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Intracellular consequences of glutamate receptor activation were investigated in mouse
hippocampal neurons using fluorescent probes for the measurement of Ca* (Fluo-3 AM;
Fluo-5N AM), mitochondrial A¥Y (TMRE) and superoxide (Het) in conjunction with
confocal laser scanning microscopy (CLSM). The excessive activation of glutamate
receptors is thought to be a common feature of neuronal death in a wide spectrum of
neurological disorders. The intracellular events that link toxic glutamate receptor activation
to eventual cell death are not well understood, but are likely to involve a loss of Ca*"
homeostasis, mitochondrial dysfunction and free radical damage.

Glutamate acts on a large number of ionotropic and metabotropic receptor subtypes. The
selective activation of NMDA receptors was particularly damaging, causing neuronal cell
death in over 80% of cultured mouse hippocampal neurons 24 hours after drug application.
In contrast, agonists at other glutamate receptor subtypes including kainate and ACPD
caused only 14% and 7% cell death respectively. Doses of glutamate receptor agonist were
selected to elicit equivalent “early” neuronal Ca*" increases as measured by Fluo-3 AM in
the first 200 seconds following drug addition. Early neuronal Ca*" increases did not
correlate with eventual neuronal death, suggesting that different routes of Ca®* increase
could have different pathological consequences for neurons. Experiments were then
conducted to investigate intracellular events downstream of glutamate receptor activation
that could lead to neuronal death.

The same doses of glutamate receptor agonists had profoundly different effects on
mitochondrial AY, which correlated to neuronal death. NMDA caused a robust increase in
TMRE fluorescence indicative of mitochondrial depolarization, whereas kainate, ACPD,
AMPA and quisqualate had no significant effect on mitochondrial A¥ despite causing
equivalent early Ca’” increases. All the glutamate receptor agonists caused increased
neuronal superoxide production as measured by increased Het fluorescence. Superoxide
production per se was not predictive of neuronal death, but the involvement of reactive
oxygen species in neurotoxicity was confirmed by assays where antioxidants and L-
NAME, an inhibitor of nitric oxide synthase, were highly protective against a 15 minute
NMDA insult. EDTA, a metal ion chelator, was also highly protective against NMDA
insult, pointing to the involvement of trace metals in neurotoxicity. Large, late neuronal
Ca®" responses (after 300 seconds) were measured with the low affinity Ca®* indicator
Fluo-5N AM. NMDA caused a delayed Ca®" deregulation that strongly correlated with
eventual neuronal death. Kainate did not cause delayed Ca*" deregulation.

Of the measured responses to different glutamate receptor activations, mitochondrial
depolarisation and delayed Ca”" deregulation were predictive of neuronal death, whereas
early Ca®” elevation and superoxide production alone were not well correlated to neuronal
death. However, reactive oxygen species are implicated in neuronal death by the
neuroprotection observed with antioxidants, metal chelators and blockade of nitric oxide
production.



CONTENTS

CHAPTER ]

[
oy

1.1.5

1.2

1.2.1
1.2.2
1.2.3
1.2.4

1.3

1.3.1
1.3.2
1.3.3
1.3.4
135

CHAPTER 2

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

CHAPTER 3
NEURONS

LY LY Ly W
L;JL»Ji\_)p-‘

ey

BACKGROUND

Neuronal calcium homeostasis

Plasma membrane calcium transport

Calcium transport mechanisms of

the endoplasmic reticulum

Calcium transport mechanisms of mitochondria
Physiological significance of mitochondrial calcium
transport

Other calcium stores

Calcium and Neuronal Death

Toxic mechanisms triggered by elevated Ca®"
Glutamate Excitotoxicity

Excitotoxicity caused by other EAAs

Role of calcium in brain ageing

Mitochondrial dysfunction and neuronal death
Mitochondria and excitotoxicity

Mitochondria and apoptosis

Mitochondria and nitric oxide

Mitochondrial and reactive oxygen species

Trace metals

MATERIALS AND METHODS

Chemicals and reagents

Preparation of acutely dissociated hippocampal neurons
Culture of dissociated mouse hippocampal cells
Neuronal loading with fluorescent probes

Confocal Imaging techniques

Immunocytochemistry techniques

Validation of TMRE as a potentiometric probe

Image analysis and statistical analysis

NEUROTOXICITY OF EAAS IN HIPPOCAMPAL

Introduction

Methods

Results

Effect of altered ionic and pharmacological conditions
on yield of acutely dissociated hippocampal neurons

33
34
37
40
41

42
42
48
66
71
81

84
g4
85
86
87
&9
950
94

99
101

101



3.3.2  NeuN staining in cultured hippocampal neurons 103
3.3.3 Viability of cultured hippocampal neurons following

exposure to EAAs and FCCP 104
3.3.4 Timecourse of NMDA toxicity 107
34 Discussion 109

CHAPTER 4 INVOLVEMENT OF CHANGES IN [CA2+], AND AYM INEAA
TOXICITY IN HIPPOCAMPAL NEURONS

4.1 Introduction 113
4.2 Method 116
43 Results 117
4.3.1 Calcium responses and mitochondrial membrane potential

measured in acutely dissociated hippocampal neurons 117
4.3.2 Dose-dependent calcium responses to EAAs and

plasma membrane depolarisation measured in neurons 124
4.3.3 MitoTracker Green staining in cultured hippocampal

neurons 139

4.3.4 Changes in AY,, following neuronal challenge with EAAs 140
4.3.5 Mechanism of the kainate-induced increase in

neuronal [Ca’"] 152
43.6 Delayed Ca*" deregulation revealed with Fluo-5N AM 159
4.4 Discussion 163

CHAPTER 5 INVOLVEMENT OF REACTIVE OXYGEN SPECIES AND
TRACE METALS IN EAA ToXICITY

5.1 Introduction 172
5.2 Methods 175
5.3 Results 176
5.3.1 Imaging neuronal superoxide production in response to the
addition of glutamate receptor agonists 176
5.3.2 Effects of ROS on mitochondrial membrane potential 186
5.3.3 Involvement of ROS and NO in NMDA neurotoxicity 188
5.3.4 Involvement of trace metals in NMDA neurotoxicity 190
5.4 Discussion 192
GENERAL DISCUSSION 200

REFERENCES 208



LIST OF FIGURES

Chapter 1

1.3

Neuronal calcium handling
Subunit structure and regulation of L-type Ca®* channel

Schematic representation of a glutamatergic synapse showing
the major receptor subtypes

1.4 Control of ER calcium homeostasis

1.5 Mitochondrial electron transport

1.6  Calcium transport mechanisms of mitochondria

1.7 Structure of the mitochondrial permeability transition pore

1.8 Sources and sinks for ROS in cells

Chapter 2

2.1 Change in neuronal TMRE fluorescence caused by the
addition of 1uM FCCP to cultured hippocampal neurons
loaded with different concentrations of TMRE

2.2 Confocal images showing change in TMRE fluorescence
caused by the addition of 1uM FCCP to neurons loaded
with different concentrations of TMRE

Chapter 3

3.1 Histogram to show effect of altered ACSF composition
on yield of acutely dissociated hippocampal neurons

3.2 Light micrograph of acutely dissociated hippocampal
neurons from adult MF1 mice

33 Light micrograph of NeuN antibody staining in cultured
hippocampal neurons

3.4  Confocal image of pyramidal neuron loaded with Fluo-3 AM
following 24-hour exposure to 5S00uM NMDA

3.5  Light micrographs of untreated cultured hippocampal neurons

3.6 Light micrographs of cultured hippocampal neurons following
24 hour treatment with 500uM NMDA

3.7  Histogram showing percentage viability of cultured
hippocampal neurons in control cultures and in cultures
exposed to EAAs for 24 hours

3.8  Histogram showing percentage viability of cultured
hippocampal neurons exposed to 500uM NMDA for
increasing time periods

3.9  Histogram showing percentage viability of cultured

hippocampal neurons exposed to 15 minutes 500pM NMDA
and of cultures pretreated with 100uM MKS801 then exposed
to 15 minutes NMDA

N

15
18
21
51
73

93

101

102

103

104

105

106

107

108

108



Chapter 4

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17
4.18

4.19

4.20

Timecourse of change in Fluo-3 fluorescence in an acutely
dissociated hippocampal neuron in response to 40mM K

Confocal images showing Fluo-3 fluorescence in an acutely
dissociated hippocampal neuron before and after the addition

of 40mM K"

Timecourse of change in Fluo-3 fluorescence in a clump of acutely
dissociated hippocampal neurons in response to 40mM K"

Confocal images showing Fluo-3 fluorescence in a clump of acutely
dissociated hippocampal neurons before and after the addition of
40mM K" :

Timecourse of change in TMRE fluorescence in an acutely dissociated
hippocampal neuron in response to 1uM FCCP

Confocal images showing TMRE fluorescence in an acutely dissociated
hippocampal neuron before and after the addition of 1uM FCCP
Timecourse of change in TMRE fluorescence in a clump of acutely
dissociated hippocampal neurons in response to 1 uM FCCP
Confocal images showing TMRE fluorescence in a clump of acutely
dissociated hippocampal neurons before and after the addition of
1uM FCCP

Histogram showing maximal increases in TMRE fluorescence elicited
by the addition of 1uM FCCP to acutely dissociated mouse
hippocampal neurons from mice of different ages
Concentration-Fluo-3 AM response relationship for 4-AP
Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to 2mM 4-AP

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of 2mM 4-AP
Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to 1uM FCCP

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of IpM FCCP
Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to ImM glutamate

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of ImM glutamate
Concentration-Fluo-3 AM response relationship for kainate
Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to 10uM kainate

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of 10uM kainate
Concentration-Fluo-3 AM response relationship for ACPD

118

118

119

119

121

121

122

122

123

124

126

126

127

127

128

128
129

130
131



4.22

4.23
4.24

4.25

4.26
4.27

4.28

4.29
4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.38

4.39

4.40

4.41

4.42

4.43

4.44

Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to 100uM ACPD

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of 100uM ACPD
Concentration-Fluo-3 AM response relationship for NMDA
Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to 500uM NMDA

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of S00uM NMDA
Concentration-Fluo-3 AM response relationship for AMPA
Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to 100uM AMPA

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of 100uM AMPA
Concentration-Fluo-3 AM response relationship for quisqualate
Timecourse of change in Fluo-3 AM fluorescence in cultured
hippocampal neurons in response to 100uM quisqualate

Confocal images showing Fluo-3 fluorescence in cultured
hippocampal neurons before and after the addition of

100uM quisqualate

MitoTracker Green staining in a cultured hippocampal neuron
Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to 1uM FCCP

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of 1uM FCCP
Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to 2mM 4-AP

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of 2mM 4-AP
Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to ImM glutamate

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of ImM glutamate
Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to 10uM kainate

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of 10uM kainate
Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to 100uM ACPD

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of 100uM ACPD
Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to 500uM NMDA

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of 500uM NMDA

132

132
133

134

134
135

136

136
137

138

138

139

142

142

143

144

144

145

146

146

147

147



4.48

4.49

4.50

4.51

4.52

4.53

4.54

4.55

4.56

4.59

4.60

4.61

Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to 100uM AMPA

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of 100uM AMPA
Timecourse of change in TMRE fluorescence in cultured
hippocampal neurons in response to 100uM quisqualate

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of

100uM quisqualate

Histogram showing average increases in neuronal Fluo-3 AM

and TMRE fluorescence caused by the application of EAAs,

FCCP and 4-AP

Correlation between average shifts in neuronal Fluo-3 AM and TMRE
fluorescence caused by the application of EAAs, FCCP and 4-AP
Confocal images showing Fluo-3 AM fluorescence in cultured
hippocampal neurons before and after the addition of 10uM kainate
Histogram showing average increase in neuronal Fluo-3 AM
fluorescence in control cells and in cells pretreated with 100uM Cd**
following exposure to 10pM kainate

Histogram showing average increase in neuronal Fluo-3 AM
fluorescence in control cells and in cells pretreated with

100uM CNQX and D-APS5 following exposure to 10uM kainate
Histogram showing average increase in neuronal Fluo-3 AM
fluorescence in control cells and in cells in zero Ca®* buffer with
100uM EDTA, following exposure to 10uM kainate

Histogram showing average increases in Fluo-3 fluorescence in
control neurons, neurons treated with 10uM thapsigargin and
neurons treated with S0uM dantrolene, following exposure

to 10uM kainate

Histogram showing average increase in neuronal Fluo-3 AM
fluorescence in control cells and in cells pretreated with

Sug/ml PTX, following exposure to 10uM kainate

Confocal images of Fluo-3 fluorescence in PTX-pretreated neurons,
before and after the addition of 10uM kainate

Histogram showing average increases in Fluo-5N fluorescence

in neurons exposed to 500uM NMDA or 10uM kainate,

at 40 seconds (immediately following drug addition) and at 390
seconds (350 seconds after drug addition)

Timecourse of change in Fluo-5N AM fluorescence in cultured
hippocampal neurons in response to 500uM NMDA

Confocal images showing Fluo-5N AM fluorescence in cultured
hippocampal neurons before and after the addition

of 500nM NMDA

Timecourse of change in Fluo-5N AM fluorescence in cultured
hippocampal neurons in response to 10uM kainate

148

148

149

149

150

151

153

154

156

157

158

160

160

161



4,62 Confocal images showing Fluo-5N AM fluorescence in cultured
hippocampal neurons before and after the addition of 10uM kainate

Chapter 5

5.1  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to 100uM xanthine and 100mU xanthine oxidase

5.2  Confocal images showing Het fluorescence in cultured
hippocampal neurons before and after the addition of 100uM
xanthine and 100mU xanthine oxidase

5.3  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to 1uM FCCP

5.4  Confocal images showing Het fluorescence in cultured hippocampal
neurons before and after the addition of 1uM FCCP

5.5  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to 1mM glutamate

5.6 Confocal images showing Het fluorescence in cultured hippocampal
neurons before and after the addition of 1mM glutamate

5.7  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to 10uM kainate

5.8  Confocal images showing Het fluorescence in cultured hippocampal
neurons before and after the addition of 10uM kainate

5.9  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to S00uM NMDA

5.10  Confocal images showing Het fluorescence in cultured hippocampal
neurons before and after the addition of 500uM NMDA

5.11  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to 100uM ACPD

5.12  Confocal images showing Het fluorescence in cultured hippocampal
neurons before and after the addition of 100uM ACPD

5.13  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to 100pM AMPA

5.14  Confocal images showing Het fluorescence in cultured hippocampal
neurons before and after the addition of 100uM AMPA

5.15  Timecourse of change in Het fluorescence in cultured hippocampal
neurons in response to 100uM quisqualate

5.16  Confocal images showing Het fluorescence in cultured hippocampal
neurons before and after the addition of 100uM quisqualate

5.17 Histogram showing average peak increases in neuronal Het
fluorescence caused by the addition of EAAs, FCCP and
xanthine/xanthine oxidase

5.18  Histogram showing variability of neuronal superoxide production
in response to EAAs, FCCP and xanthine/xanthine oxidase

5.19  Timecourse of change in TMRE fluorescence in cultured

hippocampal neurons in response to 1M H,O»

161

177

177

178

178

179

179

180

180

181

181

182

182

183

183

184

184

186

187



5.20

5.21

5.22

5.23

5.24

n
[N
n

Confocal images showing TMRE fluorescence in cultured
hippocampal neurons before and after the addition of 1M H,0,
Histogram showing percentage neuronal viability in control cultures,
cultures exposed to 15 minutes NMDA (500uM) and cultures
pretreated with L-NAME or with a cocktail of antioxidants and

then exposed to 15 minutes NMDA

Histogram showing average peak increase in neuronal Het
fluorescence in control cultures and in cultures pretreated with

ROS scavengers, following the addition of 100uM xanthine

and 100mU xanthine oxidase

Histogram showing average peak increases in neuronal Fluo-3 AM
fluorescence in control cultures and in cultures pretreated with ROS
scavengers, following the addition of 500uM NMDA

Histogram showing percentage neuronal viability in control cultures,
cultures exposed to 15 minutes or 24 hours NMDA (500uM) and
cultures pretreated with 100uM EDTA and then exposed to

15 minutes or 24 hours NMDA

Histogram showing average peak increases in neuronal Fluo-3 AM
fluorescence in control cultures and in cultures pretreated with
100uM EDTA, following the addition of 500uM NMDA

Chapter 6

6.1

Model of intracellular events that follow toxic NMDA
receptor activation

187

188

189

189

190

191

204



PREFACE

Neurological disorders represent a major socio-economic burden in the UK,
costing the NHS over £800 million each year (Wellcome Trust Report,
2000). The excessive activation of glutamate receptors in the brain is thought
to contribute to neuronal damage in acute neurological disorders such as
cerebral ischaemia, traumatic brain injury, stroke and epilepsy. Chronic
neurodegenerative conditions such as Alzheimer’s disease or amyotrophic
lateral sclerosis may also involve glutamate-induced neuronal death. Over the
past 20 years, much research has focussed on the cellular mechanisms that
underlie glutamate-induced neuronal damage. The immediate consequence of
toxic glutamate receptor activation is an increase in intracellular calcium
levels. This calcium surge is thought to trigger a plethora of damaging
cascades, including the generation of free radicals and nitric oxide, the
activation of proteases, phospholipases and endonucleases, mitochondrial
depolarisation and in some instances, the activation of cellular apoptotic
processes. The relative importance of these calcium-triggered cascades in
neurotoxicity is uncertain, as 1s the temporal sequence of neurotoxic events.
Glutamate can elevate intracellular calcium by a number of routes, including
the activation of calcium-permeable NMDA receptors, the opening of
voltage-dependent calcium channels following AMPA receptor-mediated
membrane depolarisation, and the activation of metabotropic glutamate
receptors coupled to phosphoinositide hydrolysis and calcium release from

intracellular stores.

In this study, we have sought to monitor intracellular events including
intracellular calcium elevations, changes in mitochondrial membrane
potential and free radical production following the activation of different
glutamate receptor subtypes in cultured hippocampal neurons, in an attempt
to rationalise some of the many factors that may contribute to glutamate
neurotoxicity. We have also monitored the ability of glutamate receptor
antagonists, antioxidants and metal chelators to protect against glutamate

receptor-mediated neurotoxicity.
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Chapter 1

BACKGROUND



1.1 NEURONAL CALCIUM HOMEOSTASIS

Neurons perform a complex array of communication functions and have
developed specialized signalling and regulatory mechanisms to enable them
to carry out these tasks. Many of these mechanisms include a central role for
calcium, which is the most common signal transduction element in organisms
ranging from unicellular bacteria to humans (Racay et a/, 1996). Fluctuations
in neuronal Ca”" concentration are vital for a variety of physiological
processes. Calcium is the main trigger for neurotransmitter release and is
also involved in the regulation of ion channels, the movement of growth
cones in neuronal development, the control of neuronal excitability and
synaptic plasticity, and the expression of immediate early genes (Kennedy,
1989). Calcium is also involved in neuronal cell death under several different
pathological conditions including traumatic brain injury, ischaemia, seizures,
slowly evolving neurodegenerative conditions and programmed cell death

(see section 1.2).

Neuronal calcium homeostasis is very tightly controlled, giving neuronal
Ca”" levels of approximately 100nM under resting conditions. In order to act
as a signal, [Ca”"]; must increase several-fold. The complex morphology of
neurons allows cellular function and processing to vary considerably between
different cellular regions. This necessitates multiple mechanisms for the
temporal and spatial distribution of Ca®* transients, so that Ca®" is able to
selectively activate diverse processes within the same neuron. This control is
provided by the complex interplay between different systems, which allow
Ca”" influx across the plasma membrane, Ca”" release into the cytosol from
intracellular stores, Ca>” sequestration in intracellular stores, Ca*" buffering

. 2 .
in the cytosol and Ca”" extrusion across the plasma membrane.
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1.1.1 PLASMA MEMBRANE CALCIUM TRANSPORT
Voltage-dependent calcium channels

Voltage-dependent calcium channels (VDCCs) are oligomeric
transmembrane proteins, which allow the passage of Ca®" into neurons in
response to membrane depolarisation. Electrophysiological and
pharmacological studies have revealed different Ca** currents classified as
L-,N-, P-, Q-, R-, and T-type. These Ca®" currents have been correlated with

cloned Ca®* channel subunits by expression i# vitro (Catterall, 2000).

Ca’™ current types

L-type Ca®" currents have been recorded in neurons (Bean, 1989), and are
characterised by high voltage of activation, large single-channel conductance,
slow voltage-dependent inactivation, regulation by protein phosphorylation
and inhibition by dihydropyridines, phenylalkylamines and benzothiazepines
(Reuter, 1983). T-type Ca" currents were first measured in cerebellar
Purkinje neurons (Llinas and Yarom, 1981) and have subsequently been
characterised in detail in dorsal root ganglion neurons (Nowycky et al, 1985).
When compared to L-type Ca® currents, T-type currents activate at much
more negative membrane potentials, so are also designated low-voltage-
activated Ca”" currents. They inactivate rapidly, deactivate slowly, have
small single-channel conductance and are not blocked by Ca*" antagonists

(Catterall, 2000).

Figure 1.1 (previous page): Neuronal calcium handling. Ca’ enters the cell through
voltage- and agonist-operated channels, and also by non-specific channels such as those
operated by ROS. Ca”" is extruded from the cell by the Ca’™ -ATPase or by Ca*” -Na”
exchange. Cytosolic Ca™” is sequestered by mitochondria and ER at the expense of ATP, and
is bound to Ca™” -binding molecules. Ca™" is released from the ER following the activation of
receptors coupled to PLC and the formation of IP3 from PIP2. Increased [Ca®* ]i can cause
the translocation of PKC to membranes where it can be activated by diglycerides (DG). Ca*"

accumulation in the mitochondrion may lead to activation of the PTP.

L2



An additional Ca’" current, N-type, was discovered through whole-cell
voltage-clamp and single-channel recordings from dissociated dorsal root
ganglion neurons (Nowycky et a/, 1985). The primary method to distinguish
N-type Ca™ currents has been their sensitivity to the cone snail peptide o
conotoxin GVIA (McClesky et a/, 1987), given that the voltage dependence
and kinetics of N-type Ca’" currents varies considerably between different
neurons. In initial experiments, N-type Ca®* currents were found to have
voltage-dependence and rates of inactivation intermediate to that of L-type
and T-type Ca®" currents. Three additional Ca™ current types were
distinguished on the basis of their sensitivity to peptide toxins. P-type Ca®"
currents were identified by high sensitivity to the spider toxin m—agatoxin
IVA (Mintz et al, 1992). Q-type Ca** currents were blocked by w—agatoxin
IVA with lower affinity (Randall and Tsien, 1995). In cerebellar granule
neurons, R-type Ca*” currents were found to be resistant to both organic and
peptide Ca™" channel blockers (Randall and Tsien, 1995). N-type, P-type, Q-
type and R-type Ca®” currents are principally found in neurons, and are
regulated by many signal transduction pathways. In contrast, L-type and T-
type Ca”" currents have been recorded in a multitude of cell types, including

smooth, cardiac and skeletal muscle, endocrine cells and starfish eggs

(Catterall, 2000).

Subunit structure

The subunit composition of Ca®” channels was elucidated by the
solubilization and purification of channel proteins from skeletal muscle, and
detailed biochemical analysis, including the examination of hydrophobicity
and glycosylation. These studies revealed five Ca®~ channel subunits, o, o,
d, B and v (Catterall, 2000). The putative arrangement of these 5 subunits is
shown in Figure 1.2 (overleaf). This model incorporates a principal o
transmembrane subunit (190 kDa) associated with a disulphide-linked ;3
dimer of 170 kDa, an intracellular phosphorylated § subunit (55 kDa) and a
transmembrane v subunit (33 kDa) (Takahashi er a/, 1987). The subsequent
immunoprecipitation of L-type C a”~ channels from neurons showed the

presence of oy, ;6 and P subunits, but no y subunit (Ahlijanian er al, 1990).
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Figure 1.2 Subunit structure and regulation of L-type Ca®* channels purified from
skeletal muscle. P, sites of phosphorylation by cAMP-dependent protein kinase that have
been demonstrated in intact cells. From Catterall, 2000.

It is likely that the subunit composition of L-type Ca*" channels is similar in
cardiac and skeletal muscle and neurons. Similarly, purified N- and P/Q-type
Ca”™ channels were composed of o, 28 and B subunits (McEnery et al,
1991; Liu et al, 1996, Martin-Moutot et a/, 1995). The recent discovery of a
novel y subunit which is also the target of the stargazer mutation in mice
(Letts et al, 1998) has caused much interest. This subunit may associate with
Ca”" channels containing o, 4 subunits in vivo, giving an identical subunit
composition to that of Ca’” channels purified from skeletal muscle. In
neurons, the B subunit is thought to confer the voltage dependence and gating

kinetics of Ca®” channels (Catterall, 2000).

Ca’" channel diversity

The different types of Ca®” current described in the preceding pages are
essentially determined by different o subunits. Ten distinct o Ca®* channel
subunits are encoded on 10 separate genes. These ten o, Ca’" channel
subunits have recently been divided into three structurally and functionally
related families, Ca,1, Ca,2 and Ca,3 (Ertel e al, 2000). The Ca,1 family of
o1 subunits mediates L-type Ca®” currents, the Ca,2 family conducts N-type,
P/Q-type and R-type Ca’” currents, and T-type currents are carried by the
Ca,3 family of o subunits. Within each family, the amino acid sequence

homology of the subunits is greater than 70% whereas between families,



homology can be as low as 25% (between Ca,3 and the high-voltage-
activated Ca®” channels). The presence of multiple p subunits further
increases the diversity of Ca®* channel structure and function. Four b subunit
genes are known to exist, and each is alternatively spliced to produce extra

isoforms.
Receptor operated calcium channels

The opening of receptor operated calcium channels is in direct response to
ligand binding to plasma membrane receptors, and is usually independent of
membrane potential. Such direct ligand-gating allows a rapid response, as
occurs in synaptic transmission. Glutamate is the primary excitatory
neurotransmitter in the mammalian CNS, and acts on a number of glutamate
receptors, outlined below. Other less well-characterised receptor operated
Ca®" channels include the P,y receptor, cyclic nucleotide gated Ca** channels
and channels sensitive to inositol 1,3,4,5 tetrakisphosphate (Racay er al,

1996).

Glutamate Receptors

Glutamate receptors are currently divided into two classes: ionotropic (ion
channel forming) receptors, further subdivided into AMPA, kainate and
NMDA receptor channels, and metabotropic receptors, which are coupled to
G-proteins and modulate the production of intracellular messengers. This
grouping is similar to other families of neurotransmitter receptors, which
either directly gate ion channels (eg GABA4 and SHT; receptors) or have G-
protein links to second messenger systems or ion channels (muscarinic and
GABAp receptors) (Bleakman and Lodge, 1998). Molecular cloning and
expression studies of the glutamate receptors have revealed that the diversity
of these receptors 1s much greater than expected from pharmacological
studies. Glutamate receptor cDNAs have been successfully identified through
expression cloning in Xenopus oocytes. Proteins from each class of

ionotropic and metabotropic glutamate receptor have been identified, and



homologous genes for each class of receptor subsequently cloned (Michaelis,
1998). So far, 14 cDNAs encoding ionotropic glutamate receptor (1GluR)
subunits have been isolated: 4 for AMPA receptor subunits (GluR1-4), 5 for
kainate receptor subunits (GluRS5-7, KA1 and KA2), and 5 for NMDA
receptor subunits (NR1, NR2A-D). A whole family of genes encoding
metabotropic glutamate receptor subunits has been identified (mGIuR1-8),
using the techniques of PCR-mediated amplification and cross-hybridization
screening (Ozawa et al, 1998). In addition to the large number of genes, the
molecular diversity of glutamate receptors is further increased by splice-
variants and RNA editing. Figure 1.2 schematically represents the known

subtypes of glutamate receptors.

The size of the glutamate receptor proteins represented by their cDNAs
ranges from 95 to 163kDa, considerably larger than receptor proteins for
other neurotransmitters. The structure of these receptor proteins has been
predicted based on known amino acid sequences and hydrophobicity plots.
Each ionotropic receptor protein is thought to have a large extracellular
amino terminal region, a cytoplasmic carboxy terminal, three transmembrane
domains (M1, M3 and M4) and a re-entrant loop (M2). The predicted
structure of 1GIuRs is analogous to the known structure of other ionotropic
receptor proteins such as the GABA and nicotinic acetylcholine receptors,
each having four transmembrane domains. The metabotropic glutamate
receptor proteins are thought to have seven transmembrane domains, similar
to other G-protein coupled receptors such as the muscarinic acetylcholine

receptors (Michaelis, 1998).
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Figure 1.3 Schematic representation of a glutamatergic synapse to show the major

receptor subtypes known to play a role in brain function. It is unlikely that all these subunits
would be present at any one synapse. Adapted from Bleakman and Lodge, 1998.



AMPA Receptors

At most central synapses, both AMPA and NMDA receptors are activated
during synaptic transmission. The rapid kinetics of the AMPA receptor
(desensitization time constants of 1-14ms, depending upon subunit
composition) facilitate its role in the mediation of fast neurotransmission. The
AMPA receptor has a low-affinity binding site for glutamate, and is thought
to inactivate rapidly because of the short average boundtime of agonist
(Dingledine et al, 1999). The neurotransmission mediated by NMDA
receptors is much slower but longer-lived, owing to the slower kinetics of the
NMDA receptor. The AMPA receptor subunits GluR1-4 have approximately
70% amino acid sequence homology, and are thought to assemble in either
homomeric or heteromeric oligomers to form functional AMPA receptors.
Recent studies suggest that AMPA receptors form tetrameric structures
(Rosemund et a/, 1998). Each AMPA receptor subunit exists in two splice-
variant forms, “flip”, which predominates in the embryonic brain, or “flop”
which is upregulated postnatally (Ozawa et al, 1998). The GIuR2 subunit
determines Ca** permeability of AMPA receptors. Electrophysiological
studies of recombinant AMPA receptors expressed in Xenopus oocytes
showed that AMPA receptors assembled from GluR1, GluR3 or GluR4 alone
or in combination are permeable to Ca®". The expression of GluR2 with other
GluR subunits forms Caz+-impermeable channels (Hollman ez al, 1991). The
GluR2 subunit is able to control the passage of Ca”" and other divalent
cations by virtue of the presence of a positively charged arginine (R) in place
of a glutamine (Q) residue within the M2 domain. This critical arginine is not
encoded by the gluR2 gene, but is inserted by highly effective (over 99%)
RNA editing at the Q/R site (Pellegrini-Giampietro et al, 1997). AMPA
receptors are found throughout the CNS, but are particularly abundant in the
pyramidal cell layer of CA1 in the hippocampus. An immunohistochemical
study of GluR1-3 distribution in cultured rat hippocampal neurons has
revealed that at an early stage in culture, subunits GluR 1, GluR2 and GluR3
were distributed throughout somata, axons and processes. After 4 weeks in

culture, the receptor subunits became clustered at postsynaptic sites in the



dendritic spines (Craig et a/, 1993). Neurons that possess Ca’ -permeable
AMPA/kainate (Ca-A/K) receptors can be identified by a histochemical stain
based on the kainate-stimulated uptake of Co* ions (Yin et al, 1997). Using
this method, Ca-A/K receptors have been identified on GABAergic cortical
neurons (Yin et al, 1997), on inhibitory interneurons in the hippocampus
(Koh et al, 1995) and on the dendrites of hippocampal pyramidal neurons
(Yin et al, 1999).

Kainate Receptors

Kainate receptors are expressed in high numbers in the CA3 region of the
hippocampus, and are scAattered more sparsely throughout the rest of the CNS.
Immunohistochemical studies using antibodies against GIuR5-GluR7 have
indicated that kainate receptors may be located both presynaptically, in
postsynaptic densities and in dendrites (Chittajallu e al, 1999). Despite their
widespread distribution, the physiological significance of KA receptors is not
well understood. Although kainate preferentially activates kainate receptors,
it also induces a non-desensitizing response at AMPA receptors, which
masks the smaller rapidly desensitizing response of kainate receptors.
Traditionally, it has been difficult to distinguish between the functional
properties of AMPA and KA receptors due to the lack of specific
pharmacological tools. The recent introduction of selective antagonists of the
AMPA receptor such as GYKI 52466 has provided evidence for neuronal
expression of both types of receptor. This evidence is now fully supported by
the identification of separate genes coding for AMPA and KA receptors
(Michaelis, 1998). The kainate receptor subunits GluR5-7 share ~75% amino
acid homology with each other, and ~ 40% homology with KA1-KA2. It is
thought that like AMPA receptors, kainate receptors probably have a role in

fast glutamatergic transmission in the CNS (Ozawa et al, 1998).
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NMDA Receptors

The NMDA receptor responds to glutamate more slowly than AMPA or KA
receptors, contributing mainly to the slow component of excitatory
postsynaptic currents. This slow response is likely due to tonic inhibition of
the receptor by Mg”" present in the extracellular space. NMDA receptors
have a higher affinity for glutamate than AMPA receptors, causing some
NMDA receptors to be tonically maintained in a partially activated state,
“primed” to respond to other excitatory stimuli (McBain and Mayer, 1994).
The maximal activation of NMDA receptors requires removal of the voltage-
sensitive Mg”*" block. When glutamate is released into the synaptic cleft, the
rapid activation of AMPA/KA receptors causes depolarization of the
postsynaptic membrane, which relieves the Mg™ block of NMDA receptors
and leads to their activation. The co-localization of AMPA and NMDA
receptors in synapses means this is a common event in neural transmission
(Cotman et a/, 1987). NMDA receptor ion channels desensitize slowly, and
have high permeability to Ca>". The entry of Ca** through the NMDA
receptor may trigger a variety of Ca**-dependent intracellular cascades and
induce the expression of immediate early genes. The voltage-dependent Mg**
block of the NMDA receptor is unique, and provides the basis for the
involvement of this receptor in processes of synaptic plasticity and

pathological conditions such as excitotoxicity and neurodegeneration.

It would appear that the neuronal NMDA receptors have a pentameric
structure (Michaelis, 1998). Of the four NMDA receptor subunits, NR1 is
thought to serve as a fundamental subunit to form a current-conducting
heteromeric NMDA receptor, whereas the NR2 subunits are better regarded
as modulatory subunits which do not form functional NMDA receptor
channels by themselves. The NR2 subunits show little homology with NR1
(~18% amino acid sequence identity), but possess similar structural
characteristics (Yamakura and Shimoji, 1999). The highest levels of NMDA
receptors are found in the CA1 region of the hippocampus, an area of the

brain intensively studied by researchers interested in synaptic plasticity. The



expression of NMDA receptor subunits is developmentally regulated, and it
1s probable that the spatial and temporal expression of the NR2 genes allows

precise regulation of the functional properties of NMDA receptor channels

(Ozawa et al, 1998).
Metabotropic Glutamate Receptors

The discovery of G-protein coupled glutamate receptors in the late 1980s
(Sugiyama et al, 1987) revolutionised conventional thinking about
glutamatergic neurotransmission, since mGluRs provide a mechanism by
which glutamate can precisely modulate synaptic activity whilst
simultaneously causing r‘apid synaptic responses. The eight subtypes of
mGIuR (mGluR1-8) are closely related in primary structure, showing more
than 40% amino acid sequence homology (Conn and Pinn, 1997). However,
the mGIluR family shows no sequence homology with other G-protein
coupled receptors, and has a uniquely large extracellular domain, thought to
contain glutamate-binding sites. The intracellular C-terminal domain may
determine agonist potency. In terms of pharmacology, glutamate, quisqualate
and ibotenate are known to activate mGIluRs as well as i1GluRs, whereas the

glutamate analogue 1S, 3R-ACPD is specific for mGluRs.

The eight mGluRs can be divided into groups [ - III based on their amino
acid sequence identity (see Fig. 1.2). mGluRs of the same group show 70%
sequence homology, whereas between groups this percentage drops to ~45%.
This grouping is upheld by the transduction mechanisms of the different
mGluR subtypes. Activation of group I receptors stimulates PLC and the
concurrent release of Ca>* from intracellular stores, via IP; formation. In
addition, mGluR1 may be coupled to cAMP formation. The remaining
mGluRs of groups Il and III are linked to the inhibition of adenylate cyclase,
and are strongly inhibited by PTX, suggesting that the G-proteins involved
are of the G; family (Ozawa et al/, 1998). The physiological functions of

mGluRs are varied, and are thought to include the regulation of neuronal



excitability, and an involvement in presynaptic inhibition and synaptic

plasticity (Ozawa et al/, 1998).
Plasma membrane Ca’"-ATPase

The large Ca™" concentration gradient and electrical driving force which exist
across the plasma membrane of neurons promote the net gain of Ca”" at rest,
and necessitate the expenditure of ATP to extrude Ca’* and retain neuronal
Ca’" homeostasis. Neurons have two parallel, independent mechanisms for
Ca®* extrusion: The Ca®" -ATPase and the Na™ /Ca** exchanger. The Ca™" -
ATPase is a high affinity, low capacity pump, transporting approximately
0.5nmoles Ca™* per mg of membrane proteins per sec. The ATPase is
stimulated by calmodulin, via a direct interaction mechanism (Carafoli,

1987).
Na*/Ca®" exchanger

The Na'/Ca*" exchanger is particularly active in excitable plasma membranes
and is regulated both by intracellular Ca*"and by phosphorylation. The
phosphorylation of the exchanger in rat brain synaptosomes by protein kinase
C has been observed to increase its maximum velocity by 50% (Blaustein,
1996). The Na"/Ca®" exchanger has a low affinity for Ca®", but its capacity
for Ca” extrusion is ten times greater than the Ca**-ATPase. Ca*" is
exchanged for Na" (in the ratio 3 Na™: 1 Ca™") out of the cytoplasm into the
extracellular space when Ca’" levels increase over normal resting levels. In
contrast, when the plasma membrane is depolarised, the driving force favours
Ca** entry through the Na*/Ca™ exchanger (Blaustein, 1988). The high
density of Na"/Ca®" exchanger in presynaptic terminals suggests a direct role
in the control of intracellular Ca** and synaptic vesicle recycling. The
exchanger may be colocalized with underlying ER in many brain areas,
implying an indirect role in the regulation of intracellular Ca®" stores (Racay

et al, 1996).



Store operated calcium entry

The idea that Ca”* influx across the plasma membrane might occur through a
capacitative mechanism has been in existence for over a decade. The
suggested hypothesis was that Ca®” influx was stimulated by the depletion of
intracellular stores. This capacitative Ca*" entry can be induced by a variety
of agonists which release intracellular Ca2+, and is thought to be present in
both excitable and non-excitable cells (Berridge, 1995). The depletion of
Ca”" stores is thought to cause the release of a second messenger which
initiates Ca’" entry from the extracellular space through a putative Ca®"
channel located on the plasma membrane (Racay et al, 1996). The best
characterised store-operated Ca® current to date is Jegac (Ca2+ release-
activated Ca”" current), which was first identified in mast cells (Hoth and

Penner, 1992).

Two factors are required to link the Ca”" content of cellular stores to CRAC
channel activity in the plasma membrane: firstly a sensor of the store Ca®”
content, and secondly an activating signal. The molecular nature of the
sensor is not known, but the IP3 receptor and the Ca*" binding protein
calreticulin have been proposed as possible candidates, on the basis of their
sensitivity to Ca’”. The nature of the activating signal has still not been
elucidated, but several different models have been proposed. CIF (calcium
influx factor) is a second messenger which could act as a ligand to open Ca**
channels or even insert channels into the plasma membrane. CIF is thought to
be stored in the ER awaiting store depletion for its release (Berridge, 1995).
Alternatively, direct coupling mechanisms could be involved, which assume
a physical interaction between proteins in the organelle and surface
membrane (for full review, see Parekh, 1997).

Although its role is not completely understood in neurons, /crac is thought to
fulfil many physiological functions including the replenishment of
intracellular stores, the generation of Ca’" oscillations, and stimulation of

exocytosis in non-excitable cells (Parekh, 1997).
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1.1.2 CALCIUM TRANSPORT MECHANISMS OF THE
ENDOPLASMIC RETICULUM

Neurons have a complex endoplasmic reticulum (ER) which extends
throughout all compartments including the soma, dendrites and synaptic
terminals. The ER plays an essential role in the folding and processing of
newly synthesised proteins and must therefore maintain a high Ca*" activity
to support these Ca®" dependent processes. Similar to the extracellular space,
ER calcium levels lie in the millimolar range (Paschen, 1996). The ER has
been considered as a neuron-within-a-neuron, given its continuous network
throughout the cell and its integrative and regenerative properties, which are

vital for neuronal signalling (Berridge, 1998).

The ER is able to function both as a calcium source and a calcium sink.
Calcium stored within the ER is a significant source of signal Ca*" which can
be released by the activation of either the RyRs or the IP;Rs. In addition, the
ER is able to rapidly accumulate Ca®" through its SERCA pumps.

SERCA

Bcl-2 _?_> ER [C82+] =mM

0[0——0,0

IP,-R Ry-R

Figure 1.4: Control of ER calcium homeostasis. The ER intraluminal Ca*" activity is in
the millimolar range, essential for the Ca>" -dependent reactions of protein folding. Calcium
homeostasis is controlled the IP3R and the RyR, which upon activation release Ca>* from the
ER, and by the SERCA, which pumps Ca®* ions back in against a steep concentration
gradient. SERCA activity may be controlled by growth factors. Ca”" transfer between ER
subcompartments may be facilitated by bcl-2 (Paschen, 1998).
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The ER as a calcium source

Immunohistochemical studies of the location of RyRs and IP;Rs throughout
the brain have revealed interesting differences in the distribution of these
receptors. In the hippocampus, IP;Rs are concentrated in CA1 pyramidal
cells, with considerably fewer in CA3 and moderate levels in dentate gyrus
granule cells (Sharp ef a/, 1993). The RyRs show a reverse pattern with
highest levels in the dentate gyrus and CA3. Of the RyR subtypes, RyR2 has
a widespread distribution throughout the brain whereas RyR3 predominates
in hippocampal CA1l. RyRs are predominantly located in neuronal soma, but
in hippocampal dendritic spines, RyRs outnumber IP;Rs (Fagni, 2000).
There is considerable controversy over the site of Ca’" release in neurons:
whether it originates from functionally common or two distinct IP3- and
ryanodine-sensitive Ca®” pools. In cultured hippocampal neurons, Ca*
release caused by IP; has been observed to occur independently of that
caused by the RyR agonist caffeine, an observation consistent with the
existence of two distinct Ca>" pools (Murphy and Miller, 1989). This is
further supported by the discovery of two Ca** ATPases in cerebellar granule
cells, which show different pharmacological sensitvity to BHQ (Simpson et
al 1996). In PC12 cells, three pharmacologically distinct Ca** pools have
been identified, with very little apparent transfer of Ca™" between the pools
(Fasolato et al, 1991). The ER is therefore not homgeneous with respect to
Ca”", and calcium fluxes between different subcompartments are probably
facilitated by Bel-2 (Paschen and Doutheil, 1998, He et al, 1997). However,
regardless of the existence of separate Ca’” pools in neurons, IP; mediated
Ca”" release seems to be dependent on the integrity of RyRs. IP5 and
ryanodine receptors are capable of regenerative Ca”" release, allowing the
amplification of external Ca®” signals and the generation of Ca’* waves via
CICR. Calcium entering the cell via the plasma membrane provides the
trigger Ca”" to stimulate Ca’" release from internal stores. The ER therefore
plays a major role in neuronal Ca®" signalling by virtue of its capacity to
produce repetitive Ca’” spikes and far-reaching Ca®* waves. It should be

emphasised that much of this evidence for [P;-mediated Ca’” waves has been
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gleaned from non-excitable cells. There is very little evidence for IP;

mediated calcium waves in neurons.
The ER as a calcium sink

The ER is able to rapidly take up Ca*" through its SERCA pumps,
representing a major sink for Ca®" signals. Neuronal recovery from
depolarisation induced Ca’” increase is greatly hindered by thapsigargin, an
inhibitor of the SERCA pumps (Markram et al, 1995). The amount of Ca®*
stored in the ER is highly variable. In central neurons, the ER store may be
only partially filled under resting conditions. The ER can act as a Ca®* sink
for a large number of spikes, but the increasing luminal calcium load primes
the intracellular channels, increasing the likelihood of CICR. The ER is
therefore well able to function as a “memory” of neuronal activity. The ER
can buffer Ca™ spikes associated with action potentials and then signal this
information to the nucleus through repeated bursts of Ca*". Such signalling
may be important in the initiation of gene transcription. New evidence
(Blaustein and Golovina, 2001).suggests that in neurons, sub-plasmalemmal
components of the ER are functionally coupled to overlying plasmalemmal
microdomains in units called PlasmERosomes. These might be important in
the regulation of membrane potential via sub-plasmalemmal ER Ca*" release
through ryanodine-sensitive channels and activation of local Ca*"-dependent
K+ channels. PlasmERosomes may also provide a mechanism for the
movement of Ca®* between the ER and the extracellular fluid without altering
bulk [Ca*"); (Blaustein and Golovina, 2001). Release of Ca** from the ER
lumen contributes to slow after-hyperpolarisations which modify neuronal
activity by suppressing firing patterns (Berridge, 1998).

A hypothesis has recently been put forward suggesting that disturbances of
the functioning of the ER may be a common denominator of neuronal injury
in both acute and chronic brain pathologies (Paschen, 1996). The “ER
hypothesis™ was put forward because high ER calcium activity is a
prerequisite for normal cellular functioning, and the response of neurons to a

transient depletion of ER Ca®” stores is virtually identical to their response to



transient metabolic stress, implying similar underlying mechanisms. Calcium
handling by the ER therefore acquires a new significance in the life and death

of neurons.

1.1.3 CALCIUM TRANSPORT MECHANISMS OF
MITOCHONDRIA

Mitochondria are the organelles primarily responsible for ATP production in
all eukaryotic cells. As such, they have been dubbed the "powerhouse of the
cell", producing, via oxidative phosphorylation, more than 95% of the ATP

essential for the maintenance of cellular activities.

INTERMEMBRANE INNER MATRIX

SPACE / MEMBRANE
FA oxidation
H+ €= and TCA
H'l‘ <<

ATP synthetase

Figure 1.5 Mitochondrial electron transport, the electrochemical gradient of protons,
and oxidative phosphorylation. DH, dehydrogenase; UQ, ubiquinone. Adapted from Murphy
et al, 1999.
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The outer mitochondrial membrane contains mitochondrial porin (VDAC)
which forms an open B-barrel structure similar to that of the bacterial porins
(Berg et al, 2002). These non-specific pores allow the free diffusion of
molecules up to 10 kD, i.e. most ions and metabolites (Nicholls and
Ferguson, 2002). The inner mitochondrial membrane is relatively
impermeable to solutes, and contains the enzyme complexes of the electron
transport chain (ETC). The TCA cycle occurs in the mitochondrial matrix.
NADH and FADH, are generated from the TCA cycle and act as electron
donors to the ETC. As electrons pass through the ETC, protons are pumped
across the inner membrane which results in an electrochemical gradient, AW,
a store of potential energy. The return flow of protons down their
concentration gradient through the ATP synthase results in the production of
ATP. Oxidative phosphorylation is the mechanism that couples the transfer

of electrons to oxygen with the synthesis of ATP.

It is becoming increasingly clear that mitochondria are not simply generators
of ATP, but participate in a multitude of cellular responses as diverse as the
regulation of neurotransmitter release (David et al, 1998), modulation of Ca**
signalling (Ichas er al, 1997), Ca™" buffering in the case of extreme cytosolic
Ca’" overload (Miller, 1991) synaptic plasticity (Tang and Zucker, 1997) and
thermogenesis in areas sparsely supplied with brown adipose tissue (Gunter
and Pfeiffer, 1990). The fundamental importance of mitochondria is
underscored by the suggestion that mitochondrial health is a major
determinant of the human lifespan (Kalous and Drahota, 1996; Harman,

1994),

Mitochondria comprise an important part of the Ca®™ buffering capacity of the
cell cytoplasm and employ a variety of mechanisms to facilitate the transport
of Ca’” across the mitochondrial inner membrane. Three of the mechanisms
use channel kinetics while the fourth may involve a generalised change in
membrane permeability (Gunter and Pfeiffer, 1990). Mitochondrial Ca®*
transport was discovered in the early 1960s and was originally thought to
consist of active Ca *~ uptake and passive release. More recent experimental

evidence would suggest that uptake of Ca*” into the mitochondrial matrix
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. 2+ . .
occurs via a Ca™ permeable uniporter or channel located on the inner

mitochondrial membrane.
Calcium influx

During normal physiological respiration, protons are pumped out of the.
mitochondrial matrix into the intermembrane space, making a potential
known as A¥ of -150 to -200mV across the inner membrane. The normal
function of this electrochemical gradient is to provide a proton motive force,
causing protons to flow back into the matrix. ATP is generated when protons
flow back to the matrix through the ATP synthase, an enzyme complex
located on the inner mitochondrial membrane. In this way, the mitochondrial
membrane potential sefves to couple oxidation and phosphorylation (Stryer,
1991). The steep electrochemical gradient (A'Y) also functions in the calcium
buffering capacity of the mitochondrion, since when calcium levels increase
in the cytoplasm, Ca®" enters the matrix down the inner membrane potential,
via the Ca®" uniporter (Gunter er al, 1994). This process is energetically
downhill, and is not coupled to the transport of any other ion. The uniporter
is known to be a rapid, high capacity, low affinity transport mechanism, but

the exact molecular nature of the uniporter still awaits elucidation. Some data

opening with increased probability once local levels of Ca*” increase (Gunter
and Pfeiffer, 1990). Indeed, studies of mitochondrial Ca®” transport velocity
vs Ca™ have indicated positive cooperativity. The uniporter may possess a
separate activation site located on the cytoplasmic side of the inner
mitochondrial membrane which, when bound by Ca”™, increases the affinity
for binding of Ca’" at the transport site (Gunter and Pfeiffer, 1990). The
uniporter is inhibited by magnesium, barium, manganese, the polyamines
spermine and spermidine, and ruthenium red, which is commonly used
experimentally to inhibit the uniporter, despite inhibiting Ca** flux through a
number of different channels (Duchen, 2000). The activity of the uniporter
decreases sharply as pH falls (Gunter and Pfeiffer, 1990). In a suspension of
mitochondria at 1mg/ml, the uniporter can deplete free Ca” in a suspension

of 10-50uM in seconds (Gunter and Gunter, 1994). Mitochondria in situ in



synaptosomes have been observed to carry out the net accumulation of Ca**
from the cytosol when [Ca®], exceeds 100nM (Martinez-Serrano and
Satrustegui, 1992). Earlier work has shown the calcium content of
mitochondria to be low in resting neurons, and considerably increased

following pulsed neuronal depolarisation (Thayer and Miller, 1990).
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Figure 1.6 Calcium transport mechanisms of mitochondria The Ca** efflux
mechanism shown is believed to be that which operates in neurons. The Na+/H+ exchanger
that is driven by pH influences efflux through the Na+/Ca** exchanger. Adapted from
Murphy et al, 1999.

The recent discovery of a new mechanism of mitochondrial Ca**
sequestration, the RaM (rapid mode) is of great interest since it would appear

to be adapted for the uptake of Ca** from physiological transients, showing a
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greater Ca”” conductivity at the onset of a Ca”™ pulse than that of the
uniporter (Gunter et al, 1998). Studies on isolated liver mitochondria have
suggested that Ca®* uptake via the RaM is additive between Ca®* pulses,
meaning that [Ca*" ]m increases more rapidly following a series of separate
Ca®" pulses than following longer exposure to a constant concentration of
Ca®". The RaM is apparently “reset” by the fall in [Ca2+] between pulses.
Evidence is accumulating for an external Ca®* binding site, which closes the
RaM. It has been postulated that the RaM and the uniporter could be the same
transporter functioning in different modes. This is unlikely, however, given
the pharmacological evidence that ten times more ruthenium red is required
to completely inhibit the RaM as to completely inhibit the uniporter. In
addition, ImM spermine‘causes a two-fold increase in uniporter rate, whilst
causing a six-fold increase in uptake via the RaM. These findings underscore
the importance of the RaM as a means of Ca*” uptake from physiological

type Ca”™ transients (Gunter et al, 1998).
Calcium efflux

There are at least two separate Ca®" efflux mechanisms located in the
mitochondrial inner membrane - Na'-dependent and Na'-independent
mechanisms, both of which show carrier like kinetics and are thought to
function as selective carriers or gated pores. Na” is well suited for
involvement in the control of [Ca*"], since its concentration in the cell cytosol
(5-10mM) is much lower than in the extracellular fluid (Gunter et a/, 1994).
The outward transport of Ca®” from the mitochondrial matrix requires energy
which may be provided by the electrochemical gradient of a cotransported or
exchanged 1on e.g. by the pH component of the mitochondrial proton
electrical gradient, by chemical energy from ATP/GTP hydrolysis or by
conformational energy (Gunter ef a/, 1994). The Na'-dependent Ca** efflux
mechanism involves the outward transport of Ca*” across the mitochondrial
inner membrane in exchange for two or more Na ™. This is the primary Ca*"
efflux mechanism of mitochondria from heart, brain, parotid gland, skeletal
muscle, adrenal cortex, brown fat and most tumour tissue. The greater

velocity of this mechanism in heart and brain mitochondria allows these
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tissues to rapidly change their metabolism in response to altered workload.
The main efflux mechanism of liver, lung, kidney and smooth muscle is Na®
independent (Wingrove and Gunter, 1986; Gunter et al, 1994). Several
different mechanisms have been put forward to explain the Na" independent
mode of transport including passive Ca®"/2H" exchange, cotransport of Ca**
and P; or ATP and an active mechanism in which energy for Ca®" efflux
comes from the electron transport chain (ETC) or from ATP hydrolysis. Na'-
dependent and Na'-independent transport are not thought to be mediated by
the same mechanism working in the presence or absence of Na' since the two
mechanisms are affected differently by activators and inhibitors (Gunter ef al,

1994),

It has been postulated that the existence of two specific mechanisms of
calcium efflux in the mitochondrial inner membrane may reflect the elaborate
systems required to fully integrate mitochondrial calcium metabolism with
the many ion transport systems vital for the control of different cellular
activities. Alternatively, the Na'-independent mechanism may be a less
specific cation efflux mechanism used to rid mitochondria of Ca**, Mn®" and

other ions before elimination from the cell (Gunter and Pfeiffer, 1990).
Permeability transition

Mitochondrial permeability transition is characterized by a sudden increase in
the permeability of the inner mitochondrial membrane to small ions and
molecules. The transition is mediated by a proteinaceous pore, the
permeability transition pore (PTP). The PTP, located in the inner
mitochondrial membrane, is a nuclear encoded, voltage-gated ion channel.

Its opening is favoured by depolarisation, intramatrix Ca’" and oxidising
agents, and precluded by protons, adenine nucleotides and cyclosporin A

(CSA) (Miller, 1998).

The PTP provides a novel route for calcium release from mitochondria and
its recent discovery has generated much interest. The PTP is thought to
function in both high and low conductance modes. Recent work has shown

that activity of the channel in its low conductance mode may play a role in
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normal mitochondrial function, and that under such conditions, PTP opening
is both transient and reversible (Ichas et al, 1997). Operation of the PTP in
its high conductance mode has been connected with cell damage. Under
these conditions, pore opening is irreversible and the pore becomes
permeable to larger molecules (MW up to 1.5kDa) and even matrix proteins,
leading to complete collapse of the membrane potential and colloid-osmotic

swelling of the mitochondrial matrix.

Transient opening or “flicker” of the PTP appears to be part of its normal
mode of behaviour. The frequency of such transient openings is determined
by matrix free [Ca*"] (Crompton, 1999). At low flicker frequencies, only a
small proportion of mitochondria has open pores at any given moment, and
mitochondrial AY of the overall population of cells is maintained. PT pore
flicker has been elegantly studied in single mitochondria immobilized on
cover slips and stained with TMRE (Huser et al, 1998). Transient
depolarisations reflecting pore flicker were observed to last from a few
seconds to over one minute, showing variation in pore opening duration.
Single PT flicker has also been measured in electrophysiological studies of

the inner mitochondrial membrane (Crompton, 1999).

1.1.4 PHYSIOLOGICAL SIGNIFICANCE OF MITOCHONDRIAL
CALCIUM TRANSPORT

Given that mitochondria possess four distinct mechanisms for the transport of
Ca®" and the well established importance of Ca’" as a second messenger
within the cytosol, questions arise as to the physiological significance of
mitochondrial Ca®" transport in an organelle dedicated to metabolic energy

transduction. It has been suggested that mitochondria transport Ca”"
e To regulate cytosolic Ca*”

e To buffer cells against excess Ca”~ levels



e To control metabolism by the regulation of mitochondrial matrix Ca®"

[Ca®Tn

. . 2 - .
¢ To provide a releasable source of activator Ca™" (reviewed in Gunter

and Pfeiffer, 1990)

Initially, it was thought that the predominant role for mitochondrial Ca**
transport was in the protection of cells against Ca® overload and in the
control of metabolism. This followed the finding that mitochondria
contained little stored Ca®* under normal resting cellular conditions,
precluding a role in the regulation of cytosolic calcium or as a source for
activator Ca*". However, the recent discovery of the rapid mode (RaM) of
Ca®" uptake points to a mechanism ideally suited to uptake from
physiological Ca’" transients. The efficiency of Ca®” uptake via the RaM
reduces the risk of accidental activation of the PTP, whilst accurately
relaying cytoplasmic Ca®” fluctuations into the mitochondrial matrix. The
amount of Ca”" uptake depends more on the number of Ca*" pulses than on
[Ca®"], permitting the system to function in a frequency modulated mode

(Gunter et al, 1998).
Mitochondrial calcium buffering

Cytosolic Ca®" is buffered by mitochondria and other Ca** sequestering
organelles (ER and SR) as well as by cytosolic P; and other Ca®" binding
species. Under appropriate conditions, mitochondria can be shown to
accumulate large quantities of Ca® (Miller, 1991), and the calcium transport
properties of isolated mitochondria are well suited to a role in limiting any
increase in calcium which might otherwise damage cell integrity (Nicholls,
1985). It is probable that the accumulation of calcium causes a decrease in
the mitochondrial membrane potential, A¥. The large capacity of
mitochondria for Ca*" transport has been well documented, and a putative
role for the mitochondrion in the protection of cells against Ca®” overload
was first proposed over a decade ago (Nicholls, 1985). The large potential,
AW, which exists across the inner mitochondrial membrane provides the

driving force for Ca®™ accumulation. The Ca®* content of mitochondria
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within resting cells is believed to be low, yet isolated mitochondria can
accumulate large quantities of Ca®” when it is provided to them (Gunter and
Pfeiffer, 1990) and inhibitors of mitochondrial Ca®* uptake have been seen to
severly compromise clearance of cytoplasmic Ca*" after an imposed Ca**
load (White and Reynolds, 1996). This indicates that Ca*" accumulation by
mitochondria is important for cellular Ca** homeostasis, and indeed has been
observed to account for as much as 70% of cytosolic Ca® buffered during the
initial rapid phase of recovery from imposed Ca®" loads in chromaffin cells

(Herrington et al, 1996).
Control of metabolism

There is considerable experimental evidence to endorse a role of the
intramitochondrial Ca®* concentration as a mediator of metabolism.
Mitochondrial Ca®" uptake in response to limited cytoplasmic Ca* elevations
has been described in several preparations (Simpson and Russell, 1998) and
may relay cytoplasmic fluctuations in Ca®* into the mitochondrial matrix.
Cytoplasmic Ca®" oscillations are "decoded” by mitochondria and result in
the maintained activation of mitochondrial dehydrogenases. This provides an
efficient mechanism to allow the coupling of ATP production with cellular
activity (White and Reynolds, 1996). There are many steps in the production
of ATP that may be regulated by Ca*". Intramitochondrial dehydrogenases
including pyruvate dehydrogenase, isocitrate dehydrogenase and 2-
oxoglutarate dehydrogenase are activated by Ca*” in the concentration range
expected in the matrix following the sequestration of Ca”™ pulses in the
cytoplasm. Other steps include the stimulation of electron transport through
a Ca’"-induced increase in matrix volume, a Ca’*"-induced decrease in
inhibition of the ATPase via a Ca’"-sensitive inhibitor protein and also
activation of the adenine nucleotide translocase, increasing the availability of
substrate nucleotides (Gunter et al, 1994). Interestingly, a sustained elevation
of intramitochondrial Ca®* results in a different mitochondrial response than
Ca®" spikes. A monophasic [Ca’ ], elevation causes only a transient

activation of mitochondrial enzymes. In addition, [CaﬁC oscillations are



transmitted into mitochondria much more efficiently than "plateau" Ca*"

elevations (Hajnoczky et al, 1995).

It is clear that mitochondria exhibit a rapid Ca®" uptake mechanism, which
enables mitochondria to sequester Ca™" in the early phase of cytoplasmic Ca**
spikes, and to rapidly reset in normal Ca*" Such a mechanism is ideal for
sequestering Ca®" during cellular Ca** oscillations and waves, and allows
mitochondria to interact quickly and sensitively with Ca®" in its local

microenvironment (Simpson and Russell, 1998).
Synaptic plasticity

It would appear from new evidence that mitochondria are not simply passive
“sponges” on the receiving end of cytoplasmic calcium signals, but also have
the capacity to actively participate in them. Having buffered calcium, for
example during the intense cellular activity following stimulation,
mitochondria are in a position to release their accumulated calcium.
Traditionally, the major route of calcium egress from the matrix has been
thought to be a Na™/Ca *"exchanger in the inner mitochondrial membrane.
Calcium release by this means provides a way of increasing the duration of
the cytoplasmic calcium signal far beyond that of the original stimulus. In
this way. the mitochondria behaves as a calcium signalling memory storage
device (Miller, 1998). The importance of this in processes of synaptic
plasticity has recently been highlighted in a study on post-tetanic potentiation
(Tang and Zucker, 1997). It was observed that post-tetanic potentiation was
specifically blocked by different inhibitors of mitochondrial Ca®” transport.
This suggests that post-tetanic potentiation could be due to presynaptic
mitochondrial sequestration of the elevated cytoplasmic Ca*" found during a
tetanic stimulus, and the slow release of this Ca®* into the cytoplasm in the

post-tetanic phase.
Calcium signalling

The recent discovery of the mitochondrial permeability transition pore (PTP)

as an additional route of calcium release has caused much interest, since it



permits mitochondrion to behave as an excitable organelle. When exposed to
high extracellular levels of calcium, mitochondria rapidly accumulate
calcium until a certain degree of loading is reached. Further addition of
calcium at this point leads to large-scale calcium release, followed by
reaccumulation. This is a similar phenomenon to the calcium induced
calcium release (CICR) observed at ryanodine receptors. Mitochondrial
CICR has the potential to allow calcium waves to propagate between
mitochondria in cellular or even transcellular networks, and may integrate
with and amplify [P3 dependent calcium waves, emitted primarily from the
endoplasmic reticulum (Miller, 1998). The activity of the mitochondrial PTP
is believed to be critical to the ability of mitochondria to participate in

cellular signalling.

It would appear that mitochondria in some cellular populations are anchored
to specific locations within the cell. This spatial arrangement may be
important for the discrete local regulation of Ca®™ signals and other cellular
functions (Simpson and Russell, 1998). It has been hypothesised that during
the release of IP; in cell signalling, microdomains of high [Ca*"]; may be
generated close to IP5 gated channels and detected by local mitochondria.
This could provide an efficient way of maximising mitochondrial activity
upon cell stimulation (Rizzuto et al, 1993). This local uptake of Ca*" by
mitochondria may also alter channel opening and activity, as the activation
and inactivation kinetics of IP3 receptors are highly dependent on local [Ca®’]
(Simpson and Russell, 1998). Mitochondrial uptake of cytosolic Ca*" could
therefore raise the threshold for IP; receptor activation, decreasing
asynchronous IP; receptor channel openings and amplifying [Ps;-dependent
Ca”" waves and oscillations. Analysis of the spatial relation between
mitochondria and ER with the imaging of targeted GFPs has shown
numerous close contacts between the organelles and also showed that
mitochondria exist as an interconnected, dynamic network (Rizzuto er al,
1998). This spatial organization would potentially allow mitochondria to be
exposed to a higher concentration of Ca’" than the bulk cytosol upon opening

of IP; receptors, providing a strong structure function relationship and



showing the importance of cell architecture in the regulation of Ca**

signalling.
Physiological role of permeability transition

PTP opening in its low conductance mode may have numerous roles in
normal cell physiology since opening in this mode does not threaten
mitochondrial integrity. Transient opening of the PTP may have a role in
protein turnover, given the slow release of matrix proteins upon PTP
opening. I vivo, permeability transition may function as an independent
protein release mechanism, but little is known about the release or
degradation mechanisms required to complete a turnover cycle (Gunter and

Pfeiffer, 1990).

Secondly, opening of the PTP may be used to divert the energy of substrate
oxidation from ATP synthesis to the production of heat. In mammals, brown
adipose tissue is known to be an important source of heat for the maintenance
of body temperature. The mitochondria in brown fat are rich in uncoupling
protein (UCP). In cold-adapted animals, UCP constitutes 15% of the
mitochondrial inner membrane (Voet and Voet, 1995). UCP or thermogenin
is a dimer of 33kd subunits that is located in the mitochondrial
intermembrane space and is structurally similar to the mitochondrial anion
transporter. UCP forms a channel that allows the flow of protons from the
cytosol to the mitochondrial matrix without the synthesis of ATP, thereby
uncoupling oxidative phosphorylation and generating heat (Berg et a/, 2002).
UCP is thought to be activated by free fatty acids (Voet and Voet, 1998). In
some animals, however, there is insufficient adipose tissue to account for
thermogenic capacity, and other organs including liver are thought to
participate in non-shivering thermogenesis. Mitochondria which have
undergone permeability transition could produce heat via the oxidation of

NADH (Gunter and Pfeiffer, 1990).

Thirdly, permeability transition may be an energetically cheap way to rid
mitochondria of a Ca™ overload following mitochondrial buffering of excess

cytosolic Ca®” (in conditions of low [Ca’™])), but there is scant evidence for



PTP opening as a protective mechanism. It has been argued that if the main
function of mitochondrial Ca®" is to control the TCA cycle and mitochondrial
ATP production, then mitochondrial Ca*" is unlikely to be regulated by PTP
opening, a mechanism which allows ATP hydrolysis and the loss of TCA
cycle components from the matrix (Crompton, 1999). PTP opening is
therefore thought to be a critical event in cell death following Ca®* overload,

rather than a Ca’” homeostatic mechanism in viable cells.

Finally, PT pores may be important in establishing contact between
mitochondria in the formation of mitochondrial networks. Tight
intermitochondrial junctions could allow connected mitochondria to function
as a single bioenergetic entity, allowing efficient energy transfer between
different cellular compartments (Crompton, 1999). These mitochondrial
junctions may form reversibly according to cellular energy requirements,
which would agree with the three-dimensional reconstruction and observed

plasticity of the mitochondrial space (Rizutto ef al, 1998).

1.1.5. OTHER CALCIUM STORES
Calciosomes

Another organelle involved in Ca”" storage has recently been descibed. The
calciosome 1s present in a variety of cell types, and contains calsequestrin, a
protein found in the Ca®*-binding organelles of skeletal muscle (Miller,
1988). There are probably many more Ca™ storage organelles awaiting
discovery, given the recent report of a novel calcium containing organelle
(CCO) in rat hippocampal neurons (Korkotian and Segal, 1997). CCOs were
not colocalised with the ER or with mitochondria, and showed a unique
response to stimulation with caffeine, whilst being insensitive to ryanodine.
These organelles may therefore regulate the release of Ca™” from ryanodine-

insensitive stores.



The nuclear envelope

There is considerable controversy over whether or not Ca** gradients can
exist across the nuclear membrane. The existence of large, non-specific
nuclear pores, which allow the passage of molecules up to 75kDa, would
make the existence of any Ca’" gradients across the nuclear membrane very
unlikely. However, Ca>" gradients may exist in the sub-second timescale,
and under certain conditions, nuclear pores may be blocked by an internal
“plug”, facilitating the generation of ionic gradients (Rutter ez al/, 1998).
Ryanodine and IP; receptors have been identified on the nuclear membrane,
as has a nuclear Ca”* ATPase, suggesting that the nuclear envelope serves as
a Ca®" pool (Malviya and Rogue, 1998). IP; may provoke the release of Ca*"
from this store, producing isolated changes in Ca" in the vicinity of the
nucleus. Invaginations in the nuclear membrane have been identified in
HeLa cells, which may well be the site of generation of such Ca™"
microdomains (Lui ez a/, 1998). Changes in nucleoplasmic Ca*" levels are
likely to be involved in the control of gene expression, and may coordinate

the location of key transcription factors (Rutter et al, 1998).
Calcium binding proteins

Neurons contain a variety of calcium-binding proteins, including calmodulin,
calbindin and parvalbumin. The affinity constants of the Ca®* binding sites
on these proteins are in an appropriate range for them to contribute to Ca**
buffering (0.1-10uM) (McBurney and Neering, 1987). Calmodulinis a
15kDa Ca’ -binding regulatory protein of the E-F hand family of proteins,
and is present in brain cytosol at approximately 50uM. Little Ca®" is bound
to calmodulin at resting Ca” levels, but at micromolar levels of Ca", its four
Ca’" binding sites become successively occupied. Activated CaM is able to
mediate the activity of various proteins including CaM kinase II, adenylate
cyclase, cylcic nucleotide phosphodiesterase and calcineurin, which in turn
mediate a multitude of downstream signalling events (Kennedy, 1989).
Interestingly, the distribution of Ca®" binding proteins is thought to vary
considerably between different neurons, allowing heterogeneity in the local

regulation of Ca*". Parvalbumin, for example, is present in high



concentrations in GABAergic neurons that fire at high frequency, but not in
those which fire at lower frequencies. Parvalbumin is able to maintain the
excitability of the high frequency neurons, by rapidly buffering intracellular
Ca®" and thereby preventing the activation of Ca2+-dependent K’
conductances (Blaustein, 1988). The high concentration of calbindin in
cerebellar Purkinje cells (150uM) would suggest that calbindin constitutes
the main early component of Ca** buffering in these neurons. Even the
intraneuronal distribution of Ca** buffering proteins can vary: calmodulin is
located in the cell bodies and dendrites of most CNS neurons, but not in
axons or presynaptic terminals (McBurney and Neering, 1997). Ca®* binding
proteins are able to buffer cytosolic Ca*” rapidly, but may quickly saturate in
neurons that fire at high frequencies. Intracellular organelles are then
required to sequester Ca®~ until the extra Ca”" burden can be extruded across

the plasma membrane.
Synaptic vesicles

Synaptic vesicles sequester Ca’* by an ATP driven mechanism, and have a
high Ca®" content, but a significant contribution to the regulation of [Ca*"]i is
unlikely given their low affinity for Ca’” (Blaustein, 1988). The large
vesicular pool of Ca®” is surprisingly undynamic, given the probable presence
of IP; receptors on the synaptic vesicle membrane (Rutter ez a/, 1998).
However, a recent report on the transient accumulation of Ca”” by vesicles
following synaptic stimulation suggests that synaptic vesicles may contribute
to the shape of Ca*" microdomains in synaptic terminals (Israel and Dunant,

1998).



1.2 CALCIUM AND NEURONAL DEATH

Research conducted over the past decade has brought to light two major
components of neuronal cell death: firstly, a loss of calcium homeostasis, and
secondly, mitochondrial dysfunction, which will be discussed in the

following sections.

The central role of calcium in normal neuronal function and neuronal calcium
homeostatic mechanisms has been discussed (Section 1.1). Viable neurons
maintain a Ca”" concentration gradient across the plasma membrane of more
than four orders of magnitude. [Ca®"]; can increase transiently and generate
cellular responses following physiological stimuli. Under pathological
conditions, however, Ca increases are generally greater and more
prolonged, triggering damaging processes that ultimately lead to neuronal

death.

Calcium was proposed to be the final common denominator of toxic cell
death more than twenty years ago, when cell death following exposure to a
variety of toxins was observed to be highly Ca’"dependent. It was suggested
that “attempts to specifically interrupt Ca®" fluxes could have significant
theraputic consequences” (Schanne et al, 1979). Since the early 1980’s, the
role of Ca”>™ in cell death has been the focus of intensive research, and it has
become apparent that disruption of the mechanisms that regulate intracellular
calcium homeostasis is often seen early in the development of irreversible
cell injury. Cellular calcium overload is thought to involve multiple intra-
and extracellular routes that are normally used in physiological signalling

(Leist and Nicotera, 1998; Nicotera et al, 1992; Orrenius and Nicotera, 1994).
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1.2.1 TOXIC MECHANISMS TRIGGERED BY ELEVATED Ca**

The toxicity caused by elevated Ca®" is probably not an intrinsic property of
the Ca®" ion itself; but rather the consequence of downstream processes

triggered by transient or continuous exposure to Ca™".
Nitric Oxide Synthase

Several different classes of nitric oxide synthases (NOS) exist in the brain. A
constitutive form of nitric oxide synthase, nNOS, is expressed in neurons,
and is activated by Ca*"/calmodulin following an increase in [Ca®]; Other
inducible isoforms, iNOS, are present in astrocytes and glia, and function at
basal Ca** concentrations, being inducible by stimuli such as cytokines. NOS
is a cytochrome P450-related enzyme which converts arginine to nitric oxide
and citrulline (Leist and Nicotera, 1998). NOS are known to be anchored to
intracellular protein scaffolding such as PSD95, associated with the inner
portion of NMDA receptors (Sattler e al, 1999), and are therefore well
placed to interact with Ca™" entering the neuron through this receptor. The
role of nitric oxide within neurons is controversial. It has been implicated in
processes of synaptic plasticity (Malen and Chapman, 1997) and is also
thought to be involved in cytotoxicity (Dawson et al, 1991). NO per se may
not be toxic, but may combine with superoxide to form the highly damaging

reactive oxygen species peroxynitrite (ONOO").
Activation of hydrolytic enzymes

Ca”™ activates several enzymes involved in the breakdown of proteins, lipids
and nucleic acids. Sustained increase in [Ca”"]; is therefore likely to cause
the unregulated breakdown of vital intracellular components. The following

enzymes have been implicated in Ca®" -mediated toxicity:

e (Calpains are Ca’" -dependent proteases which are thought to be involved
in excitotoxic neuronal death (Brorson et a/, 1994). The selective calpain
inhibitor leupeptin has been seen to reduce the extent of proteolysis and

cell killing, strongly implicating a proteolytic system in the overall toxic
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process (Lee et al, 1991). Calpains are thought to degrade cytoskeletal

and cytoskeletal anchoring-integral proteins (Nicotera et a/, 1992).

e (Ca’" -dependent DNAases are responsible for the DNA “laddering”
(cleavage into fragments of approximately 200 base-pairs) that is
frequently observed in apoptosis. BT-20 cells exposed to TNF-a have
been observed to undergo apoptosis following a selective increase in
intranuclear Ca”", suggesting that a compartmentalized increase in Ca>"
may be sufficient to trigger DNA damage (Nicotera et al, 1992). DNA
single strand breaks can be generated through a Ca’" -dependent process
in cells exposed to oxidative stress (Dypbukt et al, 1990), although the
specific mechanism is still not known. Clearly, Ca®" overload may
trigger a variety of enzymatic processes culminating in lethal DNA

damage.

® A number of phospholipases are Ca**-dependent and play important
physiological roles as second messengers. The sustained activation of
PLA; can result in the generation of toxic metabolites, such as ROS,
which cause membrane damage, and lysophosphatids, known to alter
membrane structure so as to facilitate Ca’” influx and Ca®" release from

internal stores (Leist and Nicotera, 1998).
Xanthine Oxidase

The persistent elevation of [Ca®™; can promote the conversion of xanthine
dehydrogenase to xanthine oxidase, which disrupts normal handling of
electrons in the TCA cycle and can lead to the massive generation of ROS.
This activation of xanthine oxidase is thought to play a role in 1schaemic

neuronal death in vivo (Coyle and Puttfarcken, 1993).
Protein Phosphorylation and Gene Regulation

Transient elevations in [Ca”"]; may trigger long lasting cellular effects by
altering processes of gene transcription and protein phosphorylation.
Calcium activates type II and IV CaMK, involved in transcriptional

regulation, calcium-sensitive adenylate cyclases, and a variety of protein
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kinase C isozymes. These enzymes may modify neuronal calcium entry
through action on cell surface receptors. Calcineurin is a calcium-activated
phosphatase that regulates numerous cellular components involved in
neurotoxicity. For example, calcineurin may limit Ca*" influx into the neuron
by dephosphorylating the NMDA receptor, and may increase the activity of
NOS by dephosphorylation of the enzyme (Leist and Nicotera, 1998).
Calcineurin thus has a multitude of effects in neurons, including the recent
discovery of its involvement in the nuclear import of NF-AT transcription
factors from the cytoplasm (Timmerman et al, 1996).

Gene transcription is regulated by calcium via a number of signalling
cascades including protein kinase A, MAP kinases and CaMK. The route of
calcium entry is apparently deterministic of downstream events, for example,
BDNF is induced in cortical neurons by Ca”” entry through VDCCs, but not
through the NMDA receptor (Leist and Nicotera, 1998).

Cytoskeletal modifications

Ca’" directly controls the organization of the neuronal cytoskeleton, either
through direct effects on cytoskeletal proteins, or by changing their
polymerization rates. Raised Ca*" may cause the cleavage of cytoskeletal
elements through the activation of proteases, and may trigger the
depolymerization of microtubules, microfilaments and nuclear laminins
(Leist and Nicotera, 1998). An early event in toxic cell injury is the
appearance of “blebs” (multiple surface protrusions), thought to result from
Ca**-induced disruption of cytoskeletal interactions with the plasma
membrane (Nicotera et al, 1992). The modification of cytoskeletal
components can have further effects on cell surface receptors and channels,
since receptor desensitization is often dependent upon microfilament
interactions. For example, stabilization of F-actin with phalloidin prevents

desensitization of the NMDA receptor (Rosenmund et a/, 1993).



1.2.2 GLUTAMATE EXCITOTOXICITY

Glutamate and Ca’" influx

In 1977, it was observed that in cerebellar tissues, anoxia triggers the rapid
movement of Ca>" into cells from the extracellular space (Nicholson et al,
1977). This, with further findings, led to the theory of calcium-mediated
neuronal death under conditions of hypoxia, ischaemia and hypoglycaemia.
A speculative link between hypoxia and glutamate was made by Van
Harreveld in 1959, who saw that cortical spreading depression could be
induced in rabbits by the addition of glutamate, and had many of the
characteristics of neuronal hypoxia. An important advance was the finding
that glutamate could trigger neuronal cell death in cultured neurons
(Rothman, 1984) and in brain slices (Garthwaite and Garthwaite, 1986). This
damage was originally assumed to be osmolytic, but further research showed
that although the early cell swelling was usually reversible, cells exposed to

glutamate showed a Ca’"-mediated delayed cell death (Choi, 1987).

Glutamate is the major excitatory neurotransmitter in the CNS, acting at
approximately 40% of synapses, but has the potential to become lethally
toxic to neurons when extracellular levels of this neurotransmitter rise
dramatically. Typical conditions leading to increased extracellular levels of
glutamate include neuronal depolarization, energy depletion following
hypoxia or hypoglycaemia, or defects in glutamate re-uptake systems (Leist
and Nicotera, 1998). An increase in glutamate concentration from its normal
synaptic level of 1uM to pathological levels of 100uM or greater, results in
the overstimulation of both voltage-dependent and receptor operated Ca**
channels, resulting in an unregulated excessive Ca®" influx into the neuron
(Abe et al, 1995). Calcium buffering mechanisms are overwhelmed, and the
unchecked rise in Ca’” can set in motion a number of damaging cascades

leading ultimately to neuronal death.

The neurotoxicity of glutamate is thought to be triggered by Ca*" influx

through NMDA receptor channels (Tymianski e al, 1993) and the selective



antagonism of NMDA receptors blocks the late neuronal degeneration
induced by exposure to glutamate (Choi, 1988). Ca*" influx through NMDA
receptors is much more effective than other routes in mediating cell death.
This suggests the compartmentalization of Ca**-dependent neurotoxic
processes within neurons, perhaps with a preferential localization in the
submembrane spéce adjacent to NMDA receptors (Beal, 1995). The NMDA
receptor could therefore provide a major route for the toxic calcium influx
which accompanies excessive exposure to glutamate, but other means of
calcium entry are still important here, namely voltage-dependent calcium
channels, Ca’ -permeable AMPA/kainate receptors, the Na*/Ca**

exchanger, and nonspecific membrane leakage. Neuroprotection by a
selective N-type voltage dependent calcium channel blocker, MVIIA, has
been reported in an experimental stroke model (Pringle et al, 1996). Calcium
may also be released from intracellular stores following the activation of
metabotropic glutamate receptors. Depending on the subtype of receptor,
mGluR stimulation may be neuroprotective (Pizzi et al, 1996; Sagara and
Schubert, 1998) or may exacerbate neurotoxicity, as in the case of mGluR1

(Mukhin et al, 1996).
Excitotoxicity and raised [Ca2+ Ii

Several lines of evidence support the key role of Ca™ in excitotoxicity.
Firstly, there 1s a well documented increase in [Ca™); in in vivo and in vitro
models of excitotoxic cell death. Excitatory amino acid-induced neuronal
Ca”" uptake has been shown directly in cultured neurons by measurement of
Bra®” uptake (Eimerl and Schramm, 1994; Hartley er al, 1993; Manev et al,
1989) and by Ca** microfluorimetry (Brorson er al, 1994; Ogura et al, 1988).
Increased neuronal Ca’™ activity following glutamate receptor stimulation has
repeatedly been demonstrated using fluorescent probes (Hyrc et al, 1997,
Perez Velazquez, 1997; Khodorov et al, 1993; Tymianski er al, 1993b;
Randall and Thayer, 1992; Segal and Manor, 1992; Dubinsky and Rothman,
1991; Michaels and Rothman, 1990). Secondly, prevention of Ca*" entry into
the cell by removal of extracellular Ca™ (Manev e al, 1989; Chot, 1987) or

by the use of glutamate receptor antagonists (Pringle et a/, 1997; Brorson et



al, 1994; Manev et al, 1989; Hartley er a/, 1993; Michaels and Rothman,
1990) attenuates neuronal death in many paradigms of excitotoxicity.
Thirdly, a causal role for Ca*" in excitotoxicity is strongly suggested by
studies where neurotoxicity is prevented by the inhibition of downstream
effects of Ca’~ overload. Excitotoxic neuronal damage can be prevented with
intracellular Ca*" chelators (Tymianski ez al, 1994, Abdel-Hamid and
Tymianski, 1997). In addition, inhibitors of calcineurin, an effector of Ca**

toxicity, protect neurons from EAA induced toxicity (Dawson et al, 1993).
Delayed Ca*" overload in neurotoxicity

Neurons challenged with an excitotoxic stimulus typically show three phases
of Ca®” increase. An initial Ca*" spike is followed by semi-recovery to an
elevated plateau. This recovery may reflect desensitisation of NMDA
receptors and VDCCs, and Ca®* clearance by mitochondrial sequestration.
Finally, an uncontrolled failure of Ca”” homeostasis is seen, termed delayed
Ca®" deregulation (DCD), which reliably predicts cell lysis (Nicholls and
Budd, 2000), and may reflect total cellular ATP depletion. In CGCs
continuously exposed to glutamate, DCD occurred after approximately 60
minutes of glutamate exposure (Nicholls and Budd, 2000). The second and
third phases can proceed after the removal of extracellular glutamate (Randall
and Thayer, 1992; Tymianski et a/, 1993; Wang and Thayer, 1996). The
sustained Ca”" plateau, which persists even after glutamate removal, was
originally attributed to an increase in Ca”" permeability of the neuronal
membrane. Further investigations have suggested that the origin of the
sustained elevation of Ca®™ is an impairment of Ca*~ extrusion systems, in

particular the transmembrane Na"/Ca®" antiporter (Khodorov er al, 1993).

It is known that excitotoxic insults result in a loss of neuronal Ca*”
homeostasis, but the Ca’” mediated changes in cellular function that initiate

an irreversible progression towards cell death need further elucidation.



1.2.3 EXCITOTOXICITY CAUSED BY OTHER EAAS

There is much evidence to implicate disturbances in Ca’~ homeostasis in the
neurotoxicity caused by EAAs apart from glutamate. The glutamate-induced
increase in [Ca®" ] is mediated by the activation of both NMDA and non-
NMDA receptors, although most studies report that the activation of NMDA
receptors may be quantitatively more important, given that the selective
NMDA antagonist D-APS blocks the majority of the excitotoxic glutamate
response in cerebral cortical neurons (Frandsen and Schousboe, 1992). The
NMDA-induced Ca*" response is thought to originate in the most part from
Ca”” entry through the NMDA receptor (Savidge and Bristow, 1997) with a
considerable dantrolene-sensitive contribution from intracellular Ca>* pools
(Mody and MacDonald, 1995; Segal and Manor, 1992; Frandsen and
Schousboe, 1992). AMPA and kainate-induced toxicity in cortical neurons is
greatly attenuated by the omission of extracellular Ca’", but is unaffected by
dantrolene (Frandsen and Schousboe, 1993, Camins et a/, 1998), suggesting
that Ca”" influx is highly significant in the actions of AMPA and kainate.
However, only a minor component of the calcium elevation caused by
AMPA and kainate may be accounted for by influx of Ca*” through VDCCs
(Frandsen and Schousboe, 1992). A recent study has provided evidence for
the presence of Ca”"-permeable AMPA /kainate channels on the dendrites of
hippocampal neurons (Yin et al, 1999), which could provide a route for Ca**
entry following stimulation with AMPA or kainate. The calcium increase
induced by quisqualate is mainly but not exclusively mediated by IP;-
sensitive intracellular Ca®” pools, being insensitive to the removal of
extracellular Ca®* (Garthwaite and Garthwaite, 1989), but showing a degree
of attenuation upon treatment with verapamil, a VDCC blocker (Frandsen
and Schousboe, 1992). ACPD is known to activate mGluRs, causing the
release of IP; and the elevation of [Ca®”J; through release from intracellular
Ca™ stores. The ability of VDCC blockers to reduce neurotoxicity in in vivo
models of ischaemia (Jacewicz ef al, 1990) has been taken as evidence that
the Ca®” influx through voltage-gated channels may follow exposure to high
levels of glutamate, but this may not necessarily be true. The neuroprotective

effect of calctum channel blockers may be based on their ability to increase
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cerebral blood flow or to prevent Ca”" release from intracellular stores rather
than their action in reducing Ca*" influx (Frandsen and Schousboe, 1993).
The complexity of intact brain models can be overcome by the use of simpler
cell culture systems in the study of the mechanisms lying behind calcium
increases caused by EAAs, but even so, the mechanisms of EAA disruption
of Ca’" homeostasis may vary considerably depending upon the neuronal
subtype. For example, the VDCC blocker nitrendipine is considerably more
protective against glutamate neurotoxicity in hippocampal neurons than in

cortical neurons (Kudo et al, 1990; Weiss et al, 1990).

1.2.4 ROLE OF CALCIUM IN BRAIN AGING

There is compelling evidence for the role of aberrant neuronal calcium
homeostasis in acute neurological disorders such as hypoxia/ischaemia. It is
of interest, therefore, that changes in Ca’" homeostasis are also likely to be
involved in the pathogenesis of chronic, neurodegenerative conditions, and in
the alterations in neuronal function characteristic of brain aging. Brain aging
is characterised by general neuronal loss, compensated for by the extension
of dendritic ramifications of remaining neurons. These changes are much
greater in degenerative diseases like Alzheimer’s disease. Studies have
shown a decrease in the calcium content of cerebrospinal fluid from geriatric
patients. Changes in calcium homeostasis that occur during aging include an
upregulation of L-type VDCCs and therefore increased Ca** voltage-
dependent conductance, a reduction in the density of NMDA receptors,
decreased Ca’" sequestering capacity of intracellular organelles such as
mitochondria and ER, and decreased Ca®* extrusion from cells by cell surface
ATPases and exchangers (Gareri et al, 1995). Overall, intracellular Ca*
levels appear to be increased, which could be an important mechanism for the

neuronal death associated with aging and Alzheimer’s disease.
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1.3 MITOCHONDRIAL DYSFUNCTION AND NEURONAL

DEATH

The brain is uniquely dependent on blood-borne glucose for its normal
functioning, being unable to store energy supplies. In the absence of energy
provision from cellular stores, mitochondria therefore acquire a new
significance as the major providers of energy for the brain. Recent research
has shown that subtle changes in the functioning of mitochondria can lead to
both immediate and long term pathological changes in neurons (Cassarino
and Bennett, 1999; Abe et al, 1995; Zamzami et al, 1997; Beal et al, 1993).
Several distinct lines of research have converged on the mitochondrion and
its role in neuronal pathology, including excitotoxicity, mitochondrial
permeability transition, free radicals and nitric oxide, mitochondrial DNA
damage, and apoptosis. These themes will be discussed in the following

section.

1.3.1 MITOCHONDRIA AND EXCITOTOXICITY

Mitochondria have been implicated in the excitotoxic cascade, given the
considerable metabolic requirements of the brain and large Ca®" buffering
capacity of these organelles. Excessive Ca’" accumulation in mitochondria
uncouples electron transfer from ATP synthesis and this impairment of
energy metabolism causes the generation of free radicals (Luetjens et al,
2000). Mitochondria therefore emerge as a plausible link between the

elevation of Ca®" and glutamate neurotoxicity.
Mitochondrial Ca** buffering

There have been a number of studies examining the role of mitochondrial
Ca® buffering during excessive or excitotoxic Ca®" loading of the cytoplasm.
It has been shown in cultured rat hippocampal cells that glutamate induced

Ca”" loads are sequestered by mitochondria (Wang and Thayer, 1996).
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Similarly, in cultured striatal neurons, confocal imaging of the Ca>" probe
rhod-2 has shown mitochondrial Ca®” accumulation after treatment with
NMDA (Peng et al, 1998). The total mitochondrial uptake of **Ca*" in
cultured cerebellar granule cells exposed to glutamate can approach 20mM
(Eimerl and Schramm, 1994) suggesting a protective role for mitochondria
against neuronal Ca”* overload (Nicholls, 1985). Indeed, suppression of
mitochondrial Ca™™ uptake by antimycin or NaCN has revealed an important
role for mitochondria in protection against a delayed Ca®* overload following
the treatment of cerebellar granule cells with glutamate (Khodorov et al,
1996). However, once the Ca® buffering capacity of mitochondria is
exceeded, further Ca*" uptake by mitochondria can be highly damaging to

neurons.
Mitochondrial depolarisation follows toxic NMDA receptor activation

A large number of studies have proposed that mitochondria may be an early
target of injury in the events following intense NMDA receptor stimulation.
Confocal imaging of the mitochondrial membrane potential using JC-1, a
ratiometric indicator of AW, has shown that in cultured forebrain neurons,
mitochondria accumulate Ca®* following toxic glutamate stimulation, and
that this Ca”” accumulation is accompanied by the dissipation of A¥. The
sudden mitochondrial depolarisation was attenuated by the NMDA receptor
antagonist MK801, and was CsA sensitive, suggesting a possible
involvement of the mPTP. Furthermore, using a specific inhibitor of the
mitochondrial Na/Ca®" exchanger, it was demonstrated that Ca®>" efflux from
mitochondria contributes to the prolonged [Ca®*] elevation after glutamate
removal (White and Reynolds, 1996). The critical role of the mitochondrion
in excitotoxicity has further been consolidated by the finding that the
dysfunction of mitochondria is a primary event in the excitotoxic death
triggered by glutamate (Schinder ef a/, 1996). Confocal imaging of Ca*" and
mitochondrial membrane potential in cultured rat hippocampal neurons
showed that the toxic activation of NMDA receptors caused an irreversible
Ca’" overload and the persistent depolarisation of mitochondria, events which

closely paralleled neuronal death. Mitochondrial depolarisation was



prevented by pretreatment with CsA. In another study, [Ca*"] and
mitochondrial membrane potential were simultaneously measured in cultured
cerebellar granule cells following glutamate exposure (Khodorov et al/, 1996).
This study revealed a close correlation between the extent of mitochondrial
depolarisation and the failure of the neuron to restore Ca*" homeostasis. The
de-energisation of mitochondria may therefore underlie the neuronal Ca®*
overload that follows prolonged exposure to glutamate. Similarly, it has been
shown in cultured cerebellar granule cells that neurotoxic glutamate treatment
causes both structural and functional damage to mitochondria, causing
mitochondrial swelling and inducing non-specific permeability of the inner
mitochondrial membrane, indicated by a loss of ability of the mitochondria to
sequester Rh123 (Isaev et al, 1996). Recent work has further corroborated
the theory of mitochondrial involvement in processes of neurotoxicity. The
stimulation of cultured rat hippocampal cells with glutamate was observed to
cause an increase in Rh123 fluorescence, reflecting mitochondrial
depolarisation (Vergun et al, 1999). In mature cultures (>11 DIV), glutamate
caused a profound mitochondrial depolarisation and failure of neurons to
recover from the Ca?" load. In contrast, a similar glutamate treatment of
young (6-8 DIV) cultures caused only a transient mitochondrial
depolarisation, and neurons went on to recover [CaZ+ ]i after glutamate
washout. These differences may reflect changes in the expression of NMDA

receptors over time in cultured neurons, or altered NOS expression over time.
How much depolarisation for how long?

There are well-documented differences in the degree of mitochondrial
depolarisation that follows NMDA receptor activation. Unsurprisingly, the
ability of mitochondria to repolarise is closely related to the severity
(concentration of excitotoxin and/ or duration of exposure) of the initial
neurotoxic insult. Therefore, exposure of cultured hippocampal neurons to
200uM NMDA for 0.5 min caused only a transient mitochondrial
depolarisation, whereas this depolarisation was persistent when exposure to
NMDA was increased to 50 min (Schinder ef al, 1996). In cultured

hippocampal neurons at 11-17 DIV, a 10-minute treatment with 100uM
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glutamate caused a near-complete mitochondrial depolarisation which could
not be further increased with FCCP (Vergun et al, 1999). Presumably, in
these cells where complete mitochondrial “shutdown” has occurred, death
will occur as soon as ATP stores are depleted. In cultured forebrain neurons,
the fraction of neurons with permanently depolarised mitochondria was
greater following treatment with 500uM glutamate than when neurons were
treated with 100uM glutamate (White and Reynold, 1996), but in both cases,
a significant proportion of mitochondria were able to repolarize following
glutamate wash off. The general consensus would appear to be that
mitochondria remain partially depolarised in the presence of glutamate
(Ankarcrona et al, 1995; Isaev et al, 1996; Khodorov et al, 1996). The
mitochondria in CGCs have been observed to remain bioenergetically
competent and to generate ATP throughout conditions of glutamate-induced
Ca” overload, even though these cells ultimately show delayed Ca**
deregulation and die (Nicholls ez a/, 1999). A transient mitochondrial
depolarisation may therefore be sufficient to trigger eventual cell death. It is
thought that the mode of neuronal death following toxic insult is determined
by mitochondrial function (Ankarcrona et al, 1995). Cerebellar neurons
treated with glutamate which underwent a complete collapse of AY were
seen to die through necrosis, whereas neurons which survived the necrotic
phase and recovered their mitochondrial membrane potential and ATP levels,

went on to die through apoptosis at a later time point.
Mitochondrial Ca® uptake: a critical event in neurotoxicity

It would appear that the uptake of Ca** by mitochondria is a critical event in
the cell dgmage which follows toxic NMDA receptor activation. The
prevention of mitochondrial Ca™" uptake with the use of the protonophore
FCCP or with rotenone (an ETC inhibitor) in conjunction with oligomycin
(the ATP-synthase inhibitor) has been observed to greatly reduce glutamate-
induced cell death in cultured rat forebrain neurons (Stout e a/, 1998), and in
cultured cerebellar granule cells (Budd and Nicholls, 1996). The finding that
the complete depolarization of mitochondria before glutamate exposure is

neuroprotective implies that polarized mitochondria, in response to excessive



Ca’” loading, create a condition triggering subsequent cell death. The nature
of this condition, however, remains unclear, but could include altered
cytoplasmic Ca’" dynamics due to mitochondrial depolarisation, ATP

depletion, production of ROS, or mitochondrial permeability transition.

There are differing reports as to the effect of prior mitochondrial
depolarisation on the cytoplasmic Ca®" increase caused by glutamate. In
general, the blockade of mitochondrial Ca®* uptake by mitochondrial
inhibitors is reported to significantly potentiate glutamate-stimulated
increases in [Ca®"] (Stout ez al, 1998, Khodorov et al, 1999). In contrast, the
depolarization of granule cell mitochondria has been seen, counterintuitively,
to result in lower cytoplasmic Ca*’ responses to glutamate (Budd and
Nicholls, 1996, Castilho et al, 1998). In the absence of mitochondrial Ca*
accumulation, this was proposed to reflect either an enhanced efflux from the
cell, or decreased Ca’” uptake via VDCCs and the NMDA receptor. It was
proposed that with no mitochondrial Ca*" uptake, Ca®* would accumulate in
submembrane microdomains, causing the inactivation of NMDA receptors
and VDCCS, thus reducing the glutamate Ca®* response. These findings
have been put forward by one research group only, and have not been
substantiated by other groups using identical experimental models, so should

be interpreted with care.

ATP depletion is an inevitable consequence of excessive Ca*” buffering by
mitochondria, since profound mitochondrial depolarisation reverses the
mitochondrial ATP synthase which both suppresses mitochondrial ATP
production and promotes ATP hydrolysis, in an attempt to retain AW¥. ATP is
required for the extrusion of Ca”~ from neurons through the Na'/Ca*”
exchanger and the Ca®"-ATPase, so it is conceivable that ATP depletion
could account for impaired Ca”" recovery following glutamate exposure.
Available data do not strongly support this hypothesis: a 60 min treatment of
cerebellar granule cells decreased the population ATP/ADP ratio by only
35% (Budd and Nicholls, 1996) but this could reflect a population of dying
ATP-depleted cells diluted by surviving cells with high energy levels

(Nicholls and Ward, 2000). It is possible that a persistent mitochondrial
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depolarisation following glutamate exposure could effectively prevent a
neuron from replenishing its ATP stores. The neuron could then re-establish
Ca”" homeostasis to a certain extent, drawing upon glycolysis and cellular
ATP stores; delayed Ca®” deregulation and death would then occur when the
neuron eventually becomes completely depleted of ATP. The extent of
glutamate-induced Ca®* deregulation in cerebellar granule cells has been
shown to be unaffected by inhibition of the mitochondrial ATP synthase
(Castilho et al, 1998), but these cells are known to have a high glycolytic

capacity which may not hold true for other neuronal cell types.

The depolarisation of mitochondria by excessive Ca®* buffering causes the
uncoupling of oxidative phosphorylation and accelerated production of ROS,
natural by products of the ETC (Wang and Thayer, 1996). ROS may well
contribute to post-glutamate Ca”" deregulation and neuronal damage, given
the knowledge that oxidative stress favours opening of the PTP. Ca®*
extrusion from neurons may also be hindered by ROS, since the plasma
membrane Ca*"-ATPase is highly susceptible to oxidative stress (Vergun,
1999; Nicholls and Ward, 2000). The role of free radicals and mitochondrial
permeability transition in neuronal pathology will be discussed fully in later

sections.

Recent research would therefore appear to bear out the theory that the
mitochondrion is the cellular sensor that converts the intracellular elevation
of Ca*” from a physiological modulator into a trigger for cell death.
However, it is difficult to conclude from the available data which processes
in particular define the correlation between glutamate-induced mitochondrial
depolarisation and the deregulation of neuronal Ca*” homeostasis. Processes
such as altered Ca*" buffering by mitochondria, ATP depletion and free
radical generation all contribute, but the relative importance of each
mechanism is likely to vary between different neuronal systems, and requires

further investigation.



1.3.2 MITOCHONDRIA AND APOPTOSIS

There is considerable experimental evidence to implicate the mitochondrion
as a major player in apoptosis. Apoptosis is a rigorously controlled process
responsible for the removal of damaged, aged or superfluous cells. It is
important in the formation of the vertebrate CNS where 50% of embryonic
neurons are eliminated to facilitate correct synapse formation (Raff et al,
1993). An abnormal cellular resistance to apoptosis can lead to
malformations, autoimmune disease or cancer since superfluous cells are not
dealt with. Excessive apoptosis, in contrast, is involved in both acute
diseases such as septic shock and anoxia, and chronic pathologies such as

neurodegeneration, neuromuscular diseases and AIDS (Zamzami et al, 1997).

In apoptosis, the cell actively contributes to its own removal, and undergoes
several stereotyped biochemical and ultrastructural alterations. Each cell
contains a set of proteins, caspases, which comprise the "death machinery"
capable of killing the cell from within (Barinaga, 1998). These can be
activated by a multitude of different factors, including anoxia, viral
infections, second messengers such as fas and cytochrome c, and a lack of
growth factors. The activation of caspases sets in motion the gradual
dismantling of the cell into small fragments ready for disposal, avoiding the
pro-inflammatory release of intracellular factors into the interstitium. Stages
of apoptosis include chromatin condensation, nuclear displacement, DNA
laddering into 180bp fragments via calcium dependent endonucleases,
cleavage of cytoskeletal elements, loss of plasma membrane asymmetry and
cell shrinkage. This highly orchestrated process requires the presence of

ATP (Bir, 1996).
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1.3.2.1 Evidence for the involvement of mitochondria in apoptosis

Evidence for the central role of mitochondria in apoptosis is compelling. In
more than fifty different models of apoptosis, it has been observed that a
characteristic collapse of A¥m precedes the laddering of DNA and plasma
membrane blebbing (Zamzami et al, 1997; Wadia et al, 1998; Tenneti et al,
1998; Ankarcrona et al, 1995; Zamzami et al, 1996; Kroemer et al, 1995,
Hirsch et al, 1997). The bulk of current experimental data supports the theory
that the dissipation of AW constitutes an early and irreversible stage of the
apoptotic process, preceeding caspase activation, and probably marking the
point of convergence of different apoptosis induction pathways. The
disruption of A¥ could be due to (a) non-specific damage of the inner
mitochondrial membrane, (b) opening of the PTP, or (¢) could result from
inhibition of the respiratory chain, possibilities considered later in this report.
The collapse of AW is associated with a loss of mitochondrial membrane
integrity, given the cytosolic leakage of cytochrome c, a protein normally
confined to the intermembrane space, yet capable of triggering caspase
activation (Liu et al, 1996). Mitochondria may therefore be seen to undergo
considerable structural and functional changes early during the apoptotic

process.

Cell-free systems combining purified mitochondria and nuclei have provided
strong causal evidence for altered mitochondrial function in apoptosis,
revealing the requirement for mitochondria or mitochondrial products in the
induction of nuclear apoptosis (Liu et al, 1996; Zamzami et al, 1996). This
requirement can be circumvented by the addition of substances that induce
the mitochondrial permeability transition pore (Ellerby et al, 1997, Kroemer

et al, 1998).

Pharmacological evidence shows that the induction of PT may account for
the collapse of AY which in turn could trigger cell death. Agents which
specifically act on mitochondria to induce PT can trigger cell death, whilst
nuclear apoptosis is impeded by pharmacological agents such as bongkrekic

acid, cyclosporin A and NV-methyl-4-Val-cyclosporin A which prevent PT
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(Miller, 1998; Susin et al/, 1998). Prevention of PT would appear to block the
manifestation of all signs of apoptosis. Opening of the PTP may therefore be
a critical coordinating event of apoptosis (Hirsch et al, 1997). This is further
corroborated by evidence that the oncoprotein bel-2 is an endogenous
inhibitor of apoptosis, through its stabilising effect on mitochondria (Davies,
1995; Reed et al, 1998; Motyl, 1999). Bcl-2 proteins are discussed in more

detail in section 1.3.2.3 below.

The data outlined above fit neatly into a three-stage mechanism of apoptosis
proposed by the research group of Guido Kroemer (see Susin et al, 1998).
The first pre-mitochondrial induction phase consists of the activation of
damage pathways or signal transduction cascades, which converge on the
mitochondrion. The second mitochondrial effector phase is then triggered,
during which mitochondrial membrane integrity is compromised, and an
irreversible “death decision” is made. The post-mitochondrial degradation
phase entails the release of mitochondrial proteins, which activate specific
apoptogenic proteases, culminating in the systematic degradation of the cell.
Each phase of this general mechanism of apoptosis has special features,

discussed below.

1.3.2.2 The pre-mitochondrial induction phase of apoptosis

The induction phase of apoptosis is concerned with the mechanisms whereby
the mitochondrion senses cell damage and integrates pro-apoptotic signals.
The structure, location and regulation of the PTP complex make it an ideal
candidate for a metabolic integrator, which is able to sense stress within the
cell and, if necessary, trigger apoptotic processes by compromising

mitochondrial membrane integrity.
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Structure and function of the PTP

The PTP is a non-specific, voltage sensitive pore located at contact sites
between the inner and outer mitochondrial membranes. When open, the PTP
allows solutes of less than 1.5Kd to equilibrate across the membrane. The
conductance of the megachannel is such that opening of a single PT pore is
estimated to be sufficient to cause mitochondrial depolarization and swelling
(Zoratti and Szabo, 1995). Analogies have been drawn between the PTP and
the NMDA receptor channel. Both channels are regulated by similar systems
and may have structural similarities, suggesting that the PTP may be a

member of the ligand gated ion channel family (Bernardi et al, 1994).
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Figure 1.7 Proposed functional components of the mitochondrial permeability

transition pore. Adapted from Vander Heiden and Thompson, 1999.

The PTP is composed of a complex of proteins, including the voltage-
dependent anion channel (VDAC), the adenine nucleotide translocase (ANT)
and cyclophilin-D (CyP D). Mitochondrial creatine kinase (CK) is located in
the intermembrane space where it interacts with VDAC-ANT complexes.
The VDAC-ANT complex is known to attract other proteins such as
hexokinase (see Figure 1.6). This arrangement is thought to provide a conduit
for ATP, produced by oxidative phosphorylation, to be channelled directly to
kinases (Crompton, 1999). Bcl-2 proteins are thought to interact directly with

pore components in the regulation of PTP opening (see section 1.3.2.3). The
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experiments that led to the discovery of the different pore components are
outlined in several recent reviews (Halestrap, 1999; Bernadi et al, 1998;
Crompton, 2000; Crompton et a/, 2000). Opening of the mitochondrial PTP
is induced when mitochondria are exposed to high Ca®* concentrations,
especially when this is associated with adenine nucleotide depletion,
acidification of the mitochondrial matrix, membrane depolarization and
oxidative stress. These are exactly the conditions that accompany many

cellular insults that lead to cell death.

How then are these cellular perturbations translated into opening of the PTP?
One model proposes that calcium triggers a conformational change in the
ANT, converting it into a non-specific channel. This process is greatly
facilitated by the binding of cyclophilin-D, which is enhanced when thiol
groups on the ANT are modified by oxidative stress. CyP-D is an isomerase,
ideally suited for causing the conformational change in a membrane protein
that would be required to induce formation of a pore. ATP and ADP
competitively inhibit the Ca** trigger site by binding to the ANT. A high
mitochondrial membrane potential enhances this binding, which is why the
PTP opens more readily in de-energized mitochondria. There is experimental
evidence that reversible PTP closure occurs upon the protonation of certain
histidyl residues (Fontaine and Bernadi, 1999). Ca** binding is also inhibited
by protons, which accounts for the progressive inhibition of PTP opening at
pH values below 7.0 (Halestrap, 1999). There is much evidence in favour of
this model involving the conformational change of ANT as a mechanism of
PTP opening. PTP inducers such as atractylate stabilize the ANT in the C
conformation (cytosol-facing), while PTP inhibitors such as bongkrekic acid
stabilizt the ANT in the M conformation (matrix-facing). Furthermore, ADP
1s known to stabilize the ANT in the M conformation (Fontaine and Bernadi,
1999). However, in a novel approach, anti-porin (VDAC) antibodies were
observed to reduce ischaemia-induced cell death in organotypic hippocampal
slices (Perez Velazquez et al, 1999). Evidently, the identity of the pore-
forming component of the PTP is still not resolved, but is likely to be either
VDAC or ANT. The existence of more than one permeability pathway

remains a possibility.
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The PTP has the characteristics of a mechanism that is well suited to mediate
neuronal injury, but evidence for the activation of the PTP in neurons is
ambiguous. Most studies that have examined PTP in neurons have relied
upon (1) measurements of mitochondrial membrane potential and/or changes
in mitochondrial morphology, or (ii) pharmacological approaches, to infer the
activation of the PTP. There are several drawbacks in each method, which

should be considered.

Firstly, several groups have observed an NMDA receptor-mediated, Ca**
dependent mitochondrial depolarization using potentiometric indicators of
AY (White and Reynolds, 1996; Schinder ef al, 1996; Nieminen et al, 1996).
In addition, there is evidence that the mitochondrial depolarization triggered
by exposure to calcium ionophore is accompanied by mitochondrial swelling,
consistent with PTP opening (Dubinsky and Levi, 1998). In each of these
paradigms, mitochondrial depolarization was CsA sensitive, further
supporting the PTP hypothesis (see below). However, mitochondrial
depolarization and/or swelling are not associated exclusively with PTP

opening, so do not provide definitive proof of this process.

Secondly, CsA is a very potent inhibitor of PTP opening. Several

mechanisms have been proposed for this inhibition, including:

1. Blockade of the PTP by CsA preventing the association of ANT with
CyP-D;

2. Steric blockade of solute flux by CsA binding close to the pore entrance;

I

Induction of inhibitory conformational changes by CsA binding to CyP-D
(Crompton, 1999).

Many researchers have reported that CsA is protective in various paradigms
of neurotoxicity, including rat models of transient focal ischaemia and
hypoglycaemia (Uchino et al, 1995; Friberg et al, 1998), rat organotypic
hippocampal slices subjected to hypoxia-hypoglycaemia (Perez Velazquez et
al, 1999), cultured rat cortical neurons and cerebellar granule cells challenged

with NMDA and glutamate (Nieminen et a/, 1996; Ankarkrona er al, 1996),



and rodent models of traumatic brain injury (Scheff and Sullivan, 1999;
Sullivan et al, 1999). However, the measure of protection afforded by CsA in
in vitro models is variable, ranging from no effect (Isaev et al/, 1996) to a
delay in the manifestations of neurotoxicity (Nieminen ef al/, 1996, Schinder
et al, 1996; White and Reynolds, 1996) and partial protection (Dubinsky ez
al, 1999) to very considerable protection (Ankarkrona et al, 1996; Keelan et
al, 1999).

However, in addition to inhibiting the PTP, CsA also inhibits calcineurin, a
factor that could account for its neuroprotective qualities. The inhibition of
calcineurin downregulates nitric oxide synthase, thereby reducing the free
radical component of neurotoxicity (Murphy et al, 1999). In support of this
argument, protection against glutamate neurotoxicity is also imparted by FK-
506, a drug that inhibits calcineurin (Ankarcrona et al, 1996; Keelan et al,
1999). Furthermore, a series of agents that inhibit PTP, including
trifluoperazine, tamoxifen and ubiquinone analogues, are not neuroprotective
against excitotoxic stimuli (Reynolds, 1999). The CsA analogue methyl
valine cyclosporin (mvCs) does not inhibit calcineurin and has greater
specificity for the PTP. Studies have shown that mvCs is neuroprotective
against glutamate neurotoxicity in cultured hippocampal neurons (Duchen,
2000) and in a rat model of cerebral ischaemia (Matsumoto et ¢/, 1999), but
is not neuroprotective in cerebellar granule cells (Castilho et a/, 1998).
Evidently, whilst the involvement of mitochondria in neurotoxicity is clearly
important, more unequivocal evidence for PTP activation is required. A new
approach has been pioneered to directly visualise onset of the PTP in intact
cells. This technique involves imaging the movement of calcein, a
mitochondrially impermeant probe, from the cytosol into the mitochondrial
matrix (Lemasters er al, 1998; Lemasters et al, 1999). This approach is a
powerful tool to observe PTP opening in intact cells, but has not yet been

applied to neurons.



Pro-apoptotic signals

Apoptosis can be induced by a divergent array of stimuli, which, through a
myriad of signaling pathways, converge on mitochondria and trigger

apoptotic processes, likely through activation of the PTP.
Reactive Oxygen Species

The mitochondrial megachannel contains several redox-sensitive sites, and
may therefore be activated by changes in the cellular redox potential i.e.
enhanced generation of ROS or depletion of cellular antioxidant defences
(reduced glutathione or NAD(P)H,). Increased production of ROS may result
from cellular damage, overexpression of pS3 or exposure to ceramide (Susin
et al, 1998). Other components of the apoptotic pathway that are redox-
sensitive include apoptosis signaling kinase (ASK-1), and the Fas
receptor/Fas ligand system (Cai and Jones, 1999). These systems may be
upregulated by ROS, thereby enhancing cellular susceptibility to the
activation of apoptosis. There is plentiful evidence that apoptosis can be
induced by ROS (Luetjens et a/, 2000) and prevented by antioxidants (Keller
et al, 1998). However, there is unlikely to be an absolute requirement for
redox signalling in apoptosis, since apoptosis has been observed in cells

grown under nearly anaerobic conditions (Jacobsen and Raff, 1995).
Energy metabolism

The depletion of ATP favours opening of the PTP since ATP is a
physiological ligand of the ANT, and functions as an endogenous inhibitor of
the pore (Simbula et al, 1997). The PTP can also be triggered by inhibition of
the respiratory chain, which reduces A, and by inhibition of the FATPase,

which leads to matrix alkalinization (Bernadi and Petronilli, 1996).
Cytosolic calcium

Elevation of the intracellular Ca®” level represents a common trigger for
apoptosis in diverse cell types. Agents which increase [Ca”"); such as Ca*”

ionophores or thapsigargin are known to induce apoptosis (Takei and Endo,
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1994, Korge and Weiss, 1999). Conversely, a reduction in [Ca2+]i by the use
of Ca®* chelators or over-expression of Ca®" binding proteins is protective
against apoptosis (Prehn et al, 1997). Experimental evidence suggests that
mitochondrial Ca™" overload is an early and critical event in apoptosis
(Kruman and Mattson, 1999). Ca*" ions are very efficient inducers of the
PTP, causing PTP opening at doses greater than 10uM, and facilitating PTP
induction by other stimuli at lower doses (Ankacrona et al/, 1995). IP;
receptor-mediated Ca”" spikes have been identified as a potent signal for the
induction of apoptosis in cells exposed to pro-apoptotic stimuli such as
ceramide (Szalai er al, 1999). Since Ca" spikes are also closely involved in
the physiological control of mitochondrial metabolism (see section 1.1.4), it
would appear that the coincident detection of proapoptotic stimuli and Ca**
signals is required to switch cells from the life program to the death program.
There are several stages in the induction phase of apoptosis which are
indirectly controlled by Ca®*, including (1) the activation of gene expression,
where transcription factors such as CREB are themselves regulated by Ca>"
dependent protein kinases, and (2) the production of ROS. NO metabolism,

for example, has a crucial Ca® dependent step (Toescu, 1998).
Caspases

Apoptotic cell death can be potently triggered by the ligation of cell surface
“death receptors”. Death signalling from these receptors involves the
activation of caspases, a family of proteases activated via specific proteolytic
cleavage. The best-characterised death receptor is the Fas receptor, which
oligomerizes in response to binding of its ligand, and facilitates the formation
of the multiprotein death-inducing signaling complex (DISC). Caspase 8 is
recruited to this complex and activated. Cell-free experiments have shown
that purified caspase 8 is incapable of inducing apoptosis in the absence of
mitochondria and cytosolic factors (Thress er al, 1999). Subsequent work has
indicated that caspase 8 cleaves Bid, a pro-apoptotic member of the bcl-2
family. The C-terminal part of Bid then translocates to mitochondria and

triggers the release of apoptogenic factors (Luo er al, 1998).
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1.3.2.3 The mitochondrial effector phase of apoptosis

The effector phase of apoptosis is concermed with the release of pro-apoptotic
factors from mitochondria, following the integration of pro-apoptotic stimuli
and the loss of mitochondrial membrane integrity. There is ample evidence
for the involvement of cytochrome ¢ (cyt ¢) and apoptosis-inducing factor
(AIF) in the onset of apoptosis. These proteins normally reside in the
mitochondrial intermembrane space. Experimental evidence shows they are
released from mitochondria during apoptosis (Richter and Ghafourifar, 2000;
Pérez-Pinzén et al, 1999), precede the appearance of apoptotic changes, and
initiate the caspase cascade and nuclear apoptosis in cell-free systems (Liu et
al, 1996; Susin et al, 1996). The release of mitochondrial cyt ¢ and AIF

would therefore appear to be a key step in the route to cell suicide.

Cytochrome ¢ normally functions as a component of the electron transport
chain to accept electrons from Complex III and shuttle them to Complex IV,
and is therefore critical in the cellular energy transduction pathway (Murphy
et al, 1999). Cytochrome ¢ may have become a major trigger to cell death
because its presence in the cytosol indicates that mitochondria are damaged,
energetic function is compromised, and that a bioenergetic and redox

catastrophe is imminent (Duchen, 1999).
Which exit route for apoptogens?

There is much controversy as to how cyt ¢ and AIF escape from
mitochondria. Exit through the mitochondrial PTP would be a convenient
hypothesis, since numerous pro-apoptotic stimuli are known to trigger PTP
opening. However, there is no evidence that the pore is of sufficient size or
orientation to allow the direct efflux of cyt ¢ (Murphy et al, 1999).
Nonetheless, PTP opening induces a non-specific increase in permeability of
the inner mitochondrial membrane. This can lead to osmotic swelling.of the
matrix and ultimately rupture of the outer membrane, given the greater
surface area of the invaginated inner membrane. Such a loss of outer
membrane integrity would provide an alternative mechanism for the release

of cyt ¢ and other intermembrane proteins through PTP opening (Petit et al,
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1998). Recent experimental evidence suggests that cultured cortical neurons
release cyt ¢ into the cytosol 30 minutes after glutamate exposure by a
process involving activation of the PTP, mitochondrial swelling and rupture

of the outer membrane (Brustovetsky et al, 2002).

There are two conflicts associated with the theory that the PTP is responsible
for apoptogen release. Firstly, mitochondrial swelling should be a common
morphologic change that accompanies apoptosis, but traditionally, a general
characteristic of apoptosis is the lack of change in mitochondrial
ultrastructure (Brenner ef al, 1998). Secondly, activation of the PTP always
causes a loss of AY (Zoratti and Szabo, 1995), but several studies argue that
there is no measureable drop in AW before cyt c release (Vander Heiden and
Thompson, 1997; Andreyev et al, 1998; Finucane et al, 1999; Krohn et al,
1999). These studies raise the possibility that any change in AY may depend
on (i) the specific apoptogenic stimulus and (ii) the cell type being studied.
For example, stimuli that involve significant mitochondrial Ca*" loading or
oxidative stress may well induce cyt ¢ release through PTP activation,
whereas the signaling process to mitochondria through death receptors could
involve novel pathways without PTP activation. Also, the execution of
apoptotic processes is likely to vary between neuronal and non-neuronal cell
types. Experimental evidence shows that brain mitochondria are more
resistant to triggering of the PTP than liver mitochondria (Berman et a/,
2000), so the cell type used in experiments should be carefully considered.
Technically, several issues should be examined. Many studies employ
potentiometric dyes in the measurement of mitochondrial AW. It is possible
that a loss of AW in a small subpopulation of mitochondria may be sufficient
to propagate the apoptotic signal, but may escape experimental detection. As
a subpopulation of mitochondria depolarizes, others with normal AY may
sequester the excess dye, giving little detectable change in fluorescence
(Murphy et al, 1999). Permeability transition is a reversible process
(Minimikawa et al, 1999), so it is highly probable that cells could undérgo
PTP opening, release cyt ¢, and then recover mAY before undergoing

apoptosis.



It is certain that other mechanisms (besides PTP activation) must exist for the
translocation of apoptogens across the outer mitochondrial membrane.
Theoretically, the opening of specific pores in the outer mitochondrial
membrane would allow the release of cyt ¢ in the absence of permeability
transition or loss of AY. The ion channel forming ability of members of the
bel-2 family is well documented (Schendel ef a/, 1998). Recent evidence
suggests that Bax can functionally and physically associate with the adenine
nucleotide transiocator (ANT) component of the PTP to cause channel
formation in artificial membranes (Thress ef a/, 1999), and may be able to
induce cyt ¢ release from isolated mitochondria (Jurgensmeier et a/, 1998).
There is also evidence to show that Bax and Bak accelerate the opening of
VDAC (porin), a protein abundant in the outer membrane of mitochondria,
and allow cyt ¢ to pass through VDAC out of liposomes (Shimizu et al,
1999). However, these channels may not be large enough to transport the
15kd cyt ¢ or the 50kd AIF, since VDAC is only known to accommodate 8kd
proteins. Cyt ¢ may be able to escape through VDAC if cyt ¢ was partially
unfolded.

Other strategies for the release of ¢yt ¢ include reversal of the protein import
process (Murphy et al, 1999) or permeabilisation of the outer mitochondrial
membrane by proteolysis (Susin et al, 1997). Finally, K" is the major
determinant of mitochondrial matrix volume, so altered activity of K
transporters on the inner mitochondrial membrane could initiate swelling and
rupture of the outer mitochondrial membrane and the release of apoptogens

(Reed, 1997).

On balance, it is reasonable to propose that the permeability transition is
responsible for apoptogen release in many pathological conditions that
involve apoptotic death. It is highly probable that the PTP is activated in only
a subpopulation of mitochondria within the cell, which would allow the

remaining mitochondria to meet the ATP requirements of apoptosis.



The Bcl-2 protein family: controlling the life/death switch

The Bcl-2 proteins are the principal regulatory molecules acting at the
effector stage of apoptosis. These proteins are either anti-apoptotic (Bcl-2,
Bel-X, Bel-w, Mcl-1, Al) or pro-apoptotic (Bax, Bak, Bok, Bel-Xs, Bad,
Bid, Bik, Bim, Krk, Mtd) (Antonsson and Martinou, 2000). The common
feature shared by Bcl-2 family members is the presence of four Bel-2
homology regions, which determine the capacity of these proteins to interact
with each other and other molecules. Many Bcl-2 proteins have a carboxy-
terminal transmembrane tail that functions to target them to intracellular
membranes: the outer mitochondrial membrane, endoplasmic reticulum and
nuclear envelope (Motyl, 1999). It would appear that the association of some
Bcl-2 proteins with mitochondrial membranes is inducible. Proteins which
normally reside in the cytosol insert into mitochondrial membranes upon
delivery of an apoptotic signal (Reed et al, 1998). The relative ratio of anti-
apoptotic and pro-apoptotic Bcl-2 proteins expressed in a cell is pivotal in
determining the cellular response to the numerous stimuli and insults that

may induce apoptosis.

Experimental evidence shows that over-expression of anti-apoptotic members
of the Bcl-2 family is protective in paradigms of apoptosis, reducing the
likelihood of PTP opening and AIF release (Marchetti et al, 1996, Susin et al,
1996). Conversely, over-expression of the pro-apoptotic protein Bax induces
mitochondrial depolarization and the release of cytochrome ¢ (Jurgensmeier
et al, 1998). It is not clear how Bcl-2 proteins regulate cellular life/death
decisions, but it is likely that these proteins are multifunctional. The
mechanisms that they employ to modulate cell death are thought to include
(i) ion channel activity; (ii) dimerization with other Bcl-2 proteins; and (iii)

binding to non-homologous proteins.
lon channel formation

The three-dimensional structure of Bel-X is strikingly similar to the pore
forming domains of bacterial toxins such as diptheria toxin. As predicted by

their structure, many Bcl-2 proteins are known to form ion channels in
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synthetic membranes. It has consequently been theorized that Bax forms
novel channels in the outer mitochondrial membrane, which liberate
cytochrome ¢ (Reed er al, 1998). Bcl-2 can regulate mitochondrial proton
flux, thereby stabilizing mitochondrial membrane potential in the face of
death-inducing stimuli (Shimizu et a/, 1998). This action is likely mediated
through the formation of an H ion channel by Bcl-2. Bel-2 also regulates the
flux of Ca®* across membranes of the mitochondria, endoplasmic reticulum
and nucleus, thereby maintaining cellular Ca** homeostasis and preventing
the Ca®" signalling of apoptosis. This may be due to the pore forming action
of bel-2, or possibly via a direct effect on Ca”" channels (Paschen and
Doutheil, 1998; Zhu et a/, 1999). Bcl-2 enhances the ability of neural cell
mitochondria to buffer large Ca* loads without undergoing respiratory
inhibition (Murphy et al, 1996). Bcl-X is known to inhibit the mitochondrial
depolarization and swelling that follows an apoptotic insult. This ability to
modulate the osmotic and electrical homeostasis of mitochondria may again
be a direct result of the pore-forming properties of Bel-X; (Vander Heiden

and Thompson, 1997).
Dimerization

A major site of anti-apoptotic Bcl-2 action is at the outer mitochondrial
membrane, where it forms heterodimers with Bax, thereby preventing the
incorporation of Bax into the PTP formed at contact sites between the inner
and outer mitochondrial membranes (Motyl, 1998). Bax must form
homodimers to exert its pro-apoptotic effect (Vander Heiden and Thompson,
1999). The overexpression of Bel-2 will therefore be protective by increasing
the likelihood of Bax forming innocuous heterodimers. The expression of
Bcl-2 reduces oxidative damage, not by scavenging ROS, but by blocking
mitochondrial superoxide production through the inhibition of cytochrome ¢
release. This loss of cyt ¢ is prevented by the formation of heterodimers

between Bcl-2 and Bax (Cai and Jones, 1999).
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Binding of non-homologous proteins

Bcl-2 may be able to suppress apoptosis by binding to and effectively
inactivating Apaf-1, a vital component of the caspase activating machinery
(Reed et al, 1998). Opening of the PTP is thought to be regulated by the
binding of Bcl-2 proteins to the VDAC component of the megachannel. Bel-
XL is thought to maintain the VDAC in a cytochrome c-impermeant
configuration, while Bax induces a larger open state for the VDAC that
allows cytochrome c release and triggers PTP opening (Shimizu et a/, 1999).
Bcl-2 may also protect against apoptosis by less well-defined mechanisms,
including the regulation of ATP exchange between mitochondria and cytosol
(Vander Heiden and Thompson, 1999) and by snagging the apoptosis-
inducing protein p53 during translocation into the nucleus through nuclear
pores (Reed er al, 1998). Bcl-2 transfection into hippocampal neurons has
been observed to be protective against ischemia-induced necrosis
(Antonawich ef al, 1999), suggesting a wider role for Bcl-2 proteins in the

regulation of cell physiology.

1.3.2.4 The post-mitochondrial degradation phase of apoptosis

The degradation phase of apoptosis is concerned with how PTP opening and
/or release of apoptogens from mitochondria causes cell killing. Firstly,
opening of the PTP has immediate damaging metabolic consequences. .
Uncoupling of the respiratory chain leads to the rundown of ATP synthesis
and excess production of superoxide. This leads to the oxidation of
mitochondrial components and depletion of cellular antioxidant defences.
Oxidative damage leads to a secondary disruption of Ca®” homeostasis.
Permeability transition also causes acidification of the cytosol (Kroemer and

Reed, 2000). PTP activation therefore inflicts lethal damage on the cell.

Secondly, the release of apoptogens has a multitude of damaging downstream
effects. Once released, cytochrome ¢ forms a complex with Apaf-1, ATP and

caspase 9, and activates caspase 3. In turn, caspase 3 cleaves and activates



DNA fragmentation factor, which, together with the endonucleases activated
by AIF and other DNases, starts the process of DNA laddering. Pro-caspases
2 and 9 are released from the intermembrane space upon PTP opening, and
become proteolytically activated once released. Once caspases are activated,
they cleave a variety of specific cellular proteins, including proteins of the
nucleus, nuclear lamina, cytoskeleton, endoplasmic reticulum and cytosol
(Mignotte and Vayssiere, 1998). In addition, recombinant caspases have been
observed to increase mitochondrial membrane permeability, dissipating AY
and causing the release of cytochrome ¢ and AIF. This suggests that
mitochondria and caspases can engage in a self-amplifying loop thereby
accelerating the apoptotic process (Marzo et al, 1998). Several lines of
evidence suggest that caspases are important mediators of cell death in
neurons. The caspase inhibitor Z-D-DCB was seen to block the cellular
manifestations of apoptosis in neurons exposed to excitotoxins and hypoxia
(Nath et al, 1998). In another neuronal model, caspase inhibitors were
protective against NMDA-induced apoptosis. The caspase inhibitors
prevented ROS formation and lipid peroxidation, but did not prevent the
NMDA-induced Ca*" influx or loss of A¥. These results suggest that Ca**
influx and mitochondrial depolarization occur upstream of caspase activation,
whereas ROS formation and lipid peroxidation may be downstream events in

neuronal apoptosis (Tenneti et al, 1998).

Ca”” plays an important role in the degradation phase of apoptosis, regulating
a series of enzymatic systems involved in the execution of apoptosis. Many
of the proteases and endonucleases involved in cellular dismantling are Ca*”
dependent, as is transglutaminase, which functions to stabilize the cytoplasm
and prevent leakage of intracellular contents via the formation of cross-links

(McConkey and Orrenius, 1997; Toescu, 1998).

Mitochondrial redox signalling is another critical factor in the execution
phase of apoptosis. The release of mitochondrial cytochrome c triggers the
generation of ROS. This produces a sustained oxidation in apoptotic cells,
especially when combined with the loss of cellular antioxidants such as GSH,

another feature of apoptosis. This redox pathway is separate from, but



parallel to, the caspase cascade. Its function may be to amplify the apoptotic
process by PTP activation, to assist in the rapid elimination of apoptotic cells,

and to terminate proteolytic activity after phagocytosis (Cai and Jones, 1999).

1.3.25 The apoptosis/necrosis debate

Apoptosis and necrosis are traditionally held as two distinct forms of cell
death with profoundly different implications for the surrounding tissue. It has
recently become clear that that distinction between the two modes of cell
death may not be so clear cut as originally thought. Several necrosis
inducing agents can induce apoptosis if applied at a subnecrotic dose
(Ankarcrona et al, 1995). The apoptosis suppressor gene bcl-2 can prevent
death from necrosis in several models (Clark et al, 1997) which suggests that
necrosis and apoptosis may involve similar rate limiting steps. Activation of
the mitochondrial PTP is thought to be a common step of both modes of cell
death (Nicotera and Lipton, 1999). Cells that undergo apoptosis will
eventually undergo secondary necrosis (Utoh, 1995). Oxidative stress in
neuronal cells has been reported to induce a form of PCD with characteristics
of both apoptosis and necrosis (Tan et al, 1998). The apoptosis/necrosis
antithesis may therefore be better regarded as a continuum with the intensity
of the pathogenic stimulus and/or cellular ATP levels determining the final
mode of cell death. The level of intracellular ATP has been put forwards as a
determinant in the decision between apoptosis and necrosis, with apoptosis
having an absolute requirement for ATP (Tsujimoto, 1997; Leist et al, 1997).
This is not surprising, as apoptosis involves many active processes, namely
cytoskeletal proteolysis, DNA condensation and fragmentation, and the
alteration of surface antigens (Roy and Sapolsky, 1999). Cells induced to
undergo apoptosis may die from necrosis if appropriate proteases fail to come
into action. Following PT induction by a large, rapid acting pathological
stimulus compromising ATP pools, necrosis may occur before apoptotic
proteases are activated to act on nuclear and cytoplasmic targets. In contrast,
PT induction in a slower manner would allow specific proteases to be

activated and take action before ATP depletion and ROS production could
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cause cell death (Lemasters et a/, 1999). This model would be compatible
with the finding that many drugs induce necrosis at high doses and apoptosis
at lower doses (Zamzami et al, 1997). In many paradigms of neurotoxicity,
neurons show features of both apoptosis and necrosis (Ankarcrona, 1998). It
is thought that this heterogeneous profile of cellular changes occurs because
of the complex nature of neurons. Depending upon energy availability,
neurons will initiate apoptosis, but may revert to necrosis when ATP runs
out. The transition to Ca”"-dependent degeneration will vary spatially within
each neuron, given the unequal distribution of Ca* influx and Ca*'-
dependent enzymes. Also, given the structure of neurons, with far-reaching
processes, the activation of apoptotic cascades may have different effects
depending on the subcellular localization of the activated caspases (Roy and

Sapolsky, 1999).

It is widely accepted that apoptosis should confer a compensatory advantage,
being an energy expensive process (Abe et al, 1995). This is evident during
postnatal brain development, when the elimination of certain neurons allows
the formation of synapses essential for information processing. The question
arises, however, as to the purpose of PCD in adult neurons which, as
terminally differentiated cells, cannot be regenerated. Perhaps sufficient
advantage is conferred by the prevention of any inflammatory response,
which would follow damaged cells undergoing the alternative mode of cell

death, necrosis.
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1.3.3 MITOCHONDRIA AND NITRIC OXIDE

Nitric oxide (NO) is an inorganic free-radical gaseous molecule that has
many roles in the CNS as a messenger molecule. It is synthesised by various
isoforms of NO synthase (NOS), which catalyse the conversion of arginine
into citrulline with the release of NO. NMDA receptor activation generates
nitric oxide via the Ca*"-dependent activation of neuronal NO synthase
(Aizenman et a/, 1998). Nitric oxide is very different to other signalling
molecules in the CNS. It is extremely diffusible in both lipid and aqueous
environments, which allows it to move rapidly through cell cytoplasm and
membranes alike. NO is not stored in synaptic vesicles, but is synthesized on
demand. NO mediates its biological actions by chemically reacting with
intracellular components, rather than by binding discretely located receptor
proteins. Being a free radical, NO is unstable, with a half-life of a few
seconds. (Dawson and Dawson, 1996; Knowles, 1997). The mode of action
of NO is totally different to that of conventional neurotransmitters, and has

changed long-held ideas about processes of neuronal communication.

Roles for NO in the CNS include:

e modification of the electrical activity of neurons through modulation of

their firing pattern or modulation of ion channels;
e modification of neurotransmitter release and uptake;

e down-regulation of the NMDA receptor by nitrosylation of critical thiol

groups;
e regulation of hormone release in the hypothalamo-pituitary axis;

e control of synaptic plasticity, by acting as a retrograde messenger in LTP

and some forms of LTD (Garthwaite and Boulton, 1995)

e Direct effects on the ETC, thereby regulating metabolism.
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1.3.3.1 Evidence for the involvement of NO in neurotoxicity

Despite these many roles in neuronal physiology, NO is thought to mediate
neurotoxicity when produced in excess (Dawson et a/, 1991). There is
considerable experimental evidence to support the involvement of NO in
neurotoxicity. Firstly, inhibitors of nitric oxide synthase are protective in
many models of neuronal death, including glutamate toxicity in cultured rat
cortical neurons (Almeida et al, 1999), NMDA toxicity in retinal neurons
(Kashii et al, 1999), NMDA toxicity in hippocampal slices (Izumi et a/,
1992), animal models of Parkinson’s disease and Huntingdon’s disease

(Schulz et al, 1997), and cerebral ischaemia (Buisson et al, 1993).

Secondly, NO donors are known to cause toxicity in cultured hippocampal
neurons (Brorson et a/, 1999). Indeed, the release of caged NO caused
neurotoxicity in young hippocampal neurons exposed to glutamate. These
neurons are normally resistant to a glutamate challenge alone (Keelan et al,

1999).

Thirdly, there is evidence that the production of NO increases during cerebral
ischemia in rats (Kader et al, 1993). Elevated concentrations of NO
metabolites have been observed in CSF from human subjects with acute
ischemic stroke (Castillo et al, 2000), and from patients with multiple
sclerosis (Heales et al, 1997). In the stroke patients, the concentration of NO
metabolites in CSF strongly correlated with poor prognosis (Castillo et al,

2000).

Finally, the development of transgenic mice deficient in NOS has revealed
the role of different NOS isoforms in neurotoxic processes. Neuronal cultures
made from neuronal NOS (nNOS) knockout mice show complete resistance
to NMDA toxicity (Dawson and Dawson, 1996), while mice lacking
inducible NOS (iNOS) showed reduced susceptibility to cerebral ischemia
(Iadecola et al, 1997). The role of endothelial NOS (eNOS) is thought to
differ from the other isoforms. The inhibition of eNOS in animal models of
stroke 1s detrimental, since the resultant decrease in cerebral blood flow

worsens ischemic damage (Dawson and Dawson, 1996). There is new
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evidence for a mitochondrially located NOS (Ghafourifar et a/, 1999).
Mitochondrial NOS would be ideally placed for stimulation by Ca®*, given
that mitochondria buffer the Ca”" load that follows NMDA receptor
activation. The NO produced intramitochondrially would be well placed to
exert its inhibitory effects on mitochondrial components and to react with

superoxide generated by the respiratory chain.

Models suggest that NO could diffuse up to 300um from its point of origin,
an area encompassing nearly 2 million synapses in the brain (Wood and
Garthwaite, 1994). It is not certain, therefore, what determines whether NO
acts as a neuronal messenger or as a neurotoxin. There could be a critical
concentration at which NO becomes toxic, or neurotoxicity could result from
the joint overproduction of NO and superoxide (O5"), which combine to
produce peroxynitrite, ONOO-, a potent oxidant. This is highly probable,
given the evidence that superoxide dismutase blocks the toxicity of NO (Radi
et al, 1991). The extent of damage caused by NO is highly dependent on the
redox state of the cellular environment since oxidising conditions, as
expected, favour the formation of peroxynitrite whereas reducing conditions
support S-nitrosylation of the NMDA receptor thiol, which down regulates
the receptor and confers protection against neurotoxicity (Coyle and

Puttfarcken, 1993).
1.3.3.2 Cellular Targets of Nitric Oxide

By virtue of its unpaired electron, the main biological targets of NO include
oxygen, transition metals, iron-sulphur containing proteins and haem-
containing proteins. Many of the neurotoxic actions of NO centre on the
mitochondrion and the inhibition of neuronal energetics. NO inhibits several
components vital for oxidative phosphorylation, namely NADH-ubiquinone
oxide reductase and NADH-succinate oxide reductase, by removal of iron
from iron-sulphur centres, and cytochrome oxidase, by competing with O,
(Bolanos et al, 1997). In addition to impairing respiration, NO inhibits cis-
aconitase, thereby inhibiting glycolysis. NO also inhibits creatinine kinase
through nitrosothiol modification, which reduces the availability of ATP to

the cell. Nitric oxide causes DNA fragmentation and the activation of PARS,

68



an enzyme that rapidly consumes ATP (Samdani ez al, 1997; Brown and
Borutaite, 1999). Evidently, NO may severely deplete cellular ATP stores,

simultaneously inhibiting ATP production and accelerating its consumption.

The application of NO donors causes mitochondrial depolarisation in cultured
neurons (Brorson et al, 1999; Almeida er al, 1999), a phenomenon which
could be linked to the inhibition of oxidative phosphorylation, or to opening

of the PTP via peroxynitrite formation (Packer et al, 1997).

NO neurotoxicity is associated with a loss of neuronal Ca** homeostasis. The
exposure of cultured hippocampal neurons to a NO donor, SNOC, caused a
persistent elevation in Ca”"; that was blocked by haemoglobin, a NO
scavenger (Brorson and Zhang, 1997). This could be attributed to reduced
Ca’" extrusion through the plasma membrane Ca* ATPase, resulting from
neuronal ATP depletion. Nitric oxide and/or peroxynitrite may cause
oxidative damage to SERCAs (Davis et al, 2001), perturbing neuronal Ca*”
levels. Finally, NO may trigger Ca’" release from mitochondria, flooding the
cytoplasm with Ca”™™ (Richter et al, 1997). Interestingly, NO reduces the
opening frequency of the NMDA receptor-associated ion channel, so should
serve as negative feedback for excessive NMDA receptor channel activity

(Choi et al, 2000).

Nitric oxide is thought to increase oxidative stress in neurons as well as being
a free radical itself. NO may stimulate the production of O; by the
respiratory chain (through the inhibition of cytochrome oxidase) (Knowles,
1997) and may reduce neuronal antioxidant defences by binding the haem
group of catalase, thereby inhibiting the breakdown of H,O, (Brown and
Borutaite, 1999). In addition, the inactivation of Mn-SOD by ONOO™ could

further worsen the vicious cycle of oxidative damage (Samdani et al, 1997).

It should be mentioned that several research groups have failed to observe a
NO component to neurotoxicity (Garthwaite and Garthwaite, 1994;
Lernernatoli et al, 1992; Pauwels and Leysen, 1992). It is possible that in
these experimental models, NOS was not expressed at sufficient levels

(Dawson and Dawson, 1996). However, the requirement for NO in
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neurotoxicity is unlikely to be absolute; it is more probable that NO is
involved in only some instances of neuronal death, where it acts in synergy

with other elements of neurotoxicity such as ROS and Ca’* elevations.
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1.3.4 MITOCHONDRIA AND REACTIVE OXYGEN SPECIES

Reactive oxygen species are radical derivatives of molecular oxygen, and
include superoxide (O°;), hydroperoxyl radical (HO",) and hydroxyl radical
(eOH) as well as hydrogen peroxide (H,O,). In addition, nitric oxide (NQ)
and peroxynitrite (ONOQ") are derived from the interaction of nitrogen-based
radicals with O, (Maher and Schubert, 2000). With the exception of H,O,,
these species contain an orbital with an unpaired electron, so are highly
reactive and capable of extracting an electron from neighbouring molecules

in order to fill the gap in their orbital (Olanow, 1993).

There are numerous cellular sources of ROS. Firstly, mitochondria consume
about 90% of inhaled oxygen, and are a powerful source of ROS, given the
inefficiency of the respiratory chain. It is calculated that under physiological
conditions, 1-4% of the oxygen consumed during respiration reacts with
electrons leaked from the upstream components of the respiratory chain to
produce superoxide. The dismutation of superoxide then produces hydrogen
peroxide. In the presence of iron, hydrogen peroxide can be converted to the

highly destructive hydroxyl radical in the Fenton reaction:
Fe(Il) + H,O; — Fe(lll) + OH™ + «OH.

Uncoupling of the respiratory chain enhances oxygen consumption, thereby
decreasing mitochondrial ROS production (Lenaz, 1998). Under conditions
of excess ATP, electron transfer through mitochondria is reversed, greatly
increasing O°; production. A high ADP/ATP ratio due to energy
consumption may minimize ROS production by mitochondria, which could
explain why the life span of some animals can be extended by calorie
restriction (Maher and Schubert, 2000). There are two major regions on the
respiratory chain where ROS are produced, firstly NADH coenzyme Q
reductase (complex I) and secondly ubiquinol cytochrome ¢ reductase

(complex III) (Lenaz, 1998).



Additionally, cosmic and terrestrial radiation can ionize water and generate a

variety of radical products, which can themselves generate additional ROS:
H>0 — — — ¢, oOH, oH, H;0", H;, H,0;

Other sources of ROS in the CNS include the NADPH oxidase of
macrophages and microglia, and the large number of oxidases found within
peroxisomes, endoplasmic reticulum and cytoplasm (lipoxygenases,
cyclooxygenases, cytochrome P450 oxidases, monoamine oxidases and nitric
oxide synthase) (Maher and Schubert, 2000). The activation of NMDA
receptors sets in motion a variety of pathways that may cause oxidative
stress. The stimulation of PLA, and subsequent release of arachidonic acid
(AA) generate ROS. AA and ROS then promote a vicious cycle by enhancing
the release of glutamate and inhibiting its uptake, via the oxidation of

glutamate transporters on astrocytes.

The brain is particularly vulnerable to oxidative damage for several reasons.
Neuronal cell membranes are enriched in polyunsaturated fatty acids which
are particularly vulnerable to free radical attack, because the double bonds
within membranes allow for easy lipid peroxidation (Coyle and Puttfarcken,
1993). The brain has a very high metabolic rate to meet the energy
requirement of synaptic communication. The brain uses 20% of the body’s
total O intake despite accounting for only 2% of the total body weight,
meaning its respiratory rate is 10 times greater than that of average tissue.
Specific brain regions are rich in the transition metals iron and copper, which
support Fenton chemistry to generate hydroxyl radicals. These factors
necessitate elaborate cellular mechanisms for protection against ROS.
However, the human CNS is relatively deficient in oxidative defences,
another factor rendering it more susceptible to ROS damage (Cassarino and

Bennett, 1999).

A variety of naturally occurring antioxidant defence mechanisms normally
minimize ROS production and limit oxidative tissue damage. Figure 1.7

outlines the pathways involved in ROS generation and disposal.
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Figure 1.7 Sources of ROS and mechanisms for their removal from cells. SOD,

superoxide dismutase; GSH, glutathione. Adapted from Maher and Schubert, 2000

Oxidative phosphorylation is spatially restricted to the inner mitochondrial
membrane where ROS are tightly bound and can be safely disposed of by
several intramitochondrial antioxidant enzymes. Superoxide is reduced by
superoxide dismutase (Mn form) to H,O, which is then broken down to water
by catalase or glutathione peroxidase (Melov, 1999). Glutathione peroxidase
is more abundant than catalase in CNS mitochondria, and has a higher
turnover rate. Vitamin E and ascorbate are chain-breaking free radical
scavengers that directly inactivate ROS. Superoxide dismutase may be
regarded as a “double edged sword” because it converts the less harmful
radical O%; to H,O,, which is readily degraded to the highly reactive ¢OH via
the Fenton reaction. Fenton chemistry requires multivalent transition metals
such as iron or copper to facilitate electron transfer. Proteins such as
transferrin or ferritin that sequester iron should therefore be regarded as an
anti-oxidant defense mechanism. Finally, glutathione (GSH) is a tripeptide
with considerable reducing potential found intracellularly at concentrations
between 2 and 10 mM, of which 99% is usually in the reduced state (Maher
and Schubert, 2000).
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Although ROS have the potential to damage intracellular macromolecules
such as proteins, lipids and DNA, under physiological conditions, the
majority of the effects of ROS on cells are mediated by the induction of
signalling pathways. These effects mainly comprise the reversible
modification of intracellular protein components such as sulfhydryl groups.
ROS are known to increase the activity of protein tyrosine kinases and
serine/threonine kinases, probably via the inhibition of specific phosphatases.
A number of transcription factors are activated by ROS, including NF- B,
STATSs, Jun and Fos. ROS may act directly on the transcription factors to
cause activation, or may mediate regulatory binding partners or upstream

signalling pathways such as JNK and ERK (Maher and Schubert, 2000).

Recent evidence would suggest that peroxynitrite is able to cause the influx
of Ca®" into neurons by depolarizing the neuronal plasma membrane. In
cultured cortical neurons, OONO™ induced the influx of 45Ca2+ through P/Q
and L-type VDCCs, but interestingly, inhibited Ca”" influx through N-type
channels (Ohkuma et al, 2001).This neuronal Ca®" influx could then have a
multitude on knock on effects, including the neuronal release of

neurotransmitters.

Oxidative stress has been implicated in virtually every area of human
pathology, including acute neurotoxicity, chronic neurodegeneration, and
ageing. Oxidative stress may arise when ROS production is excessive, due to
perturbed metabolism or pathological release of catalysts such as transition
metals, or when cellular defences are lowered by the depletion of
antioxidants (Lenaz, 1998). The damage inflicted on intracellular

macromolecules by ROS can lethally disrupt cellular functions and integrity.



1.3.4.1 Evidence for the involvement of ROS in acute

neurotoxicity

Several different experimental approaches have revealed the involvement of

ROS in processes of acute neurotoxicity.
Antioxidants are protective in models of acute neuronal damage

Antioxidants have been observed to reduce neuronal injury in many
paradigms of brain damage. The peroxynitrite scavenger uric acid and the
antioxidants propyl gallate and glutathione prevented apoptosis in an in vivo
mouse model of ischaemia (Keller et a/, 1998). Similarly, the free radical
scavenger PBN was neuroprotective in brain slices subjected to hypoxia and
reoxygenation (Murata et a/, 2000), and the addition of cell-permeant
superoxide dismutase reduced neuronal death following hypoxia in both
cultured hippocampal neurons (Rosenbaum et al, 1994) and cultured

forebrain neurons (Cazevietlle et al, 1993).

The striatal production of eOH caused by glutamate infusion in an in vivo rat
model was significantly reduced by Ensaculin, a drug that has direct ROS
scavenging effects in addition to blocking NMDA receptors (Teismann and
Ferger, 2000). In this model, MK-801 was not as effective as Ensaculin at
reducing #OH production, despite having a 1000-fold greater affinity for the
NMDA receptor. Glutamate excitotoxicity in cultured cerebellar granule cells
was significantly reduced by Vitamin E, and by the inhibition of PLA; (Ciani
et al, 1996), although these protective effects were not additive. Neuronal
death caused by the exposure of cultured rat hippocampal neurons to NMDA
was reduced by the SOD mimetic MnTBAP, and by a~tocopherol (Vitamin
E) (Luetjens et al, 2000). Similarly, the failure of protein synthesis observed
in rat hippocampal slices exposed to NMDA was attenuated by a—tocopherol

(Monje et al, 2000).

Peroxynitrite scavengers were effective in the acute treatment of traumatic
brain injury (Hall et al, 1999). Neuronal oxidative stress may also be

modelled by the direct addition of ROS to cultured neurons. Pyruvate can
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scavenge H,0,, and was strongly neuroprotective against H,O,-induced
injury in cultured striatal neurons (Desagher ez al, 1997). The induction of the
endogenous antioxidant GSH by dimethyl fumarate strongly attenuated the
toxicity of dopamine and H,O, in a neuroblastoma cell line (Duffy er a/,

1998).
Transgenic mice overexpressing antioxidants are neuroprotected

Transgenic technology has been used to alter the levels of antioxidants and
oxidant-related enzymes or proteins expressed by animals. These animals are
very useful to study the role of a particular antioxidant in ischaemic brain
injury. In studies using transgenic mice overexpressing SOD-/ (CuZn
superoxide dismutase), it has been observed that the total infarct volume
following focal cerebral ischaemia was reduced by 36% compared with wild-
type mice. This points to the protective role of CuZn-SOD against neuronal
injury. Transgenic mice in which neurons overexpress BCL-2 were also
protected against cerebral ischaemia (Chan, 1996). A more recent study has
shown that transgenic mice that overexpress MnSOD (Mn superoxide
dismutase) show a marked reduction in nitrated proteins, membrane lipid
peroxidation and neuronal death after focal cerebral ischaemia (Keller ez a/,

1998).
Ischaemia or excitotoxins increase the neuronal generation of ROS

Recent technological advances have allowed the detection of intracellularly
generated ROS with oxidation-sensitive fluorescent dyes or electron
paramagnetic resonance. The neuronal production of ROS has thus been
measured in a large number of experimental models involving the exposure
of cultured neurons to excitotoxins (Dugan et al, 1995; Bindokas er al, 1996;
Patel et al, 1996; Prehn er al, 1998; Carriedo et al, 2000; Ceccon et al, 2000;
Luetjens et al, 2000; Vergun et al, 2001). Increased ROS production has also
been observed in organotypic hippocampal slices subjected to ischaemia
(Perez Velazquez , 1997). These experimental findings will be explored

further in Chapter 5.



1.3.4.2 Evidence for the involvement of ROS in ageing and

chronic neurodegeneration

Oxidative damage to mitochondria may be involved in the longer term
pathological changes associated with neurodegenerative diseases such as
amyotropic lateral sclerosis (ALS) Alzheimer's disease (AD), Huntingdon's
disease (HD) and Parkinson's disease (PD). The most reliable risk factor for
such diseases is normal aging, and there is substantial evidence that
mitochondrial function declines with age. It has been suggested that an age
related reduction in physical activity could be an important contribution to
this decline, since the decline in respiratory chain function is greater than that
anticipated from mtDNA mutations (Brierly et al, 1996). The endogenous
production of ROS due to normal physiological processes is thought to limit
the lifespan of animals, since transgenic mice deficient in SOD-2 die within
the first week of life, and the overexpression of superoxide dismutase

significantly extends the lifespan of Drosophila (Melov, 1999).

Mitochondrial membranes are one of the primary sources of free radicals and
may suffer considerable damage at the hands of such species. Damage by
ROS to mitochondrial components includes lipid peroxidation, protein
oxidation and mitochondrial DNA mutations. Lipid peroxidation is thought to
be particularly harmful in mitochondria, since cardiolipin, a major component
of the inner mitochondrial membrane, is required for the activity of
cytochrome oxidase and other mitochondrial proteins. Disorder of the
mitochondrial membrane could negatively affect the function of membrane
linked enzymes which are sensitive to the structural integrity of their
microenvironment. Protein oxidation may cause damage to respiratory chain
enzymes, ANT (which may trigger opening of the PTP) and the ATPase. The
structure of mitochondrial DNA, with its close proximity to the respiratory
chain, limited repair mechanisms, paucity of non-coding sequences (introns)
and absence of protective packaging with histones renders it particularly
susceptible to oxidative damage. After an oxidative stress to cultured cells,
the damage to mtDNA is higher and persists longer than that to nuclear DNA

(Lenaz, 1998).



Several mitochondrial DNA mutations occur spontaneously with aging. In
brain tissue, studies have identified age dependent increases in a 4,977 base
pair deletion which are of the highest magnitude in the striatum and
substantia nigra, possibly due to free radicals produced by the breakdown of
dopamine by mitochondrial monoamine oxidase (Soong et al, 1992). The
largest numbers of mitochondrial deletions accumulate in brain, heart and
muscle tissue, which are post-mitotic tissues in which DNA damage is likely
to accumulate over time. Mitochondrial oxygen radical production appears to
increase with age in parallel with levels of mutated mtDNA. In a study
conducted on human brain DNA there was seen to be a 10 fold increase in the
levels of oxidatively damaged bases in mtDNA compared to nuclear DNA
(Mecocci et al, 1993). These data show a progressive and preferential age
related accumulation of oxidative damage in mtDNA in human brain. Such
damage may well be linked with age-dependent increases in the incidence of

neurodegenerative diseases.

Free radicals are known to cause damage to the ETC in mitochondria, both
directly, and by causing mtDNA mutations. Structural genes located on
mtDNA encode for 13 polypeptide chains that comprise the protein
complexes and ATPase of the respiratory chain. It is therefore highly likely
that mitochondrial DNA mutations will be manifested as defects in
mitochondrial oxidative phosphorylation. The “redox theory of ageing”
suggests that defective oxidative phosphorylation arises from the
accumulation of somatic mutations of mtDNA, as described above.
Respiratory chain defects may lead to increased generation of ROS,
precipitating a vicious circle of oxidative stress and mtDNA damage

(Wallace, 1999).

A decline in oxidative phosphorylation with normal ageing may combine
with subclinical genetic defects to produce delayed onset neurodegeneration.
There is much evidence for impaired neuronal energetics and oxidative
damage in neurodegenerative diseases. Mitochondrial function is thought to
be impaired in amyotrophic lateral sclerosis (ALS) (Beal, 2000). Markers of

protein oxidation were observed to be elevated by 85% in patients with ALS
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as compared to controls (Coyle and Puttfarcken, 1993), and point mutations
in CuZnSOD have been associated with familial ALS (Beal, 1995). In
idiopathic Parkinson’s disease (PD), a 40% reduction in mitochondrial
complex I activity was noted in the substantia nigra (Schapira, 1998), and a
several fold increase in brain lipid peroxides was identified (Coyle and
Puttfarcken, 1993). Studies have shown a threefold increase in oxidative
damage to mtDNA in postmortem tissue from patients with Alzheimer’s
disease (AD) compared with age-matched controls (Beal, 2000). In patients
with Huntingdon’s disease (HD), severe defects in the mitochondrial
respiratory chain have been identified, specifically a 55% deficiency in
complex II and III (Schapira, 1998). In concert with subclinical genetic
defects, the underlying bioenergetic crisis in neurodegenerative diseases
eventually triggers neuronal death, but the precise mechanism of neuronal

loss may vary.

Slow or weak excitotoxicity is thought to underlie some types of slowly
evolving neurodegenerative diseases and may occur as a result of defects in
energy metabolism. Reduced cellular ATP levels may lead to the partial
depolarisation of neurons that would then become persistently activated by
ambient glutamate levels due to the relief of the voltage-dependent Mg*"
block of the NMDA receptor. Low cellular energy levels could also interfere
with Ca™ buffering, with increased [Ca®" J; initiating damaging processes
including the activation of nitric oxide synthase and free radical generation
(Beal, 1995). Apoptotic processes are also likely to be involved in many
neurodegenerative conditions. Defective energy transduction could lead to
the collapse of the mitochondrial membrane potential, with concurrent
opening of the PTP and release of pro-apoptotic factors into the cytoplasm
causing eventual tissue atrophy (Ozawa, 1999). Apoptosis has been described
in a variety of human neurodegenerative disorders, based on the identification
of neuronal nuclei with DNA cleavage in postmortem tissue. Such nuclei
have been reported in brains or spinal cords of patients with AD, PD, HD and
ALS (Tatton and Olanow, 1999).
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Oxidative stress and excitotoxic processes have long been implicated in
neuropathology, and these mechanisms may converge to represent sequential
as well as interacting processes providing a final route for neuronal

vulnerability to insult (Coyle and Puttfarcken, 1993).
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1.3.5 TRACE METALS

Zinc 1s the second most abundant trace metal in the body. The brain has the
highest Zn*" content of all organs, with an overall content of 150uM. This
Zn*" is not uniformly distributed, with the highest concentration occuring in
the hippocampus, amygdala and cortex. Neuronal levels of Zn*" are kept at
subnanomolar levels by a family of zinc transporter proteins and intracellular
metallothionins (peptides with multiple binding sites for Zn*"). Upto 15% of
brain zinc is contained in presynaptic terminals of glutamatergic neurons,
where it occurs at millimolar levels. Strong activation of Zn**-containing
presynaptic terminals may result in transient local Zn** concentrations of up
to 300uM (Weiss et al, 2000). Zinc is an essential cofactor for many neuronal
enzymes such as Cu-Zn SOD, and has the potential to alter the behaviour of
multiple membrane channels and receptors. Synaptic Zn* release from
hippocampal mossy fibres is thought to be important for the tonic inhibition
of NMDA receptors on CA3 pyramidal neurons (Vogt, 2000), and may foster
LTP induction in CA1 neurons by preventing “untimely” NMDA receptor
activation (Chot and Koh, 1998).

1.3.5.1 Involvement of trace metals in acute brain injury

Zinc is relatively non-toxic compared to other transition metals since it lacks
redox activity. Excessive human zinc consumption (12 grams over 2 days)
was reported to produce only reversible lethargy (Choi and Koh, 1998).
However, Zn"" is potently toxic to neurons in culture (Kim et al, 1999;
Sheline ez al, 2000). The translocation of Zn®* from pre- to postsynaptic
neurons contributes to the selective nerve injury seen in traumatic brain
injury, epilepsy and cerebral ischaemia (Frederickson, 1989; Koh, 1996; Suh,
2000). In each of these conditions, there was a strong correlation between
those neurons which accumulated Zn™" and those that were lethally damaged.
Furthermore, the intraventricular injection of the metal chelator EDTA
reduced both the postsynaptic Zn"" accumulation, and subsequent neuronal
death (Suh, 2000). However, it is likely that Zn*" has a contributory rather
than causative role in brain damage, since epileptic neuronal injury can occur

in the absence of vesicular Zn*" (Cole, 2000).
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Zn™" is co-released with glutamate at excitatory synapses, and is thought to
gain entry to postsynaptic neurons predominantly through Ca*" permeable
AMPA/kainate receptors (Ca-A/K channels), with some residual entry
through NMDA receptors and VDCCs (Carriedo ef al, 1998; Sensi et al,
1999). In agreement with this, the hilar interneurons that are selectively
damaged in ischaemia and epilepsy express high numbers of Ca-A/K
channels (Weiss and Sensi, 2000). Furthermore, the toxicity of 7Zn*" to
cortical cultures was exacerbated by the inclusion of AMPA or KA (Kim et
al, 1999), and zinc has been shown to potentiate the toxicity of AMPA and
kainate in cultured cortical neurons (Yin and Weiss, 1995). In contrast, metal
chelators could not reduce the neuronal loss caused by the intra-amygdaloid

injection of kainate in an in vivo situation (Lees et al, 1998).

Intracellular Zn®" is thought to promote cell death through a number of
mechanisms, including metabolic inhibition and the generation of ROS. The
exposure of cortical cultures to Zn*" caused lipid peroxidation and neuronal
necrosis, which could be attenuated by the antioxidant Trolox (Kim et al,
1999). Zinc may generally reduce neuronal antioxidant capacity by
interfering with reduced sulfhydryl groups and by inhibiting enzymes such as
glutathione reductase and peroxidase. Microfluorimetric studies have shown
that the exposure of cortical cultures to Zn®" causes a steep increase in the
intracellular concentration of Zn>*, concurrent with prolonged mitochondrial
depolarisation and ROS generation of mitochondrial origin (Sensi et al,
1999), probably resulting from Zn*" uptake into mitochondria. Prolonged
exposure of cultured neurons to lower concentrations of Zn** (up to S0uM) is
thought to activate apoptotic mechanisms, causing DNA fragmentation and
other morphological features specific to apoptosis (Kim et al, 1999).
Oxidative stress likely also contributes to these more slowly evolving forms
of Zn* -neurotoxicity. The Zn** -induced depletion of NAD+ and inhibition
of glycolysis may also be a critical factor in neuronal injury (Sheline et al,

2000).



1.3.5.2 Involvement of trace metals in neurodegenerative diseases

In the brain, the presence of small quantities of copper and iron are required
in addition to Zn®" for the proper functioning of enzymes. The disruption of
copper metabolism has been implicated in prion diseases, ALS and AD.
Uncomplexed iron ions are thought to exert neurotoxicity in PD and AD.
ALS is characterized by the selective degeneration of spinal motor neurons,
whereas in AD, hippocampal pyramidal neurons are among those neuronal
groups adversely affected (Armstrong et al, 2001). These neuronal
populations are thought to express Ca-A/K channels, providing a route for
rapid and direct Zn*" entry. Similarly to ischaemia, the downregulation of
GIuR2 in AD could contribute to the progressive neuronal loss by increasing
Ca-A/K channels and facilitating Zn>" entry. Repeated exposures to Zn**
could contribute to the oxidative damage and mitochondrial dysfunction seen
in AD and ALS. Zn*" could also promote the aggregation of amyloid deposits
in AD (Weiss and Sensi, 2000). The interaction of amyloid protein with
copper has been shown to increase oxidative damage and cell death in a
neuronal culture model of AD (White et al, 1999). The intrahippocampal
injection of cupric sulphate, ferric citrate or zinc chloride caused extensive
neurological deficits and eventual neuronal loss in rats, which could be fully

prevented by the co-administration of EDTA (Armstrong et al, 2001).



Chapter 2

MATERIALS AND METHODS



2.1. Chemicals and reagents

All buffer components were purchased from Sigma (UK) and were used as
recommended by the manufacturers. Enzymes for neuronal dissociation and
enzyme inhibitors were also purchased from Sigma (UK). Media and
supplements for cell culture were supplied by Life Technologies (UK) and
cell culture plastics obtained from Helena Biosciences (UK). Dyes used for
fluorescent imaging were purchased from Molecular Probes (Europe, BV).
All drugs used were analytical grade or better, and were supplied by the
following companies: FCCP, glutamate, kainate, NMDA, 4-AP, CdCl,,
xanthine, xanthine oxidase, EDTA and L-NAME from Sigma (UK), BHQ
from Calbiochem (UK), thapsigargin from Alomone (Israel) and ACPD,
AMPA, quisqualate, CNQX, D-APS and dantrolene from Tocris (UK).

2.2.  Preparation of acutely dissociated hippocampal neurons

Dissociated neurons were prepared from hippocampal slices from both
neonatal mice aged 5-8 days and adult mice aged 18-21 days using a method

adapted from Chad et al (1991).
2.2.1. Dissociated hippocampal neurons from neonatal (5-8 day) mice

The hippocampi of neonatal mice were dissected out into chilled PIPES
buffer (composition: NaCl 120mM; KC1 5SmM; MgCl, ImM; PIPES 20 mM;
sucrose SmM; glucose 25mM and pH 7.4 with NaOH). 300um slices were
then prepared on a Mcllwain tissue chopper and incubated at 30°C with
approximately 0.25 mg/ml pronase E (Sigma type XIV) and 0.25 mg/ml
thermolysin (Sigma type X) for 60 minutes in continuously oxygenated
PIPES buffer. The hippocampal slices were then rinsed in PIPES buffer
supplemented with 1mM CaCl; and triturated by passing the slices through a
series of flame polished pasteur pipette tips of decreasing diameter. This
process yielded a mixture of isolated neurons and neuronal clumps in

solution.
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2.2.2. Dissociated hippocampal neurons from adult (18-21 day) mice

Mice were decapitated and the brain rapidly removed to iced oxygenated
(95% O3, 5% CO,) ACSF (NaCl 118mM; NaHCOs 26 mM; KCI 3mM;
KH,PO, 1.25mM; MgSO, 1mM; CaCl; 2.5mM and glucose 10mM).
Hippocampi were then removed using blunt dissection techniques and 400um
slices prepared as above. The hippocampal slices were maintained for at least
60 minutes at room temperature in an interface chamber then incubated with
proteases in continuously oxygenated PIPES buffer as above for

approximately 90 minutes, then rinsed and triturated.

2.3 Culture of dissociated mouse hippocampal cells

Dissociated mouse hippocampal cells were maintained in culture using a
method modified from Mynlieff et al (1997). Care was taken to maintain
sterile technique whenever possible. All solutions were autoclaved and only
opened in a sterile laminar flow hood. All instruments and glassware were

sterilised with ethanol.
2.3.1. Poly-L-Lysine coated cover slips

Poly-L-Lysine solution (1 mg/ml of 38 500 to 60 000 molecular weight poly-
L-lysine in 0.15 M boric acid, pH 8.4 with NaOH) was pipetted onto 25 mm
diameter circular cover slips and allowed to stand overnight in the laminar
flow hood. Each cover slip was rinsed twice with sterile distilled water, then
covered with sterile HEPES buffer (146 mM NaCl, 5 mM KCl, 2mM CaCl,,
1 mM MgCl,, 10 mM HEPES, pH 7.4) for 30 min. The cover slips were
again rinsed in sterile distilled water and allowed to dry before being placed

in 6-well plates.



2.3.2 Dissociation of neurons

5-7 day old mice were sacrificed by decapitation and the hippocampi
dissected into chilled growth medium (Neurobasal medium with B27
supplement, 0.5 mM L-glutamine, 0.02mg/ml gentamicin, Gibco BRL, Life
Technologies, UK). Hippocampi were placed on Melinex film and sliced at a
thickness of 400pm. Slices were then transferred to 0.5mg/ml trypsin XI
(Sigma) in continuously oxygenated PIPES buffer (120 mM NaCl, 5 mM
KCl, 1 mM CaCly, 1 mM MgCl,, 25mM glucose, 20 mM PIPES, pH 7.0) for
30 min at room temperature, followed by incubation for 60 min at 35°C. The
tissue was rinsed in HEPES buffer with glucose (11 mM) containing Img/ml
BSA and 1mg/ml trypsin inhibitor type II-O (Sigma, UK) and rinsed again in
1 ml of growth media. Slices were triturated in fresh media using flame
polished Pasteur pipettes of decreasing diameter, and 0.5 ml plated onto each
poly-L-lysine coated cover slip. Each hippocampus was triturated in
approximately 1 ml of growth medium. After 5 minutes, allowing time for
the neurons to adhere to the cover slips, 1.5-ml growth media was added to
each well to bring the volume up to 2 ml per well. Neurons were then

maintained at 37°C in a 5% CO; incubator for up to 20 days.

2.4  Neuronal loading with fluorescent probes

2.4.1. Acutely dissociated neurons

Neurons were incubated with SuM TMRE in PIPES buffer (for composition
see section 2.2.1.) for 10 min at room temperature with minimal light
exposure, then rinsed in fresh PIPES buffer. For calcium imaging, neurons
were incubated with 10uM Fluo-3 AM (Molecular Probes) for 30 minutes at
room temperature also with minimal light exposure. Neurons were then
rinsed and plated out onto poly-L-lysine (0.01%) coated modified coverslips

for imaging.
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2.4.2 Cultured dissociated neurons

TMRE loading

Neurons were incubated in SuM TMRE in Neurobasal medium for 5-10 min
at 37°C. Neurons on cover slips were then removed from this TMRE
solution, mounted in a Peltier chamber for imaging, and covered with fresh
PIPES buffer (see section 2.3.2. for composition).

Fluo-3 AM/ Fluo-5N AM loading

Neurons were incubated with 10 uM Fluo-3 AM/ Fluo-5N AM in PIPES
buffer for a minimum of 120 minutes at 37°C. Neurons were then removed
from this dye solution, fixed in a Peltier chamber for imaging, and covered
with fresh PIPES buffer at room temperature.

Dihydroethidium (Het) loading

Neurons were incubated with 10uM dihydroethidium in PIPES buffer for 30
minutes at 37°C. Neurons were then removed from this dye solution, fixed in
a Peltier chamber for imaging, and covered with fresh PIPES buffer at room
temperature.

MitoTracker Green loading

Neurons were incubated in 5nM Mitotracker Green FM in PIPES buffer for

10 minutes at 37°C, then rinsed and imaged.

2.5. Confocal Imaging techniques

Cellular fluorescence was imaged using a confocal laser scanning microscope
(Biorad MRC 600) with a krypton-argon laser coupled to an inverted
microscope (Nikon) fitted with a x40 objective. The optical configuration of
the CLSM used the dual excitation (488 and 568 nm) lines of a krypton-
argon laser to excite Fluo-3, Fluo-5N, dihydroethidium, TMRE and
MitoTracker Green near to peak efficiency. Photomultiplier tubes detected
fluorescence emissions at <560 nm (Fluo-3, Fluo-5N, and MitoTracker
Green) or >560 nm (TMRE and Het). Laser exposure was limited to 235 scans

per sample to avoid photo-oxidation of the dye. For drug application, 100ul



of drug at X10 concentration was applied by pipette directly to the imaging
chamber (volume 1 ml) to give the correct final concentration of drug. Drugs
were applied at room temperature. Images were collected at fixed intervals
and stored on computer hard drive for subsequent analysis. Properties of the

fluorescent probes used in this study are summarised in Table 2.1 (below).

Fluorescent | Abs | Em Structure Spectra
Probe (nm) | (nm)

Fluo-3 AM | 506|526 |« o s I
N A 5 f.j, \

i) [~ 2l AN 3

o “Poemono N o < 7N g

(REcn,) N R Ry, E;_\_//; , /«‘ ! ‘\\\j g

350 408 450 50 350 600 830
Waveengtn inc1)

Fluo-5N AM | 494 | 516

I AN
. AR A N
Dihydro- 518 | 605 AV AN
ethidium 1RV R
( H et) RN ':11 \\ é
- 400 253 s /:o :oo 555 700 750
[
Tetra- 549 | 574 SRR ,\r:.‘c..\_: : i ‘E
methyl- *V‘@v/ \ ';
. M T \ 2
rhodamine i I
ethyl ester L .
400 450 A 356 606 630 FO0
Wavglength inm;
Mito- 490 516 g
Tracker ‘ i
Green AM Y immenme= T
e S \
@ P I W
Table 2.1 Summary of the properties of fluorescent probes used in this study. Data

from Haugland, 1999.
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2.6 Immunocytochemistry techniques
2.6.1 Fixation of neurons

Cultured dissociated hippocampal neurons were fixed in 4%
paraformaldehyde (PFA) for 24 hours. PFA was prepared by adding 10mls
phosphate buffered saline (PBS) (5.17g KH,POs4 and 58g Na,HPO,4.12H,0 in
1000 ml distilled water) to 4g PFA and heating the mixture to 70°C. 5M
NaOH was added drop by drop until the solution became clear, then a further
90 mls PBS were added and the solution adjusted to pH 7.2-7.4. Following
this fixation period, neurons were rinsed in 0.05M Tris buffered saline (TBS)
(8.75g NaCl and 6.05g Tris in 1000 ml distilled water, pH 7.4) and

maintained in TBS for up to 2 weeks.
2.6.2 Staining with MOM monoclonal NeuN antibody (Vector Labs Inc)

Neurons were exposed to 10% H;0; in TBS with 25% EtOH for 10 minutes
to abolish endogenous peroxidase activity. Neurons were rinsed in TBS and
permeabilised by exposure to 0.3% Triton-X for 10 minutes, then rinsed
again. Neurons were incubated with blocking antibody for 1 hour, rinsed
twice in TBS, and incubated with MOM protein concentrate (diluent) for 10
minutes in order to prevent non-specific antibody binding. Cells were then
incubated with the primary NeuN antibody (anti-mouse IgG) diluted to
1:1000 1n diluent for 45 minutes, and rinsed twice in TBS. A second
incubation was then carried out with the secondary antibody (biotinylated
anti-mouse IgG reagent) diluted to 4:1000, for 20 minutes. Following 2
rinses in TBS, cells were incubated for 10 minutes with an avidin-biotin
complex in TBS, rinsed again, and stained with DAB (3,3’-
diaminobenzidine) until brown cell colouration was evident, rinsed, and kept

in TBS.
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2.7 Validation of TMRE as a potentiometric probe to measure

changes in mitochondrial membrane potential

Mitochondrial membrane potential can be measured at the single cell level by
using lipophilic cationic probes such as TMRE, TMRM and rhodamine 123
(R123) in conjunction with microscopy. These probes accumulate in the
mitochondrial matrix because of their charge and solubility in both the inner
mitochondrial membrane and matrix space. Each probe contains a positively
charged quaternary nitrogen and an extensive n—orbital system that
delocalises the positive charge, thereby greatly increasing the membrane
permeability of the probe (Nicholls and Ward, 2000). Upon mitochondrial
sequestration, these probes undergo quenching of their fluorescence if loaded
at a sufficiently high concentration. Subsequent changes in whole cell
fluorescence are indicative of changes in mitochondrial AW (Bernardi et al,
1999). For example, mitochondrial depolarisation results in the redistribution
of probe from the mitochondrial matrix to the cytoplasm (dequenching) with

a concurrent change in cellular fluorescence.

In the literature, the loading concentration of potentiometric probes ranges
from 0.1uM TMRE (Schinder et al, 1996) to 2-200nM TMRE (Kiedrowski,
1998) to 1uM R123 (Castilho et al, 1998, Vergun et al, 2001) depending
whether the probe is intended to be quenched in mitochondria or not. The
interpretation of cellular changes in the fluorescence of these probes is
therefore related to the loading concentration of probe. If the loading
concentration of the probe is high enough to cause mitochondrial quenching
of the probe, then an increase in the cellular fluorescence of the probe is
indicative of a decrease in A¥,, (mitochondrial depolarisation) (Khodorov et
al, 1996; Brorson et al, 1999; Almeida et al, 1999; Vergun , 2001). However,
other groups minimize the quenching of the dye in mitochondria by using a
low loading concentration of probe, in which case the collapse of AW, is
manifested as a decrease in fluorescence intensity (Schinder et al, 1996;

Bernardi et al, 1999; Kiedrowski, 1998; Tenneti ez a/, 1998).
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Potentiometric probes are invaluable in the measurement of in situ
mitochondrial function, but there are several problems and potential sources
of artifacts associated with their use. Firstly, these potentiometric probes may
inhibit mitochondrial respiration, possibly through inhibition of the
mitochondrial FyF;-ATPase (Scaduto and Grotyohann, 1999). Secondly, the -
probes are able to bind to mitochondrial and other cellular membranes
independently of AW ,,.which could adversely affect the response of cell
fluorescence to AV, (Befnardi et al, 1999). Thirdly, phototoxic effects are
likely to be caused by fluorescent molecules particularly upon radiation by
confocal laser beams, through the production of oxyradicals (Bernardi et al,
1999). Thus, the fluorescent probes could themselves alter rather than simply
measure the changes of AW,,.. It would then be difficult to ascertain whether a
change in cellular fluorescence was caused by a decrease in AW, or rather on
the bleaching caused by oxyradicals. Indeed, upon photoirradiation, the
MitoTracker dyes are reported to cause mitochondrial depolarisation, through

induction of the PTP (Scorrano et al/, 1999; Minimikawa et al, 1999).

The distribution of fluorescent cationic probe across the inner mitochondrial
membrane is determined by the Nernst equation:

[C s = [C Teytoptasm X 10 (AWm/61.5)
where [CJr]mamx and [C+]Cymp1asm represent the concentrations of probe in the
relevant cellular compartments. However, given that the probe is freely
permeant across lipid bilayers, and must cross the neuronal plasma membrane
in order to load into the mitochondrial matrix, the accumulation of the probe
into the neuronal cytoplasm and into the mitochondrial matrix will each be
governed by the plasma membrane potential, A,

[Ceyoptasm = [CJout X 10 C¥2619)

[C et = [CJou x 10 [3¥m- 391 61.5)
(Nicholls and Ward, 2000). It follows that owing to the driving forces of AW,
and AW, probes are accumulated within the mitochondrial matrix at a
concentration four orders of magnitude greater than that of the extracellular
milieu (Bernardi et al, 1999). However, it also follows that any redistribution

of cationic probe in response to an experimental agent (e.g. NMDA) cannot
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be safely attributed to the depolarisation of A¥,, if that experimental agent

also depolarizes AW,

If potentiometric probes are considered to be present in one of 3
compartments (mitochondrial matrix, cytoplasm or extracellular space)
dependent on AW, and AWy, it is possible to predict cellular fluorescence
changes following the addition of agents that alter either A, or AWy, or both.
Following the addition of any agent that depolarises both A¥, and A, the
probe that is quenched in mitochondria would be expected to redistribute to
the cytoplasm very rapidly due to the high membrane permeability of the
probe and the high surface-to-volume ratio of the inner membrane matrix, to
increase the cytoplasmic signal and cause an increase in overall cellular
fluorescence.. Consequent to the depolarisation of AW, the probe would then
be expected to slowly efflux across the plasma membrane, causing further
depletion of the matrix pool and causing the slow fade of cellular
fluorescence (Nicholls and Ward, 2000). The re-equilibration of probe across
the plasma membrane is dependent on the size of the cell being studied. For
example, cerebellar granule cells (CGCs) are relatively small cells, so have a
large surface area to volume ratio. The repartitioning of TMRM from the
cytoplasm of CGCs to the extracellular milieu following the addition of
glutamate is particularly rapid. In terms of neuronal fluorescence changes,
this is observed as a small initial fluorescence increase upon mitochondrial
depolarisation, followed by a pronounced decrease as probe is quickly lost to

the extracellular space after dequenching (Nicholls and Ward, 2000).

In choosing a loading concentration of TMRE for our experiments, we were
mindful that TMRE carries a positive charge, so an excessively high loading
concentration could theoretically cause mitochondrial depolarisation ahead of
any neurotoxic experimental intervention (Nicholls, personal
communication).To find an experimentally workable loading concentration
of TMRE for our experiments, cultured hippocampal neurons were loaded

with increasing concentrations of TMRE, and the mitochondria
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experimentally depolarised with 1uM FCCP. The resulting fluorescence

changes are shown in Figures 2.1 and 2.2.

FIF, TMRE

—— 50M  TMRE
»»»»»»» 50nM  TMRE
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— - 5uM TMRE
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Figure 2.1
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Change in neuronal fluorescence elicited by the addition of 1uM FCCP to

cultured hippocampal neurons loaded with different concentrations of TMRE. It is evident
that the neuronal fluorescence change following FCCP induced mitochondrial depolarisation
is highly dependent upon the concentration of TMRE used to load the cells.

Neurons at each loading concentration changed their pattern of TMRE

fluorescence upon the addition of FCCP, from punctate staining to diffuse

fluorescence, reflecting the release of TMRE from mitochondria (see Fig.

2.2). However, this dye redistribution only caused increased overall neuronal

fluorescence at loading concentrations of 500nM or greater. This suggests

that mitochondrial quenching of TMRE only occurred at loading

concentrations of 500nM or greater. All subsequent TMRE experiments were

therefore carried out at a loading concentration of SuM TMRE, to ensure the

greatest possible fluorescence change upon mitochondrial depolarization and



dequenching of dye. During confocal imaging, laser exposure was limited to

25 scans per neuronal sample to minimise photodamage.

2.8  Image analysis and statistical analysis

Images were analysed using NIH Image, an image analysis program written
by NIH researchers and modified for PCs by Scion Ltd. A customised macro
allowed Biorad files to be imported and manipulated. Regions of interest
(ROI) within image frames were identified, and the total pixel value of a
particular ROI was calculated for a stack of images, allowing fluorescence
changes in specific neurons to be followed over time. Pixel values ranged
from 0 (black) to 255 (white) on a grey scale. Pixel data was exported from
Scion Image directly into the graphical package Sigma Plot, where

timecourses of fluorescence changes could be plotted.

All colour images represent raw fluorescence data and have not been ratioed.

Data are given as means = SEM. For statistical comparison, the student’s ¢-
test was used. P values smaller than 0.05 were considered to be statistically

significant.

94



CONTROL + 1uM FCCP

S5nM TMRE

50nM TMRE

500nM TMRE

5uM TMRE

Figure 2.2 Confocal images showing fluorescence in cultured hippocampal neurons
loaded with 5nM, 50nM, 500nM and 5uM TMRE, before (LHS) and following (RHS) the
zagition of 1uM FCCP.
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CHAPTER 3 NEUROTOXICITY OF EAAS IN

HIPPOCAMPAL NEURONS

3.1 Introduction

The neurotoxicity of glutamate and related endogenous excitatory amino
acids (EAAs) is thought to play an important role in the pathogenesis of
hypoxic/ischemic and traumatic brain injury. The onset of hypoxia is
followed by a run-down in neuronal ATP levels and neuronal depolarization.
This causes the release of glutamate from presynaptic terminals, whilst
cellular EAA uptake mechanisms are inactivated by energy depletion (Choi,
1988). This combination of synaptic release and impaired uptake leads to a
massive build up of glutamate in the extracellular space. The primary lesions
of traumatic brain injury (TBI) are, by definition, physical, but an increase in
glutamate release has been observed in experimental TBI (Faden et a/, 1989).
The mechanisms by which exposure to glutamate and other EAAs can
produce neuronal cell injury are not fully understood, but extracellular Ca®*
and Na" have been implicated by numerous studies. More than 20 years ago,
it was postulated that the toxicity of glutamate was a direct consequence of its
interaction with the receptors that mediated its excitatory effect on neurons,
and this phenomenon was christened “excitotoxicity” (Olney, 1978). In
excitotoxicity, elevated levels of extracellular glutamate cause persistent
depolarisation of the neuron and trigger a cascade of events leading to
neuronal death. Ischemic damage can be modelled in vitro by the addition of
toxic doses of glutamate or other EAAs to cultured neurons. Cultured
hippocampal neurons showed irreversible toxic swelling upon 30 minute
exposure to EAAs, which was blocked by the replacement of extracellular
sodium with an impermeant cation (Rothman, 1985). Similarly, the removal
of Ca™™ from the extracellular milieu prevented the neurotoxicity of glutamate
(Choi, 1985). The excitotoxic cascade is now known to include events
depending on sodium influx and events depending on Ca*” influx. Elevated

levels of glutamate cause prolonged neuronal depolarisation primarily by
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activation of AMPA receptors and subsequently by the activation of voltage-
dependent sodium channels. The entry of Na” ions is followed by a passive
entry of Cl” to maintain ionic equilibrium, then by entry of water following
the osmotic gradient. Sustained osmotic swelling can lead ultimately to
neuronal lysis. It is therefore probable that sodium 1s responsible for early
necrotic events in excitotoxicity (Doble, 1999). Ca** entry into neurons is
thought to be vital for delayed neurodegeneration. Glutamate could produce a
toxic Ca®" influx into neurons by four routes: first, through the Ca®" -
permeable NMDA receptor; second, through voltage-dependent Ca*
channels, activated by the glutamate-induced membrane depolarization; third,
via the membrane Na'/Ca®* exchanger which may operate in reverse when
cytosolic Na* levels are elevated; and finally, via non-specific membrane leak
associated with osmotic swelling (Choi, 1988). Unregulated Ca*" entry can
trigger a number of highly damaging intracellular cascades (section 1.2.1).
Further studies of excitotoxicity using cell culture models have implicated the
NMDA receptor as a critical component of excitotoxic damage. In most cell
culture models, antagonists of the NMDA receptor can block the excitotoxic
effects of glutamate (Olney, 1987). However, it is unlikely that all the
damage inflicted by glutamate is mediated by the NMDA receptor, since
protection against glutamate neurotoxicity by AMPA/kainate receptor
antagonists has been described in a number of systems (Prehn et al, 1995).

It is highly unlikely that the same mechanism of neurotoxicity operates in all
instances of excitotoxic and/or traumatic brain injury, especially given the
complex structure of the brain and the variety of circumstances under which
gpisodes of brain injury may occur. This is further complicated by the
number of different tissue systems and conditions used to model brain injury.
However, the mechanisms of neuronal death following TBI have several key
features in common with the mechanisms known to occur in excitotoxic
neuronal injury. For example, TBI is followed by neuronal Ca*" elevations,
which could occur due to the neuronal membrane becoming leaky or by ion
channels becoming activated when exposed to physical shear stress
(MclIntosh ez al, 1998). Furthermore, elevations in extracellular glutamate

have been observed after TBI (Palmer, 1994). Therefore, similar neuronal
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mechanisms could be in operation in both excitotoxic and traumatic brain

injury.

In this study, mechanisms of excitotoxicity were investigated in acutely
dissociated hippocampal neurons, and in cultured hippocampal neurons.
Acutely dissociated hippocampal neurons provide a good model of neuronal
trauma, given the considerable enzymatic and mechanical stress imposed by
the dissociation procedure. lonic and pharmacological manipulations during
the isolation process can give an insight into possible routes of neuronal
damage. Specifically, we sought to investigate whether the following factors

would increase the yield of dissociated hippocampal neurons:

e reduction in neuronal excitability, by use of a reduced Na* buffer
e non-selective blockade of VDCCs with Cd**

e sclective blockade of L-type Ca™* channels with nimodipine

® non-competitive antagonism of NMDA receptors with MK801

term effects of glutamate receptor agonists on healthy, viable cells. We
sought to distinguish which of the glutamate receptor subtypes are primarily
involved in mediating neurotoxicity by exposing cultured hippocampal
neurons to different glutamate receptor agonists (NMDA, kainate, AMPA
and ACPD). We also examined the effect of mitochondrial disruption on
neuronal viability, by exposing cultured neurons to different doses of the
mitochondrial uncoupler FCCP. In addition, neurons were exposed to NMDA
for increasing time periods to examine the time profile of NMDA toxicity.
Finally, we investigated the putative neuroprotection afforded by MK801

against NMDA toxicity in cultured hippocampal neurons.
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3.2 Methods

Acutely dissociated hippocampal neurons

Neurons were acutely isolated from the hippocampi of adult (18-21 day) MF1
mice as previously described (section 2.2). A 1m] aliquot of dissociated
neurons in suspension was placed in a perspex chamber on the stage of an
inverted Nikon microscope fitted with a x10 objective. The number of viable
neurons (phase bright neurons with well-defined, rounded somata and
dendrites) in a defined field of view was counted, and the average of 5
randomly-selected fields of view taken per chamber. Each experimental

treatment was repeated in at least 5 separate animals.

Cultured hippocampal neurons

Cultured hippocampal neurons were prepared as previously described
(section 2.3). All experiments were conducted at room temperature. Cultured
cells were positively identified as neurons by staining with NeuN antibody,
which is reactive against neuronal nuclear protein (section 2.6). In the
neurotoxicity experiments, neurons were exposed to EAAs for controlled
time periods, then allowed a 24-hour recovery time in fresh culture medium.
Neuronal viability was assessed by counting the number of viable neurons
(defined as being phase bright with dendrites) in a defined field of view at
x40 magnification, using an inverted Nikon microscope. The average of 5
randomly selected fields of view was taken for each coverslip of neurons. .
Each treatment was repeated in at least 3 separate cultures. Each treatment
group was compared to age-matched controls (untreated) in which cell counts
were taken as 100%. In the neuroprotection experiments, neurons were
exposed to the protective agent for at least 30 minutes prior to insult, then left
for a 24-hour recovery period post-insult in fresh culture medium
supplemented with the protective agent. Each treatment was repeated in at
least 3 separate cultures. In the imaging experiments, neurons were loaded

with 10uM Fluo-3 AM then imaged using CLSM, as previously described
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(sections 2.3.2 and 2.5). For drug application in the imaging experiments,
100u] of drug at x10 concentration was applied by pipette directly to the
imaging chamber (volume 1 ml) to give the correct final concentration of

drug.
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3.3 Results

3.3.1 Effect of altered ionic and pharmacological conditions on yield of

acutely dissociated hippocampal neurons

To examine potential routes of neuronal damage during the dissociation of
hippocampal neurons, the composition of ACSF used in the isolation process
was altered, and the effect on cell yield examined. ACSF was modified in
four different ways, firstly, with NaCl substitued by equimolar sucrose;
secondly with 100uM Cd*", a non-selective blocker of VDCCs; thirdly with
100puM nimodipine, a selective antagonist of L-type Ca®" channels; and
finally with 100uM MKS801, a potent non-competitive antagonist at NMDA
receptors. Figure 3.1 shows that the yield of hippocampal neurons was very
highly significantly increased by each experimental manipulation, compared
to control yields in experiments using standard ACSF. Figures 3.2 shows the
typical appearance of acutely dissociated hippocampal neurons, including

both viable and non-viable neurons.
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Figure 3.1 Yield of hippocampal neurons with altered ACSF composition. Cell yield was
very significantly increased by the removal of NaCl, and by the addition of 100pM Cd*",
100uM nimodipine or 100uM MKS801, compared to control yields with standard ACSF. All
experiments were repeated at least 5 times in a minimum of 3 separate animals.
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Figure 3.2 Acutely dissociated hippocampal neurons from adult (18-21 day) MF1
mice. Included in the field of view are neurons with well-defined somata and dendrites that
were counted as viable (indicated by white asterisks). Neurons that were rounded or had no
visible dendrites were not counted as viable.
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3.3.2  NeuN staining in cultured hippocampal neurons

Cultured hippocampal cells were validated for experimental use by staining
with NeuN antibody, which is reactive against neuronal nuclear protein. Fig.
3.3 shows the paftern of NeuN staining in cultured hippocampal cells. Many
of the cells that have characteristic neuronal morphology are also labelled
with NeuN (dark staining), confirming the identity of these cells as neurons.
The cultures are prepared from whole slices of hippocampus, so a mixed cell
population is inevitable. However, this staining procedure confirmed that the

types of cells monitored experimentally are indeed neurons, rather than glia

or other non-neuronal cell types.

Fig. 3.3 Light transmission image of NeuN antibody staining in cultured hippocampal
neurons (dark staining). Neurons (a), (b), (), and (d) are strongly labelled with NeuN. Cell
(e), however, is not stained whilst having typical neuronal morphology.

103



3.3.3 Viability of cultured hippocampal neurons following exposure to
EAAs and FCCP

Doses of EAAs were chosen to elicit an equivalent initial increase in
neuronal [Ca®*]; as monitored by Fluo-3 AM (initial increase being the peak
fluorescence increase within 20 seconds of drug addition, see Figure 4.49.
Equivalent initial increases in neuronal Fluo-3 fluorescence were not
significantly different when compared with the students t-test). To assess the
impact of EAAs on neuronal viability, the number of healthy neurons (phase
bright with dendrites) in a defined field of view was counted in both control
and treated cultures. The viability of neurons was confirmed by neuronal
loading with Fluo-3 AM (Figure 3.4), a process that requires the activity of
intracellular esterases. Figures 3.5 and 3.6 show striking morphological
differences between healthy, untreated cultured hippocampal neurons, and
neurons following 24 hour exposure to 500um NMDA. The viability of
cultured hippocampal neurons was very highly significantly reduced by 24-
hour exposure to 500uM NMDA, which killed over 80% of neurons (Figure
3.7). 100uM AMPA reduced neuronal viability by over 70%, and 10uM
FCCP reduced neuronal viability by over 90%. In contrast, 24 hour exposure
to 1uM FCCP reduced neuronal viability by only 35%. 10uM kainate and
100uM ACPD were found to be less neurotoxic, reducing neuronal viability

by 14% and 7% respectively (Figure 3.7).

Figure 3.4 Confocal image of pyramidal neuron loaded with Fluo-3 AM, following 24
hour exposure to 500pM NMDA.
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Figure 3.5 Gallery of light transmission images showing untreated cultured hippocampal
neurons. Note the well rounded, phase-bright appearance of the neurons, with smooth
somata and extensive processes. Magnification: x20.
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Figure 3.6 Light transmission images showing cultured hippocampal neurons, following
24 hour treatment with 500pM NMDA. Note the extensive cellular debris and markedly
reduced cell number. Remaining neurons are granular, shrunken and ragged in
appearance. Magnification x20.
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Figure 3.7 Percentage viability of cultured hippocampal neurons in control cultures

and in cultures treated for 24 hours with EAAs or FCCP, after a 24-hour recovery period.
Each bar represents the average of at least 3 culture plates from each treatment group. Each
treatment group was compared to age-matched controls (untreated) in which cell counts were
taken as 100%.

3.3.4 Timecourse of NMDA toxicity

Hippocampal neurons were exposed to 500uM NMDA for 15 minutes, 1
hour or 24 hours, and neuronal viability determined for each length of insult.
Neuronal viability was very similar regardless of the length of NMDA
exposure (Figure 3.8, overleaf). Preincubation of neurons with 100uM
MKS801, a potent antagonist of the NMDA receptor, reduced neuronal death
very highly significantly, by 35% following a 15-minute NMDA insult
(Figure 3.9). The neuroprotective action of MK801 would indicate that a
significant proportion of the toxicity of NMDA is exerted through the
activation of NMDA receptors.
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average of at least 3 culture plates from each treatment group.
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Figure 3.9 Percentage viability of hippocampal neurons in untreated cultures, cultures

treated with 500uM NMDA for 15 minutes, and in cultures pretreated with 100pM MK801
and then exposed to NMDA for 15 minutes. Each bar represents the average of at least 3
culture plates from each treatment group.
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3.4 Discussion

3.4.1 Effect of altered ionic and pharmacological conditions on yield of

acutely dissociated hippocampal neurons

In the first part of the study, we investigated how manipulating the
composition of ACSF used in the dissociation procedure may increase the
yield of acutely dissociated hippocampal neurons. This gave insights into
probable routes of neuronal damage following neuronal trauma. Neurons that
are ruptured during the dissociation process are likely to release glutamate
into the extracellular milieu, causing the activation of glutamate receptors on
the remaining viable neurons. Voltage dependent Ca”"- and Na* channels
may also become activated following neuronal depolarisation by glutamate or
ATP depletion. The omission of NaCl from ACSF significantly increased cell
yield, probably by reducing cell death through osmotic swelling. The
excessive entry of sodium and chloride into neurons draws water across the
plasma membrane, leading eventually to cell lysis. The damaging effect of
sodium in excitotoxicity was demonstrated in a recent study where the use of
low sodium buffer greatly reduced the dendritic damage caused by NMDA
exposure in cortical cultures (Hasbani et a/, 1998). The addition of 100uM
Cd**, a non-specific antagonist of VDCCs, and 100pM nimodipine, an
antagonist of L-type Ca®" channels, increased neuronal yield very highly
significantly (Figure 3.1). Following neuronal trauma, Ca*" entry through
VDCCs may therefore be an important cause of neuronal death. Nimodipine
has also been shown to be neuroprotective in a number of models of cerebral
ischaemia, both in vivo (Bogaert ef al, 2001; Korenkov et al, 2000) and in
vitro (Greiner et al, 2000). In models of traumatic brain injury, calpain
antagonists were reported to be protective against post-traumatic cognitive
and motor deficits (Saatman et al, 1996), but there is little evidence for
protection by Ca”* channel blockers (McIntosh ez al, 1998).

The addition of 100uM MKS801 caused the largest increase in cell yield,
suggesting that NMDA receptor activation may be particularly damaging in

processes of neurotoxicity. It has been observed that the quantity of 4sCa®”
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taken up through NMDA receptors strongly correlates with the extent of
acute cell death in cultured cerebellar granule cells exposed to NMDA
(Eimerl and Schramm, 1994). There is long-standing interest in the use of
MKS8O01 as a neuroprotective agent. In a model of traumatic brain injury,
MKS801 significantly attenuated neurological deficits after injury, when
administered post-injury and when administered prophylactically (McIntosh
et al, 1998). MK801 has been observed to significantly reduce neuronal
damage in the organotypic hippocampal slice model of cerebral ischaemia
(Newell et al, 1995; Pringle et al, 1997). However, its use in clinical trials as
a possible therapy for stroke patients was discontinued because of
unacceptable side effects (De Keyser et al, 1999). It is likely therefore that
MK801 was neuroprotective in our model due to its ability to protect against
both excitotoxic and mechanically inflicted damage, possibly by blocking

Ca’" influx through the pathologically activated NMDA receptor.

The use of acutely dissociated hippocampal neurons can therefore give some
insight into the processes occurring in excitotoxicity and traumatic injury, but
the method is rather indirect because so many variables are involved
(mechanical trauma, enzymatic damage, glutamate toxicity etc.) We therefore
took a more direct approach by adding EA As to healthy, viable hippocampal

neurons in culture.

3.4.2 Viability of cultured hippocampal neurons following exposure to
FAAs
The viability of cultured hippocampal neurons was measured, following 24-
hour treatment with a range of different glutamate receptor agonists. The
doses of glutamate receptor agonist used were identical to those used in
Chapter 4. Doses of glutamate receptor agonist were chosen to elicit a similar
initial increase in neuronal [Caz+]i as monitored by Fluo-3 AM (initial
increase being the peak fluorescence increase within 20 seconds of drug
addition, see Figure 4.49). Despite causing “equivalent” initial increases in
neuronal [Cay]i (initial increases in neuronal Fluo-3 fluorescence caused by

each drug were not significantly different when compared with the students t-
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test) each EAA had a profoundly different effect on neuronal survival, with
the order of neurotoxicity being NMDA>AMPA>KA>ACPD (Figure 3.7).
This suggests that the initial neuronal elevation of [Ca®" ]; is not predictive of
neuronal death, and points to the activation of NMDA receptors being
particularly damaging to neurons. The toxicity of the glutamate receptor
agonists used in this study has been observed in a multitude of different
neuronal models (Brorson et al, 1994, lihara et al, 2001; Ambrosio et al,
2000; Frandsen et a/, 1989; Blaabjerg et al, 2001; Schoepp et a/, 1995). In
cultured cortical neurons, NMDA was found to be considerably more
neurotoxic than AMPA (Hyrc et al, 1997). 24-hour exposure to 1uM FCCP
reduced neuronal viability to 65%, meaning that the uncoupling of
mitochondrial oxidative phosphorylation was not particularly toxic to
cultured hippocampal neurons over a 24-hour period. Viability was reduced
to 7% with an increased dose of FCCP (10uM). A 1uM dose of FCCP caused
profound mitochondrial depolarisation as measured with TMRE (see Figs
4.33 and 4.44), but may not have necessarily depolarised the entire neuronal
population of mitochondria, such that toxicity was only evident at higher

doses of FCCP.

In order to investigate the temporal aspect of NMDA toxicity, neurons were
exposed to NMDA for increasing periods of time, and neuronal viability
examined after a 24-hour recovery period. The extent of neuronal death was
very similar with 15 minute, 1 hour or 24 hour exposure to NMDA (F 1 g. 3.8),
suggesting that neurotoxic processes were triggered within 15 minutes of
NMDA receptor activation. Pretreatment with MK801 was neuroprotective
against a 15 minute NMDA insult (Fig. 3.9), very highly significantly
increasing neuronal survival from 10.2% to 45.5% (p<0.001). These data
confirm that NMDA exerts much of its neurotoxic effect through the
activation of NMDA receptors. MK801 is neuroprotective in many
paradigms of excitotoxicity, including the exposure of chick retina to NMDA
(Olney et al, 1987) and the addition of glutamate to rat hippocampal neurons
(Michaels and Rothman, 1990).
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In summary, two major factors associated with neuronal death were

1dentified: |

1. Activation of VDCCs, suggesting that under certain circumstances,
neuronal Ca”" influx through voltage-gated Ca®>" channelsmay be
neurotoxic.

2. Activation of the NMDA receptor. We found that a 15-minute exposure
to NMDA was as toxic as a 24-hour exposure. It is therefore likely that
neurotoxic processes are triggered within the first 15 minutes of NMDA

receptor activation.

Experiments were then conducted to investigate intracellular events
downstream of glutamate receptor activation, including neuronal [Ca*'];
elevations and changes in mitochondrial function that could account for the

particular toxicity of NMDA receptor activation.
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CHAPTER4  INVOLVEMENT OF CHANGES IN [CA™" ],
AND AY,, IN EAA ToOXICITY IN
CULTURED HIPPOCAMPAL NEURONS

4.1 Introduction

Many neurodegenerative conditions have been linked with excessive
neuronal levels of Ca", thought to be the trigger for damaging processes such
as protease activation and the production of reactive oxygen species. The
exact relationship between Ca’" overload and neurotoxicity remains
controversial, and the specific mechanism of Ca®” toxicity is not fully
understood. There is convincing evidence that many forms of
neurodegeneration are Ca*"-dependent (Choi, 1987). Ca®* influx has been
associated with both early neuronal damage, which rapidly follows exposure
to EAAs (Randall and Thayer, 1992) and delayed neurotoxicity which occurs
many hours after the initial insult (Weiss et a/, 1990). It has been suggested
that toxicity is a direct function of the quantity of Ca”* that enters a cell
(Eimerl and Schramm, 1994; Lu ez al, 1996), following the observation that
the quantity of **Ca*" accumulated by cultured neurons following excitotoxic
exposure to EAAs can be directly correlated with subsequent neuronal death
(Hartley et al, 1993). A similar correlation has been made with the use of low
affinity Ca’* indicators, showing a strong relationship between the Ca** load
imposed by different EAAs and the extent of neuronal death 24 hours later
(Hyrc et al, 1997).

Contrary to this, several reports have failed to establish a clear link between
Ca’" load and the likelihood of neuronal death after potentially lethal insults
(Michaels and Rothman, 1990; Dubinsky and Rothman, 1991). Recent
reports have suggested that the main determinant of Ca* toxicity is not the
degree of neuronal Ca*” loading, but rather the route through which Ca®™ ions
galn access to the neuronal cytoplasm. Neuronal C a”” increases may be
elicited by different routes including the activation of plasma membrane
ligand- or voltage-dependent Ca®* channels, or by Ca’" release from
intracellular stores (see section 1.1). Tymianski er a/ (1993) conducted a

study to address the question of whether an equal rise in [Ca®"]; mediated

113



through different receptor pathways would cause equal neurotoxicity. To this
end, equivalent measureable Ca®" elevations were elicited in spinal neurons
by the addition of high-K, kainate, and glutamate. Significantly more
neurons died after glutamate treatment, a finding thought to reflect a
difference in the mechanism by which Ca®" triggers neurotoxicity, depending
on the route of entry. In a further study, the relationship between neuronal
[Ca®"}; elevation and total *Ca*" accumulation following different stimuli
was 1nvestigated (Sattler er al, 1998) This relationship was found to depend
on the route of Ca*" entry. In particular, NMDA produced a higher average
[Ca’"]; increase for a given total *Ca’” load as compared with high-K",
suggesting that Ca’” entering through different pathways is handled by
different subcellular compartments.

Calcium entry through the NMDA receptor is thought to be particularly
detrimental in processes of neurotoxicity, given the finding that NMDA
receptor blockade prevents glutamate toxicity, whilst allowing a Ca**
transient of similar amplitude to be elicited by glutamate in spinal neurons
(Tymianski et al, 1993). This toxicity is not due to the ability of NMDA
receptors to trigger greater initial [Ca*"}; increases than other pathways, but is
linked with some other attribute specifically associated with NMDA-
mediated Ca®" influx. This could include a physical colocalization of
damaging Ca’" -dependent phenomena with NMDA receptors. It has been
suggested that Ca”” influx through NMDA receptors has “privileged” access
to mitochondria (Peng and Greenamyre, 1998). The simultaneous
measurement of cytosolic and mitochondrial [Ca®"] in striatal neurons
challenged with various agonists showed a faster mitochondrial Ca*" uptake
in response to an increase in cytosolic Ca*” during NMDA receptor activation
than during non-NMDA receptor or voltage-dependent Ca’" channel
activation. This fast mitochondrial Ca®” uptake could explain the particular
toxicity of Ca®" entry through the NMDA receptor. Mitochondrial Ca*
uptake is known to play a prominent role in buffering the large Ca*" load
induced by intense glutamate receptor stimulation (Wang and Thayer, 1996;
Peng and Greenamyre, 1998). Mitochondrial Ca” overload may cause the
sustained mitochondnal depolarisation which follows intense NMDA

receptor stimulation and closely paraliels the incidence of neuronal death
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(Schinder et al, 1996). Toxic doses of glutamate and kainate have been
observed to kill cultured cerebellar granule cells by different mechanisms:
glutamate by irreversible mitochondrial depolarisation, and kainate by
excessive neuronal swelling leading to rupture of the plasma membrane
(Kiedrowski, 1998). It is clear, therefore, that different routes of Ca*
increase may have different toxic consequences for neurons. The temporal
profile of neuronal Ca™" increases is another important consideration in
processes of neurotoxicity. Neurons challenged with glutamate or NMDA
typically show an initial Ca’" spike followed by semi-recovery to an elevated
plateau, and an eventual delayed Ca®" deregulation, which invariably predicts
cell death (Alano et al, 2002; Keelan et al, 1999; Nicholls et al, 1999; Manev
et al, 1989; Randall and Thayer, 1992; Tymianski et al, 1993),

Given these findings, we sought to investigate changes in cytosolic Ca** and

mitochondrial A¥ evoked by different glutamate receptor agonists (not solely

glutamate or NMDA, which appear to be the focus of much of the literature)

in hippocampal neurons, using CLSM. Specifically, we wanted to examine:

1. Neuronal Ca** handling and mitochondrial energetics in dissociated
hippocampal neurons prior to being placed in culture

2. Time profiles of Ca® changes in cultured hippocampal neurons exposed
to agonists of different glutamate receptor subtypes

3. Dose-Ca®" response relationships of cultured hippocampal neurons
exposed to agonists of different glutamate receptor subtypes

4. Changes in mitochondrial A following neuronal exposure to different
glutamate receptor agonists

5. A possible correlation between increases in neuronal [Ca®"]; and changes
in neuronal mitochondrial AY

6. The mechanism of the kainate-induced increase in [Ca"];

7. Putative large, delayed neuronal Ca®” responses to glutamate receptor

agonists, measured with a low-affinity Ca”" indicator



4.2 Methods
Acutely dissociated hippocampal neurons

Neurons were acutely isolated from the hippocampi of adult (18-21 day) and
neonatal (5-8 day) MF1 mice as previously described (section 2.2). Neurons
were loaded with either Fluo-3 AM or TMRE as described in section 2.4.1,

and imaged as described in section 2.5.
Cultured hippocampal neurons

Cultured neurons were prepared as described in section 2.3, loaded with
either Fluo-3 AM, TMRE, MitoTracker Green or Fluo-5N AM as described

in section 2.4.2 and imaged as described in section 2.5.
Plotting of fluorescence timecourses

Plots were normalized to baseline, and are shown as F/Fy, where F is the
emitted fluorescence at any time and Fy is the baseline fluorescence of the
cell under resting conditions. All average data represent the mean + standard

error.
Confocal Images

Confocal images showing neuronal fluorescence are displayed in
psuedocolour using an optimized spectrum (Clarke and Leonard, 1989) to aid
visual perception of the magnitude of fluorescence changes. The
pseudocolour display has been standardized to show the full fluorescence
range from zero pixel values (black), through blue, green, yellow and red to
maximum pixel values of 255 (white); see colour bars in Figures 4.2 and 4.6.
From ratiometric experiments, it is known that fluorescence in the blue range
corresponds a pixel value of approximately 50, and to resting neuronal Ca*”

levels of approximately 100nM.
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4.3 Results

4.3.1 Calcium responses and mitochondrial membrane potential measured

in acutely dissociated hippocampal neurons, prior to being placed in culture

Calcium responses were examined in dissociated hippocampal neurons
prepared from mice aged 18-21 days and loaded with the fluorescent calcium
indicator Fluo-3 AM. Fluo-3 is essentially non-fluorescent unless bound to
Ca™", and undergoes an increase in fluorescence of at least 100-fold upon
binding Ca®*. Between normal resting cytosolic free Ca®" concentrations and
dye saturation, the increase is normally between 5 and 10 fold, making Fluo-

3 useful in the measurement of neuronal Ca™ transients (Haugland, 1996).

The addition of 40mM K caused a reversible increase in the Fluo-3 signal in
both isolated neurons (Fig. 4.1) and neuronal clumps (Fig. 4.3). A false
colour display is used to aid perception of the magnitude of these changes, as
shown in Figs. 4.2 and 4.4. The use of Fluo-3 does not allow the
measurement of [Ca®*] per se, since the dye does not undergo significant
shifts in emission or excitation wavelength upon binding to Ca**, which
precludes ratiometric measurements. Comparisons of changes in the relative
[Ca®"] can be made, however, as all changes in fluorescence are normalised
to resting fluorescence levels prior to drug addition. Neuronal fluorescence
was imaged at set time intervals, allowing a time course of neuronal

fluorescence change to be constructed (Figures 4.1 and 4.3).

The elevation of extracellular K” causes the depolarisation of the neuronal
plasma membrane, and the activation of voltage-dependent ion channels.
The increase in Fluo-3 signal, reflecting increased neuronal [Ca™’], likely
corresponds to the influx of calcium through VDCCs. In isolated
hippocampal neurons, this Ca*” elevation was particularly marked in the

vicinity of the nucleus (Fig. 4.2).

In the same preparation, no reproducible changes in Fluo-3 signal were

observed following the addition of 1mM glutamate, 100uM kainate or
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Fig. 4.1. Typical change in neuronal Fluo-3 fluorescence in response to 40mM K*. The
trace shows the reversible calcium response of a single neuron to elevated extracellular
K*. Horizontal bar indicates time and duration of exposure to K*.

(b)

Fig. 4.2 Images selected from a series of confocal images showing Fluo-3 fluorescence in a
single neuron acutely isolated from the mouse hippocampus before (a) and after (b) exposure
to 40mM K*. The increase in fluorescence is particularly marked in the vicinity of the
nucleus, and reflects increased neuronal calcium levels following the activation of voltage
dependent calcium channels by elevated extracellular K*.
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Fig. 4.3 Typical increase in neuronal Fluo-3 fluorescence in response to 40mM K*. The trace
shows the response of an acutely dissociated neuronal clump, and is representative of eleven
separate experiments. Horizontal bar indicates time and duration of exposure to K*.

Fig. 4.4 Images selected from a time series of confocal images showing Fluo-3 fluorescence
in a neuronal clump acutely isolated from the hippocampus before (a) and after (b) the
addition of 40mM K*. The increase in fluorescence indicates increased [Ca?'];, likeiv
resulting from calcium influx through voltage dependent calcium channels. Elevated
extracellular K* depolarises the plasma membrane, causing the activation of VDCCs.
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100uM ACPD, glutamate receptor agonists that are reported to increase
neuronal calcium levels. It is possible that in the process of dissociation,
hippocampal neurons undergo substantial damage to their cell surface
receptors as a consequence of exposure to proteases and mechanical damage
during the process of trituration. This could render the neurons unable to
respond to certain agonists. Additionally, the process of trituration causes the
shearing off of the majority of neuronal dendrites. This could therefore limit
the investigation of neuronal responses, since a significant proportion of the
cell surface receptors are located on the distal parts of the neuron. However, a
period of culture allows neurons to re-establish dendrites and to re-insert their
usual complement of receptors to the plasma membrane (Mynlieff, 1997,

Brewer et al, 1993).

In order to ascertain whether neurons had sustained lethal damage during the
dissociation procedure, mitochondrial energetics were examined in both
neonatal (5-7 day) and adult (18-21 day) dissociated hippocampal neurons.
Neurons were loaded with 5uM TMRE, a positively charged derivative of the
dye rhodamine. TMRE accumulates in healthy mitochondria as a function of
mitochondrial A¥Y. When imaged, this is seen as a punctate pattern of
neuronal staining (Fig. 4.6a). Following mitochondrial depolarisation, the
driving force for mitochondrial accumulation of TMRE is lost, and the dye is
redistributed into the cytoplasm. Mitochondrial depolarisation can therefore
be measured as an increase in the neuronal TMRE signal. Mitochondria were
depolarised experimentally by the addition of 1uM FCCP, a protonophore

that uncouples oxidative phosphorylation and dissipates mitochondrial A\Y.

The addition of 1uM FCCP caused an increase in TMRE fluorescence in
isolated neurons and neuronal clumps prepared from both neonatal and adult
mice (Figs 4.6 and 4.8). Time courses of increased neuronal TMRE signal
following exposure to FCCP are shown in Fig. 4.5 and 4.7. These increases
in neuronal TMRE fluorescence reflect mitochondrial depolarisation,
suggesting that dissociated hippocampal neurons are energetically healthy,
with polarised mitochondria. The large “tail-off” in TMRE fluorescence seen

in Figure 4.7 probably represents the repartitioning of TMRE to the
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Fig. 4.5 Typical change in neuronal TMRE fluorescence in response to 1uM FCCP. The
trace shows the response of a single neuron acutely isolated from the adult (18-21 day)
mouse hippocampus. The change in TMRE fluorescence is representative of seven cells
monitored in four separate experiments.

(b)

Fig. 4.6 Images selected from a series of confocal images showing TMRE fluorescence in
an adult (18-21 day) hippocampal neuron before (a) and after (b) the addition of FCCP.
TMRE is sequestered in healthy mitochondria as a function of mitochondrial A, visible as a
punctate pattern of staining in the cytosol. FCCP reduces A, causing the redistribution of
TMRE into the cytoplasm and a concurrent increase in neuronal fluorescence.
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Fig. 4.7 Typical change in neuronal TMRE fluorescence in response to 1pM FCCP. The
trace shows the response of a neuronal clump acutely isolated from the neonatal (5-7 day)
mouse hippocampus. The increase in TMRE fluorescence is representative of 4 separate
experiments. The downwards shift in fluorescence is an experimental artifact, and reflects

TMRE leaking out of the neurons.

Fig. 4.8 Images selected from a series of confocal images showing TMRE fluorescence in
neonatal (5-7 day) mouse hippocampal neurons before (a) and after (b) the addition of
FCCP. The sequestration of TMRE in mitochondria is driven by mitochondrial A¥Y. FCCP
is a protonophore which depolarises mitochondria, causing the redistribution of TMRE from

the mitochondrial matrix to the cytoplasm.
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extracellular solution following its release to the cytoplasm caused by
mitochondrial depolarisation. The maximum neuronal TMRE fluorescence

changes elicited by the addition of FCCP are summarised in Fig. 4.9.
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Figure 4.9  Maximal increases in neuronal TMRE fluorescence elicited by the addition of
1uM FCCP to acutely dissociated mouse hippocampal neurons. The increase in TMRE
fluorescence was significantly greater in both single neurons and neuronal clumps isolated
from the adult (18-21 day) mouse hippocampus, compared to changes in neonatal (5-7 day)
mouse neurons (p=0.0003 and 0.017 respectively, determined by the students t-test,
significance level set at p=0.05).

There are significant differences in maximal TMRE fluorescence changes
between the two different age groups of mice. This could either reflect a
resistance of neonatal hippocampal neurons to the toxic effect of FCCP,
which is unlikely, or a larger mitochondrial volume in the older neurons,
which could sequester and then release a greater amount of TMRE, giving a
larger fluorescence shift. Alternatively, there could be age-related differences

in the basal level of mitochondrial polarisation.



4.3.2  Dose-dependent calcium responses to excitatory amino acids and

plasma membrane depolarisation measured in cultured hippocampal neurons

Initial neuronal calcium responses to different glutamate receptor agonists
were measured in cultured hippocampal neurons loaded with the calcium.
sensitive dye Fluo-3, using CLSM (initial response being the peak
fluorescence increase within 20 seconds of drug addition). Calcium responses
were measured for no longer than 200 seconds following drug addition. The
dose dependency of these responses was examined. Responses to FCCP and
4-AP were also measured as a positive control to show the neuronal response
to the experimental alteration of AY and [Ca®"]; respectively. Exposure of
neurons to 4-AP caused a concentration-dependent initial increase in Fluo-3

fluorescence across the range of concentrations investigated (100uM — 2mM)
(Fig 4.10).
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Fig. 4.10 Concentration-response relationship for 4-AP. The neuronal Fluo-3 fluorescent
signal is plotted against the concentration of 4-AP to which neurons were exposed for 3
minutes. Data is presented as averages for the fluorescent signal from neuronal soma =+
s.e.m. and n values are given for each data point. All experiments were repeated in a
minimum of three separate cultures.



Figs. 4.11 and 4.12 show a typical time course of neuronal Fluo-3
fluorescence following exposure to 4-AP, and confocal images of neuronal

fluorescence changes.

The addition of 1uM FCCP caused an initial increase in Fluo-3 fluorescence
of 2.41 £ 0.46 fluorescence units (FU) (increases normalised to resting
fluorescence levels = SEM). This increase in Fluo-3 signal is indicative of
elevated cytoplasmic Ca®*, and may relect Ca*" dumping from depolarised

mitochondria (see Fig 4.13 and 4.14).
The addition of ImM glutamate caused a maximal initial increase in neuronal

Fluo-3 fluorescence of 1.32 + 0.18 FU, from 1 to 2.32 FU (see Figs 4.15 and
4.16).
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Fig. 4.11 Typical increase in neuronal Fluo-3 fluorescence in response to 2mM 4-AP. The
trace shows the response of five neurons in a single coverslip, and is representative of the
response of thirty-six cells monitored in eight separate experiments. Horizontal bar indicates
time and duration of exposure to 4-AP.

(a) (b)

Fig. 4.12  Images selected from a time series of confocal images showing Fluo-3
fluorescence in hippocampal neurons before (a) and after (b) the addition of 4-AP. The
increase in fluorescence is indicative of elevated [Ca?*], and probably arises from Ca?* influx
through VDCCs following the persistent depolarisation of the plasma membrane by 4-AP.
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Fig. 4.13 Typical increase in neuronal Fluo-3 AM fluorescence in response to 1uM FCCP.
The trace shows the heterogeneity of response of five neurons in a single cover slip, and is
representative of 5 other separate experiments carried out on different cultures. Horizontal

bar indicates time and duration of exposure to FCCP.

(®)

Fig. 4.14 Images selected from a time series of confocal images showing Fluo-3
fluorescence in hippocampal neurons before (a) and after (b) the addition of FCCP. The
increase in fluorescence signal indicates increased [Ca?'], suggesting that in cultured
hippocampal neurons, mitochondria represent a significant source of releasable calcium.
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Fig. 4.15 Typical increase in neuronal Fluo-3 fluorescence in response to 1mM glutamate.
The trace shows the response of four neurons in a single coverslip, and is representative of
the response of eight cells monitored in three separate experiments. Horizontal bar indicates
time and duration of exposure to glutamate.

(2) (®)

Fig. 4.16 Images selected from a time series of confocal images showing Fluo-3
fluorescence in a single hippocampal neuron before (a) and after (b) the addition of
glutamate. The increase in fluorescence is a reflection of elevated [Ca?*], and probably
arises from both Ca2+ influx through the NMDA receptor and intracellular release of stored

Ca?+.

128



Neuronal calcium responses to agonists of specific glutamate receptor
subtypes were then examined. Kainate caused a concentration-dependent

initial increase in Fluo-3 fluorescence (see Fig. 4.17).
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Fig 4.17 Concentration-response relationship for kainate. The neuronal Fluo-3 fluorescent
signal is plotted against the concentration of kainate to which neurons were exposed for 5
minutes. Data is presented as averages for the fluorescent signal from neuronal soma +
s.e.m., and n values are given for each data point. All experiments are repeated in a
minimum of three separate cultures.

The initial neuronal Ca®" response to kainate was half maximal at 20uM and
appeared to be approaching plateau at 500uM, the highest concentration
used. A typical fluorescence timecourse and confocal images of neuronal
fluorescence changes following the addition of 10uM kainate are shown in

Figs 4.18 and 4.19.
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Fig. 4.18 Typical increase in neuronal Fluo-3 fluorescence in response to 10uM kainate.
The trace shows the response of five neurons on the same coverslip, and is representative of
nineteen cells monitored in three separate experiments. Horizontal bar indicates time and
duration of exposure to kainate.

(2) (b)

Fig. 4.19  Images selected from a time series of confocal images showing Fluo-3
fluorescence in hippocampal neurons before (a) and after (b) the addition of kainate. The
increase in fluorescence is indicative of elevated [Ca?*], and probably arises from both
calcium influx through Ca2?* permeable kainate receptors and release from intracellular Ca2*

stores.
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1S, 3R-ACPD, an agonist at metabotropic glutamate receptors, caused a
concentration-dependent initial increase in neuronal Fluo-3 fluorescence (see
Figure 4.20). The initial neuronal response to ACPD was half maximal at
approximately 100uM, and increased steadily over the range of
concentrations used (1-500uM). A typical fluorescence timecourse and

confocal images of neuronal fluorescence changes are shown in Figs 4.21 and

4.22.
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Figure 4.20 Concentration-response relationship for 1S,3R-ACPD. The neuronal Fluo-3
fluorescent signal is plotted against the concentration of ACPD to which neurons were
exposed for 5 minutes. Data is presented as averages for the fluorescent signal from neuronal

soma + s.e.m., and n values are given for each data point. All experiments are repeated in a
minimum of three separate cultures.
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Fig. 4.21 Typical change in neuronal Fluo-3 fluorescence in response to 100pM 1S,3R-
ACPD. The trace shows the heterogeneity of response of four neurons in a single cover slip,
and is representative of twenty nine cells monitored in four separate experiments. Horizontal
bar indicates time and duration of exposure to 1S,3R-ACPD.

(2) (b)

Fig. 4.22 Images selected from a time series of confocal images showing Fluo-3
fluorescence in hippocampal neurons before (a) and after (b) the addition of 1S,3R-ACPD.
The increase in fluorescence reflects elevated [Ca®*], likely arising from Ca?* release from
intracelluar stores. 1S,3R-ACPD binds to mGluRs, causing the release of IP,, which in turn
causes the release of Ca?* by binding to IP, receptors on intracellular Ca?* stores.
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The addition of NMDA caused an initial increase in neuronal Fluo-3
fluorescence (see Fig 4.24 and 4.25, overleaf) which was concentration-
dependent, giving a sigmoidal dose-neuronal calcium response curve (see
Fig. 4.23, below) which was half maximal at approximately 3uM and
plateaued at 100pM.
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Fig. 4.23 Concentration-response relationship for NMDA. The neuronal Fluo-3 fluorescent
signal is plotted against the concentration of NMDA to which neurons were exposed for five
minutes. Data is presented as averages for the fluorescent signal from neuronal soma %
s.e.m., and n values are given for each data point. All experiments were repeated in a
minimum of three separate cultures.
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Fig. 4.24 Typical change in neuronal Fluo-3 fluorescence in response to 500uM NMDA.
The trace shows the response of four neurons in the same field of view, and is representative
of thirty-nine cells monitored in six separate experiments. Horizontal bar indicates time and
duration of exposure to NMDA.

(@) (b)

Fig. 425 Images selected from a time series of confocal images showing Fluo-3
fluorescence in hippocampal neurons before (a) and after (b) the addition of NMDA. The
increase in fluorescence is indicative of elevated [Ca?*], and probably arises from both
calcium influx through Ca?* permeable NMDA receptors and release from intracellular Ca2*
stores.
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AMPA caused an initial increase in neuronal Ca®* activity, as shown in Figs
4.27 and 4.28 (overleaf). Apparently, this neuronal Ca™ response was not
concentration dependent (see Fig. 4.26, below), showing a maximal response
at approximately 25uM. This may reflect the rapid inactivation kinetics of

the AMPA receptor, and the high affinity of this receptor for its ligand.
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Fig. 4.26 Concentration-response relationship for AMPA. The neuronal Fluo-3 fluorescent
signal is plotted against the concentration of AMPA to which neurons were exposed for five
minutes. Data is presented as averages for the fluorescent signal from neuronal soma +
s.e.m., and n values are given for each data point. All experiments were repeated in a
minimum of three separate cultures. ‘
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Fig. 4.27 Typical increase in neuronal Fluo-3 fluorescence in response to 100uM AMPA.
The trace shows the response of four neurons in the same cover slip, and is representative of
sixteen neurons monitored in four separate experiments. Horizontal bar indicates time and

duration of exposure to AMPA.

(a)

Fig. 428 [Images selected from a time series of confocal images showing Fluo-3
fluorescence in hippocampal neurons before (a) and after (b) the addition of 100uM AMPA.
The increase in fluorescence indicates an increase in [Ca?*] , probably arising from a mixture
of Ca?* influx through calcium-permeable AMPA receptors and influx through VDCCs.
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Exposure to quisqualate caused a dose-dependent initial increase in neuronal
Fluo-3 fluorescence (Fig. 4.29). Figs 4.30 and 4.31 show confocal images of
neurons loaded with Fluo-3 and a typical timecourse of neuronal Fluo-3

fluorescence following the addition of quisqualate.
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Fig. 4.29 Concentration-response relationship for quisqualate. The neuronal Fluo-3

fluorescent signal is plotted against the concentration of quisqualate to which neurons were

exposed for five minutes. Data is presented as averages for the fluorescent signal from

neuronal soma + s.e.m., and n values are given for each data point. All experiments were
repeated in a minimum of three separate cultures.

The timecourses of neuronal Fluo-3 fluorescence illustrate the effect of
specific doses of glutamate receptor agonist, chosen to elicit maximal initial
neuronal Ca®" increases of a similar magnitude (Figs 4.11, 4.13, 4.15, 4.18,
4.21, 4.24, 4.27 and 4.30). Each glutamate receptor agonist caused an initial
increase in neuronal [Ca®*];, which peaked within the first 20 seconds of drug
exposure. Since we wished to investigate only the initial neuronal Ca**
changes following glutamate receptor activation, neuronal calcium responses

were monitored for a maximum of 200 seconds following drug addition.
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Fig. 430  Typical increase in neuronal Fluo-3 fluorescence in response to 100pM
quisqualate. The trace shows the response of four neurons in a single coverslip, and is
representative of twenty-six cells monitored in five separate experiments. Horizontal bar
indicates time and duration of exposure to quisqualate.

(a) (b)

Fig. 431 Images selected from a time series of confocal images showing Fluo-3
fluorescence in hippocampal neurons before (a) and after (b) the addition of quisqualate. The
increase in fluorescence is indicative of elevated [Ca?*], and probably mainly arises from
calcium release from intracellular stores, with a smaller component originating from influx
through both receptor operated- and voltage dependent Ca2* channels.
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4.3.3 MitoTracker Green staining in cultured hippocampal neurons

The distribution of mitochondria within cultured hippocampal neurons was
investigated by staining with MitoTracker Green FM, a probe which
preferentially stains mitochondria regardless of mitochondrial membrane
potential. MitoTracker Green is nonfluorescent in aqueous solution, and only
fluoresces once it accumulates in the lipid environment of mitochondria.
Staining revealed the ubiquitous presence of mitochondria throughout the

soma and dendrites of cultured hippocampal neurons (Fig. 4.32).

Fig 4.32 Mitochondria within a cultured hippocampal neuron. Hippocampal neurons
cultured for at least 10 days in vitro were incubated with MitoTracker Green FM (Molecular
Probes) which accumulates in mitochondria forming a stable conjugate. Cells were
visualized by confocal microscopy. The image shows the abundant presence of thread-like
mitochondria within the neuroites and occupying the cytoplasm surrounding the nucleus
within the soma. Magnification: x 40



4.3.4  Changes in A'¥m following neuronal challenge with excitatory amino

acids

Mitochondria are known to buffer imposed cytosolic Ca** loads (Wang and
Thayer, 1996; Svichar et al, 1997), and the uptake of calcium may cauée
mitochondrial depolarisation (White and Reynolds, 1996). With this in mind,
we investigated the effect of different calcium loads on neuronal
mitochondrial AY , using cultured hippocampal neurons loaded with TMRE
and imaged with CLSM. The investigation of dose-response relationships in
the first part of this study allowed doses of glutamate receptor agonist to be
chosen which would impose a neuronal Ca*" load of similar magnitude (seee

Figure 4.49).

The addition of 1pM FCCP, as expected, caused an immediate and
irreversible mitochondrial depolarisation (see Fig 4.33 and 4.34), increasing
TMRE fluorescence by a maximum of 3.35 + 0.7 FU (increases normalised
to resting fluorescence levels £ SEM). The addition of 2mM 4-AP also
caused a significant mitochondrial depolarisation (see Fig 4.35 and 4.36),

increasing the neuronal TMRE signal by 2.02 + 0.37 FU.

Increases in neuronal Fluo-3 fluorescence elicited by the different glutamate
receptor agonists and positive controls are summarised in Fig. 4.49, together
with their effect on neuronal TMRE fluorescence. Despite the similar
magnitude of neuronal Ca’* load imposed by glutamate, kainate, 1S,3R-
ACPD, NMDA AMPA and quisqualate, there was no correlation between the
Ca” load imposed by these different glutamate receptor agonists and the
extent of mitochondrial depolarisation (Fig 4.50). Exposure to 1mM
glutamate caused mitochondrial depolarisation (see Fig 4.37 and 4.38),
reflected in a maximal TMRE signal increase of 0.76 + 0.12 FU relative to
resting fluorescence levels. The addition of 500pM NMDA caused a large
increase in TMRE fluorescence (3.02 + 0.64 FU), reflecting a massive
mitochondrial depolarisation (Figs 4.43 and 4.44). Agonists at other
glutamate receptor subtypes did not cause any significant mitochondrial

depolarisation, whilst elevating [Ca® ] to the same extent as NMDA and
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glutamate. Figs 4.39 and 4.40b show that kainate alone caused a negligable
increase in TMRE signal (0.05 + 0.02 FU) although the mitochondria could
subsequently be fully depolarised with FCCP (Fig 4.40c). The addition of
1S,3R-ACPD caused virtuélly no change in TMRE signal (increase of 0.004
= 0.002 FU) as shown in Figs 4.41 and 4.42. AMPA and quisqualate caused
very small changes in TMRE fluorescence (increases of 0.1 +0.03 and 0.07 +
0.01 FU respectively), as shown in Figs 4.45, 4.46, 4.47 and 4.48. The
increases in TMRE fluorescence caused by glutamate and NMDA were very
highly significantly greater than those caused by kainate, ACPD, AMPA or

quisqualate.

141



4 -
4
s 37
'—
o
L
[F
2 -
19 = 1uM FCCP
T R )
T T T T T 1
0 20 40 60 80 100
time/sec

Fig. 4.33 Typical increase in TMRE fluorescence in response to 1uM FCCP. The trace
shows the response of four neurons in a single cover slip, and is representative of twelve other
separate experiments carried out on different cultures. Horizontal bar indicates time and

duration of exposure to FCCP.

(@) (®)

Fig. 4.34 Images selected from a time series of confocal images showing TMRE fluorescence
in hippocampal neurons before (a) and after (b) the addition of FCCP. The sequestration of
TMRE in mitochondria is driven by mitochondrial A¥Y. Mitochondrial AY may be reduced
by the addition of FCCP, a protonophore which depolarizes mitochondria. The increase in
fluorescence indicates reduced mAY¥. Notice the punctate pattern of staining in Fig. 4.36a,
reflecting the accumulation of TMRE in polarised mitochondria.

142



3.0

2.5 -
wl
X 204
=
}_-
o
L
C
1.5
1.0 -
2mM 4-AP
R e Y
T T T T T T T 1
0 20 40 60 80 100 120 140
time/sec

Fig. 4.35 Typical increase in neuronal TMRE fluorescence in response to 2mM 4-AP. The
trace shows the response of two neurons, and is representative of the response of four
neurons monitored in two separate experiments. Horizontal bar indicates time and duration
of exposure to 4-AP.

(b)

Fig. 4.36  Images selected from a time series of confocal images showing TMRE
fluorescence in hippocampal neurons before (a) and after (b) the addition of 4-AP. The
sequestration of TMRE in mitochondria is driven by mitochondrial A¥. The increase in
TMRE fluorescence indicates reduced mitochondrial A¥. This could reflect mitochondrial
buffering of the calcium load imposed by 4-AP, which persistently depolarises neurons and
activates voltage-dependent calcium channels.
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Fig. 4.37 Typical increase in neuronal TMRE fluorescence in response to 1mM glutamate.
The trace shows the response of three neurons in a single coverslip, and is representative of
eleven neurons monitored in five separate experiments. Horizontal bar indicates time and

duration of exposure to glutamate

Fig. 4.48 Images selected from a time series of confocal images showing TMRE
fluorescence in three hippocampal neurons before (a) and after (b) the addition of 1mM
glutamate. The sequestration of TMRE in mitochondria is driven by mitochondrial A¥. The
increase in TMRE fluorescence suggests that glutamate causes mitochondrial depolarisation

and redistribution of TMRE into the cytoplasm.
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Fig. 4.39 Typical change in neuronal TMRE fluorescence in response to 10uM Kkainate.
1pM FCCP was added at the end of the recording as a positive control. The trace shows the
response of five neurons in a single coverslip, and is representative of eleven neurons
monitored in three separate experiments. Horizontal bars indicate time and duration of
exposure to kainate.

(b)

Fig. 4.40 Images selected from a time series of confocal images showing TMRE
fluorescence in hippocampal neurons before (a) and following the addition of 10uM kainate
(b) and after the addition of 1uM FCCP (c). TMRE fluorescence is unchanged by kainate,
indicating that the calcium load imposed by kainate does not depolarise mitochondria. The
mitochondrial uncoupler FCCP was added at the end of the experiment to completely
dissipate mAY, reflected in an increase in TMRE signal (Xc).
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Fig. 4.41 Typical change in neuronal TMRE fluorescence in response to 100uM 1S,3R-
ACPD. 1pM FCCP was added at the end of the recording as a positive control. The trace
shows the response of five neurons in a single coverslip, and is representative of 24 cells
monitored in three separate experiments. Horizontal bars indicate time and duration of
exposure to 1S,3R-ACPD and FCCP.

(b) ©

Fig. 4.42 Images selected from a time series of confocal images showing TMRE
fluorescence in hippocampal neurons before (a) and after (b) the addition of 100pM 1S,3R-
ACPD and after the addition of FCCP (c). The addition of ACPD did not change the TMRE
signal, indicating that the calcium load imposed by ACPD did not depolarise mitochondria.
The mitochondrial uncoupler FCCP was added at the end of the recording to completely
dissipate mAY, which caused a large in crease in TMRE signal (c).
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Fig. 4.43 Typical change in TMRE fluorescence in response to 500uM NMDA. The trace
shows the response of three neurons in the same field of view, and is representative of
sixteen other cells monitored in three separate experiments. Horizontal bar indicates time

and duration of exposure to NMDA.

(b)

Fig. 4.44 Images selected from a time series of confocal images showing TMRE
fluorescence in hippocampal neurons before (a) and following (b) the addition of 500pM
NMDA. TMRE is sequestered by healthy mitochondria as a function of mitochondrial AYP.
The addition of NMDA increases TMRE fluorescence, indicating that NMDA causes

mitochondrial depolarisation.
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Fig. 4.45 Typical change in neuronal TMRE fluorescence in response to 100pM AMPA.
1pM FCCP was added at the end of the experiment as a positive control. The trace shows the
response of three neurons on the same cover slip, and is representative of sixteen cells
monitored in four separate experiments. Horizontal bars indicate time and duration of
exposure to AMPA and FCCP.

Fig. 446 Images selected from a time series of confocal images showing TMRE
fluorescence in hippocampal neurons before (a) and after (b) the addition of 100pM AMPA.
The addition of AMPA did not alter the TMRE signal, indicating that the Ca?* load imposed
by AMPA did not depolarise mitochondria. FCCP was added at the end of the recording to
completely dissipate mAY, causing a large increase in TMRE signal (c).
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Fig. 4.47 Typical change in neuronal TMRE fluorescence in response to 100uM quisqualate.
1uM FCCP was added at the end of the experiment as a positive control. The trace shows the
response of five neurons in a single coverslip, and is representative of fourteen other cells
monitored in three separate experiments. Horizontal bars indicate time and duration of
exposure to quisqualate and FCCP.

(b)

Fig. 4.48 Images selected from a time series of confocal images showing TMRE
fluorescence in hippocampal neurons before (a) and after (b) the addition of 100pM
quisqualate, and after the addition of 1uM FCCP (c). The addition of quisqualate did not
alter the TMRE signal indicating that the Ca?* load imposed by quisqualate did not cause
mitochondrial depolarisation. FCCP was added at the end of the recording to completely
dissipate mAW , indicated by a large increase in TMRE signal (c).
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Fig. 4.49 Imposed calcium loads do not necessarily shift mitochondrial AY in cultured
hippocampal neurons. Summary of the average initial increases in neuronal Fluo-3 and
TMRE fluorescence following exposure to glutamate receptor agonists and positive controls
(FCCP, 4-AP). Doses of glutamate receptor agonist were chosen to elicit equivalent initial
calcium responses. The initial increases in neuronal Fluo-3 fluorescence caused by each drug
were deemed to be “equivalent” given that they were not significantly different when
compared with the students t-test. No relationship was apparent between the magnitude of
initial imposed Ca2* and mitochondrial depolarisation, since glutamate and NMDA caused a
large increase in TMRE fluorescence, indicative of a significant mitochondrial
depolarisation, whereas kainate, AMPA, ACPD and quisqualate did not.
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Fig. 450 Correlation between average shifts in TMRE and Fluo-3 fluorescence, reporting
mitochondrial A¥ and [Ca?*]; respectively, elicited by glutamate receptor agonists and positive
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