaerobic glycolysis and thus lactate production. 
The proper functioning of brain cells relies on an abundant 
and continuous supply of oxygen, and even a moderate 
reduction in the delivery rate leads to symptoms of hypoxia 
(Seisjo, 1978) . An understanding of how low 02 alters brain 
metabolism may help unravel the complex changes that 
accompany ischaemia (reduction in tissue perfusion). Whether 
ischaemic-induced tissue damage is just an exaggeration of 
hypoxia's effect, or if some unknown variable converts 
hypoxic changes to ischaemic cell damage is unknown.
Hypoxia may also have a role in clinical and non-clinical 
situations, eg. anaesthetised patients in the postoperative 
period often experience arterial hypoxia (Diament and 
Palmer, 1966); the symptoms of mountain sickness may be 
induced by hypoxia (Fitch, 1964).
Hypoxia is also useful in the study of the biochemical basis 
of normal brain function, since the complex interactions of 
energy metabolism with biosynthetic pathways, 
neurotransmitter synthesis, ion homeostasis and 
physiological events can be examined by manipulation of 02 
tensions (P02).
Several models have been used in the study of hypoxia 
(Gibson, 1985), the following being a few of them:
a) Hypoxic hypoxia : This is characterised by decreased
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oxygen content of inspired air. Hypoxic hypoxia results 
whenever a fall in arterial P02 reduces 0 2 transport to 
brain tissue to such a degree that functional, metabolic or 
structural alterations occur. Clinically, uncomplicated 
hypoxic hypoxia is not that common, but occurs in industrial 
and anaesthesiological accidents as well as in lung disease. 
More common is a combination of low P02 and increased C02 
tension, eg. in asphyxia.
b) Hypobaric hypoxia : Occurs when decreased atmospheric 
pressure reduces the 02 content of inspired air (mimics 
hypoxia that accompanies rapid changes during aeroplane 
flight).
c) Anaemic hypoxia : Occurs when the 02 carrying capacity of 
blood is reduced, eg. by reduction of haemoglobin's ability 
to transport 02.
d) Histotoxic hypoxia : A tissue's ability to utilise 02 is 
impaired despite the presence of adequate 02, eg. by cyanide 
(blocks cytochrome oxidase activity in the mitochondrial 
electron transport chain).
When sufficiently severe, a reduction in 02 supply causes 
irreversible neuronal damage within relatively short periods 
of time (Seisjo, 1978). This vulnerability is contributed to 
by the fact that despite the low capillary density of brain 
tissue, neurons have a high metabolic rate, so essentially 
there are no 02 stores, and relatively meagre reserves of 
high energy phosphate compounds and carbohydrate substrates. 
The transport of 02 from ambient air to sites of use (mainly, 
mitochondria) occurs via mechanisms including diffusion,
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convection and transport in chemical combination (with 
haemoglobin), leading to 02 transport from alveolar air to 
blood and eventually to peripheral tissue. Normally, 
arterial P02 is about 90mm Hg and cerebral venous P02 about 
35mm Hg with 02 being used in tissues by several enzyme 
systems e.g. electron transfer oxidases (very important in 
mitochondrial metabolism) .
The respiratory and circulatory systems appear to be the 
most sensitive to hypoxia in man with hypoxia altering 
visual and auditory function (Ernest and Krille, 1971; Beard 
and Wertheim, 1967) and hypoxic-induced slowing of the EEG 
reported by Gibbs et al., (1935). Of crucial importance for 
the response to hypoxia is the effect on the cardiovascular 
system. Heart tissue has relatively low concentrations of 
glycolytic enzymes and high mitochondrial density (Scheuer, 
1967). Therefore, with reduction in P02, the heart fails and 
the accompanying hypotension secondarily aggravates tissue 
hypoxia in organs like the brain. Though the cause of the 
failure is unclear, the unusual resistance of some animals, 
eg. hibernating squirrels to hypoxia is thought to be by an 
adaptation of heart tissue for functioning at low P02 
(Burlington et al., 1969).
Hypoxia alters cerebral blood flow (CBF) and oxygen uptake 
in humans, with increased glucose utilisation and lactate 
production (Cohen et al. , 1967). Studies have demonstrated 
that hypoxia is accompanied by a rise in lactate/pyruvate 
ratio (Siesjo and Nilsson, 1971; Norberg and Siesjo, 1975a). 
It has been suggested that hypoxic changes affecting the 
citric acid cycle intermediates and associated amino acids
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may also cause cell dysfunction as many amino acids have 
excitatory/ inhibitory properties, eg. GABA, aspartate and 
glutamate (Cohen et al., 19 67). Hypoxia has been found to 
give rise to an increase in brain GABA (Tews et al. , 1963) 
and it has been speculated that the changes in GABA content 
may have a role in the homeostatic control of brain 
metabolism (Wood, 1967). The increased cerebral blood flow 
(CBF) in hypoxia was generally attributed to a fall in 
extracellular pH. There is thought to exist a general 
parallelism between extracellular pH activity and CBF (Betz 
and Heuser, 1967; Lassen, 1968) and it was suggested that 
the production of lactic acid by the hypoxic brain provides 
a ready source of hydrogen ions. However, experiments in 
rats by Norberg and Siesjo (1975b) showed that though 
cerebral blood flow increased to a maximum within 2min of 
hypoxia, the increase in lactate content was insufficient to 
account for a net acidosis. Basically, the time course for 
CBF increase does not fit with the pH hypothesis. There is 
at present no satisfactory explanation of the dramatic CBF 
increase that occurs during hypoxia but it has been 
suggested that hypoxia-induced increase in CBF may help to 
maintain a normal / near normal cerebral energy state 
(Johansson and Seisjo, 1975).
Hypoxia also alters synaptic neurochemistry and membrane 
polarisation (Bradford, 1969; Silver, 1973), thereby 
interfering with the electric activity of the brain. Several 
lines of evidence suggest that altered acetylcholine (ACh) 
metabolism underlies hypoxic induced behavioural deficits.

31



ACh synthesis by brain slices (Gibson and Blass, 1976a) and 
synaptosomes (Ksiezak and Gibson, 1981a) require 02 • The 
precise biochemistry by which hypoxia reduces ACh metabolism 
however is unknown.
Arachidonate and other fatty acids may be important in the 
pathophysiology of hypoxia, brain oedema and ischaemia 
(Bazan, 1970) as exposure to these conditions have resulted 
in elevated brain free fatty acids (Strosznajder, 1979)
mainly from membrane constituents (Marion and Wolfe, 1979) 
by the activation of phospholipase A2 (Bazan, 1976) . Free 
fatty acids are uncouplers of oxidative phosphorylation 
(Ozawa et al., 1967). They also increase intracellular 
sodium concentrations (Chan et al., 1980) and stimulate 
lipid peroxidation in cortical brain slices.
Hypoxia has been observed to interfere with calcium 
homeostasis (Ebeigbe, 1982; Metsa-Ketala et al., 1981). Low 
02 diminished synaptosomal calcium uptake (Peterson and 
Gibson, 1984) in close parallel with decline in calcium 
induced acetylcholine release. Abolition of mitochondrial 
membrane potential by various inhibitors was found to 
decrease plasma membrane calcium transport and mitochondrial 
matrix calcium accumulation (Scott et al., 1980). It was 
suggested that a similar hypoxic-induced depression may 
diminish calcium-induced acetylcholine release (non calcium- 
dependent acetylcholine release is unaltered) (Gibson and 
Peterson, 1982). Hypoxic induced oxidation of membrane 
phospholipids may also produce the deficits in calcium 
uptake (Metsa-Ketala et al., 1981). It was observed that 
hypoxic-induced arachidonate levels could impair

32



mitochondrial calcium uptake and stimulate mitochondrial 
calcium efflux (Denzlinger et al., 1982).
Interruption of the brain's 02 supply has also been found to 
significantly increase extracellular K+ (Morris, 1974). 
Anoxic/hypoxic induced decreases in ATP levels caused K+ 
ions to leak from intracellular to extracellular 
compartments in synaptosomes (Bito and Myers, 197 2; Prince 
et al., 1973) and brain slices (Li and Mcllwain, 1957), 
though hypoxia did not alter the final K+ reaccumulation by 
synaptosomes (Pastuszko et al., 1982).
Reduction in P02 if sufficiently severe induces energy 
failure with loss of high energy phosphate compounds in 
cerebral tissues studied in vitro (Stewart et al., 1965). 
Studies in morphinized dogs by Gurdjian et al., (1949) 
showed that there was an increase in tissue lactate content 
at relatively moderate degrees of hypoxia but that high 
energy phosphate compounds were unaffected until very low 
P02 values are reached.

The problems of surviving hypoxia, anoxia and ischaemia are 
central to many neurological disorders. Though a large 
amount of data has been accumulated over the last few 
decades, the clear mechanistic understanding of hypoxia's 
action is still elusive. The rapid and irreversible brain 
damage produced by anoxia or ischaemia is well known to 
physicians responsible for patient care and to 
neuroscientists responsible for maintaining brain tissues in 
a proper physiological state in the laboratory. Despite the
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importance of such knowledge, little is known of the causes 
of irreversible brain injury produced by anoxia (or 
ischaemia) and therefore unfortunately, targets for therapy 
remain undefined.
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1.3.2 Hvpoqlcaemia and Aqlvcaemia
Hypoglycaemia is used to describe a decrease in blood 
glucose concentration with aglycaemia describing a total 
lack of glucose. The normal adult brain subsists largely on 
glucose as substrate for generation of ATP for the energy 
requiring processes of normal cellular function (Gibbs et 
al., 1942). Interruption of the supply of glucose to nervous 
tissue by whatever means is potentially threatening since 
energy reserves in brain are scanty (see Introduction 1.2). 
Hypoglycaemia leads to brain energy sources being diminished 
(Lev/is et al., 1974; Agardh et al., 1978). Ion gradients 
across the plasma membrane cannot be upheld, resulting in 
the cellular efflux of potassium, imbibition of water 
(Astrup and Norberg, 1976; Astrup et al., 1981) and brain 
damage (Nedergaard and Diemer, 1989).
Before insulin was introduced in clinical medicine, 
hypoglycaemia of a degree that induced CNS symptoms was 
rare. Although starvation often involves an inadequate 
supply of carbohydrates, its symptoms are not those of 
hypoglycaemia as blood glucose concentration is upheld at 
the expense of the protein mass and also the brain switches 
to oxidation of ketone bodies (see Introduction 1.2b).
In recent times, insulin-induced hypoglycaemia has evolved 
as a common complication of therapy of diabetes. This has 
lead to efforts to unravel the mechanism by which 
hypoglycaemia induces such CNS symptoms as drowsiness, 
convulsions, coma and permanent neuronal damage. From an 
experimental point of view, hypoglcaemia occupies a key 
position in studies of substrate requirements for neuronal
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function. Hypoglycaemia is also important in the study of the 
acute condition of ischaemia. Cerebral ischaemia involves 
not only a deficient supply of oxygen but also a deficiency 
of exogenous substrate, a condition characteristic of 
hypoglycaemia.
Most workers have used insulin to induce experimental 
hypoglcaemia. This represents in man, the most commonly 
encountered cause of hypoglycaemic encephalopathy. The 
cerebral histologic events that accompany hypoglycaemia have 
been studied in primates (Myers and Kahn, 1971) and in rats 
(Agardh et al., 1980). The studies in rats showed a 
correlation between histological changes and physiological/ 
biochemical alterations with two types of neuronal injury 
being found. One group had shrunken cells with condensation 
of nuclei and cytoplasm and the other group had swollen 
nuclei. It was unclear whether the histological changes 
noted were primary or secondary, however the changes 
correlated with EEG and metabolic changes.
There is a direct correlation between blood glucose levels 
and EEG characteristics. When blood glucose levels in 
insulin-induced hypoglycaemic rats reached ImM or less, EEG 
activity was found to be isoelectric (Lewis et al., 1974; 
Norberg and Siesjo, 1976; Agardh et al., 1978). Changes in 
EEG and functional behaviour (convulsions etc.) do not 
however occur with signs of energy failure at cellular 
level. It has been suggested that "transmission failure" 
could be responsible for this, with the disturbed metabolism 
of amino acids and acetylcholine implicated (Norberg and
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Siesjo, 1976). Synaptic transmission, for example, in 
cholinergic pathways is thought to be dependent on 
acetylcholine synthesis from carbohydrate precursors (Perri 
et al., 1970) and acetylcholine levels in hypoglycaemic 
animals have been found to be decreased in the brain 
(Crossland et al., 1955).
Pronounced hypoglycaemia is accompanied by a marked 
reduction in cerebral glucose consumption with oxidative 
metabolism occurring at the expense of endogenous, non
carbohydrate substrates (Siesjo and Bengtsson, 1989). Amino 
acids are thought to play a key role in tissue response to 
hypoglycaemia. Certain amino acids, eg. glutamate, aspartate 
and GABA exist in high concentration in tissue and represent 
a potentially important fuel source (Lewis et al., 1974; 
Gorell et al., 1976). However, several amino acids used as 
substrates in hypoglycaemia are neurotransmitters, 
therefore, consumption of endogenous amino acids may lead to 
an imbalance between excitatory and inhibitory events 
(McCandless and Abel, 1985). There is also good indication 
that in extreme hypoglycaemia, the tissue resorts to its own 
structural lipids for maintained oxidative metabolism 
(Hinzen et al., 1970).
Hypoglycaemia, if prolonged, leads to neuronal death (Agardh 
et al., 1982). The mechanism of neuronal death remains 
unclear but it has been hypothesised that an increase in 
intracellular calcium concentration is important for the 
initiation of the reactions leading to neuronal destruction 
(Siesjo, 1981; Choi, 1987, 1988). It is commonly accepted
that calcium, which normally serves important functions as a
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membrane stabiliser, metabolic regulator and second messenger 
can also mediate toxic cell death (Schanne et al., 1979), 
for a marked rise in intracellular calcium levels per se 
accelerates reactions that are deleterious to the survival 
of the cell (Siesjo and Wieloch, 1985). Calcium activates 
cell structure degrading enzymes, particularly lipases, 
proteases and endonucleases (Siesjo and Wieloch, 1985) . The 
cessation of EEG activity in hypoglycaemia is also 
accompanied by the degradation of phospholipids, nucleic 
acids and nucleotides (Agardh et al. , 1981; Chapman et al., 
1981) concomitant with an increase in free fatty acids 
(Agardh et al., 1981). The significant phospholipid 
breakdown that occurs during hypoglycaemia (Agardh et al., 
1981) has largely been ascribed to the calcium activation of 
phospholipases (Wieloch and Siesjo, 1982). Oxidation of the 
liberated free fatty acids could be deleterious for cellular 
membrane and enzyme integrity, eg. oxidative metabolism of 
arachidonic acid could lead to the formation of free radical 
compounds (Wolfe, 1982).
Some similarities have been found between the conditions of 
hypoglycaemia and ischaemia. Like ischaemia, hypoglycaemia 
interferes with cerebral energy production, causing membrane 
lysis, lipolysis and free fatty acid accumulation (Siesjo,
1981) and excitatory amino acids are also released in 
hypoglycaemia (Siesjo and Bengtsson, 1989). Hypoglycaemia, 
however, is not accompanied by the acidosis that is usually 
associated with ischaemia (Siesjo and Bengtsson, 1989) .
It is a common clinical experience that hypoglycaemic coma,
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if sufficiently prolonged, leads to irreversible brain damage 
(Meyer, 1963) with evidence pointing to a direct 
relationship between the onset of coma and altered cerebral 
energy metabolism. However, Ferrendelli and Chang (1973) 
reported that there was no decrease in the levels of the 
high energy phosphates, ATP and phosphocreatine, during 
hypoglycaemia and concluded that energy failure per se was 
not responsible for the initial decrease in the functional 
activity of the brain seen in hypoglycaemia.
The unravelling of the mechanisms whereby a decreased 
substrate supply affects brain metabolism may aid our 
understanding of the changes that are occurring during an 
ischaemic insult.
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1.3.3 Ischaemia
Cerebral ischaemia (reduced perfusion) plays a major role in 
the pathophysiology of a variety of brain disorders. 
Understanding its consequences and the amelioration of its 
effects would significantly improve the outcome of many 
diseases. Stroke for example is one of the leading causes of 
death and morbidity in the western world. The cause of 
stroke is generally attributed to an interruption in blood 
flow to the brain either by occlusion (due to a thrombus) or 
intracerebral haemorrhage (Lust et al., 1985) which result 
in ischaemia. Ischaemia may be either focal (regional) or 
global (affecting the brain as a whole) and the ischaemic 
insult transient or permanent depending on the model. More 
than 50% of stroke victims survive with varying degrees of 
disability, making the prevention of stroke a major public 
health concern. Treatment of, stroke, therefore deserves a 
great deal of attention, not only to reduce the number of 
deaths, but also to optimise the quality of life of patients 
who survive. There is therefore a need for g r eater 
understanding of the pathological events that occur during 
and after stroke.
Under normal circumsta n c e s t h e  brain relies solely on 
glucose metabolism to maintain its high metabolic rate and 
there exists a delicate balance between a continuous supply 
of nutrients in the blood and the energy demands of the 
brain (Lowry et al., 1964). On cessation of blood flow to 
the brain, spontaneous electrical activity is lost within 15 
seconds. The energy reserves in the brain are limited and 
only capable of sustaining the needed ATP for «1 minute in
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the absence of blood flow (Lowry et al., 1964). The brain 
becomes quiescent and unable to support active processes 
such as transport and synthesis in a very short period of 
time after the onset of ischaemia (Siesjo, 1978) with 
sustained ischaemia eventually leading to tissue necrosis. 
The brain makes up «2% of the total body weight yet receives 
15% of the basal cardiac output and consumes «20% of the 
resting 02 consumption of the body (Lust et al., 1985). It 
is not surprising that ischaemia has a profound effect on 
brain function.
On the basis of clinical experiments, it is generally 
accepted that the brain can survive between 5 and 10 minutes 
of ischaemia before permanent neurological deficits are 
manifested (Wright and Ames, 1964; Siesjo, 1978). After 
ischaemic periods of up to 5 minutes, functional recovery 
appears essentially complete when recirculation is re
established whereas with ischaemic periods of 10 minutes or 
more, neurological deficits arise and the mortality rate 
increases with duration of ischaemia (Siesjo, 1978). The 
neonatal brain has been found to be more resistant to 
ischaemia than the adult brain (Himwich, 1951) but the 
reason for this is not clear.
Several experimental animal models of cerebral ischaemia 
have been developed to study the pathological events that 
occur during and following the insult (Moosy, 1979) . These 
include decapitation - the easiest way to produce complete 
ischaemia, but recovery studies are precluded; the 
tourniquet method - Kabat and Dennis (1938) perfected this
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model which prevents blood flow to the brain by inflating a 
neck cuff to a pressure substantially greater than that of 
normal blood pressure; unilateral ischaemia - produced in 
rats by using a combination of common carotid artery 
occlusion and a brief exposure to nitrogen atmosphere 
(Levine, 1960); gerbil model (Levine and Payan, 1966) - due 
to an anomaly of the circle of Willis in the gerbil, 
unilateral ligation of the common carotid artery results in 
ischaemia in the ipsilateral forebrain; four vessel 
occlusion (Pulsinelli and Brierly, 1979) - electro
cauterisation of the two vertebral arteries and occlusion of 
the two common carotid arteries.
The energy from ATP hydrolysis supports a variety of 
transport and biosynthetic processes in the brain. More than 
90% of the ATP normally produced by glucose metabolism comes 
from the citric acid cycle (TCA cycle), which ceases during 
ischaemia. The production of energy by the oxidation of the 
metabolic products of glycolysis depends on the TCA cycle, 
the electron transport chain and oxidative phosphorylation. 
In the absence of molecular oxygen, both electron transport 
and oxidative phosphorylation cease and are therefore not 
involved in energy production during ischaemia. Oxidative 
phosphorylation is dependent on 02 therefore ATP production 
during ischaemia is entirely dependent on the less efficient 
anaerobic glycolytic pathway (see Introduction 1.2a) and on 
the activities of adenylate kinase and creatine kinase. 
Anaerobic glycolysis involves the metabolism of glucose to 
lactate but as substrate supply from blood is also lost 
during ischaemia, the only available glucose for metabolism
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comes from an intracellular pool or glycogen stores, both of 
which are scanty (see Introduction 1.2a). ATP is rapidly 
lost during ischaemia (Lowry et al., 1964) with most of the 
ATP in brain being consumed well within the first 2 minutes 
of ischaemia.
Several physiological responses to ischaemia have been 
reported (Siesjo, 1978). A rapid ischaemia-induced 
suppression of EEG has been shown experimentally in cats 
(Hossman and Olsson, 1970) , rats (Swaab and Boer, 1972) and 
gerbils (Cohn, 1979). After the onset of ischaemia, there is 
a small but gradual increase in extracellular potassium 
concentration due to an enhanced potassium efflux by 
increased potassium conductance (Hansen et al., 1982). 
Within minutes of the onset of ischaemia, all energy 
production has essentially stopped (Lowry et al., 1964) and 
all those processes dependent on ATP hydrolysis have also 
stopped. The maintenance of electrochemical gradients is 
very critical to cell survival. A decrease in 
sodium/potassium-ATPase activity leads to the sodium and 
potassium gradients being rapidly lost (Astrup et al., 
1977). Calcium homeostasis is also affected by ischaemia 
(Harris et al., 1981) - see Introduction 1.6. With the
failure of energy dependent ionic pumps in ischaemia, Na+ , 
Cl“ and Ca++ influx and K+ efflux occur (Siesjo, 1988b). ATP 
depletion and calcium influx result in the enhancement of 
lipolytic and proteolytic reactions (Auer and Siesjo, 1988) 
with ischaemia being found to result in a suspension of 
protein synthesis (Kleinhues and Hossman, 1973) and a rapid
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increase in the release of membrane-bound free fatty acids 
(Aveldano and Bazan, 1975). Membrane depolarisation and 
calcium influx also induce the presynaptic release of 
transmitters (Benveniste et al., 1984).
One of the major theories concerning development of brain 
injury during ischaemia centres on lactate production 
(Siesjo, 1981; Rehncrona et al., 1981) which increases 
during ischaemia due to the primary dependence of brain 
under these conditions on anaerobic glycolysis. It is 
suggested that elevated lactate may be a factor in 
exaggerating the impact of ischaemia. Ischaemia-induced 
lactate accumulation reflects preischaemic glucose stores 
(Myers and Yamaguchi, 1976, 1977; Kalimo et al., 1981).
Greatest morphological brain damage for a given period of 
ischaemia was reported for animals that produced the 
highest levels of lactate during ischaemia (Rehncrona et 
al., 1981). Ischaemia is also associated with a significant 
decrease in intracellular pH (Ljunggren et al., 1974a). 
Several studies of ischaemic-induced brain injury show that 
certain brain regions are more susceptible to ischaemia than 
others despite the fact that in regional analyses, lactate 
production appears to be rather uniform (Kalimo et al., 
1981; Simon et al., 1984; Wieloch, 1985a). A current 
hypothesis is that a lower pH in conjunction with other 
ischaemia-induced events like energy depletion may account 
for the deleterious effects on the tissue (Rehncrona et al., 
1981) .

It has been observed that part of the final damage after
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ischaemia may be incurred in the recirculation period 
(Rehncrona et al., 1979) i.e. recirculation-induced/ 

reperfusion damage. Especially if ischaemia leads to a 
reduction in the capacity for natural defence against 
oxidative damage, the sudden increase in tissue oxygen 
tension upon re-establishment of circulation may initiate 
deleterious oxidative mechanisms, i.e. free radical damage 
may occur when oxygen supply is restored in a tissue whose 
antioxidative capacity has been reduced by ischaemia 
(Rehncrona et al., 1980). Histopathological studies of the 
effects of forebrain ischaemia have also revealed a pattern 
of neuronal loss developing during recirculation (Pulsinelli 
et al., 1982a).
Blood supply to the brain following ischaemia is important 
in the restoration of brain function and cerebral blood flow 
and blood pressure appear to be critical to the recovery of 
animals (Cantu et al., 1969; Hossman et al., 1973) but 
mechanisms other than recirculation may be more critical to 
the evolution of ischaemic injury. It has been demonstrated 
that ischaemic brain damage however does occur even when 
reflow occurs (Levy et al., 1975) and increasing blood 
pressure during the postischaemic period had no effect on 
gerbil mortality rate (Harrison et al., 1975).
The restoration of energy metabolism is a prerequisite for 
the recovery of brain function following ischaemia. The 
metabolic recovery appears to be a unique process that 
arises from the reintroduction of glucose and oxygen to a 
physiologically and biochemically quiescent brain (Siesjo,
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1981). Since the progression from reversible to irreversible 
stages of ischaemia occurs in minutes, the delay in the 
restoration of the energy status of the tissue could be an 
important factor in the survival of the animal.
The concentration of glucose, as the major metabolic 
substrate of the brain, is particularly important to the 
recovery process.
The rate of lactate disappearance during recirculation (as 
aerobic glycolysis is resumed) appears to be independent of 
duration of ischaemic insult (Ljunggren et al., 1974a; 
Kobayashi et al., 1977). It is unknown how lactate is lost 
from tissue but if it is metabolised, it might account for 
the decrease in glucose utilisation that was recorded by 
Pulsinelli et al. , (1982a) in the post-ischaemic period
following transient forebrain ischaemia in vivo.
Respiration of mitochondria isolated from ischaemic brains 
is essentially normal (Ginsberg et al., 1977) but oxidative 
metabolism does exhibit certain abnormalities during 
recirculation (Duckrow et al., 1981). This is particularly 
intriguing as this suggests that there may be residual 
deficits in the metabolic machinery induced by ischaemia 
that are masked until the brain experiences another insult 
or stimulus. This would have tremendous implications in a 
condition such as transient ischaemic accidents where there 
may be multiple short term insults.
Selective neuronal necrosis, a phenomenon that has been 
widely reported to occur in response to ischaemic/ 
hypoglycaemic insult, is used to describe the neuronal death 
that occurs while other nonneuronal cells are spared (Auer
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and Siesjo, 1988) following the insult. The term selective 
neuronal necrosis simply indicates that the neuronal cell 
type is singled out - it carries no connotation as to the 
location of brain damage. There is no clear explanation of 
this phenomenon but it has been suggested that the 
excitotoxicity of certain (excitatory) amino acids may play 
an important role (Rothman and Olney, 1986). The excitotoxic 
hypothesis (see Introduction 1.7) predicts that neuronal 
death is due to the release within the brain of endogenous 
excitatory compounds that bind to excitatory surface 
receptors on the neurons, causing necrosis (Rothman and 
Olney, 1986). Glial cells and other nonneuronal cell are 
spared ischaemic-induced death because they lack the 
recepto rs (Auer and Siesjo, 1988). The excitotoxic 
hypothesis of neuronal necrosis cannot however explain why 
ischaemic insult often leads to pannecrosis i.e. necrosis of 
glial and vascular cells as well (Auer and Siesjo, 1988) . 
When pannecrosis occurs in ischaemia, it is termed 
infarction, with a defect produced at the tissue rather than 
cellular level (Auer and Siesjo, 1988).
Certain brain regions and nerve cell populations are more 
vulnerable than others when the whole brain receives an 
insult. In a brain suffering a homogeneous ischaemic insult, 
some neurons will be irreversibly damaged and disintegrate 
during the recovery phase while others, initially showing 
acute morphological changes will recover (Ito et al., 1975). 
This phenomenon is termed selective neuronal vulnerability 

and it has widely been observed to occur in discrete brain
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areas in rats following transient complete or incomplete 
ischaemia (Pulsinelli et al., 1982a; Blomqvist and Wieloch, 
1985). This pattern of damage has been suggested to relate 
to the high concentration of excitatory NMDA receptors on 
the vulnerable cells such as the hippocampal CA1 pyramidal 
cells (Monoghan et al., 1983). The hippocampus is one of the 
most vulnerable structures in the brain when it comes to 
ischaemia (Pulsinelli et al., 1982a). There is therefore a 
definite regional difference in the hippocampal cell 
pathology induced by ischaemia.
In some brain areas, an interval of several days when brain 
damage is minimal is observed before neuronal necrosis 
commences (Ito et al., 1975; Pulsinelli et al., 1982a) and 
this phenomenon is termed delayed neuronal death. This 
embraces the concept of maturation of neuronal damage 
following transient ischaemia as opposed to immediate death 
of neurons during ischaemia. Klatzo (1975) and Ito et al., 
(1975) observed that immediately after a period of 
ischaemia, neuronal death in the hippocampus was not 
apparent but following a latent period of hours to days, 
neurons underwent necrosis.
Most of the hippocampal CA1 neurons die following brief 
ischaemia but cell disintegration occurs very slowly 
(Pulsinelli et al., 1982b), taking almost days before 
morphological signs of neuronal death appear. 5 minutes of 
global ischaemia in gerbil was found to specifically damage 
the pyramidal cells in the CA1 region of the hippocampus 
(Kirino, 1982). The histological alterations however became 
apparent only after a delay of 2-4 days. Energy metabolites
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in these cells recovered immediately upon recirculation, but 
decreased again by day 4 to almost half the normal levels 
(Arai et al., 1982). A similar delayed alteration of energy 
metabolites was demonstrated in selected brain regions 
following 30 minutes of temporary forebrain ischaemia 
(Pulsinelli and Duffy, 1983). This phenomenon indicates a 
dynamic and ongoing process in the postischaemic period. It 
is therefore feasible to envisage therapeutic intervention 
during a "post-ischaemic but pre-necrotic" time period (Auer 
and Siesjo, 1988).

The ischaemic brain is therefore exposed to a variety of 
abnormal chemical conditions, any one of which could have an 
effect on function. The specific cause of irreversible brain 
damage is not readily apparent from the events that have 
been observed to occur during ischaemia but the duration of 
ischaemia is thought to ultimately determine if 
reversibility is possible. The recovery from ischaemic 
insult as reflected by EEG recording was found to be 
dependent on the duration of the ischaemic insult (Ljunggren 
et al., 1974a) and the rate of glucose restoration has been 
found to decrease with longer periods of ischaemia 
(Ljunggren et al., 1974a; Kleinhues et al., 1975). Longer 
periods of ischaemia have also been observed to result in 
neuronal alterations developing faster following 
recifculation (Kirino and Sano, 1984). It should be noted 
that the physiological responses to cerebral ischaemia occur 
within the first 5 minutes of the insult so it does not
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appear that the shutting down of brain function per se is 
responsible for brain malfunction induced by ischaemia. The 
entire process may in fact be a protective mechanism by 
which the brain becomes quiescent until the insult abates. 
The sequence of events following anoxia/ischaemia may also 
be of utmost importance with respect to potential treatment 
and in the understanding of the differences in the 
development of cell change and reversible/ irreversible cell 
damage caused by the insult.
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1.3.4 Associated Acidosis
pH changes in physiological fluids can be caused by changes 
in CC>2 tension (hypo or hypercapnia) [C02 «— *■ H+ + HC03“] as 
well as conditions such as ketoacidosis and lactic acidosis 
(Siesjo, 1988a; Oberenovitch et al., 1990). Brain tissue 
acidosis is thought to be a deleterious factor in anoxia, 
ischaemia and other central nervous system injury, playing a 
significant role in the mechanisms leading to neural tissue 
damage initiated by these insults (Rehncrona et al., 1980). 
This concept of tissue acidosis playing an active role in 
the mechanisms leading to anoxia/ischaemia induced cerebral 
tissue damage is supported by experimental evidence (Siesjo,
1985). Acidosis with transient oxygen supply deficiency is a 
widely accepted common origin of permanent structural brain 
damage. Irreversible damage to brain tissue may occur 
following injury, thpugh there is thought to be the 
potential for recovery so long as delayed events subsequent 
to the initial injury do not cause further and in effect 
irreversible damage. Brain acidosis is one such abnormality 
and is known to occur following injury with neural tissue 
acidosis being found to be related to poor recovery of 
energy charge (Ginsberg et al., 1980) and function 
(Rehncrona et al., 1980) following ischaemia.
A decrease in pH and neuronal activity are among the 
earliest changes in cerebral ischaemia (Hansen, 1985), 
thought to occur within seconds of the onset of severe 
ischaemia, and well before the nerve cell depolarisation 
that occurs following ischaemia (attributed to an increase 
in membrane permeability).
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One of the major theories concerning the development of 
brain injury during ischaemia centres on the production of 
lactate (Rehncrona et al., 1981; Siesjo, 1981). Lactate, the 
end product of anaerobic glycolysis (see Introduction 1.2a) 
increases greatly during ischaemia as anaerobic glycolysis 
is increased. Under certain pathological conditions, an 
increase in the lactate content is accompanied by an acidic 
shift in pH. This phenomenon is referred to as lactic 
acidosis, with the lactate build up believed to play a major 
role in the increase of hydrogen ions recorded following an 
ischaemic insult.
The amount of lactate produced has been shown to be 
dependent on the pre-ischaemic glucose "stores" (Myers and 
Yamaguchi, 1976; Kalimo et al., 1981) and pre-loading of 
experimental animals with glucose has been shown to result 
in a greater degree of morphological brain damage compared 
to normoglycaeraic animals exposed to the same period of 
ischaemia (Rehncrona et al., 1981). In both pre-ischaemic 
glucose loading and incomplete ischaemia, an excessive 
increase in brain lactate is believed to be responsible for 
the worsened biochemical derangement and recovery of 
neurological function (Nemoto and Frinak, 1981). The 
acidosis concomitant with lactate production is not 
thought, on its own, to account for the degree of damage 
induced by ischaemia (Folbergrova et al., 1974) as acidosis 
induced by hypercapnia had only minimal effects on brain 
morphology.
It has also been observed that lactate accumulation is not
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necessarily accompanied by tissue acidosis. Paschen et al., 
(1987) observed that under certain pathological conditions, 
eg. reversible complete ischaemia and brain tumours, a 
significant increase in lactate levels was accompanied by an 
alkaline pH shift. This led to the postulation that it was 
important to refer separately to "lactosis" and "acidosis" 
for one is not necessarily accompanied by the other. 
Measurement of extracellular pH during ischaemia/anoxia 
revealed an immediate alkaline shift superimposed on a 
steady pH decrease and related to cell membrane 
depolarisation (Kraig et al., 1983). The origin of this 
phenomenon is yet to be defined, but its speed and close 
association with ionic gradient breakdown has led to the 
suggestion that it may reflect a rapid redistribution of 
hydrogen ions across the plasma membrane (Oberenovitch et 
al., 1989). This mechanism may constitute a potential threat 
to the survival of neurons as well as the deleterious events 
that occur following ionic gradient break down, eg. toxic 
intracellular accumulation of calcium ions (Goldberg et al.,
1986). If ischaemia is severe and sustained, within a few 
minutes, dramatic ion redistribution occurs across the cell 
membrane. These ionic shifts mark the beginning of a second 
phase (Oberenovitch et al. , 1989). Acidification of brain
cell microenvironment early on during ischaemia is 
associated with a characteristic rise in extracellular 
potassium (Hansen, 1985) and calcium (Siemkowicz and 
Hansen, 1981) concentrations. Among other critical changes, 
there is a resultant increase in intracellular calcium which 
if sustained may initiate irreversible cell injury (Siesjo,
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1988b).
Siesjo (1985) also recorded a rapid increase in 
extracellular hydrogen ion content in the cerebral cortex 
exposed to ischaemia. This acidification was found to start 
immediately after the onset of ischaemia and was generally 
attributed to the rise in carbon dioxide, secondary to HC03” 
buffering of lactate which accumulates in the intracellular 
space subsequent to the stimulation of anaerobic metabolism. 
Investigations have also suggested that translocation of H+ 
and HCO3” across the cell membrane, resulting in the 
activation of Na+/H+ and HC03”/C1” exchangers which regulate 
intracellular pH may influence this extracellular acidosis 
(Chesler and Kraig, 1989, 1990; Oberenovitch et al., 1990). 
The clearance or buffering of protons requires an intact 
Na+/H+ or C1”/HC03” antiport system (Siesjo, 1985) which is 
indirectly energy dependent. There is therefore a decreased 
proton clearance during anoxia/ischaemia when energy levels 
are decreased (Paschen et al., 1987).
Neuronal acidosis is indicative of a failure of neuronal 
hydrogen ion buffering capacity but the changes in acid/base 
homeostasis within cells remain largely unknown. 
Investigation is difficult and complicated because neuronal 
and glial cells appear to have different buffering 
capacities (Dietmer and Schlur, 1987). The recent 
development of pH sensitive fluorescent dyes has advanced 
the investigations of cellular pH changes and enabled the 
effect of oxygen and glucose availability on synaptosomal pH 
homeostasis to be monitored in this study.

54



1.4 CHOLINERGIC FUNCTION
1.4.1 Acetylcholine Synthesis
Acetylcholine is synthesised from choline and Acetyl-CoA: 

Acetyl-CoA + choline »» Acetylcholine + CoA 
This reaction is catalysed by choline acetyltransferase (EC 
2 .3.1 .6) which is mainly localised in the nervous system. 
Acetylcholine is synthesised in the cytoplasm of the nerve 
ending - see Fig 1.7.
Acetvl-CoA Supply
In adult mammalian brain, the acetyl group is normally 
derived from glucose and pyruvate (Quastel et al., 1936; 
Tucek and Cheng, 1974) . In the young and developing brain 
and in adult brain under abnormal circumstances, ketone 
bodies may contribute to acetylcholine synthesis (see 
Introduction 1.2b).
Glucose is converted via glycolysis (see Introduction 1.2a) 
to pyruvate which is transported into mitochondria and 
converted to Acetyl-CoA by the pyruvate dehydrogenase 
complex which is exclusively localised in mitochondria (Jope 
and Jenden, 1980). The inner mitochondrial membrane however 
is impermeable to Acetyl-CoA so it is thought to be passed 
via an intermediate form, eg. citrate (Clark et al., 1982). 
Choline supply to the Brain
Choline levels may affect the rate of acetylcholine 
synthesis and release by neurons. Choline in animals is 
primarily synthesised in the liver (Bornstad and Bremer, 
1966) . The brain however is now known to be capable of the 
de novo synthesis of choline (Mozzi and Porcellati, 1979) 
and Fig 1.8 summarises the biosynthetic pathway for choline.
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Fig 1.7

Acetylcholine Synthesis
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Acetylcholine is synthesised from glucose and pyruvate. Synthesis occurs in the cytoplasm
of the nerve ending.
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Fig 1.8
Biosynthesis of Choline
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A summary of the biosynthetic pathway for choline (PS 
phosphatidylserine) .
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This de novo choline synthesis however accounts for only a 
small amount of the choline supplies to the brain. Most of 
the brain's choline supply is thought to be generated from 
phospholipids or choline carried across the blood brain 
barrier. Choline itself having a positive charge and 
therefore unable cross the blood brain barrier, is thought 
to be transported across by a carrier (Oldendorf and Brawn, 
1976) which does not require metabolic energy, with choline 
uptake into neurons possibly via carriers. Choline may be 
present as an endogenous pool (Suszkiw and Pilar, 1976) 
possibly produced within neurons by the breakdown of 
phosphatidylcholine stores. An inverse relationship is 
believed to exist between the acetylcholine content and the 
uptake of choline, with some authors proposing the 
inhibition of choline uptake by acetylcholine (Marcnbanks et 
al., 1981). An increase in the release of acetylcholine 
would lead to a decrease in the acetylcholine content which 
would release the inhibition of choline uptake.
Acetylcholine storage and release
The acetylcholine of nerve endings is distributed within a 
stable bound pool (contained within vesicles) and a labile 
pool which is distributed within the cytoplasm (Whittaker, 
1959) . Synaptic transmission is via the quantal release of 
acetylcholine (Katz, 1969). The vesicular hypothesis of Katz 
proposed that acetylcholine within the vesicles was released 
by exocytosis.
Various investigators however have suggested that a 
subcompartment containing newly synthesised acetylcholine 
and independent of the two main pools, exists near the
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plasmalemma where it is preferentially released (Suszkiw and 
O'Leary, 1982).
Released acetylcholine then travels across the post-synaptic 
cleft to the post-synaptic density, where it binds and 
initiates a post-synaptic response. The acetylcholine is 
then broken down by a membrane bound acetylcholinesterase 
(EC 3.1.1.7).
Compartmentat i on
The synthesis of acetylcholine is thought to be 
compartmented at several levels (Fig 1.7). Choline 
acetyltransferase is thought to be located solely in the 
neurons of the CNS (Tucek, 1974) and to be cytosolic (Kasa, 
1971). Synthesised acetylcholine is then stored within the 
cytosolic or vesicular compartments.
Regulation of acetylcholine synthesis
An increase in acetylcholine release during increased 
synaptic activity has been found to be compensated for by an 
increase in acetylcholine synthesis (Potter, 197 0) with a 
tight regulation of the acetylcholine content. The 
regulation is thought to be dependent on the various 
components involved in acetylcholine synthesis (Glover and 
Potter, 1971; Tucek, 1978, 1985).
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1.4.2 Effect of altered metabolism on neurotransmitters
The metabolism of several neurotransmitters, eg. GABA, 
dopamine, acetylcholine, has been documented to be sensitive 
to reduced oxygen concentrations (Pastuszko et al., 1982). 
However, the cholinergic deficit appears to be behaviourally 
and physiologically the most important (Dolivo, 1974; Gibson 
et al., 1983).
The initial effects of mild hypoxia on the brain include 
impairment of memory and learning ability (Luft, 19 65) and 
it is thought that this may be mediated in part by an effect 
on the functioning of cholinergic synapses (Gibson and 
Blass, 1976b; Gibson and Duffy, 1981) . It has also been 
suggested that the synapse rather than the neuronal cell 
body is particularly sensitive to hypoxia (Grossman and 
Williams, 1971; Silver, 1977).
That acetylcholine synthesis may be impaired during anoxic 
insult has been demonstrated both in vivo (Gibson and Blass, 
1976b; Gibson and Duffy, 1981; Booth et al., 1983) and in 
vitro (Gibson et al., 1975; Ksiezak and Gibson, 1981; Harvey 
et al. , 1982). The synthesis of acetylcholine has been found 
to be impaired by levels of hypoxia even milder than those 
at which changes in the energy state can be observed (Gibson 
and Blass, 1976b; Booth et al., 1983) indicating its extreme 
sensitivity to reduced oxygen levels. It has been suggested 
that the hypoxia-induced decrease in acetylcholine synthesis 
occurs without concomitant change in the synaptic 
acetylcholine content, implying that low oxygen 
concentrations inhibit the release of acetylcholine at the 
synapse (Peterson and Gibson, 1982; Gibson and Peterson,
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1983).
Park et al., (1987) in their investigation of the threshold 
oxygen levels required to maintain the energy state of 
synaptosomes (nerve terminal preparations) found the release 
of acetylcholine to be the most vulnerable of the processes 
studied. They also demonstrated that acetylcholine release, 
and not acetylcholine synthesis per se, was sensitive to 
hypoxia and suggested that hypoxic inhibition of 
acetylcholine release may reflect a generalised effect at 
the synapse.
The measurement therefore of acetylcholine release from 
synaptosomes as opposed to acetylcholine synthesis per se 
represents a more physiologically relevant parameter on 
which to assess the effects of short term anoxic insult and 
hypoxic insult in vivo (Sanchez-Prieto et al., 1987).
In this study, synaptosomes were used as a model of the 
synapse in vitro, and were subjected to conditions that 
mimic hypoxia, ischaemia and aglycaemia in vivo. The effect 
of these conditions on acetylcholine release was monitored 
using a chemiluminescent assay.
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1.5 THE BYNAPTOSOME M M  IE VITRO MODEL FOR BIOCHEMICAL 
STUDIES
Various models have been introduced to enable the 
biochemical study of the brain. Much valuable information 
about changes occurring during and following brain injury 
has been obtained from whole animal studies. These models, 
however, are extremely complex due to the multifaceted 
nature of cerebral injury. These systems preclude both the 
precise manipulation of individual parameters and the 
assessment of the contribution of different cell types to 
the biochemical response evoked by or following cerebral 
injury. It is difficult to interpret results obtained from 
these in vivo systems in order to determine the sequence of 
events that lead to cell damage. It is therefore widely 
accepted that in vivo brain studies are complicated.
This has lead to the development of various in vitro models 
including brain slice preparations, synaptosomes (isolated 
nerve endings) and more recently, cell cultures.
The primary disadvantages of using brain slice preparations 
include the dependence on diffusion and the extreme 
heterogeneity of the preparations. Cell culture techniques 
have been invaluable in neurobiological research. The 
isolation of specific cell types from the central nervous 
system have become a powerful tool in the analysis of cell 
function at the single cell level. Over the past few years, 
techniques have become available for the generation of pure 
neuronal and pure glial primary cultures. Continuous clonal 
cell lines of neural origin such as neuroblastomas and 
gliomas offer yet another convenient level for the study of
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function of the central nervous system and have greatly 
contributed to the understanding of the cellular and 
molecular mechanisms involved in cerebral development. 
However, one disadvantage is that cell lines may not behave 
like "normal" tissue.

Synaptosomes were used in this study as they represent a 
good model of the synapse for they retain most of the 
synapse's biochemical and physiological properties in vitro 
and possess the correct morphology, enzymatic 
characteristics and metabolic competence (Whittaker, 1969; 
Booth and Clark, 1978; Harvey et al., 1982; Komulainen and 
Bondy, 1987).
The synaptosome is the simplest system in which various 
neuronal events from plasma membrane depolarisation to 
transmitter release can be observed. The synaptosome is also 
at the same time, the most complex neuronal preparation 
which is sufficiently homogeneous to allow detailed 
biochemical analysis of the various synaptic events. This is 
because synaptosomes have the advantage of being free of 
contamination in the form of cell bodies (found in brain 
slice preparations) or glial cells (inherent in cell 
cultures) (Nicholls, 1989).
Synaptosomes resemble intact cells in that they possess a 
selectively permeable external plasma membrane enclosing a 
variety of organelles, and in appropriate medium are capable 
of maintaining oxidative phosphorylation and an external 
membrane potential (Komulainen and Bondy, 1987). They are
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viable for extended periods in vitro (in media containing 
metabolisable substrate) as they are sealed nerve terminal 
preparations containing mitochondria (energy producing 
organelles) . Synaptosomes are known to exhibit many of the 
energetic and neurotransmitter characteristics of the 
synaptic ending in situ (Whittaker, 1969). The main 
disadvantages to using synaptosomes is that they have a 
mixed population of neurotransmitter types as they result 
from the homogenisation of nervous tissue and therefore are 
composed of various nerve terminals, eg. cholinergic, 
monoaminergic. Another disadvantage is that synaptosomes 
have a limited life span (« 4hr) , unable to sustain 
themselves for extended periods (Ashley et al., 1984; 
Komulainen and Bondy, 1987).

Synaptosomes have been found to maintain a resting cytosolic 
free calcium concentration ([Ca++]^) when resuspended in 
millimolar Ca++ containing media (Adam-Vizi and Ashley, 
1981; Naschen, 1985a). There is continuous cycling of Ca++ 
across the plasma membrane, with an influx of Ca++ into the 
terminals through calcium channels counteracted by an 
equivalent efflux (Snelling and Nicholls, 1985). This 
continual cycling of Ca++ is important for the regulation of 
[Ca++]i . A Ca++-ATPase (Gill et al., 1981) and Na+ /Ca++ 
exchanger (Blaustein and Oborn, 1975) exist in the 
synaptosomal plasma membrane, capable of expelling Ca++. A 
major role for the Ca++-ATPase is favoured by many authors 
(Akerman and Nicholls, 1981a; Carafoli, 1987; Kauppinen et 
al., 1988) for reasons which include the findings that
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synaptosomes have been found to be capable of maintaining 
calcium levels in media containing low sodium concentrations 
and that ATP depletion initiates an immediate linear 
increase in intrasynaptosomal free calcium.

Depolarisation of synaptosomes by elevated potassium 
chloride concentrations leads to an extremely rapid initial 
uptake of Ca++ into the terminal within the first second, 
which then declines to a slower rate which is still 
significantly above the basal levels (Drapeau and Blaustein, 
1983; Naschen, 1985b). The decline after the initial 
transient peak is thought to be due at least in part to Ca++ 
sequestration within intrasynaptosomal organelles like the 
endoplasmic reticulum and mitochondria (Akerman and 
Nicholls, 1981b).

Synaptosomes result from the homogenisation of nervous 
tissue, for neurons do not survive homogenisation intact. 
The cell bodies are sheared from their fragile processes 
which break up into discrete fragments. The plasma membranes 
of cell fragments (synaptic nerve terminals) may reseal to 
form osmotically active particles known as synaptosomes 
when they contain the organelles of the synapse. There are 
several methods available for the preparation of 
synaptosomes generating crude P2 synaptosomes (crude 
synaptosomal/mitochondrial fraction) or purified 
synaptosomes, i.e. crude synaptosomes purified of free 
mitochondria. Subcellular fractions enriched in synaptosomes

65



are sufficiently pure to permit the study of certain 
physiological and pharmacological aspects of synaptic 
function and have, therefore, been very important in the 
study of synaptic mechanisms.
The original method of synaptosomal isolation from rat brain 
employed a sucrose density gradient. However, the 
concentration of sucrose used is hypertonic, resulting in 
the isolation of shrunken synaptosomes. The resultant 
necessity to return the synaptosomes to a warmed, 
p h y s i o l o g i c a 1 m e d i u m , and the relatively extensive 
centrifugation times led to the introduction of methods for 
synaptosomal isolation that employ ficoll or percoll 
gradients. Synaptosomes isolated by these methods which 
employ physiological centrifugation media are not shrunken. 
The one disadvantage of these latter protocols is the 
expense of the media.
Synaptosomes prepared by the method of Booth and Clark
(1978) were used in this study. This method has been shown
to produce metabolically competent synaptosomes that are
minimally contaminated with either free mitochondria or
endoplasmic reticulum (Booth and Clark, 1978). The purity of
the preparation has been confirmed by electron-microscope
studies (Booth and Clark, 1978; Deutsch et al., 1981). The
synaptosomes generate membrane potentials comparable with
the synapse in situ (Deutsch et al., 1981) and exhibit
membrane potential changes on depolarisation that are
comparable with the action potential observed in whole-nerve
preparations. Electron micrographs of sections through a
synaptosomal pellet are shown in Fig 1.9 and Ficr l.io.
The E.M.'s were kindly supplied by Brian Young of the E.M. 
Unit at the Institute of Neurology, London.
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Fig 1.9
Electron micrograph of a section through a synaptosomal 
pellet. Magnification X 28,000.

67



Fig 1.10
Electron micrograph of a section through a synaptosomal 
pellet. Magnification X 40,000.
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1.6 CALC I TOM HOMEOSTASIS
Calcium ils almost ubiquitous in biological systems with 
calcium ions triggering vital processes in a wide variety of 
cells (Katz and Miledi, 1967; Armstrong, 1989). The proper 
movement of the calcium ion is a prerequisite for numerous 
physiological processes, ranging from cell division and 
muscle contraction to secretion and neurotransmission 
(Carafoli and Penniston, 1987; Meldolesi and Pozzan, 1987). 
The cytoplasmic concentration of free calcium is a primary 
intracellular regulator of cellular function (Carafoli,
1987) with the elevation of intracellular Ca++ acting to 
mediate the responses of diverse cell types to a wide 
variety of hormones and neurotransmitters (Ambler et al.,
1988). The concentration of calcium in the cytosol regulates 
many vital cellular processes (Tsien et al., 1984) and 
intracellular calcium is also the subject of widespread 
interest as a second messenger that triggers and regulates 
cell activation. Many proteins are also regulated by calcium 
ions, eg. troponin, calmodulin, Ca++-ATPase, Protein Kinase 
C, calpactins and many cytoskeletal constituents (Tsien et 
al., 1984; Kennedy, 1989; Heizmann and Hunziker, 1991). 
Several systems have been described whereby cells 
translocate calcium (Katz and Miledi, 1970; Meldolesi and 
Pozzan, 1987; Kennedy, 1989). These include influx from the 
extracellular fluid via voltage operated channels (VOC), 
receptor operated channels (ROC) and second messenger 
operated channels; and efflux via a calcium ATPase and a 
sodium/calcium exchanger. There are several types of calcium 
channels in neurons, cardiac, skeletal, smooth muscle and
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other excitable cells (McClesckey et al., 1987), and various 
drugs have been developed as probes for the study of the 
structure and function of multiple Ca++-channel types.

Calcium Channels (The distribution is shown in Fig 1.11)
I- Voltage operated calcium channels (VOC) : These calcium 
channels are voltageA'and result in calcium influx following 
membrane depolarisation. Three types exist:- L (long- 
lasting), T (transient) and N (neither L nor T) (Fox et al.,
1987). Presynaptic calcium influx is thought to occur mainly 
via the N channel on depolarisation (Choi, 1988a).
II- Receptor operated calcium channels (ROC) : Neuronal 
calcium influx also occurs via these channels which are 
opened in response to receptor activation by glutamate and 
glutamate analogues such as N-methyl-D-aspartic acid (NMDA), 
quisqualate and kainate (Watkins and Olverman, 1987). These 
receptors gate two types of channels. One, linked to the 
kainate/quisqualate type receptor allows K+ efflux and Na+ 
influx and therefore gives rise to depolarisation whiles the 
other is linked to the NMDA type receptor and allows the 
entry of calcium (Siesjo, 1988b). The NMDA response giving 
rise to calcium influx has been found to be blocked by Mg++ 
and also mimicked by glycine (Johnson and Ascher, 1987).

During rest, the sodium/calcium carrier drives Ca++ out and 
together with Ca++-ATPase of the nerve membrane and the 
intracellular organelles, maintains cellular Ca++ below 
10_7M (Coutinho et al., 1984).
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Fig 1*11

The distribution of the cellular calcium channels
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Legend for Fig 1.11

Fig 1.11 is a diagrammatic representation of the main 
mechanisms involved in the membrane flux and cellular 
cycling of calcium adapted from Siesjo et al., 1989. The 
main mechanisms involved in the influx and efflux and the 
intracellular sequestration and release of calcium in the 
cell are shown. Calcium entry occurs through (1) voltage- 
operated and (2) agonist-operated (NMDA receptor-gated) 
calcium channels. Extrusion of calcium normally occurs 
through a (3) calcium-activated ATPase and (4) Na+/Ca++ 
exchange.
Calcium can be sequestered into or released from the 
mitochondria and endoplasmic reticulum (ER).
Agonist overactivation of membrane-bound phospholipase C may 
also result in inositoltriphosphate-triggered calcium 
release (5) from ER. This released ER calcium may be 
replaced by external calcium entry through a separate 
channel (6).
Two additional routes of calcium entry ma^ appear under 
pathological conditions : The electrogenic 3Na+ /Ca++
antiporter may be reversed after depolarisation and it is 
speculated that a large nonselective cation conductance may 
be opened to allow rapid dissipative cation fluxes when the 
intracellular calcium exceeds a certain threshold level.
(NMDA = N-methyl-D-Aspartate; PLC = phospholipase C; IP3 = 
inositoltriphosphate; ER = endoplasmic reticulum; e = 
external; m = mitochondrial; i = intracellular; NSCC = 
nonselective cation conductance)
(PIP2 = phosphatidylinositol-4,5-bisphosphate)

(7) Receptor-mediated stimulation of adenyl cyclase can 
result in an increase in cAMP levels which can modulate 
cellular responses via protein kinase activation.
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The intracellular calcium concentration appears to be 
controlled primarily by sequestration into organelles such 
as endoplasmic reticulum (ER) and calciosomes (Volpe et al. , 
1988; Burgoyne and Cheek, 1991). Some calcium is also stored 
intracellularly in the mitochondria and calcium binding 
proteins such as calmodulin. The synaptic vesicles appear -to 
have a very limited role in calcium storage and release 
(Andrews et al., 1987). These calcium rich intracellular 
stores may also release significant amounts of calcium on 
stimulation. They have important implications as in many 
cells, many regulatory cell functions may be regulated by 
calcium released from internal stores (Andrews et al.,
1987). Calcium is released from the ER (Berridge, 1987) and 
calciosomes (Burgoyne and Chfcek, 1991) via the action of 
inositol triphosphate on its receptor and from mitochondria 
by sodium/calcium exchange. Caffeine has also been found to 
cause calcium release from some intracellular calcium stores 
which can be refilled by calcium entering the cell during 
action potentials (Neering and McBurney, 1984).
Release of transmitter from nerve terminals (see 
Introduction 1.4) is accompanied by a transient increase in 
intracellular calcium (Katz, 1969). Most of the calcium 
enters the presynaptic cytoplasm through the VOC1s (Katz, 
1969) where it is buffered (by organelles such as ER with 
calcium accumulating activity) before its extrusion from the 
terminal. Depolarisation of nerve terminals by invading 
action potentials opens voltage sensitive calcium channels 
causing a corresponding inward calcium current that 
initiates vesicular fusion with the nerve terminal membrane
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and consequently release of neurotransmitter from synaptic 
vesicles. The calcium which couples nerve impulses to 
neurotransmitter release accumulates by net influx across 
the presynaptic membrane (Katz and Miledi, 1967). The large 
increases in intracellular calcium levels which occur on 
stimulation require the cell to possess several mechanisms 
to restore prestimulation levels or to signal the 
establishment of a new steady state for calcium. This 
involves diffusion, buffering and extrusion via a Na+/Ca++ 
exchange mechanism (Matthews-Bellinger and Salpeter, 1978) 
and a Ca++-ATPase (Froehner, 198 6) . Release is terminated as 
free calcium at the release site returns to resting 
concentrations. A possible role of intracellular calcium 
mobilisation in the release of acetylcholine was suggested 
by Adam-Vizi and Ligeti (1984) following the observation 
that acetylcholine release from nerve terminals could be 
induced (by depolarisation) in a calcium free environment. 
Altered calcium mobilisation has emerged as a fairly 
generalised manifestation of altered states of metabolism 
with serious physiological consequences (Siesjo, 1978). 
Despite the multiplicity of processes which regulate calcium 
flow, metabolism related impairments in these systems appear 
to be quite widespread and particularly important in many 
responses to stimuli such as neurotransmitters. That 
inadequate control of free intracellular calcium levels 
leads to cell injury and cell death has also received 
substantial experimental support in studies involving 
metabolic stress with liver, heart (Schanne et al., 1979)
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and nerve cells (Siesjo, 1981; Cheung et al., 1986).

Several factors therefore point to the involvement of 
altered calcium homeostasis as a major factor in brain 
damage. Consideration of the multiplicity of the roles that 
calcium plays in neurotransmission and intracellular 
signalling suggest that numerous changes in calcium- 
regulating processes in neurons could contribute 
significantly to the cognitive changes frequently associated 
with alterations in processes involved in brain energy 
metabolism. Elucidation of the mechanisms by which metabolic 
changes affect the transport of calcium should lead to 
methods to halt, prevent or reverse such effects by 
pharmacological intervention. It may be possible to devise 
novel therapeutic strategies for the amelioration of such 
dysfunctions based on appropriate manipulation of selective 
calcium movements.
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1.7 CALCIUM AND PERTURBATIONS IN NEURONAL FUNCTION
Decreased oxygen and or substrate availability are 
conditions that initiate various neurophysiological and 
biochemical alterations that can be linked to functional 
disturbances and eventually to a loss of the structural 
integrity of the brain (Siesjo, 1981; Auer and Siesjo,
1988). It is widely accepted that these conditions can 
produce necrosis of neurons and arrest or impede cellular 
energy metabolism but it is thought that changes in energy 
metabolism per se do not provide common mechanisms of brain 
damage (Auer and Siesjo, 1988).
Metabolism-dependent changes in calcium homeostasis have 
been widely reported to play an important role in cellular 
injury induced by a decrease in tissue oxygenation or 
perfusion (Siesjo, 1981; Choi, 1985). Fleckenstein et al., 
(1974) postulated that cardiac muscle damage following 
ischaemia was due to calcium entry and mitochondrial calcium 
overload. Schanne et al., (1979) suggested that liver cell 
damage due to toxins was also mediated by calcium influx. 
Siesjo (1988b) in his review of cerebral ischaemic cell 
death proposed that calcium accumulation may play a major 
role in the irreversible cell damage that occurs during 
ischaemia. Various hypotheses of calcium-related cell 
necrosis have been proposed, all based on the assumption 
that cell calcium homeostasis (see Introduction 1.6) is 
upset by increased influx into the cell. It is generally 
believed that though a resultant mitochondrial calcium 
overload may be one of the mechanisms involved, one of the 
most important consequences of a disordered calcium
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homeostasis is the activation of catabolic enzymes, eg. 
lipases, proteases and endonucleases (Siesjo, 1981; Siesjo 
and Wieloch, 1985; Siesjo, 1988b).
A definitive characterisation of metabolism-dependent 
changes in neuronal calcium regulation requires a detailed 
knowledge of the properties of the systems that participate 
in the influx, binding, sequestration, intracellular release 
and extrusion of calcium. Fig 1.12 presents a schematic 
summary of what is believed to be the major systems 
responsible for maintaining calcium homeostasis in nerve 
terminals (though the same processes are likely to exist 
throughout the entire neuron) . Most of the insight into 
calcium control mechanisms has been derived from studies on 
cell fractions. Electrophysiological responses were studied 
in cells with the invention of calcium-sensitive ion 
selective electrodes and the calcium sensitive photoprotein 
aequorin. In the past few years, the development and 
exploitation of calcium-sensitive fluorescent dyes has 
enabled the measurement of nanomolar concentrations of the 
cytoplasmic ionic calcium in living cells (Tsien et al., 
1982).
The free cytosolic calcium concentration of a cell must be 
tightly regulated as calcium serves various important 
functions in the cell including the regulation of metabolic 
pathways and serving as a second messenger (see Introduction 
1.6). Fig 1.11 shows the main mechanisms involved in the 
influx and efflux and the intracellular sequestration and 
release of calcium in the cell. Influx is via voltage-
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Fig 1.12

Calcium regulating systems in the nerve terminal
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Legend for Fig 1.12
This figure of the calcium regulating systems in nerve 
terminals was adapted from Michaelis (1989) and presents a 
schematic representation of what is believed to be the major 
systems responsible for maintaining calcium homeostasis i 
nerve terminals. (SER = smooth endoplasmic reticulum; Ca 
BP = calcium binding protein).
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operated calcium channels and receptor-operated calcium 
channels; some groups have also suggested the existence of 
non-specific calcium channel in the cell membrane (Siesjo et 
al., 1989). Efflux is via a Ca++-ATPase and a Na+ /Ca++ 
exchanger. Intracellular calcium is generally buffered by 
calcium binding proteins, eg. calmodulin, and ATP-dependent 
uptake into the endoplasmic reticulum. When intracellular 
calcium increases above the 1/xM threshold, mitochondria are 
also capable of sequestering calcium (Siesjo et al., 1989). 
Calcium sequestration in a cell is ATP and/or oxygen 
dependent therefore the calcium buffering capacity of a cell 
would be expected to fall under low oxygen conditions (Baker 
and Umbach, 1987).

The regulation of neuronal calcium channels by excitatory 
amino acids, eg. glutamate and aspartate, has been proposed 
as a potential site for therapeutic intervention to prevent 
the increase in intracellular calcium that occurs under many 
pathological conditions. Olney et al., (1969) noted a 
correspondence between the neuroexcitatory and neurotoxic 
potential of many compounds when they observed that high 
levels of the excitatory amino acid glutamate could destroy 
neurons. This led to the development of the "excitotoxicity 
hypothesis" : That injury was a direct consequence of 
excessive neuroexcitation (Olney et al., 1986).

Glutamate is the most widely distributed excitatory 
neurotransmitter in the central nervous system (Mayer and 
Westbrook, 1987). Under normal conditions, glutamate
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released at the central synapses causes fast neuronal 
excitation and also long term changes in synaptic efficacy 
which may underlie several phenomena. Under pathological 
conditions however, eg. during ischaemia/ hypoxia, 
abnormally large quantities of glutamate or similar 
substances are released from neurons and possibly glial 
cells (Choi, 1988b) . These excessive quantities of glutamate 
produce a greater than normal activation of glutamate 
receptors, and this has been found to produce neuronal 
toxicity (excitotoxicity) in most parts of the brain (Choi, 
1988b). It has been suggested that anoxic/ ischaemic 
neuronal damage at least in part, represents an excitotoxic 
lesion caused by the release and / or diminished uptake of 
glutamate or related excitatory amino acids, and that the 
toxic action of excitatory amino acids is mainly by enhanced 
calcium influx, notably via a channel gated by excitatory 
amino acids receptors (Choi, 1988a). It has been suggested 
that epileptic and hypoglycaemic induced brain damage occurs 
via a similar mechanism (Auer and Siesjo, 1988) .
Glutamate is believed to exert its physiological and 
pathophysiological effects through actions at at least four 
distinct types of receptors (Watkins and Olverman, 1987) 
generally defined through the use of archetypal glutamate 
agonists and antagonists. They are defined through the 
actions of the agonists N-methyl-D-aspartic acid (NMDA), 
kainic acid and qui^ualic acid or its analogue AMPA (two of 
these have been reported) ((Siesjo et al., 1989).
A question of current interest is how glutamate exerts
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effects at a molecular level. It has become clear that 
calcium probably plays a role in mediating the ability of 
glutamate to increase synaptic activity and also its long 
term toxic effects under abnormal circumstances (Choi, 1987; 
Siesjo, 1988b). The specific effects of glutamate on 
intracellular calcium homeostasis is still not fully 
understood but it has been observed that an influx of 
calcium occurred when cells were exposed to glutamate 
(Conner et al., 1988). The presynaptic release of excitatory 
amino acids, particularly glutamate, is thought to trigger 
(through NMDA, kainate or quisqualate receptor activation) 
the sudden influx of calcium (and potassium and sodium 
fluxes) that occurs during complete ischaemia (Benveniste et 
al., 1988).

The intracellular levels of calcium are therefore of great 
importance when investigating the biochemical mechanisms 
that result in neuronal damage following ischaemic insult. 
A clear understanding of their mechanisms of action may lead 
to the development of potentially therapeutic agents to 
combat the effects of stroke. The general hypothesis of 
calcium-related damage, and the dependency of the damage on 
the severity of the cellular energy failure, may have far 
reaching implications for the clinical therapy of several 
disorders that are accompanied by the loss of cellular 
calcium homeostasis. It is possible that these disorders 
include age-related diseases such as Alzheimer's (Siesjo et 
al., 1989; Rothman and Olney, 1987).
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To summarise, whether the alterations in calcium homeostasis 
are central to the development of cerebral ischaemic damage 
remains to be determined but the central role of this ion in 
a diverse range of biological actions has made it a 
promising subject for further investigation (Siesjo, 1978; 
Tsien et al., 1984). In the present study, the alterations 
in calcium homeostasis due to metabolic changes were 
investigated at the cellular level using synaptosomes (nerve 
terminal preparations),. In vitro studies of synaptosomes 
have shown that they possess Ca++ channels (Naschen and 
Blaustein, 1979, 1980 and 1982), sodium/calcium exchange
carrier (Gill et al., 1981) and Ca++-ATPase (Javros et al. , 
1981). In the present study, the calcium-sensitive dye, 
fura-2 , was employed to monitor intrasynaptosomal calcium

A Rlevels and CaCl2 used to monitor calcium uptake.
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CHAPTER TWO

MATERIALS AND METHODS



2.1 Materials
2.1.1 Chemicals
L - (+)-Lactic acid, D-(-)-Lactic acid, veratrine 
hydrochloride, fura-2 acetoxymethyl ester and nigericin were 
purchased from Sigma Chemical Company Ltd., Poole, Dorset, 
UK.

2'7*-Bis -(2-carboxyethy1) - 5(6)-carboxyfluorescein (BCECF) 
acetoxymethyl ester was purchased from Molecular Probes 
Inc., Eugene, Oregon, USA.

4 5 C a C l2 (1.87mCi/ml) was purchased from Amersham 
International, Amersham, Bucks., UK.

NAD+ , NADH and lactate dehydrogenase were purchased from 
Boehringer Corporation, Lewes, East Sussex, UK.

Acetylcholine chloride and luminol (5-amino-2,3-dihydro-l,4- 
phthalazinedione) and choline oxidase (EC 1.1.3.17 
Alcaligenes species) was purchased from Sigma Chemical 
Company Ltd., Poole, Dorset, UK.

Acetylcholinesterase (EC 3.1.1.7 electric eel type VI-S) and 
horse-radish peroxidase (EC 1.11.1.7 type II) were purchased 
from Boehringer Corporation, Lewes, East Sussex, UK.

2.1.2 Ficoll preparation
Ficoll was purchased from Pharmacia, Upsala, Sweden and was 
prepared as follows: 80g ficoll was dissolved in 160ml
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double distilled water and dialysed in size 5 dialysis tubing 
(inflated diameter 19mm, pore size 24A) against lOvol of 
double distilled water for 4-7hr at room temperature. The 
specific gravity and thence the concentration of the 
dialysed ficoll solution was measured and the volume 
adjusted to give a stock solution of final concentration 20% 
w/w which was stored at -20°C. From this stock solution a 
12% ficoll - sucrose solution was prepared with isolation 
media (0.32M sucrose, lOmM Tris/HCl, ImM potassium EDTA, 
pH7.4) and the pH adjusted to 7.4.

Phospholine Iodide was a gift from Wyeth Laboratories, John 
Wyeth & Brother Ltd., Huntercombe Lane South, Taplow, 
Maidenhead, Berkshire, UK.

All other chemicals were of analytical grade and were made 
up in double distilled water.

2.1.3 Gases
Medical Oxygen (100%) and Pure Nitrogen were purchased from 
British Oxygen Company, Great West Road, Brentford, 
Middlesex, UK.

2.1.4 Animals
Adult male rats (50 - 70 days old) of the Wistar strain 
(purchased from Charles River UK. Ltd., Margate, Kent, UK.), 
provided with food and water ad libitum, were used in all 
experiments.
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2.2 Methods
2.2.1 General Introduction
The purpose of this project was to investigate the 
mechanisms of biochemical damage caused by an interruption 
of blood flow to the brain which leads to ischaemia. During 
ischaemia, there is a decrease or abolition of tissue 
perfusion (partial or complete ischaemia) leading to a 
decrease in substrate supply, accumulation of toxic 
metabolic products and hypoxia or anoxia (decreased or 
abolished oxygen supply). Much of the information about 
changes occurring during ischaemia and reperfusion has been 
obtained from whole animal studies. These models however are 
complicated by the multifaceted nature of ischaemia and 
preclude the precise manipulation of individual parameters 
in order to investigate the sequence of events that lead to 
ischaemic cell damage.

In this study, cerebral ischaemic damage was investigated at 
the cellular level using isolated nerve terminal 
preparations, synaptosomes, which are useful as a model for 
the nerve terminal. Synaptosomes were used under appropriate 
conditions to investigate some of the biochemical damage 
caused by hypoxic/ anoxic insult alone and hypoxia/ anoxia 
exacerbated by low substrate availability as a model for 
ischaemic brain damage in vivo. Depolarised synaptosomes 
were used as a model of the "working" nerve terminal.
During ischaemia there is both a deficient supply of oxygen 
and substrate. In this study, the effect of altering 
individual and different combinations of the parameters
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involved in the ischaemic episode were investigated. A lack 
of oxygen supply (anoxia) and substrate (glucose) supply 
(aglycaemia) were assessed separately in synaptosomes. 
Anoxic conditions were mimicked by the removal of oxygen 
from the incubating medium and incubating the synaptosomes 
in the presence of nitrogen using the protocol of White et 
al., (1989). Aglycaemia was identical to normoxia with 
incubation in oxygen, but without any glucose in the medium. 
The nature and mechanism(s) of biochemical damage caused by 
anoxia exacerbated by low glucose av a i l a b i l i t y  in 
synaptosomes was also investigated as a model for ischaemic 
brain damage in vivo.
Therefore, presynaptic events that lead to ischaemic cell 
damage were investigated. The involvement of calcium 
homeostasis, lactosis, acidosis, membrane depolarisation and 
synaptic transmission was assessed by manipulating the 
parameters individually and by studying alterations in these 
parameters under conditions of different oxygen and 
substrate availability.
Thus the mechanisms and the evolution of biochemical changes 
occurring presynaptically during anoxia, aglycaemia and 
ischaemia were investigated.

Synaptosomes used in all the experiments were prepared and 
purified by the method of Booth and Clark (1978) except in 
intrasynaptosomal calcium and pH measurements when the crude 
synaptosomal/mitochondrial pellet was used. This widely used 
method of synaptosomal preparation employs a discontinuous
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ficoll/sucrose gradient. The advantages of this method over 
previous methods include the fact that it is relatively 
quick (previous continuous sucrose gradients required much 
longer, eg. 2-3hr centrifugation times) and generates 
metabolically competent synaptosomes that are minimally 
contaminated (5% as compared to a previous 50%) with free 
mitochondria. The use of ficoll as opposed to sucrose on its 
own, generated synaptosomes that were exposed to a minimal 
osmotic pressure. Synaptosomes from continuous sucrose 
gradients are often shrunken due to the high osmolarity of 
the sucrose concentrations that have to be employed.
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2.2.2 Synaptosomes
Synaptosomes were prepared by the method of Booth and Clark 
(1978) following the protocol illustrated in Fig 2.1, with 
all procedures carried out at 4°C. In general, 3 rats were 
used per purified synaptosomal preparation. Rats were killed 
by decapitation.
2.2.2a^Synaptosomal Preparation
(i) Following decapitation, the whole brain minus the 
cerebellum was rapidly extracted and placed in about 3 0ml 
ice-cold isolation medium (0.32M sucrose, ImM EDTA, lOmM 
Tris/HCl, pH 7.4). After pouring off the excess isolation 
medium (IM), forebrains were finely chopped with scissors 
and any blood and debris washed off with two changes of IM.
(ii) The chopped cortices were then manually homogenised by 
8-12 passes in a Dounce-type glass homogeniser (total 
clearance 0 .1mm) and diluted to give a final 10% (w/v) 
homogenate in IM.
(iii) This homogenate was then centrifuged at 1300g for 
3mins at 4°C in a Beckman J2-21M/E Highspeed centrifuge. The 
supernatant was decanted (with the minimum carry over of 
cell debris) and reserved.
(iv) The pellet was resuspended and manually rehomogenised 
in 15ml IM and recentrifuged as previously.
(v) The combined supernatants were then spun at 17,00Og for 
lOmin at 4°C to provide the crude synaptosomal/mitochondrial 
pellet (P2) (see Fig 2.1) which was used in the 
intrasynaptosomal calcium and pH measurement experiments. 
Purified synaptosomes were obtained by centrifuging the P2 
through a ficoll-sucrose gradient.
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Fig. 2.1 Synaptosomal Preparation
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Synaptosomal Preparation contd. (Purification)
(vi) The crude synaptosomal/mitochondrial pellet (P2) was 
resuspended in 4ml IM (0.32M sucrose, lmM EDTA, lOmM 
Tris/HCl, pH 7.4) using a'Potter-type homogeniser (clearance 
0.5mm) and added to 31ml of 12% Ficoll-sucrose medium to 
give a 10% Ficoll-sucrose medium. 18.5ml of this suspension 
was layered at the bottom of two centrifuge tubes. On this 
was layered 9ml of 7.5% Ficoll-sucrose medium (7.5% (w/w) 
ficoll, IM) topped with a 9ml layer of IM.
(vii) The gradients were centrifuged in a 6 X 37ml SW28 
swing out rotor at 99,000g for 30mins at 4°C in an L5-50B 
Beckman Ultracentrifuge. The myelin and synaptosomal 
fractions banded at the first and second interfaces 
respectively and the "free" (non-synaptosomal) mitochondria 
were pelleted at the bottom of the tube (see Fig 2.1).
(viii) The myelin fraction was aspirated and discarded. The 
synaptosomal fraction was carefully removed with a Pasteur 
pipette, diluted with IM to a final volume of approximately 
60ml and pelleted by centrifuging at 17,000g for lOmin at 
4°C.
(ix) The resultant synaptosomal pellet was then resuspended 
in the appropriate Krebs phosphate (KP) buffer (see Methods 
2.2.2b) using a small loose Potter-type homogeniser 
(clearance 0.5mm).
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2.2.2b Incubation Conditions
Krebs Phosphate buffer (Incubation Medium)
In all experiments, the synaptosomes were suspended in a 
modified Krebs Phosphate (KP) buffer (pH7.4) of the 
following composition (mM):

NaCl 141
KC1 5
MgS04 1.3 
Na2HP04 10 
CaCl2 1-2 
Glucose 10

* for aglycaemic and ischaemic experiments, glucose was 
omitted.

Gassing Protocol
The KP buffer was pre-gassed (for > 1 hour) to equilibration 
at 37°C with pure nitrogen (for anoxic or ischaemic 
conditions) or pure oxygen (for normoxic or aglycaemic 
conditions) at 37°C prior to synaptosomal incubation.

Oxygen levels in buffers when equilibrated (mean±SEM(n))
nmols 0/ml nmols 02/ml

KP ungassed 365 ± 18(8) 183 ± 9(8)
KP N2 gassed 95 ± 10(8) 48 ± 5(8)
KP 02 gassed 900 ± 54(5) 450 ± 27(5)

The oxygen levels in the buffer when equilibrated was 
assessed using a Clark type oxygen electrode (Yellow 
Springs Instrument Co., Ohio, U.S.A.), tightly fitted into
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the top of a temperature controlled chamber (1.5ml capacity). 
The electrode consists of a silver/silver chloride anode 
around a platinum cathode with a potential difference of 
0.8v between cathode and anode. Both electrodes are immersed 
in a saturated potassium chloride chamber, separated from 
the incubation medium by an oxygen permeable membrane. 
Electrons at the cathode reduce oxygen to water while 
chloride ions migrate to the anode and release electrons, 
resulting in a measurable flow of current between the two 
electrodes. The current recorded is therefore proportional 
to the concentration of oxygen dissolved in the buffer in 
the incubation chamber. Calibration of the electrode was 
achieved by the titration of NADH into a mixture of 950/Ltl 
incubation medium (KP buffer) and 50/il of 2mg/ml phenazine 
methosulphate (PMS) solution. PMS is stoichiometrically 
reduced by NADH and the reduced PMS reoxidized by the 02 in 
the medium. The concentration of NADH titrated is therefore 
proportional to the oxygen content of the medium and is 
therefore proportional to the flow of current recorded.

N A D H  -r PMS---

NAD+ «---- ►PMSH-

—  h 2o

The NADH was subsequently quantified spectrophotometrically 
as LDH-dependent change in absorbance at 340nm in the 
presence of excess pyruvate.

It was noted that following the gassing of KP buffer with 
100% nitrogen gas there was still a minimum amount of oxygen
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present. This was an important factor when the duration of 
anoxia/ischaemia was selected, to ensure that the 
synaptosomes were incubated under conditions that mimicked 
as far as possible anoxia/ischaemia i.e. total lack of 
oxygen.

Synaptosomes were defined as normoxic,anoxic, aglycaemic or
ischaemic by resuspension in the appropriate pre-gassed 
Krebs Phosphate buffer (+/- glucose) and incubation at 37°C 
in the presence of 100% nitrogen (for anoxia and ischaemia) 
or 100% oxygen (for normoxia and aglycaemia). In all 
experiments, gas was delivered through the outlets of a 
glass gassing manifold that had been connected to a gas 
supply with controlled flow rate. Synaptosomal incubations 
(see Fig 2.2) were generally carried out at 37°C in 
eppendorf tubes or plastic scintillation vial inserts. 
Gassing lines were always suspended above the synaptosomal 
suspensions as opposed to bubbling through the suspensions 
to avoid excessive synaptosomal lysis and evaporation of 
incubation medium. A low gas flow rate of approximately 
50ml/min was employed to minimise evaporation during the 
experiments. Over 60mins, <2% evaporation occurred in 
experiments using this protocol.
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The conditions used in the experiments are defined as:-

(1) NORMOXIC : When resuspended in oxygenated KP buffer and 
incubated in the presence of 100% oxygen.
(2) ANOXIC : When resuspended in KP buffer pre-gassed 
with nitrogen and incubated in the presence of 100% 
nitrogen.
(3)AGLYCAEMIC : When resuspended in oxygenated KP buffer and 
incubated in the presence of 100% oxygen.
(4) ISCHAEMIC : When resuspended in KP buffer pre-gassed 
with nitrogen and incubated in the presence of 100% 
nitrogen.
NB Under ischaemic and aglycaemic conditions glucose was 
omitted from the KP buffer.

The length of exposure to these conditions was generally 
60min or varied where necessary.
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2.2.2c Depolarisation of Synaptosomes
Synaptosomal incubations were depolarised to simulate the 
"working" nerve terminal in vivo as described by Harvey et 
al., 1982. Rapidly prepared minimally contaminated 
synaptosomes (Booth and Clark, 1978) exhibit membrane 
potential changes on depolarisation (Scott and Nicholls, 
1980) that are comparable with the action potential observed 
in whole nerve preparations (Hodgkin and Huxley, 1952).

Depolarisation was achieved ionically by the addition of 
either 80/xM (final concentration) veratrine hydrochloride or 
50mM (final concentration) potassium chloride.

Veratrine is a mixture of several alkaloids including 
veratridine believed to give rise to depolarisation by 
stabilising the sodium channels in the "open" conformation, 
resulting in the increase of intrasynaptosomal sodium levels 
leading to an increase in Na+/K+-ATPase activity (Ohta et 
al., 1983; Erecinska et al., 1991).

The addition of a high concentration of potassium chloride 
creates a high extrasynaptosomal potassium concentration 
which disrupts the resting transmembrane potassium gradient 
and results in the depolarisation of the synaptosomal 
membrane.
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2.2.2d Protein Determination
Protein levels were measured by the method of Lowry et al., 
(1951), with bovine serum albumin as the standard.
This method of protein determination uses copper and the 
Folin and Ciocalteu phenol reagent to produce a coloured 
reaction with protein which is measured at 750nm.
This rapid and sensitive method was found to be easily 
adaptable for the small - scale analyses used in these 
experiments.

97



2.3 Intrasvnaptosomal Calcium
2.3.1 Introduction
A primary intracellular regulator of cellular function is 
the cytoplasmic concentration of free calcium (Carafoli, 
1987). A major focal point of biomedical research over the 
past decade has been the study of the basic role of calcium 
in physiological events such as neurotransmission, muscle 
contraction, tumour growth and cardiovascular regulation. 
The determination of intracellular calcium within the 
synapse is of special interest in view of the distinctive 
role of calcium in neurotransmission (Komulainen and Bondy, 
1987) and ischaemia (Siesjo, 1988b).
The presence of relatively high concentrations of calcium in 
extracellular fluid and the considerable amount of bound 
calcium within cells has made the quantitative assay of free 
intracellular calcium ([Ca++]̂ ) difficult. Work in this area 
has been advanced by [Ca++]^ measurements using fluorescent 
techniques that employ fluorogenic dyes with known Ca++ 
affinity, and specialised instruments.
Great progress has been made by the introduction of 
acetoxymethyl esters of tetracarboxylic acids which are 
accumulated by isolated cells and subsequently enzymically 
hydrolysed. The product of hydrolysis complexes with 
intracellular calcium to give a characteristic fluorescent 
signal. The intensity or wavelength shift of the emitted 
fluorescence allows estimation of free intracellular calcium 
levels.
Fluorimetry offers distinct advantages over other techniques 
for calcium measurement. Ca++ measurements based on
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radioactive isotopes for example incur special handling 
problems. Microelectrodes, which are also extensively used, 
cause cellular damage, measure only local responses and are 
limited to use in large cells. C a l c i u m - s p e c i f i c  
photoproteins are slow to disperse and must be introduced by 
injection which ruptures cell membranes. Fluorimetry also 
permits much faster tracking of cation concentration 
changes. Imaging processing can pinpoint the location of 
site-specific biochemical events with i n  a cell and 
distinguish the heterogeneous behaviour of cells in an 
apparently uniform sample. Without imaging capability, 
flourimetric analysis of micro-samples can still measure any 
changes in average intracellular fluorescence intensity over 
time.
These dyes have enabled the characteristics of receptor- 
activated elevation of [Ca++]^ to be studied (Rasmussen and 
Barret, 1984). Activation of a-adrenergic receptors in 
monolayers of BC3H-1 cells has also been studied using these 
dyes and has been found to result in a rapid elevation of 
[Ca++]^, a process thought to be primarily dependent on the 
mobilisation of intracellularly sequestered Ca++ (Ambler and 
Taylor, 1986).

A new family of highly fluorescent indicators has been 
synthesised for biochemical studies of the physiological 
role of cytosolic free calcium (Grynkiewicz et al., 1985). 
These compounds combine an 8-coordinate tetracarboxylate 
chelating site with stilbene chromophores. Of this group of
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Fig 2.3a

Fura-2 and Indo-1

N(CH2COO )2

•OCĤ HjO
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N(CH2COO )2

■0CH2CH20

NH

Indo-1
COO

Legend for Fig 2♦3a
Structures of the intracellular fluorescent calcium 
indicators fura-2 and indo-1
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new chelators (6 in total), fura-2 and indo-1 (shown in Fig 
2.3a) have been found to be the most promising, containing 
extra heterocyclic bridges to reinforce the ethylenic bond 
of the stilbene and to reduce hydrophobicity. Fura-2 was 
employed in this study in the measurement of changes in free 
intrasynaptosomal calcium levels. These new dyes, compared 
to their predecessor quin-2, offer several advantages, some 
of which are listed below (in Methods 2.3.1.). It should be 
noted that neither quin-2 or fura-2 affect the plasma 
membrane potential of synaptosomes (Komulainen and Bondy, 
1987) .

The major advantages of fura-2 over quin-2
(i) Fura-2 offers a 30 fold more intense fluorescence than 
quin-2.
Fura-2 has a 6 fold higher extinction coefficient and 5 fold 
greater quantum efficiency so that a given intensity of 
fluorescence requires about 30 times less fura-2 than quin-2 
(Grynkiewicz et al., 1985). The intrasynaptosomal 
concentration of fura-2 can therefore be kept lower than 
that required for quin-2 decreasing the d a n g e r  of 
cytotoxicicty (Tsien et al., 1982).
Mitochondrial hydrolysis of the dye is not thought to 
significantly contribute to synaptosomal [Ca+ + ]^ 
measurement. It was suggested that because of the higher 
hydrolysis and subsequent loading capacity of synaptosomes 
relative to mitochondria, at the low loading concentrations, 
fura-2AM is more likely to be hydrolysed in the cytosol 
before it is able to reach intrasynaptosomal mitochondria
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(Rink and Pozzan, 1985). Contamination of synaptosomal 
preparations by mitochondria has therefore not been found to 
affect [Ca++]^ measurements (Komulainen and Bondy, 1987). 
Intrasynaptosomal calcium measurements using fura-2 is 
t here f o r e  routinely carried out using the crude 
synaptosomal/mitochondrial pellet, i.e. the purification of 
the synaptosomes from free mitochondria is not necessary. 
The higher protein content of the incubations also protects 
synaptosomes from lysis during the time that samples are 
stirred in the fluorimeter.

(ii) Fura-2 offers major changes in wavelength and not just 
intensity upon calcium binding.
Quin-2 signals calcium by increasing its fluorescence 
intensity without much shift in excitation/emission 
wavelengths. Fluorescence intensity however is dependent on 
many other variable factors such as illumination intensity, 
emission collection efficiency, dye concentration and cell 
thickness in the optical beam. It is much better to have a 
dye that responds to calcium by shifting wavelengths while 
maintaining strong fluorescence. In all the new indicators 
(one of which is fura-2) , both the calcium-free and calcium 
bound species fluoresce quite strongly but their excitation 
peaks differ (Fig 2.3b). The fluorescence excitation spectra 
shift to shorter wavelengths as Ca++ increases, much as the 
absorption spectra do. It is the ratio of the fluorescences 
at two chosen wavelengths that signal calcium, cancelling 
out most of the possible variables due to instrument
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Fig 2.3b
Effect of TCa++l on the Excitatio_n Spectrum of Fura-2

Bound Wavelength (34 0nm)

Free Wavelength 
(380nm)

161

101

300 Wavelength /nm

Legend for Fig 2 . 3b
This figure, adapted from Grynkiewicz et al., (1985), shows 
the excitation spectrum of fura-2 exposed to varying Ca++ 
concentrations. The fluorescence peak of free fura-2 is at 
380nm and that of calcium-bound fura-2 at 340nm.
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efficiency and effective dye content (Grynkiewicz et al., 
1985). The use of two separate excitation wavelengths also 
eliminates the problem of sedimentation of synaptosomes as 
the ratio remains constant in the face of diminishing total 
fluorescence. This sedimentation tended to lead to 
underestimation of [Ca++]^ with time when quin-2 was used 
(Grynkiewicz et al., 1985). It has also been observed that 
fura-2 loaded synaptosomes can be illuminated continuously 
over 15 minutes without significant p h o t o b l e a c h i n g  
(Komulainen and Bondy, 1987) .

(iii) A marginal advantage of the new dyes over quin-2 is 
their slightly weaker affinities for Ca++ (Grynkiewicz et 
al., 1985).
Fura-2 has a significantly better discrimination than quin-2 
has for Ca++ over competing divalent cations such as Mg+ + , 
Mn++ and Zn++ (Tsien et al., 1985). It is therefore possible 
for cells with unusually high levels of exchangeable heavy 
metals to give falsely low readings of [Ca++]^ because of 
the quenching of the quin-2 fluorescence signal.
The high affinity of quin-2 for calcium is ideal for 
measuring [Ca++]^ levels near 10”7M but at micromolar levels 
or above, the dye approaches saturation and loses resolution 
(Tsien et al., 1985). Fura2 with its weaker affinity 
(roughly two fold higher dissociation constants for fura-2 
compared to quin-2 (Grynkiewicz et al., 1985) improves the 
resolution of [Ca++]^ levels above 10“6M.
The reduced heavy metal affinities of these new dyes also 
helps guard against occurrences such as toxicity due to
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chelation of essential heavy metals (Tsien et al., 1985).

(iv) Quin-2 also has the added disadvantage in that its 
preferred wavelength of excitation of 3 39nm is short. Such 
UV irradiation excites significant autofluorescence from 
cells and could cause biological side effects (Tsien et al., 
1985) . The concentration of quin-2 that has to be used to 
overcome cell autofluorescence is therefore relatively high. 
This much loading significantly buffers intracellular 
calcium transients (Tsien et al., 1985).

Summary
Compared to quin-2, fura-2 shows much stronger fluorescence, 
wavelength shifts upon Ca++ binding, somewhat weaker 
affinity for Ca++, and better selectivity against Mg++ and 
heavy metals. Both fura-2 and its Ca++ complex fluoresce 
strongly, but their excitation peaks differ in wavelength 
(340nm excites calcium-bound fura-2 and 380nm excites 
unbound fura-2). Alteration between the two preferred 
wavelengths allows assessment of the ratio of Ca++-bound dye 
to free and hence cytosolic free Ca+ + . This ratio 
measurement largely cancels out the effects of cell 
thickness, dye content, or instrument efficiency, 
uncertainties that can jeopardise measurements at single 
wavelengths. These properties have made fura-2 the 
preferred fluorescent indicator for many intracellular 
applications including single cells and bulk tissue.
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2.3.2 Method of Intrasvnaptosomal Calcium Measurement 
Fura-2 was employed in this study in the measurement of 
changes in free intrasynaptosomal calcium levels under the 
various conditions of hormoxia, anoxia, aglycaemia and 
ischaemia.

2.3.3 Preparation of sample
A crude synaptosomal/mitochondrial pellet (P2) prepared from 
1 rat brain by the method of Booth and Clark (1978) (see 
Methods 2.2.2a) was resuspended in 1.2ml Krebs Phosphate 
(KP) buffer (without glucose for aglycaemic and ischaemic 
experiments - see Methods 2.2.2b) using the small Potter 
homogeniser (clearance 0.5mm). 6.72ml of warm pregassed KP 
buffer was then added to give a final protein concentration 
of approximately lOmg/ml.
This suspension was pre-incubated at 37°C with shaking for 
the appropriate pre loading time in the presence of pure 
nitrogen (for anoxia and ischaemia) or pure oxygen (for 
normoxia and aglycaemia) . The loading time for fura-2 was 
30min at 37°C (Komulainen and Bondy, 1987) and, therefore, 
for a total 60min ischaemic insult, the preloading time was 
3 0min.
At the end of the preloading incubation period, 2 00/il of the 
suspension was reserved for protein analysis (see Methods 
2.2.2d) and 2ml of synaptosomes placed in each of two glass 
vials. 20/il of fura-2 acetoxymethy 1 ester (fura-2AM) 
dissolved in dimethyl sulphoxide (DMSO) was added to one 
vial to give a final concentration of 5/iM. 20/il of DMSO was 
added to the other vial to make up the autofluorescent
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blank.
The vials were then wrapped in aluminium foil and gassed 
accordingly i.e. + 100% N2 or 100% 02, for the 30min loading 
period at 37°C, with shaking. This incubation at 37°C 
allowed efficient permeation of the hydrophobic fura-2AM 
into the synaptosol (Komulainen and Bondy, 1987) followed by 
its hydrolysis by cytosolic esterases to release fura-2 
intrasynaptosomally. The fura-2 would then bind any free 
intrasynaptosomal calcium ions. After this incubation, 
loading was terminated by a ten fold dilution with 
appropriate warm pregassed KP buffer and centrifugation at 
10,000g for 2min in 1.5ml aliquots.
The supernatant was discarded and each pellet washed with 
750/xl warm pregassed KP buffer to eliminate any 
extrasynaptosomal fluorescent probe. 750/xl of the same 
buffer was added to each pellet and these were then stored 
in the dark until use.

2.3.4 Fluorescence Measurement and Calibration
This was carried out by the method of Ashley et al., (1984) 
using the formula of Grynkiewicz et al., (1985).

The supernatant from the stored sample was discarded and the 
pellet washed with a further 750/xl KP buffer before 
resuspension in 1.5ml of the same buffer.
Samples were transferred to quartz cuvettes and 
intrasynaptosomal calcium measured using the Perkin-Elmer 
LS-3B Fluorescence Spectrometer at 37°C with constant
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stirring.
D u r i n g  analysis, following recording of the basal 
unstimulated fluorescence, depolarising agents (50mM KCl or 
80/xM veratrine) , where required, were added directly to the 
cuvette through a microsyringe with a long needle to enable 
addition without opening the chamber, thereby keeping out as 
much light as possible.
After recording fluorescence intensities of the samples 
under the various conditions autofluorescence was recorded 
by measuring the emission from the cuvette containing the 
sample with only DMSO added.

Calibration of the sample was carried out for Rmax (the 
response of the intracellular dye to saturating calcium) by 
addition of Triton X-100 (0.5% final concentration). Triton, 
a non-ionic detergent, causes lysis of the synaptosomal 
membrane, resulting in the release of cytosolically trapped 
fura-2 into the extrasynaptosomal medium. This exposure of 
fura-2 to a relatively high Ca++ concentration (1.2mM) in 
the external medium should cause all the fura-2 molecules to 
bind Ca++. Hence, the resulting fluorescence should approach 
Rmax.
Following the measurement of Rmax, Rmin (the response of the 
intracellular dye to zero calcium) was measured by the 
addition of the calcium ion chelator EGTA (30mM final 
concentration, pH 8.3). This excess EGTA (together with the 
alkaline medium which increases the affinity of EGTA for 
Ca++) results in Ca++ being stripped off the fura-2 molecule 
and being chelated by EGTA along with any unbound Ca++.
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All fura-2 (Calcium) measurements were carried out on the 
Perkin-Elmer LS-3B Fluorescence Spectrometer at 37°C and 
were obtained using the following parameters :

Excitation wavelength (1) : 340nm 
Excitation wavelength (2) : 380nm 
Emission wavelength : 510nm
Slits - Ex,Em : 5,10mm

After each sample, cuvettes were thoroughly washed in 
methanol followed by distilled water.
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2.3.5 Treatment of results
Once R, Rmax and Rmin values had been obtained, it was 
possible to calculate the free intrasynaptosomal calcium 
concentration ([Ca++]^).
Fig 2.4 shows typical response of normoxic synaptosomes to 
addition of veratrine. The sample was then calibrated. The 
synaptosomal membrane has been permealised with Triton X- 
100, allowing equilibration of the intra- and extracellular 
calcium concentrations. Rmin was measured by the chelation 
of the calcium present by EGTA.

Values of Rmax, Rmin and SFB were automatically extracted 
from the calibration data by the software package (Perkin 
Elmer), after autofluorescent subtraction, and were used to 
calibrate the data from Fig 2.4 using the equation of 
Grynkiewicz et al., (1985):

[Ca4" ^  = R - Rmin X Kd X SFB 
Rmax - R

where:
Kd = dissociation constant of the fura-2 Ca++ complex.

= 224nM (physiological pH - Grynkiewicz et al., 1985).
Rmax = maximum ratio of fluorescence excitation at 340nm to

that at 380nm (in the presence of excess calcium).
Rmin = minimum ratio of fluorescence excitation at 340nm to

that at 380nm (in the presence of excess EGTA) .
SFB = ratio of fluorescence of fura-2 at zero calcium and 

full calcium saturation at the excitation wavelength 
of 380nm.
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Fig 2.5 shows the fluorescence intensities at 340 and 380nm. 
Fig 2.6 shows data from Fig 2.4 plotted and calibrated in 
terms of [Ca++]^ as described above.
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Legend for Fig 2.4
A typical trace of the ratio changes recorded when normoxic 
synaptosomes were depolarised by veratrine (final concentration 80/iM) .
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Legend for Fig 2.5
Fluorescence intensity at 340 and 3 80nm in normoxic 
synaptosomes depolarised by 80/xM veratrine. Free fura-2 
fluoresces at 380nm and calcium-bound fura-2 at 340nm.
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Fig 2.6

Free Intrasynaptosomal Calcium Concentration (Normoxia)
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Legend for Fig 2.6
A typical trace of the changes in intrasynaptosomal calcium 
concentration with time obtained from the calibration of the 
data shown in Fig 2.4. Normoxic synaptosomes were 
depolarised by 80/xM (final concentration) veratrine.
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2.4 Measurement of Intrasynaptosomal pH
2.4.1 Introduction
Brain tissue acidosis is thought to be a deleterious factor 
in anoxia, ischaemia and other CNS injury, playing a 
significant role in the mechanisms leading to neural tissue 
damage initiated by these insults.
The concept of tissue acidosis playing an active role in the 
mechanisms leading to anoxic/ischaemic - induced cerebral 
tissue damage is supported by experimental evidence (Siesjo, 
1985) . Neural tissue acidosis has been found to be related 
to poor recovery of energy charge (Ginsberg et al., 1980) 
and function (Rehncrona et al., 1980) following ischaemia. 
A decrease in pH and neuronal activity are among the 
earliest changes in cerebral ischaemia (Hansen, 1985), 
thought to occur within seconds of the onset of severe 
ischaemia, and well before the nerve cell depolarisation 
that occurs following ischaemia (attributed to an increase 
in membrane permeability).
A rapid increase in extracellular H+ has been recorded in 
the cerebral cortex exposed to ischaemia. This acidification 
has been generally attributed to the rise in carbon 
dioxide, secondary to HC03“ buffering of lactate which 
accumulates in the intracellular space subsequent to the 
stimulation of anaerobic metabolism (Siesjo, 1985). The 
acidosis concomitant with lactate production is not 
thought, on its own, to account for the amount of damage 
caused by anoxic/ischaemic injury as acidosis induced by 
hypercapnia had only minimal effects on brain morphology 
(Folbegrova et al., 1974). Investigations have suggested
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that translocation of H4* and HC03” across the cell membrane, 
resulting in the activation of Na+ /H+ and H C 0 3” /C1 
exchangers which regulate intracellular pH may influence the 
extracellular acidosis (Chesler and Kraig, 1989, 1990;
Oberenovitch et al., 1990).
Neuronal acidosis is indicative of a failure of neuronal H+ 
buffering capacity but changes in acid/base homeostasis 
within cells remain largely unknown. Investigation is 
difficult and complicated because neuronal and glial cells 
appear to have different buffering capacities (Dietmer and 
Schlur, 1987) .
Many of the techniques for measurement of intracellular pH 
are inappropriate for synaptosomes, which are too small for 
i m p a l e m e m t  with pH-sensitive m i c r o e l e c t r o d e s  or 
microinjection of indicators. Recent development of 
fl u o r o p r o b e s  for measuring intracellular pH by the 
fluorescent indicator technique has proved to be a major 
advancement in the study of cell pH (Thomas et al. , 1979;
Graber et al., 1986). These probes were based on the 
observation that the fluorescence of the chromophore 
fluorescein was found to be highly dependent on pH (Thomas 
et al., 1979). Two such probes are 4-methylumbelliferone 
(4MU) and 2'7'bis - carboxyethy1-5(6)-carboxyfluorescein 
(BCECF) , widely used in pH measurements (shown in Fig 2.7). 
4MU has been reported to be entirely unsuitable for use with 
cultured or dissociated cells because of the extremely poor 
cellular retention, with a leak rate of less than 2sec 
reported (Graber et al., 1986).
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Legend for Fig 2.7
Structures of the fluorescent intracellular pH indicators 
BCECF (217'-bis-carboxyethyl-5(6)-carboxyfluorescein and 4MU 
(4-itiethylumbelliferone) .
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II
In this study, the pH sensitive fluorescent indicator 
2'7*bis - carboxyethyl-5(6)-carboxyfluorescein (BCECF) was 
employed to monitor the intrasynaptosomal pH. Fluorescence 
of this probe was shown to be linear over the pH range of 
interest i.e. 6.5 to 7.5. (Paradiso et al., 1984; White et 
al., 1989) and is highly sensitive to small changes in pH 
(Rink et al., 1982).
BCECF is a relatively impermeant pH indicator because it 
c o n t a i n s  four carboxyl groups and is there f o r e  
intracellularly-trappable (Rink et al., 1982). Addition of 
acetoxymethy1 ester groups to these carboxyls yields 
BCECF/AM, which is membrane permeable and easily enters 
cells. Intracellular esterases cleave the BCECF/AM back to 
membrane impermeant BCECF which is effectively trapped 
within the cells (Thomas et al., 1979; Rink et al., 1982). 
The impermeant pH indicator is therefore generated in situ 
by intracellular enzymes and calibration is accomplished by 
measuring the spectrum after equilibration of the external 
pH with nigericin (Thomas et al., 1979).
Synaptosomes were loaded with the dye in the ester if ied form 
which was accumulated by the synaptosomes and subsequently 
enzymically hydrolysed within the synaptosomes. The product 
of hydrolysis gave rise to a characteristic fluorescent 
signal which was observed at the excitation wavelengths of 
490nm and 439nm and emission wavelength 53 0nm. Increasing pH 
markedly enhances the excitation efficiency of the dye at 
490nm but has no effect at 439nm (Paradiso et al., 1987) so 
the ratio of intensities obtained at 490nm and 430nm 
excitation measured intrasynaptosomal pH while cancelling

118



variation in dye content and sample thickness. The intensity 
of the emitted fluorescence allowed estimation of the 
intrasynaptosomal pH. It was therefore possible to monitor 
changes in intrasynaptosomal pH homeostasis under the 
conditions of normoxia, anoxia, aglycaemia and ischaemia.
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2.4.2 Method of Intrasynaptosomal pH Measurement
Synaptosomes were prepared and loaded with BCECF 
acetoxymethyl ester (BCECF/AM), at a final concentration of 
2.5/xM BCECF dissolved in dimethyl sulphoxide (DMSO). The 
protocol and basic principles employed were essentially the 
same as those described for the m e a s u r e m e n t  of 
intrasynaptosomal Ca++ using the fluorescent probe fura-2 
(see Methods 2.3).

2.4.3 Preparation of Sample
Crude mitochondrial pellet (P2) prepared from one rat brain 
was resuspended in 1.2ml of the appropriate Krebs Phosphate 
(KP) buffer (see Methods 2.2.2b) and then 6.72ml warm pre
equilibrated KP buffer added giving a final concentration of 
approximately lOmg protein/ml. The synaptosomes were pre
incubated at 37°C for the appropriate preloading time (see 
Methods 2.3) under the appropriate gassing conditions (pure 
02 for normoxia and aglycaemia or pure N2 for anoxia and 
ischaemia).
Following pre-incubation, 200/il of the suspension was 
reserved for protein analysis (see Methods 2.2.2d). 5/li1
BCECF/AM dissolved in DMSO was added to 2ml of synaptosomal 
suspension in a glass vial, giving a final concentration of 
2.5jiiM. 5jLil DMSO was added to a 2ml suspension in another 
glass vial to make up an autofluorescent vial. Vials were 
wrapped in aluminium foil and accordingly gassed (in the 
presence of 100% nitrogen for anoxia and ischaemia, and 100% 
oxygen for normoxia and aglycaemia) enabling the loading of 
the synaptosomes with the probe during the final 30min of
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the gassing protocol.
Loading was terminated (after 30min) by ten - fold dilution 
with pre-equilibrated KP buffer at 37°C and centrifugation 
at 10,000g for 2min in 1.5ml aliquots. The resulting pellet 
was washed twice with pre-equilibrated KP buffer to 
eliminate the fluorescent probe from the extrasynaptosomal 
medium and stored in the dark until use. The synaptosomal 
pellet was then resuspended in the same buffer (final 
protein concentration «lmg/ml) immediately before pH 
measurement.

2.4.4 Fluorescence Measurement and Calibration
This was carried out by a modification of the method of 
Thomas et al., (1979) as described by White et al., (1989). 
Measurements were performed at 37°C using a Perkin-Elmer LS- 
3B Fluorescence Spectrometer. All the results were obtained 
using the excitation wavelengths of 490nm and 439nm and 
emission wavelength 530nm.
Nigericin was used to calibrate each incubation 
independently as described by White et al. (1989) (see Fig
2.8 and Fig 2.9). Following recording of the fluorescence 
intensities under resting (basal) or depolarised (by 50mM 
KC1 or 80/xM veratrine) conditions, independent calibration 
of each sample was carried out. 50/il of nigericin in K+ (to 
give a final concentration of lOfig nigericin/ml and 130mM 
K+ ) was used to permeabilise the synaptosomal membrane. 
Nigericin acts as an electroneutral ionophore capable of 
catalysing the exchange of K+ for H+ and which effectively
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abolishes the pH gradient across the synaptosomal membrane, 
thereby equilibrating the external pH with the internal pH. 
The pH was then altered by addition of neat HC1 or NaOH, 
lOfil at a time, to determine the fluorescence at different 
known pH values. On each addition of acid or alkali, the pH 
was m e a s u r e d  with a pH meter and the corresponding 
fluorescence at 530nm noted. Addition of depolarisation 
agents (80/iM veratrine/ 50mM K+ ) was made when required 
using a microsyringe.
Autofluorescence was measured in parallel incubations 
exposed to DMSO alone and subtracted from the experimental 
incubations.

2.4.5 Treatment of results
The fluorescence at known pH values was used to plot an 
independent standard curve for each sample - an example is 
shown in Fig 2.8 Each standard curve was then used to 
evaluate the pH of that sample. Samples with a standard 
curve that yielded a linear coefficient of determination of 
less than 0.98 were discarded.
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A Typical Calibration Curve fo r  BCECF in Synaptpsomes
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Legend for Fig 2.8
Calibration curve for BCECF used in the measurement of 
intrasynaptosomal pH. Synaptosomes were resuspended and 
incubated in Krebs phosphate buffer and loaded with BCECF as 
described in Methods 2.4. Calibration was carried out by 
adding lOjiq of nigericin/ml of incubation and altering the 
final concentration of K+ to 130mM. The fluorescent response 
and pH of the incubation were recorded after this addition 
and after subsequent additions of HC1 or NaOH to obtain 
points over the pH range of interest for each sample 
independently. The correlation coefficients = 0.99
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Fluorescent Measurement of Intrasynaptosomal pH
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Legend for Fig 2.9
Typical trace of fluorescence intensity in the measurement 
of intrasynaptosomal pH. Synaptosomes were loaded with BCECF 
as described in Methods 2.4. After treatment with veratrine 
(80/LiM final concentration) (V) , calibration was carried out 
by adding nigericin + KC1 (N) as described in Methods 2.4. 
At this point, the pH was 7.13. Subsequent addition of HCL 
at (A), (B) , (C),(D), altered the pH to 6.88, 6.52, 6.24 and
6.08 respectively.
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2.5 Measurement of Acetylcholine and Choline Release
2.5.1 Introduction
Acetylcholine (ACh) was one of the first documented 
neurotransmitters (Quastel et al., 1936). The synthesis and 
release of acetylcholine is a highly specific process which 
is held under tight control. The synthesis occurs in the 
cytosol from Acetyl-CoA and choline catalysed by choline 
acetyltransferase. Glucose and pyruvate are the main 
precursors of Acetyl-CoA in adult mammalian brain (Browning 
and Schulman, 1968). The mechanism of Acetyl-CoA transfer 
across the mitochondrial membrane to the cytosol is unclear. 
Choline is thought to enter synaptosomes by a high affinity 
carrier (Kuhar and Murin, 1978) and there is also believed 
to be an intrasynaptosomal choline pool (Marchbanks and 
Kessler, 1982). Newly synthesised acetylcholine is then 
transported to vesicles with a compartmentation of the 
stored acetylcholine between the cytosol and synaptic 
vesicles (Whittaker, 1984).

There are many methods for the analysis of acetylcholine; 
however some are complicated and time consuming, some lack 
sensitivity and some require expensive equipment.
These assays for ACh are based on the measurement of either 
choline, eg. fluorimetric method of Browning (1972), 
acetate, eg. radioenzymatic method of Dunant and Hurt (1976) 
or acetylcholine, eg. HPLC method of Potter et. al., (1984); 
chemiluminescent method of Israel and Lesbats (1982).

The chemiluminescent assay for acetylcholine proposed by
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Israel and Lesbats (1981, 1982) was used in these
investigations to continuously detect acetylcholine release 
from synaptosomes. Israel and Lesbats (1981, 1982) used this 
method to detect the continuous release of transmitter from 
stimulated non-mammalian systems (electric organ slices and 
synaptosomes) and mammalian systems (mouse brain slices). 
These authors also measured the ACh content of mammalian 
brain and muscle extracts.
This method had the advantage of high sensitivity, was easy 
and cheap to use and had been further developed in this 
laboratory to allow the introduction of automated computer 
controlled reagent addition and the collective assay of up 
to 23 samples (Willoughby et al., 1986).
The assay also has the added advantage of allowing the 
measurement of both choline and ACh in the same sample 
without the prior separation of the two compounds and also 
allows the continuous recording of acetylcholine release.

This method of measuring acetylcholine is based on linking 
ACh to the production of chemiluminescence. This is achieved 
by coupling the oxidation of choline (resulting from the 
hydrolysis of acetylcholine) to hydrogen peroxide with the 
detection of the hydrogen peroxide with one of the very 
sensitive reactions known to detect this compound.
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2.5.2 Principles of the Chemiluminescent Assay
Fig 2.10 shows the stages of the chemiluminescent reaction
used to assay ACh and choline release from synaptosomes.

The acetylcholine measurement is based on the hydrolysis of 
acetylcholine by the enzyme acetylcholinesterase to choline 
and oxidation of the choline to betaine and H202 by choline 
oxidase. In the presence of luminol and horseradish 
peroxidase, light emission is generated and recorded with a 
photomultiplier.

Enzyme catalysed processes that lead to the formation of 
hydrogen peroxide can be coupled to chemiluminescence 
detection using luminol. The conditions of the enzymic 
processes used in these experiments are designed such that 
the amount of H 20 2 produced is proportional to the 
concentration of the substance being measured.

Choline Oxidase is the enzyme that is used in the assay to 
catalyse the reaction that produces the H202 with the amount 
of H202 produced being proportional to the amount of choline 
in the sample.

H202 produced then reacts with the excess luminol in the 
optimum alkaline environment (pH 8.6). This reaction is 
catalysed by peroxidase. The resulting chemiluminescence 
activity is proportional to the H202 produced, and hence the 
concentration of the substance of interest.
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Fig 2.10
Stages of the Chemiluminescent Assay
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Legend for Fig 2.10
Schematic representation of the stages of the 
chemiluminescent reaction used in the measurement of 
acetylcholine and choline release. (1) Acetylcholinesterase;
(2) Choline Oxidase; (3) Peroxidase.
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The method is based on the sequential addition of reagents 
to a buffer cocktail containing the sample to be measured 
and the reagents for chemiluminescence production with the 
omission of acetylcholinesterase and choline oxidase. The 
addition of the acetylcholinesterase initiates the reactions 
that produce chemiluminescence. The step by step assay 
(illustrated in Fig 2.10) gives the reaction its specificity 
as choline oxidase only receives its substrate when 
acetylcholine is hydrolysed by acetylcholinesterase.

129



2.5.3 Measurement
Samples were read using the LKB 1251 Luminometer controlled 
for convenience by an Apple lie computer using the 
Washworker programme (written by S. Harvey, 1981). This 
programme was designed to evaluate and store the data in 
real time, and to initiate, continue or terminate a 
particular reaction according to programmed mathematical 
constraints (Willoughby et al., 1986).
The Apple Ile/LKB 1251 was able to search for a sample whose 
initial background light output had fallen to a stable 
baseline, and automatically make sequential injections of 
the three reagents in the dispensers. Each sample was 
automatically stirred when being measured in the 
photomultiplier chamber. Once a stable baseline was achieved 
for a sample, the computer programme directed the delivery 
of choline oxidase. Any choline present in the cuvette was 
oxidised to release H202 which then reacted with the excess 
luminol to cause photoemission (wavelength 430nm). The 
maximum photoemission was recorded as the peak voltage 
signal, which in effect reflected the amount of choline 
present.
Once the base line had stabilised, acetylcholinesterase was 
delivered. This resulted in the hydrolysis of any ACh in the 
cuvette to choline (and acetate) which was then oxidised by 
the choline oxidase to produce further chemiluminescence and 
thus a second peak voltage signal.
The amplified voltage measured with this technique was 
proportional to the current through the photomultiplier 
tube, and thus to the rate of photon emission by the sample.
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The peak voltage signal reflected the maximum rate of photon 
emission and therefore the concentration of the substance 
being assayed. The concentration of the ACh and choline 
released by the synaptosomes was measured by peak voltage 
integration, and quantified by comparing these values with 
the peak voltage signal developed by an authentic lOOpmol 
standard of ACh.
Using these results, the amounts of choline and 
acetylcholine released by the synaptosomes under the various 
incubation conditions was calculated.
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2.5.4 Sample Preparation for Chemiluminescent Assay
Synaptosomes prepared from 3 rats as described in Methods 
2.2.2a were pelleted following the discontinuous ficoll 
gradient. The synaptosomes were then incubated for 15mins at 
4°C in 3 5ml of the appropriate Krebs Phosphate (KP) buffer 
(see Methods 2.2.2b) containing 12.5/xM (final concentration) 
phospholine iodide.

Phospholine inhibits acetylcholinesterase (AChE) which 
breaks down ACh to choline and acetate (Willoughby et al., 
1986). Phospholine is a potent organophosphate 
anticholinesterase - structure shown in Fig 2.11 - causing 
an irreversible inhibition of acetylcholinesterase (Silver, 
1974). Its purpose is to permanently inhibit all the 
acetylcholinesterases present in the synaptosomal 
suspension. The inhibition of this enzyme enables the 
measurement of ACh released during the period of incubation 
as there is no active AChE present to break it down.
After the 15min incubation in the presence of phospholine, 
the synaptosomes were then washed by centrifugation and 
resuspension three times in KP without phospholine to remove 
excess phospholine.
The synaptosomes were then resuspended in the appropriate KP 
buffer (which had been pre-equilibrated by gassing with 100% 
N2/02) to give a final concentration of lOmg/ml. 100/xl of 
this synaptosomal incubation was added to eppendorfs 
containing 900/liI of the appropriate pregassed KP with 50mM 
KC1 where required (to give rise to depolarising 
conditions). Veratrine was not used in these experiments
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Fig 2.11

Phdbholine

s c h 2-c h 2-n CH3

Legend for Fig 2.11
SThe structure of phospholine
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because it has been shown to have adverse effect on the ACh 
release measurements. Grewaal and Quastel (1973) recorded a 
drop in total brain ACh content by veratrine.

TQ values were obtained by immediate centrifugation of the 
appropriate control tubes. The other tubes were incubated 
with shaking at 37°C in the presence of the appropriate gas 
for the desired length of time. The gas (100% nitrogen for 
anoxia and ischaemia; 100% oxygen for normoxia and 
aglycaemia) was delivered via a gassing manifold, lines from 
which were suspended above the individual tubes. At the 
desired time point, the incubations were terminated by 
centrifuging at 10,000gr for lmin to pellet the synaptosomes. 
The supernatant was decanted and assayed for acetylcholine 
and choline.

2.5.5 Assay Protocol for Acetylcholine and Choline 
Measurement
Choline and acetylcholine release were assayed in the 
appropriately prepared samples by the chemiluminescent 
method described by Israel and Lesbats (1981) as modified by 
Willoughby et al., (1986). The LKB 1251 Luminometer which 
holds up to 25 samples in a temperature controlled (25°C) 
carousel was used for the assays. In all experiments, 23 
samples and 2 blanks were loaded into the carousel. ACh and 
choline were determined in 100/xl of each sample that had 
been added to 900/zl of a chemiluminescent cocktail.
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The Chemiluminescence Buffer was prepared as follows:- 
25ml NaH2P04 (200mM, pH 8.6)a
50/xl Horse-radish peroxidase (EC 1.11.1.7) (150 U (lmg)/ml)

(final concentration 0.3U/ml)
400/x 1 Luminol (5-amino-l,2,3,4-tetrahydrophthalazindione - 

1,4) (ImM) (final concentration 16/iM)*5 
a Buffer was brought to pH 8.6 by NaOH addition.
^ Luminol was prepared in a stock solution and dissolved by 
the addition of 1-2 drops of 1M NaOH before being made up in 
200mM Tris/HCl pH 8.6.
900/zl of this luminescence buffer was added to lOO/il sample 
in clear plastic cuvettes.

Reagents in the automatic luminometer dispensers:

I : Choline oxidase (13.9U/mg) 3mg/1.5ml.
: 50/11 dispensed i.e. 1.39U per sample.

II : AChE (EC 3.1.1.7) (purified to f.c. 75U/ml).
20/il dispensed.

Ill: ACh standard (5/iM from following serial dilution) .
: 20/Ltl dispensed.
18.lmg ACh + 10ml H20 (lOmM) - (1)
100/il(l) into 10ml NaH2P04 (200mM) buffer - (2)
500/il(2) + 9.5ml NaH2P04 (200mM) buffer (5/iM)

AChE was purified from contaminating acetylcholine to ensure 
the sensitivity of the assay was not altered and to give a 
low blank value. This was achieved by filtration on a 
Sephadex G50 column (see Methods 2.5.6).

135



Samples were then read using the LKB 1251 Luminometer. 100/xl 
of each sample was added to 900/il of freshly prepared buffer 
cocktail (described previously) in cuvettes. The samples 
were then loaded into the luminometer. When the baseline had 
stabilised choline oxidase was injected directly into the 
sample cuvette. This caused a chemiluminescent peak due to 
the oxidation of the choline present in the sample. When the 
initial burst had died down and the baseline had stabilised 
again, acetylcholinesterase was injected into the sample (to 
give a final concentration of 0.6U/ml) causing a peak due to 
ACh i.e. the oxidation by choline oxidase of the choline 
produced by the hydrolysis of acetylcholine by the 
acetylcholinesterase. After the baseline had stabilised 
again, a lOOpmol authentic standard was injected into the 
same sample to cause a peak that was used to quantify the 
choline and acetylcholine present in the sample. A typical 
trace is shown in Fig 2.12. Calculations were based on peak 
area.
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Legend for Fig 2.12

Chemiluminescent assay profile showing the distinction 
between choline and acetylcholine. In the absence of 
acetylcholinesterase, the reaction expands only to choline. 
The presence of acetylcholine gave no response until 
acetylcholinesterase was added. This system is therefore 
able to distinguish between choline and acetylcholine in a 
sample containing both compounds.
A = Peak due to Choline
B = Peak due to Acetylcholine
C = Peak due to Acetycholine standard (lOOpmol)



2.5.6 Purification and Assay of Acetylcholinesterase
To purify the acetylcholinesterase (AChE), 4mg of AChE was 
dissolved in 400/xl of distilled water and then loaded on a 
10ml Sephadex G50 column which had been equilibrated with 
distilled water running at a flow rate of lml/min. 500/il 
fractions were collected. The AChE was then determined 
spectrophotometrically in the fractions by the method of 
Ellman et al., (1961).

The components of the assay were as follows (final 
concentration) lOOmM potassium phosphate buffer (pH 8), 
0.4mM DTNB (Ellman's reagent), 0.75mM acetylthiocholine 
iodide, and sample. The assay was carried out at 2 5°C. The 
assay was initiated by the addition of acetylthiocholine 
iodide and the increase in absorbance monitored at 412nm 
against a blank containing all the assay components except 
acetylthiocholine iodide. The molar extinction coefficient 
used was 13.6 X 103 M""1 cm-1 (Ellman, 1959). The activities 
were expressed as units where 1 unit is defined as the 
amount of enzyme (acetylcholinesterase) that produces 1/xmol 
of reaction product (acetylcholine) per minute at 2 5°C.

The fractions of activity greater than 60U/ml were pooled 
and diluted to a final concentration of 75U/ml with 
distilled water. This was frozen in 500/il aliquots at -20°C 
(stable over a period of 2-3 months if kept frozen) .
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2.6 Measurement of Synaptosomal Lactate Levels
2.6.1 Introduction
One of the major theories concerning the development of 
brain injury during ischaemia centres on the production of 
lactate, the end product of anaerobic glycolysis (Myers and 
Yamaguchi, 1976; Siesjd, 1981). The role of elevated lactate 
in the development of brain damage however remains unclear. 
In this study, synaptosomal lactate levels were monitored to 
investigate further the possible role of lactate in cerebral 
ischaemic damage. The levels of lactate in synaptosomes 
exposed to varying lengths of normoxia, anoxia, aglycaemia 
and ischaemia were monitored in order that the effect of 
substrate and oxygen availability on synaptosomal metabolism 
could be further investigated. Synaptosomal lactate 
production could then be related to the other cellular 
parameters that were monitored in this study.
In this study, synaptosomal lactate concentrations were 
measured by the method of Gutmann and Wahlefeld (1974).

2.6.2 Principles of Lactate Assay
This spectrophotometric assay is based on the change in 
absorption at 340nm due to the reduction of NAD+ to NADH 
which accompanies the dehydrogenation of lactate to pyruvate 
by lactate dehydrogenase (LDH) EC 1.1.1.27.

LDH
Lactate + NAD+ <-------- ► Pyruvate + NADH
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The reduction of NAD+ to NADH results in an increase in 
absorbance at 340nm. This is illustrated in Fig 2.13. Both 
NAD+ and NADH exhibit a major absorption peak at 260nm, 
characteristic of their nucleotide structure, but the 
spectrum of the reduced form shows a smaller absorption band 
with a maximum at 340nm whereas the oxidised form does not. 
By carrying out the reaction in a spectrophotometer cuvette, 
with wavelength selected for 34 0nm, the reduction of NAD+ 
may be observed by the increase in absorbance that occurs as 
the reaction proceeds. The resultant NADH is therefore 
monitored at 340nm.

NADH is formed in a 1:1 stoichiometry with the oxidation of 
lactate to pyruvate and reflects the amount of lactate in 
the sample. The pyruvate formed is removed by reaction with 
hydrazine, thus allowing the reaction to oxidise all the 
lactate.
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Fig 2.13
Absorption spectra of oxidised (NAD+ ) and reduced (N A D H ) 
nicotinamide-adenine dinucleotide
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Wavelength (nm)

Legend for Fig 2.13
The absorption spectra of oxidised and reduced nicotinamide- 
adeni ne dinucleotide. The reduction of NAD+ may be observed 
by the increase in absorbance at 340nm that occurs as the 
reaction proceeds. Conversely, the oxidation of NADH results 
in decrease of absorbance at 340nm.
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2.6.3 Method of Synaptosomal Lactate Measurement
Synaptosomal Lactate concentrations were measured by the 
method of Gutmann and Wahlefeld (1974).

2.6.4 Preparation of Sample
Synaptosomes prepared from 3 rat forebrains (see Methods 
2.2.2a) were used. Aliquots (250/il) of synaptosomal 
suspension were added to the appropriate pre-equilibrated 
Krebs phosphate buffer (759/xl) (see Methods 2.2.2b) to give 
a final concentration of 0.5-1.0mg protein/ml. 2 00/xl of the 
synaptosomal suspension was reserved for protein 
determination (see Methods 2.2.2d). The synaptosomes were 
incubated in a shaking waterbath at 37°C in the presence of 
50mM potassium chloride where appropriate, and under the 
different conditions for normoxia, anoxia, aglycaemia and 
ischaemia as described previously in Methods 2.2.2b.
After 15, 30, 45 and 60min, the incubations were terminated 
by the addition of perchloric acid (5% final concentration) 
and centrifugation at 10,000g for lmin. At the beginning of 
the incubation, the reactions of the control TQ samples were 
immediately terminated by the addition of perchloric acid 
and the tubes centrifuged at 10,000g.
The supernatants were then decanted into fresh tubes and 
neutralised.
Sample neutralisation

The supernatants were neutralised with 3M K 2C03/0.5M 
triethylamine (TEA). The neutralisation reaction was:

K2C03 + 2HC104 -- ► 2KC104 + H20 + C02
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Small amounts of the K2C03/TEA mixture was sequentially 
added to the samples with constant mixing and the pH 
monitored. This was necessary because it was important to 
ensure that the carbon dioxide release that accompanied the 
neutralisation did not occur too violently as it could 
result in the diminution of sample.
After neutralisation, samples were left standing on ice for 
30mins to allow full precipitation of KC104 . The extracts 
were then centrifuged at 10,000g for lmin. The volumes of 
the clear supernatants were recorded and then the samples 
were frozen at -20°C till the time of assay.

2.6.5 Lactate Assay Protocol
Measurements were carried out on a Kontron Uvikon 940 
Spectrophotometer at 25°C. The assay system contained (final 
concentration) : 430mM glycine, 340mM Hydrazine buffer pH 
9.5, 2.75mM NAD+ and neutralised sample (100/xl) in a final 
volume of 1ml. In the blank cuvette, the sample was omitted. 
The following volumes of solutions were pipetted into 1ml 
quartz cuvettes and made up to a final volume of 1ml with 
distilled water:-
(i) 0.5ml Glycine/Hydrazine buffer - pH 9.5

(Glycine in hydrazine hydride, pH with HC1)
(ii) 0.05ml NAD+ (20mg/ml, pH 7.0)
(iii)0.1ml Sample
Blanks were made up identically except that the sample was 
substituted with distilled water.
The spectrometer was programmed to continuously read 6
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samples sequentially. Thus 6 blanks and 6 different samples 
were placed in the spectrophotometer each time.
After a stable baseline had been obtained, 5/xl (3U) of LDH 
was added to initiate the reactions and these were monitored 
to completion. The progress of the reactions was visualised 
on the spectrophotometer's VDU and the initial and final 
absorbance values of each sample was noted. When the 
reactions reached completion i.e. a steady plateau, a 
further 5/Ltl of LDH was added to one of the samples to 
determine the absorbance at 340nm attributable to any 
lactate that may be present in the LDH itself. The sample 
values were accordingly corrected and the lactate content of 
each sample evaluated.

2.6.6 Calculations
Using the Beer Lambert law, it was possible to calculate the 
amount of lactate produced by the synaptosomes under the 
various conditions of anoxia, aglycaemia and ischaemia.
Beer Lambert Law : A340 = c.c.l

where A340 = Aksorkance measured at 340nm
€ = molar extinction coefficient forNADH

= 6220 M_1cm“1 
1 = optical path length

= 1cm
c = concentration of NADH (hence Lactate) 

After taking into consideration the dilution factors, sample
volumes and synaptosomal protein concentration, lactate
levels were expressed in nmol per mg synaptosomal protein.
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2.7 Measurement of Calcium Uptake
2.7.1 Introduction
Calcium ions trigger vital processes in a wide variety of 
cells (Armstrong and Eckert, 1987). Altered calcium 
mobilisation has emerged as a fairly generalised 
manifestation of altered states of metabolism with major 
physiological consequences, the inadequate control of free 
intracellular calcium levels leading to cell injury and cell 
death. This hypothesis has received substantial experimental 
support in studies involving metabolic stress with liver, 
heart (Schanne et al., 1979) and nerve cells (Siesjo, 1981; 
Cheung et al., 1986) - see Introduction 1.7.
Several factors have therefore been observed that point to 
the involvement of altered calcium homeostasis as a major 
factor in cerebral damage. A definitive characterisation of 
metabolism dependent changes in neuronal* calcium regulation 
will first require a detailed knowledge of the properties of 
the systems that participate in the influx, binding, 
sequestration, intracellular release and extrusion of 
calcium.

Several systems have been described whereby cells 
translocate calcium (keldolesi and Pozzan ( 1987 ). In 
synaptosomes, these include influx from extracellular fluid 
via voltage operated channels (VOC) and receptor operated 
channels (ROC); and efflux via a calcium ATPase (Gill et 
al., 1981) and a sodium/ calcium exchanger (Blaustein and 
Oborn, 1975). There is continuous cycling of Ca++ across the 
synaptosomal plasma membrane, with a continuous influx of
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Ca++ into the terminals counteracted by an equivalent efflux 
(Snelling and Nicholls, 1985). This continual cycling of 
Ca++ is important for the regulation of intrasynaptosomal 
calcium levels.

In this study, the mechanisms by which metabolic changes 
affect the transport of calcium were investigated. The 
effect of substrate and oxygen availability on synaptosomal 
calcium uptake was monitored to further investigate the 
changes in calcium homeostasis in neurons exposed to 
ischaemic insult. Synaptosomal calcium uptake was measured 
by a radioisotope technique (Naschen and Blaustein, 1982) 
which employs 45CaCl2 and rapid filtration.
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2.7.2 Method of Measurement of Synaptosomal Calcium Uptake
Synaptosomal calcium uptake was measured by the method of 
Naschen and Blaustein (1982) as modified by White et al., 
(1989) for synaptosomal measurements. This reproducible 
technique employs 45CaCl2 and rapid filtration.
Synaptosomes that had been rendered anoxic, normoxic, 
ischaemic or aglycaemic were exposed to 45Ca++ for the last 
10 minutes of the incubation period . They were then rapidly 
filtered, washed to remove any extrasynaptosomal 45Ca++ and 
the synaptosomal 45Ca++ measured using a scintillation 
counter.

45Ca++ Cocktails
Stock solutions of 45CaCl2, veratrine and potassium chloride 
were prepared in Krebs Phosphate buffer as described by 
White et al., (1989):-
(1) Unstimulated: 45Ca++
(2) Veratrine : Veratrine (2.46mg/ml) + 45Ca++
(3) KC1 : KC1 (186. 4mg/ml) + 45Ca++
100/xl aliquots of these cocktails were added to the 
incubations. The concentration of 45Ca++ per synaptosomal 
incubation was 0.4/xCi (White et al., 1989). The final 
concentration of veratrine and KC1 was 80/xM and 50mM 
respectively.
Scintillant
A toluene based scintillant was used, composition:- 
O.lg 1,4, di-2-(5 phenyloxazoyl benzene) (POPOP)
5.0g diphenyloxazale (PPO)
1 litre toluene.
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2.7.3 Pre-incubation
Synaptosomes prepared from 3 rat forebrains by the method of 
Booth and Clark (1978) (see Methods 2.2.2a) were resuspended 
in 7ml of the appropriate pre-equilibrated Krebs Phosphate 
buffer (see Methods 2.2.2b) using the small Potter 
homogeniser. Therefore aglycaemic and ischaemic synaptosomes 
were resuspended in pre-gassed Krebs phosphate buffer that 
did not contain glucose. 200/xl of this suspension was 
reserved for protein determination by the method of Lowry et 
al., (1951) (see Methods 2.2.2d). 250/xl aliquots of the
synaptosomal suspension was added to scintillation vial 
inserts each containing 650/xl of the appropriate pre
equilibrated Krebs Phosphate buffer. In the controls, 
synaptosomes were omitted i.e. 900/il of just Krebs phosphate 
buffer used. The lids of the vials were quickly replaced, 
each bearing a gassing line (delivering the appropriate 
gas), and the vials incubated at 37°C with shaking. In the 
presence of pure nitrogen the synaptosomes were rendered 
ischaemic or anoxic, and in the presence of pure oxygen were 
rendered aglycaemic or normoxic (see Methods 2.2.2b). 
Synaptosomes were pre-incubated for the required length of 
time at 37°C before 4^Ca++ was introduced for the last lOmin 
of the incubation period. Thus for a total 60min ischaemic 
insult, the synaptosomal suspensions were pre-incubated for 
50min before the introduction of 45Ca++.
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2.7.4 Incubation with 45Ca
Following incubation for the desired preloading time, 45Ca 
was introduced for the last lOmin of the incubation.
100/il of 45Ca cocktails (1), (2) or (3) was directly
injected into each vial through the lid via a syringe at 
30sec intervals.
Synaptosomes were considered to be unstimulated when exposed 
to solution (1) , and depolarised (by veratrine or KC1) when 
exposed to solutions (2) or (3). Each condition was 
performed in triplicate.
Following 10 minutes of exposure to 45Ca+ + , 250/liI was
removed from each incubation and added to 4 ml of ice cold 
Krebs phosphate (to stop any further uptake) and filtered 
immediately. Observing the 30sec time interval between 
vials, synaptosomal uptake of 45Ca++ was thus terminated in 
all the vials after a lOmin exposure period.
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2.7.5 Filtration
A custom - built filtration apparatus was used (Fig 2.14). 
Pre-dampened Whatman GF/C filters (2.5cm diameter) were used 
to cover the filtering sites. Separation of synaptosomes 
from the incubation buffer was achieved by rapid vacuum 
filtration, with the retention of the synaptosomes by the 
filters. Each filter was then washed with 3 X 4ml Krebs 
Phosphate buffer. This number of washes was found to be 
optimal for the removal of extracellular 45Ca++ (Peterson 
and Gibson, 1984) and was performed as rapidly as possible 
to reduce any excessive leakage of calcium ions from the 
synaptosomes.
The washed filters were then air dried, placed in 
scintillation vials and 4ml scintillant added to each. The 
radioactivity of each sample was recorded on a Phillips PW 
47 00 liquid scintillation counter.
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2.7.6 Treatment of results
Using the disintegrations per minute (dpm) recorded by the 
counter and taking into account the controls (blanks), the 
synaptosomal calcium uptake that occurred in lOmin under the 
condition of anoxia, ischaemia, aglycaemia or normoxia was 
calculated.
The initial Ca++ in the incubation and the dilution factors 
were taken into account and the calcium uptake expressed in 
nmol/mg synaptosomal protein/lOmin. Details of calculation 
are shown in Fig 2.15.
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Fig 2.15
Calculation of Calcium Uptake

Beginning End

m 45Ca++ 45Ca++ (3)
(2)Total Ca++ Total Ca++ (4)

(1) 45Ca++ at the beginning = /xCi45Ca++/ml of incubation
= 0.4jLiCi

(2) Total initial Ca++/ml of incubation = 1.2nmols/ml

(3) PPM - Blank = 45Ca++ at the end X 4
2.2 X 106

(to give 45Ca++ at the end in fiCi/ml synaptosomes)

»(4) Total Ca++ = (3) X (2)
(1)

= 45Ca++ at end X 4 X Total Ca++ 
^C^^^at^eglnning

»(4)Total nmols Ca++ at end/10 min/mg synaptosomal protein

= 4 X (PPM ~ BLANK) 12,2 X 106 X 1.2 X 103
0.4jiiCi X protein(mg/ml)
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2.8 Effect of Incubation Conditions on Synaptosomal 
Competence
These investigations entailed the monitoring of synaptosomal 
integrity and physiological competence under the 
experimental conditions of normoxia, anoxia, aglycaemia and 
ischaemia.

2.8.1 Assessment of Synaptosomal Integrity
2.8.1.1 Protein release
This was assessed by monitoring the release of lactate 
dehydrogenase (EC 1.1.1.27), a characteristic cytosolic 
marker enzyme widely used to assess the membrane integrity 
of many tissue preparations. Lactate dehydrogenase release 
from synaptosomes was measured in the supernatant of 
synaptosomes that had been subjected to the varying 
conditions of normoxia, anoxia, aglycaemia and ischaemia.

Sample Preparation

Synaptosomes were prepared and incubated under identical 
conditions as described for acetylcholine release 
experiments. At the beginning of the incubation, 2 00/xl of 
the synaptosomal suspension was reserved for protein 
analysis (see Methods 2.2.2d) and 500/liI frozen at -20°C for 
measurement of the total lactate dehydrogenase level of the 
synaptosomal preparation. After the desired length of 
incubation, the synaptosomes were pelleted by centrifuging 
at 10,000g for lmin. The supernatant of each sample was 
decanted and 500̂ tl aliquots of each frozen at -20°C till the 
time of assay when each sample was diluted with an equal
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volume of 1% Triton X-100.

Lactate Dehydrogenase Assay

The activity of lactate dehydrogenase (LDH) was determined 
essentially by the method of Clark and Nicklas (1970). The 
reaction involved in the assay is :

LDH
Pyruvate + NADH + H+ <----- ► Lactate + NAD+

The reaction is catalysed by lactate dehydrogenase and the 
assay is based on the absorbance change that occurs when 
NADH is oxidised to NAD+ (see Methods 2.6 for detailed 
explanation).

Assay Protocol

The assay was carried out at 25°C on a Kontron Uvikon 940 
Spectrophotometer.
The components of the assay are as follows (final 
concentration): lOOmM potassium phosphate buffer pH 7.5, 0.2 
mM NADH, 0.5% Triton X-100, ImM pyruvate, and sample. The 
reaction was initiated by the addition of sample. The 
oxidation of NADH was monitored at 340nm against a blank 
containing all the components except the sample and used to 
calculate the concentration of lactate dehydrogenase.

Calculations

The change in absorbance at 340nm that occurs when NADH is 
oxidised reflects the activity and hence the concentration 
of the lactate dehydrogense (LDH) in the sample.
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The calculations were based on the Beer Lambert Law:

A340 = €*c#1

where A = change in absorbance at 340nm
€ = molar extinction coefficient for NADH 
= 6220 M"1cm“1 

1 = optical path length in cm 
= 1cm

LDH activity of each supernatant sample was expressed as a 
percentage of the total LDH activity of the synaptosomal 
preparation.

2.8.1.2 Choline Release
Choline is a major constituent of biological membranes. A 
significant release of choline from synaptosomal incubations 
would reflect synaptosomal membrane damage resulting in the 
release of choline from the membranes. Choline is often 
released when free-oxygen radical promoted damage to cell 
membranes occurs or when specific phospholipases are 
activated. Choline release from the synaptosomes is not 
associated with neurotransmitter release but may be due to a 
leak because of degradation of choline containing compounds 
such as phospholipids (Willoughby et al., 1986).
Choline efflux from synaptosomes was detected whilst 
applying the chemiluminescent assay for the measurement of 
acetylcholine release. Therefore, choline was monitored in 
synaptosomal incubations by the method of Israel and Lesbats 
(1982) as modified by Willoughby et al., (1986). The method
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and evaluation of choline content was described in Methods
2.5.

Sample Preparation and Choline Measurement

Synaptosomes were prepared and incubated under identical 
conditions as described for acetylcholine release 
experiments. At the beginning of the incubation, 2 0 0 /liI o f  

the synaptosomal suspension was reserved for protein 
analysis (see Methods 2.2.2d). After the desired length o f  

incubation, the synaptosomes were pelleted by spinning at 
10,OOOg.
100/il aliquots of each sample was then transferred into 
cuvettes for choline measurement (see Methods 2.5).
Thus the amount of choline released from the synaptosomes 
during incubations under the conditions of normoxia, anoxia, 
aglycaemia and ischaemia were obtained.

2.8.2 Physiological Competence
This was reflected in the ability of the synaptosomes to 
release the neurotransmitter acetylcholine. This is a basic 
property of competent synaptosomes (Willoughby et al., 
1986).
Synaptosomal competence was also reflected by the ability to 
maintain pH and calcium homeostasis under basal and 
depolarised conditions.
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2.9 Effect of Lactate on Synaptosomes
2.9.1 Introduction
Lactate, the end product of anaerobic glycolysis, has been 
widely implicated in the development of brain injury during 
ischaemia/anoxia, with its production found to increase 
greatly under conditions of reduced oxygen availability 
(Siesjo, 1981).

The amount of lactate produced has been shown to be
dependent on the pre-ischaemic glucose and glycogen
"stores". Under ischaemic conditions where adequate
substrate was available to the tissue, there was increased
lactate production (Corbett et al., 1988). Preloading of
experimental animals with glucose was shown to result in a
greater degree of morphological brain damage compared to
normoglycaemic animals exposed to the same period of
ischaemia (Myers and Yagamuchi, 1976). During incomplete
ischaemia the continued supply of glucose was found to allow 
*
increased lactate production depending on the maturational 
state of the tissue (Rehncrona et al., 1981; Hope et al., 
1988). Rehncrona et al., (1981) observed a lactate 
accumulation of 15 - 16/xmolg”1 in cortical tissue of starved 
rats during a period of incomplete ischaemia. On 
recirculation, considerable recovery of the cortical energy 
state and electrocortical activity returned to these 
animals. Administration of glucose to the starved rats prior 
to ischaemia caused an increased lactate concentration to 
about 35/xmolg-1 but these animals recovered neither tissue 
energy balance nor neurophysiological functions. This
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supported the concept that there is a critical concentration 
of lactate between 15 and 2 5/xmo lg” 1 , above which 
mitochondrial function is damaged irreversibly (Siesjo, 
1981).
There has been extensive research aimed at investigating the 
role of lactic acid in ischaemia i.e. the physiological and 
possible pathophysiological effect(s) . Lactate accumulation 
may occur simultaneously with acidosis depending on the 
buffering capacity of the tissue, alternative sources of 
protons, and the degree of hypercapnia (Hope et al., 1987; 
McIntosh et al., 1987; Paschen et al., 1987). The acidosis 
concomitant with lactate production is not thought, on its 
own, to account for the degree of ischaemic - induced 
cerebral damage. A comparable acidosis induced by 
hypercapnia was found to have only minimal effects on brain 
morphology (Folbegrova et al. , 1974).

The role of elevated lactate in the development of brain 
damage remains unclear. It was proposed that this would be 
investigated in the present study, in isolated nerve 
terminals (synaptosomes) rendered anoxic/ischaemic by 
manipulation of incubation conditions.
In agreement with the results obtained from Methods 2.6, 
Ksiezak and Gibson (1981) reported that synaptosomes 
isolated from rat brains and then exposed to anoxic 
conditions in vitro produced elevated lactate levels, an 
observation which is similar to that found in vivo. In the 
present study, monitoring of intrasynaptosomal calcium
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concentration (see Results) showed that under anoxic 
conditions, the elevation in synaptosomal lactate 
production was accompanied by a significant decrease in 
intrasynaptosoma1 calcium concentration. In the 
investigations carried out earlier in this study, it was 
also observed that calcium accumulated intrasynaptosomally 
in aglycaemic and ischaemic synaptosomes, whereas 
intrasynaptosomal lactate was not raised (see Results) . It 
was proposed that experiments would be carried out to 
investigate any possible relation between synaptosomal 
lactate production and intrasynaptosomal c a lcium 
concentration. The question posed was - could the production 
of lactate under anoxic conditions influence the 
intrasynaptosomal calcium concentration? If this was the 
case, could lactate have a direct effect on ischaemia - 
induced intrasynaptosomal calcium levels? Such an 
investigation could have many far reaching implications as 
calcium levels have been found to have an important role in 
not only ischaemic damage (Siesjo, 1988b) but other 
neurodegenerative disorders.
In the following experiments, a role for lactate in the 
concentration of free intrasynaptosomal calcium was 
investigated by the addition of exogenous lactate to the 
incubation medium of synaptosomes incubated under normoxic 
conditions. This was a way of assessing whether "anoxia" 
could be created in normoxic synaptosomes by the presence of 
high lactate concentrations in the extrasynaptosomal fluid. 
L-(+)-Lactate, the naturally produced form of lactate from 
the substrate glucose (or pyruvate) was used in the
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investigations. Preliminary investigations were carried out 
in collaboration with Dr. E.J. White to decide the 
concentration of lactate to add to the incubation medium. 
Normoxic synaptosomes were incubated in Krebs phosphate 
buffer to which was added differing concentrations of 
lactate (2-32mM) and the intrasynaptosomal calcium 
concentration monitored.
It was concluded that a lactate concentration of 32mM was 
the most effective at inhibiting the depolarisation-induced 
increase in intrasynaptosomal calcium concentration 
(characteristic of anoxic synaptosomes) and that this was 
therefore the concentration at which anoxia-induced events 
could be best mimicked in normoxic synaptosomes. In general 
therefore, this was the concentration of lactate 
(neutralised) that was added to the incubation medium (see 
Methods 2.2.2b).
Investigations were also carried out to assess whether the 
presence of high lactate concentrations under ischaemic 
conditions would decrease the levels of ischaemia-induced 
intrasynaptosomal calcium concentrations previously 
observed. 32mM L-(+)-Lactate (neutralised) was included in 
the incubation of synaptosomes prior to the ischaemic 
episode. The effect of incubation of synaptosomes under 
ischaemic conditions in the presence of lactate was then 
assessed. The cellular parameters of calcium uptake, 
intrasynaptosomal calcium concentration, acetylcholine 
release and intrasynaptosomal pH were monitored.
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2.9.2 Incubations
In these investigations, synaptosomes were prepared by the 
method of Booth and Clark (1982) (see Methods 2.2.2a) and 
incubated under identical conditions to that described in 
Methods 2.2.2b with the only modification being in the 
introduction of L - (+)-Lactate (neutralised) to the 
incubation buffer.
Synaptosomes were rendered normoxic or ischaemic by 
resuspension in the appropriate pre-gassed Krebs Phosphate 
buffer (+/- glucose) and incubation at 37°C for 60 minutes 
in the presence of 100% nitrogen (for ischaemia) or 100% 
oxygen (for normoxia) . This length of incubation was chosen 
because results from previous experiments indicated that 
this length of incubation was appropriate in ensuring that 
the synaptosomes were indeed anoxic or ischaemic and 
significant differences were observed in the parameters 
measured under the different conditions of normoxia, 
ischaemia, anoxia and aglycaemia. Over the 60min incubation 
period, less than 2% evaporation occurred.

2.9.3 Measurements
The effect of exogenous lactate on intrasynaptosomal 
calcium, intrasynaptosomal pH, synaptosomal calcium uptake 
and acetylcholine release was monitored. Measurements were 
carried out as described in Methods 2.3-2.7 with the lactate 
present from the initial resuspension of the synaptosomes 
(including the phospholine washes for acetylcholine 
experiments).
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2.9.4 Effect of L - (+)-Lactate on Intrasynaptosomal Calcium 
Concentration
Preliminary investigations were carried out to assess the 
appropriate concentration of L-Lactate to use in order to 
create conditions comparable to that achieved by the 
incubation conditions of anoxia. One of the most striking 
effects of anoxia on synaptosomes was the significant 
reduction in depolarisation-induced intrasynaptosomal 
calcium concentration (see Results 3.1.1). This parameter 
was therefore chosen as an indicator of the extent to which 
"anoxia" had been created by the incubation of synaptosomes 
in lactate containing media.
Normoxic synaptosomes were incubated for 60min in incubation 
medium containing L-Lactate at varying concentrations (0- 
32mM), and the intrasynaptosomal calcium concentration 
monitored. These investigations were carried out in 
collaboration with DR. E.J. White who, at the time, was 
using/fluorescent probe quin-2 for intracellular calcium

<T— -

measurements. Quin-2 was used at a final concentration of 
50jLtM, but the protocol followed was as described in Methods
2.3. Synaptosomes were prepared and loaded with quin-2 
acetoxymethyl ester (50/zM final concentration) in the final 
30min of the gassing protocol in the dark (Methods 2.3). 
Loading was terminated by 10-fold dilution with the 
appropriate Krebs phosphate buffer at 37°C, and 
centrifugation at 10,000gr in 1.5ml aliquots. After washing 
twice, the synaptosomes were resuspended at a protein 
concentration of about lmgml-1. Fluorescence was measured at 
339nm excitation and 429nm emission wavelengths. Calibration



was achieved using Triton X-100 (0.5% final concentration) 
and EGTA (3 0mM final concentration) at pH 8.3, as described 
in Methods 2.3. Autofluorescence as measured in parallel 
incubations exposed to dimethylsulphoxide alone, was 
subtracted. Measurements were carried out on the Perkin- 
Elmer LS3B fluorescence spectrometer as previously 
described.

For all other investigations, the fluorescent indicator 
fura-2 was employed to determine the free calcium content of 
synaptosomes (Methods 2.3) incubated in the presence of 
exogenously added lactate. Synaptosomes were incubated under 
normoxic or ischaemic conditions in lactate containing 
media. Intrasynaptosomal calcium measurements, calibration 
and analysis were then carried out as described in Methods
2.3.

2.9.5 Effect of L-(+)-Lactate on Intrasynaptosomal pH
Synaptosomes were incubated under normoxic or ischaemic 
conditions in the presence of L - (+)-Lactate and the 
intrasynaptosomal pH measured using the intracellular pH 
probe BCECF as described in Methods 2.4.

2.9.6 Effect of Acidosis Alone on Intrasynaptosomal Calcium
To investigate further the effect of lactate on 
intrasynaptosomal calcium concentration, it was necessary to 
assess whether the effects observed in response to the 
presence of lactate were a reflection of the acidosis that
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is created in response to exogenous L-Lactate. These 
experiments were therefore carried out to assess whether the 
effects on synaptosomal calcium concentrations recorded 
following exposure to exogenous lactate were due to the 
acidosis that was found to accompany lactate.
Results from experiments described in 9.4 showed that the 
incubation of synaptosomes in the presence of 32mM L-(+)- 
Lactate resulted in an intrasynaptosomal pH (pH^) of 6.91. 
An acidosis comparable to that associated with synaptosomes 
incubated in the presence of 32mM L-(+)-Lactate was created 
and the effect on intrasynaptosomal calcium concentrations 
studied.
Creation of Acidosis
The acidosis was created by the addition of enough 
hydrochloric acid to result in a change in the 
intrasynaptosomal pH to a value that was similar to that 
which was recorded when the synaptosomes were incubated in
the presence of 32mM L-(+)-Lactate.

it
To find the amount of HCJK required to result to in an 
intrasynaptosomal pH comparable to that found when 
synaptosomes were exposed to 32mM L-(+)-Lactate i.e. pH^ = 
6.91, synaptosomal incubations were exposed to varying 
amounts of HC1 and the extrasynaptosomal pH (pHQ ) recorded 
along with the corresponding pH^ (measured by employing the 
fluorescent indicator BCECF as described in Methods 2.4). A 
graph was then drawn reflecting the pH^ and its 
corresponding pHQ . From this graph, the p H Q that 
corresponded to a pH^ of 6.91 was obtained.



Intrasynaptosomal Calcium Measurement
Enough HC1 was exogenously added to synaptosomes to create 
an external pH that would result in a pH^ of 6.91 and the 
intrasynaptosomal calcium levels measured routinely (as 
described in Methods 2.3).
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2.9.7 Effect of L-(+)-Lactate on Synaptosomal Calcium Uptake
The uptake of calcium by synaptosomes incubated in the 
presence of L-Lactate was measured by the method of Naschen 
and Blaustein (1982) as modified by White et al., (1989) for 
synaptosomal measurements. The protocol followed was as 
described in Methods 2.7 using 45Ca++ and rapid filtration. 
The synaptosomal calcium uptake that occurred in lOmin under 
the condition of normoxia or ischaemia in the presence of 
lactate was recorded.

2.9.8 Effect of L-(+)-Lactate on Acetylcholine and Choline 
Release
The effect of exogenous lactate on synaptosomal 
acetylcholine release was monitored. The effect of lactate 
on choline release was also monitored to ensure that it did 
not affect the integrity of the synaptosomal membranes. 
Phospholine - treated synaptosomes (0.5-1.0mg synaptosomal 
protein/ml) were incubated in the appropriate Krebs 
phosphate buffer at 37°C. Incubations were gassed 
appropriately (pure oxygen for normoxic synaptosomes or pure 
nitrogen for ischaemic synaptosomes), and terminated at 0 or 
60min by centrifugation at 10,000gr.
Choline and acetylcholine were assayed in the supernatant by 
the chemiluminescent method of Israel and Lesbats (1981, 
1982 ) as modified by Willoughby et al., 1986) and as 
described in Methods 2.5.
Following this protocol, the acetylcholine and choline 
released by the synaptosomes during incubation in the 
presence of exogenously added lactate was recorded.
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2.9.9 Stereospecificity of the effect of lactate
Investigations were carried out with D-(-)-Lactate to 
further characterise the action of lactate in anoxic brain 
damage. Synaptosomes were incubated in the presence of 0- 
32mM D-Lactate under normoxic conditions and the cellular 
parameters of acetylcholine release and intrasynaptosomal 
calcium concentration monitored as described above.
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2.10 Statistical Analysis
Statistical evaluation of data was determined using means, 
standard error means (SEM), standard deviations (SD), linear 
regression analysis and the Students t-test.

Data are presented in tabular form with an accompanying 
graphical presentation.
Numbers of experiments quoted in tables (n), are separate 
experiments (i.e. distinct synaptosomal preparations). In 
each experiment, measurements have been carried out in 
triplicate.
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CHAPTER THREE

RESULTS AND DISCUSSION



3.1 Validation of the length of exposure of Synaptosomes to 
Anoxic. Aglvcaemic and Ischaemic Conditions
Anoxia is a term that refers to a total lack of oxygen, 
while hypoxia is used to describe a decrease in oxygen 
availability. In this study, the effects of anoxia on 
synaptosomal metabolism were investigated. It was therefore 
necessary to ensure that any oxygen present was as minimal 
as possible.
The pre-equilibration of the anoxic buffer with 100% 
nitrogen resulted in a significant decrease in the oxygen 
content of the buffer, but as recorded in Methods 2, there 
was still a small amount of oxygen present in the buffer 
following pre-equilibration (5.2% 02) . Ksiezak and Gibson 
(1981) found that the rate of synaptosomal lactate 
production was not significantly increased under anoxic 
conditions (compared to normoxia) until the oxygen tension 
in the synaptosomes had fallen to below 2.5%, a level at 
which aerobic respiration could no longer be maintained and 
therefore anaerobic respiration (which results in increased 
lactate production) had to be relied upon.
This factor was taken into consideration when deciding on an 
appropriate length of incubation, to mimic anoxia as much as 
possible. It was also reported that synaptosomal 
mitochondrial function was relatively less susceptible to 
ischaemia than non synaptosomal mitochondria (Sims et al., 
1986); non synaptosomal mitochondria in brain homogenate was 
found to be more affected during ischaemia than synaptosomal 
mitochondria exposed to a similar period of ischaemia.
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The parameters of lactate production, calcium accumulation 
and synaptosomal acetylcholine release were used to assess 
whether marked differences in synaptosomal metabolism could 
be recorded following exposure to varying conditions of 
oxygen and glucose availability. These parameters have been 
implicated in cerebral ischaemic damage. An accumulation of 
calcium in cells and increased production of lactate under 
conditions of decreased oxygen availability are widely 
reported (Siesjo, 1978, 1988). The changes in
intrasynaptosomal calcium concentration and lactate 
production were monitored over different lengths of 
incubation under anoxic, aglycaemic and ischaemic 
conditions. Acetylcholine release, a basic function of the 
synapse, was also monitored under the different incubation 
conditions.
Tables 1-3 show the results obtained when the incubation 
time was reduced below 60min. Figures 3.1-3.3 summarise 
these results. For the sake of clarity, statistical 
significance has been omitted from the figures but is shown 
in the tables.

It should be recalled that the duration of anoxia/ischaemia 
and subsequent events have been reported by some authors to 
be of significant importance to the final outcome of the 
insult (see Introduction 1.3.3). This may further explain 
some of the differences reported in this study to that of 
other authors using different models and different times at 
which measurements were made.
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3.1.1 Synaptosomal Lactate Production over 6Omin in 
normoxia, anoxia, aglvcaemia and ischaemia
(Table 1 and Fig 3.1)
Lactate production was higher under anoxic conditions at 
each of the times investigated, resulting from the 
dependence of synaptosomes on anaerobic glycolysis in the 
absence of oxygen. Under aglycaemic and ischaemic conditions 
in which glucose was not present in the incubation medium, 
lactate production was significantly decreased.

The most significant differences in lactate production were 
recorded when synaptosomes were incubated for over 45min. An 
incubation period of less than 40min was reported to be 
insufficient to yield measurable differences in synaptosomal 
lactate production under conditions of varying oxygen 
exposure (White et al., 1989) and was suggested to be due to 
oxygen tensions present under anoxic conditions.

In the present study, though a 45 minute incubation period 
resulted in a significant decrease in lactate production in 
aglycaemic and ischaemic synaptosomes compared to normoxia, 
and a significant increase in anoxic synaptosomes, the most 
significant differences were measured when the incubation 
period was increased to 60min. An anoxic insult of 60min 
resulted in the most significant increase in lactate 
production as compared to normoxic controls.
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Fig 3.1

Production of Lactate in Synaptosomes under Normoxic, 
Anoxic, Aglycaemic and Ischaemic Conditions

ANOXIC250

200 -

NORMOXIC

1 5 0 -

. 2, 1 0 0 -

AGLYCAEMIC

:->0 -Q_

ISCHAEMIC

30
Time (m in)

50

Legend for Fig 3.1
The production of lactate in synaptosomes under conditions of 
normoxia, anoxia, aglycaemia and ischaemia was measured as 
described in Methods 2.6. Values are expressed as means ± SEM.
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Summary
These results suggest that at the beginning of the 
incubations, the synaptosomes may not have been truly anoxic 
in that there was still sufficient oxygen to maintain 
aerobic glycolysis. During the course of the incubation, any 
oxygen would be utilised so that the oxygen tension would 
gradually decrease to a level lower than that required to 
maintain aerobic respiration. This situation may be 
comparable to that which occurs during hypoxic/anoxic insult 
in vivo (White et al., 1989).

Lactate production was highest at 60min anoxia and this 
incubation period resulted in the most significant 
differences in lactate production by synaptosomes incubated 
under conditions of varying oxygen and glucose availability.

This period of incubation also resulted in the most 
significant differences in intrasynaptosomal calcium 
concentration (and acetylcholine release) caused by 
differences in oxygen and glucose availability and justifies 
the use of a 60min incubation period in the experiments.
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3.1.2 Effect of oxvaen and glucose availability on Free
Intrasynaptosomal Calcium over different time periods
(Table 2 and Fig 3.2)
The changes in free intrasynaptosomal calcium ([Ca++]̂ ) over 
differing durations of normoxia, anoxia, aglycaemia and 
ischaemia are shown in Table 2 . The method of 
intrasynaptosomal calcium measurement employed the 
fluorescent calcium indicator fura-2 and required a thirty 
minute incubation period for the uptake of the probe into 
synaptosomes. Measurements at time points below 3 0min were 
therefore not feasible.

Fig 3.2a illustrates the change in [Ca++]^ in unstimulated 
synaptosomes under the different incubation conditions. 
There was no significant alteration in unstimulated [Ca++]^ 
in normoxia or aglycaemia over the time points monitored, 
though aglycaemic levels were significantly higher than in 
normoxia. Under anoxic conditions, there was a slight 
decrease in [Ca++]^ with increasing incubation times, with 
the lowest levels recorded at 60min.

At each of the time points monitored, [Ca++]^ was highest in 
ischaemic synaptosomes. This may be partially due to an 
increase in synaptosomal calcium uptake that also occurred 
in ischaemia (Table 3) or an increased mobilisation of 
intrasynaptosomal calcium stores eg. from the endoplasmic 
reticulum. The [Ca++]^ of ischaemic synaptosomes rose with 
increasing incubation time to peak at 4 5min at a level that 
was maintained at 60min.
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Veratrine (80/iM) induced increases in [Ca++]^ under all the 
conditions measured, with significantly higher than resting 
levels recorded at all the time points monitored (Fig 3.2a). 
Fig 3.2b illustrates the results obtained when synaptosomes 
were stimulated by 50mM potassium. Potassium-induced 
increase in [Ca++]^ was recorded in normoxic synaptosomes at 
all the monitored time points. In anoxic, aglycaemic and 
ischaemic synaptosomes, an increase in [Ca++]^ by potassium 
was also recorded for a 30min incubation period. However, 
when the incubation time was extended, potassium 
stimulation did not result in a significant increase in 
[Ca++]jL in ischaemic or aglycaemic synaptosomes. Stimulation 
of anoxic synaptosomes resulted in a significant increase in 
[Ca++]^ following an incubation period of up to 45min. At 
60min however, this stimulated increase in [Ca‘l’+ ]^ was not 
significant.
A significant difference in [Ca++]^ was recorded when 
unstimulated synaptosomes were incubated for 60min under 
anoxic, aglycaemic and ischaemic conditions compared to 
normoxic controls. These levels did not significantly alter 
with incubation times under normoxic, anoxic or aglycaemic 
conditions. Under ischaemic conditions, [Ca++]^ increased to 
a peak at 45min and this level was maintained when the 
incubation period was increased. This marked increase 
(between 3 0 and 45min) may indicate the triggering/ increase 
of certain mechanisms that could lead to an irreversible 
increase in calcium accumulation and could result in 
irreversible ischaemic damage.
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Fig 3.2a

Free Intrasynaptosomal Calcium Concentration Over 60min 
in Synaptosomes incubated under conditions of Normoxia, 
Anoxia, Aglycaemia and Ischaemia

1200 T

ISCHAEMIA9 0 0 -

AGLYCAEMIA6 0 0 -

NORMOXIAo
300

ANOXIA

6030 45
Time (m in )

Legend for Fig 3.2a
The effect of oxygen and glucose availability on free 
intrasynaptosomal calcium over different time periods was 
measured as described in Methods 2.3. Synaptosomes were incubated 
under resting conditions. Values are expressed as means ± SEM.
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Fig 3.2b

Free Calcium Concentration of Veratrine Stim ulated Normoxic, 
Anoxic, Aglycaemic and Ischaemic Synaptosomes

1200 T
  ilSCHAEMIA

9 0 0  ir-
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30 6045
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Legend for Fig 3.2b
The effect of oxygen and glucose availability on free 
intrasynaptosomal calcium over different time periods was 
measured as described in Methods 2.3. Synaptosomes were 
stimulated by the addition of 80/xM veratrine. Values are 
expressed as means ± SEM.
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Fig 3.2c

Free Calcium Concentration of Potassium Stimulated Normoxic, 
Anoxic, Aglycaemic and Ischaemic Synaptosomes

++
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NORM 0X1A
a ANOXIA

Legend for Fig 3.2c
The effect of oxygen and glucose availability on free 
intrasynaptosomal calcium over different time periods was 
measured as described in Methods 2.3. Synaptosomes were 
stimulated by the addition of 50mM K+. Values are expressed as means ± SEM.
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3.1.3 Effect of oxvaen and glucose availability on 
Synaptosomal Acetylcholine Release over different time 
periods
(Table 3. and Fig 3.3)
The results obtained indicate that significant differences 
in acetylcholine release in normoxic, anoxic, aglycaemic and 
ischaemic synaptosomes were measured following an incubation 
period of 60min. Following a 45min incubation, there was no 
significant difference in the levels of acetylcholine 
released by anoxic or aglycaemic synaptosomes, compared to 
normoxic controls. However, when the incubation period was 
increased to 60min, significant differences were recorded. 
These results correlated directly with the levels of 
intrasynaptosomal calcium recorded (Table 2), with 
significant alterations recorded following 60min incubation.

The most significantly elevated levels of acetylcholine 
release were measured in ischaemic synaptosomes. Following 
30min incubation, there was no significant difference in 
acetylcholine release in ischaemic synaptosomes as compared 
with normoxic controls, but an increase was measured when 
the incubation period was increased, with the most 
significant increase (compared to normoxic controls) 
measured when synaptosomes were exposed to a 60min ischaemic 
insult. This was true for resting and potassium-stimulated 
synaptosomes, and is illustrated in Fig 3.3a and 3.3b.

Under resting conditions, [Ca++]^ increased in ischaemic 
synaptosomes to peak at 45min (Fig 3.1) but acetylcholine

183



release was not significantly increased (compared to 
normoxia) until 60min ischaemia. This may have been because 
a certain [Ca+ + ]^ was required to cause an increased 
release of acetylcholine or it is possible that a 60min 
incubation was required to give rise to ischaemic 
depolarisation of the synaptosomal membranes.
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Fig 3.3a

Acetylcholine Release over 60 minutes in Normoxic, Anoxic,
Aglycaemic and Ischaemic Synaptosomes

♦ ISCHAEMIC>  ♦8 -
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• NORMOXI

o  2-- <

30 45 60Time (min)

Legend for Fig 3.3a
The effect of oxygen and glucose availability on synaptosomal 
acetylcholine release over different time periods was measured as 
described in Methods 2.5. Synaptosomes were incubated under 
resting conditions. Values are expressed as means ± SEM.
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Fig 3,3b

Acetylcholine Release in Potassium  Stimulated (50m M )
Normoxic, Anoxic, Aglycaemic and Ischaemic Synaptosomes

♦ ISCHAEMIC

a4 2 ~

b AGLYCAEMIC

•  NORMOXI 

a ANOXIC
4  4k-

3U 45 60
Time (m in )

Legend for Fig 3.3b
The effect of oxygen and glucose availability on synaptosomal 
acetylcholine release over different time periods was measured as 
described in Methods 2.5. Synaptosomes were stimulated by the 
addition of 50mM K . Values are expressed as means ± SEM.
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3.1.4 Effect of oxygen and glucose av a i l a b i 1 itv on 
Synaptosomal Choline Release over different time periods
Synaptosomal choline release following varying lengths of 
anoxia, aglycaemia and~ischaemia was measured to assess 
whether any measurable changes occurred during the 
incubations, i.e. due to the length of incubation.

The results obtained are summarised in Table 4 and show that 
there was no significant change in choline release following 
incubation of synaptosomes under anoxic, aglycaemic or 
ischaemic conditions for 30, 45 or 60min. There was also no 
significant difference in the level of choline released by 
synaptosomes during anoxia, aglycaemia or ischaemia, as 
compared to normoxic controls. This is illustrated in Fig 
3.4a and 3.4b which show synaptosomes incubated under 
resting and stimulated conditions respectively.

Significant choline release from synaptosomes during the 
incubations would have reflected synaptosomal membrane 
damage. This is because significant membrane damage would 
have resulted in the release of choline from the membranes. 
Choline is often released when free-oxygen radical promoted 
damage to cell membranes occurs or when specific 
phospholipases are activated.

The results indicate that no measurable membrane damage and 
change in phospholipase activity (as measured by choline 
release) was caused by either an increase in incubation time 
or a varying of the conditions of incubation with respect to

188

L



oxygen and glucose availability.

This further justifies the use of a 60 minute insult period 
as the dramatic changes in metabolism that were recorded 
under differing conditions of oxygen and glucose 
availability were not due to membrane damage caused by the 
length of incubation.
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Fig 3.4a

Choline Release over 60min (pm ol/m g protein/m iri) 
In Normoxic, Anoxic and Aglycaemic Synaptosomes

-X 3 0 -
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 • ------•  NORMOXIC
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20 -

G 30 6045
Time (min)

Legend for Fig 3.4a
The effect of oxygen and glucose availability on synaptosomal 
choline release over different time periods was measured as 
described in Methods 2.5. Synaptosomes were incubated under 
resting conditions. Values are expressed as means ± SEM.
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Fig 3.4b

Choline Release In Potassium Stimulated (50mM) Normoxic,
Anoxic, Aglycaemic and Ischaemic Synaptosomes
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Legend for Fia 3. 4b
The effect of oxygen and glucose availability on synaptosomal 
choline release over different time periods was measured as 
described in Methods 2.5. Synaptosomes were stimulated by the 
addition of 50mM K+. Values are expressed as means ± SEM.
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3.1.5 Summary
A 60min incubation period was required to give rise to 
significant changes in synaptosomal function due to varying 
conditions of oxygen and glucose availability. No measurable 
membrane damage (assessed by the release of choline from 
synaptosomal incubations) was caused by the length of 
incubation.

The most significant differences in lactate production was 
recorded at 60min and this length of incubation coincided 
with the most significant differences in calcium homeostasis 
and acetylcholine release caused by the incubation 
conditions of normoxia, anoxia, aglycaemia or ischaemia.

Anoxia resulted in an increased production of lactate by 
synaptosomes. Under these incubation conditions, an 
inhibition of stimulated calcium uptake, free 
intrasynaptosomal calcium and acetylcholine release were 
also recorded. A 60min incubation period was necessary to 
give rise to the most significant increase in lactate 
production.

The results obtained in these preliminary studies indicate 
that a 60min incubation period, which resulted in the 
highest lactate production (due to lack of oxygen), was 
necessary to induce significant changes in synaptosomal 
function, i.e. this period of incubation was necessary in 
order to achieve conditions similar to that reported to 
occur in vivo.
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3.2 The Effect of oxygen and Glucose availability on 
Synaptosomal Calcium Homeostasis and Acetylcholine Release

3.2.1 The Effect of Oxygen and Glucose availability on Free 
Intrasynaptosomal Calcium Concentration
(Table .5 and Fig 3.5)
Synaptosomes incubated under normoxic conditions had a basal 
free intrasynaptosomal calcium concentration ([Ca++]^) of 
357nM. This value correlates well with values recorded by 
Komulainen and Bondy (1987) using the same fluorescent dye 
fura-2 ([Ca++]^ = 370nM). The value recorded in the present 
study, is higher than previous reports of [Ca++]^ of 100- 
300nM (Ashley et al., 1984; Naschen, 1985; White et al., 
1989). However, these earlier values were obtained using the 
fluorescent probe quin-2 which has been reported to 
underestimate [Ca++]^ (Grynkiewicz et al., 1985; Komulainen 
and Bondy, 1987).

The underestimation of free intrasynaptosomal calcium by 
quin-2 has been attributed to the quenching of quin-2 by 
some intrasynaptosomal cations such as Zn++ which have a 
greater affinity for quin-2 than Ca+ + . Fura-2 has 
considerably less affinity for divalent cations other than 
Ca++ than has quin-2 (Grynkiewicz et al., 1985) and offers 
several other advantages over quin-2 in the assay of free 
intrasynaptosomal calcium concentrations (see Methods 2.3) 
which made the measurements in the present study more 
reliable.

194



One of the major advantages of fura-2 is the utilisation of 
two separate excitation wavelengths instead of the single 
wavelength used with quin-2 measurements. This eliminates 
the problem of sedimentation of synaptosomes since the ratio 
remains constant in the face of diminishing total 
fluorescence. This sedimentation has also been reported to 
lead to the underestimation of intrasynaptosomal calcium 
with time when quin-2 is used (Komulainen and Bondy, 1987) . 
In the experiments reported here however, the synaptosomal 
suspension was gently stirred throughout the measurements to 
avoid excessive sedimentation.
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Fig 3,5

Effect of Oxygen and Glucose Availability 
on Free Intrasynaptosomal Calcium Concentration
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Legend for Fia 3.5
The effect of oxygen and glucose availability on free 
intrasynaptosomal calcium concentration was measured as described 
in Methods 2.3. Synaptosomes were incubated under unstimulated 
(resting) or stimulated (80/liM veratrine (Vt) or 50mM K ) 
conditions. Values are expressed as means ± SEM. Statistical 
significance are with respect to normoxic conditions.
**p<0.005; *0.05>p>0.005; ns not significant.
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Depolarisation by the addition of veratrine (80/xM) or 
potassium (50mM) resulted in a significant increase in 
normoxic [Ca++]^. This depolarisation-induced increase in 
[Ca++]^ correlated positively with an increase in calcium 
uptake that was recorded in depolarised normoxic 
synaptosomes (Table 6).

Under basal anoxic conditions, the [Ca++]^ recorded (282nM) 
was significantly lower than that recorded under normoxic 
conditions. This compares well with the observation by 
Dagani et al., (1989) that synaptosomes rendered anoxic by 
the presence of rotenone had significantly decreased [Ca++]^ 
levels. Ashley et al., (1984) and Gibson et al., (1989) 
however recorded increased [Ca++]^ under hypoxic conditions. 
These contrasting results may be due to the model of hypoxia 
(histotoxic hypoxia induced by the presence of cyanide) that 
was employed. This differed from anoxia in that the ability 
of the synaptosomes to utilise oxygen was irreversibly 
inhibited even though adequate oxygen was available.

Potassium depolarisation did not result in a significant 
increase in [Ca’1’"1’]^ in anoxic synaptosomes. This phenomenon 
of an inhibition of potassium depolarisation-induced 
increase in [Ca++]^ in synaptosomes incubated under anoxic 
conditions has also been reported by White et al., (1989). 
The decrease in stimulated [Ca++]^ that was measured may 
have been partially caused by the inhibition of calcium 
uptake that was also recorded in depolarised anoxic 
synaptosomes (Table 6). Veratrine depolarisation however
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resulted in a significant increase in [Ca++]^, though the 
[Ca++]£ recorded was still significantly lower than that 
recorded in normoxic synaptosomes depolarised by veratrine 
(369nM and 592nM for anoxia and normoxia respectively) .

Aglycaemia resulted in a significant increase in resting 
[Ca+ + ]^ levels (546nM) as compared with normoxic 
synaptosomes. Gibson et al. , (1989) also reported a similar 
increase in basal [Ca++]^ in synaptosomes incubated under 
aglycaemic conditions. The results obtained in the present 
study also corresponds directly with increased intracellular 
calcium concentrations that have been obser v e d  in 
hypoglycaemic experiments carried out in vivo (Wieloch, 
1985b; Auer and Siesjo, 1988). The aglycaemia-induced 
elevation of intrasynaptosomal calcium concentration also 
corresponded directly with a significantly higher level of 
calcium uptake recorded under aglycaemic conditions (Table 
6) . Though potassium depolarisation did not result in a 
significant further increase in [Ca + + ]j_, veratrine 
stimulation did.

The highest level of [Ca++]^ was recorded in ischaemic 
synaptosomes with resting levels of 82 0nM. Depolarisation by 
veratrine or potassium caused [Ca++]^ to increase further 
from resting ischaemic levels. A similar elevation in 
[Ca+ + ]^ was recorded by Dagani et al. , ( 1989) for
synaptosomes incubated in glucose free media in the 
presence of rotenone.
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The marked increase in [Ca++]^ that was recorded under 
ischaemic conditions appeared to be greater than could be 
accounted for by the increase in calcium uptake that was 
recorded under ischaemic conditions (Table 6). It is 
possible that the elevated [Ca++]^ observed under ischaemic 
conditions was a result of both an increase in calcium 
uptake from the extracellular medium and an increased 
mobilisation of calcium from intrasynaptosomal stores of 
bound/sequestered calcium, eg. from the endoplasmic 
reticulum.

The net increase in cytosolic free calcium accumulation 
observed during ischaemia in this study has also been 
reported by Uematsu et al., (1988) in cat cerebral cortex 
during cerebral ischaemia in vivo, and is thought to be a 
major cause of ischaemia-induced cell death due to the 
importance of intracellular calcium levels in normal 
cellular processes such as neurotransmission and enzyme 
activation (see Introduction 1.7).
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3.2.2 The Effect of oxygen and glucose availability on
Synaptosomal Calcium Uptake
(Table 6 and Fig 3.6)
Synaptosomal calcium uptake was significantly stimulated by 
veratrine (80/iM) and potassium (50mM) under normoxic 
conditions. This reflected a depolarisation of the 
synaptosomal plasma membrane, resulting in the opening of 
the voltage-operated calcium channels (see Introduction 1.6) 
and therefore increased calcium entry from the 
extrasynaptosomal medium.

Under anoxic conditions, the depolarisation-induced increase 
in Ca++ uptake was significantly lower than that recorded in 
the normoxic controls. A similar decrease in calcium uptake 
into anoxic synaptosomes was reported by Gibson and Mykytyn
(1988). In the present study, the resting levels of Ca++ 
uptake in normoxic and anoxic synaptosomes were not 
significantly different but following depolarisation, there 
was a significant drop in the rate of Ca++ uptake in anoxic 
synaptosomes as compared to the normoxic synaptosomes.
This phenomenon of a decrease in stimulated calcium uptake 
by synaptosomes has also been reported by White et al.,
(1989). It is possible that the anoxic synaptosomal membrane 
was already maximally depolarised and therefore the addition 
of a depolarising agent had no significant effect.

Resting Ca++ uptake levels were significantly increased when 
synaptosomes were incubated under aglycaemic conditions (as 
compared with normoxic synaptosomes). These results bore a
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positive correlation with significantly high level of 
intrasynaptosomal calcium recorded when synaptosomes were 
incubated under similar aglycaemic conditions (Table 5). 
This increase in calcium accumulation has also been reported 
for studies carried out in vivo under conditions of 
decreased substrate availability. Increased calcium levels 
were observed in hypoglycaemic animal models (Wieloch, 
1985b; Auer and Siesjo, 1988). Depolarisation of aglycaemic 
synaptosomes by potassium or veratrine resulted in a 
significant increase in Ca++ uptake compared with resting 
(unstimulated) levels.

Under ischaemic conditions, there was also a significant 
increase in synaptosomal Ca++ uptake (compared to normoxic 
controls). This elevated rate correlated directly with the 
increased level of intrasynaptosomal calcium concentration 
observed under similar incubation conditions (Table 5) . This 
accumulation of calcium in isolated nerve terminals under

. . 'V . . .ischaemic conditions pre m  agreement with studies carried
/

in vivo. Uematsu et al. , (1988) reported an increase in
calcium accumulation in the cat cerebral cortex exposed to 
ischaemia in vivo, a result that correlates directly with 
that of the present study.
Depolarisation of the synaptosomal plasma membrane by 
veratrine or potassium resulted in a further increase in the 
Ca++ uptake of ischaemic synaptosomes, with the more 
significant increase recorded when the ischaemic 
synaptosomes were depolarised by veratrine.



Therefore, under each of the condition studied (normoxia, 
anoxia, aglycaemia and ischaemia) depolarisation by 
veratrine or potassium increased calcium influx into 
synaptosomes compared with resting (unstimulated) levels. 
Anoxic synaptosomes however, exhibited significantly less 
stimulated calcium uptake than normoxic synaptosomes. The 
basal (unstimulated) calcium uptake in aglycaemic and 
ischaemic synaptosomes was significantly elevated (compared 
with normoxic levels), causing the net stimulated calcium 
uptake to be decreased compared with normoxic synaptosomes. 
However, this decrease was not as low as that recorded under 
anoxic conditions.
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Fig 3.6

Effect of Oxygen and Glucose Availability 
on Synaptosomal Calcium Uptake
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Legend for Fig 3 . 6
The effect of oxygen and glucose availability on synaptosomal 
c a l c i u m  uptake was measured as described in Methods 2.7. 
Synaptosomes were incubated under unstimulated (resting) or 
stimulated (80/liM veratrine (Vt) or 50mM K ) conditions. Values 
are expressed as means ± SEM. Statistical significance are with 
respect to normoxic conditions.

**p<0.005 ; *0.05>p>0.005 ; ns not significant.
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3.2.3The Effect of oxygen and glucose availability on
Synaptosomal Acetylcholine Release
(Table 7 and Fig 3.7)
Acetylcholine release was stimulated by potassium (50mM) 
under normoxic conditions and the values obtained compare 
well with those obtained by Willoughby et al. , (1986) and
White et al., (1989) who measured acetylcholine release in 
synaptosomes generated from rat brain. In the present study, 
the depolarisation-induced increase in acetylcholine release 
was associated with an increase in intrasynaptosomal calcium 
concentration induced by potassium (Table 5). This result is 
in agreement with the widely accepted hypothesis that 
transmitter release results from a depolarisation-induced 
increase in intracellular calcium concentration which 
triggers neurotransmission (Katz, 1966).
Basal acetylcholine release was elevated under anoxic 
conditions compared with normoxic controls (4.5pmol/mg/min 
for anoxia and 2.8pmol/mg/min for normoxia) . Potassium 
depolarisation resulted in a small increase in acetylcholine 
release from anoxic synaptosomes. The net stimulated 
acetylcholine release however, was significantly lower under 
anoxic conditions than that recorded under normoxic 
conditions (16% increase in anoxic synaptosomes compared to 
96% increase in normoxic synaptosomes). A similar inhibitory 
effect of hypoxia has been reported for acetylcholine 
release from brain slices (Gibson and Peterson, 1982) .
The decrease in stimulated acetylcholine release by anoxic 
synaptosomes was directly associated with a decreased 
intrasynaptosomal calcium concentration recorded in
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synaptosomes incubated under similar conditions of anoxia 
(Table 5), and may have been partially caused by the 
inhibition of depolarisation-induced calcium uptake that was 
also recorded for anoxic synaptosomes (Table 6).

Acetylcholine release in synaptosomes incubated under 
aglycaemic conditions was higher than that recorded in 
normoxic controls. This elevation in neurotransmitter 
release correlated with an elevated intrasynaptosomal 
calcium concentration (Table 5). A further potassium-induced 
increase in acetylcholine release (« 50%) was also recorded 
in synaptosomes incubated under aglycaemic conditions.
The highest level of acetylcholine release measured under 
the various incubation conditions was obtained in ischaemic 
synaptosomes with a significantly elevated basal 
acetylcholine release of 8.5pmol/mg of protein/min compared 
with 2.8pmol/mg of protein/min recorded in normoxic 
controls. The potassium- stimulated level of acetylcholine 
release was also highest in ischaemic synaptosomes and bore 
direct correlation with the raised intrasynaptosomal calcium 
levels recorded under similar incubation conditions (Table 
5) .

Veratrine was not used to stimulate synaptosomes when 
acetylcholine release measurements were carried out because 
the compound has been found to affect the chemiluminescent 
assay used in the experiments (E.J. White, personal 
communication ).
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Fig 3.7

Effect of Oxygen and Glucose Availability 
on Synaptosomal Acetylcholine Release

Cl 10

Unstimulated Stimulated

(K +  )

W m  NORMOXIA 
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SS3 AGLYCAEMIA 
SSS ISCHAEMIA

Legend for Fig 3.7
The effect of oxygen and glucose availability on synaptosomal 
acetylcholine release was measured as described in Methods 2.5. 
Synaptosomes were incubated under unstimulated (resting) or 
stimulated (50mM K+) conditions. Values are expressed as means ± 
SEM. Statistical significance are-with respect to normoxic 
conditions.

**p<0.005; *0.05>p>0.005; ns not significant.
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3.2.4 Summary
Under each of the conditions of normoxia, anoxia, aglycaemia 
and ischaemia, the level of synaptosomal Ca++ uptake was 
re f l e c t e d  in the free intrasynaptosomal calcium 
c o n c e n t r a t i o n  ([Ca+ + ]^) recorded and bore positive 
correlation with the level of acetylcholine release. A 
depolarisation-induced calcium influx into normoxic 
synaptosomes resulted in an increase in [Ca+ + ]^ and 
acetylcholine release. The results are therefore in 
agreement with the widely accepted hypothesis that 
acetylcholine release is triggered by a depolarisation- 
induced increase in intracellular calcium concentration.
In anoxic synaptosomes, there was a decrease in the [Ca++]^ 
(compared to normoxia), and this was in direct correlation 
with the levels of Ca++ uptake recorded in anoxia. 
Depolarisation under these conditions resulted in a much 
reduced net increase in Ca++ uptake, resulting in a decrease 
in depolarisation-induced [Ca++]^ and acetylcholine release. 
In aglycaemic and ischaemic synaptosomes, Ca++ uptake was 
significantly higher than in normoxia as was [Ca++]^ and 
acetylcholine release. Ischaemia resulted in the highest 
rate of Ca++ uptake and this bore direct correlation with 
high [Ca++]^ and acetylcholine release.

Therefore overall, an increase in synaptosomal calcium 
uptake led to a corresponding increase in [Ca+ + ]^ that 
resulted in an increase in acetylcholine release from
stimulated synaptosomes. In ischaemic synaptosomes, high

+ +  . 4-4-Ca uptake (compared to normoxia) resulted m  high [Ca ]^
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and increased acetylcholine release. Under anoxic conditions 
however, depolarisation was ineffective at inducing a 
significant increase in [Ca++]^ and this was reflected in 
the decrease in depolarisation-induced acetylcholine release 
from anoxic synaptosomes.

These results suggested that the changes observed in the 
parameters monitored may have been secondary effects caused 
by another parameter that was altered directly by metabolic 
changes caused by the various conditions of oxygen and 
glucose availability. One possible hypothesis is that a 
single parameter is altered by changes in oxygen and glucose 
availability which then causes a number of secondary 
effects.
Anoxic synaptosomes were incubated in an oxygen free 
environment in the presence of lOmM glucose. Under these 
conditions, there was a decrease in depolarisation-induced 
Ca++ uptake, [Ca++]^ and acetylcholine release as compared 
to normoxic synaptosomes that were incubated in the presence 
of both oxygen and a similar glucose concentration. It is 
possible that these change in calcium homeostasis and 
acetylcholine release were caused by an alteration in 
metabolism due to anoxia.

In anoxia, the lack of oxygen results in an increase in 
anaerobic glycolysis (Introduction 1.2a) in order to produce 
ATP:

Glucose + 2ADP + 2Pi -*• 2L-Lactate + 2ATP + 2H20
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There would, therefore, be a resultant increase in lactate 
production as compared with aerobic conditions under which 
energy is more efficiently produced through the citric acid 
cycle (Introduction 1.2a). It was, therefore, decided that 
the levels of lactate production under the varying 
conditions of oxygen and glucose availability would be 
measured and intrasynaptosomal pH monitored.
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3.3 The Effect of Oxygen and Glucose availability on
Synaptosomal Lactate Production and Intrasynaptosomal pH

3.3.1 The Effect of oxygen and glucose availability on 
Synaptosomal Lactate Production
(Table 8 and Fig 3.8)
Lactate production was significantly elevated in 
synaptosomes incubated under anoxic conditions compared to 
normoxic synaptosomes (210nmol/mg for anoxia and 140nmol/mg 
for normoxia). Similar observations of significant 
synaptosomal lactosis under conditions of hypoxia/anoxia 
were observed by Rafalowska et al., (1980) and Ksiezak and 
Gibson (1981). In the present studies, synaptosomes were 
rendered anoxic by incubation in glucose containing media in 
the presence of nitrogen. Under these oxygen deficient 
conditions, the synaptosomes would have to be primarily 
dependent on anaerobic glycolysis and therefore would 
generate more lactate than would normally have been 
generated under oxygenated conditions under which the more 
efficient aerobic glycolytic pathway would predominate (see 
Introduction 1.2). This marked hypoxia/anoxia-induced 
lactosis has also been widely observed in vivo (Rehncrona et 
al., 1980; Siesjo, 1985) in animal models.

In aglycaemic and ischaemic synaptosomes, there was 
significantly less lactate generated than in normoxic 
controls. Similar effect have been reported in some models 
of hypoglycaemia/ischaemia in vivo. It was also reported 
that the preischaemic glucose stores reflected the lactate
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production that occurred during ischaemia (Myers and 
Yamaguchi, 1976; Kalimo et al., 1981). The preloading of 
experimental animals with glucose also resulted in a greater 
amount of lactate production for a given period of ischaemia 
(Rehncrona et al., 1981) as did incomplete ischaemia in 
which there was still a trickling but continued supply of 
glucose (Rehncrona et al., 1980). In this study, the 
aglycaemic and ischaemic synaptosomes were incubated in 
glucose free media and with the relatively low glucose 
"stores" possessed by synaptosomes (nerve terminal 
p reparations), the minimal lactate production under 
ischaemic and aglycaemic conditions was not surprising.

Depolarisation did not affect lactate production in anoxic 
synaptosomes (180nmol/mg and 210nmol/mg for anoxia with and 
without potassium respectively) in contrast to what one 
would expect under stimulated conditions that would result 
in the stimulation of glycolysis. This was probably because 
following 60min anoxia, synaptosomal lactate production was 
already at a maximum and therefore nothing could further 
increase lactate production.

In depolarised normoxic synaptosomes, depolarisation was not 
expected to result in a significant increase in lactate 
production. Under normoxic conditions, synaptosomes are 
incubated in the presence of oxygen and therefore aerobic 
respiration (the more efficient pathway for energy 
production) would dominate. Any potassium stimulation would
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therefore be expected to result in increased aerobic 
respiration as opposed to an increase in anaerobic 
glycolysis which would have resulted in an increased 
production of lactate.

Under ischaemic and aglycaemic conditions, depolarisation 
was not expected to affect lactate production as glucose 
(the substrate for lactate production) was omitted from the 
incubation medium.
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Fig 3.8

Effect of glucose ond oxygen avoiiobilty in Synaptosomal 
Lactate Production
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Legend for Fig 3.8
The effect of oxygen and glucose availability on synaptosomal 
lactate production was measured as described in Methods 2.6. 
Values are expressed as means ± SEM. Statistical significance are 
with respect to normoxic conditions.

**p<0.005; *0.05>p>0.005; ns not significant.
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3.3.2 The Effect of oxygen and glucose availability on
Intrasynaptosomal pH
(Table 9 and Fig 3.9)
The intrasynaptosomal pH (pH^) of normoxic synaptosomes 
incubated under resting conditions was 7.11 (measured using 
the fluorescent probe BCECF). This value compares well with 
measurements obtained using NMR in vivo (Bates et al., 
(1989); and values recorded in synaptosomes in vitro (7.11 
± 0.02) by White et al., (1989). Depolarisation by veratrine 
(80/xM) did not affect the pH^ but potassium (50mM) 
depolarisation resulted in an increase in pH^ to 7.25.

Under anoxic conditions, there was a significant decrease in 
pH ̂ (7.03) compared with normoxia indicating a marked
acidosis resulting from the anoxic insult. This acidosis was 
associated with an elevated production of lactate by anoxic 
synaptosomes (Fig 3.8). Depolarisation by veratrine did not 
significantly alter the pH^ of the anoxic synaptosomes but 
potassium depolarisation resulted in an increase in pH^.

Aglycaemic synaptosomes had a resting pH^ of 7.24. The 
aglycaemic incubation therefore resulted in a significant 
increase in pH^ compared to synaptosomes incubated under 
normoxic conditions. Veratrine-induced depolarisation had 
little effect on the pH^ but potassium depolarisation 
resulted in a significant increase in pH^ to 7.36. Alkalosis 
that results from exposure of the brain to decreased 
substrate supply has also been observed in vivo (Lewis et 
al., 1974; Agardh et al., 1978; Pelligrino and Siesjo, 1981)
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and has been attributed to the oxidation of endogenous 
substrates (glycolytic and citric acid cycle intermediates) 
many of which are acids.

Ischaemic synaptosomes showed a marked increase in pH^ to a 
level which was the most alkaline of the conditions 
investigated (7.27). This result is in marked contrast to 
many observations made in animal models where ischaemia is 
often reported to be associated with marked acidosis 
(Rehncrona et al., 1980; Welsh et al., 1980). However, the 
ischaemia-induced acidosis reported has generally been 
attributed to a marked lactate production, the level of 
which is thought to be dependent on preischaemic glucose 
"stores" (Myers and Yamaguchi, 1976).
In the model of ischaemia used in the present study, the 
synaptosomes were incubated in a glucose free medium. In 
synaptosomes, as isolated nerve terminals, the glucose 
"stores" would not be expected to be extensive. That this 
was the case was reflected in the minimal lactate levels 
that were recorded when synaptosomes were rendered ischaemic 
(Fig 3.8).
Depolarisation by veratrine did not significantly alter the 
pH^ as compared to resting ischaemic conditions, but 
potassium-depolarisation resulted in a significant and 
further increase in pH^ to 7.36.
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Fig 3.9

Effect of Oxygen and Glucose Availability 
on Intrasynaptosomal pH
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Legend for Fig 3.9
The effect of oxygen and glucose a v a i l a b i l i t y  on 
intrasynaptosomal pH was measured as described in Methods 2.4. 
Synaptosomes were incubated under unstimulated (resting) or 
stimulated (80/iM veratrine (Vt) or 50mM K+) conditions. Values 
are expressed as means ± SEM. Statistical significance are with 
respect to normoxic conditions.

**p<0.005; *0.05>p>0.005; ns not significant.
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3.3.3 Summary
Many pathophysiological processes in the brain such as 
hypoxia, ischaemia and seizures are associated with an 
increase in the tissue lactate content (Norberg and Siesjo, 
1976; Folbegrova et al., 1974; Siesjo et al., 1985). One of 
the major theories concerning the development of brain 
injury during ischaemia centres on the production of lactate 
(Siesjo, 1988a), for lactate, the end product of anaerobic 
glycolysis (see Introduction 1.2a) may increase greatly 
during ischaemia.
The amount of lactate produced during ischaemia has been 
shown to be dependent on the preischaemic glucose "stores". 
Preloading of experimental animals with glucose has been 
shown to result in a greater degree of morphological brain 
damage and worsened neurological recovery compared to 
normoglycaemic animals exposed to the same period of 
ischaemia (Myers and Yamaguchi, 197 6; Myers and Yagamuchi, 
1977). It has also been reported that during incomplete 
ischaemia, the continued supply of glucose allows increased 
production of lactate depending on the severity and duration 
of the ischaemic insult and on the maturational state of the 
tissue (Hope et al., 1988). Incomplete, compared with 
complete ischaemia was also found to result in greater 
metabolic derangements (Nordstrom et al., 1978).
In some cases, lactate accumulation may occur simultaneously 
with acidosis depending on the buffering capacity of the 
tissue, alternative sources of protons and the degree of 
hypercapnia (Hope et al., 1987; McIntosh et al., 1987; 
Paschen et al., 1987). Lactate accumulation is frequently

222



accompanied by an acidic pH shift (a phenomenon referred to 
as lactic acidosis) but physiological pH values or even an 
alkaline shift may be observed as well (Paschen et al., 
1987). Though an excessive increase in brain lactate is 
believed to be responsible for the worsened biochemical 
derangements and recovery of neurological function, the 
acidosis concomitant under certain conditions with lactate 
production is not thought, on its own, to account for this 
greater amount of damage (Folbegrova et al., 1974), as 
acidosis induced by hypercapnia had only minimal effects on 
brain morphology. It has been proposed that in vivo, 

acidosis may act in conjunction with other pathological 
events such as the activation of lysosomal enzymes, release 
of free radicals, and the influx / release of Ca++ (Hillered 
et al., 1984) to result in cellular damage.
The role of elevated lactate in the development of brain 
damage remains unclear. In complete ischaemia, the increase 
in lactate is quite rapid, peaks when all the glucose and 
glycogen has been used up, and then plateaus but there is 
still an increase in brain injury with longer periods of 
ischaemia (Yoshida et al., 1985). Ljunggren et al., (1974b)
also observed that pH differences caused by lactate 
variation did not cause marked adverse differences in the 
ability of brain cells to survive total ischaemia of limited 
duration.

In the present study, lactate production was elevated under 
conditions in which oxygen was unavailable and glucose was
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not limiting (anoxia). When exogenous glucose was not present 
in the incubating medium (aglycaemia and ischaemia) and 
energy metabolism depended entirely on endogenous substrate, 
lactate production was significantly limited.
The pH^ appeared to reflect the lactate production under 
particular incubation conditions. Under anoxic conditions, a 
marked lactosis and significant acidosis were recorded. 
However, in aglycaemia and ischaemia, the significantly 
lower levels of lactate generated (compared to normoxic 
controls) coincided with a higher intrasynaptosomal pH.
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3.4 Effect of Incubations on Synaptosomal Competence
The effect of the various incubation conditions on 
synaptosomal competence was assessed by monitoring 
synaptosomal integrity arid neurotransmitter release.

3.4.1 Assessment of Synaptosomal Integrity
In order to investigate whether the incubation conditions 
affected synaptosomal integrity, measurements were carried 
out to monitor damage to the synaptosomal plasma membrane. 
Protein Release
The leakage of the cytosolic marker enzyme lactate 
dehydrogenase from synaptosomes was monitored. Over the 
maximum 60 minute incubation period, there was no detectable 
lactate dehydrogenase release from resting or stimulated 
synaptosomes incubated under normoxic, anoxic, aglycaemic or 
ischaemic conditions. It could be argued that these results 
may have been due to the sensitivity of the assay used. 
Choline Release
A lack of synaptosomal membrane integrity was assessed by 
choline release. The loss of choline from membrane lipids 
during incubation was monitored (Table 10 and Fig 3.10).
The concentration of choline released from synaptosomes 
incubated under resting normoxic conditions was 19pmol/mg 
protein/min). Depolarisation by potassium (50mM) did not 
significantly alter the choline release (20pmol/mg 
protein/min).

Choline release from synaptosomes (either resting or 
potassium stimulated) incubated under anoxic, aglycaemic or
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ischaemic conditions did not significantly differ from that 
released from normoxic synaptosomes. Under each of the 
conditions investigated, stimulation of the synaptosomes (by 
50mM potassium chloride depolarisation) did not cause 
significant membrane damage, as judged by choline release, 
over the incubation period, as there was no change in 
choline release as compared to unstimulated synaptosomes.

Choline release was therefore unaffected by any of the 
parameters investigated. These results indicate that under 
conditions that caused dramatic changes in synaptosomal 
acetylcholine release, eg. during anoxia/ ischaemia, there 
was little effect on choline release. There was no 
significant membrane damage during the incubations as the 
levels recorded under anoxic, aglycaemic and ischaemic 
conditions were not significantly different from that 
obtained with normoxic controls.
This suggests that the different conditions used in the 
experiments did not cause measurable damage to the synaptic 
plasma membrane or alter phospholipase activity.
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Fig 3.10

Effect of Oxygen and Glucose Availability 
on Synaptosomal Choline Release

mm n o rm o x ia
GZd ANOXIA 
t\\N AG LYC AE M i A

Unstim ulated Stimulated4-
Leqend for Fig 3 .10 ;
The effect of oxygen and glucose availability on synaptosomal 
choline release was measured as described in Methods 2.5. 
Synaptosomes were+ incubated under unstimulated (resting) or 
stimulated (50mM K ) conditions. Values are expressed as means ± 
SEM. Statistical significance are with respect to normoxic 
conditions.

p<0.005; 0.05>p>0.005 ; ns not significant.
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3.4.2Monitorincf of Synaptosomal Neurotransmitter Release 
This reflected the physiological competence of the 
synaptosomes under the different incubation conditions. The 
results obtained are shown in Table 9. Acetylcholine release 
in the synaptosomes occurred in the absence of any 
stimulating agent (basal release) and further acetlycholine 
release was elicited by the addition of potassium 
(stimulated release). This reflected the sustained ability 
of the synaptosomes to release the neurotransmitter 
acetylcholine under the different incubation conditions and 
in response to depolarisation.
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3.4.3 Summary
Synaptosomes incubated under normoxic, anoxic, aglycaemic 
and ischaemic conditions maintained the synaptosomal 
function of neurotransmitter release and were, therefore, 
physiologically competent. The different incubation 
conditions used in the present study did not result in 
significant damage of the synaptosomal plasma membrane as 
there was no detectable protein release and choline release 
was unchanged.
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3.5 The Effect of Lactate on Synaptosomes
In anoxic synaptosomes, a decrease in intrasynaptosomal 
calcium concentration (Table 5) coincided with and may have 
been due to the increase in lactate production that occurred 
in anoxia (Table 8). To study this possibility, it was 
decided that lactate would be added to normoxic synaptosomes 
to investigate any effects the higher lactate concentration 
could have on synaptosomal calcium homeostasis, 
acetylcholine release and pH. A "model of anoxia" was 
therefore created by the incubation of normoxic synaptosomes 
in the presence of exogenous lactate in an attempt to 
reproduce the events that occurred during anoxia.

3.5.1 Justification of the Exogenous Lactate used
Preliminary investigations were carried out to assess the 
most effective concentration of lactate to add to the 
incubation medium. The effect of varying concentrations of 
exogenous lactate on intrasynaptosomal calcium concentration 
and synaptosomal acetylcholine release were measured as an 
index of the effect of exogenous lactate on synaptosomal 
function.

Fig 3.11 shows the results obtained when intrasynaptosomal 
calcium concentration was monitored in normoxic synaptosomes 
exposed to varying concentrations of L-Lactate. It should be 
recalled that the results shown in Fig 3.11 were obtained 
using the fluorescent probe quin-2 and single wavelength 
measurements (Methods 2.9). This method has been reported to 
underestimate intrasynaptosomal calcium concentrations
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(Komulainen and Bondy, 1987) and explains the slightly lower 
values obtained for normoxic synaptosomes incubated in 
lactate free medium, as compared to that previously reported 
in Table 5. For a more detailed explanation of this 
underestimation of intrasynaptosomal calcium concentration 
by quin-2 see Results 3.1.1.

The effect of varying lactate concentration on acetylcholine 
release was also assessed. Acetylcholine release, a basic 
function of cholinergic synapses, was found to be sensitive 
to anoxia. Synaptosomes released significantly lower amounts 
of acetylcholine when depolarised under anoxic conditions 
(Table 7). The levels of acetylcholine released from 
synaptosomes incubated in different concentrations of 
lactate are shown in Table 11.

From Fig 3.11 and Table 11, it was concluded that the 
addition of exogenous lactate at a concentration of 3 2mM 
achieved the most effective inhibition of depolarisation- 
induced intrasynaptosomal calcium concentration and 
acetylcholine release, effects characteristic of anoxic 
synaptosomes (see Results 3.1.4).

Investigations were also carried out with D - stereoisomer 
of Lactate to further characterise the action of lactate in 
anoxic brain damage. Synaptosomes were incubated in the 
presence of 2-32mM D-Lactate under normoxic conditions and 
the cellular parameters of acetylcholine release and

232



intrasynaptosomal calcium concentration monitored. The 
results obtained are shown in Fig 12 and Table 12 and from 
this, it was concluded that the action of lactate in 
synaptosomal calcium homeostasis was stereospecific. D- 
Lactate was ineffective at inhibiting depolarisation-induced 
acetylcholine release or intrasynaptosomal calcium 
concentration. These results are in agreement with Morot 
Gaudry-Talarmain (1986) who reported a stereospecific effect 
of L-lactate on potassium - stimulated acetylcholine release 
from Torpedo synaptosomes. White et al., (1990) similarly 
found a stereospecific action of the L-enantiomer of lactate 
in rat brain synaptosomes.

Future investigations were therefore carried out with 
exogenous L-(+)-Lactate at a concentration of 32mM.
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Table 11. The Effect of Lactate on Free Intrasynaptosomal 
Calcium Concentration (nM)

Concentration (mM) [Ca++]^ (nM)
Lactate Unstimulated K+-stimulated
0 170 + 12 (24) 320 ± 28 (6)

a
2 153 + 14 (2) 322 ± 44 (5)

ns * ns b
8 219 ± 16 (2) 324 ± 16 (3)

b ns b
16 215 ± 33 (4) 256 ± 30 (4)

ns ns ns
32 235 + 33 (6) 230 + 43 (4)

ns ns ns

Synaptosomes were incubated in the presence (stimulated) or 
absence (unstimulated) of 50mM K + and the different 
concentrations of L-lactate. Values are expressed as means ± 
SEM (n), and are for values obtained from two or more 
separate experiments. Statistical significance values on 
right are with respect to unstimulated values for each 
lactate concentration; significance values on left are with 
respect to the control "untreated" condition for resting and 
stimulated synaptosomes.
ap<0.005; 0.05>p>0.005; ns not significant
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Fig 3.11

Effect of Lactate on Free Intrasynaptosomal Calcium (nM)

400 T
o  Unstimulated 
A Stimulated

3 0 0 -

c

200-44
cjO

100 -

0 10 4020
[Lactate]^ (mM)

Legend for Fig 3.11
Synaptosomes were incubated in the presence (stimulated) or 
absence (unstimulated) of 50mM K4* and the different 
concentrations of L-lactate. Values are expressed as means ± 
SEM (n) , and are for values obtained from two or more 
separate experiments. Statistical significance values on 
right are with respect to unstimulated values for each 
lactate concentration; significance values on left are with 
respect to the control "untreated" condition for resting and 
stimulated synaptosomes.
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Table 12. The effect of Lactate on Synaptosomal 
Acetylcholine Release

Concentration (mM) Acetylcholine release (pmol/min/mg)
L-Lactate Unstimulated K+-stimulated

0 2.92 ± 0.30 (8) 5.02 ± 0.67
Jb

(7)
2 3.56 ± 

NS
0.27 (3) 4.59

NS
± 0.44

NS
(5)

8 3.56 ± 
NS

0.35 (6) 4.63
NS

± 0. 50 
NS

(5)

32 4.78 ± 
a

0.34 (3) 5.18 
NS

± 1.12 
NS

(3)

D-Lactate
0 2.92 ± 0.30 (8) 5. 02 ± 0. 67 (7)
8 ND 5. 39 

NS
+ 0. 52 (10)

16 ND 5.30
NS

± 0.32 (13)

32 2.37 ± 
NS

0.47 (11) 5.18 
NS

± 0.34
a

(25)

Synaptosomes were incubated in the presence (stimulated) or 
absence (unstimulated) of 50mM K + and the appropriate 
concentration of L- or D-lactate. Values are expressed as 
means ± SEM (n), and are for values obtained from two or 
more separate experiments. Statistical significance values 
on right are with respect to unstimulated values for each 
lactate concentration; significance values on left are with 
respect to the control "untreated" condition for resting and 
stimulated synaptosomes.
ap<0.005; 0.05>p>0.005; NS not significant
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Fig 3.12

Effect of Lactate on Synaptosomal Acetylcholine Release
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Legend for Fig 3.12
Synaptosomes were incubated in the presence (stimulated) or 
absence (unstimulated) of 50mM K+ and the appropriate 
concentration of L- or D-lactate. Values are expressed as 
means ± SEM (n), and are for values obtained from two or 
more separate experiments. Statistical significance values 
on right are with respect to unstimulated values for each 
lactate concentration; significance values on left are with 
respect to the control "untreated" condition for resting and 
stimulated synaptosomes.
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3.5.2 Effect of Lactate on Free Intrasynaptosomal Calcium 
Concentration
The levels of intrasynaptosomal calcium ([Ca++]^) when 
normoxic synaptosomes were incubated in L - (+)-Lactate 
(32mM) containing media are shown in Table 13. There was a 
decrease in normoxic [Ca++]^ which is illustrated in Fig 
3.13.

The depolarisation-induced increase in [Ca++]^ in normoxic 
synaptosomes was also significantly reduced by the addition 
of lactate to the incubating medium. Veratrine (80/iM) 
depolarisation in the absence of lactate had resulted in an 
increase in the [Ca++]^ of normoxic samples from 357nM to 
592nM (see Table 7), while the increase in [Ca++]^ measured 
when normoxic synaptosomes were depolarised in the presence 
of lactate was from 238nM to 334nM (Table 13). This 
represents a decrease in stimulated intrasynaptosomal 
calcium levels of about 60%.

A similar decrease in depolarisation-induced free 
intrasynaptosomal calcium concentration in synaptosomes 
prepared from rat brain and exposed to L-Lactate has also 
been reported by White et al., (1989).

The lactate-induced decrease in normoxic synaptosomesthat 
was recorded in this study was similar to that observed in 
anoxic synaptosomes (Table 5) which were found to produce 
high levels of lactate (Table 8).
These results correlated directly with the decrease in
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synaptosomal calcium uptake that was recorded when normoxic 
synaptosomes were incubated in the presence of L-Lactate 
(Table 14) .
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Fig 3.13

Effect of Lactate on Normoxic Free Intrasynaptosomai 
Calcium (nM)
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Legend for Fig 3.13
The effect of 32mM L-Lactate on normoxic free intrasynaptosomal 
calcium concentration was measured as described in Methods 2.9.4. 
Synaptosomes were incubated under unstimulated (resting) or 
stimulated (8 0/iM veratrine (Vt) or 50mM K+ ) conditions. Values 
are expressed as means ± SEM. Statistical significance are with 
respect to normoxic conditions.

**p<0.005; *0.05>p>0 . 005 ; ns not significant.
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3.5.3 Effect of Lactate on Synaptosomal Calcium Uptake
The inclusion of L-Lactate (3 2mM) in the extrasynaptosomal 
media of synaptosomes incubated in normoxic conditions 
resulted in significant changes in synaptosomal calcium 
uptake. These results are shown in Table 14 and Fig 3.14).
An appreciable decrease in the rate of calcium influx into 
normoxic synaptosomes when incubated in the presence of 
exogenous lactate was observed.
Potassium or veratrine - induced stimulated calcium uptake 
was abolished by the addition of lactate to the synaptosomal 
incubation medium. The basal rate of Ca++ uptake by normoxic 
synaptosomes (5.9nmol/mg/lOmin) was not altered by the 
presence of exogenous lactate (5.4nmol/mg/lOmin) but the 
large depolarisation-induced increase of calcium influx into 
normoxic synaptosomes (13.9 and 14.3nmol/mg/lOmin for 
veratrine and potassium depolarisation respectively) was 
repressed by the presence of lactate in the incubation 
medium (4.7 and 5.7nmol/mg/10min for veratrine and potassium 
depolarisation respectively). Therefore, an elevated lactate 
concentration resulted in the inhibition of stimulated 
calcium uptake by synaptosomes.

The significant decrease in depolarisation-induced calcium 
uptake was similar to that previously recorded in anoxic 
synaptosomes (Table 6) which were found to produce high 
amounts of lactate (Table 8).
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Fig 3.14

Effect of Lactate on Normoxic Synaptosomai Calcium 
Uptake ( n m o l /m g /1 0  min)

M l  NORMOXIA 
EZ2 NORM + LAC

Legend for Fig 3.14
The effect of 32mM L-Lactate on normoxic synaptosomal calcium 
uptake was measured as described in Methods 2.9.7. Synaptosomes 
were incubated under unstimulated (resting) or stimulated (80/iM 
veratrine (Vt) or 50mM K+) conditions. Values are expressed as 
means ± SEM. Statistical significance are with respect to 
normoxic conditions.

**p<0.005; *0.05>p>0.005; ns not significant.
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3.5.4 Effect of Lactate on Synaptosomal Acetylcholine
Release
There was an increase in the levels of acetylcholine 
released from resting normoxic synaptosomes when incubated 
in the presence of 32mM L-Lactate (Table 15 and Fig 3.15). A 
similar increase in acetylcholine release was recorded in 
resting synaptosomes (Table 7) during anoxia, and this was 
associated with a marked anoxia-induced lactosis (Table 8).

The presence of high exogenous lactate in the incubating 
media resulted in a noticeable decrease in the potassium 
depolarisation-induced acetylcholine release (compared with 
that recorded in the absence of exogenous lactate). This 
decrease, coupled with the increase in unstimulated levels 
of acetylcholine release, resulted in a significant decrease 
in the net potassium stimulated acetylcholine release. A 
similar decrease was previously recorded in anoxic 
synaptosomes (Table 7).
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Fig 3.15

Effect of Lactate on Normoxic Synaptosomal 
Acetylcholine Release (p m o l/m g /m in )
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Legend for Fig 3.15
The e f f e c t  of 32mM L-Lactate on normoxic s y n a p t o s o m a l  
acetylcholine release was measured as described in Methods 2.9.8. 
Synaptosomes were incubated under unstimulated (resting) or 
stimulated (50mM K+) conditions. Values are expressed as means ± 
SEM. Statistical significance are with respect to normoxic 
conditions.

**p<0.005; *0.05>p>0.005; ns not significant.
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3.5.5 Effect of Lactate on Intrasynaptosomal pH
The intrasynaptosomal pH of synaptosomes incubated in 
lactate containing media was monitored. The results obtained 
are presented in Table 16. The addition of 32mM L-Lactate to 
the incubation medium resulted in a detectable decrease in 
the intrasynaptosomal pH of normoxic synaptosomes and this 
is illustrated in Fig 3.16a.

The incubation of normoxic synaptosomes under these 
conditions resulted in intrasynaptosomal acidosis, with the 
intrasynaptosomal pH decreasing to 6.91 (compared with 7.11 
in normoxic controls). This correlated directly with the 
observation that in anoxic synaptosomes the marked lactosis 
recorded was associated with a significant acidosis (Table 8 
and Table 9).

At the physiological pH of 7.4 utilised in these 
experiments, lactic acid, a weak acid with a pKa of 3.7, 
will be predominantly in the dissociated form. Lactate is 
likely to cross the synaptosomal plasma membrane by 
diffusion and via a monocarboxylic acid (MCA) carrier. This 
carrier has been found to be a requirement in brain cells to 
enable the use of lactate and ketone bodies as alternative 
energy sources (see Introduction 1.2). It has been reported 
that the MCA carrier does not cotransport protons (Edlund 
and Halestrap, 1988) therefore the source of the protons 
that result in a decrease in intrasynaptosomal pH is 
unclear.
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Fig 3.1 6a

Effect of Lactate on Normoxic Intrasynaptosomal pH

7.50

7.30

7.10

xCl
6.90

6.50

Legend for Fig 3.16a
The effect of 32mM L-Lactate on normoxic intrasynaptosomal pH was 
measured as described in Methods 2.9.5. Synaptosomes were 
incubated under unstimulated (resting) or stimulated (80^M 
veratrine (Vt) or 50mM K+) conditions. Values are expressed as 
means ± SEM. Statistical significance are with respect to 
normoxic conditions.

p<0.005; *0.05>p>0.005; ns not significant.
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3.5.6 Effect of Acidosis Alone on Intrasynaptosomal Calcium
The acidosis associated with the incubation of synaptosomes 
in a 32mM L-Lactate medium was investigated to assess 
whether the effects on calcium homeostasis recorded (Table 
13 and Table 14) were solely due to the acidosis. Acidosis 
was created by the addition of exogenous hydrogen ions and 
the intrasynaptosomal free calcium concentration measured. 
Creation of Acidosis
The intrasynaptosomal acidosis that was recorded when 
normoxic synaptosomes were incubated in the presence of 32mM 
L-Lactate was 6.91 (Table 16). It was found that an 
intrasynaptosomal pH of 6.91 corresponded with an 
extrasynaptosomal pH (pHQ ) of 7.29 (Fig 3.16b). A pHQ of 
7.29 was created by the addition of hydrochloric acid to the 
extrasynaptosomal medium.
Intrasynaptosomal Calcium Measurement
The creation of acidosis comparable to that associated with 
synaptosomes exposed to 32mM L-Lactate but created by the 
addition of hydrogen ions did not result in the decreased 
intrasynaptosomal calcium concentration that was observed 
when synaptosomes were incubated in the presence of 32mM L- 
Lactate (Fig 3.16c).
Therefore, acidosis comparable to that measured when 
synaptosomes were exposed to 3 2 mM L-Lactate (Table 16) but 
created by the addition of hydrogen ions did not affect the 
intrasynaptosomal calcium levels that were recorded under 
normoxic conditions and therefore cannot account for the 
inhibition of depolarisation induced intrasynaptosomal 
calcium concentration.
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Fig 3 ,1 6b

Effect of change in pH outside synaptosomes (pHo) 
on pH inside synaptosomes (pHj)

8,0

7 . 2 -

6.8 -

6,0 6.8 7.2 », \/

pHo
Legend for Fig 3.16b
The effect of pHQ on pH^ was measured as described in Methods
2.9.6. The extracellular pH was altered by the addition of HC1. X 
indicates the point at which the intrasynaptosomal pH was equal 
to that obtained when synaptosomes were incubated in the presence 
of 32mM L-Lactate.
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Fig 3.16d
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Legend for Fig 3.16c
Typical traces of intrasynaptosomal calcium concentration 
[Ca++]^ in normoxic synaptosomes (see Methods 2.3) under 
resting and veratrine (80/xM Vt) stimulated conditions. The 
bottom trace shows the effect of the creation of acidosis 
(comparable to that produced by the presence of 3 2mM L- 
Lactate) by the addition of HC1 (H+) as described in Methods
2.9.6.

Legend for Fig 3.16d
Typical traces of intrasynaptosomal calcium concentration 
[Ca++]^ in normoxic synaptosomes (see Methods 2.3) under 
resting and potassium (50mM K+) stimulated conditions. The 
bottom trace shows the effect of the creation of acidosis 
(comparable to that produced by the presence of 3 2mM L- 
Lactate) by the addition of HC1 (H+) as described in Methods
2.9.6.
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3.5.7 Effect of Lactate on Synaptosomal choline Release
The results obtained are presented in Table 17 and Fig 
3.17a. There was no significant difference in choline 
release when synaptosomes were incubated in the presence of 
lactate (as compared to normoxic controls).
The absence of any effect of lactate on choline release from 
membrane lipids suggest that the experimental conditions did 
not cause measurable damage to the synaptic plasma membrane 
or alter phospholipase activity.
The changes in calcium homeostasis (decrease in stimulated 
calc ium uptake and intrasynaptosomal calcium) and 
acetylcholine release (Table 15) recorded when synaptosomes 
were incubated in media containing 32mM L-Lactate could 
therefore not have been due to any significant damage of the 
synaptosomal plasma membrane.
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Fig 3.17a

Effect of Lactate on Choline Release (Normoxia)

^  3 0  ------------ ------------------------------------------

E

Legend for Fig 3.17a
The effect of 32mM L-Lactate on normoxic synaptosomal choline 
releases was measured as described in Methods 2.9.8. Synaptosomes 
were incubated under unstimulated (U) or stimulated (80/iM 
veratrine (Vt) or 50mM K+ ) conditions. Values are expressed as 
means ± SEM. Statistical significance are with respect to 
normoxic conditions.

**p<0.005; *0.05>p>0.005; ns not significant.
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3.5.8Summary
It appeared that the addition of lactate to normoxic 
synaptosomes reproduced events similar to that which 
occurred in anoxia. The inhibition of depolarisation-induced 
c a l c i u m  uptake was mimicked as was the d e c r e a s e  in 
intrasynaptosomal calcium concentration.

The presence of exogenous lactate also significantly reduced 
potassium - stimulated acetylcholine release. These results 
are in direct agreement with those of Morot Gaudry-Talarmain 
(1986), who also recorded a significant inhibition of 
potassium stimulated acetylcholine release from Torpedo 

synaptosomes by 3 2mM L-Lactate. The author also reported 
that an exogenous lactate concentration of over 3 0mM was 
r e q uired to give rise to a maximum i n h i b i t i o n  of 
depolarisation-induced synaptosomal acetylcholine release. 
This observation further justifies the use in the present 
study, of lactate at a concentration of 3 2mM.

The proposal is that the presence of elevated concentrations 
of lactate prevents a rise in stimulated intrasynaptosomal 
calcium concentration. This would explain the decrease in 
intrasynaptosomal calcium levels that were recorded when 
synaptosomes were incubated in the presence of lactate, or 
under anoxic conditions resulting in elevated lactate 
production. Acetylcholine release is believed to occur in 
response to an increase in the intracellular calcium 
concentration at the nerve terminal. If the proposal for the 
action of lactate is correct, the presence of lactate would
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p r e v e n t  an increase in intrasynaptosomal calcium 
concentration and this could result in the inhibition of 
depolarisation-induced release of the neurotransmitter.

The absence of any effect by D-Lactate at concentrations as 
high as 32mM led to the conclusion that the effect of 
lactate on synaptosomal calcium h omeostasis and 
acetylcholine release were not due to chelation of calcium 
ions or other non-specific actions, but due to a 
stereospecific action.

These results are in agreement with the proposal that a 
potential site of action of L-(+)-Lactate is at the voltage- 
dependent synaptosomal calcium channel (Morot Gaudry- 
Talarmain, 1986; White et al., 1989). The synaptosomal 
membrane is believed to possess several types of calcium 
channels (see Introduction 1.6) with the voltage-dependent 
calcium channels making up one of the main classes. Membrane 
depolarisation results in an increased calcium conductance 
by the channels. An inhibition of these channels would 
prevent the increase in calcium influx that is generally 
observed in response to depolarisation of the synaptic 
membrane.

It is, therefore, likely that the changes in calcium 
homeostasis and synaptosomal function recorded during anoxia 
were the result of the increased production of lactate 
caused by anoxia.
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Fig 3.17b illustrates the proposed "model of anoxia", and 
shows the inhibition of calcium uptake and acetylcholine 
release by lactate.
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Fig 3.17b
Model of Working Synapse in Anoxia

Ca++

Na

++Ca

LACTATE ACh O
ACh

-o

GLUCOSE

POST 
SYNAPTIC NEURONPRESYNAPTIC NERVE TERMINAL

Legend for Fig 3.17b
Schematic model of the working synapse. Arrival of an action 
potential (A) at the nerve terminal causes the voltage-operated 
calcium channel (B) to open and allows a massive influx of 
calcium. This raises the intrasynaptosomal calcium concentration 
(C) which in turn stimulates acetylcholine (ACh) release (D). 
Generation of lactate by anaerobic glycolysis during anoxia (E) 
may act by blocking the voltage-operated calcium channels. 
(Ca++;jL = intrasynaptosomal calcium concentration)
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3.6 The Protection of Ischaemic Synaptosomes from Calcium 
Overload bv Exogenous Lactate
From the previous results (Results Section 3.5), it appeared 
that the addition of lactate to normoxic synaptosomes 
reproduced events similar to that which occurred in anoxic 
synaptosomes with respect to calcium homeostasis. In the 
presence of high lactate concentrations, depolarisation- 
induced calcium influx was significantly inhibited. The 
results verified that the changes in synaptosomal calcium 
homeostasis recorded under anoxic conditions were due at 
least in part to the elevated levels of lactate produced 
during anoxia. This then seemed like a plausible way of 
manipulating the perturbations observed when synaptosomes 
were incubated under ischaemic conditions. It should be 
recalled that ischaemia induced a significant calcium 
overload in synaptosomes (Table 5 and Table 6) and that this 
was associated with a marked decrease in lactate production 
(Table 8).

The possibility that the presence of lactate under ischaemic 
conditions would decrease depolarisation-induced calcium 
influx (as occurred when normoxic synaptosomes were 
incubated in the presence of lactate) was investigated. L- 
Lactate was added to the incubation medium to see if this 
could protect ischaemic synaptosomes from increased levels 
of Ca++ uptake, intrasynaptosomal calcium and acetylcholine 
release.

The exogenous lactate concentration used in these
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investigation was 32mM as this was found to be the most 
effective at inhibiting depolarisation-induced increases in 
intrasynaptosomal calcium (see Results 3.5). The increase in 
intrasynaptosomal calcium concentration that was recorded 
following ischaemia was significantly higher than normoxic 
levels (see Table 5). It was felt, therefore, that a lactate 
concentration that was high enough to result in the most 
significant decrease of intrasynaptosomal calcium 
concentration would be used in an effort to reduce the large 
increase in calcium influx that was recorded when 
synaptosomes were exposed to ischaemia (Table 6).
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3.6.1 The Effect of Lactate on Calcium uptake in Ischaemic
Synaptosomes (Table 18 and Fig 3.18)
The incubation of ischaemic synaptosomes in the presence of 
L-Lactate (32mM) resulted in a decrease in the rate of 
synaptosomal calcium uptake (as compared to the rate 
recorded in the absence of lactate in the incubating 
medium).

The presence of elevated lactate concentrations also 
resulted in a significant decrease in the depolarisation- 
induced increase in calcium uptake previously recorded in 
the absence of exogenous lactate.

These results therefore show that elevated lactate 
concentrations significantly protected synaptosomes from the 
calcium overload earlier recorded, when ischaemia induced 
high levels of calcium influx.
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Table 18. Effect of Lactate on Ischaemic Synaptosomal Calcium 
uptake (nmol/mg synaptosomal protein/10 minutes)

Condition Ischaemia Ischaemia + Lactate

Basal 10.06± 1.11(12) 8.26 ± 0.28 (8) 
NS

Veratrine 16.04± 1.49(5) 8.92 ± 0.40 (8)
(80pM) b NS a

Potassium) 14.20± 2.00(5) 10.74± 0.28 (8)
(50mM) NS a NS

Values are expressed as means ± SEM (n) , and are for values 
obtained from two or more separate experiments. Statistical 
significance values on right are with respect to ischaemic 
conditions; significance values on left are with respect to the 
unstimulated condition.
ap<0.005; 0.05>p>0. 0 0 5 not significant
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Fig 3.1 8

Effect of Lactate on Ischaemic Synaptosomal Calcium 
Uptake (n m o l/m g /1  Omin)
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Legend for Fig 3.18
The effect of 32mM L-Lactate on ischaemic synaptosomal calcium 
uptake was measured as described in Methods 2.9.7. Synaptosomes 
were incubated under unstimulated (resting) or stimulated (80/liM 
veratrine (Vt) or 50mM K+) conditions. Values are expressed as 
means ± SEM. Statistical significance are with respect to 
ischaemic conditions.
**p<0.005; *0.05>p>0.005; ns not significant.
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3.6.2 The Effect of Lactate on Free intrasynaptosomal
Calcium Concentration during Ischaemia
(Table 19 and Fig 3.19)
The incubation of ischaemic synaptosomes in the presence of 
L-Lactate (32mM) resulted in a significant decrease in the 
free intrasynaptosomal calcium concentration ([Ca++]^) 
compared to that recorded in the absence of exogenously 
added lactate. In the presence of elevated lactate, the 
appreciable increase in intrasynaptosomal calcium that was 
characteristic of ischaemic synaptosomes was negated. 
Lactate also decreased the depolarisation (by veratrine or 
potassium) - induced elevation in intrasynaptosomal calcium 
concentration that was recorded in ischaemic synaptosomes.

These results correlated directly with the lactate-induced 
decrease in ischaemic synaptosomal calcium uptake recorded 
in Table 18.

268



Table 19. Effect of Lactate on Ischaemic Free Intrasynaptosomal
Calcium Concentration (nM)

Condition Ischaemia Ischaemia + Lactate

Basal 820 ± 22 (10) 564 ± 23 (34)
a

Veratrine 1113± 48 (5) 739 ± 39 (17)
(80/xM) a a a

Potassium 917 ± 67 (5) 736 ± 24 (16)
(50mM) NS a b

Values are expressed as means ± SEM (n) , and are for values 
obtained from two or more separate experiments. Statistical 
significance values on right are with respect to ischaemic 
conditions; significance values on left are with respect to the 
unstimulated condition. 
ap<0.005; 0.05>p>0.005;NS not significant
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Fig 3.19

Effect of Lactate on Ischaemic tree Intrasynaptosomal 
Calcium Concentration (nM)

1200

Stimulated

Legend for Fig 3.19The effect of 32mM L-Lactate on ischaemic free intrasynaptosomal 
calcium concentration was measured as described in Methods 2.9.4. 
Synaptosomes were incubated under unstimulated (resting) or 
stimulated (80/iM veratrine (Vt) or 50mM K+) conditions. Values 
are expressed as means ± SEM. Statistical significance are with 
respect to ischaemic conditions.
**p<0.005; *0.05>p>0.005; ns not significant.
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3.6.3 The Effect of Lactate on Acetylcholine release by
Ischaemic Synaptosomes
(Table 20 and Fig 3.20)
Ischaemic synaptosomes incubated in exogenous lactate 
containing media released acetylcholine at a rate similar to 
that recorded in the absence of lactate.

However, potassium depolarisation resulted in the release of 
significantly lower amounts of acetylcholine than that 
previously recorded in the absence of exogenously added 
lactate. Stimulated acetylcholine release by ischaemic 
synaptosomes was therefore significantly repressed by the 
inclusion of lactate in the incubation media.

These results bore direct correlation with a significant 
decrease in ischaemic synaptosomal calcium uptake and 
[Ca++]^ recorded when lactate was included in the incubation 
media (Table 18 and Table 19).
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Table 20. Effect of Lactate on Ischaemic Synaptosomal
Acetylcholine Release (pmol/mg/minute)

Condition Ischaemia Ischaemia + Lactate

Basal 8 . 45 ± 0.59(12) 7.22 ± 0.71(26)
NS

Potassium 13.66± 1.19(17) 9.36 ± 0.73 (31)
(50mM) a b a

Values are expressed as means ± SEM (n), and are for values 
obtained from two or more separate experiments. Statistical 
significance values on right are with respect to ischaemic 
conditions; significance values on left are with respect to the 
unstimulated condition.
ap<0.005; 0 ,05>p>0.005;NS not significant
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Fig 3 .20

Effect of Lactate on ischaemic Synaptosomal
Acetylcholine Release (p m o l/m g /m in )
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Legend for Fig 3.20The effect of 32mM L-Lactate on ischaemic synaptosomal 
acetylcholine release was measured as described in Methods 2.9.8. 
Synaptosomes were incubated under unstimulated (resting) or 
stimulated (50mM K+) conditions. Values are expressed as means ± 
SEM. Statistical significance are with respect to ischaemic 
conditions.
**p<0.005; *0.05>p>0.005; ns not significant.
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3.6.4 The Effect of Lactate on the Intrasynaptosomal pH of
Ischaemic Synaptosomes
The intrasynaptosomal pH of ischaemic synaptosomes was 
measured (using the pH sensitive probe BCECF) when lactate 
was added to the incubation media.

The exogenous addition of L-Lactate (32mM) resulted in a 
d e c r e a s e  in the intrasynaptosomal pH of ischaemic 
synaptosomes and the results obtained are shown in Table 21 
and Fig 3.21. The resting intrasynaptosomal pH dropped under 
these incubation conditions from 7.3 to 6.9.

Synaptosomal stimulation by either potassium or veratrine 
resulted in an increase in intrasynaptosomal pH to values 
above 6.9, but these values were still significantly lower 
than those recorded in ischaemic synaptosomes in the absence 
of exogenous lactate.

274



Table 21. Effect of Lactate on Ischaemic Intrasynaptosomal pH
Condition Ischaemia Ischaemia + Lactate

Basal 7.27± 0.01(23) 6.85 ± 0.03(28) 
a

Veratrine
(80/xM)

7.25± 
NS

0.02(11) 7.02 ± 0.02(8) 
a a

Potassium
(50mM)

1 . 3 6± 
a

0.02(12) 7.08 ± 0.03(8) 
a a

Values are expressed as means ± SEM (n) , and are for values 
obtained from two or more separate experiments. Statistical 
significance values on right are with respect to normoxic 
conditions; significance values on left are with respect to the 
unstimulated condition.
ap<0.005; 0.05>p>0.005;NS not significant
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Fig 3.21

Effect of Lactate on Ischaemic Intrasynaptosomal pH
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Legend for Fig 3.21
The effect of 32mM L-Lactate on ischaemic intrasynaptosomal pH 
was measured as described in Methods 2.9.5. Synaptosomes were 
incubated under unstimulated (resting) or stimulated (80/iM 
veratrine (Vt) or 50mM K+) conditions. Values are expressed as 
means ± SEM. Statistical significance are with respect to 
ischaemic conditions.

276



3.6.5 The Effect of Lactate on Choline release by Ischaemic
Synaptosomes
The effect of L-Lactate (32mM) on synaptosomal choline 
release was measured in synaptosomes incubated under 
ischaemic conditions. The results obtained are shown in 
Table 22.
There was no significant difference in choline release in 
ischaemic synaptosomes incubated in the presence or absence 
of lactate. This is illustrated in Fig 3.22.

These results would indicate that the incubation of 
synaptosomes in lactate containing media did not affect 
synaptosomal integrity.

The changes in calcium homeostasis recorded in these 
investigations were therefore not due to any significant 
damage in the synaptosomal plasma membrane. Any membrane 
damage was not sufficient to cause significant loss of 
choline from membrane lipids.
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Table 22. Effect of Lactate on Ischaemic Synaptosomal Choline
Release

Condition
Choline

Ischaemia
release (pmol/mg/min)

Ischaemia + Lactate

Unstimulated 20.59 ± 0.92(29) 18.99± 1.62(17)
NS

Potassium 21.88 ± 0.50(26) 20.62 ± 2.64(17)
(50mM) NS NS NS

Values are expressed as means ± SEM (n) , and are for values 
obtained from two or more separate experiments. Statistical 
significance values on right are with respect to ischaemic 
conditions; significance values on left are with respect to the 
unstimulated condition.
ap<0.005; 0.05>p>0. 0 0 5 not significant
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Fig 3 ,2 2

Effect of Lactate on Choline Release (Ischaemia)
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Legend for Fig 3.22
The effect of 32mM L-Lactate on ischaemic synaptosomal choline 
release was measured as described in Methods 2.9.8. Synaptosomes 

r v  were incubated under unstimulated (u) or stimulated (50mM K+) 
conditions. Values are expressed as means ± SEM. Statistical 

A significances/are with respect to ischaemic conditions.
^ **p<0.005; *0.05>p>0.005; ns not significant.
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3.6.6 Summary
The addition of lactate to ischaemic synaptosomes resulted 
in a significant decrease in cal c i u m  u p t a k e  and 
intrasynaptosomal calcium concentration. Under these 
conditions, a decrease in synaptosomal acetylcholine release 
was also recorded.
Lactate was therefore able to protect synaptosomes from the 
calcium overload that occurs during ischaemia. That this 
protection was due to the lactate moiety itself and not just 
the acidosis associated with the amount of lactate used was 
verified by the finding that acidosis comparable to that 
associated with the addition of exogenous L-Lactate (32mM) 
to the incubation media, but created by the addition of 
hydrogen ions, did not affect the intrasynaptosomal calcium 
concentration measured. This would also indicate that the 
effect observed was not due to an effect of pH on the actual 
measurement of calcium, i.e. was not due to an effect on the 
fluorescent calcium probe, fura-2, used in the studies.

Fig 3.23 summarises the proposed action of lactate when 
added to the incubation medium of synaptosomes prior to 
ischaemic insult.
These results indicate that the levels of calcium and 
lactate are therefore of great importance when investigating 
the biochemical mechanisms that result in neuronal damage 
following ischaemic insult. A clear understanding of their 
mechanisms of action may lead to the dev e l o p m e n t  of 
potentially therapeutic agents to combat the effects of 
stroke.
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Fig 3.23

Model of working synapse during Ischaemia with elevated lactate

Ca++

LACTATE

LACTATE

ACh °
ACh

PRESYNAPTIC NERVE TERMINAL POST SYNAPTIC NEURON
Legend for Fig 3.23
Schematic representation of the proposed model of the working 
synapse during an ischaemic insult in the presence of elevated 
lactate concentrations.
During ischaemia, there is a massive influx of calcium (A) . This 
raises the intrasynaptosomal calcium concentration (B) which in 
turn stimulates acetylcholine (ACh) release (C). If elevated 
lactate is present during ischaemia (D), lactate may act by 
blocking the voltage-operated calcium channels.
(Ca++  ̂ = intrasynaptosomal calcium concentration)
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CHAPTER FOUR

CONCLUSION



The Effe c t  of Oxygen and Substrate A v a i l a b i l i t y  on 
Synaptosomal Energy Metabolism
The accumulation of calcium is widely reported to play a 
major role in the irreversible cell damage which occurs 
during ischaemia in vivo (Choi, 1988a; Siesjo, 1988b). 
Cerebral ischaemia is characterised by a lack of tissue 
perfusion. This results in a decrease in glucose (substrate) 
and oxygen availability, and a build up of toxic metabolic 
products. In this study, synaptosomes (isolated nerve 
terminals) were employed to investigate the effect of the 
individual parameters involved in ischaemia.

Synaptosomes prepared from rat forebrains were incubated 
under conditions of anoxia and aglycaemia (lack of oxygen 
and glucose respectively). Synaptosomes were also incubated 
under conditions that combined a lack of oxygen with a lack 
of glucose in an effort to mimic ischaemia in vivo. Using 
these models, the effect of oxygen and glucose availability 
on calcium homeostasis in isolated nerve terminals was 
investigated. Synaptosomes were also depolarised by 
veratrine or potassium administration and changes in this 
model of the "working nerve terminal" monitored.

The parameters of calcium uptake, intrasynaptosomal calcium 
concentration, lactate production, intrasynaptosomal pH and 
synaptosomal acetylcholine release were monitored in order 
to assess the effect of oxygen and glucose availability on 
synaptosomal function.
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Significant differences in metabolism were observed when 
synaptosomes were incubated under differing conditions of 
oxygen and glucose availability. A sixty minute incubation 
period resulted in the most significant differences and 
appeared to be a good incubation period for rendering 
synaptosomes significantly anoxic, aglycaemic or ischaemic. 
Over this incubation period there was no significant release 
of the cytosolic marker enzyme, lactate dehydrogenase, from 
resting or stimulated synaptosomes incubated under any of 
these conditions. Nor was a significant loss of choline from 
membrane lipids observed under any of the incubation 
conditions. This suggests that the different conditions used 
in these experiments did not cause measurable damage to the 
synaptic plasma membrane or alter phospholipase activity.

When synaptosomes were incubated under conditions of free 
glucose and oxygen availability (normoxia), stimulation (by 
veratrine or potassium) resulted in an increase in calcium 
uptake. A corresponding increase in intrasynaptosomal 
calcium concentration ([Ca++ ]̂ ) was also recorded, together 
with an increased release of the n e u r o t r a n s m i t t e r  
acetylcholine (ACh).

To summarise, in synaptosomes incubated under conditions of: 
NORMOXIA
Depolarisation— ►Ca++uptake t  ► [Ca++]i t  ► ACh release T
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In marked contrast to normoxia, ischaemia (lack of oxygen 
and glucose availability) resulted in a significant change 
in synaptosomal function with r e spect to c a l c i u m  
homeostasis. A significant increase in calcium uptake, free 
intrasynaptosomal calcium concentration and acetylcholine 
release was measured under resting conditions of ischaemia 
(compared to normoxia). The incubation conditions of 
ischaemia per se resulted in an increase in synaptosomal 
calcium uptake even in the absence of any of the 
depolarising agents (veratrine or potassium) used in this 
study. This increased calcium influx induced by ischaemia 
may account, at least in part, for the increase in free 
intrasynaptosomal calcium levels also recorded in ischaemic 
synaptosomes.

To summarise, in synaptosomes incubated under conditions of: 
ISCHAEMIA
ISCHAEMIA ► Ca++ uptake t ► [Ca++]^ t  ► ACh release t

The significant increase in intracellular calcium that has 
been widely reported to occur during cerebral ischaemia 
(Siesjo, 1981) was therefore also recorded in these 
investigations. Free intracellular calcium levels are under 
normal conditions kept under tight control as calcium levels 
are important in many cellular processes ranging from enzyme 
activation to neurotransmission. An increased accumulation 
of calcium could trigger the activation of various catabolic 
enzymes such as proteases and lipases and result in cell 
damage/ death. Calcium accumulation is, therefore, thought
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to be a major cause of cell death in ischaemia and other 
neurodegenerative disorders (Siesjo, 1988b; Choi, 1988a).
The accumulation of calcium in isolated nerve terminals 
exposed to ischaemia under resting and d e p o l a r i s e d  
conditions that was recorded in this study correlated 
directly with an increase in the rate of calcium influx into 
ischaemic synaptosomes. These results also bore close direct 
correlation with an increased calcium accumulation reported 
by Uematsu et al. , ( 1988 ). These a u t h o r s  m e a s u r e d
intracellular calcium concentrations during cerebral 
ischaemia in vivo in cat cerebral cortex using the same 
fluorescent probe, fura-2, used in this study.

An increased accumulation of calcium was also observed in 
synaptosomes incubated under aglycaemic conditions. In these 
experiments, synaptosomes were incubated in the presence of 
oxygen but in the absence of glucose. Increased levels of 
C a ++ uptake, intrasynaptosomal c a l c i u m  c o n t e n t  and 
acetylcholine release were observed.

Stimulation of synaptosomes induced a significant increase 
in C a ++ uptake under both a g l y c a e m i c  and i s c h a e m i c  
conditions (compared to normoxia). The rate of calcium 
influx in depolarised aglycaemic synaptosomes was not 
significantly different from that recorded in depolarised 
ischaemic synaptosomes. However, [Ca++]^ values in ischaemia 
were significantly higher than that of aglycaemia. It would 
therefore seem unlikely that calcium influx alone can
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account for the large increase in free intrasynaptosomal 
calcium recorded under ischaemic conditions. It is possible 
that intrasynaptosomal calcium stores of bound/sequestered 
calcium, eg. in the endoplasmic reticulum, were also 
mobilised in ischaemia, contributing to the levels of 
intrasynaptosomal calcium observed.
This could also indicate a difference in the mechanism of 
the injury induced by ischaemia and aglycaemia. It has been 
reported that cerebral ischaemic insult in vivo does not 
give rise to the same degree of damage or time course of 
injury caused by hypoglycaemic insult (Auer and Siesjo, 
1988) . From the results in the present study such a concept 
could be supported.

Marked effects on synaptosomal function were also observed 
during anoxia. When synaptosomes were stressed by anoxic 
insult there was a considerable decrease in calcium 
accumulation (compared to any of the other incubation 
conditions). In stimulated anoxic synaptosomes, there was a 
significant decrease in calcium uptake, intrasynaptosomal 
calcium concentration and acetylcholine release.
A n o x i a  also resulted in a significant elevation in 
synaptosomal lactate production. Under anoxic conditions, 
the lack of oxygen results in an inability of the 
synaptosomes to derive energy from the citric acid cycle so 
aerobic glycolysis is replaced by the less efficient process 
of anaerobic glycolysis which results in increased lactate 
production. A similar elevation in lactate production was
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observed in synaptosomes rendered anoxic by Rafalowska et 
al., (1980) and Ksiezak and Gibson (1981).

To summarise, in synaptosomes incubated under conditions of: 
ANOXIA:
Anoxia— ►Lactate t but Ca++ uptake I— ►[Ca++]^4— ► ACh release!

In aglycaemic and ischaemic synaptosomes, there was no 
increased production of lactate. When exogenous glucose was 
absent (aglycaemia and ischaemia) and energy metabolism 
depended entirely on endogenous substrate, the net lactate 
production was limited. Rehncrona et al., (1981) observed 
similar effects and concluded that the lactate that was 
a c c u m u l a t e d  during ischaemia was d e p e n d e n t  on the 
preischaemic glucose and glycogen stores.

Under anoxic conditions, the extensive lactosis was also 
associated with a marked acidosis. In aglycaemic and 
ischaemic synaptosomes, the decreased lactate production was 
accompanied by an alkaline shift in pH. The marked increase 
in intrasynaptosomal pH under ischaemic and aglycaemic 
conditions may be associated with the high intrasynaptosomal 
calcium levels that were also recorded when synaptosomes 
were incubated under these conditions. A model has been 
proposed (Vincentini and Villereal, 1986) whereby increased 
intracellular levels of calcium activate Na+ /H+ exchange 
leading to alkalinisation of the cytoplasm in fibroblasts.
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It is possible that such a mechanism exists in synaptosomes 
when incubated under aglycaemic/ischaemic conditions. It 
could be envisaged that the alkaline shift in pH recorded 
under these conditions was similarly caused by the increased 
levels of intrasynaptosomal calcium.

When lactate production was lower than that occurring under 
normoxic conditions (aglycaemia and ischaemia), the decrease 
in intrasynaptosomal calcium levels that was measured under 
anoxic conditions was not observed. Under anoxic conditions, 
there was extensive lactosis and acidosis but decreased 
intrasynaptosomal calcium content, whereas under ischaemic 
conditions, there was no significant lactate production but 
there was a substantial increase in intrasynaptosomal 
calcium levels.

The results from this study suggest that the mechanism of 
damage due to varying oxygen and glucose availability may be 
different. In anoxia (lack of oxygen), increased lactate 
production was accompanied by marked acidosis and decreased 
calcium accumulation. In contrast, aglycaemia (lack of 
glucose) and ischaemia (lack of oxygen and glucose) resulted 
in a considerable decrease in lactosis, no acidosis and a 
significant increase in calcium accumulation.

These results also suggest that the damaging accumulation of 
intrasynaptosomal calcium during ischaemic-like conditions 
was not due to lactosis or acidosis, since the increase in 
intrasynaptosomal calcium did not correlate with these
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parameters. In fact, when marked lactosis and acidosis 
o c c u r r e d  (in anoxic conditions) the synapt o s o m a l  
accumulation of calcium was reversed. From the direct 
correlation between increased lactate production and 
decreased calcium uptake in anoxia, it is proposed that 
lactate production directly influences intracellular calcium 
concentration and that this is effected by a mechanism that 
involves a decrease in cellular calcium influx.
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The Effect of Lactate on Synaptosomes
In these experiments, an attempt was made to investigate a 
potential role for lactate in synaptosomal function. From 
the previous investigations, it was observed that when 
synaptosomes were exposed to anoxic insult, marked lactosis 
occurred, coupled with a decrease in pH. Simultaneously, 
acetylcholine release, intrasynaptosomal calcium and calcium 
influx were decreased in stimulated anoxic synaptosomes. The 
role of lactate in these anoxia-induced effects were studied 
in order to investigate whether the two cellular parameters 
of lactate production and calcium homeostasis were directly 
related.

Synaptosomes were incubated under normoxic conditions in the 
presence^neutralised L-Lactate and any changes in calcium 
homeostasis monitored. Under these conditions, significant 
decreases in stimulated calcium uptake, acetylcholine 
release and intrasynaptosomal calcium concentration were 
observed. This suggested that it was possible to mimic 
anoxia in synaptosomes by the inclusion of lactate in the 
normoxic incubation medium. It was concluded that the 
presence of lactate could alter synaptosomal calcium 
homeostasis.

These findings led to the hypothesis that the lactate 
generated in anoxic synaptosomes may block the voltage- 
dependent calcium channel or reduce net calcium influx by 
a f f e c t i n g  N a + /Ca++ exchange, thus r e d u c i n g  the 
intrasynaptosomal calcium concentration and the concomitant
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acetylcholine release. Morot Gaudry-Talarmain (1986) also 
reported a significant inhibition of potassium-stimulated 
acetylcholine release by lactate in Torpedo synaptosomes. It 
was proposed by the author that the action of lactate was 
due to a site of action on the calcium channel, causing 
inhibition of depolarisation-induced calcium uptake and thus 
a decrease in intrasynaptosomal calcium content and 
acetylcholine release. This was suggested because the 
calcium ionophore A2 3187 was able to reverse the inhibition 
by lactate of potassium-elevated acetylcholine release. In 
the present study, stimulated calcium uptake was inhibited 
by lactate, an observation which directly correlates with 
the explanation proffered by Morot Gaudry-Talarmain (1986).

Investigations carried out with D-(-)-Lactate were aimed at 
further characterising the action of lactate in anoxic brain 
damage. The effect of lactate on synaptosomal calcium 
homeostasis was found to be specific for the naturally 
occurring stereoisomer of lactate. D-Lactate was ineffective 
at inhibiting stimulated a c e t y l c h o l i n e  r e l e a s e  or 
intrasynaptosomal calcium accumulation (in direct contrast 
to the L-enantiomer) . It was concluded that the action of 
lactate in synaptosomal calcium h o m e o s t a s i s  was 
stereospecific. Morot Gaudry-Talarmain (1986) has also
reported a stereospecific effect of L-lactate on potassium - 
stimulated acetylcholine release from Torpedo synaptosomes. 
White and Clark (1990) similarly observed a stereospecific 
act i o n  of the L-enantiomer of lactate on rat brain
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synaptosomal calcium uptake. If the effect of lactate 
recorded in the present study had been a non-specific 
effect, the D-enantiomer of lactate should have been as 
effective as the L-enantiomer.
From these results, it was also concluded that the effects 
of L-Lactate that were recorded were not due to chelation of 
calcium ions or other non-specific actions, for if that had 
been the case, the D-enantiomer of lactate would have been 
just as e f fective as the L - e n a n t i o m e r  at a f f e c t i n g  
synaptosomal calcium homeostasis. The effects of lactate 
were therefore due to a stereospecific action.

In contrast to anoxia, ischaemia resulted in synaptosomal 
calcium accumulation but decreased lactate production. With 
calcium accumulation widely reported to play an important 
role in ischaemic cell damage, studies were carried out to 
investigate whether ischaemic synaptosomes could be 
protected from calcium overload by the presence of lactate. 
When L-Lactate was added to ischaemic synaptosomes, there 
was a significant decrease in stimulated calcium uptake and 
intrasynaptosomal calcium content. The presence of exogenous 
lactate also significantly d e c r e a s e d  s y n a p t o s o m a l  
acetylcholine release (in ischaemia).
It is likely that under these conditions, L-Lactate works at 
the same site of action as it does in anoxic synaptosomes. 
The results obtained in these investigation further support 
the concept that lactate inhibits depolarisation-induced 
calcium influx, preventing an increase in intrasynaptosomal 
calcium levels and resulting in an inhibition of stimulated
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acetylcholine release.

To summarise, in synaptosomes incubated under conditions of: 
ISCHAEMIA ± LACTATE
L a c t a t e ► Ca++ uptake! ► [Ca++] ^ ! -- ► ACh release!

It is concluded that the addition of L-Lactate to 
synaptosomes prior to an ischaemic insult has a protective 
effect on the extent of calcium accumulation and may, 
therefore, be useful in preventing cell death by calcium 
overload under these conditions.

An exogenous lactate concentration of 32mM was used in these 
experiments. Though this may have seemed high, 
concentrations as high as 45mM have been measured in vivo in 
certain animal models of ischaemia and hypoxia (Siesjo, 
1988a). Preliminary investigations were carried out to 
j ustify the use of such a concentration (32mM) in 
synaptosomal incubations. The results from preliminary work 
showed that in order to obtain a significant decrease in 
stimulated intrasynaptosomal calcium concentration and 
ac e t y l c h o l i n e  release (characteristic of anoxic 
synaptosomes) in normoxic synaptosomes, an exogenous lactate 
concentration of 32mM was required. Furthermore, Morot 
Gaudry-Talarmain (1986) has reported that an external 
lactate concentration of over 3 0mM was required to give rise 
to a m a ximum inhibition of d e p o 1a r i s a t i o n - induced 
synaptosomal acetylcholine release. It should however be
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recalled that 32mM was the concentration of L-Lactate in the 
incubating medium and the aim was that this concentration 
would create intrasynaptosomal conditions comparable to that 
achieved by an anoxic insult. Finally, the observation that 
this concentration of lactate did not cause significant loss 
of choline from membrane lipids or cause significant release 
of the cytosolic enzyme lactate dehydrogenase suggested that 
this concentration of lactate did not cause measurable 
damage to the synaptosomal plasma membrane.

That the protective effect of lactate was due to the lactate 
moiety itself was also verified. The addition of hydrogen 
ions to simulate an intrasynaptosomal acidosis comparable to 
that achieved when synaptosomes were incubated in the 
presence of exogenous lactate did not cause any effect on 
intrasynaptosomal calcium levels. The effect of L-Lact.ate on 
intrasynaptosomal calcium levels was therefore due to the 
lactate moiety itself and not just the acidosis associated 
with the lactate concentration used.

In conclusion, it is proposed that in conditions of partial 
anoxia (comparable to hypoxia in vivo), the lactate moiety 
itself may be instrumental in giving rise to a decrease in 
intracellular calcium concentration, net calcium uptake, and 
acetylcholine release possibly via a mechanism involving the 
blockade of one or more calcium channel. Under more severe 
conditions of anoxia however, concomitant with the increase 
in lactate concentrations, there may be further alterations
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to the intracellular milieu including a fall in pH, which may 
lead to the irreversible cell damage characteristic of the 
anoxic/ischaemic condition.
It has been reported that lactate accumulation in vivo is 
more pronounced in incomplete than complete ischaemia owing 
to the continuous but limited supply of substrate (Siesjo, 
1978). In addition to excessive lactate accumulation, 
intracellular pH may fall considerably (Siesjo, 1978) and 
this may give rise to cell damage. From the results obtained 
in the present study, it is further hypothesised that under 
some conditions, the accumulation of lactate may limit 
damage during ischaemia through a mechanism that protects 
against calcium accumulation similar to that seen in anoxia 
and when lactate is added e x ogenously to normoxic 
synaptosomes. However, under conditions of anoxia/ischaemia 
that result in excess acidosis, permanent cell damage may be 
the result.

It would be interesting to investigate the proposed 
hypothesis in future. Studies could be carried out to 
investigate whether the presence of the calcium ionophore 
A23187 could overcome the anoxic effects on synaptosomal 
calcium homeostasis and acetylcholine release reported in 
this study. It would also be interesting to monitor the 
effect of specific calcium channel b l o c k e r s  on 
intrasynaptosomal free calcium concentrations, eg. <» - 
conotoxin (a specific voltage-sensitive calcium channel 
blocker). The hypothesis that lactate may limit damage under
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certain conditions could be further tested using the neuron 
in primary culture as a model for neuronal cells in vivo. 
This would also help in the i n v e s t i g a t i o n  of how 
postsynaptic events are related to those seen presynaptically 
in the synaptosomal model. Comparing the e f fects on 
synaptosomes and cultured cells may indicate differing 
effects in calcium homeostasis pre- and postsynaptically.
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