
 

 

University of St Andrews 
 
 

 
 
 
 

  

 

 
Full metadata for this thesis is available in                                      

St Andrews Research Repository 
at: 

http://research-repository.st-andrews.ac.uk/ 
 

 
 
 
 

 
This thesis is protected by original copyright 

 
 

http://research-repository.st-andrews.ac.uk/


Studies of excitotoxicity in cerebellar granule neurons

Thesis submitted to the

University of St. Andrews

for the Degree of

Doctor of Philosophy

by

Colin James Sinclair

0^0



^£6so



Declaration

(i) I, hereby certify that this thesis, which is
approximately .".Swords in length, has been written by me, that it is the
record ofwork carried out by me and that it has not been submitted in any
previous application for a higher degree.

date .l?/lXJ.7^2^. signature of candidate .

(ii) I was admitted as a research student in S^T.lA^month, year] and as a
candidate for the degree of ..Pk\D in 5ST.-.W3 [month, year]; the
higher study for which this is a record was carried out in the University of
St Andrews between ..1^8... [year] and ..TtPftl.. [year].

date &/{%■/.signature of candidate

(iii) I hereby certify that the candidate has fulfilled the conditions of the
Resolution and Regulations appropriate for the degree of ...... in
the University of St Andrews and that the candidate is qualified to submit
this thesis in application for that degree.

date [?.J.i signature of supervisor.



Unrestricted

In submitting this thesis to the University of St. Andrews I understand that I am

giving permission for it to be made available for use in accordance with the

regulations of the University Library for the time being in force, subject to any

copyright vested in the work not being affected thereby. I also understand that the

title and abstract will be published, and that a copy of the work may be made and

supplied to any bona fide library or research worker.

date.i0^jGu2m^>2x>f signature of candidate,

iii



For Aurora

IV



Acknowledgements

This thesis is dedicated to my wife Aurora, without whose love, support and
encouragement none of this would have been possible.

I am also deeply indebted to my supervisor, Dr. Roger Griffiths, for his continued
support and advice.

I also express my deepest gratitude to all at Bayer Pharmaceuticals, Wuppertal for all
their technical assistance.

Thanks also go to:

Everyone who worked in the lab with me during my PhD. Gus, Kate, Helen and
Jennifer - cheers guys!

Dr. Frank-Gunn-Moore and all in and around his lab - Lissa, Fleur, Maria and
Frances and the others (you know who you are) for believing in me.

Stephen McQuaid and Gordon McGregor for their endless encouragement and
prodding.

Julian Tolchard and Jeremy Dobson for the coffee.

Student Support Services at the University of St. Andrews for much-needed help at
critical times.

My incorrigible siblings Catherine, Hugo and Eoin for being there.

Conor, for showing me that life could be wonderful.

Led Zeppelin, for the PhD soundtrack.

Last but not least, thanks to my parents for their love and support over the years. If
nothing else, you can use this thesis to squash insects.

I also gratefully acknowledge financial support from EC BIOTECH Demonstration
Project BI04 CT98 0223 and the Maitland-Ramsay Scholarship.

v



Abbreviations

ACPD l-aminocyclopentane-l,3-dicarboxylic acid
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CREB Calcium response element binding protein
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3-oxime
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PERK PKR-like ER kinase

PIP2 L-3-phosphatidylmyoinositol-4,5-bisphosphate
PKA Protein kinase A

PKC Protein kinase C

PKR dsRNA-activated protein kinase
PLC Phospholipase C
PTp Permeability transition pore

PTZ Pentylenetetrazole

QA Quisqualic acid
RNA Ribonucleic acid

ROS Reactive oxygen species
RT-PCR Reverse transcriptase polymerase chain reaction
S.E. Standard error

S.E.M. Standard error of the mean

SIE c-Sis inducible element

SRE Serum response element
SRF Serum response factor
L-SSC S-Sulpho-L-cysteine
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Abstract: Excitotoxicity is defined as neuronal cell death caused by hyperactivation

of ionotropic glutamate receptors (namely NMDA-, AMPA- and KA-receptors). The

excitotoxic potential of a novel AMPA receptor subtype-selective agonist, (S')-CPW

399 was investigated, using 7 div cultured cerebellar granule neurons as an in vitro

model system of glutamatergic neurons. The results demonstrate that (S)-CPW 399

induces excitotoxicity by stimulating Ca2+ influx through Ca2+-permeable AMPA

receptors, with no other coincident mechanism of Ca2+ infux being involved.

Uniquely among AMPA receptor-selective agonists, (S)-CPW 399 appeared to have

the ability to induce AMPA receptor-mediated functional responses without the need

for blockade of AMPA receptor desensitisation. These results suggest that (S)-CPW

399 may be used as a pharmacological tool to aid in the investigation of the role of

AMPA receptors in excitotoxicity and their molecular mechanisms of desensitisation.

In a supporting study, it was shown that classic desensitising AMPA receptor-

selective agonists produced similar results to that seen for (S)-CPW 399 under an

identical experimental paradigm only when AMPA receptor desensitisation was

inhibited by cyclothiazide.

Previously published data suggest that the normal physiological temporal profile of c-

fos mRNA expression following stimulation of cells is altered following excitotoxic

insult. More precisely, the transient expression observed under non-excitotoxic

conditions is replaced by delayed, elevated and sustained expression under excitotoxic

conditions. As a result, it has been postulated that ratiometric analysis of c-fos mRNA

expression at selected timepoints following stimulation could provide a

mechanistically relevant in vitro predictive test for excitotoxicity. This was assessed

xiii



in an industrial context using real time RT-PCR for mRNA quantitation following

exposure of granule cells to high and low concentrations of excitotoxic and non.-

excitotoxic compounds. The results suggest that the proposed test requires further

modification and validation to achieve a robust, reliable large-scale screening test for

excitotoxic potential of compounds.
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Chapter 1: Introduction
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L-Glutamate as a central nervous system neurotransmitter

L-Glutamate (Figure 1.1) is the most abundant amino acid in the brain, and the

quintessential excitatory amino acid neurotransmitter - up to 33% of all rapid

excitatory synapses in the central nervous system (CNS) utilise L-glutamate (Cotman

et al., 1987). In this role, it has been associated with a number of important events,

including memory processes, neuronal plasticity, neurotoxicity and neurodegenerative

disorders.

Figure 1.1: L-glutamate, the amino acid and excitatory neurotransmitter

The first evidence that L-glutamate had an excitatory role in the central nervous

system appeared in the 1950s, with studies showing that intracerebroventricular and

intracarotid injections of sodium glutamate caused convulsions in both canines and

primates (Hayashi, 1954). Soon after, it was shown that L-glutamate could also have

a neurotoxic effect - high doses of L-glutamate administered to mice systematically

caused degeneration of retinal neurons (Lucas and Newhouse, 1957). Around the

same time, application of L-glutamate to individual neurons in the cat spinal cord

caused excitation and depolarisation (Curtis et al., 1959), a property that would indeed

be expected of a central neurotransmitter. Other structurally related dicarboxylic

acids showed similar effects, and were subsequently termed excitatory amino acids

(EAAs) (Curtis and Watkins, 1960, 1963).

NH'2
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It would, however, be 20 years before enough evidence could be gathered for L-

glutamate to meet all of Dale's criteria for a neurotransmitter (Dale, 1935).

H.H. Dale's criteria for a neurotransmitter

-s- The proposed chemical must exist in presynaptic terminals.

h- The chemical must be released from presynaptic terminals during axonal

activity.

+ The exogenously applied chemical must have the same effect as the

endogenous chemical.

-s- There must be a mechanism for metabolising the chemical following release.

Antagonists must block both the exogenously applied and endogenous

chemical.

During normal fast excitatory synaptic transmission, glutamate is released from the

presynaptic terminal in response to depolarisation. It then diffuses across the synaptic

cleft, and activates postsynaptic receptors. Fast excitatory signals are mediated by

ionotropic receptors - receptors with an integral transmembrane ion channel that

opens in response to receptor activation. Channel opening allows cation flux across

the membrane and subsequent depolarisation. When depolarisation reaches a

threshold level, an action potential is generated.

Discovery of EAA receptor subtypes

By the early 1980s, it became apparent that there were several subtypes of EAA

receptor (Watkins and Evans, 1981). These were originally defined on the basis of

their sensitivity to newly developed antagonists (Figure 1.2). Several of these
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antagonists were selective for N-methyl-D-aspartate (NMDA)-induced excitation

relative to kainate or quisqualate, leading to the introduction of the terms NMDA and

non-NMDA receptors to define the sites of sensitivity and insensitivity to the NMDA-

selective antagonists. This was supported by subsequent radioligand binding studies

(Foster and Fagg, 1984), and led to the identification of three subtypes of excitatory

amino acid receptor, which preferentially recognised NMDA, quisqualate and kainate.

Further developments revealed that (3-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) was a more selective quisqualate-like agonist

(Krogsgaard-Larsen et al., 1980), and quisqualate activated a family of G-protein-

linked receptors, termed metabotropic glutamate receptors. The cloning and

expression of mRNAs coding for subunits of AMPA/kainate receptors (Hollmann et

hooc,„#
h

nhck

cooh

NMDA

_/
A^COOH

n cooh

hn

O

O

n

O

ho2c

.nh2
H

Kainate Quisqualate

Figure 1.2: The prototypic excitatory amino acid receptor agonists NMDA,
AMPA, kainate and quisqualate.
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al., 1989) and NMDA receptors (Moriyoshi et al., 1991) supplied a definite structural

base for the receptor classification.

The ionotropic glutamate receptors

The ionotropic glutamate receptors are ligand-gated ion channels that mediate the

majority of fast excitatory synaptic transmission in the mammalian brain. In addition

to this crucially important role in the CNS, evidence has been produced for the

existence of ionotropic glutamate receptors in sensory nerve terminals in the skin

(Ault and Hildebrand, 1993; Carlton et al., 1995), mast cells in the peritoneal cavity

(Purcell et al., 1996) and taste receptor cells (Hayashi et al., 1996). Intriguingly,

studies on light signal transduction in plant cells has unveiled evidence for ionotropic

glutamate receptors, suggesting that the receptors in the CNS may have evolved from

a much earlier signalling mechanism (Lam et al., 1998).

The three classes of ionotropic glutamate receptors are named after their prototypic

agonists - N-methyl-D-aspartate (NMDA), (3-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) , and kainate (See Figure 1.2; Davies and Watkins,

1979; McLennan and Lodge, 1979; Krogsgaard-Larsen et al., 1980; Watkins and

Evans, 1981; Watkins, 1986). The receptor subunits are encoded by six separate gene

families; three for NMDA subunits, one for AMPA subunits and two for kainate

subunits (for review, see Sucher et al., 1996). The receptor subunits have a common

transmembrane topology of an extracellular N-terminus, a cytoplasmic C-terminus,

three transmembrane domains (Ml, M3 and M4) and a cytoplasmic facing re-entrant

loop (M2) (Wo and Oswald, 1994; Hollmann et al., 1994; Bennett and Dingledine,

1995; Wo and Oswald, 1995; Wood et al., 1995; Kuner et al., 1996; Kuner et al.,

4



1997) (Figure 1.3). The extracellular regions preceding Ml and following M3,

termed SI and S2 respectively, have been identified as the ligand binding regions

(Armstrong et al., 1998), and the re-entrant loop M2, which lines the ion channel pore

in receptor complexes, controls ion permeability (Howe, 1996; Swanson et al., 1996;

Swanson et al., 1997; Traynelis and Wahl, 1997; Pemberton et al., 1998).

Figure 1.3: Basic structure of ionotropic glutamate receptor subunits. Each subunit
has an extracellular N-terminus, three transmembrane domains Ml, M3 and M4, a

cytoplasmic-facing re-entrant loop M2, two extracellular sequences SI and S2
forming a ligand-binding domain, and an intracellular C-terminus.

NMDA receptors

NMDA receptors have generally been thought of as the principal mediators of

excitotoxicity, due to their ability to permit a large Ca2+ influx, with relatively slow

activation/desensitisation kinetics(Reviewed by Mayer et al., 1995). They have a high

unitary conductance, and permit the influx of Ca2+ and Na+ and the efflux of K+. In

addition to the requirement for ligand binding for channel opening, NMDA receptors

5



are also voltage-gated. This is due to a Mg2+ block residing in the ion channel pore

under resting membrane potentials; this block can only be relieved by membrane

depolarisation (Novak et al., 1984; Mayer et al., 1984). It is thought that, in vivo, this

depolarisation is brought about by AMPA receptor activation, allowing Na+/K+ influx

(and also Ca2+ influx in subsets of Ca2+-permeable AMPA receptors), in turn leading

to activation of voltage-gated Ca2+ channels (VGCCs). Therefore, NMDA receptor

activation requires sustained stimulation of the postsynaptic membrane by glutamate,

in order to allow sufficient membrane depolarisation by 'secondary' mechanisms

along with ligand binding. NMDA receptors have been implicated in neuronal

plasticity in the CNS, such as long-term potentiation in the hippocampus, long-term

depression in the cerebellum, and stimulus-dependent plasticity in the visual cortex

(Collingridge and Singer, 1990).

In addition to the glutamate binding site, the NMDA receptor contains a number of

regulatory sites, detailed in Figure 1.5. Occupation of the glycine binding site by

glycine or serine is required for receptor activation (Kleckner and Dingledine, 1988);

this is not thought to be of great relevance in vivo, due to the saturating level of

extracellular glycine. It does, however, represent a valid site for NMDA receptor

antagonists such as 5,7-dichlorokynurenic acid (5,7-DCKA) (Figure 1.4).

CI OH

Glycine 5,7-DCKA

Figure 1.4: The NMDA receptor coagonist glycine and 5,7-dichlorokynurenic
acid (5,7-DCKA), an potent antagonist at the NMDA receptor glycine binding
site.
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There are a number ofNMDA subunits, discussed later, which exhibit differing ligand

binding properties. The glycine binding site is exclusively located to the NR1 subunit

(Lynch et al., 1994; Wafford et al., 1995; Grimwood et ah, 1995; Hirai et al. 1996),

Spermine, spermidine
Ifenprodil

Iff!!!
1y y y y y

Figure 1.5: Schematic representation of the NMDA receptor. Agonists are L-
Glutamate, N-methyl-D-aspartate (NMDA), glycine, D-serine, spermine and
spermidine. Antagonists (in bold) are 2-amino-5-phosphonovalerate (APV), 5,7-
dichlorokynurenic acid (5,7 DCKA), H+, Zn2+, Mg2+ and l-[l-(2 thienyl)
cyclohexyllpiperidine (TCP). Note that the polyamine regulatory site is specific
to NR2B subunits, whilst the glycine regulatory site is only found on the NR1
subunit.

whereas the glutamate-binding site is exclusively localised to the NR2 subunit. There

is a Mg2+ block site in the ion channel itself, modulatory sites for polyamines (see

Figure 1.6), protons, Zn2+, redox active agents, and a pore binding site for the non¬

competitive antagonists l-[l-(2 thienyl) cyclohexyllpiperidine (TCP) and MK-801.

Glycine, serine Glutamate, NMDA

5,7 DCKA APV



Spermidine Spermine

Ifenprodil

Figure 1.6: Agonists at the polyamine site on the NMDA receptor, spermine and
spermidine, and the antagonist ifenprodil.

The NMDA receptor enjoys considerable subunit diversity, with one NR1 subunit

exhibiting eight splice variants, four NR2 subunits designated A, B, C and D, and a

proposed regulatory subunit NR3A. It is thought that the NMDA receptor complex is

heteromeric, existing either as a pentamer (Paas, 1998) or a tetramer (Premkumar et

al., 1998), composed of one NR1 subunit and one or more types of NR2 subunit

(Seeburg, 1993). Transgenic mice in which the murine NR1 gene has been disrupted

do not form functional NMDA receptors, and homozygous mice do not survive

beyond the neonatal stage (Forrest et ah, 1994). When NR3A is coexpressed with

NR1 and NR2A, a reduction in whole-cell currents (Ciabarra et ah, 1995) and single-

channel conductance (Das et ah, 1998) is observed.

The NMDA receptor is also subject to intracellular regulation, for example, Ca2+-

dependent binding of calmodulin to the C-terminus of NR1, phosphorylation of

subunits by PKC, PKA and Ca2+/calmodulin-dependent protein kinase II. It interacts
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with the cytoskeleton via PDZ domain-containing proteins, which bind to the C-

termini of NMDA receptor subunits. These interactions appear to be critical for the

correct localization of NMDA receptors to the postsynaptic membrane. It is also

thought that these interactions link NMDA receptors with downstream signaling

molecules, such as neuronal nitric oxide synthase (nNOS), which is activated as a

result of NMDA receptor activation. This molecule also contains the PDZ motif and

interacts with similar domains on PDZ domain-containing proteins. Inhibition of the

PDZ domain-containing protein PSD-95 was able to block inhibition of NMDA

receptor-induced activation of nNOS (Sattler et al., 1999), strengthening the theory

that NMDA receptors are linked to downstream signalling processes via PDZ domain-

containing proteins.

Full activation of the NMDA receptor requires binding of both glutamate and glycine

(Kleckner and Dingledine, 1988). The glycine binding site is thought to be

exclusively localised to the NR1 subunit (Lynch et ah, 1994; Wafford et ah, 1995;

Grimwood et ah, 1995; Hirai et ah, 1996), whilst glutamate binds to analogous sites

on the NR2 subunits. Following activation, the NMDA receptor desensitises slowly,

with the involvement of at least three different processes. When subjected to

continued stimulation, NMDA receptor responses are diminished in a time dependent

manner, mediated by negative allosteric coupling between glutamate and glycine

binding sites. This can be overcome by the addition of higher concentrations of L-

glycine (McBain and Mayer, 1994). The second form of desensitisation occurs when

high concentrations of glycine are applied (Sather et al., 1990); the physiological role

of this phenomenon is unknown. Ca2+-dependent desensitisation has also been

described, theorised to occur at an intracellular site (Clark et al., 1990). This does not

9



necessarily require flux of Ca2+ through the NMDA receptor, and can occur when

Ca2+ is released into the cytosol thorough mechanisms other the NMDA receptor

activation. The process is thought to be regulated by second-messenger systems

active during synaptic transmission, and may be controlled by receptor

dephosphorylation by calcineurin (Tong et al., 1995). Receptor deactivation is

dependent on subunit composition; desensitisation appears to be slower for receptors

containing the NR2D subunit.

NMDA receptor signalling and cell death

As previously mentioned, NMDA receptors are thought of as the principle mediators

or excitotoxic cell death. However, they also have a neurotropic effect under normal

signalling conditions, with NMDA receptor activation being linked to long-term

potentiation, growth and survival. A key determinant of the effect of NMDA receptor

signalling appears to be the localisation of the activated receptors (Hardingham et al.,

2002). In hippocampal neuronal cultures, activation of synaptic NMDA receptors

resulted in increased cAMP response element binding protein (CREB) activity and

brain-derived neurotropic factor (BDNF) gene expression. In contrast, activation of

extrasynaptic NMDA receptors resulted in the activation of a CREB shutoff pathway

and subsequent inhibition of BDNF expression. Furthermore, synaptic NMDA

receptors were shown to have anti-apoptotic activity, whereas extrasynaptic NMDA

receptors caused a loss of mitochondrial membrane potential and cell death.
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AMPA Receptors

The initial classification of ionotropic glutamate receptors categorized them as

NMDA, kainate and quisqualate receptors, after their prototypic agonists (Davies and

Watkins, 1979; McLennan and Lodge, 1979; Watkins and Evans, 1981). Later

developments revealed that [3-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) was a more selective quisqualate-like agonist (Krogsgaard-Larsen et al.,

1980), and quisqualate activated a separate group of glutamate receptors coupled to

phospholipase, termed metabotropic receptors (Sladeczek et al., 1985; Nicoletti et al.,

1986). This prompted a renaming of the ionotropic receptors, with the redesignation

of quisqualate receptors as AMPA receptors, and the development of the field of

O

hn "
„

„nh2

AMPA Quisqualate

Figure 1.7: The AMPA receptor agonists AMPA and quisqualate.

metabotropic receptor research. The first cloned AMPA receptor was reported by

Hollman et al. (1989). Structures of the above agonists are shown in Figure 1.7.

AMPA receptors are composed of subunits GluRl, GluR2, GluR3 and GluR4, and

have been reported to exist as pentameric complexes (Rosenmund et al., 1998). Each

subunit consists of three transmembrane domains and one re-entrant loop within the

11



membrane, thought to participate in the formation of the ion channel pore. As

discussed previously, two 150 amino acid sequences, SI before the Ml domain and

S2 immediately following M3, are thought to represent the agonist binding site

(Stern-Bach et ah, 1994), forming a bi-lobed structure (Wo and Oswald, 1995).

Indeed, a disorder known as Rasmussen encephalitis, which causes intractable

seizures in sufferers, is characterised by the presence of antibodies against this region

in the GluR3 receptor (Rogers et al., 1995).

If AMPA receptor complexes lack GluR2, they exhibit high Ca2+ permeability

(Hollmann et al., 1991; Verdoorn et al., 1991; Burnashev et al., 1992; Dingledine et

al., 1992). If GluR2 is present within the complex, however, they show low Ca2+

permeability (Boulter et al., 1990; Nakanishi et al., 1990; Hume et al., 1991). This

permeability appears to be controlled by a single residue at position 586. A neutral

glutamine (Q) residue in this position, present in GluRl, GluR3 and GluR4, results in

high calcium permeability, whereas a positively charged arginine (R) residue,

normally present in GluR2 confers low calcium permeability. Mutation of GluRl,

GluR3 or GluR4 from Q to R in studies of homomeric AMPA receptor complexes

results in homomeric complexes exhibiting low calcium permeability (Hume et al.,

1991). Analysis of the genomic sequences of GluRl-4 reveals that the sequence

encoding this residue is identical for each subunit. Therefore, mRNA editing is likely

to be responsible for the change from Q to R in GluR2.

A 38 amino acid sequence preceding the M4 domain has been shown to undergo

alternative splicing, resulting in two different variants of AMPA receptor subunits,

termed 'flip' and 'flop'. These variants exhibit differing desensitisation profiles

12



following agonist binding, with 'flip' variants desensitising less rapidly than 'flop'

variants (Sommer et al., 1990).

Given the four AMPA receptor subunits, their splice variants, and the edited/unedited

form of GluR2 that can form homomeric or heteromeric pentameric AMPA receptor

complexes, it is clear that there is potential for a great diversity of AMPA receptors

with varying desensitisation and conductance properties. Both heteromeric and

homomeric complexes have been shown to exist in hippocampal cultures (Wenthold

et al., 1996), and electrophysiological studies have shown that Ca2+ - permeable

AMPA receptor complexes exist in hippocampal neurons, retinal bipolar neurons,

cerebellar Purkinje neurons and medial septal neurons.

Recent studies revealed that all four AMPA receptor subunits GluRl-4 are expressed

in rat cerebellar granule cell cultures at 7-8 div (Janssens and Lesage, 2001). No

information is currently available concerning the relative abundance of each subunit

and the expression of the various splice variants and post-translationally modified

subunits in cerebellar granule cell culture.

Kainate receptors

Kainate (Figure 1.2) has long been known as a compound with excitotoxic and

epileptogenic effects (Olney et al., 1974; Coyle, 1983; Simonian et al., 1996), and it

was hypothesised that its effects were due to a specific set of receptors for kainate

(Watkins and Evans, 1981). In support of this theory, the existence of high-affinity

binding sites for [3H]kainate in rat brain was shown (London and Coyle, 1979).

Subsequently, two kainate binding proteins showing high affinity binding for
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[3H]kainate, termed KA1 and KA2, were cloned (Werner et al., 1991; Herb et al.,

1992; Kamboj et al., 1994). KA1 and KA2 share approximately 70% sequence

homology with each other, but less than 40% with GluRl-4. Three further kainate

receptor subunits, termed GluR5, GluR6 and GluR7, were also identified (Bettler et

al., 1990; Egebjerg et al., 1991; Lomeli et al., 1992; Sommer et al., 1992). These

subunits have lower affinity for [ H]kainate than KA1 or KA2 subunits. When

recombinantly expressed, KA1 and KA2 were unable to form homomeric KA

receptor complexes. GluR5-7, however, were able to form both homomeric KA

receptor complexes and heteromeric complexes with themselves; in addition, GluR5

and GluR6 are able to form heteromeric complexes with the higher affinity KA1 and

KA2 subunits (Werner et al., 1991; Egebjerg et al., 1991; Bettler et al., 1992; Sommer

et al., 1992; Schiffer et al., 1997). Unusually, the KA receptor agonist domoate has

no agonist activity at homomeric GluR7 receptors, and instead acts as an antagonist

(Schiffer et al., 1997).

In common with the AMPA receptor subunits, GluR5 and GluR6 can undergo post-

transcriptional site-selective editing at the Q/R site in the predicted second

transmembrane region (Edebjerg and Heinemann, 1993; Kohler et al., 1993; Bernard

and Khrestchatisky, 1994) with a similar loss of Ca2+ permeability observed following

editing to the R isoform (Burnashev et al., 1996).

KA receptor subunits are also subject to alternative splicing. There are two splice

variants of GluR5 (GluR5-l and GluR5-2): GluR5-l contains 15 extra amino acids in

the N-terminal region (Bettler et al., 1990). Three additional splice variants of

GluR5-2 have also been identified, possessing alternative C-terminal sequences,

giving GluR-2a-c (Sommer et al., 1992). GluR7 possesses two C-terminal alternative
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splice variants (Schiffer et al., 1997). Human GluR5 and mouse GluR6 have also

been shown to undergo alternative splicing, giving splice variants GluR5-ld and

GluR6-2 respectively (Gregor et al., 1993).

The study of kainate receptors has been somewhat hampered by the fact that the two

most well described kainate receptor agonists, domoate and kainate, also show

2 ho2c

Kainic acid Domoic acid

h

5-iodowillardiine (2S,4R)-4-Methylglutamic acid

ATPA

Figure 1.8: Agonists at the kainate receptor: kainic acid; domoic acid; 5-
iodowillardiine; (25, 4/?)-4-methylglutamic acid; ATPA.
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significant agonist potential at AMPA receptors, producing strong non-desensitising

responses. More recent work carried out has identified 5-iodowillardiine (Wong et

al., 1994), (2S,4R)-methylglutamate (Gu et al., 1995) and ATPA (Clarke et al., 1997)

as more selective kainate receptor agonists. The latter, ATPA, was originally

developed as an AMPA receptor agonist having greater brain penetration than AMPA

(Lauridsen et al., 1995; Krogsgaard-Larsen et al., 1994). However, it was later shown

to have potent activity at the GluR5 receptor subunit (Clarke et al., 1997). Structures

for the above agonists are shown in Figure 1.8.

In rat cerebellar granule cell cultures, mRNAs corresponding to all KA subunits,

including the splice variant of the GluR5 receptor subunit, are detected in 7-8 div

cultures. Interestingly, however, only GluR6, GluR7 and KA2 protein were detected

by Western blot, although due to the lack of a corresponding antibody KA1

expression was not assessed (Janssens and Lesage, 2001). This indicates that there is

considerable post-transcriptional control of the expression of KA receptor subunits in

this system. It has been suggested that KA receptors in cerebellar granule cells are

composed of the GluR5, GluR6 and KA2 subunits, principally GluR6(R)/KA2 and

GluR5/KA2 (Pemberton et al., 1998).

Evidence is now emerging that KA receptors may be located presynaptically as well

as post-synaptically. Immunostaining with an anti-KA2 antibody stains the mossy

presynaptic terminals of the cerebellar granule layer, but no evidence was found for

the presence of GluR6 or GluR7 subunits in the same localization (Petralia et al.,

1994). The properties of these presynaptic KA receptors may differ from

postsynaptic receptors - kainate induces a concentration-dependent decrease in L-

glutamate release from synaptosomes, and depresses glutamate-mediated synaptic
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transmission in young rats . The inhibition of L-glutamate release was blocked by the

KA receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Figure 1.10)

and 6,7,8,9-tetrahydro-5-nitro-lH—benz[g]indole-2,3-dione 3-oxime (NS-102)

(Figure 1.11), but not the more AMPA selective antagonist GYKI 52466 (Chittajallu

et ah, 1996) (Figure 1.11). It is thought that presynaptic kainate receptors may act to

modulate L-glutamate release as a negative feedback mechanism.

Ionotropic glutamate receptor antagonists

For the NMDA receptor, there are four different binding sites available for application

of antagonists. Competitive antagonists acting at the agonist-binding site are all

essentially structural analogues of glutamate derived from the phosphonoamino acids

developed in the late 1970s (Davies et al., 1981). Within the channel, there is a

binding site for dissociative anaesthetics such as (+)-MK801. Antagonist binding is

allowed following channel opening (Lodge and Johnson, 1990), producing a long-

lasting use-dependent block of the receptor (MacDonald et al., 1987; Huettner and

Bean, 1988). Antagonists such as ifenprodil and eliprodil (Carter et al., 1988) interact

with a binding site on the NR2 subunit (Gallagher et al., 1996). Ifenprodil binding

results in an activity-dependent block that may result from stabilisation of the

desensitised state of the NMDA receptor (Legendre and Westbrook, 1991; Kew et al.,

1996). The final site available for antagonists is the glycine binding site. Antagonists

active at this site include 7-chlorokynurenic acid (7-CKA) and 5,7-dichlorokynurenic

acid (5,7-DCKA) (Baron et al., 1990). See Figure 1.9 for example structures of

antagonists.
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D-AP5

Agonist binding site

Ifenprodil

Polyamine site (NR2 subunit)

Me

(+)-MK 801

Ion channel binding site
CI OH

N C02H

5,7-DCKA

Glycine binding site

Figure 1.9: Examples ofNMDA receptor antagonists. D—(-)-2-Amino-5-
phosphonopentanoic acid (D-AP5) is an antagonist at the agonist binding site.
(+)-MK 801 is a non-competitive antagonist which binds to a site located
within the ion channel, thus preventing Ca2+ flux. Ifenprodil is an antagonist
acting at the polyamine site. 5,7-Dichlorokynurenic acid is a potent antagonist
at the glycine binding site.

A major group of competitive non-NMDA receptor antagonists are made up by the

quinoxalinedione compounds, including 6,7-dinitroquinoxaline—2,3(lH,4H)-dione

(DNQX), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and l,2,3,4-tetrahydro-6-

nitro-2,3-dioxobenzo(f)quinoxaline-7-sulphonamide (NBQX) (Figure 1.10). In

binding inhibition studies, CNQX and NBQX exhibit a 5-fold and 30-fold selectivity

over [3H] AMPA and [3H] kainate binding, respectively (Honore et al., 1988;

Sheardown et al., 1990). Functional studies on hippocampal neurons and dorsal root

ganglion cells indicated that that CNQX lacks selectivity between AMPA and kainate

receptors, and NBQX enjoys a 3-fold selectivity for AMPA receptors over KA
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NBQX CNQX

Figure 1.10: The competitive AMPA/KA receptor antagonists, CNQX and
NBQX.

receptors (Lodge et al., 1991; Bleakman et al., 1996; Wilding and Huettner, 1996).

This makes them less useful as tools to study specific AMPA receptor-mediated

effects.

Pharmacological separation of AMPA and kainate receptor-mediated effects has been

allowed by the development of the non-competitive AMPA receptor antagonists, the

2,3-benzodiazepines. Unlike the quinoxalinediones, these compounds bind at a site

distinct from that for agonist binding, and act as negative allosteric modulators of

AMPA receptor-mediated effects. The two most widely studied compounds in this

group are GYKI 52466 and GKYI 53655 (Figure 1.11), with GYKI 53655 being

superior in terms of selectivity for the AMPA receptor and potency of inhibition

(Wilding and Huettner, 1995). In addition, the competitive antagonist NS-102 (Figure

1.11) has been reported to have a 10-fold (Johansen et al., 1993) or 20-fold (Wilding

and Huettner, 1996) selectivity for kainate receptors over AMPA receptors. The

selectivity against AMPA receptors has been questioned however, in view of the

observation that NS-102 inhibits AMPA and KA receptor mediated responses in
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hippocampal neurons with IC50 values of 4.1|rM and 2.2pM respectively (Paternain et

al., 1996).

NS-102

Figure 1.11: The selective AMPA receptor antagonists GYKI 53655, GYKI
52466 and the kainate receptor antagonist NS-102.

AMPA receptors have an allosteric modulatory site which binds cyclothiazide (Figure

1.12 and other thiazide derivatives (Yamada and Tang, 1993). Occupation of this site

slows receptor desensitisation following ligand binding, thus prolonging receptor

activation. It has been suggested that cyclothiazide and GYKI 53655 act at the same

site on the AMPA receptor (Palmer and Lodge, 1993), although this hypothesis has

been challenged (Johansen et al., 1995). Thiazides do not affect kainate receptor

desensitisation (Partin et al., 1993; Wong and Mayer, 1993; Paternain et al., 1996),
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although the lectin concanavalin A prevents desensitisation of kainate receptors, but

not AMPA receptors (Wong and Mayer, 1993).

Cyclothiazide

Figure 1.12: The AMPA receptor desensitisation inhibitor cyclothiazide. It is
selective for the 'flip' variant of each of the four AMPA receptor subunits.

Metabotropic glutamate receptors

Unlike the ionotropic glutamate receptors, metabotropic glutamate receptors do not

mediate intracellular events directly via ion flux. Instead, they are linked via GTP-

binding proteins (G proteins) to effectors, endowing them with a slower mode of

action than the ionotropic glutamate receptors. Hence, they are not thought to be

involved in fast synaptic transmission.

Metabotropic glutamate receptors are divided into eight subtypes, termed mGluRl-8,

based primarily on studies undertaken expressing the receptor proteins in different

mammalian cell lines and frog oocytes. These eight subtypes are further divided into

three groups on the basis of sequence homology, signal transduction mechanisms and

agonist selectivity.
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Group I is made up of mGluRl and mGluR5, which activate phospholipase C upon

ligand binding. This metabolises phosphoinositol, yielding inositol triphosphate (IP3)

and diacylglycerol (DAG). IP3 elevation leads to release of Ca2+ from intracellular

stores, whilst DAG activates protein kinase C. For these receptors, the most potent

agonist is quisqualate, followed by ibotenate and L-glutamate.

The Group II receptor family is made up by mGluR2 and mGluR3; activation of these

receptors results in adenylate cyclase inhibition, depressing cAMP levels. The Group

III family is composed of mGluR4 and mGluR6-8. These receptors also inhibit

adenylate cyclase, but to a lesser extent than Group II receptors. In addition to the

diversity allowed by this range of subtypes, there are three exonic splice variants of

mGluRl, which possess different pharmacological and functional properties.

The mGluRs have a large extracellular N-terminal domain containing the ligand

binding site. Antibodies raised against the N-terminal domain of mGluRl inhibit

receptor function, and block the long-term depression (LTD) normally observed in

Purkinje neurons following repeated stimulation with L-glutamate (Shigemoto et al.,

1994), highlighting the importance of mGluRs in LTD. Conversely, application of

mGluR inhibitors can abrogate NMDA receptor-dependent long-term potentiation

(LTP) in the hippocampus (Bashir et al., 1993).

Analysis of mRNA and protein expression of mGluRs in mature rat cerebellar granule

cell cultures showed expression of the group 1 receptors mGluR 1 and mGluR5 at both

levels, albeit with a relatively low level of protein expression compared to other

primary cultures. This may be accounted for by the fact that the relatively high levels

of K+ required to maintain granule cells past 2 div in culture suppress mGluR 1 and
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mGluR5 protein levels (Favaron et al., 1992; Aronica et al., 1993; Milani et al., 1993;

Santi et al. 1994; Copani et al. 1998).

L-Glutamate uptake mechanisms

Under normal conditions in vivo, released L-glutamate is efficiently removed from the

synapse by L-glutamate uptake systems in glia and neurons. This is necessary in

order to maintain low resting concentrations (~ lpM) of L-glutamate in the region of

the L-glutamate receptors, giving a high signaknoise ratio. In addition to the

maintenance of a favourable environment for synaptic transmission, proper L-

glutamate transporter function is thought to contribute to L-glutamate recycling,

termination of the signal, and protection against excitotoxicity (Naito and Ueda, 1985;

Attwell and Nicholls, 1990; Rosenberg et al., 1992; Robinson et al., 1993; Barbour et

al., 1994).

The study of L-glutamate transport has led to the identification of several different

classes of L-glutamate transporter proteins. As these transporter proteins are also able

to utilise aspartate and the sulphur amino acids as substrates, they are generally

referred to as EAATs (excitatory amino acid transporters). Human EAAT-1, along

with its rat analogue GLAST, is expressed by astrocytes, mainly in the cerebellum

(Rothstein et al., 1994). EAAT-2 and its rat analogue GLT-1 are the most important

transporters in control of synaptic L-glutamate concentration, being expressed widely

throughout the CNS in perisynaptic astrocytes and having the highest affinity for L-

glutamate (Danbolt et al., 1992). EAAT-3 (rat analogue EAAC-1) is the principal

neuronal EAA transporter, thought to be responsible for L-glutamate uptake into

synaptic terminals (Shashidharan et al., 1994). EAAT-4 (no known rat homologue) is
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expressed only by cerebellar Purkinje cells, and is thought to restrict L-glutamate

spillover from synapses (Tanaka et al., 1997).

A number of compounds can elicit excitotoxicity through interactions with EAATs,

rather than directly with L-glutamate receptors. L-tra«s-Pyrrolidine-2,4-

dicarboxylate (L-trarcs-PDC) is unable to interact with glutamate receptors, but can

cause neurotoxicity in cortical neurons by stimulating reversal of the Na+-dependent

glutamate transporters. This causes an increase in the levels of extracellular L-

glutamate, overactivating NMDA receptors (Blitzblau et al., 1996). This increase in

L-glutamate levels is caused by active heteroexchange rather than passive inhibition

of uptake (Griffiths et al., 1994; Volterra et al., 1996).

Lollowing L-glutamate uptake from the synapse by glial cells, L-glutamate enters a

metabolic shunt, where it is metabolised by glutamine synthase to yield glutamine,

which is inactive at L-glutamate receptors. This is released back into the extracellular

space, where it can be taken back up into neurons. Glutamine is then converted to L-

glutamate by glutaminase, and the recovered L-glutamate is now ready for use as a

neurotransmitter once more (Ligure 1.13).
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Figure 1.13: Release, uptake and metabolism of L-glutamate. L-Glutamate is
packaged in vesicles, which fuse with the presynaptic membrane following the arrival
of an action potential at the presynaptic bouton. Released L-glutamate is taken back
up into the neuron directly, or taken up by glial cells. Glial cells metabolise L-
glutamate to glutamine prior to returning it to neurons, where the glutamine is
converted back into L-glutamate.

L-Glutamate and excitotoxicity

Excitotoxicity is a phenomenon peculiar to cells possessing ionotropic glutamate

receptors, where overactivation of these receptors can lead to cell death.

The term 'excitotoxicity' was first used in 1978, when it was observed that oral doses

of L-glutamate and related excitatory amino acids administered to neonatal rodents

gave rise to neuronal degeneration in areas of the central nervous system (CNS)

unprotected by the blood-brain barrier. A strong link between the excitatory potential
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of these compounds and their neurotoxic potency was shown. This suggested that the

mechanisms of excitation and neurotoxicity were closely linked for these compounds,

giving rise to the term 'excitotoxin' (Olney, 1978). The neurotoxic effect of L-

glutamate has long been known; it has been known since the late 1950s that exposure

of neurons to excessive and sustained levels of L-glutamate results in fulminant

neuronal death in retinal neurons (Lucas and Newhouse, 1957). This observation was

extended over a decade later to include the brain and spinal cord in mice (Olney,

1969) and the brain in primates (Olney and Sharpe, 1969). All of the glutamate

receptor subtypes are thought to be involved in excitotoxicity in a variety of cell

types; the common denominator is a directly or indirectly induced influx of Ca2+, or

release of Ca2+ from intracellular stores. Excitotoxicity is, however, generally thought

to be largely mediated by the ionotropic glutamate receptors.

In the most simply defined case of excitotoxicity, elevated levels of extracellular L-

glutamate leads to a sustained depolarisation of the cell membrane (Katsura et al.,

1994). This leads to a cascade of events leading to cell death. The three main

pathways involved are Na+ influx, Ca2+ influx and L-glutamate exocytosis. Na+

influx through AMPA receptors and NMDA receptors leads to a coincident influx of

CP and PLO, leading to osmotic swelling (Kiedrowski et ah, 1994). Ca2+ is an

important cellular second messenger, and its actions in this context will be discussed

in greater detail later. Its actions are tied in with the third pathway, as the Ca2+

elevation induced by L-glutamate binding to EAA receptors will, in turn, result in

Ca2+-dependent L-glutamate release. Other mechanisms whereby extracellular L-

glutamate can rise are uncontrolled release due to cell lysis and slowing or reverse of
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the glutamate transporters due to depolarisation (Gemba et al., 1994; Roettger and

Lipton, 1996).

Clinical background to L-glutamate-induced neurotoxicity

Ischaemic stroke is the third largest cause of death in the developed world. It results

from both transient and permanent occlusion of an artery serving and area of the CNS,

normally by embolus or local thrombosis. Treatment of this condition can be by

administration of thrombolytic agents within three hours of the insult, or by

neuroprotective agents. Drug trials with suggested neuroprotective agents produced

disappointing results (For review, see Lee et al., 1999), however, prompting a rethink

on the relevance of in vitro models and in vivo animal models.

Due to its almost complete dependence on oxidative phosphorylation for energy

production, and its inability to store glycogen, brain tissue requires an uninterrupted

supply of oxygen and glucose from the bloodstream. When the blood supply to brain

tissue is impaired, energy depletion rapidly occurs, and derangement of energy-

dependant processes follows. In the core of the affected area, blood flow can be 20%

below normal (Hossman et al., 1994). Minutes after the onset of ischaemia,

irreversible depolarisation occurs. Cell death by lipolysis (Saluja et al., 1997),

proteolysis (Seubert et al., 1988; Ostwald et al., 1993; Roberts-Lewis et al., 1994) and

disaggregation of microtubules follows the total bioenergetic failure and breakdown

of ionic homeostasis. In the penumbra of the insult, immediate damage is not

observed. Without treatment, however, ongoing excitotoxicity can lead to neuronal

degeneration in the penumbra (Kaufmann et al., 1999) . As the Na+/K+ ATPase

ceases to function, membrane potential is lost, causing the activation of VGCCs, Ca2+
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influx, and subsequent release of L-glutamate. Lack of ATP impedes the uptake of

released L-glutamate by ATP-dependent L-glutamate transporters, and the collapse of

ionic gradients can result in the reversal of these transporters, causing further release

of L-glutamate. The resulting increase in extracellular L-glutamate concentration

leads to overactivation of glutamate receptors. Activation of NMDA receptors and

Ca2+-permeable AMPA and kainate receptors leads to direct influx of Ca2+, whilst

activation of metabotropic glutamate receptors leads indirectly to increases in

cytosolic Ca2+ levels by stimulating release of Ca2+ from intracellular stores.

Activation of Ca2+-impermeable AMPA/KA receptors leads to an influx of Na+ and

CI". This, in turn, leads to a passive influx of water, as the influx of Na+ and CI"

exceeds the efflux of K+. The tissue swelling produced by this water influx can have

far-reaching effects produced via increased intracranial pressure and vascular

compression.

Ca2+ is well known as a second messenger, and the sustained increase in its free

cytosolic concentration activates a variety of pathways that have serious consequences

for the cell. In particular, activation of proteolytic enzymes causes degradation of the

cytoskeletal and extracellular matrix proteins (Furukawa et al., 1997; Chen and

Strickland, 1997). Ca2+-induced activation of phospholipase A2 results in the

generation of free radicals, leading to membrane damage and lipid peroxidation

(Clapp et al., 1995). Free radicals can also induce the formation of inflammatory

mediators, such as platelet-activating factor, tumour necrosis factor P and interleukin

2%-lwhich activate microglia and lead to leukocyte infiltration via upregulation of

endothelial adhesion molecules (Rothwell and Hopkins, 1995). Activation of the

Ca2+-dependent enzyme, nitric oxide synthase, causes increased levels of nitric oxide
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(Knowles and Moncada, 1994). This important signalling molecule can react with

superoxide anions to form highly reactive peroxynitrite, promoting tissue damage

(Radi et al., 1991; Radi et al., 1994; Kooy et al., 1994). Conversely, the generation of

nitric oxide in the endothelium results in vasodilation, improving circulation and

protecting the affected tissue.

One of the most obvious methods of preventing neurotoxicity following ischaemic

stroke is inhibition of the NMDA receptor, due to its ability to cause a large and

sustained increase in free cytosolic Ca2+ levels. The effective therapeutic window for

NMDA receptor antagonists appears to be extremely narrow, however, with

administration required within 2 hours of the initial insult. On the other hand, AMPA

receptor antagonists have shown more promise in rodent models, potentially allowing

a greater window of opportunity in which therapeutic intervention may be successful

(Turski et ah, 1998).

Although glutamate receptor antagonists may have neuroprotective effects following

ischaemic stroke, it is unsurpising that, given the central role of L-glutamate in

excitatory neurotransmission, their use can result in deleterious side effects. These

include psychomimetic effects, cardiovascular dysregulation, and respiratory

depression. With this in mind, it is essential that neuroprotective strategies should

focus on the specific inhibition of receptor subunits that are upregulated under

ischaemic conditions.
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Necrosis versus apoptosis in neurodegeneration

Apoptosis is the term used to describe cell death that proceeds in a 'programmed'

fashion, requiring de novo protein synthesis. It is characterised by cell shrinkage,

chromatin condensation and fragmentation, formation of apoptotic bodies and

phagocytosis (Kerr et al., 1972). It plays a crucial role in the remodelling of neurons

during development (Blaschke et al., 1996; Voyvodic, 1996) and is thought to

contribute to losses during neurodegeneration (for review, see Dikranian et al., 2001).

Unlike necrosis, apoptosis is an active process, requiring energy and protein synthesis

(Schwarz and Osborne, 1993). It was first postulated that apoptosis might play a role

in excitotoxicity in 1990, following experiments showing that protein synthesis

inhibitors were neuroprotective towards CA1 neurons following transient cerebral

ischaemia in rats (Goto et al., 1990; Shigeno et al., 1990). Subsequently,

internucleosomal DNA fragmentation - a hallmark of apoptosis - was observed in rat

brain following global or focal ischemia (MacManus et al., 1993; Tominaga et al.,

1993).

Necrosis is the predominant mechanism of cell death in the core region of the insult

following an acute occlusion. Following a mild, transient insult, apoptosis is the more

common form of cell death, particularly in the penumbra. Expression of caspases,

well known as proapoptotic enzymes, is upregulated in the early and late stages of

ischaemia. Caspases are proteolytic enzymes, named for the cysteine protease

mechanism of action, and aspase for the ability of the enzyme to cleave after

aspartate residues. Caspases become active when cytochrome C, released from

mitochondria, activates an apoptosome complex in the presence of dATP. Caspase
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activity can be blocked in vitro and in vivo by administration of peptides which bind

irreversibly to the catalytic pocket after alkylating the cysteine residue. They have a

neuroprotective effect if administered following ischaemia, and enjoy a broader

therapeutic window than NMDA receptor antagonists (Fink et al., 1988).

The NMDA receptor complexes are highly permeable to Ca2+, as well as Na+ and K+.

Activation of NMDA receptors for less than 3 minutes is sufficient to trigger neuronal

death; naturally, the activation of NMDA receptors has been proposed as a primary

mechanism for neuronal cell death following focal cerebral ischaemia, where

extracellular L-glutamate levels rise as a result of impaired energy (Benveniste et ah,

1987).

The exact form that excitotoxic cell death takes appears to be critically dependent of

the severity of the insult. Serious insults tend to result in necrosis, with associated

energy depletion, rupture of the cell membrane, and uncontrolled release of cellular

contents. In populations of glutamatergic neurons, the necrotic death of a cell can

have profoundly unhappy consequences for its neighbours; the release of its carefully

hoarded reservoirs of L-glutamate will result in overactivation of glutamate receptors

on the surface of the neighbouring cells, leading to their excitotoxic cell death.

Milder insults, however, do not result in immediate cell death; instead, the cells

undergo delayed apoptosis, and the cells are processed by phagocytes, with no loss of

membrane integrity. If, however, no phagocytes are available, the apoptotic cells will

eventually proceed to a necrotic mode of cell death.
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Calcium and excitotoxicity

Under resting conditions, the concentration of free cytosolic Ca2+ is approximately

lOOnM, in contrast to extracellular levels of up to 2mM. This low level of free

cytosolic calcium is essential for the correct function of calcium as an intracellular

second messenger. Cytosolic free calcium levels are maintained by a variety of well-

co-ordinated mechanisms. It can be increased by the following mechanisms:

1. Activation of NMDA receptors, calcium-permeable AMPA receptors or

voltage-gated calcium channels (VGCCs).

2. Release of calcium from mitochondria through the Na+/Ca2+ exchanger.

3. Release of calcium from the endoplasmic reticulum due to the stimulation of

IP3 receptors. This can be indirectly achieved by stimulation of metabotropic

receptors, which will increase intracellular IP3 levels. Ca2+ release from IP3

and ryanodine-sensitive endoplasmic reticulum (ER) stores can be modulated

by polymerisation and depolymerization of actin filaments in cultured

hippocampal neurons (Wang et al., 2002).

The cytosolic free calcium concentration can be lowered by the following

mechanisms (see Figure 1.14):

1. Export of calcium through the Ca2+ - ATPase or Na+/Ca2+ exchanger in the

plasma membrane.
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2. Sequesterisation of calcium in the mitochondria by uniport transport

mechanisms.

3. Uptake of calcium into the endoplasmic reticulum through the Ca2+ - ATPase.

4. Binding of Ca + to cytosolic target molecules, such as calmodulin.

Figure 1.14: Routes of Ca2+ influx and efflux from the cytoplasm of glutamatergic
neurons. Ca2+ enters through activation of NMDA-, AMPA- and KA-receptors,
depolarisation-induced activation of voltage-gated Ca2+ channels, IP3 induced release
of Ca2+ from the endoplasmic reticulum (ER), and release from the mitochondria
through the Na+/Ca2+ exchanger. Ca2+ leaves the cytoplasm through the plasma
membrane Na+/Ca2+ exchanger, the ER Ca2+-ATPase, the mitochondrial Ca2+
uniporter and binding of Ca2+ by calmodulin (not shown).

Thus, it can be seen that conditions of ischaemia, where delivery of oxygen and

glucose to the brain will be interrupted, will directly result in increases in [Ca2+]i, due

to breakdown of the ATP-dependent sequesterisation of Ca2+ in the endoplasmic

reticulum and export of Ca2+ from the cell. Additionally, collapse of the membrane

potential will occur as the Na+/K+-ATPase shuts down. This will cause Ca2+ entry
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through VGCCs and L-glutamate release. The released L-glutamate will activate the

glutamate receptors, all of which are capable of directly or indirectly causing a rise in

[Ca2+]j. In cell culture models, removal of extracellular Ca2+ from the extracellular

medium prevents L-glutamate neurotoxicity (Choi, 1985). Indeed, Ca2+ influx

through the NMDA receptor is thought to be responsible for a large proportion of the

increase in [Ca2+]i following hypoxia/ischaemia. It has been shown that NMDA

receptor antagonists effectively block the intracellular accumulation of Ca2+ in central

neurons under these conditions (Goldberg et al. 1987, Greenberg et al. 1990).

Generally, the excitotoxic effects of L-glutamate in cell culture models can be

blocked by NMDA receptor antagonists (Choi et al., 1988).

In animal models of acute and chronic neurodegeneration, AMPA/KA receptor

antagonists have been shown to be neuroprotective (for reviews, see Rogawski 1993;

Gill 1994). The AMPA/KA receptorantagonist NBQX reduces neuronal damage

following global ischaemia (Sheardown et al., 1990; Buchan et al., 1991), even with

delayed treatment, whereas NMDA receptor antagonism offered no protection with

delayed treatment (Sheardown et al., 1990).

Mechanisms of calcium-induced neuronal death

There are a wide variety of mechanisms by which elevated free intracellular Ca2+

levels can cause cellular damage, briefly illustrated in Figure 1.15. A discussion of

the major mechanisms follows below.
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Calpains

This is a family of Ca2+ - dependent cysteine proteases, composed of a 30 kDa subunit

and an 80 kDa catalytic subunit (Sorimachi et al., 1997). Calpain 1 can be activated

by micromolar levels of Ca2+, whilst calpain II requires millimolar levels of Ca2+ for

activation. Following activation, these enzymes degrade a number of proteins

essential for cell function, including spectrin, fodrin, Ca2+ - ATPase, NF^B and PKC

(Liu et al., 1996, Carafoli and Molinari, 1998). Cleavage of these proteins affects

dendritic remodelling, modulates gene expression, interrupts membrane and

cytoplasmic transport, and results in neurodegeneration (Wang et al., 1990; Faddis et

al., 1997; Wang, 2000). Calpains can also convert xanthine dehydrogenase to

xanthine oxidase; subsequent purine metabolism results in the generation of free

radicals (McCord, 1987). Conversely, calpain activation can also attenuate

vulnerability of neurons to L-glutamate, through proteolysis of both NMDA and

AMPA receptors (Bi et al., 1996, 1998a,b).

A reduction in iGluR-mediated excitotoxicity has been observed following selective

inhibition of calpain I; these inhibitors also have a marginal neuroprotective effect

following hypoxia, focal cerebral ischaemia and transient global ischaemia (Lee et al.,

1991; Rami and Krieglstein, 1993; Hong et al., 1994). Some groups have noted,

however, that application of several inhibitors of calpain I proved ineffective in

protecting against L-glutamate toxicity, arguing against a central role for calpain

activation in the progression of this condition (Manev et al., 1991; Faddis et al.,

1997).

35



Protein kinase C

Activation of protein kinase C is Ca2+-dependent; as a result, derangement of

intracellular Ca2+ levels can modify the phosphorylation state of cytoplasmic proteins

and disrupt cell function (Favaron et al., 1990).

Phospholipase A2

Following a rise in [Ca2+]i, cytosolic phospholipase A2 translocates to the plasma

membrane. Here, the activated enzyme catalyses the cleavage of

glycerophospholipids to yield free fatty acids such as arachidonic acid, and

lysophospholipids. The arachidonic acid produced can then be used for the

production of prostaglandins and leukotrienes, with a coincident production of

superoxide (Kramer and Sharp, 1997; Sapirstein and Bonventre, 2000). Cytosolic

phospholipase A2 activity rises following the activation of iGluRs or following focal

cerebral ischaemia (Lazarewicz et al., 1990; Saluja et al., 1997), and inhibition of

cytosolic phospholipase A2 reduces excitotoxic and hypoxic-ischaemic neuronal death

(Rothman et al., 1993; Bonventre, 1997). Hence, it is thought that the Ca2+ overload

through NMDA receptor activation induces cytosolic phospholipase A? translocation

and activation, resulting in the production of neurotoxic metabolites. These include

prostaglandins, leukotrienes, reactive oxygen species and platelet activating factors.

Caspases

Caspases, discussed in more detail on page 30, are a family of cysteine proteases

which have been linked to apoptosis in Fas/TNF(3. activated cells (for review, see

Nicholson and Thornberry, 1997). They have also been linked to neuronal apoptosis

in vivo (Kuida et al., 1996). Ten members have been identified, termed caspases 1-10

36



(Alnemri et al., 1996; Enari et al., 1996; Fernandes- Alnemri et al., 1996). Activation

of caspase-related proteases has been linked to neuronal apoptosis following serum

deprivation or low K+(Schulz et al., 1996; Armstrong et al., 1997; Ni et al., 1997), as

well as L-glutamate-induced toxicity of cerebellar granule neurons (Du et al., 1997).

Endonucleases

Ca2+ overload or acidification produced by ischaemia can activate Ca2+/Mg2+-

dependent endonucleases and DNase II respectively. These cleave to a region of the

linker DNA between nucleosomes, resulting in internucleosomal fragments, or DNA

ladders. Endonuclease activation is thought to be important in toxin- and hormone-

produced death in some cell types (Orrenuis et al., 1989).

Nitric oxide synthase

Production of the important messenger molecule, nitric oxide (NO) is a well-

documented phenomenon following NMDA receptor activation (Garthwaite et al.,

1988), through subsequent activation of nitric oxide synthase (NOS). In addition,

expression of inducible NOS (iNOS) is upregulated in astrocytes and microglia

following stimulation with various cytokines or tumour necrosis factor (Murphy et al.,

1993; Merrill et al., 1997). Rather paradoxically, NO can exert a neurotoxic or

neuroprotective effect depending on the isoform involved in its production. NO can

exert a toxic effect though inhibition of mitochondrial respiration, aconitase (a TCA

cycle enzyme) and DNA synthesis (Hibbs et al., 1988). It can also react with

superoxide to form peroxynitrite (Beckman, 1990), a highly toxic radical. Inhibition

of neuronal NOS (nNOS) reduces ischaemic damage in model systems (Matsui et al.,

1997; Nanri et al., 1998), whilst inhibition of iNOS reduces infarct volume after
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transient cerebral ischaemia (Iadecola et al., 1995), highlighting the central role of NO

in mediating ischaemic damage.

Conversely, production of NO by endothelial NOS (eNOS) increases vasodilation and

prevents thrombosis. Thus, in this instance, NO is seen to act as a neuroprotective

factor (Dalkara et al., 1994).
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Figure 1.15: Elevation of intracellular [Ca2+] by L-glutamate and cell death. L-
Glutamate stimulation of EAA receptors leads to an influx of Ca2+ and activation of
voltage gated calcium channels (VGCCs). Ca2+ activates phospholipase A2,
endonucleases and proteases, and induces further L-glutamate release.

The endoplasmic reticulum in excitotoxicity

As previously mentioned, the endoplasmic reticulum (ER) serves an important role in

intracellular calcium homeostasis, along with its primary function in processing
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membrane-bound and secretory proteins. Synthesis and processing of proteins in the

ER are dependent of high levels of Ca2+, approaching extracellular levels.

Under stress conditions, ER homeostasis is altered, leading to the unfolded protein

response, the ER overload response, and ER-associated degradation (Kaufmann,

1999). The unfolded protein response involves activation of dsRNA-activated

protein kinase (PKR) and PKR-like ER kinase (PERK), leading to general

suppression of protein synthesis and activation of ER stress proteins. The ER

overload response is characterized by NFA.B activation and subsequent upregulation

of proinflammatory proteins. ER associated degradation involves ubiquitination of

misfolded proteins. Polyubiquitinated proteins are then degraded in the proteosome.

Degradation of misfolded proteins is affected in Parkinson's disease, and the unfolded

protein response is depressed in Alzheimer's disease (Katayama et al., 1999). Given

that calcium homeostasis is seriously disrupted under ischaemic conditions, it has

been hypothesised that the ER has a part to play in the mechanisms of

neurodegenerative disease (Paschen, 1996). A severe insult could result to disruption

of ER Ca2+ homeostasis - possibly by reduction of ATP levels leading to loss of

function of the ER Ca2+ pump - which would inhibit Ca2+-dependent folding and

processing, and subsequent accumulation of unfolded protein.

A second important intracellular calcium 'sink' is the mitochondria, which is closely

linked to the ER. Calcium release from the ER, by mGluRl activation for example,

induces ATP synthesis in the mitochondria. An apoptotic crosstalk between the

mitochondria and the ER has been identified; release of cytochrome c from the

mitochondria and caspase C activation, both markers of apoptosis, are both
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suppressed in cells overexpressing Bcl-2, an anti-apoptotic enzyme, targeted

specifically to the ER (Hacki et al., 2000).

The neuronal stress response following ischaemia has certain similarities with

responses seen during ER dysfunction. For example, the appearance of protein

aggregates following transient cerebral ischaemia indicates that control of protein

folding has been disrupted (Paschen, 1996). The levels of Ca2+ in the ER are also

depleted in vulnerable neurons. Following middle cerebral artery occlusion in the rat,

the stress-associated ER protein 1 is expressed in the ischaemic penumbra, providing

further evidence for a role for the ER in ischaemic neuronal death (Yamaguchi et al.,

1999).

Inhibitors of Ca2+ release from the ER have been shown to be neuroprotective in a

number of cases. Dantrolene, an inhibitor of Ca2+ release via the ryanodine-sensitive

ER receptor, is neuroprotective in models of epileptic seizures (Berg et al., 1995;

Niebauer and Gruenthal, 1999). Elevations of free cytosolic Ca2+ and neuronal death

induced by NMDA receptor activation in cortical neurons are also blocked by

dantrolene (Frandsen and Schousboe, 1992). It is thought that dantrolene may

stabilise ER function by maintaining ER Ca2+levels.

Synaptic control of gene expression

Following an external stimulus and propagation of the signal to the nucleus, two

levels of gene expression can be identified. Immediate-early genes (IEGs) are rapidly

and transiently activated; their activation does not require de novo protein synthesis,
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as all the cellular machinery required for their induction is present in the cell under

resting conditions (Angel and Karin, 1991; Ginty et al., 1992; Karin, 1995). Delayed-

response genes require synthesis of new proteins for activation of transcription; their

activation can be suppressed by administration of protein synthesis inhibitors. Often,

IEGs encode proteins that act as transcription factors for delayed-response genes.

Transcription factors are proteins that bind to a specific sequence in a promoter or

enhancer region. Through interactions between their trans-activation domains and the

RNA polymerase transcription complex, they are able to activate or suppress

transcription of target genes. Based on the structure of their DNA binding domains,

transcription factors can be divided into several groups: helix-turn-helix,

homeodomain, zinc finger and leucine zipper/basic helix-loop-helix proteins (Pabo

and Sauer, 1992).

Inducible transcription factors (ITFs) are encoded by a subgroup of immediate-early

genes, and expressed in response to a particular stimulus. They are made up by three

families: Fos, Jun and Krox (Herdegen and Leah, 1998). There are four main Fos

proteins (Fos, FosB, Fra-1 and Fra-2), three Jun proteins (Jun, JunB and JunD).

These proteins dimerise via the leucine zipper to form the activator protein-1 (AP-1)

transcription factor complex, which recognizes the palindromic consensus sequence

TGACTCAGT, named TRE (TPA response element), originally described in genes

activated by protein kinase C stimulated by tetradecanoylphorbol 13-acetate (TPA)

(Angel et al., 1987). Jun-Jun homodimers are possible, but Fos family proteins can

only form heterodimers with Jun; Fos-Fos homodimers cannot be formed. The

composition of the AP-1 complex determines its properties: Fos/c-Jun, FosB/c-Jun or
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Fos/JunD dimers are transcriptional activators, whilst c-Jun/JunB, JunB/JunB or

FosB/JunB are inactive. Therefore, if they occupy their consensus DNA site, they act

as inhibitors of transcription (Hughes and Draganow, 1995).

The c-fos gene possesses two Ca2+ detectors; Ca2+ influx through the L-type VGCC

induces Ca2+/cAMP response element binding protein (CREB) phosphorylation via

the CaM kinase cascade (Morgan and Curran, 1986), whilst Ca2+ influx through the

NMDA receptor activates the MAP kinase signal transduction pathway, which targets

the serum response element (SRE). It is thought that the Ca2+/cAMP response

element (CRE) and SRE may respond to spatially distinct intracellular pools of Ca2+,

and that SRE-mediated c-fos expression is controlled by increases in cytoplasmic

[Ca2+]j. This raises the possibility that synaptic inputs which differentially affect

cellular Ca2+ levels may modulate distinct programs of gene expression.

The c-fos protooncogene

The c-fos gene (Curran and Teich, 1982) is the cellular equivalent of \-fos, the

oncogene originally described in Finkel-Biskis-Jinkins murine osteosarcoma virus

(Finkel et al., 1966). It includes a promoter region which has several sequences

recognised by specific transcription factors. CREB binds to the corresponding CRE

on a variety of genes, including c-fos. Serum can control c-fos gene transcription via

the serum response element (SRE), which is bound by serum response factor (SRF).

A schematic of c-fos induction and self-regulation is shown in Figure 1.16.
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Figure 1.16: Activation of c-fos transcription by external stimuli and
self-regulation. Increased levels of [Ca2+]i induce phosphorylation of
CREB and SRF, allowing binding to the CRE and SRE regulatory sites.
Stimulation with serum also induces SRF phosphorylation. Fos can
dimerise with Jun family members to form the AP-1 complex, which
controls c-fos transcription through the TRE regulatory site.

The c-Fos protein, encoded by the c-fos gene, has several domains of note: the DNA

binding domain, comprising a region of basic amino acid residues near the N-terminal

(Nakabebbu and Nathans, 1989), the leucine zipper dimerization domain situated N-

terminal to the DNA binding domain (Agre et al., 1989), and the activation domain,

an acidic region containing four conserved glutamate residues situated N-terminal to

the DNA binding domain (Abate et al., 1990). Dimerisation brings the DNA-binding

domains of each protein into the correct position (Kouzarides and Ziff, 1988; Gentz et

al., 1990).
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Induction of c-Fos expression can be stimulated by a number of factors, for example,

phorbol esters, serum, NMDA and KA receptor agonists and UV radiation (Kasof et

al., 1995). For NMDA and KA receptor-induced expression, independent pathways

are activated (Sonnenberg et al., 1989). Following translation, c-Fos protein

dimerises with Jun family proteins or ATF-4 in the cytoplasm, before translocation to

the nucleus where it can modulate transcription of target genes.

In the PC 12 cell line (rat phaeochromocytoma cells which can differentiate to a

phenotype resembling neuronal cells), studies have revealed the ionic dependence of

activation of c-fos transcription (Morgan and Curran, 1986). Induction of c-fos

mRNA expression by K+-stimulated membrane depolarisation requires the presence

of extracellular Ca2+, whereas nerve growth factor (NGF)-stimulated c-fos expression

is independent of extracellular Ca2+. The response to membrane depolarisation raised

the possibility that gene expression could be coupled to synaptic transmission.

Induction of c-fos expression in vivo was observed following pentylene tetrazole-

induced seizure (Morgan et al., 1987) or noxious stimulation (Hunt et al., 1987).

These pioneering studies were followed by a surge of interest in inducible

transcription factors in the brain. To date, thousands of papers have been published

on the topic. Induction of inducible transcription factors has been reported following

sensory stimulation, application of neurotransmitters, hormones and neurotropic

factors, during long-term potentiation, brain injury, hypoxia-ischaemia and

neurodegeneration (for review, see Herdegen and Leah, 1998). The temporal pattern

of expression and the transcription factors expressed differ according to the stimulus,

but c-fos induction seems to be quite common following unusual neuronal activity,
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and has been used for functional mapping of neuronal circuits following stimulation

(Kovacs, 1998).

The NMDA receptor seems to enjoy a central role in inducible transcription factor

(ITF) induction in the brain; in addition to modulating ITF expression following L-

glutamate exposure, NMDA receptor inhibition also affects the response to a number

of unrelated stimuli (Herdegen and Leah, 1998). For instance, exposure of cortical

neurons to a variety of stimuli including L-glutamate, high K+, phorbol ester, basic

fibroblast growth factor, Zn2+, vasoactive intestinal polypeptide or dibutyryl cAMP

resulted in increased c-Fos protein and c-fos mRNA (Hisanaga et al., 1992). The

appearance of c-Fos protein was completely prevented by addition of NMDA receptor

antagonist; c-fos mRNA induction was, however, only completely prevented in the

case of L-glutamate stimulation.

The first studies on cerebellar granule cells showed rapid induction of c-fos, junB, c-

jun and ztf/268 mRNAs in the cerebellar granule cells following brief administration

of L-glutamate. The ITF mRNA levels typically reached a maximum level 30

minutes after the stimulation, returning to basal levels within 1-2 hours (Szekely et al.,

1990). The appearance of c-Fos protein was also observed, declining within 6 hours.

NMDA receptor antagonists completely prevented the effects of L-glutamate.

Similar observations were found in other studies. NMDA receptor activation induces

c-fos mRNA and/or Fos-like immunoreactivity in cultured cerebellar (Didier et al.,

1992; Griffiths et al., 1997), hippocampal (Lerea et al., 1992), cortical (Hisanaga et

al.; Griffiths et al., 1997) and striatal (Das et al., 1997) neurons, c-fos and c-jun

mRNA in cerebellar granule cells (Weller et al., 1994), c-fos expression and TRE

binding in cerebellar granule cells (Ohtani et al., 1995), c-fos, c-jun,junB and zif!268
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mRNA in cortical and striatal neurons (Vaccarino et al., 1992), c-fos, fosB, c-jun,

junB and zifl268 mRNA and API binding in cortical neurons (Condorelli et al., 1994),

and c-fos, fosB, c-jun,junB, zifl268 and nur/77 in hippocampal neurons (Bading et al.,

1995). The involvement of non-NMDA receptors in ITF induction is much less clear,

however, with some groups hypothesising that the effects of non-NMDA receptor

agonists such as kainate are due to indirect effects through the NMDA receptor,

through depolarisation-induced relief of the Mg2+ block (Vaccarino et al., 1992). In

hippocampal neurons, kainate-induced induction of c-fos expression could be

inhibited by the AMPA/kainate receptor antagonist CNQX and the NMDA receptor

antagonist D-APV, suggesting an indirect effect through the NMDA receptor (Bading

et al., 1995). This could be due to both depolarisation-induced relief of the Mg2+

block of the NMDA receptor, or synaptic release of L-glutamate being induced by

kainate receptor-mediated depolarisation, leading to L-glutamate-induced NMDA

receptor activation. In cerebellar granule cells, however, exposure to AMPA along

with MK-801, an NMDA receptor antagonist, led to an increase in DNA binding

activity specific to the AP-1 complex (Hou et al., 1996). When AMPA was

administered with cyclothiazide to prevent receptor desensitisation JunD, c-Fos,

FosB, c-Jun and JunB were all detected as part of an AP-1 complex. Exclusion of

cyclothiazide from the test solution resulted in only JunD and c-Fos appearing in the

AP-1 complex. The effect of AMPA was insensitive to inhibition by the L-type cal¬

cium channel blocker nifedipine. Depolarisation of the cells by 55mM K+,

nevertheless, also strongly induced the appearance of JunD and c-Fos in the AP-1

complex (Hou et al., 1996).
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Studies of the composition of the AP-1 complex in cerebellar granule cells under

excitotoxic and non-excitotoxic conditions revealed that FosB protein could play a

critical role in L-glutamate-mediated excitotoxicity (Lidwell and Griffiths, 1999).

When nuclear extracts from 7 div cerebellar granule cells exposed to lOpM (non¬

toxic) or 250pM (toxic) L-glutamate were studied, c-Fos, Fra-2 and JunD proteins

appeared in the AP-1 complex under both conditions, whereas FosB only appeared in

the AP-1 complex following exposure of cells to an excitotoxic concentration of

250pM L-glutamate in contrast to earlier studies showing FosB appearing as part of

the AP-1 complex in cerebellar granule cells under control conditions (Hou et ah,

1997). The same experimental conditions were applied to 2 div cerebellar granule

cells, which are insensitive to L-glutamate-induced excitotoxicity. Under these

conditions, analysis of nuclear extracts revealed that, following exposure to both

lOpM and 250pM L-glutamate, the AP-1 complex was comprised of Fra-1, Fra-2, c-

Jun and JunD proteins. Therefore, as FosB protein appeared to be specific to

excitotoxic conditions, it was hypothesised that the FosB/JunD heterodimer might

have special significance in the mechanism of excitotoxic cell death, targeting an as-

yet unidentified gene involved in the initiation of excitotoxic cell damage. This

hypothesis was supported by studies showing elevation of FosB and Jun-like proteins

preceding ischaemia-induced hippocampal (CA1 region) neuronal death (McGahan et

ah, 1998). An alternative explanation might be that the FosB/JunD AP-1 complex

might be acting in an attempted neuroprotective role by regulating the expression of a

protein involved in cell survival. Recent studies indicated that fosB gene products

were essential in reducing excessive glutamatergic neurotransmission during motor

seizures induced by eletroconvulsive treatment (Hiroi et ah, 1998). This study also

showed that NMDAR-1, an obligatory component of NMDA receptors, could be a

47



physiological target of the FosB-containing AP-1 complex in electroconvulsive

seizures.

Excitotoxicity and c-fos

As previously stated, seizure (Morgan et al., 1987) or noxious stimulation (Hunt et al.,

1987) results in induction of c-fos expression in vivo, and following excitotoxic

lesion, c-fos is continuously expressed preceding apoptosis in vivo (Smeyne et al.,

1993). Delayed, sustained c-fos expression was first seen in CA1 pyramidal cells

suffering irreversible neuronal injury (Dragunow et al., 1994). Subsequently,it was

observed that exposure of primary cultures of mature cerebellar granule cells to toxic

concentrations of L-glutamate correlated with the appearance of a delayed but

sustained elevation of c-fos mRNA expression (Gorman et al., 1995). Non-toxic

concentrations of L-glutamate and EAAs that did not exhibit toxicity in granule cells

caused only a rapid, transient increase in c-fos mRNA levels (Griffiths et al., 1997).

Examination of the pharmacology of excitotoxin-induced, sustained increases in c-fos

mRNA levels revealed that selective antagonism of the NMDA receptor, but not

AMPA/KA receptors, prevented the appearance of the delayed, sustained c-fos

mRNA expression profile following exposure to toxic concentrations of L-glutamate,

mirroring the pharmacology of L-glutamate-induced excitotoxicity. These findings

indicated that excessive exposure resulted in a switch from transient to delayed,

sustained c-fos induction It was hypothesised that the measurement of c-fos mRNA

could be used as a mechanistically relevant molecular biomarker for in vitro

excitotoxic cell death.
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Griffiths et al., (1997) proposed a predictive test for excitotoxicity, based on the

different temporal patterns of c-fos mRNA expression found in the non-excitotoxic

versus excitotoxic state. Two time-points were chosen, 30 minutes (to demonstrate

transient c-fos mRNA expression) and 240 minutes (to demonstrate a sustained

elevation of c-fos mRNA expression) A ratio of c-fos mRNA expression at 240

minutes over c-fos mRNA expression at 30 minutes (q240/30) was used to predict the

excitotoxic outcome. It was proposed that a q240/30 > 2 correlated with excitotoxic cell

death, whereas a q240/30 < l correlated with non-excitotoxicity. The validity of this

method as a predictive index of excitotoxicity was supported by the fact that it was

applied successfully to both cerebellar granule cells and neocortical neurons, the

sustained increase in c-fos mRNA expression was accompanied by a dose-related

increase in cell death, it correlated succesfully with the excitotoxic potentials of EAAs

in both mature and immature cultures, and a positive correlation was seen with

alleviation of excitotoxicity in response to selective EAA receptor antagonists. Thus,

the strong correlation found to exist between NMDA receptor-mediated excitotoxic

cell death and the appearance of a delayed, elevated and sustained profile of c-fos

mRNA expression was used to design an in vitro test, based on early response gene

measurement, for the assessment of excitotoxicity. Three criteria were set for

acceptance of the test as a valid predictor of an excitotoxic outcome: a presumed

excitotoxic compound must exhibit an elevated c-fos mRNA q240/30 ratio greater than

1; neurotoxic but non-excitotoxic compounds, or non-toxic compounds, should give

ratios less than 1; the excitotoxin induced elevation of the c-fos mRNA ratio should be

prevented in the presence of a EAA receptor antagonist.
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To further establish the validity of c-fos mRNA measurement as the basis of a test for

excitotoxicity, it was decided to conduct studies on a wider range of compounds

(Griffiths et ah, 2000). These compounds were divided on the basis of established

characteristics into four groups: Group 1 - excitotoxins; Group la - putative

excitotoxins; Group 2 - neurotoxic but not excitotoxic compounds; Group 3 -

neuroactive but non-toxic compounds; Group 4 - toxic to other target organs.

Measuring c-fos mRNA levels by dot blot analysis, a pilot study concluded that the

test worked satisfactorily as, from the four compound groups above, only the

excitotoxins exhibited elevated q240/30 ratios which were reduced to < 1 in the

presence of the NMDA receptor antagonist TCP. The remaining three compound

groups were correctly classified by the test to be non-excitotoxic.

Summary of thesis

The work presented in this thesis was centred on a multidisciplinary collaborative

project to validate a proposed in vitro test for excitotoxicity based on c-fos mRNA

measurement in cerebellar granule neurons. This programme of work was organised

under BIOTECH Demonstration Project BI04 CT98 0223, and drew together

researchers from the United Kingdom, Denmark, Germany, Italy and the Republic of

Ireland.

Current protocols to indicate excitotoxicity involve in vivo experimentation coupled

with a limited range of in vitro tests based largely on end-point products which are not

specific to the excitotoxic condition itself, such as the LDH cytotoxicity assay. The

proposed in vitro test for excitotoxicity was based on the finding that a delayed, but

progressively sustained c-fos mRNA expression was observed following toxic insult
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of primary neuronal cultures, which was altered to a transient expression of c-fos

mRNA following NMDA receptor blockade. (Gorman et al., 1995; Griffiths et al.,

1997; Griffiths et al., 1998; Griffiths et al., 2000). It was suggested in these studies

that a ratio measurement of c-fos mRNA expression at 240/30 minutes (q240/30) could

be used to predict excitotoxic outcome. For an unknown compound, observation of

an elevated q240/30 ratio following stimulation of cells with a high concentration of the

compound, which could be reversed by co-administration of a glutamate receptor

antagonist, would predict the compound to be an excitotoxin. In vitro measurement

of c-fos mRNA expression has significant in vivo relevance, as studies have shown

that sustained, elevated c-fos expression is associated with neuronal apoptosis and

developmental failure.

If adapted and demonstrated to be suitable for use in high-throughput screening, the

proposed test could be of great interest to the pharmaceuticals industry. In addition to

acting as a predictor of excitotoxic outcome for novel pharmaceutical drugs, the

endpoint measurement of proto-oncogene expression could supply information on the

effects of novel drugs on signal transduction pathways, yielding new areas for

therapeutic intervention. In addition, this assay could be used in combination with

known excitotoxins to screen potential glutamate receptor antagonists - reversal of

the excitotoxic c-fos response by an unknown compound would identify it as being a

potential EAA receptor antagonist. This is an area of intense research for the

pharmaceutical industry, as EAA receptor antagonists have been identified as a

possible means of therapeutic intervention in a number of neurodegenerative

disorders, including stroke.
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Chapter 5 details the attempted further validation of this test to demonstrate its

reproducibility, reliability and robustness. A large number of test compounds were

included in the study divided, on the basis of established characterisitics, into four

groups: Group 1 - excitotoxins; Group la - putative excitotoxins; Group 2 -

neurotoxic but not excitotoxic compounds; Group 3 - neuroactive but non-toxic

compounds; Group 4 - toxic to other target organs. Furthermore, the assay format

was modified. In previous studies, mRNA measurements were made using

radioactive hydridisation assays. Briefly, this involved the isolation of total RNA

from cells for Northern and dot-blot analysis. Dot-blot filters were then hybridised to

T9 r* n ...

a ^-labelled DNA probe; p-fos, a 600bp fragment of v-fos exhibiting high homology

to c-fos. In addition to requiring the use of radioactivity, the method was also time-

consuming and labour-intensive. In order to make the test more suitable for an

industrial setup, the recent method of mRNA quantitation by real-time reverse

transcriptase polymerase chain reaction (RT-PCR) was utilised. This method is

discussed in detail in the appropriate section in Materials and Methods (p69). Briefly,

however, it involves monitoring of PCR amplification of the gene product of interest.

Specificity is ensured by careful design of primers, and the resulting amplified

product is detected by the use of a fluorescent intercalating dye. Fluorescence can be

plotted against PCR cycle number, which gives a more complete picture of the PCR

process than measurement of PCR products at an endpoint. The starting copy number

can be determined from the first PCR cycle where fluorescence rises above the

baseline - the larger the starting copy number, the earlier fluorescence will rise above

the baseline. The RT-PCR method of mRNA quantitation enjoys the following

advantages over Northern blot analysis: it is non-radioactive; it reduces the total

throughput time from 6 weeks to 6 days; it allows a 100-fold increase in throughput; it
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reduces the number of animals used by a factor of 10. Apart from the economic

benefits of the above advantages, the elimination of the use of radioactivity and

reduction in animal usage makes the new technology more socially acceptable for

widespread use.

Introduction of the quantitative RT-PCR technology was carried out in collaboration

with Bayer AG (Wuppertal, Germany). Use of the new technology introduced a

number of problems in the use of the proposed test. Measurement of q240/30 ratios

following exposure of cells to high and low concentrations of excitotoxins, putative

excitotoxins and non-excitotoxic compounds revealed that, using RT-PCR for c-fos

mRNA quantitation, elevated q240/3° ratios were observed following exposure of cells

to non-excitotoxic concentrations of some excitotoxins and following exposure to

non-excitotoxic compounds. In addition, exposure of cells to some excitotoxic

stimuli failed to elicit elevated q240/30 ratios. The results, presented in Chapter 5,

indicate that the proposed test requires further refinement before it can be deemed

sufficiently robust, reliable and reproducible for use as a high-throughput screening

assay.

Subsequent modification of the protocol employed was carried out by one of our

collaborators (Rogers, 2003) following completion of the experimental work

presented in this thesis. A redesign of the PCR primers used, modified thermal

cycling parameters and use of 18S expression rather than total RNA content as an

internal control served to decrease the incidence of false negative results when

screening excitotoxic compounds. Rogers (2003), however, could not consistently

demonstrate inhibition, by co-administration of a glutamate receptor antagonist, of the
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elevated Q240730 ratio observed following exposure of cells to excitotoxic stimuli. It

was demonstrated that the ability of the NMDA receptor antagonist D-APV to inhibit

the excitotoxic c-fos response was inversely proportional to the concentration of

agonist applied (Rogers, 2003).

Rogers (2003) demonstrated that elevation of another fos family member, viz fosB

mRNA expression was 3 times greater than elevation of c-fos expression following

excitotoxic stimulation. A pattern of pharmacological inhibition of fosB excitotoxic

responses similar to that for c-fos excitotoxic responses was observed. In view of this,

and recent evidence implicating fosB in the excitotoxic condition in both in vivo and

in vitro studies (Hirio et al., 1998; McGahan et al., 1998; Lidwell and Griffiths, 2000),

it is suggested that further modification of the proposed test to measure fosB mRNA

expression, rather that c-fos mRNA expression, would be appropriate.

Part of the project for development of the proposed in vitro test for excitotoxicity

involved the synthesis of novel putative excitotoxins for evaluation in the test. The

most promising of these, (S)-CPW 399, was taken forward for comprehensive

evaluation of its toxicological and pharmacological properties, the results of which are

presented in Chapter 3 and subsequently published (Sinclair et al., 2003). (S)-CPW

399 was shown to be a potent and subtype selective AMPA receptor agonist

(Campiani et ah, 2001). Intriguingly, and uniquely among AMPA receptor-selective

agonists, (S)-CPW 399 appeared to have the ability to induce AMPA receptor-

mediated functional responses and excitotoxicity without the requirement for separate

inhibition of AMPA receptor desensitisation. (Sj-CPW 399 induced time-and

concentration-dependent cell death in mature cerebellar granule cell cultures.
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Maximal cell death was observed following exposure of cells to ImM (S)-CPW 399

for 24 hours; however, only a brief (30 minute) exposure of cells to (S)-CPW 399 was

necessary to induce delayed cell death, when cell viability was measured 24 hours

following exposure.

Pharmacological analysis of the mechanism of (S)-CPW 399-induced neuronal cell

death revealed that cell death could only be prevented by AMPA receptor antagonism.

The most effective inhibition of (S)-CPW 399-induced neuronal cell death was

provided by the AMPA receptor-selective antagonist GYKI 53655. Inhibition of the

NMDA receptor or L-, N-, P- or Q-type voltage-gated Ca2+ channels (VGCCs) failed

to provide any neuroprotective effect. (S)-CPW 399 induced concentration-dependent

[Ca2+]j elevation in a pattern closely mirroring that of the concentration dependence of

(S)-CPW 399-induced neurotoxicity. In common with the pattern of (S)-CPW 399-

induced neurotoxicity, (S)-CPW 399-stimulated [Ca2+]i elevation could only be

completely prevented by co-administration of AMPA receptor antagonists. Full

inhibition was provided by co-administration of GYKI 53655 or Co2+, which has been

previously shown to specifically block Ca2+-permeable AMPA receptors. This is of

great interest, as it is has widely assumed that Ca2+-permeable AMPA receptors are

not present in significant numbers in the mammalian CNS. These results suggest that

(S)-CPW 399 may be used as a pharmacological tool to aid in the investigation of the

role of AMPA receptors in excitotoxicity and their molecular mechanisms of

excitotoxicity. As a result of this work (S)-CPW 399 is now being marketed by

Tocris Cookson (Bristol, United Kingdom) as a novel subtype-selective and non-

desensitising AMPA receptor full agonist.
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In a parallel study, presented in Chapter 4, it was shown that the AMPA receptor-

specific agonists (S)-AMPA, (S)-fluorowillardiine and (7?S)-willardiine only induced

neurotoxicity and [Ca2+]i elevation following inhibition of AMPA receptor

desensitisation by cyclothiazide (CTZ). When AMPA receptor desensitisation was

blocked by co-administration of CTZ, (S)-AMPA induced neurotoxicity and

stimulated [Ca2+]j elevations in a manner strikingly similar to that for (S)-CPW 399.

Blockade of AMPA receptor desensitisation also unmasked L-glutamate-induced cell

death and [Ca2+]i elevation following NMDA receptor blockade, endorsing the

concept that AMPA receptors could play a significant role in L-glutamate-induced

neurodegeneration. Neurotoxicity and [Ca2+]i elevation induced by (S)-AMPA with

inhibition of AMPA receptor desensitisation could only be prevented by inhibition or

blockade of AMPA receptors and Ca2+ -permeable AMPA receptors. In common

with (S)-CPW 399, NMDA receptor antagonists and L-, N-, P- or Q-type VGCC

blockers were unable to inhibit responses induced by (S)-AMPA in the presence of

CTZ. These results strongly support a role for Ca2+ influx through AMPA receptors

in excitotoxicity.
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Chapter 2:

Materials and Methods
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Materials

Plasticware for cell culture was obtained from Nunc A/S (Denmark). Dialysed Foetal

Calf Serum was purchased from Sera-Lab Limited (Sussex, England). Poly-D-lysine,

trypsin, soybean trypsin inhibitor, /7-aminobenzoic acid, insulin, penicillin G, cytosine

arabinoside, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT), kainic

acid, tumour necrosis factor, 5-(aminosulphonyl)-4-chloro-2-([2-furanyl-

methyl]amino)benzoic acid (furosemide), l-[l-(2 thienyl) cyclohexyllpiperidine

(TCP), nifedipine and GYKI 53655 were all purchased from Sigma Chemicals (Poole,

England). The following chemicals were all purchased from Tocris Cookson (Bristol,

England): (RS)-Tetrazol-5-yl) glycine; L-glutamic acid; D-aspartic acid; (S)-(3-amino-

3-hydroxy-5-methyl-4-ixosazole propionic acid ((S)-AMPA); cyclothiazide (CTZ); 7-

chloro-3-methyl-3,4-dihydro-2H-l,2,4-benzothiadiazine 1,1-dioxide (IDRA-21); 6-

cyano-7-nitroquinoxaline-2,3-dione (CNQX); l,2,3,4-terahydro-6-nitro-2,3-dioxo-

benzo[f|quinoxaline-7-sulphonamide (NBQX); 2-amino-5-phosphonovalerate (APV);

(/?5)-willardiine; (S)-(-)5-fluorowillardiine (FWD), and domoic acid. Fluo-3 (AM),

and pluronic acid F-127 were purchased from Molecular Probes Incorporated

(Euegen, Oregon, USA). Calcimycin A23187 was purchased from Fluka

Biochemicals. (S)-1 -(2-amino-2-carboxyethyl)-6,7-dihydro- l//-cyclopenta-

pyrimidine-2,4(l/7,3/7)dione ((S)-CPW-399) was a kind gift from Professor Giuseppe

Campiani (Universita Di Siena, Italy). CD1 mice were obtained from the University

of St. Andrews School of Biology Animal House, where they were housed according

to Home Office regulations. All other materials used were of the highest purity

available from existing commercial sources [Merck Limited. (Dorset, United

Kingdom); Sigma Chemical Company (St. Louis, Missouri, USA); Fluka Chemical

Company (Dorset, United Kingdom)].
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Primary culture of murine cerebellar granule cells

The cerebellum contains a limited number of nerve cells and has been extensively

studied. As such, it is an ideal area from which to harvest cells for in vitro cultivation.

Cerebellar granule cells express a wide variety of ionotropic and metabotropic

glutamate receptor subunits (Janssens and Lesage, 2001), and have functional

- signal pathways associated with these receptors. As such, they are eminently

suitable for use in the study of L-glutamate receptor-mediated cell death.

Granule cells are the most abundant cells in the cerebellum, and are generated in large

numbers, together with other interneurons, in the external granular layer after the first

postnatal week. As dissociated cells do not proliferate in vitro, it is important to carry

out isolation just after they have finished their first proliferative cycle in vivo. Based

on the number and proliferation period of granule neurons in the mouse cerebellum,

7-day old mice are selected as being of the optimum age for isolation of cerebellar

tissue. At this time, other neurons have dissociated, and do not survive the

preparation. Unless the extracellular K+ concentration is elevated to 24.5mM, granule

cells will not survive to maturity in vitro. This dependence appears to develop in

parallel with the expression of differentiated characteristics of the cells, and is a Ca2+ -

dependent process. It is thought that the depolarisation caused by this non-

physiological K+ concentration mimics the physiological stimulation received through

EAA receptors in vivo, and involves activation of a Ca2+ /calmodulin-dependent

protein kinase (type II CaM kinase), required for granule cell survival in vitro (Gallo
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et al., 1987). Glial proliferation is minimised by the addition of the mitotic inhibitor

cytosine arabinoside to the cultures 48 hours after plating.

Cerebellar granule cell cultures were prepared as descibed previously (Schousboe et

al., 1989). Solutions 1-4, N-DMEM, 50mg/dm3 poly-D-lysine and Tyrodes Buffer

were prepared in advance as described in Appendix 1 (p279). In order to avoid

airborne contamination of the culture, all steps were carried out in a laminar flow

hood. Culture plates were treated with 50mg/dm3 poly-D-lysine and left to coat

overnight. Solutions 1-4 and N-DMEM were placed in an incubator with a

humidified 37°C/95% CCE atmosphere for 1 hour to equilibrate. Dissection

instruments were soaked in ethanol and flame-sterilised before placing in a sterile

100mm2 square petri dish. Another sterile dish was laid out for the dissection itself.

A 35mm petri dish was placed on a precooled metal block at 4°C, and 1.5ml Solution

1 (PBS with 14.3mM D-glucose, 15mg/dm3 phenol red, 3mg/ml BSA, 1.16mM

MgS04) added. Mice (CD1 strain, 7 days old) were sacrificed by decapitation and

their cerebella aseptically dissected into the 35mm dish containing Solution 1. The

cerebella were then transferred to a sterile teflon disc and finely chopped using a

sterile razor blade. The tissue was transferred to a sterile 50ml centrifuge tube and
■j

resuspended in 18ml solution 1 (PBS with 14.3mM D-glucose, 15mg/dm phenol red,

3mg/ml BSA, 1.16mM MgS04), before pelleting by centrifugation at lOOOrpm for 5

seconds. The supernatant was removed and the pellet was resuspended in 20ml

Solution 2 ((PBS with 14.3mM D-glucose, 15mg/dm3 phenol red, 3mg/ml BSA,

1.16mM MgS04, 250ng/ml trypsin, 400ng/ml DNase). The suspension was then

incubated at 37°C with gentle agitation for 15 minutes. Following this incubation,

20ml Solution 4 (PBS with 14.3mM D-glucose, 15mg/dm3 phenol red, 3mg/ml BSA,
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2.66mM MgS04, 520ng/ml soybean trypsin inhibitor, 400ng/ml DNase) was added to

the suspension before pelleting at lOOOrpm for 5 minutes. The supernatant was

carefully removed, and the pellet resuspended in 7ml Solution 3 (PBS with 14.3mM

D-glucose, 15mg/dm3 phenol red, 3mg/ml BSA, 1.20mM MgSO/i, 83ng/ml soybean

trypsin inhibitor, 64ng/ml DNase). A single cell suspension was achieved by

triturating with the nozzle of the pipette held against the bottom of sterile 50ml

centrifuge tube 10 times, or until no clumps of cells remained. N-DMEM

(Dulbecco's modified Eagle's Medium supplemented with 19.5mM KC1, 24mM D-

glucose, 2mM glutamine, 7^M p-amino-benzoic acid, insulin (100mU/dm3),

penicillin G (5 x 105 U/dm3) and 10% (v/v) heat-inactivated foetal calf serum) (6ml)

was then added to the suspension before pelleting at lOOOrpm for 5 minutes. The

supernatant was carefully removed, and the pellet was resuspended in 20ml N-

DMEM. A 20pl aliquot was diluted in 380p,l Solution 1 for cell counting, and the cell

suspension was diluted with an appropriate quantity of N-DMEM before plating out

(see Appendix 1 for plating densities and volumes) in cell culture dishes. Cells were

maintained in an incubator with a humidified 37°C/95% CO2 atmosphere until ready

for use.

To minimise glial proliferation, cells were treated with 20pM cytosine arabinoside, a

mitotic inhibitor, 48 hours after plating.
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Exposure of cells to test compounds and subsequent evaluation of cell viability

using the 3-(4,5-dimethyl-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.

The MTT assay is a commonly utilised spectrophotometric assay, which estimates

Dehydrogenase
MTT Formazan

Figure 2.1: Enzymic reduction of MTT to formazan.

cell viability by measuring the activity of dehydrogenase enzymes present in the cell.

MTT forms a yellow aqueous solution. It is cell permeable, and when taken up into

viable cells is metabolised by dehydrogenase enzymes, cleaving the formazan ring to

yield purple formazan crystals (See Figure 2.1). These crystals can be dissolved in

10% Triton X-100/0.04M HC1 in anhydrous isopropanol, following which the density

of purple colour produced can be determined spectrophotometrically at 570nm. It has

been previously refined for use in cerebellar granule cell cultures (Balazs et al., 1988)

Initially, it was thought that the reduction of MTT to formazan was mediated purely

by succinate dehydrogenase present in the mitochondrial matrix, and was thus a valid

indicator of mitochondrial activity (Slater et al., 1963). More recently, MTT

reduction has been shown to be dependent on several additional factors, including
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extracellular D-glucose concentration (Viscita et al., 1991) and extracellular pH

(Plumb et al., 1989). Further studies indicated that the majority of MTT reduction

occurred outside the mitochondrial inner membrane, and involved NADF1 and

NADPH-dependent mechanisms (Berridge and Tan, 1993) which are known to exist

in microsomes, the outer mitochondrial membrane and the plasma membrane. Despite

continuing debate over the mechanisms of reduction, it correlates well with alternative

methods for determining cell viability, such as the lactate dehydrogenase assay

(Cebers et al., 1997), and remains a powerful tool for quickly determining cell growth

or cytotoxicity.

Cerebellar granule cell cultures grown in 96-well plates, prepared as described

previously, were exposed to test compounds in culture-conditioned medium harvested

from cultures grown in 90mm dishes. The experimental strategy followed was to

make up a series of test solutions in culture-conditioned medium, which could then be

laid out in a 96-well plate containing no cells, which acted as a template. At the

appropriate time, test solutions could be easily transferred from the template to a 96-

well plate containing cerebellar granule cell cultures.

For each plate, a positive control (8 replicates) of 500pM D-aspartate, which causes

significant excitotoxicity in cerebellar granule cell cultures following exposures of

more than 30 minutes, was included. A negative control of culture-conditioned

medium alone (16-20 replicates) was also included. Test solutions were made up in

1.5ml Eppendorf tubes, and 150pl aliquots of each test replicate were transferred to a

sterile 96 well round-bottomed microplate, which acted as a template. The template

was covered and placed in an incubator with a humidified 37°C/95% CCF atmosphere
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for 1 hour to equilibrate. Following equilibration, medium was removed from the

plate containing cerebellar granule cells by snap inversion, and the test solutions were

transferred from the template to the cell-containing 96-well plate in lOOpl aliquots

using an 8-channel pipette. The culture plate was then returned to the incubator for

the prescribed time period.

After incubation of the cell cultures with test solutions for the prescribed time period,

cell viability was assessed essentially as described previously (Balazs et al., 1988).

The test solutions, including positive and negative controls, were removed by snap

inversion, and each well was washed with 125pi HBS (127mM NaCl, 5mM KC1,

ImM CaCl2, ImM MgS04, 6.6mM D-glucose, lOmM HEPES pH 7.4) at 37°C. The

HBS wash was removed by snap inversion, and 50pl of 200pg/ml MTT solution in

HBS was added to each well. The culture plate was then incubated in the dark at

37°C for 10 minutes. After this time, 125pl 10% Triton X-100/0.04M HC1 in

anhydrous isopropanol was added to each well to stop the reaction and solubilise the

formazan crystals. Following overnight solubilisation in the dark at 4°C, the

absorbance of the resulting solutions was read at a wavelength of 570nm in a

Dynatech MR5000 plate reader - the resulting absorbance is proportional to cell

viability. Absorbance values due to the absorbance of MTT only were corrected by

the inclusion of a blank lane (no cells). Mean absorbance was then expressed a

percentage of that of the negative control (culture-conditioned medium only),

allowing a quantitative expression of cell viability.
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Measurement of free cytosolic Ca2+ concentrations using Fluo-3/AM.

Studies of cellular Ca2+ homeostasis were revolutionised in the early 1980s, with the

development of fluorescent indicators of free Ca2+ concentration (Tsien, 1980). The

first dye developed was quin-2, and was quickly followed by other indicators with

improved properties. These tools have allowed rapid, non-radioactive methods of

studying agonist-induced intracellular Ca2+ mobilisation.

The general principle of fluorescence is that absorption of radiation by a fluorescent

material results in the material emitting radiation at a longer wavelength than that of

the absorbed radiation (for a review, see Lakowicz, 1983). Briefly, a photon supplied

by an external source is absorbed by the fluorophore, creating an excited electronic

singlet state (Figure 2.2). The excited state lasts for a short time, around 1-10 ns, and

partially dissipates the absorbed energy to yield a relaxed singlet state. This state then

reverts to the unexcited ground state by the emission of a photon. Due to the energy

dissipation during the excited state, the energy of this photon is lower, and therefore

of longer wavelength, than the excitation photon. The diffence between the

wavelength of the excitation photon and the emission photon is called the Stokes shift,

and is of critical importance to the sensitivity of fluorecent measurement. The

difference in excitation and emission wavelengths allow emitted photons to be

detected against a low background, isolated from excitation photons.
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Figure 2.2: Jablonski diagram showing the processes involved in the creation of an
excited singlet state by optical absorption, and subsequent emission of fluorescence.

Under constant conditions where the concentration of the fluorophore is below that

where self-quenching occurs, the emission intensity is proportional to the

concentration of fluorophore. Thus, fluorescent emission intensity can be used as a

quantitative tool. In the case of fluorophores designed to report on a change in

cellular parameters, such as intracellular Ca2+concentration, a change in the parameter

to be measured must cause a change in the fluorescence properties of the probe. This

may involve a shift in the excitation spectrum, a shift in the emission spectrum, a

change in fluorescence yield, or a combination of all three.

The majority of Ca2+-sensitive fluorescent probes are structurally based on EGTA, a

Ca2+-selective chelator. This essentially involves the tetracarboxylic acid Ca2+

binding site, linked to additional groups which act as fluorescent reporters. Binding

of Ca2+ to the probe withdraws electrons from the fluorescent reporter groups,

resulting in altered fluorescence properties. The change in fluorescence properties
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can then be used to determine proportions of probe in Ca2+-bound and Ca2+-free form,

and hence the concentration of free Ca2+ with which the probe is in equilibrium.

In this study, the probe employed was Fluo-3 (Kardos et al., 1995). This is excited at

a wavelength of 490nm, and emits at 525nm. Upon binding Ca2+, fluorescence yield

(fluorescence output as a function of excitation intensity) is enhanced by a factor of

approximately 40-fold, which is one of the largest changes of available indicators.

This allows significant signal changes even at the lower ranges of Ca2+ concentration.

The Ka of Fluo-3 for Ca2+ is 400nM, giving it a useful range of concentrations over

which it can be used. This is because indicators have a detectable response in the

concentration range from 0.1 x Kd to 10 x Kd, in this case 40nM - 4pM, which easily

covers basal and elevated levels of [Ca2+]j. Cell loading is achieved by incubation

with the acetoxymethyl esterified form of the dye (Fluo-3/AM). This dye form is

uncharged and hydrophobic, allowing it to cross the plasma membrane. Once the dye

enters the cell, endogenous esterases release the free acid form by cleavage of the

ester bond. This allows the probe to bind Ca2+, and prevents dye leakage. Leakage is

further prevented by the inclusion of the cation channel blocker 5-(Aminosulphonyl)-

4-chloro-2-([2-furanylmethyl]amino)benzoic acid (furosemide) in the extracellular

medium following dye loading.

Fluo-3/AM loading and fluorescence measurements were carried out as described

previously (Kardos et al., 1995). Murine cerebellar granule cells were prepared in 96-

well plates as described earlier, and incubated for the time period prescribed in the

results section. Solutions used in this assay were prepared as described in Appendix 2

(p 270) - their composition is detailed in this appendix - and prewarmed to 37°C
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before use. Growth medium was removed by snap inversion onto a paper towel, and

wells were washed with lOOpl NN (120mM NaCl, 5mM KC1, 1.36mM CaCl2, 7.2mM

D-glucose, lOmM HEPES pH 7.40) solution. After removal of the washing solution,

30pl of NN solution, was added to the first column of a 96-well plate for use as a non-

loading control, with 30pl of freshly prepared loading solution (lOpg/ml Fluo-3/AM,

120mM NaCl, 5mM KC1, 1.36mM CaCl2, 7.2mM D-glucose, lOmM HEPES pH

7.40) being added to all remaining wells. The plate was then incubated in the dark at

room temperature for 15 minutes, after which time 30pl NN solution at was added to

each well. The plate was incubated at 37°C for a further 1 hour. After this incubation

period, the loading solution was removed by snap inversion and each well washed

twice with lOOpl NNF (ImM furosemide, 120mM NaCl, 5mM KC1, 1.36mM CaCE,

7.2mM D-glucose, lOmM HEPES pH 7.40) solution. Following washing, 50pl NNF

solution was added to each well, and the fluorescence of the plate recorded (exposure

time for each well: 1 second) twice. These fluorescence values were later used to

calculate basal [Ca2+]i for each well. The NNF solution was then removed by snap

inversion, and the appropriate test solutions (50pl aliquots) were added to each well.

Fluorescence of the plate (Ftest) was then measured as before. To achieve a maximum

fluorescence value for each well, the cells were saturated with Ca2+ by incubation

with the calcium ionophore A23187. Test solutions were removed by snap inversion,

and 50pil lOpM A23187 in NNF was added to each well. The plate was incubated in

the dark at 37°C for 15 minutes, after which time the maximum fluorescence (Fmax)

was recorded for each well. The fluorescence for each well was then quenched by

incubation with 5mM CUSO4 in 0.9% w/v NaCl in the dark for 5 minutes before

recording minimum fluorescence (Fmjn).
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The intracellular free Ca2+ concentration [Ca2+]i can then be calculated using the

following formula:

[Ca2+]i = Kd(F- Fmin)/( Fmax-F)

for both basal and stimulated conditions in each well. Results were then expressed as

a ratio of (stimulated [Ca2+]j/(basal [Ca2+]0 for each well.

Curve fitting of toxicity and [Ca2+]j measurement data and

calculation of EC50 values.

Data from MTT assays and [Ca2+]i measurement were subjected to non-linear

regression analysis where appropriate and fitted to a sigmoidal dose response curve.

Non- linear regression analysis, curve fitting and calculation of EC50 values was

carried out using GraphPad Prism Version 3.03.

Measurement of c-fos mRNA levels using Quantitative RT-PCR

A number of techniques have previously been employed for quantitiative analysis of

both DNA and RNA sequences.

The polymerase chain reaction (PCR) is a powerful and reliable method for

amplifying DNA in vitro. Quantitative reverse transcriptase PCR (RT-PCR) has been

used to measure mRNA levels in samples. Previously, quantitation of PCR products

was carried out by quantitating the intensity of staining of the products by ethidium

bromide on an agarose or acrylamide gel post-amplification (Becker-Andre, 1991;

Ferre, 1992; Siebert and Larrick 1992; Piatak et al., 1993; McCulloch et al., 1995;

Raeymaekers, 1995), which was both time-consuming and inaccurate. A major
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source of error is encountered when the reaction is carried into the plateau phase,

where final levels of PCR product will not reflect the starting copy number. Several

methods were developed to overcome this inherent problem of inaccuracy. One such

approach was to quantitate PCR product in the log phase of the reaction, before the

plateau was reached (Kellogg et al., 1990; Pang et al., 1990). In order for this method

to be effective, it required that each sample contained equal amounts of nucleic acid,

and ampification efficiency to be identical for all samples. Normalisation of

amplification efficiency was possible by using a 'housekeeping' gene that expressed at

relatively constant levels for the sample being studied.

The technique of mRNA quantitation used in this project was pioneered in the early

1990s (Higuchi et al., 1992), where the copy number of DNA or RNA was monitored

through continuous monitoring of a fluorescent signal. The fluorescent signal is

generated by a fluorescent reporter delivering a yield proportional to the nucleic acid

concentration. Fluorescence can be plotted against PCR cycle number, which gives a

more complete picture of the PCR process than measurement of PCR products at an

endpoint.

Two fluorescent techniques for nucleic acid quantitiation have been developed. The

first, and most sensitive, method is to use a sequence-specific oligonucleotide probe

with a fluorescent component at one end and a quencher at the other (Lee et al.,

1993). Briefly, an oligonucleotide probe, specific to the desired sequence and

blocked at it 5' end so it cannot act as a primer, is used. This probe contains a reporter

fluorescent dye (6-carboxyfluorescien) and a quencher dye (6-carboxytetramethyl

rhodamine). When the reporter is in the prescence of the quencher, fluorescence is

70



greatly attentuated. During PCR, cleavage of the probe by the 5' nuclease activity of

Thermus aquaticus DNA polymerase separates the reporter from the quencher,

allowing the generation of a fluorescent signal. Additional reporter dye molecules are

cleaved from their probes with each successive cycle of PCR, resulting in an increase

in fluorescence proportional to the amount of target DNA produced.

The second method is to use an intercalating dye, such as SybrGreen, which

fluoresces only when bound to double-stranded products generated by PCR.

Specificity is provided by the use of carefully designed, highly specific primers and

optimised conditions. As the PCR reaction proceeds, the sequence of interest alone

will be amplified, resulting in increased fluorescence (see Figure 2.3).

The PCR reaction mixture contains

enzyme, dNTPs, buffer and Sybr
Green, primers and template Sybr
Green has no significant fluorescence in
the presence of single stranded DNA.
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Figure 2.3: Diagram illustrating the mechanism of action of SYBR Green dye in the
real time detection of PCR products.
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This new-found ability to monitor the progress of the PCR in real time completely

changes the way in which PCR-based quantitation of nucleic acids was approached.

The starting copy number can be determined from the first PCR cycle where

fluorescence rises above the baseline - the larger the starting copy number, the earlier

fluorescence will rise above the baseline. Calculation of this threshold cycle (Ct)

gives much more accurate quantitation than endpoint analysis. The reason for this is

that the amount of fluorescence generated by probe cleavage or increasing levels of

PCR product will rise above basal levels in the exponential phase of the PCR, where

none of the reaction components will be a limiting factor. Endpoint measurements are

usually made when the reaction is past its exponential phase and is approaching a

plateau. At this point in the reaction, even slight differences in the amounts of

limiting components can have a large effect on the amount of product. Thus, in

addition to the advantage of being able to view results sooner than would be possible

with alternative methods of nucleic acid quantitation, the real-time PCR method

allows greater accuracy.

The following sections detail the standard operating procedure (SOP) for exposure of

cells to test compounds and subsequent quantitation of c-fos mRNA, as submitted and

accepted for BIOTECH Demonstration Project No. BIO CT98 0223.

Exposure of cells and preparation of lysates

Murine cerebellar granule cell cultures were prepared in 48-well plates as described

previously. At 7 div, test solutions were added directly to the culture medium to give

the desired final concentration, and the cell cultures returned to an incubator with a

humidified 37°C/95% CO2 atmosphere for the prescribed time period. Following
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incubation for 30 minutes or 240 minutes, the cell cultures were removed from the

incubator, placed on a block prewarmed to 37°C, and the culture medium completely

removed by aspiration. To each well, 200vl of Qiagen Buffer-RLT was added in

order to produce cell lysates and inactivate ribonucleases. The cells were then stored

at -70°C until ready for use.

RNA isolation

During all the following steps, suitable precautions were taken to avoid RNase

contamination, including use of materials certified RNase-free or treated to remove

RNase contamination, and use of commercially available sprays to remove RNase

contamination of working areas.

Culture dishes frozen at -70°C were thawed in an incubator set to 37°C. Following a

30 minute incubation, the samples were examined to verify that thawing was

complete and the lysate was completely in solution. Replicates (x3) were then pooled

and mixed by trituration, and 300vl of the pooled replicates removed to an empty

well. An equal volume (300vl) of 70% (v/v) ethanol was added to the remaining

300vl lysate and mixed by trituration. RNA extraction using a Qiagen Rneasy 96 kit

was then carried out essentially according to the manufacturer's instructions (Qiagen

RNeasy 96 users manual, February 1999 edition). An RNeasy 96 plate was placed

on top of a square block, and 500vl sample lysate/ethanol mixture was added to each

well. The plate was sealed, and the plate/block assembly was centrifuged at 6000g for

4 minutes at room temperature. The unused lysates were returned to the -70°C

refrigerator. The plate was detached and placed on a fresh square-well block. The

sealing tape was removed from the plate, and 800vl Buffer RW1 was added to each
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well. The plate was sealed, and the plate/block assembly was centrifuged at 6000g for

4 minutes at room temperature. The plate was placed on a clean square-well block

and unsealed, and 800vl Buffer RPE was added to each well. The plate was then

resealed using fresh tape, and the plate/block assembly centrifuged at 6000g for 4

minutes. The plate was unsealed, and 800vl Buffer RPE was added to each well.

The plate was then resealed using fresh tape, and the plate/block assembly centrifuged

at 6000g for 10 minutes.This second spin was carried out to remove all traces of salt

and ethanol from the samples prior to elution. The plate was removed from the square

well block and placed on a 96 tube collection microrack. The plate was unsealed, and

50vl RNase-free water was added directly to the membrane in each well. The plate

was then resealed with fresh tape. Following incubation at 21°C for 1 minute, the

purified RNA was eluted by centrifugation at 6000g for 4 minutes. The plate was

unsealed, and a second 50vl aliquot of RNase-free water was added to each well.

Following a further 1 minute incubation at 21°C, elution was completed by

centrifugation at 6000g for 4 minutes. The microtubes containing purified RNA were

removed from the RNeasy 96 plate and capped. Samples were then stored at -70°C.

RNA quantitation

Total RNA quantitation was subsequently carried out using a Molecular Probes R-

11490 RiboGreen RNA quantitation kit according to the manufacturer's instructions.

A 2.5ml aliquot of the Tris/EDTA buffer (20 x TE) supplied was thawed and made up

to 50ml with RNase-free water. A lOOvl aliquot of 200 x Ribogreen dye stock

solution was thawed and made up to 20ml with RNase-free water, taking suitable

precautions to protect the light-sensitive dye. The lOOmg/ml RNA standard solution
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provided was thawed and used to make up 0.04vg/ml, 0.20vg/ml, l.OOvg/ml, and

2.00vg/ml RNA standards to a final volume of 250-500vl each, using TE buffer. The

standard solutions were then pipetted in triplicate (211 vl aliquots) onto a 96-well

plate. A blank control was included by the addition of a triplicate consisting of TE

buffer alone. The RNA samples were thawed, and 2vl of each was pipetted into the

96 well plate, and subsequently made up to lOOvl with TE buffer. An equal volume

(lOOvl) of RiboGreen dye solution was then added to each well. The plate

fluorescence was then read using a multiwell spectrofluorimeter (excitation 535nm,

emission cut-off 490nm). A standard curve was constructed using the fluorescence

values for the RNA standards, and the RNA concentrations in the original samples

calculated. Typical yields of 20-80vg/ml were observed.

Preparation of cDNA from RNA samples

Typically, cDNA was synthesised in batches of 90 samples or less on a 96 well PCR

plate, using the Applied Biosystems Taqman Reverse Transcription Kit (P/N N808-

0234).

The c-/os-specific primers used in this reaction were designed using Primer Express

Software (PE Applied Biosystems), and are described below:

Forward: 5' - GAG AAA CGG AGA ATC CGA AGG - 3'

Reverse - 5' - CCG CTT GCA GCG TAT CTG TC - 3'

Primer specificity was ensured by carrying out agarose gel electrophoresis and

ethidium bromide staining to ensure the production of a single product.
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A reverse transcriptase master mix was prepared according to the scheme below - this

mix was sufficient to carry out 100 reactions.

Reaction component Volume/vl
10x Buffer 200

MgCl2 440

dNTP Mix (2.5mM dATP, 2.5mM 400

dCTP, 2.5mM cGTP, 2.5mM dUTP)
Oligo dT 100

Ribonuclease inhibitor 40

Multiscribe Reverse transcriptase
(50U/pl)

50

The master mix was added to the 96 well PCR plate in 12.3vl aliquots, and 7.7vl of

each RNA sample was added to separate wells. The mixture was triturated, and the

plate was sealed with caps. The plate was placed in a thermal cycler, and the

following thermal profile was carried out: 25°C for 10 minutes, 48°C for 30 minutes,

95°C for 5 minutes. The synthesised cDNA was stored at -20°C.

Quantitation of c-fos using Real-Time fluorescent PCR

The PCR Master mix was prepared according to the scheme below, using the SYBR

Green PCR Core Reagent kit P/N 4304886. Normally, the SYBR Green PCR

reaction was performed on batches of 90 samples.

Reaction component Volume (pi)
DEPC-treated water 1062.5
10 x SYBR Green PCR Buffer 250

MgCE 300
Forward primer (lOOpM) 200

Reverse primer (lOOpM) 200

dNTP Mix (2.5mM dATP, 2.5mM dCTP, 200
2.5mM cGTP, 2.5mM dUTP)
lU/pl uracil-N-glycosylase 25

5U/pl Amplitaq Gold DNA Polymerase 12.5
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The c-fos positive control cDNA was added in triplicate to a 96 well PCR plate (2.5pl

aliquots), taking care that each aliquot was applied directly to the bottom of each well.

This served as a control of the amplification efficiency of the PCR reaction. A no-

template control (NTC) of 2.5pl water was pipetted onto the 96 well PCR plate in

triplicate. The samples were applied to the 96 well PCR plate in triplicate, with 2.5pl

per well. PCR master mix (22.5pl) was added to each well, the plate was sealed, and

loaded into the ABI Prism 7700/5700 machine. The following thermal profile was

chosen: 50°C for 2 minutes; 95°C for 10.25 minutes; 60°C for 1 minute - 40 cycles.

The fluorescence threshold value was set to 0.75 to allow for baseline 'noise' and the

Ct values were recorded.

Data analysis

The specific c-fos content (relative to RNA content of cell lysate) was calculated as

follows:

The c-fos standard is given an arbitrary value of 1000 units.

Specific c-fos content = 1000 x 2([Ct standard]"[Ct samPle)]/0.9625 x (RNA concentration)

As mentioned previously (p72), Ct is defined as the first PCR cycle where

fluorescence rises above the baseline. In the above case, the modifier for the RNA

concentration (0.9625) is derived from the following equation:
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RNA used in SYBR Green Assay =

Volume RNA used in cDNA synthesis x Volume cDNA used in SYBR Green Assay

Total Volume of cDNA

= (7.7 / 20) x 2.5 = 0.9625

Using the data collected and equations given above, c-fos mRNA was quantified for

each sample relative to a standard per microgram total RNA.

An example calculation is given below:

Ct value of c-fos standard (triplicate) = 24.35, 24.24, 24.29

C, value of no-template control (triplicate) = 40, 40, 40

Ct value of samples (triplicate) = 21.18, 21.20, 21.04

RNA concentration of samples = 17.5pg/ml

Quantity of c-fos relative to sample:

Replicate 1: 1000 x 2(24 35 2U8) = 9000

Replicate 2: 1000 x 2(24-24-21'20) = 8225

Replicate 3: 1000 x 2(24'29-2L20) = 9514

Mean = (9000 + 8225 + 9514)/3 = 8913

Amount of RNA used in SYBR Green Assay =

Vol. RNA in cDNA synthesis x Volume cDNA used in SYBR Green Assay x [RNA]

Total Volume of cDNA

= (7.7 / 20) x 2.5 x 17.5 x 10"3= 18.64ng
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Specific c-fos content = Mean quantity of c-fos relative to control

Amount of RNA used

= 8913/ 16.84

= 529.27 units/ ng RNA
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Chapter 3:

Characterisation of (S)-CPW 399,

a non-desensitising AMPA receptor agonist

and excitotoxin
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As discussed previously, L-glutamate-induced excitotoxicity is thought to be

mediated primarily by ionotropic receptors, named after their prototypic agonists; the

NMDA, AMPA and kainate receptors. Due to its ability to flux large amounts of Ca2+

and thus produce a pronounced sustained increase in intracellular Ca2+ concentrations,

the NMDA receptor has generally been viewed as being central in the process of L-

glutamate-induced excitotoxicity. However, there is a growing body of evidence

suggesting that the AMPA receptor may play a greater role in excitotoxicity than was

previously suspected; AMPA receptor antagonists have been more successful than

NMDA receptor antagonists in animal models in limiting stroke damage (Turski et al.,

1998), and the AMPA receptor has been implicated as being central in the

mechanisms of neurotoxicity of several environmental neurotoxins, such as %-N-

oxalyl-L-p-%-diaminopropionic acid (Bridges et al., 1989) and domoic acid (Jensen et

al., 1999).

Due to the traditional focus on NMDA receptors as the primary causative mechanism

for excitotoxicity, our knowledge of the role of AMPA receptors in this area is rather

undeveloped. Thanks to advances in the field of molecular biology, however, it has

been revealed that AMPA receptors have a startling capacity for diversity. AMPA

receptors exist as a pentameric structure (Rosenmund et al., 1998), which can be made

up of any combination of four subunits, termed GluRl-R4. Each of these subunits

can exist as a 'flip' or 'flop' splice variant (Sommer et al., 1990; Monyer et al., 1991),

which has consequences for the desensitisation properties of the receptor complex,

following agonist binding; the 'flip' variants desensitise less rapidly than the 'flop'

variants (Mosbacher et al., 1994). In addition to desensitisation changes, flip/flop
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variants impart different pharmacological and kinetic properties on currents evoked

by Glu but not by KA.

In addition to these variants, GluR2 can undergo post-translational modification,

which changes the Ca2+ permeability of receptors in which it is present. The genomic

sequence of GluR2 codes for a neutral glutamine (Q) residue at position 586. It

undergoes post-translational modification (mRNA editing) to substitute a positively

charged arginine (R) residue at this position. Receptors in which GluR2(R) is present

show low Ca2+ permeability (Hume et al., 1991).. This post-translational

modification is thought to occur with high efficiency in vivo, and with GluR2 being

widely expressed in brain tissue, it would be assumed that few, if any, Ca2+ permeable

AMPA receptors would exist. Nevertheless, subsets of Ca2+ permeable non-NMDA

receptors have been described in murine cortical neurones (Lu et ah, 1995), through

which Ca2+ entry can induce rapid cell death.

One major factor to be addressed in the study of AMPA receptor-mediated

excitotoxicity is that of agonist-mediated AMPA receptor desensitisation. Receptor

desensitisation is characterised by progression of the receptor into an inactive state,

even though the agonist remains tightly bound. NMDA receptors desensitise

relatively slowly via multiple mechanisms. AMPA and KA receptors, on the other

hand, become desensitised rapidly (Mayer and Partin, 1995). The rate and extent of

densensitisation of AMPA receptors can be affected by agonists, splice variants and

allosteric modulators (Vyklicky et al., 1991; Yamada and Rothman, 1992; Bowie and

Smart, 1993; Yamada and Tang, 1993; Partin et al., 1993, 1996; Mosbacher et al.,

1994; Sekiguchi et al., 1997).
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The first studies on AMPA receptor desensitisation utilised hippocampal neurons and

rapid solution exchange systems (Kiskin et al., 1986; Mayer and Vyklicky, 1989).

The demonstrated almost complete desensitisation in the presence of saturation

concentrations of glutamate, quisqualate and AMPA. Further study revealed that

desensitisation occurs at glutamate concentrations lower than that required for

receptor activation, and the rate recovery from desensitisation is 10 times slower than

the rate of deactivation (Trussed et al., 1988; Colquhoun et al., 1992). AMPA

receptors desensitise from both fully and partially liganded closed states and open

states (Hausser and Roth, 1997). The desensitised state is also marked by a dramatic

increase in ligand affinity - approximately a 20 fold increase over that for the

undesensitised state (Hall et al., 1993; Partin et al., 1996).

As previously mentioned, the flip splice variants desensitise less rapidly than flop

variants. Additionally, cyclothiazide has a more pronounced effect on flip variants;

cyclothiazide relieves desensitisation almost completely on flip receptors, but only

slows the entry into the desensitised state in flop variants (Partin et al., 1994;

Johansen et al., 1995). Site-directed mutagenesis of residues in the flip-flop region

has identified several residues controlling the effect of cyclothiazide on receptor

function. Ser750 and Asn750 appear to be the most important structural determinants

of the flip-flop region identified so far. Conversion of Ser750 in GluRlflip to

glutamine, the homologous residue found in kainate receptors, abolishes the effect of

cyclothiazide on the AMPA receptor (Partin et al., 1995). Conversely, a serine

residue on either GluRl or GluR2 subunits of heteromeric AMPA receptors sensitises

them to the actions of cyclothiazide (Partin et al., 1995). Introduction of a serine
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residue into the homologous site on the KA receptor subunit GluR6 imparts some

receptor sensitivity to cyclothiazide, indicating a link between the mechanisms of

desensitisation in AMPA and KA receptor subunits (Partin et ah, 1995).

Our understanding of the mechanisms of desensitisation has advanced rapidly in

recent years. The extracellular ligand binding domain of each receptor subunit

comprises two protein domains, which resemble a clam shell (Armstrong et al., 1998).

Following ligand binding, the cleft between the two domains narrows by the

movement of one domain towards the other (Armstrong and Gouaux, 2000). This

may trigger pore opening as the residues linking the second domain to the plasma

membrane are pulled away from the pore-forming region of the receptor. Receptor

subunits may unite in a stepwise fashion to open the channel (Rosenmund et al et ah,

1998). Individual ligand-binding pockets of AMPA receptors have also been shown

to form dimers (Armstrong and Gouaux, 2000). The dimer interface is rich in

residues controlling receptor desensitisation (Jones and Westbrook, 1996).

A single point mutation of the ligand binding site blocks AMPA receptor

desensitisation (Stern-Bach et ah, 1998). Sun et ah (2002) showed that this point

mutation increased the probability of dimerisation of individual subunits by a factor of

10 . Similarly, dimerisation was increased in the presence of cyclothiazide.

Conversely, a point mutation of residue 754, which accelerated desensitisation,

virtually abolished dimer formation. Mutant subunits exhibiting non-desensitising

properties formed a strongly hydrophobic pocket in the dimer interface, with an

equivalent effect observed in normal receptors exposed to cyclothiazide. It was

proposed that following receptor activation by ligand binding, movement of domain 2
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produces tension on the connecting portion between the ligand binding pocket and the

transmembrane domains of the receptor. This leads to conformational changes within

the membrane, facilitating channel opening. Strain on the ligand-binding pocket then

leads to a further conformational rearrangement to relieve tension. This results in

rearrangement of the dimer interface and entry into the desensitised state. In receptors

where desensitisation is inhibited, however, the strengthened dimer interface prevents

rearrangement within the ligand-binding pocket. Subsequently, the ion channel

remains open as long as agonist remains bound.

The uracil amino acid l-(2-amino-2-carboxyethyl)pyrimidine-2,4-dione (willardiine)

has previously been described as a non-NMDA receptor agonist (Evans et al., 1980).

Willardiine (Figure 3.1) is a naturally occurring heterocyclic amino acid present in the

seeds of acacia and mimosa. Using this compound as a template, it was shown that

structural analogues produced by substitution of the hydrogen at the 5 position on the

uracil ring for a variety of electron withdrawing groups altered the binding, selectivity

and electrophysiological action of the subsequent compound on non-NMDA receptors

(Hawkins et al., 1995). Of special interest is the fact that the desensitisation

properties of the willardiine analogues are altered depending on the identity of the

substituent at the 5 position. (S)-willardiine and (S)-5-fluorowillardiine (Figure 3.1)

are both strongly desensitising agonists, whilst (S)-5-bromowillardiine and (S)-5-

iodowillardiine (Figure 3.1) are weakly desensitising agonists (Patneau et al., 1992).

Following generation of a 3D model of the willardiine docking mode, it was

subsequently suggested that the active and desensitised states of the AMPA receptor

correspond to an open-lobe and closed-lobe conformation of the agonist binding

domain. Due to the greater bulk of the bromo- and iodo- analogues, it is thought that
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the receptor agonist binding domain is unable to return to a closed-lobe conformation,

preventing transition to the desensitised state (Kitzelstein et al., 2000). It should be

observed, however, that iodowillardiine lacks selectivity for the AMPA receptor, and

has been shown to be a strong agonist at both homomeric GluR5 kainate receptors

(Swanson et al., 1998) and at kainate receptors on isolated dorsal roots (Thomas et al.,

1998). A recent study described 5-iodowillardiine as a potent excitotoxin in

cerebellar granule cell cultures (Giardina et al., 2001). Low concentrations of 5-

iodowillardiine resulted in the onset of apoptosis following a 24 hour exposure, whilst

higher concentrations led to a mainly necrotic mode of cell death. The toxic effects of

5-iodowillardiine could be abrogated by co-administration of the non-NMDA receptor

antagonists CNQX and GYKI 54266, but not by the NMDA receptor antagonist MK-

801. Further analysis of the relative contribution of AMPA or kainate receptors to 5-

iodowillardiine-induced cell death was not attempted, and the authors' assertion that 8

div cerebellar granule cell cultures represent a model system devoid of AMPA

receptors was not supported by the cited literature (Hack et al., 1995). In an

electrophysiological study utilising non-NMDA receptor-expressing Xenopus laevis

oocytes, 5-bromowillardiine was shown to more closely resemble the actions of

kainate than (S)-AMPA. This conclusion was based on both dose response data and

current/voltage plots (Bowie et al., 1990). Thus, it can be seen that, although the

bromo- and iodo- analogues of willardiine are weakly desensitising agonists, they lack

selectivity for AMPA receptors.
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Figure 3.1: The non-NMDA receptor agonists (i?5)-Willardiine, (S)-5-
Fluorowillardiine, (S)-5-Bromowillardiine and (S)-5-Iodowillardiine, and the
synthetic willardiine derivative (S)-CPW 399. The ability of the halogen
derivatives of willardiine to induce AMPA receptor desensitisation decreases as
the size of the halogen addition increases (Kitzelstein et al., 2000).
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Willardiine itself is not a completely selective AMPA receptor agonist; heteromeric

GluR6(Q)/KA2 receptors responded to stimulation with willardiine, although

homomeric GluR2(Q) receptors showed no response. Interestingly, whole-cell

currents elicited by willardiine binding were inhibited by increasing the extracellular

[Ca2+] above physiological levels, and were potentiated by lowering extracellular

[Ca2+] below physiological levels (Fukushima et ah, 2000).

(S)-5-Fluorowillardiine was described as the most potent AMPA receptor agonist in

this series of compounds, and its neurotoxic effects in cultured murine cortical

neurones has been described previously (Larm et ah, 1996). In this culture system,

both (S)-AMPA and (S)-5-fluorowillardiine were able to exert a neurotoxic effect

without the need for co-administration of cyclothiazide to prevent receptor

desensitization. Furthermore, evidence suggested that (S)-5-fluorowillardiine exerted

a portion of its neurotoxic effect through low-affinity kainate receptors.

The synthesis, molecular modelling, and pharmacological characterisation of a new

AMPA receptor agonist, (S)-CPW 399 has recently been reported (Campiani et ah,

2001). (S)-CPW 399 is structurally related to willardiine, but has been modified by

the fusion of a cyclopentane ring with the pyrimidine ring (Figure 3.1). This confers

upon (S)-CPW 399 the peculiar property of being a full AMPA receptor agonist

which partially prevents receptor desensitization, and also a selectivity for GluR2 over

GluR3. Figure 3.2 indicates that the reason for (S)-CPW 399 selectivity for GluR2

over GluR3 may be due to the fact that 0-4 of (S)-CPW 399 makes an H-bond of

moderate strength with W2, which is in turn strongly bound to Y702 and T686 of
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GluR2. In contrast, W2 can only bind to T712 on GluR3, and the H-bond is

lengthened and weakened. As desensitization appears to act as a neuroprotective

mechanism at glutamatergic synapses, it follows that (S)-CPW 399 might

Figure 3.2: Molecular modelling of (S)-CPW 399 in the agonist-binding pocket
of GluR2 (A) and GluR3 (B). Wl-3 are receptor water molecules which connect
the ligand to the receptor via hydrogen (H) bonds.
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exhibit exciloloxic properties. In this study, the excitotoxic and pharmacological

characteristics of (S)-CPW 399 were investigated, using primary cultures of murine

cerebellar granule cells as an in vitro model system of glutamatergic neurons.

Results

Neurotoxicity induced by (S)-CPW 399 was assessed using both biochemical and

morphological methods. Cerebellar granule cells were exposed to increasing

concentrations of (S)-CPW 399 from 0.1 pM to l.OmM in culture-conditioned

medium for 30 minutes, 4 hours or 24 hours. Using the MTT assay as a measure of

cell viability, progressive, dose-dependent cell death was observed (Fig. 3.3). As can

be seen, a 30 minute exposure to this concentration range of (S)-CPW 399 produced

only minimal levels of cell death. Even at the highest concentration of (S)-CPW 399

administered (ImM), cell viability remained high, at -80% of that observed for

control cells. The EC50 ± S.E.. was 26.7 ± 18.8vM.

When cells were exposed to the same concentration range of (S)-CPW 399 for 4

hours, the onset of cell death induced became more apparent. Cell death became

apparent after exposure of cells to concentrations of (S)-CPW 399 of lOOvM and

above, with cell viability dropping to -60% after exposure to ImM (S)-CPW 399

(Figure 3.2). The calculated EC50 ± S.E. was 149 ± 30.5vM.

When the exposure period was lengthened to 24 hours, (S)-CPW 399-induced

neuronal cell death became even more pronounced. As with the 4 hour exposure

paradigm, cell death was observed following exposure to concentrations of (S)-CPW

399 above lOvM. Maximum cell death was observed after exposure to ImM (S)-
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Figure 3.3: Concentration dependence of (S)-CPW-399-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 30 minute, 4 hour and 24 hour incubation.
Cells were exposed to concentrations of (S)-CPW 399 from 0.3pM to 1 .OmM in culture-
conditioned medium. Following exposure, cells were maintained in a 37°C 5%C02/95%
air humidified atmosphere for 30 minutes, 4 hour or 24 hours, after which time cell
viability was assessed by MTT staining. Absorbance at 570nm was expressed as a
percentage of that for control (untreated) cells. Data represent the mean ± S.E.M. of n=5
values. Mean absorbance of control (untreated) cells was 0.163 ± 0.003 for cells treated
for 30 minutes, 0.242 ± 0.008 for cells treated for 4 hours and 0.324 ± 0.007 for cells
treated for 24 hours.

CPW 399, where cell viability was calculated to be only 17% of that of control cells

(Figure 3.2). The calculated EC50 ± S.E. was 89 ± 36.3pM.

Subsequently, it was decided to investigate whether continued exposure to (S)-CPW

399 was necessary for cell death to proceed, or if an initial, short exposure was

sufficient to initiate the onset of a toxic cascade. To this end, cerebellar granule cell

cultures were exposed to increasing concentrations of (S)-CPW 399 from 0.1 pM to

l.OmM in culture-conditioned medium for 30 minutes. After this time, the test

■ 30 min exposure
t 4 hr exposure
♦ 24 hr exposure

1
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solutions were removed by snap inversion, and fresh culture-conditioned medium was

added. The cells were returned to the incubator, and after 4 hours or 24 hours further

incubation in culture conditioned medium cell viability was assessed using the MTT

assay.

Figure 3.4 shows that, with an experimental paradigm of 30 minutes exposure to (S)-

CPW 399 followed by a 4 hour post-exposure incubation in culture-conditioned

medium, cell death became evident at concentrations of (S)-CPW 399 above 30vM.

At concentrations of lOOvM (S)-CPW 399 and above, cell viability dropped to a nadir

of -65% compared to control cells. The calculated EC50 ± S.E. was 39.0 ± 23.8nM.

When cells were subjected to a longer post-exposure incubation of 24 hours in

culture-conditioned medium, a loss of cell viability was also clear in cultures exposed

to concentrations of (S)-CPW 399 greater than 30vM. In cultures exposed to 300vM

(S)-CPW 399 or higher, cell viability dropped to approximately 50% of that observed

in control cells. The EC50 ± S.E. was 56.2 ± 12.6|xM.
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Figure 3.4: Concentration dependence of (S)-CPW-399-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 30 minute exposure to (S)-CPW 399 and
subsequent post-exposure incubation in culture-conditioned medium for 0 minutes, 4 hours
or 24 hours. Cells were exposed to concentrations of (S)-CPW 399 from 0.3pM to l.OmM
in culture-conditioned medium. Following exposure, cells were maintained in a 37°C
5%C02/95% air humidified atmosphere for 30 minutes, after which time cell viability was
immediately assessed or test solutions were replaced with culture-conditioned medium,
and the cells were returned to the incubator. After a further 4 hour or 24 hour incubation,
cell viability was assessed by MTT staining. Absorbance at 570nm was expressed as a
percentage of that for control (untreated) cells. Data represent the mean ± S.E.M. of n=8
values. Mean absorbance of control (untreated) cells was 0.163 ± 0.003 for cells assayed
immediately following exposure, 0.252 ± 0.008 for cells incubated for 4 hours post¬
exposure and 0.231 ± 0.006. for cells incubated for 24 hours post-exposure.

Having observed that (S)-CPW 399 induced cell death in 7 div cultures of cerebellar

granule cells in a manner that was dependent on the concentration of (S)-CPW 399

applied and the length of exposure time, it was decided to investigate the possible

involvement of ionotropic glutamate receptors in (S)-CPW 399-induced cell death.

To this end, a single temporal paradigm of 24 hours exposure was selected. Cells

0 min post-exposure
4 hr post-exposure
24 hr post-exposure
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were exposed to a fixed concentration of lOOvM (S)-CPW 399, which had previously

been observed to induce moderate (50%) loss of cell viability following a 24 hour

incubation (Figure 3.4), and varying concentrations of a range of ionotropic glutamate

receptor antagonists.

Figure 3.5 shows that the NMDA receptor antagonist, D-APV, does not provide any

neuroprotective effect against (S)-CPW 399-induced neuronal cell death. Cultures of

cerebellar granule cells maintained for 7 div were exposed to a fixed concentration of

211vM (S)-CPW 399 alone or co-administered with concentrations of D-APV from

lOOvM to l.OmM. The cells were maintained under these test conditions for 24

hours, after which time cell viability was assessed using the MTT assay. None of the

concentrations of D-APV administered alleviated the loss of cell viability induced by

lOOvM (S)-CPW 399.

In contrast, the AMPA/KA receptor antagonist CNQX proved to be an effective

neuroprotectant against (S)-CPW 399-induced excitotoxicity (Figure 3.6). Following

exposure of cells to lOOvM (S)-CPW 399 alone or along with concentrations of

CNQX from 2vM to 50vM, it could be seen that concentrations of CNQX above 5vM

provided a measure of protection against the observed neurotoxicity, at 50pM CNQX

there was a complete absence of toxicity.
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Figure 3.5: Effect of increasing concentrations of D-APV on (S)-CPW 399-induced
neurotoxicity. Cultures of cerebellar granule cell (7 div) were exposed to a fixed
concentration (lOOpM) of (S)-CPW 399 alone or coadministered with concentrations of
D-APV from lOOpM to l.OmM. Following exposure, cells were maintained in a 37°C
5% C02/95% air humidified atmosphere for 24 hours, after which time cell viability
was assessed by MTT staining. The absorbance at 570nm was expressed as a
percentage of that for control (untreated) cells. Data represent the mean ± S.E.M. of
n=5 values. Mean absorbance ± S.E.M. of control (untreated) cells was 0.271 ± 0.008.
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Figure 3.6: Effect of increasing concentrations of CNQX on (S)-CPW 399-induced
neurotoxicity. Cultures of cerebellar granule cell (7 div) were exposed to a fixed
concentration (lOOpM) of (S)-CPW 399 alone or coadministered with concentrations of
CNQX from 2pM to 50pM. Following exposure, cells were maintained in a 37°C 5%
COi/95% air humidified atmosphere for 24 hours, after which time cell viability was
assessed by MTT staining. The absorbance at 570nm was expressed as a percentage of
that for control (untreated) cells. Data represent the mean ± S.E.M. of n=5 values.
Mean absorbance ± S.E.M. of control (untreated) cells was 0.298 ± 0.012.
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Figure 3.7: Effect of increasing concentrations of NBQX on (S)-CPW 399-induced
neurotoxicity. Cultures of cerebellar granule cell (7 div) were exposed to a fixed
concentration (lOOpM) of (S)-CPW 399 alone or along with concentrations of NBQX
from lpM to lOOpM. Following exposure, cells were maintained in a 37°C 5%
C02/95% air humidified atmosphere for 24 hours, after which time cell viability was
assessed by MTT staining. The absorbance at 570nm was expressed as a percentage of
that for control (untreated) cells. Data represent the mean ± S.E.M. of n=5 values.
Mean absorbance ± S.E.M. of control (untreated) cells was 0.255 ± 0.003.

In order to further elucidate the mode of action of (S)-CPW 399-induced

neurotoxicity, the AMPA/KA antagonist NBQX was employed. Although NBQX has

some inhibitory effect on KA receptors, it exhibits a 30-fold selectivity for AMPA

receptors. Thus, it is a valuable tool for defining the exact nature of non-NMDA

receptor responses. Figure 3.7 shows the effect of concentrations of NBQX from

lpM to lOOpM on the loss of cell viability induced by lOOpM (S)-CPW 399.

Neuroprotection is evident with even the lowest concentration of NBQX employed

(lpM), with complete protection being observed with co-administration of lOpM

NBQX.
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Having studied the protective effects of varying concentrations of ionotropic

glutamate receptor antagonists against excitotoxicity induced by a fixed concentration

of (S)-CPW 399, it was of interest to observe what effect fixed concentrations of

antagonists might have on the previously observed concentration-dependent cell death

induced by (S)-CPW 399. As before, a 24 hour exposure to test solutions was

deemed to be the most appropriate model to employ. Cells were exposed to

concentrations of (S)-CPW 399 from 0.1 pM to l.OmM for 24 hours, with or without

co-administration of a fixed concentration of antagonist, after which time cell viability

was assessed using the MTT assay.

Figure 3.8 shows the effect of a fixed concentration of 500pM D-APV on (S)-CPW

399-induced concentration dependent cell death. This concentration of D-APV was

employed as it had previously been observed to act as an effective neuroprotectant

against toxicity induced by 250pM L-glutamate in this cell culture system (Griffiths

et al., 1998). As can be seen, scant variation is observed in the concentration response

to (S)-CPW 399 when 500pM D-APV is included in the test solution.
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Figure 3.8: Concentration dependence of (S)-CPW-399-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with and without co¬
administration of 500pM D-APV. Cells were exposed to concentrations of (S)-CPW 399
from 0.3pM to l.OmM with and without a fixed concentration of 500pM D-APV in
culture-conditioned medium. Following exposure, cells were maintained in a 37°C
5%C02/95% air humidified atmosphere for 24 hours, after which time cell viability was
assessed by MTT staining. Absorbance at 570nm was expressed as a percentage of that
for control (untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean
absorbance of control (untreated) cells was 0.332 ± 0.007.

When lOpM CNQX was coadministered with concentrations of (S)-CPW 399 from

0.1 pM to l.OmM, a clear shift of the concentration response curve towards greater

cell survival was observed (Figure 3.9). This was most easily observed at the point in

the curve where lOOpM (S)-CPW 399 was applied alone or in concert with lOpM

CNQX. Under these conditions, application of lOpM CNQX induced a shift from

approximately 45% cell death to approximately 10% cell death. The calculated EC50

± S.E. was observed to shift from 56 ± 14.4pM to 300 ± 106.4pM when lOpM

CNQX was included in the extracellular medium. At higher concentrations of (S)-

agonist alone
+ 500vM D-APV
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Figure 3.9: Concentration dependence of (S)-CPW-399-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with and without co¬
administration of lOpM CNQX. Cells were exposed to concentrations of (S)-CPW 399
from 0.3pM to l.OmM with and without a fixed concentration of lOpM CNQX in
culture-conditioned medium. Following exposure, cells were maintained in a 37°C
5%C02/95% air humidified atmosphere for 24 hours, after which time cell viability was
assessed by MTT staining. Absorbance at 570nm was expressed as a percentage of that
for control (untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean
absorbance of control (untreated) cells was 0.359 ± 0.010.

CPW 399, however, the neuroprotective effect of lOpM CNQX was overcome, and

the maximal toxicity induced by l.OmM (S)-CPW 399 was unaffected by co¬

administration of CNQX.

In another series of experiments, the effect of 20pM NBQX on concentration

dependent (S)-CPW 399-induced cell death was studied. When cerebellar granule

cell cultures were exposed to concentrations of (S)-CPW 399 from 0.1 pM to l.OmM

alone or co-incubated with 20pM NBQX for 24 hours, the neuroprotective effect of
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Figure 3.10: Concentration dependence of (S)-CPW-399-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with and without co¬
administration of 20pM NBQX. Cells were exposed to concentrations of (S)-CPW 399
from 0.3pM to l.OmM with and without a fixed concentration of 20pM NBQX in
culture-conditioned medium. Following exposure, cells were maintained in a 37°C
5%C02/95% air humidified atmosphere for 24 hours, after which time cell viability was
assessed by MTT staining. Absorbance at 570nm was expressed as a percentage of that
for control (untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean
absorbance of control (untreated) cells was 0.311 ± 0.007.

NBQX was clearly apparent following cell viability assessment. Full protection

against the cytotoxic effects of lOOpM (S)-CPW 399 was observed when 20pM

NRQX was included in the test solution, and the loss of cell viability induced by

300pM and l.OmM (S)-CPW 399 were markedly alleviated by co-administration of

NBQX (Figure 3.10). The calculated EC50 ± S.E. shifted from 70 ± 16pM to 600 ±

306pM in the presence of 20pM NBQX.

■ agonist alone
- + 20vM NBQX
I
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In order to provide conclusive information on the type of ionotropic glutamate

receptor involved in mediating the toxic effects of (S)-CPW 399, the AMPA receptor-

selective non-competitive antagonist GYKI 53655 was employed. In previous studies

using cortical neurons as a system expressing AMPA receptors and dorsal root

ganglion neurons as a system expressing KA receptors, but devoid of NMDA and

AMPA receptors, it has been shown that GYKI 53655 strongly antagonises AMPA

receptor currents, with a minimal effect on KA receptor currents (Wilding and

Huettner, 1995).

The effect of 20pM GYKI 53655 on (S)-CPW 399-induced cell death over a

concentration range of 0.1 pM to l.OmM can been in Figure 3.11. The addition of

20pM GYKI 53655 antagonises the neurotoxic effect of (S)-CPW 399 over its entire

concentration range. Only at the highest concentration of (S)-CPW 399 applied

(l.OmM) is any reduction in MTT absorbance observed in the presence of GYKI

53655. The loss of cell viability observed under this condition is, however, only 20%,

compared to the 65% loss of cell viability observed following exposure of cells to

1 .OmM (S)-CPW 399 alone. In studies utilising the MTT assay as a marker for cell

viability in cerebellar granule cell cultures, a reduction in absorbance of 20% or less is

not generally regarded as representing significant neurotoxicity. The protective effect

of GYKI 53655 against (S)-CPW 399-induced excitotoxicity was further supported by

photomicrographic evidence (Figure 3.12). Exposure of cells to lOOpM (S)-CPW 399

for 24 hours resulted in cells exhibiting a necrotic morphology, with loss of processes

and the appearance of much cellular debris (Figure 3.12B). Co-administration of

20pM GYKI 53655 completely prevented this, with cells exposed to lOOpM (S)-CPW
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Figure 3.11: Concentration dependence of (S)-CPW 399-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with and without co¬
administration of 20pM GYKI 53655. Cells were exposed to concentrations of (S)-CPW
399 from 0.3pM to 1 .OmM with and without a fixed concentration of 20pM GYKI 53655
in culture-conditioned medium. Following exposure, cells were maintained in a 37°C
5%C02/95% air humidified atmosphere for 24 hours, after which time cell viability was
assessed by MTT staining. Absorbance at 570nm was expressed as a percentage of that
for control (untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean
absorbance of control (untreated) cells was 0.311 ± 0.007.

399 and 20pM GYKI 53655 (Figure 3.12C) being indistinguishable from cells

exposed to control conditions (Figure 3.12A).

The pharmacology of (S)-CPW 399-induced excitotoxicity in cerebellar granule cell

cultures was further investigated by observing the effects of a variety of antagonists,

alone or in combination, on the cell death induced by lOOpM (S)-CPW 399 over the

course of a 24 hour incubation. The antagonists employed included APV, CNQX,

NBQX, TCP and nifedepine. TCP is a potent, non-competitive NMDA receptor
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Figure 3.12: Effect of lOOpM (5)-CPW 399 on the morphology of 7 div
cerebellar granule cells, and blockade by GYKI 53655.
Cerebellar granule cells were exposed to culture-conditioned medium
alone (A), 100 pM (S)-CPW 399 (B), or lOOpM (S)-CPW 399 and
20pM GYKI 53655 (C) for 24 hours, after which time photomicrographs
were taken using a phase-contrast microscope with a x20 objective lens.
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Figure 3.13: Effect of pharmacological antagonists on (S)-CPW 399-induced
cytotoxicity. Primary cultures of cerebellar granule cells (7 div) were exposed to
lOOpM (S)-CPW 399 alone, or co-administered with 500pM D-APV, lpM TCP, lOpM
nifedipine, lOpM CNQX, 20pM NBQX, or a combination of 500pM D-APV and lOpM
nifedipine, in culture-conditioned medium. Following exposure, cells were maintained
in a 37°C 5%C02/95% air humidified atmosphere for 24 hours, after which time cell
viability was assessed by MTT staining. Absorbance at 570nm was expressed as a
percentage of that for control (untreated) cells. Data represent the mean ± S.E.M. of
n=5 values. Mean absorbance of control (untreated) cells was 0.301 ± 0.012.

antagonist, whereas nifedipine is an L-type voltage-gated calcium channel (VGCC)

antagonist.

As can be seen in Figure 3.13, only inclusion of the non-NMDA receptor antagonists

CNQX or NBQX provided any neuroprotective effect against (S)-CPW 399. None of

the other antagonists, either alone or in concert with each other, provided any

neuroprotective effect. Although the L-type VGCC antagonist nifedipine exhibited
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no protective effect, it is possible to envisage that other subtypes of VGCC might

mediate the excitotoxic action of (S)-CPW 399. Accordingly, granule cells were

exposed to lOOpM (S)-CPW 399 along with either 50pM agatoxin IVA (P/Q-type

VGCC blocker), lpM ^-conotoxin GVIA (N-type VGCC blocker) or 150nM % -

conotoxin MVIIC (Q-type VGCC blocker). Neither condition provided any

neuroprotective effect (data not shown).

The toxicity studies detailed above strongly imply that (S)-CPW 399 produces its

toxic effect through interactions with the AMPA receptor. Given the wealth of

evidence linking a derangement of intracellular Ca2+ homeostasis and toxicity

mediated by ionotropic glutamate receptors, it was of great interest to study the effect

of (S)-CPW 399 on free cytosolic Ca2' levels.
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Figure 3.13: Concentration dependence of (S)-CPW-399-induced elevation of free
cytosolic calcium. Cultured cerebellar granule cells (7 div) were washed in HBS, loaded
with Fluo-3/AM as described in Materials and Methods, and washed with modified HBS
(supplemented with ImM furosemide) before exposing to concentrations of (S)-CPW 399
from 0.1 pM to l.OmM in modified HBS (Mg2+-free, (supplemented with ImM
furosemide). Data are expressed as a ratio of [Ca2+]i under stimulated conditions over
[Ca2+]j under basal conditions for each data point, and represent mean ± S.E.M. of n=5
values. The mean + SF.M hasal [Ca2+], was 98.5 ± 1.8nM.

The concentration dependence of (S)-CPW 399-induced elevations in free cytosolic

Ca2+ were first studied (Figure 3.13). When cells were exposed to increasing

concentrations of (S)-CPW 399 over the range 0.1 pM to l.OmM, a clear

concentration-dependent increase in Ca2+ levels was observed. Concentrations of (S)-

CPW 399 > lpM stimulated marked elevations of free cytosolic Ca2+ levels, with a

maximum elevation of approximately 6-fold above basal levels being observed

following exposure to concentrations greater than lOpM, with an observed EC50 ±

S.E.M. of 8 ± 3pM.
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Figure 3.14: Concentration dependence of (S)-CPW 399-induced elevation of free
cytosolic calcium in the presence and absence of 1.5mM extracellular Ca2+. Cultured
cerebellar granule cells (7 div) were washed in HBS, loaded with Fluo-3/AM as
described in Materials and Methods, and washed with modified HBS (supplemented with
ImM furosemide) before exposing to concentrations of (S)-CPW 399 from 0.1 pM to
l.OmM in modified HBS (Mg2+-free, supplemented with ImM furosemide) in the
presence and absence of 1.5mM Ca2+. Data are expressed as a ratio of [Ca2+], under
stimulated conditions over [Ca2+]j under basal conditions for each data point, and
represent mean ± S.E.M. of n=5 values. The mean ± S.E.M. basal [Ca2+]j was 153.3 ±
3.6nM.

Following on from the demonstration that (S)-CPW 399 could stimulate a significant

increase in free cytosolic Ca2+ levels, it was decided to investigate whether the

presence of extracellular Ca2+ was a requirement for the observed elevation of [Ca2+]i

following stimulation of granule cells with (S)-CPW 399. To this end, free cytosolic

Ca2+ levels were measured in granule cells following exposure to increasing

concentrations of (S)-CPW 399 both with and without the inclusion of 1.5mM Ca2+ in

the extracellular medium. Cells exposed to (S)-CPW 399 in Ca2+-free medium were

first rinsed with Ca2+-free medium before exposure in order to remove residual Ca2+
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without resorting to the use of Ca2+ chelators. The results (Figure 3.14) show that the

exclusion of Ca2+ from the extracellular medium effectively eliminated (S)-CPW 399-

stimulated elevations of [Ca2+]j. This indicates that the presence of extracellular

calcium ions is a critical factor in (S)-CPW 399-stimulated increases in [Ca2+]j.

As AMPA/KA receptor antagonists had previously proved effective in protecting

against (S)-CPW 399-induced neurotoxicity, it was decided that any potential

ionotropic glutamate receptor involvement in (S)-CPW 399-induced elevations of

[Ca2+]i should be investigated. The initial experimental strategy was to stimulate an

increase in [Ca2+]i with a fixed concentration of lOOpM (S)-CPW 399, and study the

effect of increasing concentrations of iGluR antagonists on this stimulated increase.

The effect of increasing concentrations of the NMDA receptor antagonist D-APV on

[Ca2+]j increases stimulated by lOOpM (S)-CPW 399 is shown in Figure 3.15. The

data shows that only at high concentrations (750pM - l.OmM) does D-APV afford

even moderate inhibition of (S)-CPW 399-stimulated increases in [Ca2+]j. For

example, co-administration of l.OmM D-APV reduced the stimulated increase from

7.5-fold over basal to 5.4-fold over basal.
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Figure 3.15: Effect of increasing concentrations of D-APV on (S)-CPW 399-induced
increases of free cytosolic calcium concentration ([Ca2+]j). Cerebellar granule cells (7
div) were washed with HBS, loaded with Fluo-3/AM as described in Materials and
Methods, and washed with modified HBS (supplemented with ImM furosemide) before
exposing to a fixed concentration of lOOpM (S)-CPW 399 alone or with increasing
concentrations of D-APV from lOOpM to l.OmM. Data were expressed as a ratio of
concentration of [Ca2+]j under test conditions over basal [Ca2+]j. Data are mean ± S.E.M.
of n=5 values. Mean basal [Ca2+]j ± S.E.M was 90.2 ± 2.7nM.

In a separate series of experiments, the effect of increasing concentrations of CNQX,

a competitive AMPA/KA receptor antagonist, on (S)-CPW 399-stimulated increases

0 2 5 10 20 50

[CNQX]vM

Figure 3.16: Effect of increasing concentrations of CNQX on (S)-CPW 399-induced
increases of free cytosolic calcium concentration (Ca2+]j). Cerebellar granule cells (7div)
were washed with HBS, loaded with Fluo-3/AM as described in Materials and Methods, and
washed with modified HBS (supplemented with ImM furosemide) before exposing to a
fixed concentration of lOOpM (S)-CPW 399 alone or with increasing concentrations of
CNQX from 2pM to 50pM. Data were expressed as a ratio of concentration of [Ca2+]j under
test conditions over basal [Ca2+]j. Data are mean ± S.E.M. of n=5 values. Mean basal
[Ca2+]j ± S.E.M was 83.9 ± 1.9nM.
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Figure 3.17: Effect of increasing concentrations of NBQX on (S)-CPW 399-induced
increases of free cytosolic calcium concentration (Ca2+]i). Cerebellar granule cells (7
div) were washed with HBS, loaded with Fluo-3/AM as described in Materials and
Methods, and washed with modified HBS (suppelemted with ImM furosemide) before
exposing to a fixed concentration of lOOpM (S)-CPW 399 alone or with increasing
concentrations of NBQX from lpM to lOOpM. Data were expressed as a ratio of
concentration of [Ca2+]j under test conditions over basal [Ca2+]s. Data are mean ±
S.E.M. of n=5 values. Mean basal [Ca2+]j ± S.E.M was 83.9 ± 1.9nM.

in [Ca2+]i was investigated. From Figure 3.16 it can be seen that a significant

reduction of (S)-CPW 399-stimulated elevation of [Ca2+]i was observed following co-

treatment of cells with concentrations of CNQX > lOpM. Following co¬

administration of 50pM CNQX, the induced elevation of [Ca2+]j is effectively

abolished. It should, however, be noted that CNQX loses selectivity for the

AMPA/KA receptors at concentrations >10pM.

The effect on (S)-CPW 399-stimulated increases in [Ca2+]i of increasing

concentrations of NBQX, an antagonist showing greater selectivity for the AMPA

receptor than CNQX, was also studied (Figure 3.17). NBQX proved to be effective in

preventing (S)-CPW399-simulated elevations in [Ca2+]j, with the lowest concentration

of NBQX applied (lpM) partially inhibiting (-25% reduction) [Ca2+]i elevations. At
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concentrations of NBQX > lOpM, (S)-CPW 399-stimulated increases in [Ca2+]j were

abolished.

The next logical step was to observe the effect of fixed concentrations of iGluR

antagonists, as employed in the previously described cytotoxicity studies, on the

concentration-dependent (S)-CPW 399-induced elevation of [Ca2+]i. The

experimental strategy employed was to measure [Ca2+]j elevation following

stimulation of cerebellar granule cells with increasing concentrations of (S)-CPW

399, both with and without co-administration of a fixed concentration of antagonist.

The effect of the competitive NMDA receptor antagonist D-APV on (S)-CPW 399-

stimulated elevation of [Ca2+]j is presented in Figure 3.18. When cells were exposed

to increasing concentrations (0.1 pM - l.OmM) of (S)-CPW 399 in the presence or

absence of 500pM D-APV, little difference between the two concentration response

curves was observed.
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Figure 3.18: Concentration dependence of (S)-CPW-399-induced elevation of free
cytosolic calcium in the presence and absence of 500pM D-APV. Cultured cerebellar
granule cells (7 div) were washed in HBS, loaded with Fluo-3/AM as described in
Materials and Methods, and washed with modified HBS (supplemented with ImM
furosemide) before exposing to concentrations of (6')-CPW 399 from 0.1 pM to l.OmM in
modified HBS (Mg2+-free, ImM furosemide) both with and without 500pM D-APV.
Data are expressed as a ratio of [Ca2+]i under stimulated conditions over [Ca2+]i under
basal conditions for each data point, and represent mean ± S.E.M. of n=5 values. The
mean ± S.E.M. basal [Ca2+]j was 89.7 ± 2.5nM.

The effect of co-administration of the AMPA/KA receptor antagonist CNQX on the

(S)-CPW 399-stimulated elevation of [Ca2+]j was also studied (Figure 3.19). As can

be seen, lOpM CNQX effectively antagonises (S)-CPW 399-mediated responses up to

lOOpM. Above lOOpM (S)-CPW 399, a fixed concentration of lOpM CNQX

provides only partial inhibition of [Ca2+];. The calculated EC5o ± S.E.M. of 4 ± lpM

with no co-administration of CNQX was shifted to 260 ± 8pM in the presence of

lOpM CNQX; a marked 60-fold increase.
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Figure 3.19: Concentration dependence of (S)-CPW-399-induced elevation of free
cytosolic calcium in the presence and absence of lOpM CNQX. Cultured cerebellar
granule cells (7 div) were washed in HBS, loaded with Fluo-3/AM as described in
Materials and Methods, and washed with modified HBS (suppelmented with ImM
furosemide) before exposing to concentrations of (S)-CPW 399 from 0.1 pM to 1 .OmM in
modified HBS (Mg2+-free, suppelemnted with ImM furosemide) both with and without
lOpM CNQX. Data are expressed as a ratio of [Ca2+]j under stimulated conditions over
[Ca2+]j under basal conditions for each data point, and represent mean ± S.E.M. of n=5
values. The mean ± S.E.M. basal [Ca2+]j was 98.5 ± 1,8nM.

NBQX proved similarly effective in antagonising (S)-CPW 399-stimulated increases

in [Ca2+]j. Thus, from Figure 3.20 it can be seen that the co-application of 20pM

NBQX completely eliminated elevations in [Ca2+]j stimulated by lOpM - 300pM (S)-

CPW 399, but still appreciably inhibited the [Ca2+]j elevation stimulated by the

relatively high concentration of l.OmM (S)-CPW 399. A shift of the calculated EC50

± S.E. from 4.7 ± 0.8pM without coapplication of 20pM NBQX to >lmM with co-

application of NBQX was observed.
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Figure 3.20: Concentration dependence of (S)-CPW-399-induced elevation of free
cytosolic calcium in the presence and absence of 20pM NBQX. Cultured cerebellar
granule cells (7 div) were washed in HBS, loaded with Fluo-3/AM as described in
Materials and Methods, and washed with modified HBS (supplemented with ImM
furosemide) before exposing to concentrations of (S)-CPW 399 from 0.1 pM to 1 .OmM
in modified HBS (Mg2+-free, supplemented with ImM furosemide) both with and
without 20pM NBQX. Data are expressed as a ratio of TCa2+li under stimulated
conditions over [Cai+]j under basal conditions for each data point, and represent mean ±
S.E.M. of n=5 values. The mean ± S.E.M. basal [Ca2+]i was 112.7 ± 5.0nM.

The selective, noncompetitive AMPA receptor antagonist GYKI 53655 also inhibited

(S)-CPW 399-induced [Ca2+]j elevations over the entire concentration range tested

(0.1 pM to l.OmM), as shown in Figure 3.21.

Finally, the pharmacology of elevations in [Ca2+]j stimulated by a fixed concentration

of lOOpM (S)-CPW 399 were investigated through application of various antagonists

of the iGluRs and VGCCs, used alone or in combination. The effect of application of

these antagonists on [Ca2+]j is shown in Figure 3.22. The analysis showed that (S)-

CPW 399-stimulated increases in [Ca2+]j were completely abolished by lOpM CNQX,
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Figure 3.21: Concentration dependence of (S)-CPW-399-induced elevation of free
cytosolic calcium in the presence and absence of 20pM GYKI 53655. Cultured
cerebellar granule cells (7 div) were washed in HBS, loaded with Fluo-3/AM as
described in Materials and Methods, and washed with modified HBS (supplemented
with ImM furosemide) before exposing to concentrations of (S)-CPW 399 from 0.1 pM
to l.OmM in modified HBS (Mg2+-free, supplemented with ImM furosemide) both with
and without 20pM GYKI 53655. Data are expressed as a ratio of [Ca2+]j under
stimulated conditions over [Ca2+]j under basal conditions for each data point, and
represent mean ± S.E.M. of n=5 values. The mean ± S.E.M. basal [Ca2+], was 128.6 ±
5.3nM.

20pM NBQX, or 5mM Co2+. Co2+ has previously been described as a specific

competitive inhibitor of Ca2+ flux through Ca2+-pcrmcablc AMPA receptors (see

review by Konig et al., 2001). In addition, increases were markedly attenuated by

application of lOpM nifedipine, an L-type VGCC blocker; this inhibition was

reinforced by using a combination of 500pM D-APV and lOpM nifedipine, although

[Ca2+]j elevation was still only reduced to 2.2-fold over basal. Application of 500pM

D-APV along with the stimulatory dose of lOOpM (S)-CPW 399 produced only a
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Figure 3.22: Effect of EAA receptor and VGCC antagonists on (S)-CPW 399-
induced elevation of [Ca2+]j in 7 div cerebellar granule cells. Cultured cerebellar
granule cells (7 div) were washed in HBS, loaded with Fluo-3/AM as described in
Materials and Methods, and washed with modified HBS (supplemented with ImM
furosemide) before exposing to lOOpM (S)-CPW 399 alone or in combination with
20pM NBQX, lOpM CNQX, 500pM D-APV, lpM TCP, lOpM nifedipine or 5mM
Co2+ in modified HBS (Mg2+-free, supplemented with ImM furosemide). Data are
expressed as a ratio of [Ca2+]i under stimulated conditions over [Ca2+]j under basal
conditions for each data point, and represent mean ± S.E.M. of n=5 values. The mean
± S.E.M. basal [Ca2+], was 132.47 ± R.OnM.

minimal effect on [Ca2+]j elevation, whilst lpM TCP, the non-competitive NMDA

receptor antagonist, exhibited no inhibitory effect.

(S)-CPW 399-stimulated increases in [Ca2+]i were unaffected by either lpM

conotoxin GVIA, 50nM agatoxin IVA or 150nN ^-conotoxin MVIIC (data not

shown).
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Discussion

This study characterises the excitotoxic mode of action of a recently synthesised

compound, (S)-CPW 399 ( a l//-cyclopentapyrimidine-2,4(f//,3//)-dione derivative)

which has been shown to be a potent and subtype selective AMPA receptor agonist

(Campiani et al., 2001), and provides evidence to support a role for the AMPA

receptor in excitotoxic neuronal death. Furthermore, chemical modelling has

indicated that (S)-CPW 399 binds to the same site as AMPA within the AMPA

receptor-ion channel complex leading to a full agonist action (Kristensen et al., 2001).

Functional responses to AMPA and other putative AMPA receptor agonists are

markedly enhanced when cyclothiazide is used to block agonist-mediated

desensitisation of the AMPA receptor (May and Robinson, 1993; Zorumski et al.,

1993; Yamada and Tang, 1993). (S)-CPW 399, however, has the ability to induce

neuronal cell death in cerebellar granule cells in a time and concentration-dependent

manner, without the requirement for co-administration of an inhibitor of AMPA

receptor desensitization such as cyclothiazide. Following a 30 minute exposure, (S)-

CPW 399 induced minimal neuronal death. When the exposure period was increased,

first to 4 hours and then to 24 hours, more extensive cell death was observed.

Interestingly, a 30 minute exposure to (S)-CPW 399 does appear to be sufficient for

instigation of a cell death cascade - when cells are exposed for this time and

subsequently left to recover in normal medium, concentration-dependent cell death

becomes more pronounced with longer recovery times, apparently independent from

further stimulation. Cell death observed under these conditions does not, however,

reach the levels that were observed following continuous exposure to (S)-CPW 399

for 4 hours and 24 hours. This delayed component of the neuronal cell death
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observed following exposure to (S)-CPW 399 could be expected to contribute towards

the more pronounced cell death seen following prolonged exposure.

The mechanisms by which (S)-CPW 399-induced progressive cell death occurs, even

after the insult is withdrawn, is unknown. One reasonable hypothesis would be that

the membrane depolarisation caused by non-desensitised AMPA receptor activation

induces the release of large quantities of L-glutamate into the extracellular medium.

This could potentially result in overactivation of NMDA receptors, leading to a

derangement of intracellular Ca2+ homeostasis and subsequent neuronal cell death.

The uncontrolled release of L-glutamate that would result from this mode of cell

death would then have deleterious effects on other cells in the population.

The pharmacological evidence presented argues against this proposed mechanism. It

would be expected that this facet of cell death would proceed both in the presence and

absence of continued exposure to (S)-CPW 399. Therefore, the NMDA receptor

antagonists D-APV or TCP should offer some neuroprotection. In experimental

paradigms where cerebellar granule cells are exposed to excitotoxic concentrations of

L-glutamate (Griffiths et al., 1998) or induced to release L-glutamate (Griffiths et al.,

1996), NMDA receptor antagonists have acted as potent neuroprotectants. In the case

of (S)-CPW 399 neurotoxicity, NMDA receptor antagonists are ineffective as

neuroprotectants. With this in mind, it must be concluded that (S)-CPW 399-induced

L-glutamate release does not play a significant role in the cell death observed.

A more enticing hypothesis is that the elevation of Ca2+ seen following a short

exposure of cells to (S)-CPW 399 results in the onset of apoptosis, where a chain of
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events leading to eventual programmed cell death may be initiated at an early stage,

but cell death will be delayed. This has been observed previously following mild

excitotoxic insults, with the majority of cells dying in a delayed fashion, showing

chromatin condensation and apoptotic bodies (Ankarcrona et al., 1995; Bonfoco et al.,

1995). The appearance of condensed, apoptotic nuclei has also been observed in

cerebellar granule cells following a short (2 hour) exposure to (S)-AMPA and the

desensitization inhibitor cyclothiazide followed by recovery for 24 hours (Cebers et

al., 1997). AMPA-mediated apoptotic cell death in hippocampal neurons involved

mitochondrial cytochrome c release and the activation of caspases-1 and -3, which

was prevented by NBQX. Furthermore, increased activity of Mn- superoxide

dismutase (SOD) was observed on selective activation of non-desensitizing AMPA

receptors (Rego and Oliviera, 2003).

Pharmacological analysis showed that only the competitive AMPA/KA receptor

antagonists, CNQX and NBQX, and the non-competitive AMPA receptor antagonist

GYKI 53655 were able to protect against (S)-CPW 399 neurotoxicity. In tests for

receptor functionality, it has been previously shown that susceptibility towards

antagonism by GYKI 53655, CNQX and NBQX is indicative of AMPA receptor

involvement, whereas KA receptor involvement is marked by susceptibility towards

antagonism by CNQX and NBQX, but resistance towards antagonism by GYKI

53655 (Frerking and Nicholl, 2000). Due to the pattern of pharmacological

antagonism observed, it is strongly suggested that the AMPA receptor assumes a

primary role in (S)-CPW 399 excitotoxicity.
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Although it is possible that overactivation of AMPA receptors is not directly

responsible for mediating the observed toxicity, none of the other antagonists

employed - the NMDA receptor antagonists D-APV and TCP, and the VGCC

antagonists nifedipine, ^-conotoxin GVIA, agatoxin IVA and ^-conotoxin MVIIC -

were effective in preventing (S)-CPW 399 excitoxicity. This argues against the

hypothesis that the toxicity is due to Na+ influx through the AMPA receptor followed

by membrane depolarization, activation of VGCCs, Ca2+ influx and release of L-

glutamate. Instead it is more likely that direct Ca2+ influx through the AMPA receptor

is involved.

Elevation of [Ca2+]; is thought to be a central process in excitotoxic cell death (Mody

and MacDonald, 1995), although there is no simple correlation between the rise in

[Ca2+]j and cell death (Witt et al., 1994). L-Glutamate-induced excitotoxicity in

cerebellar granule cells is thought to be primarily mediated by the NMDA receptor,

since NMDA receptor antagonists provide complete neuroprotection (Resink et al.,

1994; Bonfoco et al., 1995; Malcolm et al., 1996). However, it has been shown in

cerebellar granule cells that when AMPA receptor desensitization is blocked by

addition of cyclothiazide, L-glutamate is toxic and can cause a significant

enhancement of [Ca2+]j even in the presence of NMDA receptor blockade (Chapter 4;

also see Cebers et al., 1997). A study utilising cultured hippocampal neurons was,

however, unable to demonstrate a similar phenomenon (Moudy et al., 1994). This

may be indicative of a differential pattern of AMPA receptor subtypes throughout the

brain - elevated expression of the edited form of GluR2 would lend itself towards

greatly reduced Ca2+ permeability of AMPA receptors in these cells. The present

results, using (S)-CPW 399 as an AMPA receptor agonist, show a close relationship
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between AMPA receptor-mediated excitotoxicity in granule cells and increases in

[Ca2+], in line with previous studies (Hack and Balazs, 1995; Cebers et al., 1997).

The relationship is not exact, however - higher concentrations of (S)-CPW 399 are

required to induce neurotoxicity than are needed for [Ca2+]i elevation. Additionally,

[Ca2+]i elevation is seen following exposure to (S)-CPW 399 for 1 minute, whereas

(S)-CPW 399-induced excitotoxicity is only seen after a longer incubation (>30

minutes).

Pharmacological analysis of (S)-CPW 399-induced elevations in [Ca2+]i revealed that,

in line with the toxicity studies, the AMPA/KA receptor antagonists CNQX and

NBQX, and the selective AMPA receptor antagonist GYKI 53655, were able to

completely abolish [Ca2+]i elevation. [Ca2+]j increases were essentially unaffected by

the presence of normal working concentrations of either of the NMDA receptor

antagonists employed, D-APV and TCP. Very high (750pM - l.OmM)

concentrations of D-APV exerted a slight inhibitory effect on [Ca2+]i increases. It is

possible that this inhibition is due to higher concentrations of D-APV losing

selectivity for the NMDA receptor, and beginning to non-specifically inhibit

AMPA/KA receptors. Elevation of [Ca2+]i induced by L-glutamate has previously

been shown to be powerfully inhibited by 500pM D-APV (Griffiths et al., 1998). The

fact that this concentration of D-APV did not affect (S)-CPW 399-induced increases

in [Ca2+] indicates that any indirect Ca2+ influx was not mediated by the NMDA

receptor. The presence of the L-type VGCC blocker nifedipine partially attenuated

increases in [Ca2+]i stimulated by (S)-CPW 399 - a reduction of approximately 50%

was observed. The application of other VGCC antagonists ^-conotoxin GVIA (N-

type blocker), agatoxin IVA (P/Q-type blocker) and ^-conotoxin MVIIC (Q-type
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blocker) failed to elicit any reduction in stimulated increases in [Ca2+]j, indicating that

of the VGCCs, only the L-type channels provide any significant contribution towards

the overall increase in [Ca2+]j. This is in agreement with previous results utilising

cerebellar granule cells (Griffiths et al., 1998) and cortical neurons (Wahl et al.,

1989).

The route of Ca2+ entry has been shown to be more important than the overall increase

in [Ca2+]j in determining neuronal vulnerability to Ca2+-induced neurotoxicity (Sattler

et al., 1998). In this study, the inability of nifedipine to protect against (S)-CPW 399-

induced excitotoxicity, whilst partially blocking (S)-CPW 399-induced [Ca2+]j

elevation supports conclusions from Sattler et al. (1998) and other studies (Griffiths et

al., 1998) that Ca2+ influx through L-type VGCCs does not influence excitotoxicity in

cerebellar granule cells. The possibility of other mechanisms such as reversal of the

Na+/Ca2+ exchanger (Wilkinson et al., 1994) or Ca2+ release from intracellular stores

contributing to the overall rise in [Ca2+]i cannot be discounted; however, any [Ca2+]j

elevation has an absolute requirement for extracellular Ca2+, as demonstrated by the

results shown in Figure 3.14. Additionally, it has previously been shown that neither

of these routes of Ca2+ influx contributed significantly to AMPA receptor-mediated

excitotoxicity in mouse cerebral cortical neurons (Jensen et al., 2001).

More precise evidence that (S)-CPW 399-induced excitotoxicity is mediated by Ca2+

influx through the AMPA receptor was provided by studies utilising Co2+. Co2+ has

2_|_been shown to offer direct and specific identification of Ca -permeable AMPA

receptors. The fact that Co2+ should compete directly with Ca2+ for ion flux through

Ca2+-permeable AMPA receptors was exploited in order to press Co2+ into service as
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a specific inhibitor of these receptors (for review, see Konig et al., 2001). (S)-CPW

399-induced increases in [Ca2+]i were eliminated in the presence of 5mM Co2+,
21

simultaneously providing direct evidence for the presence of Ca -permeable AMPA

receptors and endorsing the AMPA receptor selectivity of (S)-CPW 399. Due to the

intrinsic cytotoxicity of Co2+ (Olivier et al., 2001), this approach could not be used to

investigate the contribution of Ca2+-permeable AMPA receptors to (S)-CPW 399-

induced neurotoxicity.

The present study indicates that (S)-CPW 399 acts as a selective, non-desensitizing

agonist at AMPA receptor complexes in cerebellar granule cell cultures. Interaction

of this compound with AMPA receptors induces a significant influx of Ca2+, dually

mediated by Ca2+-permeable AMPA receptors and L-type VGCCs. Inhibition of the

Ca2+-permeable AMPA receptor-mediated component of this Ca2+ influx also

eliminates the L-type VGCC-mediated component, indicating that Ca2+ influx through

AMPA receptors is required for activation of L-type VGCCs under these

experimental conditions. Influx of Ca2+ through L-type VGCCs does not contribute

to (S)-CPW 399-induced excitotoxicity, however, as VGCC blockers demonstrate no

neuroprotective effect.

This is in close agreement with previous studies (Hack and Balazs, 1995; Cebers et

al., 1997) demonstrating that, under desensitizing conditions, AMPA receptor

activation leads to a significant Ca2+ influx and cell death. Cerebellar granule cell

cultures have been shown to express all four AMPA receptor subunits (Gallo et al.,

1992; Condorelli et al., 1993; Janssens and Lesage, 2001), with the relative

proportions of each being developmentally controlled by extracellular [K+] during
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maturation of cultured cerebellar granule cells (Condorelli et al., 1993). The GluR2

subunit can be post-transcriptionally modified from the GluR2(Q) form to the

GluR2(R) form. This is accomplished by substitution of a positively charged arginine

residue at position 586 in place of a neutral glutamine residue, and is thought to occur

with high efficiency in vivo. Residue 586 resides in the M2 re-entrant loop, which

forms the ion pore in receptor complexes. Receptor complexes containing the edited

GluR2(R) form exhibit low Ca2+ permeability, whereas complexes containing the

unedited GluR2(Q) form, or lacking GluR2 altogether, show high Ca2+ permeability.

In view of this, it has been suggested that AMPA receptors lacking GluR2(R) subunits

may mediate toxicity. Furthermore, it has been suggested that the Ca2+ permeability

of native receptors may be due to a difference in the relative abundance, and not

simply the absence or presence, of GluR2 mRNA (Jonas et al., 1994; Gieger et al.,

1995). It is possible, therefore, that a portion of (S)-CPW 399-induced excitotoxicity

in cerebellar granule cells may be mediated through GluR2(R)-containing AMPA

receptors that permit sufficient Ca2+ influx to initiate an excitotoxic cascade,

eventually resulting in cell death. A further hypothesis is that AMPA receptors in

cerebellar granule cells may have limited Ca2+ permeability, but undergo a

conformational change induced by compounds that block desensitization which leads

to enhanced Ca2+ permeability (Hack and Balazs, 1995). Given that (S)-CPW 399

displays a 20-fold selectivity for GluRl/GluR2 over GluR3/GluR4 subunits, this is an

attractive proposition.

Desensitization of ligand-gated ion channels at synapses provides both a mechanism

for controlling synaptic responses and protecting target neurons. The molecular basis

of desensitization is still under intense study. It is thought that the ligand binding
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cores of the subunits form dimers, and that desensitization occurs through

rearrangement of the dimer interface. This uncouples the agonist-induced

conformational change in the ligand-binding core from the ion channel opening,

leading to the ion channel remaining closed even when agonist is bound. Compounds

like cyclothiazide stabilise the intradimer interface, leading to reduced desensitization

(Sun et al., 2002). It is likely that the ability of (S)-CPW 399 to inhibit desensitisation

similarly stems from a stabilisation of the intradimer interface following binding.

In the context of synthetic potentiators of glutamate receptors, (S)-CPW 399 is a

novel and exciting compound, exhibiting the unique properties of a selective, non-

desensitizing AMPA receptor agonist, showing selectivity for GluRl/GluR2 subunits

over GluR3/GluR4 subunits. In the study of the molecular mechanisms of

desensitization and the role of AMPA receptors in excitotoxicity, (S)-CPW 399 could

prove to be a useful research tool. This view has been endorsed by the decision by

Tocris-Cookson (Bristol, UK) to commercially supply (S)-CPW 399 as a novel,

subtype selective AMPA receptor agonist.
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Chapter 4:

Cvclothiazide and AMPA receptor-

mediated cell death in cerebellar granule cells
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In support of the present study of the excitotoxic properties of the synthetic

willardiine analogue (S)-CPW 399 (see Chapter 3), it was decided to carry out a

parallel study utilising the prototypic AMPA receptor agonist (S)-AMPA (Figure 4.1).

OH

(S)-AMPA Cyclothiazide

Figure 4.1: The prototypic EAA receptor agonist (S)-AMPA, and the AMPA
receptor desensitisation inhibitor cyclothiazide.

Influx of Ca2+ and subsequent elevation of intracellular free Ca2+ levels ([Ca2+]j) has

long been thought to be central to the mechanisms of neuronal cell death following

exposure to EAA agonists (Choi et al., 1985). As previously mentioned, NMDA

receptors desensitise slowly, allowing significant ion flux. In contrast, AMPA

receptors become desensitised quickly (Mayer et al., 1995). As a result, prolonged

activation of AMPA receptors is required to elicit significant excitotoxicity (Koh et

al., 1990). The onset of excitotoxicity following stimulation of cells by glutamate or

NMDA is rapid, however, due to the ability of NMDA receptors to flux large amounts

of Ca2+ (Choi et al., 1992). The ability of AMPA to induce excitotoxic cell death

seems to vary greatly depending on the culture system employed. AMPA alone has

been shown to be toxic to cultured neocortical neurons (Frandsen and Schousboe,

1987; Koh et al., 1990). This was initially thought to be induced by Ca2+ influx
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through VGCCs activated by Na+ influx through AMPA receptors, as AMPA

receptors are mainly Ca2+ impermeable and the L-type VGCC blocker nifedipine

offered some degree of neuroprotection (Weiss et al., 1990). However, Ca2+ influx

through VGCCs induced by high K+ failed to elicit toxicity in neocortical neurons,

casting doubt on the role of VGCCs in excitotoxicity (Frandsen and Schousboe,

1991). Long term exposure of cortical neurons to AMPA induced substantial

neuronal cell death involving apoptosis (Larm et al., 1997). In cultured cerebellar

granule cells and hippocampal neurons, however, AMPA alone fails to induce

significant neurotoxicity, and inhibition of desensitisation by cyclothiazide (CTZ)

(Figure 4.1) is necessary to unmask the toxic effects of AMPA (May and Robinson,

1993; Cebers et al., 1997).

Inhibition of AMPA receptor desensitisation by cyclothiazide (CTZ) has been shown

to greatly potentiate AMPA-induced responses, resulting in neurotoxicity and large

increases in [Ca2+]j in cerebellar granule cells (Cebers and Liljequist, 1995; Hack and

Balazs, 1995). In addition to control by allosteric modulators, the subunit

composition of the AMPA receptor is important in determining its kinetic properties,

including desensitisation, deactiviation and recovery rate (Hollman et al., 1991;

Burnashev, 1993; Swanson et al., 1997). Desensitisation is affected by the flip/flop

variants of the receptor subunits (Mosbacher et al., 1994; Geiger et al., 1995). Post-

translational editing of AMPA subunits affects Ca2+ permeability of the ensuing

AMPA receptor complex. This permeability appears to be controlled by a single

residue at position 586. A neutral glutamine (Q) residue in this position, present in

GluRl, GluR3 and GluR4, results in high calcium permeability, whereas a positively

charged arginine (R) residue, normally present in GluR2 confers low calcium
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permeability. Mutation of GluRl, GluR3 or GluR4 from Q to R in studies of

homomeric AMPA receptor complexes results in homomeric complexes exhibiting

low calcium permeability (Hume et al., 1991). A more detailed treatment of the

molecular biology of AMPA receptor desensitisation and Ca2+ permeability is

presented in Chapter 3.

The increase in [Ca2+]j induced by AMPA receptor activation may trigger a number of

intracellular cascades, resulting in the activation of enzymes such as endonucleases,

protein kinases, phospholipases and proteases (Lee et al., 1991). Sustained elevation

of [Ca2+]i by overactivation of glutamate receptors can, therefore, induce great

disturbances in the intracellular environment, eventually resulting in cell death. Thus,

the study of how [Ca2+]i is altered in response to the application of a potential

excitotoxin, and its correlation with neuronal cell death, is of great interest to

researchers.

It has been previously shown that exposure of cerebellar granule cells to (S)-AMPA

along with cyclothiazide for 2 hours, followed by a 24 hour recovery, resulted in cell

death (Cebers et al., 1997). This was prevented by coadministration of AMPA

receptor antagonists, but not NMDA receptor antagonists. Basic studies of the effect

of AMPA and cyclothiazide on [Ca2+]i also demonstrated that application of these

compounds together resulted in [Ca2+]j elevation, blocked by coadministration of the

AMPA/KA receptor antagonist NBQX.
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Results

(S)-AMPA alone is non-toxic to cerebellar granule cells.

As can be seen in Figure 4.2, exposure of 7 div cerebellar granule cell cultures to up

to l.OmM (S)-AMPA for 24 hours did not produce any appreciable loss of cell

viability. When AMPA receptor desensitisation was blocked by coadministration of

200pM CTZ, however, a clear concentration-dependent loss of cell viability was

observed. The maximum response was seen following exposure to l.OmM (S)-

| 1 1 1—I I I I I | 1 1 1—I I I I I | 1 1 1—I I I I I | 1 1 1—I I I II |

0.1 1 10 100 1000

[(S)-AMPA] (vM)

Figure 4.2: Concentration dependence of (S)-AMPA-induced cytotoxicity in 7 div cultures
of cerebellar granule cells following a 24 hour incubation, with and without
coadministration of 200pM CTZ. Cells were exposed to concentrations of (S)-AMPA from
0.1 pM to l.OmM, with and without a fixed concentration of 200pM CTZ, in culture-
conditioned medium. Following exposure, cells were maintained in a 37°C 5%C02/95%
air humidified atmosphere for 24 hours, after which time cell viability was assessed by
MTT staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of
control (untreated) cells was 0.196 ± 0.011.
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AMPA and 200pM CTZ, with cell viability dropping to 20% of that observed for

control cells. The calculated EC50 ± S.E. was 33.5 ± 2.9pM.

(S)-5-Fluorowillardiine alone is non-toxic to cerebellar granule cells

(S)-5-Fluorowillardiine (5-FWD) is the most potent AMPA receptor agonist available

(Hawkins et al., 1995), and its neurotoxic effects in cultured murine cortical neurones

has been described previously (Larm et al., 1996). Figure 4.3 shows that, in common

with (S)-AMPA, 5-FWD does not exert any neurotoxic effect following a 24 hour

incubation. When 200pM CTZ is applied in order to prevent AMPA receptor

desensitisation, 5-FWD cytotoxicity is unveiled, with cell viability dropping to 20%

of control following exposure to concentrations of 5-FWD of x lOpM. The

calculated EC50 ± S.E. was 1.3 ± lpM, contrasting with that observed for (S)-AMPA

(33.5 ± 2.9pM). The more potent effect observed with 5-FWD was to be expected,

given its greater affinity for the AMPA receptor (Larm et al., 1996).
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Figure 4.3: Concentration dependence of 5-FWD-induced cytotoxicity in 7 div cultures of
cerebellar granule cells following a 24 hour incubation, with and without co-administration
of 200pM CTZ. Cells were exposed to concentrations of 5-FWD from 0.1 pM to l.OmM
with and without a fixed concentration of 200pM CTZ in culture-conditioned medium.
Following exposure, cells were maintained in a 37°C 5%C02/95% air humidified
atmosphere for 24 hours, after which time cell viability was assessed by MTT staining.
Absorbance at 570nm was expressed as a percentage of that for control (untreated) cells.
Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of control (untreated)
cells was 0.275 ± 0.005.

AMPA receptor-mediated L-glutamate toxicity

It is generally thought that L-glutamate-induced excitotoxicity is solely mediated by

the NMDA receptor in cerebellar granule cells, as blockade of this receptor

completely protects cells from toxic concentrations of L-glutamate (Griffiths et

al.,1998). Figure 4.4 shows that, even following NMDA receptor blockade, L-

glutamate induces concentration-dependent cell death when AMPA receptor

desensitisation is also blocked.
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Figure 4.4: Concentration dependence of L-Glutamate-induced cytotoxicity following
blockade of the NMDA receptor, with and without coadministration of 200pM CTZ. Cells
were exposed to concentrations of L- glutamate from 0.1 pM to l.OmM with a fixed
concentration of 1 pM TCP and with and without a fixed concentration of 200pM CTZ in
culture-conditioned medium. Following exposure, cells were maintained in a 37°C 5% C02
195% air humidified atmosphere for 24 hours, after which time cell viability was assessed
by MTT staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of
control (untreated) cells was 0.324 ± 0.006.

The noncompetitive NMDA receptor antagonist TCP (lvM) prevents cytotoxicity in

7 div cerebellar granule cell cultures induced by concentrations of L-glutamate up to

300pM. TCP fails to protect cells from toxicity only when l.OmM L-glutamatc is

applied; under these conditions, cell viability drops to 40% of control. When AMPA

receptor desensitisation is blocked by coadministration of 200pM CTZ, L-glutamate-

induced cytotoxicity in the presence of lpM is much more pronounced. Substantial

loss of cell viability (54% of control) is observed following exposure to lOOpM L-

glutamate along with lpM TCP and 200pM CTZ, with cell viability dropping to 10%
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of that for control cells when the concentration of L-glutamate is increased to 300pM

or above. The calculated EC50 ± S.E. was 105 ± 96pM.
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Figure 4.5: Concentration dependence of Willardiine-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with and without co¬
administration of 200pM CTZ. Cells were exposed to concentrations of Willardiine from
0.1 pM to l.OmM with and without a fixed concentration of 200pM CTZ in culture-
conditioned medium. Following exposure, cells were maintained in a 3/uC 5%CQ2/95%
air humidified atmosphere for 24 hours, after which time cell viability was assessed by
MTT staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of
control (untreated) cells was 0.329 ± 0.003.

(RS)-Willardiine toxicity is potentiated by cyclothiazide

The toxic effects of (RS)-willardiine, the parent compound of 5-fluorowillardiine and

(S)-CPW 399, on 7 div cerebellar granule cell cultures was investigated (Figure 4.5).

As expected, willardiine alone exerted no toxic effect on cells following a 24 hour

exposure. As with (S)-AMPA, 5-FWD and L-glutamate co-administered with lpM
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TCP, toxicity was only unmasked by coadministration of 200fxM CTZ. A 30% loss

of cell viability was observed following exposure to 100p,M willardiine along with

200p,M CTZ. Cell viability dropped to a minimum of 60% following exposure to

l.OmM willardiine and 200pM CTZ. The calculated EC50 ± S.E.was 17 ± 6pM.

Cyclothiazide is toxic to cerebellar granule cells

It is apparent that CTZ is able to enhance the effect of AMPA receptor agonists, such

as (S)-AMPA, 5-fluorowillardiine, L-glutamate and willardiine. Less is known,

however, about the toxic effects of CTZ itself. Figure 4.6 shows that CTZ is highly

toxic to 7 div cerebellar granule cell cultures following a 24 hour exposure. A distinct

loss of cell viability was observed following exposure to 300pM CTZ, with a

complete loss of cell viability following exposure to l.OmM CTZ. In excitatory

amino acid-induced cell death in cerebellar granule cell cultures, it has previously

been observed that cell viability will drop to a minimum of 10% of control, with the

remaining component of cell viability possibly being attributed to EAA-insensitive

glial cells. The fact that CTZ induces a complete loss of cell viability indicates that it

is gliotoxic as well as neurotoxic. The calculated EC50 ± S.E. was 500 ± 20pM.
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Figure 4.6: Concentration dependence of CTZ-induced toxicity in 7 div cerebellar
granule cell cultures following a 24 hour incubation. Cells were exposed to
concentrations of CTZ from lOpM to l.OmM in culture-conditioned medium.
Following exposure, cells were maintained in a 37°C 5%C02/95% air humidified
atmosphere for 24 hours, after which time cell viability was assessed by MTT staining.
Absorbance at 570nm was expressed as a percentage of that for control (untreated)
cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of control
(untreated) cells was U.362 ± 0.008.

Cyclothiazide toxicity is potentiated by (S)-AMPA

Following the demonstration that CTZ alone was toxic to cells, it was decided to

study whether or not (S)-AMPA could alter the toxic profile produced by CTZ. The

results are shown in Figure 4.7. Coadministration of lOOpM (S)-AMPA significantly

increased the observed toxicity at lower concentrations of CTZ, and shifted the EC50 ±

S.E. from 500±20pM to 256±30pM. Increasing the concentration of (S)-AMPA

applied to 200pM increased the observed potentiation. Following coadministration of

200pM (S)-AMPA, the EC50 ± S.E of CTZ-induced neurotoxicity shifted from

500±20pM to 186±5pM. Finally, increasing the concentration of (S)-AMPA applied
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Figure 4.7: Concentration dependence of CTZ-induced toxicity in 7 div cerebellar
granule cell cultures alone or with coadministration of lOOpM, 200pM and 300pM (S)-
AMPA, following a 24 hour incubation. Cells were exposed to concentrations of CTZ
from lOpM to l.OmM alone or with lOOpM, 200pM or 300pM (S)-AMPA in culture-
conditioned medium. Following exposure, cells were maintained in a 37°C 5%C02/95%
air humidified atmosphere for 24 hours, after which time cell viability was assessed by
MTT staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of
control (untreated) cells was 0.362 ± 0,008.

along with the CTZ concentration range to 300pM provided further potentiation. In

this case, the EC50 ± S.E. of the CTZ concentration response was shifted to 110±5pM.

Given the intriguing ability of CTZ to elicit neurotoxicity without any other apparent

exogenous stimulation, it was of interest to examine the possibility that EAA

receptors were involved in the mediation of CTZ-induced neurotoxicity. The results

are detailed below.

Cerebellar granule cells were exposed to lOpM - l.OmM CTZ as before, with or

without addition of the competitive NMDA receptor antagonist D-APV (500pM).As
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Figure 4.8: Concentration dependence of CTZ-induced toxicity in 7 div cerebellar
granule cell cultures alone or with coadministration of 500pM D-APV following a 24
hour incubation. Cells were exposed to concentrations of CTZ from lOpM to l.OmM
alone or with 500pM D-APV in culture-conditioned medium. Following exposure, cells
were maintained in a 37°C 5%C02/95% air humidified atmosphere for 24 hours, after
which time cell viability was assessed by MTT staining. Absorbance at 570nm was
expressed as a percentage of that for control (untreated) cells. Data represent the mean ±
S.E.M. of n=5 values. Mean absorbance of control (untreated) cells was 0.266 ± 0.012.

can be seen in Figure 4.8, D-APV had no effect on the neurotoxic actions of CTZ

across the entire concentration range.

The competitive AMPA/KA receptor antagonist CNQX also had no effect on CTZ-

induced neurotoxicity, when applied at a concentration of lOpM (Figure 4.9). The

two concentration response curves produced with or without inclusion of lOpM

CNQX did not differ significantly.

1000

agonist alone

+ 500vM D-APV
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Figure 4.9: Concentration dependence of CTZ-induced toxicity in 7 div cerebellar
granule cell cultures alone or with coadministration of lOpM CNQX following a 24 hour
incubation. Cells were exposed to concentrations of CTZ from lOpM to l.OmM alone or
with lOpM CNQX in culture-conditioned medium. Following exposure, cells were
maintained in a 37°C 5%C02/95% air humidified atmosphere for 24 hours, after which
time cell viability was assessed by MTT staining. Absorbance at 570nm was expressed
as a percentage of that for control (untreated) cells. Data represent the mean ± S.E.M. of
n=5 values. Mean absorbance of control (untreated) cells was 0.294 ± 0.007.

The ability of the competitive AMPA/KA receptor antagonist NBQX to inhibit CTZ-

induced cell death was also studied. NBQX is a potent antagonist which has a 30-fold

selectivity for AMPA receptors over KA receptors. Figure 4.10 shows that lOpM

NBQX fails to protect against CTZ-induced neurotoxicity over a 24 hour exposure.

The possibility remained that the observed toxicity was not due to CTZ, but rather the

solvent in which stock solutions of CTZ are made. In accordance with the

recommendations of the supplier, CTZ was initially brought into solution in 100%
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Figure 4.10: Concentration dependence of CTZ-induced toxicity in 7 div cerebellar
granule cell cultures alone or with coadministration of 20pM NBQX following a 24 hour
incubation. Cells were exposed to concentrations of CTZ from lOpM to l.OmM alone or
with 20pM NBQX in culture-conditioned medium. Following exposure, cells were
maintained in a 37°C 5%C02/95% air humidified atmosphere for 24 hours, after which
time cell viability was assessed by MTT staining. Absorbance at 570nm was expressed
as a percentage of that for control (untreated) cells. Data represent the mean ± S.E.M. of
n=5 values. Mean absorbance of control (untreated) cells was 0.258 ± 0.011.

ethanol at a concentration of 50mM. This would give the test solution containing the

highest concentration of CTZ, 1 .OmM, an ethanol concentration of 2.0% v/v. In order

to investigate this hypothesis, the ability of ethanol to induce neurotoxicity in

cerebellar granule cells over a concentration range of 0.1% to 30% v/v, following a 24

hour incubation, was studied (Figure 4.11). Full neurotoxicity was seen following

exposure of cells to 10 - 30% v/v ethanol, but 3% v/v ethanol only caused moderate

neurotoxicity, with cell viability dropping to approximately 60% of control. As

l.OmM CTZ elicited far greater neurotoxicity (0-10% of control cells) at an

equivalent ethanol concentration of 2% v/v, it must be concluded that the level of
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CTZ-induced neurotoxicity observed can, at most, only be partially due to solvent

toxicity.

Figure 4.11: Concentration dependence of ethanol-induced cytotoxicity in 7 div
cerebellar granule cell cultures following a 24 hour incubation. Cells were exposed to
concentrations of ethanol (EtOH) from 0.1% v/v to 30% v/v in culture-conditioned
medium. Following exposure, cells were maintained in a 37°C 5%C02/95% air
humidified atmosphere for 24 hours, after which time cell viability was assessed by MTT
staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of
control (untreated) cells was 0.250 ± 0.005.

Inhibition of AMPA/CTZ-induced neurotoxicity

Following on from the demonstration that blockade of AMPA receptor desensitisation

could unmask concentration dependent AMPA agonist-induced neurotoxicity, the

next step was to study the involvement of EAA receptors in the levels of toxicity

observed. This was accomplished by the use of specific pharmacological antagonists

against the EAA receptors.
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Figure 4.12: Concentration dependence of (5)-AMPA-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with a fixed
concentration of 200pM CTZ and without co-administration of 500pM D-APV. Cells
were exposed to concentrations of (5)-AMPA from 0.1 pM to l.OmM with 200pM CTZ
and with or without a fixed concentration of 500pM D-APV in culture-conditioned
medium. Following exposure, cells were maintained in a 37°C 5%C02/95% air
humidified atmosphere for 24 hours, after which time cell viability was assessed by MTT
staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of
control (untreated) cells was 0.329 ± 0.003.

Figure 4.12 shows that the NMDA receptor antagonist D-APV has no protective

effect against AMPA/CTZ-induced neurotoxicity. When cells were exposed to

0.1 pM - l.OmM (S)-AMPA with 200pM CTZ, no significant variation was seen in

the concentration response of neurotoxicity when 500pM D-APV was included in the

incubation medium.
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Figure 4.13: Concentration dependence of (S)-AMPA-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with a fixed
concentration of 200pM CTZ and without co-administration of lOpM CNQX. Cells
were exposed to concentrations of (5)-AMPA from 0.1 pM to 1 .OmM with 200pM CTZ
and with or without a fixed concentration of lOpM CNQX in culture-conditioned
medium. Following exposure, cells were maintained in a 37°C 5%CO?/95% air
humidified atmosphere for 24 hours, after which time cell viability was assessed by MTT
staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of
control (untreated) cells was 0.299 ± 0.006.

The competitive AMPA/KA receptor antagonist CNQX (lOpM) provided moderate

protection against neurotoxicity induced by a range of concentations of (S)-AMPA

and a fixed concentration of 200pM CTZ (Figure 4.13). The EC50 ± S.E. shifts from

2 ±lpM to 46 ± 8pM. The maximum loss of cell viability observed remains the

same, with cell viability reduced to approximately 20% of control at higher

concentrations of (S)-AMPA.
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Figure 4.14: Concentration dependence of (S)-AMPA-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with 200pM
CTZ and with and without co-administration of 20pM NBQX. Cells were exposed
to concentrations of (S)-AMPA from 0.3pM to 1 .OmM with 200pM CTZ and with
and without a fixed concentration of 20pM NBQX in culture-conditioned medium.
Following exposure, cells were maintained in a 37°C 5%C02/95% air humidified
atmosphere for 24 hours, after which time cell viability was assessed by MTT
staining. Absorbance at 570nm was expressed as a percentage of that for control
(untreated) cells. Data represent the mean ± S.E.M. of n=5 values. Mean
absorbance of control (untreated) cells was 0.310 ± 0.006.

The second AMPA/KA receptor antagonist utilised was NBQX, which is thought to

be more selective for AMPA receptors than CNQX (Honore et al., 1988; Sheardown

et al., 1990). Inclusion of 20pM NBQX effectively inhibits AMPA/CTZ-induced

concentration dependent over a range of concentrations (lOpM to l.OmM). The

observed EC50 ± S.E. effectively shifts from 3.3 ± 0.3pM to >lmM. Minor inhibition

of toxicity is even observed at the highest concentration of (S)-AMPA used (l.OmM)

(Figure 4.14).
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Figure 4.15: Concentration dependence of (S)-AMPA-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 24 hour incubation, with 200pM CTZ and
with and without co-administration of 20pM GYKI 53655. Cells were exposed to
concentrations of (S)-AMPA from 0.3pM to l.OmM with 200pM CTZ and with and
without a fixed concentration of 20pM GYKI 53655 in culture-conditioned medium.
Following exposure, cells were maintained in a 37°C 5%CO?/95% air humidified
atmosphere for 24 hours, after which time cell viability was assessed by MTT staining.
Absorbance at 570nm was expressed as a percentage of that for control (untreated) cells.
Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of control (untreated)
cells was 0.310 ± 0.006.

The selective, non-competitive AMPA receptor antagonist GYKI 53655 provided the

best protection against AMPA/CTZ-induced cell death in mature cerebellar granule

cells. When included in the incubation medium, 20pM GYKI 53655 completely

prevented AMPA-induced cell death over the entire concentration range employed

(O.lpMto l.OmM) (Figure 4.15).
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AMPA receptor agonist-induced elevation of [Ca2+]i

The next logical step was to investigate the effect of AMPA receptor agonists on

[Ca2+]j. Exposing 7 div cerebellar granule cells to concentrations of (S)-AMPA from

0.1 pM to l.OmM had a minimal effect on [Ca2+]i. as seen in Figure 4.16. Exposure of

cells to 0. lpM - l.OmM (S)-AMPA caused a maximum elevation of [Ca2+]i of 2.1 -

fold over basal (500pM D-aspartate on the same culture plate caused an elevation of

7.09 - fold over basal - not shown).
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Figure 4.16: Concentration dependence of (S)-AMPA-induced elevations of free
cytosolic calcium ([Ca2+]j). Cultured cerebellar granule cells (7 div) were washed
in HBS, loaded with Fluo-3/AM as described in Materials and Methods, and
washed with modified HBS (supplemented with ImM furosemide) before
exposing to concentrations of (5)-AMPA from 0.1 pM to l.OmM in modified HBS
(Mg2+, supplemented with ImM furosemide). Data are expressed as a ratio of
[Ca2+]j under stimulated conditions over [Ca2+]j under basal conditions for each
data point, and represent mean ± S.E.M. of n=5 values. The mean ± S.E.M. basal
[Ca2+]i was 108.8 ± 2.7nM.
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Figure 4.17: Concentration dependence of cyclothiazide-induced elevations of free
cytosolic calcium ([Ca2+]j). Cultured cerebellar granule cells (7 div) were washed in
HBS, loaded with Fluo-3/AM as described in Materials and Methods, and washed with
modified HBS (supplemented with ImM furosemide) before exposing to concentrations
of cyclothiazide (CTZ) from 0.1 pM to l.OmM in modified HBS (Mg2+, supplemented
with ImM furosemide). Data are expressed as a ratio of [Ca2+]j under stimulated
conditions over [Ca2+]i under basal conditions for each data point, and represent mean ±
S.E.M. of n-5 values. The mean ± S.E.M. basal [Ca2+], was 85.2 ± 2.9nM.
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Similarly, concentrations of CTZ from lOpM to l.OpM, which caused concentration-

dependent neurotoxicity in mature cerebellar granule cells, did not induce significant

elevations in [Ca2+]j. Figure 4.17 shows that the maximum elevation induced by CTZ

alone is approximately 1.7-fold over basal.

When 7 div cultured cerebellar granule cells were exposed to 0.1 pM to l.OmM (S)-

AMPA along with a fixed concentration of 200pM CTZ, however, a major

concentration-dependent elevation of [Ca2+]i was observed (Figure 4.18). With
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200pM CTZ included in the extracellular medium, concentrations of (S)-AMPA

[(S)-AMPA] (vM)

Figure 4.18: Concentration dependence of (S)-AMPA-induced elevations of free
cytosolic calcium ([Ca2+]j) with and without coadministration of 200pM cyclothiazide
(CTZ). Cultured cerebellar granule cells (7 div) were washed in HBS, loaded with Fluo-
3/AM as described in Materials and Methods, and washed with modified HBS
(supplemented with 1 mM furosemide) before exposing to concentrations of (S)-AMPA
from 0.1 pM to l.OmM with and without a fixed concentration of 200pM CTZ in
modified HBS (Mg2+, supplemented with ImM furosemide). Data are expressed as a
ratio of [Ca2+]j under stimulated conditions over [Ca2+], under basal conditions for each
data point, and represent mean ± S.E.M. of n=5 values. The mean ± S.E.M. basal [Ca2+]j
was 90.71 ± 3.5nM.

above lOpM induced elevations in [Ca2+]i, up to a plateau of 6-fold over basal. The

observed EC50 ± S.E. was 4.7 ± 2.3nM.
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Pharmacology of (S) AMPA stimulated increases in [Ca2+]i

The observed elevation in [Ca2+]i stimulated by concentrations of (S)-AMPA from

0. lpM to l.OmM in the presence of200pM CTZ (to prevent AMPA receptor

desensitisation), was investigated utilising pharmacological inhibitors ofEAA

receptors. The effect of the competitive NMDA receptor antagonist D-APV is shown

in Figure 4.19. Inclusion of 500pM D-APV in the extracellular solution reduces the

maximum [Ca2+]i elevation observed from approximately 7-fold over basal without D-

APV, to approximately 5-fold over basal with 500pM D-APV. The observed EC50 ±

S.E. was unchanged at 1.2 ± lpM.
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Figure 4.19: Concentration dependence of (5)-AMPA-induced elevations of free
cytosolic calcium ([Ca2+],) in the presence of 200pM CTZ and with or without
coadministration of 500pM D-APV. Cultured cerebellar granule cells (7 div) were
washed in HBS, loaded with Fluo-3/AM as described in Materials and Methods, and
washed with modified HBS (supplemented with ImM furosemide) before exposing to
concentrations of (S)-AMPA from 0.1 pM to l.OmM with 200pM CTZ and with or
without 500pM D-APV in modified HBS (Mg2+, supplemented with ImM furosemide).
Data are expressed as a ratio of [Ca2+], under stimulated conditions over [Ca2+]j under
basal conditions for each data point, and represent mean ± S.E.M. of n=5 values. The
mean± S.E.M. basal [Ca2+]; was 71.7 ± 5.3nM.



+
CM
re
O

re
</>
re
CQ

+
CM
re
O

73
a>
*-•

re
3

E
(/)

5- I ,1 I

4- f

3-

1-

0J

0.1

- + 200vM CTZ
T + 200vM CTZ +

10vM CNQX

TTJ 1 1 1—I I I I I | 1 1 1—I I I I I | 1 1 1—I I I II |

1 10 100 1000

[(S)-AMPA] (vM)

Figure 4.20: Concentration dependence of (S)-AMPA-induced elevations of free
cytosolic calcium ([Ca2+]j) in the presence of 200pM CTZ and with or without
coadministration of lOpM CNQX. Cultured cerebellar granule cells (7 div) were washed
in HBS, loaded with Fluo-3/AM as described in Materials and Methods, and washed with
modified HBS (supplemented with ImM furosemide) before exposing to concentrations
of (S)-AMPA from 0.1 pM to 1 .OmM with 200pM CTZ and with or without lOpM
CNQX in modified HBS (Mg2+, supplemented with ImM furosemide). Data are
expressed as a ratio of [Ca2+]( under stimulated conditions over [Ca2+]j under basal
conditions for each data point, and represent mean ± S.E.M. of n=5 values. The mean ±
S.E.M. basal [Ca2+], was 91.4 ± 5.6nM.

The competitive AMPA/KA receptor antagonist CNQX provided more effective

inhibition of AMPA-induced [Ca2+]j elevation. Over the entire (S)-AMPA

concentration range tested, lOpM CNQX inhibited the stimulated [Ca2+]i elevation.

Maximum [Ca2+]j elevation over basal was reduced from 5-fold over basal to 4-fold

over basal, and the observed EC50 ± S.E. shifted from 3 ±0.6nM to 11.5±1.5nM

(Figure 4.20).
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Figure 4.21: Concentration dependence of (5)-AMPA-induced elevations of free
cytosolic calcium ([Ca2+]j) in the presence of 200pM CTZ and with or without
coadministration of 20pM NBQX. Cultured cerebellar granule cells (7 div) were washed
in HBS, loaded with Fluo-3/AM as described in Materials and Methods, and washed with
modified HBS (supplemented with ImM furosemide) before exposing to concentrations
of (S)-AMPA from 0.1 pM to l.OmM with 200pM CTZ and with or without 20pM
NBQX in modified HBS (Mg2+, supplemented with ImM furosemide). Data are
expressed as a ratio of [Ca7+]j under stimulated conditions over [Ca2+]j under basal
conditions for each data point, and represent mean ± S.E.M. of n=5 values. The mean ±
S.E.M. basal [Ca2+], was 76.4 ± 2.2nM.

The AMPA/KA receptor antagonist NBQX, which enjoys a 3-fold selectivity for

AMPA receptors over KA receptors (Lodge et al., 1991; Bleakman et al., 1996;

Wilding and Huettner, 1996) also effectively inhibited AMPA-induced [Ca2+]j

elevations, as seen in Figure 4.21. The concentration response of (S)-AMPA was

depressed across the entire range by inclusion of 20pM NBQX in the medium. The

EC50 ± S.E. shifted from 20 ± 13.6pM to 192 ± 9.5pM.
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Figure 4.22: Concentration dependence of (S)-AMPA-induced elevations of free
cytosolic calcium ([Ca2+]j) in the presence of 200pM CTZ and with or without
coadministration of 20pM GYKI 53655. Cultured cerebellar granule cells (7 div) were
washed in HBS, loaded with Fluo-3/AM as described in Materials and Methods, and
washed with modified HBS (supplemented with ImM furosemide) before exposing to
concentrations of (S)-AMPA from 0.1 pM to l.OmM with 200pM CTZ and with or
without 20pM GYKI 53655 in modified HBS (Mg2+, supplemented with ImM
furosemide). Data are expressed as a ratio of [Ca2+], under stimulated conditions over
[Ca2+], under basal conditions for each data point, and represent mean ± S.E.M. of n=5
values. The mean ± S.E.M. basal [Ca2+]; was 186.7 ± 11.6nM.

The most effective inhibition of AMPA-induced [Ca2+]i elevation was provided by the

selective, non-competitive AMPA receptor antagonist, GYKI 53655 (Figure 4.22).

The elevation of [Ca2+]i stimulated by increasing concentrations of (S)-AMPA co¬

administered with 200pM CTZ (to prevent receptor densensitisation) was strongly

inhibited by 20pM GYKI 53655. Maximum [Ca2+]j elevations induced by (S)-AMPA

were reduced to those seen without coapplication of 200pM CTZ, i.e a maximum

elevation of approximately 1.5-fold over basal. The EC50 ± S.E. remained effectively
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unchanged at 9 ± 9pM without co-administration of GYKI 53655,and 10 ±10pM

with co-administration of GYKI 53655.

L-glutamate-stimulated increases in [Ca2+] are strongly inhibited by administration of

TCP, the potent non-competitive NMDA receptor antagonist. Given the ability of

CTZ to potentiate glutamate-induced neuronal cell death following NMDA receptor
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Figure 4.23: Concentration dependence of glutamate-induced elevation of free cytosolic
calcium in the presence of lpM TCP/200pM CTZ and in the presence or absence of
20pM GYKI 53655. Cultured cerebellar granule cells (7 div) were washed in HBS,
loaded with Fluo-3/AM as described in Materials and Methods, and washed with
modified HBS (supplemented with ImM furosemide) before exposing to concentrations
of L-Glutamate from 0.1 pM to l.OmM in modified HBS (Mg2+-free, supplemented with
1 mM furosemide) with fixed concentrations of 1 pM TCP and 200pM CTZ and both with
and without a fixed concentration of 20pM GYKI 53655. Data are expressed as a ratio of
[Ca2+]i under stimulated conditions over [Ca2+]i under basal conditions for each data
point, and represent mean ± S.E.M. of n=5 values. The mean ± S.E.M. basal [Ca2+]i was
167.6 ± 15.3nM.
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blockade (Fig 4.4) , it was of interest to investigate whether a similar effect could be

observed on L-glutamate- stimulated increases in [Ca2+] following NMDA receptor

blockade.

Figure 4.23 shows that, following NMDA receptor blockade, CTZ potentiates an L-

glutamate-concentration-dependent increase in [Ca2+]i, with l.OmM L-glutamate

inducing an elevation of [Ca2+] to 7-fold over basal following NMDA receptor

blockade and inhibition of AMPA receptor desensitization. This increase is markedly

inhibited by inclusion of the selective AMPA receptor antagonist GYKI 53655 in the

exposure medium, where the maximum elevation of L-glutamate-stimulated increases

in [Ca2+]i is only 2.8-fold over basal.

The final step taken was to gather further information on the pharmacology of (S)-

AMPA-stimulated increases in [Ca2+]. A fixed concentration of lOO^M (S)-AMPA

and 200pM CTZ was employed along EAA receptor antagonists and L-type VGCC

antagonists, both alone and in combination with each other. The antagonists

employed were TCP, D-APV (both NMDA receptor-selective antagonists), CNQX,

NBQX (AMPA/KA receptor selective), GYKI 53655 (AMPA receptor selective) and

nifedipine (L-type VGCC blocker).

Figure 4.24 shows that the increase in [Ca2+] seen in 7 div cerebellar granule cells

observed when 100[xM (S)-AMPA and 200pM CTZ were applied was only prevented

by coadministration of the competitive AMPA/KA receptor antagonist NBQX or the

non-competitive AMPA receptor antagonist GYKI 53655. Neither of the NMDA

receptor antagonists D-APV nor TCP had any effect on observed elevations, as did
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Figure 4.24: Effect of EAA receptor and VGCC antagonists on (S)-AMPA-induced
elevation of [Ca +]| in 7 div cerebellar granule cells. Cultured cerebellar granule cells
(7 div) were washed in HBS, loaded with Fluo-3/AM as described in Materials and
Methods, and washed with modified HBS (supplemented with ImM furosemide)
before exposing to lOOpM (S)-AMPA and 200pM CTZ alone or in combination with
20pM NBQX, lOpM CNQX, 20pM GYKI 53655, 500pM D-APV, lpM TCP or
lOpM nifedipine in modified HBS (Mg2+-free, supplemented with ImM furosemide).
Data are expressed as a ratio of [Ca2+]j under stimulated conditions over [Ca2+]i under
basal conditions for each data point, and represent mean ± S.E.M. of n=5 values. The
mean ± S.E.M. basal [Ca2+]i was 135.01 ± 3.50nM.

the L-type VGCC antagonist nifedipine. Of special interest was the fact that the

competitive AMPA/KA receptor antagonist CNQX had no inhibitory effect at the

concentration used - perusal of Figure 4.22, where lOpM CNQX was used to inhibit

the concentration response of (S)-AMPA-induced elevations of [Ca2+], revealed that

when lOOpM (S)-AMPA was applied along with 200pM CTZ, lOpM CNQX had

only a marginal effect on the observed increase in [Ca2+]j, with the stimulated increase
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in [Ca2+]j, only being reduced from 5-fold over basal to 4-fold over basal. It was only

able to significantly inhibit responses induced by lower concentrations of (S)-AMPA.

Application of the following combinations of antagonists - D-APV and nifedipine, D-

APV and CNQX or CNQX and nifedipine - did not produce any additive inhibitory

effect.

Discussion

The purpose of this chapter was to investigate the mechanisms of neurotoxicity

induced by well-characterised, classical AMPA receptor agonists following inhibition

of AMPA receptor desensitization. The model system of glutamatergic neurons used

in this study was primary cultures of murine cerebellar granule cells maintained in

culture for 7 days before undertaking experiments. The results show that, in these

cultures, selective AMPA receptor agonists alone are unable to induce cytotoxicity or

significant elevations in [Ca2+]j. When CTZ, an inhibitor of AMPA receptor

desensitization, is included in the exposure medium, a dramatic potentiation of (S)-

AMPA-induced effects is seen. Following coadministration of CTZ, AMPA and

other selective AMPA receptor agonists induced concentration-dependent cell death

in cerebellar granule cells. This was in close agreement with previously published

results indicating the necessity of blockade of AMPA receptor desensitisation to

unmask functional responses (lino et al., 1990; Barnes et al. 1994; Desai et al., 1994;

Moudy et al., 1994; Cebers and Liljequist, 1995; Hack and Balazs., 1995). Of special

note was the fact that CTZ could unmask L-glutamate-induced cell death following

NMDA receptor blockade, endorsing the concept that AMPA receptors could play a

significant role in L-glutamate-induced neurodegeneration under such diverse

conditions as cerebral ischaemia, brain trauma, Alzheimer's Disease and sustained
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epilepsy. These results are in agreement with previous studies indicating that

inhibition of AMPA receptor desensitisation unmasks AMPA-induced functional

responses in a variety of neuronal cells, including rat cerebellar granule cells (Barnes

et al. 1994; Desai et al., 1994; Moudy et al., 1994; Cebers and Liljequist, 1995; Hack

and Balazs., 1995; Hoyt et al., 1995). It contrasts with studies using cultured

neocortical neurons, which demonstrated AMPA-induced excitotoxicity without a

requirement for blockade of AMPA receptor desensitisation (Frandsen and

Schousboe, 1987; Koh et al., 1990). It could be argued that AMPA receptor

desensitisation using CTZ represents a highly artificial experimental design, unlikely

to be of relevance in vivo. It has, however, been shown that metabolic inhibition of

cerebellar granule cells has a similar effect to application of CTZ, with a marked

enhancement of AMPA-induced functional responses (Cebers et al. 1998). This

suggests that AMPA receptor activation can play an important role in the excitotoxic

cell death of energetically compromised neurons in vivo. This may be of particular

relevance for the slowly developing neuronal death seen in several neurodegenerative

diseases.

Investigation of the relative involvement of EAA receptor subtypes in AMPA-induced

neuronal cell death revealed that the most powerful neuroprotection was provided by

the AMPA receptor-preferring antagonist NBQX and the selective, non-competitive

AMPA receptor antagonist GYKI 53655. Moderate protection was provided by the

AMPA/KA receptor antagonist CNQX, whilst the NMDA receptor antagonist D-APV

had no neuroprotective effect. This extends previous results showing that AMPA-

induced neurotoxicity in rat cerebellar granule cells in the presence of CTZ could be

prevented by the coapplication of NBQX and the noncompetitive AMPA receptor

157



antagonist GYKI 52466, but not the NMDA receptor antagonist MK-801 (Cebers et

al., 1997). The results presented strongly suggest that the AMPA receptor is central

to (S)-AMPA-induced neuronal death, and coincident NMDA receptor activation by

the stimulated release of L-glutamate by neurons, or the relief of the Mg2+ block by

AMPA receptor activation-induced depolarisation, does not have a significant effect

on neuronal survival under these experimental conditions.

Elevation of free cytosolic calcium concentrations has long been thought to be a

central process in the progression of excitotoxic cell death. It was previously assumed

that L-glutamate-induced [Ca2+]j elevation was due solely to Ca2+-influx through

activated NMDA receptors (Choi et al., 1992). Further evidence indicated that non-

NMDA receptor agonists could cause Ca2+ infux directly, resulting in cell death in

several types of brain cells, including cerebellar granule cells (Frandsen et al., 1989;

lino et al., 1990; Gilbertson et al., 1991; Pruss et al., 1991; Frandsen and Schousboe,

1992; Brorson et al., 1994; Hack and Balazs, 1995; Liljequist et al., 1995). With the

link between [Ca2+]j elevation and excitotoxicity in mind, it was decided to investigate

whether CTZ could potentiate AMPA-induced [Ca2+]j elevation in a similar manner to

the potentiation of cell death. It could be seen that supplementation of the exposure

medium with CTZ dramatically increased [Ca2+]j elevation following exposure of

cells to concentrations of (S)-AMPA above lpM. The maximum elevation observed

was 6-fold over basal, as opposed to a maximum elevation of 1.7-fold over basal

observed without coadministration of CTZ. The possibility that the extra elevation

was simply due to a non-specific effect by CTZ was eliminated by demonstrating that

concentrations of CTZ up to 1 .OmM alone failed to induce any significant elevation of
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[Ca2+]i, and elevation of [Ca2+]i induced by (S)-AMPA and CTZ acting together was

only seen at higher concentrations of (S)-AMPA.

The pharmacology of (S)-AMPA-induced [Ca2+]j elevation under non-desensitising

was investigated using a range of pharmacological antagonists. The NMDA receptor

antagonist D-APV reduced the maximum elevation observed by approximately 30%,

without altering the EC5o. This suggests that a portion of the [Ca2+]i elevation

observed following AMPA receptor stimulation under non-desensitising conditions is

mediated by the NMDA receptor. The most likely explanation for this is that Ca2+

influx through Ca2+-permeable AMPA receptors induces Ca2+-dependent L-glutamate

release. The released L-glutamate then activates NMDA receptors, inducing a further

elevation of [Ca2+]j. The indirect Ca2+ influx through the NMDA receptor does not

participate in excitotoxicity in this case, as evidenced by the lack of neuroprotective

effect ofNMDA antagonists.

The AMPA/KA receptor antagonist CNQX provided more definite inhibition of (S)-

AMPA-induced [Ca2+]j elevation, reducing the maximum elevation observed and

elevating the EC50 from 20pM to 192pM. Complete inhibition of (S)-AMPA-induced

21
[Ca ]j elevation across the entire concentration range was only seen following

application of the selective AMPA receptor antagonist GYKI 53655. The AMPA

receptor-preferring antagonist NBQX also effectively antagonised (S)-AMPA-

induced [Ca2+]j elevation following exposure to a fixed concentration of lOOpM (S)-

AMPA and 200pM CTZ. Under the same exposure conditions, the L-type VGCC

antagonist nifedipine was unable to inhibit the observed [Ca2+]i elevation, arguing

against a proposed role for VGCCs in AMPA-induced neurotoxicity (Weiss et al.,

159



1990). CNQX and D-APV were both unable to antagonise elevations induced by this

moderate concentration of (S)-AMPA, alone or in combination with each other and

nifedipine. This strongly suggests that Ca2+-permeable AMPA receptors are the

primary route of Ca2+ influx into the cytosol following AMPA receptor stimulation

under non-desensitizing conditions, and that NMDA receptors, KA receptors and L-

type VGCCs play secondary roles at best. The possibility of other mechanisms such

as reversal of the Na+/Ca2+ exchanger (Wilkinson et al., 1994) or Ca2+ release from

intracellular stores (Troost et al., 1995) contributing to the overall rise in [Ca2+];

cannot be discounted; however, it has been shown that these routes of Ca2+ influx did

not contribute significantly to AMPA receptor-mediated excitotoxicity in mouse

cerebral cortical neurons (Jensen et al., 2001).

It was also shown in this chapter that CTZ itself exerts a concentration-dependent

neurotoxic effect in mature cerebellar granule cells. This neurotoxic effect is

potentiated by increasing concentrations of (S)-AMPA, and does not appear to be

mediated by any of the EAA receptors, as evidenced by the lack of neuroprotective

effect of any of the EAA receptor antagonists applied. This toxicity does not appear

to be linked to rapid increases in [Ca2+]i, as concentrations of CTZ alone up to l.OmM

failed to induce any elevation of [Ca2+]j in cerebellar granule cells. This suggests that

CTZ may interact with cells at another site or sites separate from the AMPA receptor

to exert a neurotoxic effect, and is worthy of further investigation. The results should,

however, be treated with caution, as CTZ was applied to cell cultures using ethanol as

a solvent. Ethanol-induced cytotoxicity may, therefore, account for some, but not all,

of the toxic effects attributed to CTZ.
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In summary, the results in this chapter show that, under conditions where AMPA

receptor desensitization is inhibited, AMPA receptor-specific agonists may induce a

high level of cell death among populations of glutamatergic neurons. This cell death

appears to be associated with an influx of Ca2+ through Ca2+-permeable AMPA

receptors, and both the cell death and [Ca2+]i elevation induced by AMPA receptor

activation may only be completely blocked by the non-competitive AMPA receptor

antagonist GYKI 53655. Additionally, the AMPA receptor desensitisation inhibitor

CTZ appears to exert a neurotoxic effect through mechanisms that are apparently

independent of EAA receptor activation or [Ca2+]i elevation. This phenomenon

requires further research in order to fully understand the actions of this commonly

used pharmacological agent.
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Chapter 5;

Development of a mechanistically

relevant in vitro test for excitotoxicitv
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The inducible transcription factors c-Fos, c-Jun and their family members are among

the best-characterised transcription factors operating in the mammalian brain. Even

under normal conditions, stimulation of neurons can trigger expression of a wide

array of genes encoding a range of different proteins. This is unsurprising, as changes

in neuronal structure dependent on activity and synaptic remodeling will be dependent

on protein synthesis.

Although immediate early response genes such as c-fos and cfun have undoubted

roles in the normal physiological function of cells in the CNS, there is an increasing

body of evidence which implicates their aberrant expression in neurodegenerative

disorders. For example, excitotoxic lesion in vivo stimulates a continuous, rather than

transient, expression of c-fos (Pennypacker et al., 1994; Shan et al., 1997; Smeyne et

al., 1993). In CA1 pyramidal cells suffering irreversible neuronal injury, a delayed

but prolonged phase of IEG expression was observed (Dragunow et ah, 1994). As

such, a more complete knowledge of the transcriptional regulation of these genes is

important in the study of excitotoxicity.

It has been shown that exposure of both cerebellar granule cell cultures and cortical

neuronal cultures to excitotoxic concentrations of glutamate and other excitatory

amino acids induced a delayed, sustained elevation of c-fos mRNA levels, whereas

exposure to non-excitotoxic stimuli or a non-excitotoxic dose of EAA induced an

easily distinguishable transient increase (Gorman et ah, 1995; Griffiths et ah, 1997).

More specifically, when c-fos mRNA levels were measured 30 minutes and 4 hours

after exposure, excitotoxic stimuli produced c-fos mRNA levels similar to control

populations at 30 minutes post-treatment, but greatly elevated c-fos mRNA levels at 4
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hours post-treatment. In contrast, non-excitotoxic stimuli showed significant

elevation of c-fos mRNA levels over control populations at 30 minutes post-treatment,

but by 4 hours post treatment c-fos mRNA levels had returned to that observed in

control cells (Griffiths et ah, 1997). This delayed, sustained profile of c-fos mRNA

expression induced by excitotoxic concentrations of L-glutamate could be prevented

by coadministration of the NMDA receptor antagonist D-APV, but not by the

AMPA/kainate receptor antagonist CNQX. This strongly suggested that activation of

the NMDA receptor by glutamate was a primary causative mechanism in induction of

this profile. As the neuroprotective effects of NMDA receptor antagonists in these

cultures are well known, a link between the onset of excitotoxic cell death and

alterations in c-fos mRNA expression was suggested, with exposure to excitotoxic

conditions inducing a switch from transient to a delayed, sustained increase in c-fos

mRNA levels. Additionally, it was shown that immature cultures (2 div) of both

cerebellar granule cells and cortical neurons did not show this pattern of c-fos

expression following stimulation with identical conditions. This is of great interest, as

immature cultures of these cells do not undergo cell death when exposed to high

levels of glutamate (Frandsen and Schousboe, 1990; Meredith et al., 1995), even

though they express functional glutamate receptors at this stage in development

(Balazs et al., 1988). Furthermore, it was shown that, in these cultures, the ratio of

steady-state c-fos mRNA levels expressed after a 4 hour exposure to excitatory amino

acids relative to that induced after a 30 minute exposure (Q240/30) was a useful

indicator of in vitro excitotoxicity. A q240/30 ratio of > 2 corresponded reproducibly

with an excitotoxic event, wheras a q240/3° ratio of < 1 correlated with a non-

excitotoxic event. It was proposed that this q240/30 ratio could be used as a more

specific test to predict excitotoxic outcome as compared to the more general cytotoxic
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cytotoxicity assays such as the lactate dehydrogenase (LDH) assay, measuring

leakage of the cytosolic enzyme LDH from cells with compromised membrane

integrity, or the MTT assay (described in detail in Materials and Methods), which

detects the onset of cell death by the measurement of cellular dehydrogenase activity.

Subsequent investigations focused on this phenomenon in cultures of cerebellar

granule cells. Exposure of cells to high concentrations of L-glutamate or 55mM K+,

which causes depolarisation of the cell membrane, both induced comparible elevation

of [Ca2+]i. However, exposure of cells to depolarising concentrations of K+, even for

up to 24 hours, failed to induce any significant levels of cell death (Griffiths et al.,

1998). This strongly suggested that elevation of [Ca2+]i may not be inextricably

linked with excitotoxicity . Coadministration of the L-type voltage-gated Ca2+

channel antagonist nifedipine partially banished L-glutamate-induced elevation of

[Ca2+]j, and completely banished elevation of [Ca2+h induced by 55mM K+. From

this, it could be hypothesised that the initial depolarisation induced by Ca2+ influx
2+

through NMDA receptor activation causes a secondary, additional influx of Ca"

through L-type voltage-gated Ca2+ channels. Even so, nifedipine offered no

protection against L-glutamate induced cell death, indicating that the contribution to

elevation of [Ca2+]j mediated by L-type VGCCs in this instance does not participate in

the intracellular events leading to excitotoxic cell death. Interestingly, studies of the

temporal profile of c-fos mRNA levels following stimulation with 55mM K+

produced a q240/30 ratio of > 2, previously thought to be uniquely associated with

excitotoxic cell death (Griffiths et al. 1997). This effect was antagonised by

nifedipine, reducing the q240/30 ratio to <1. Nifedipine had a similar antagonistic

effect on the temporal profile of c-fos mRNA levels following stimulation with
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250vM L-glutamate, as did the NMDA receptor antagonists D-APV and TCP.

Coadministration of D-APV and TCP did not, however, affect the temporal profile of

c-fos mRNA expression following exposure of cells to 55mM K+ (Griffiths et al.,

1998). As previously noted, nifedipine has no neuroprotective effect against L-

glutamate-induced cell death, which was only prevented in these cells by

coadministration of an NMDA receptor antagonist.

In view of these results, it was necessary to refine the proposed predictive test for

excitotoxicity. In addition to the demonstration of a q240/3° ratio of >2 following

exposure of cells to the proposed excitotoxin, modulation of the q240/30 ratio to <1

following coadministration of an iGluR antagonist would be required to identify the

compound as an excitotoxin (Griffiths et al., 1998).

To further establish the validity of c-fos mRNA measurement as the basis of a test for

excitotoxicity, it was decided to conduct studies on a wider range of compounds

(Griffiths et al., 2000). These compounds were divided on the basis of established

characteristics into four groups: Group 1 - excitotoxins; Group la - putative

excitotoxins; Group 2 - neurotoxic but not excitotoxic compounds; Group 3 -

neuroactive but non-toxic compounds; Group 4 - toxic to other target organs.

Measuring c-fos mRNA levels by dot blot analysis, a pilot study concluded that the

test worked satisfactorily as, from the four compound groups above, only the

excitotoxins exhibited elevated q240/3° ratios which were reduced to < 1 in the

presence of the NMDA receptor antagonist TCP. The remaining three compound

groups were correctly classified by the test to be non-excitotoxic.
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The role of c-fos in the mechanisms of excitotoxicity remains unclear. It seems likely

that transcriptional upregulation of c-fos under excitotoxic conditions is related to the

increase in [Ca2+]i that is strongly linked with excitotoxic cell death. Increases in

[Ca2+]i following Ca2+ influx through NMDA receptors and VGCCs are linked to the

induction of c-fos by a variety of intracellular Ca2+-dependent enzyme systems

(Bading et al., 1993, 1995; Ghosh and Greenberg, 1995). As mentioned previously,

Griffiths et al. (1998) reported that Ca2+ entry through L-type VGCCs was responsible

for the altered temporal profile in steady-state c-fos mRNA measurements. The

induced c-fos mRNA and c-Fos protein is likely to transcriptionally control delayed

response genes, some of which may encode more toxic factors (Tatter et al., 1995;

Ginty et al., 1997).

The purpose of the study described in this chapter was to further validate the proposed

in vitro test for excitotoxicity, based on measurement of c-fos mRNA levels following

stimulation, by testing the response of cerebellar granule cells to an extended range of

compounds divided into the following groups: Group 1 - excitotoxins; Group la -

putative excitotoxins; Group lb: novel synthetic putative excitotoxins; Group 2 -

neurotoxic but not excitotoxic compounds; Group 3 - neuroactive but non-toxic

compounds; Group 4 - toxic to other target organs. In addition, it was decided to

transfer the test platform from a low-throughput, labour-intensive method (dot-

blotting) to a high-throughput method that was easily adaptable to automation (real¬

time RT-PCR). This was used in combination with a comprehensive screen of the

cytotoxicity of the selected compounds using the MTT cell viability assay. Finally,

the ability of the compounds to induce Ca2+ influx was evaluated for comparison to
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cytotoxic potency, alteration of the temporal profile of c-fos mRNA expression, and a

prioro knowledge of the excitotoxic potential of the compound.

The following gives a brief background to each compound employed in the study.

Group 1: Excitotoxic compounds.

L-Glutamate: The principal excitatory neurotransmitter in the CNS (Watkins and

Evans, 1981). Excitotoxic to cerebellar granule cells at high (>100pM)

concentrations (Griffiths et al., 1997), principally through NMDA receptors.

D-Aspartate: Putative excitatory neurotransmitter; selective for NMDA receptors.

Excitotoxic to cerebellar granule cells through an NMDA receptor-mediated

mechanism.

(RS)-Tetrazol-5-yl-glycine (TG): Highly potent NMDA-receptor selective agonist.

Extremely potent excitotoxin in vivo (Schoepp et al., 1994).

N-Methyl-D-aspartate (NMDA): Prototypic NMDA receptor agonist (Davies et al.,

1981). Excitotoxic towards mature cerebellar granule cells (Griffiths et al., 1997).

L-Homocysteine sulphinic acid (L-HCSA): Putative excitatory neurotransmitter.

Excitotoxic to cerebral cortical neurons (Frandsen et al., 1993) through NMDA and

AMPA/KA receptors.

168



D-Homocysteine sulphinic acid (D-HCSA): D-isomer of L-homocysteine sulphinic

acid. More potent than L-homocysteine sulphinic acid in vivo (Houssaini et al.,

1993).

L-Homocysteic acid (L-HCA): Putative excitatory neurotransmitter. Excitotoxic to

cerebral cortical neurons, exerts effects through NMDA and AMPA/KA receptors

(Frandsen et al., 1993). Excitotoxic effects in cerebellar granule cells are thought to

be mediated solely through the NMDA receptor (Kim and Pae, 1996).

D-Homocysteic acid (D-HCA): D-isomer of L-homocysteic acid. Shows similar

effects to L-homocysteic acid in electrophysiological experiments (Kilic et al., 1992).

L-Cysteine suphinic acid (L-CSA): NMDA receptor agonist, excitotoxic to cortical

neurons (Frandsen et al., 1993) and cerebellar granule cells (Sinclair, unpublished

observations). EAA transmitter candidate (Griffiths, 1990).

S-Sulpho-L-cysteic acid (SSC): Potent EAA receptor agonist, excitotoxic to

cerebral cortical neurons (Frandsen et al., 1993).

L-Quisqualic acid: Prototypic AMPA receptor agonist (Watkins and Evans, 1981),

later found to activate mGluRs (Sladeczek et al., 1985; Nicoletti et al., 1986).

L-fraws-Pyrrolidine-2,4-dicarboxylic acid (frans-PDC) - Competitive glutamate

uptake inhibitor - can cause indirect NMDA receptor activation through elevation of
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extracellular glutamate (Blitzblau et al., 1996) by active heteroexchange through EAA

transporters (Griffiths et ah, 1994; Volterra et al., 1996).

Kainic acid (KA): Prototypic KA receptor agonist (Watkins and Evans, 1981). Also

reported to act as a non-desensitising AMPA receptor agonist (Hollmann and

Heinemann, 1994).

Domoic acid (DA): Naturally-occurring excitotoxin (Takemoto and Daigo, 1958)

and AMPA/kainate receptor agonist. Recently reported to exert neurotoxic effects via

the NMDA receptor in cerebellar granule cells activated secondarily as a result of

AMPA/KA receptor-induced EAA release (Berman et al., 2001).

Ibotenic acid: Non-selective NMDA and mGlu receptor agonist (Watkins and

Evans, 1981), commonly used to induce seizures in vivo.

(±)-fran,s-2,3-piperidine-2,4-dicarboxylic acid (trans-PDA): dialkyl substituted

analogue of aspartic acid; EAA receptor agonist (Davies and Watkins, 1982).

Group la: Putative excitotoxins

%-N-oxalyl-P-%-diaminopropionic acid (ODAP) - Dietary excitotoxin found in

Lathyrus sativus seeds. Reported to be excitotoxic to cerebellar granule cells (Staton

and Bristow, 1998); however, more recent results showed only a slight toxic effect
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towards cerebellar granule cells that could not be blocked by EAA receptor

antagonists (Griffiths et al., 2000).

!

Zn2+: Thought to be stored and released by neurons. Synaptically released Zn2+ can

enter through VGCCs, NMDA receptors and Ca2+-permeable AMPA/KA receptors

and damage postsynaptic neurons (For review, see Choi, 1998).

Group lb: Synthetic putative EAA receptor agonists

(S)-CPW399: Non-desensitising full AMPA receptor agonist with 20-fold selectivity

for GluRl/GluR2 over GluR3/GluR4 subunits (see Chapter 3; Campiani et al., 2001;

Sinclair et al., 2003).

Group 2: Neurotoxic but non-excitotoxic

3-nitropropionic acid (NPA): A dietary neurotoxin found in plants of the genus

Astragalus. Inhibits succinate dehydrogenase. Neurotoxicity is thought to be

mediated by NMDA receptors in cerebellar granule cells (Olsen et al., 1999; Pubill et

al., 2001)

Lindane: Commonly used insecticide. Inhibits glutamate release in cerebellar

granule cells through indirect actions on GABA receptors (Damgaard et al., 1998)
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MPP+: Oxidative byproduct of MPTP, which produces symptoms similar to

Parkinson's Disease. MPP+ blocks NADH-linked oxidative phosphorylation. It is

thought to be taken up into cerebellar granule cells via the dopamine transport system

and the cationic amino acid uptake system (Gonzalez-Polo et al., 2001).

Acrylamide: Commonly used laboratory agent; carcinogenic and neurotoxic.

Differentially regulates the mRNA levels of three neurofilament subunit genes in

PC12 cells (Lin et ah, 1996).

6-Hydroxydopamine (6-HD): Neurotoxin specific to dopaminergic neurons

(Kostrewa and Jacobowitz, 1974).

Veratridine: Voltage gated Na+ channel activator and inactivation inhibitor. The

depolarisation induced by veratridine may also activate VGCCs.

Ouabain: Cardiac glycosidet that blocks the active efflux of Na+ and reuptake of K+

by blocking movement of the H5 and H6 domains of Na+/K+ ATPases. Known to

increase intracellular Ca2+ (Doris and Bogrov, 1998)

Group 3: Neuroactive but non-toxic

L(+)-2-Amino-4-phosphonobutyric acid (L-AP4): NMDA receptor antagonist

(Davies and Watkins, 1982).
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(±)-Aminocyclopentane-frans-l,3-dicarboxylic acid (ACPD): Selective

metabotropic glutamate receptor agonist (Palmer et al., 1989). Reported to be toxic to

cerebellar granule cells through Group III mGluRs (Staton and Bristow, 1998).

rt-Aminobutyric acid (GABA): Endogenous inhibitory amino acid neurotransmitter;

activates GABA receptors, fluxing CI" and hyperpolarising cell (Johnston, 1996).

Taurine: Naturally occurring amino acid. Reported as a non-specific endogenous

agonist (Redmond et al., 1998). Also induces sequesterisation of Ca2+ in

mitochondria (Palmi et al., 2000). Released by cerebellar granule cells during

apoptosis (Moran et al., 2000). Thought to abrogate excitotoxicity by stabilising

[Ca2+]j and mitochondrial energy metabolism (El Idrissi and Trenkner, 1999).

L-Alanine: Naturally occurring amino acid and glycinergic (inhibitory) agonist

(Elster et al., 1998).

Glycine: Naturally occurring amino acid and inhibitory neurotransmitter. Also

modulator of NMDA receptor (Kleckner and Dingledine, 1988).

6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX): Competitive AMPA/KA receptor

antagonist (Honore et al., 1988; Sheardown et al., 1990).
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l,2,3,4-Tetrahydro-6-nitro-2,3-dioxobenzo(f)quinoxaline-7-sulphonamide

(NBQX): Competitive AMPA/KA receptor antagonist; shows greater AMPA receptor

selectivity than CNQX (Honore et al., 1988; Sheardown et al., 1990).

l-[l-(2 thienyl) cyclohexyl-piperidine (TCP): Potent, noncompetitive NMDA

receptor antagonist.

D(-)-2-Amino-5-phosphonopentanoic acid (D-APV): Competitive NMDA receptor

antagonist (Davies et al., 1981; Davies and Watkins, 1982).

Valproic acid: GABA receptor agonist. Also protects against apoptosis in cerebellar

granule cells induced by low K+ (Mora et al., 1999).

Diazepam: Benzodiazepine anxiolytic; GABA receptor agonist.

Nimodipine: Potent L-type VGCC antagonist (McCarthy, 1992).

MK-801: Potent, non-competitive NMDA receptor antagonist (Wong et al., 1986).

PK-11195: Specific peripheral-type benziodiazepine receptor ligand.

Pentylenetetrazole (PTZ): Non-specific CNS stimulant and convulsant (De Sarro et

al., 1999).
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(-)-Bicuculline: Convulsant: GABAa receptor inhibitor (Curtis et al., 1970; Shuto et

al., 1999).

Group 4: Toxic to other target organs.

Aluminium Chloride (AICI3): Environmental toxin associated with renal failure,

intestinal contraction interference and adverse neurological effects (Furst et al., 1998).

Aluminium has been impicated in Alzheimer's Disease (AD) (Zatta, 1993). Abnormal

levels of Al3+ have been seen in selected brain regions in AD patients (Perl and

Brody, 1980)

Lead Acetate (Pb(CH3COO)2): Lead is a toxic environmental pollutant which

affects most organs within the human body (Locey et al., 1998). It is known to

adversely affect the nervous system (for review, see Tiffany-Castiglioni et al., 1993).

It is thought to affect Ca2+ metabolism by mimicking Ca2+ at the cellular level

(Simons, 1993).

p-Acetamidophenol (Paracetamol): A commonly used analgesic and antipyretic

drug. When consumed in large doses it produces fulminant hepatic necrosis. A

fraction of consumed paracetamol is bioactivated to its reactive electrophile, N-acetyl-

p-benzoquinoneimine (NAPQI), a reaction which is mediated by various hepatic

cytochrome P450s (Patten et al., 1993). NAPQI is conjugated to GSH and

detoxicated paracetamol the liver GSH pool is depleted and the reactive intermediate

reacts with other nucleophilic centres of vital molecules in liver cells leading

subsequently to hepatotoxicity (Patten et al., 1993).
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Sodium cyanide (NaCN): Inhibitor of electron transfer chain. Also thought to

increase [Ca2+]i by activating tetrodotoxin-sensitive Na+ channels to increase [Na+],

thereby reversing the Na+/Ca2+ exchanger (Kiang and Smallridge, 1994).

Calcimycin ionophore (A23187): Ionophore which is highly selective for Ca2+

(Borle and Studer, 1978). Calcimycin has also been shown to potentiate NMDA

responses in hippocampal neurons (Markham and Segal, 1991)

Actinomycin D: Pro-apoptotic agent; complexes with DNA and inhibits RNA

synthesis (Chen et al., 1996).

Paraquat: Commonly used herbicide and pneumotoxicant (Smith and Heath, 1976);

produces oxidative stress by redox cycling with a variety of cellular diaphorases and

oxygen to produce superoxide radicals (Bus et al., 1974).
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Rotenone: Specific inhibitor of mitochondrial complex 1 (Webb, 1966).

Tumour Necrosis Factor (TNF): Pro-inflammatory cytokine that affects every

major cell type in the nervous system (Merrill, 1991; Hattaro et al., 1993). TNF

receptor activation is associated with activation of kinases, phosphatases, and

proteases; ceramide generation; stimulation of the arachidonic acid cascade;

mobilization of NF-XB and AP-1 transcription factors; and the production of

protective proteins, including manganous superoxide dismutase and calbindin.

Thalidomide: Glutamic acid derivative originally used as a sedative hypnotic,

withdrawn from use after being linked to birth defects. Thalidomide has recently

been introduced as an anti-cancer agent due to its anti-angiogenic effect (Kumar et al.,

2002).

Results

Group 1: Excitotoxic compounds

The cytotoxicity of the selected compounds was assessed by exposing mature (7 div)

primary cultures of cerebellar granule cells to concentrations of the compounds from

0.1 pM to lOmM for 4 hours, after which time cell viability was assessed by MTT

staining as described in Materials and Methods. The MTT method itself is a robust

assay for cytotoxicity that does not discriminate between excitotoxic cell death and

cell death induced by other mechanisms. The purpose of this endeavour was to

determine appropriate 'high' and 'low' doses for each compound for use in experiments
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quantitating c-fos mRNA in cerebellar granule cells after 30 minutes and 4 hours

exposure. Concentration-response graphs were produced for the cytotoxic effect of

each compound, from which EC50 values were estimated.

For present purposes, the EC50 is defined as the concentration of compound which

produces 50% of the maximum toxicity observed for that compound. The 'low' dose
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Figure 5.1: Concentration dependence of D-Aspartate-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 4 hour exposure. Cells were exposed to
concentrations of D-Aspartate from 1 pM to 1 mM in culture-conditioned medium.
Following exposure, cells were maintained in a 37°C, 5% C02/95% air humidified
atmosphere for 4 hours, after which time cell viability was assessed by MTT staining.
Absorbance at 570nm was expressed as a percentage of that for control (untreated) cells.
Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of control (untreated)
cells was 0.141 ± 0.006.

was defined as 1/10th of the EC50, and the 'high' dose was defined as 10 times the

EC50. A representative graph is shown in Figure 5.1, with D-Aspartate inducing

neurotoxicity at concentrations greater than 30pM with cell viability being reduced to

40% of control when cells were exposed to concentrations greater than 300pM. The

EC50 values, high and low concentrations for all Group 1 compounds, and the ability
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of test compounds to induce an increase in [Ca2+]i are summarised in Table 5.1. The

ability of test solutions to induce an elevation in [Ca2+]i was assessed because of the

well-publicised link between elevations in [Ca2+]i and excitotoxicity. Test solutions

were all brought to neutral pH before use - as a result, all compounds are named as

their ionised forms.

Table 5.1: Cytotoxicity of Group 1 compounds, derived 'low' and 'hi^h' test
concentrations and EC50 values for concentration-dependent elevation of [Ca"+]j in 7
div cerebellar granule cells by Group 1 compounds, determined as described in
Materials and Methods and the accompanying text

Compound Cytotoxicity
EC50 (pM)

Low/high test
concentrations

(MM)

[Ca2+]i
elevation

EC50 (pM)
L-Glutamate 25 2.5/250 7

L-Aspartate 35 3.5/350 10
TG 2 0.2/20 0.3

NMDA 30 3/300 58

L-HCSA 300 30/3000 27.0
D-HCSA 300 30/3000 no elevation

L-HCA 30 3/300 31

D-HCA 150 15/1500 34
L-CSA 20 2/200 5
L-SSC 10 1/100 21

L-Quisqualate 300 30/3000 no elevation

trans-PDC 50 5/500 110

KA 200 20/2000 13
DA 125 12.5/1250 36

Ibotenate 40 4/400 7
trans-PDA 300 30/3000 63

The relative levels of c-fos mRNA levels was monitored following exposure of

cultured cerebellar granule cells to either a high (non-toxic) or low (excitotoxic) level

of the stated compound for 30 minutes and 4 hours. The results are summarised in

Figure 5.2 and Figure 5.3.
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Exposure to non-toxic concentrations of Group 1 compounds
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Figure 5.2: Ratio of relative c-fos mRNA levels (units/ng mRNA) in 7 div
cerebellar granule cells measured at 240 minutes and 30 minutes (q240/30) after
exposure to 'low' concentrations of Group 1 compounds as defined in Table 5.1.
Cells were exposed to defined concentrations of Group 1 compounds, after
which time they were maintained in a 37°C 5% C02/95% air humidified
atmosphere for 30 minutes or 240 minutes. After this time, culture medium
was removed and total RNA was extracted and purified, before cDNA synthesis
and c-fos quantitiation as described in Materials and Methods. A reference line
is seen at q240/3° = 1.
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Exposure to toxic concentrations of Group 1 compounds
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Figure 5.3: Ratio of relative c-fos mRNA levels (units/ng mRNA) in 7 div
cerebellar granule cells measured at 240 minutes and 30 minutes (Q240/30) after
exposure to 'high' concentrations of Group 1 compounds as defined in Table
5.1. Cells were exposed to defined concentrations of Group 1 compounds,
after which time they were maintained in a 37°C 5% C02/95% air humidified
atmosphere for 30 minutes or 240 minutes. After this time, culture medium
was removed and total RNA was extracted and purified, before cDNA synthesis
and c-fos quantitiation as described in Materials and Methods. A reference line
is seen at q240/3° = l.

The reference line drawn at q240/3° = 1 is of relevance as it was previously shown that

the Q240/3° ratio corresponded with a non-excitotoxic event in cerebellar granule cells

when < 1, and an excitotoxic event when > 1, when c-fos mRNA levels were

measured using dot blot analysis (Griffiths et al., 1997). As seen in Figure 5.2,
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exposure of uells to non-toxic concentrations of 11 of the 16 Group 1 compounds

returned a q240/30 ratio of < 1 whereas exposure of cells to 5 of the Group 1

compounds at low (non-toxic) concentrations returned q240/3° ratios of > 1, with D-

homocysteine sulphinic acid and L-homocysteic acid producing particularly powerful

responses at low concentrations.

The q240/3° ratios returned following exposure of cells to high (toxic) concentrations

of Group 1 compounds is shown in Figure 5.3. A similar level of accuracy was seen

as for testing of low concentrations of compounds - 11 out of the 16 Group 1

compounds returned q240/3° ratios of > 1 at high concentrations. It is of note that the

compounds which returned false positives were different to the compounds which

returned false negatives.
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Figure 6.4: Concentration dependence of (S)-CPW-399-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 4 hour incubation. Cells were exposed to
concentrations of (S)-CPW399 from 0.3pM to l.OmM in culture-conditioned medium.
Following exposure, cells were maintained in a 37°C 5%C02/95% air humidified
atmosphere for 4 hours, after which time cell viability was assessed by MTT staining.
Absorbance at 570nm was expressed as a percentage of that for control (untreated) cells.
Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of control (untreated)
cells was 0.242 ± 0.008.

Group la: Putative excitotoxins

As with the Group 1 compounds, cytotoxicity was assessed by exposing mature (7

div) primary cultures of cerebellar granule cells to concentrations of the compounds

from 0.1 pM to lOmM for 4 hours, after which time cell viability was assessed by

MTT staining as described in Materials and Methods. Concentration response graphs

were plotted and EC5q values were determined. In the case of ODAP, minimal levels
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of toxicity were seen following exposure to concentrations from 0.1 pM to lOmM for

4 hours, therefore the exposure period was extended to 24 hours in order to provide

more information on the concentration dependence of toxicity induced by these

compounds. A sample concentration response graph of (S)-CPW 399-induced

neurotoxicity, with ImM (S)-CPW 399 inducing a 40% loss of cell viability following

a 4 hour incubation, is shown in Figure 5.4, with an EC50 ± S.E. of 39.0 ± 23.8pM.

The EC50 values, high and low concentrations for Group la compounds and the ability

of Group la compounds to induce an increase in [Ca2+]i are summarised in Table 5.2.

Table 5.2: Cytotoxicity of Group la compounds, derived 'low' and 'hi^h' test
concentrations and EC50 values for concentration-dependent elevation of [Ca +]j in 7
div cerebellar granule cells by Group la compounds, determined as described in
Materials and Methods and the accompanying text

Compound Cytotoxicity Low/high test [Ca2+]i elevation

ECso/pM concentrations/pM ECso/pM

%-N-oxalyl-(3i(-
diaminopropionic
acid (ODAP)

1000 100/10000 No elevation

(S)-CPW399 40 4/400 8.0

Zn2+ 25 2.5/ 250 No elevation

Cultures of cerebellar granule cells (7 div) were exposed to high and low

concentrations of Group la compounds as defined in Table 6.3 for 30 minutes or 240

minutes, after which time total RNA was isolated and purified. Relative levels of c-

fos mRNA in the collected samples were quantified by real-time RT-PCR as

previously described. q240/30 ratios were calculated; the results are presented in

Figures 5.5 and 5.6.
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Figure 5.5 shows that non-toxic concentrations of both ODAP and (S)-CPW399 elicit

c-fos mRNA q240/3° ratios of >1. Zn2+, on the other hand, induces appearance of the

expected transient elevation of c-fos mRNA, yielding a q240/30 ratio of only 0.27.

Exposure to non-toxic concentrations
ofGroup la compounds

ODAP (S)-CPW399 Zinc ion
Treatment

Figure 5.5: Ratio of relative c-fos mRNA levels (units/ ng total RNA) in 7 div
cerebellar granule cells (units/ng mRNA) measured 240 minutes and 30
minutes 1 (Q240/3°) after exposure to 'low' concentrations of Group la
compounds as defined in Table 5.2. Cells were exposed to defined
concentrations of Group la compounds, after which time they were maintained
in a 37°C 5% C02/95% air humidified atmosphere for 30 minutes or 240
minutes. After this time, culture medium was removed and total RNA was

extracted and purified, before cDNA synthesis and c-fos quantitiation as
described in Materials and Methods. A reference line is seen at q240/3° = l.

When cells were exposed to toxic concentrations of Group la compounds, and c-fos

mRNA levels were monitored after 30 minutes and 240 minutes exposure, both (S)-

CPW399 and Zn2+ induced the appearance of a sustained elevation of c-fos mRNA

expression, resulting in q240/30 ratios of >1 (Figure 5.6). Exposure of cells to

concentrations of ODAP which were marginally toxic to cerebellar granule cells

following a 24 hour exposure did not induce this sustained elevation of c-fos mRNA
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expression, giving a q240/30 ratio of only 0.59. This is in agreement with Griffiths et

al. (1998), where measurement of the q240/30 ratio following exposure to 3mM ODAP

also failed to induce a ratio of > 1 as measured by dot-blot analysis. Griffiths et al.

(1998) also noted that there did not seem to be an excitotoxic role for ODAP in

cerebellar granule cells, as none of the EAA receptor antagonists employed seemed to

exert any protective effect on the marginal toxicity induced by ODAP.

Exposure to toxic concentrations of
Group la compounds

ODAP (S)-CPW399 Zinc ion
Treatment

Figure 5.6: Ratio of relative c-fos mRNA levels (units/ ng total RNA) in 7 div
cerebellar granule cells (units/ng mRNA) measured 240 minutes and 30
minutes 1 (Q2'0"0) after exposure to high' concentrations ot Group la
compounds as defined in Table 5.2 (Q240/30). Cells were exposed to defined
concentrations of Group la compounds, after which time they were maintained
in a 37°C 5% C02/95% air humidified atmosphere for 30 minutes or 240
minutes. After this time, culture medium was removed and total RNA was
extracted and purified, before cDNA synthesis and c-fos quantitiation as
described in Materials and Methods. A reference line is seen at q240/3° = 1.
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Group 2: Neurotoxic but non-excitotoxic compounds.

The cytotoxicity of Group 2 compounds, deemed to be neurotoxic through

mechanisms other than excitotoxicity, was assessed in mature cultures of cerebellar

granule cells as described previously. Three of the compounds tested, namely 3-

nitropropionic acid, acrylamide and lindane, failed to induce any appreciable

neurotoxicity following a 4 hour exposure. The period of exposure to these

compounds was therefore increased to 24 hours, in order to provide more conclusive

information on appropriate toxic and non-toxic doses for use in the c-fos assay.

0.1 1 10 100 1000

[Veratridine] (v M)
Figure 5.7: Concentration dependence of veratridine-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 4 hour incubation. Cells were exposed to
concentrations of veratridine from 0.1 pM to l.OmM in culture-conditioned medium.
Following exposure, cells were maintained in a 37°C 5%C02/95% air humidified
atmosphere for 4 hours, after which time cell viability was assessed by MTT staining.
Absorbance at 570nm was expressed as a percentage of that for control (untreated) cells.
Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of control (untreated)
cells was 0.189 ± 0.006.
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Following this more lengthly exposure, 3-NPA was shown to induce substantial

concentration-dependent neurotoxicity, yielding the EC50 shown in Table 5.3.

Acrylamide and lindane failed to induce any significant loss of cell viability following

a 24 hour exposure; for this reason, arbitrary 'high' and 'low' concentrations are

assigned to them based on their solubility. A representative cytotoxicity

concentration-response graph for the Group 2 compounds is seen in Figure 5.7. This

figure shows the voltage gated Na+ channel activator and inactivation inhibitor

veratridine inducing an 80% loss of cell viability in cells exposed to concentrations

greater than 10pM, with an EC50 of 7pM.

EC50 values, high and low concentrations for all Group 2 compounds, and the ability

of Group 2 compounds to induce an increase in [Ca2+]j are summarised in Table 5.3.

Table 5.3: Cytotoxicity of Group 2 compounds, derived 'low' and 'hi^h' test
concentrations and EC50 values for concentration-dependent elevation of [Ca +]i in 7
div cerebellar granule cells by Group 2 compounds, determined as described in
Materials and Methods and the accompanying text

Compound Cytotoxicity
EC50 (pM)

Low/high test
concentrations

(pM)

[Ca2+]i
elevation EC50
(pM)

NPA 500 50/ 5000 No elevation

Ouabain 0.07 0.007/ 0.7 No elevation

Veratridine 7 0.7/ 70 2.5

Acrylamide no toxicity 100/ 10000 No elevation

Lindane no toxicity 1/ 100 No elevation

6-hydroxydopamine 300 30/ 3000 1300
MPP+ 40 4/400 No elevation

Following the calculation of EC50 values and appropriate high and low concentrations

of Group 2 compounds, or assignation of arbitrary high and low values, cultures of

cerebellar granule cells (7 div) were exposed to high and low concentrations of Group

2 compounds as defined in Table 5.3 for 30 minutes or 240 minutes, after which time
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Exposure to non-toxic concentrations
ofGroup 2 compounds

2-|

Treatment

Figure 5.8: Ratio of relative c-fos mRNA levels (units/ ng total RNA) in 7 div
cerebellar granule cells measured 240 minutes and 30 minutes (Q240™) after
exposure to 'low' concentrations of Group 2 compounds as defined in Table 5.3.
Cells were exposed to defined concentrations of Group 2 compounds, after
which time they were maintained in a 37°C 5% CO?/95% air humidified
atmosphere for 30 minutes or 240 minutes. After this time, culture medium
was removed and total RNA was extracted and purified, before cDNA synthesis
and c-fos quantitiation as described in Materials and Methods. A reference line
is seen at q240/3° = 1.

total RNA was isolated and purified. Relative levels of c-fos mRNA in the collected

samples were quantified by real-time RT-PCR as previously described. q240/3° ratios

were calculated; the results are presented in Figures 5.8 and 5.9.

Group 2 compounds are established as being neurotoxic without being recognised as

excitotoxic, and can therefore be regarded as negative controls in the context of assay

validation. Figure 5.8 shows that non-toxic concentrations of two of the Group 2
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compounds, acrylamide and MPP+, induced a sustained elevation of c-fos mRNA

levels, resulting in a q240/3° ratio of > 1. The remaining compounds only induced a

transient elevation c-fos mRNA levels when cells were exposed to low concentrations,

resulting in a q240/3° ratio of < 1.

Exposure to toxic concentrations of
Group 2 compounds

1.5-1

8 10"
O

c5
O

0.5-

Figure 5.9: Ratio of relative c-fos mRNA levels (units/ ng total RNA) in 7 div
cerebellar granule cells measured 240 minutes and 30 minutes (q240/3°) after
exposure to 'high' concentrations of Group 2 compounds as defined in Table
5.3. Cells were exposed to defined concentrations of Group 2 compounds, after
which time they were maintained in a 37°C 5% C02/95% air humidified
atmosphere for 30 minutes or 240 minutes. After this time, culture medium
was removed and total RNA was extracted and purified, before cDNA synthesis
and c-fos quantitiation as described in Materials and Methods. A reference line

When cells were exposed to toxic or arbitrarily chosen high concentrations of Group 2

compounds for 30 minutes and 240 minutes, the c-fos mRNA q240/30 ratios shown in

Figure 5.9 were observed. Both MPP+ and acrylamide continued to induce sustained
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elevation of c.-fns mRNA levels, resulting in a q240/30 ratio of > 1; at high

concentrations, the voltage gated Na+ channel activator and inactivation inhibitor

veratridine also induced the appearance of a q240/3° ratio >1. The remaining Group 2

compounds all induced a transient elevation of c-fos expression, giving q240/30 ratios <

1.

Group 3 compounds: neuroactive but not neurotoxic

Group 3 compounds were chosen for their reported ability to induce responses in

neurons with no toxic effects. As with the Group 2 compounds, these be regarded as

negative controls in the context of assay validation. Most of these compounds had no

cytotoxic effect on cerebellar granule cells; only the non-NMDA antagonists CNQX

and NBQX, the NMDA receptor channel blocker MK-801 and the GABA receptor

agonist diazepam induced any loss of cell viability. Cell death induced by CNQX and

MK-801 followed a steep concentration-dependence curve, therefore the toxic ('high')

concentrations were set at the maximum soluble concentration, rather than 10 x the

EC50. The calculated EC50 values, chosen test concentrations and EC50 values for

induced [Ca2+]i elevations are summarised in Table 5.4.

Most of the Group 3 compounds were unable to induce any elevation of [Ca2+]i. A

few of the compounds, CNQX, NBQX, nimodipine and bicuculline, were able to

induce an increase in [Ca2+]i at high concentrations; their EC50 values are shown

above. The ability to induce an elevation of [Ca2+]i correlated poorly with the toxic

potency of Group 3 compounds.
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Table 5.4: Cytotoxicity of Group 3 compounds, derived 'low' and 'hi^h' test
concentrations and EC50 values for concentration-dependent elevation of [Ca"+]i in 7
div cerebellar granule cells by Group 3 compounds, determined as described in
Materials and Methods and the accompanying text

Compound Cytotoxicity Low/high test [Ca2+]i elevation
EC50 (pM) concentrations (pM) ECso/pM

L-AP4 no toxicity 100/10000 no elevation

ACPD no toxicity 100/10000 no elevation

GABA no toxicity 100/10000 no elevation

Taurine no toxicity 100/10000 no elevation

L-Alanine no toxicity 100/10000 no elevation

Glycine no toxicity 100/10000 no elevation

CNQX 2000 30/ 3000 150

NBQX 250 25/2500 1200
TCP no toxicity 10/1000 no elevation

D-APV no toxicity 100/10000 no elevation

Valproate no toxicity 100/10000 no elevation

Diazepam 500 50/ 1000 no elevation

Nimodipine no toxicity 1/ 100 720

(+)-MK-801 1000 30/ 3000 no elevation

PK-11195 no toxicity 100/10000 no elevation

PTZ no toxicity 100/10000 no elevation

Bicuculline no toxicity 10/ 1000 3700

After selection of arbitrary low and high concentrations of Group 3 compounds,

cultures of cerebellar granule cells (7 div) were exposed to high and low

concentrations of these compounds as defined in Table 5.4 for 30 minutes or 240

minutes, after which time total RNA was isolated and purified. Relative levels of c-

fos mRNA in the collected samples were quantified by real-time RT-PCR as

previously described. q240/30 ratios were calculated; the results are presented in

Figures 5.10 and 5.11.

Figure 5.10 shows that exposure of cerebellar granule cells to low concentrations of

the majority of Group 3 compounds induces only a transient increase in c-fos mRNA

levels, returning to a low level of expression by 4 hours post exposure. This results in
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Figure 5.10: Ratio of relative c-fos mRNA levels(units/ ng total RNA) in 7 div
cerebellar granule cells measured 240 minutes and 30 minutes (Q240/3°) after
exposure to 'low' concentrations of Group 3 compounds as defined in Table 5.4.
Cells were exposed to defined concentrations of Group 3 compounds, after
which time they were maintained in a 37°C 5% CG2/95% air humidified
atmosphere for 30 minutes or 240 minutes. After this time, culture medium
was removed and total RNA was extracted and purified, before cDNA synthesis
and c-fos quantitiation as described in Materials and Methods. A reference line
is seen at Q240/3° = 1.

a q240/30 ratio of < 1. Curiously, low concentrations of the NMDA receptor antagonist

AP4 and the peripheral benzodiazepine receptor ligand, PK11195, both induced a

sustained increase in c-fos expression, giving q240/30 ratios of > 1.

Figure 5.11 shows the effect of arbitrarily chosen high concentrations of Group 3

compounds on the temporal profile of c-fos expression.
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Exposure to high concentrations of
Group 3 compounds
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Figure 5.11: Ratio of relative c-fos mRNA levels (units/ ng total RNA) in 7
div cerebellar granule cells measured 240 minutes and 30 minutes after
exposure to 'high' concentrations of Group 3 compounds as defined in Table 6.7
(Q240/30). Cells were exposed to defined concentrations of Group 3 compounds,
after which time they were maintained in a 37°C 5% CCb/95% air humidified
atmosphere for 30 minutes or 240 minutes. After this time, culture medium
was removed and total RNA was extracted and purified, before cDNA synthesis
and c-fos quantitiation as described in Materials and Methods. A reference line
is seen at q240/3° _ l.

High concentrations of the NMDA receptor antagonist L-AP4, the non-NMDA

receptor antagonists CNQX and NBQX and the GABA receptor agonist diazepam all

induced sustained elevation of c-fos expression (Q240/30 > j)5 whilst exposure of cells

to high concentrations of the remaining Group 3 compounds resulted in a transient

elevation of c-fos mRNA levels (Q240/3° < 1). It is perhaps of significance that the

high concentrations of CNQX and NBQX employed also induced significant

increases in [Ca2+]j, (Table 5.4) which has been proposed to be a principle mechanism

for induction of c-fos expression.
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Group 4: compounds toxic to other target organs.

The group 4 compounds were selected on the basis of general toxicity - they are not

specific neurotoxins, and are known to induce cell death in a wide variety of cell

types. As with the previous compound groupings, cytotoxicity was assessed in

mature cultures of cerebellar granule cells following a 4 hour exposure to Group 4

compounds.

From the concentration-response graphs produced, EC50 values were estimated as

Figure 5.12: Concentration dependence of A23187-induced cytotoxicity in 7 div
cultures of cerebellar granule cells following a 4 hour incubation. Cells were exposed to
concentrations of A23187 from lOnM to l.OmM in culture-conditioned medium.

Following exposure, cells were maintained in a 37°C 5%CO?/95% air humidified
atmosphere for 4 hours, after which time cell viability was assessed by MTT staining.
Absorbance at 570nm was expressed as a percentage of that for control (untreated) cells.
Data represent the mean ± S.E.M. of n=5 values. Mean absorbance of control (untreated)
cells was 0.263 ± 0.008.
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before and used to set 'high' (toxic) and 'low' (non-toxic) concentrations for use in the

c-fos assay. A representative concentration-response cytotoxicity graph for Group 4

compounds is shown in Figure 5.12 for the Ca2+ ionophore A23187, which was

shown to induce a maximum 80% loss of cell viability, at concentrations greater than

lpM with results for the remaining compounds being summarised in Table 5.5.

Table 5.5: Cytotoxicity of Group 4 compounds, derived 'low' and 'hi^h' test
concentrations and EC5o values for concentration-dependent elevation of [Ca"+]j in 7
div cerebellar granule cells by Group 4 compounds, determined as described in
Materials and Methods and the accompanying text.

Compound Cytotoxicity
EC50 (pM)

Low/high test
concentrations

(M-M)

[Ca2+]j elevation
EC50 (p-M)

AICI3 no toxicity 50/ 5000 no elevation

Lead acetate no toxicity 100/10000 no elevation

Paracetamol no toxicity 100/10000 no elevation

NaCN 300 30/3000 no elevation

A23187 2 0.2/ 20 74

Actinomycin D 200 10/1000 2400

Paraquat 2000 100/10000 no elevation

Rotenone 0.015 0.0015/0.15 no elevation

TNF no toxicity 1/ 100 pg ml"1 no elevation

Thalidomide no toxicity 1/ 100 no elevation

Actinomycin D and Paraquat both induced steep concentration-dependent cytotoxicity

curves, with maximum cell death at ImM and lOmM respectively. In view of this,

these concentrations were selected as the 'high' concentrations for the c-fos assay,

rather than 10 times the EC50. Aluminium, lead, paracetamol, TNF and thalidomide

all failed to induce appreciable cell death within the 4 hour exposure period, and were

assigned arbitrary high and low concentrations based on their solubility.

As can be seen, only the calcium ionophore (A23187) and the proaptotic agent

Actinomycin D induced any immediate elevation of [Ca2+]j. For the Group 4
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compounds, their ability to induce elevation of [Ca2+]j in cerebellar granule cells was a

poor indicator of their toxic potency.

Cerebellar granule cells (7 div) were exposed to high and low concentrations of

Group 4 compounds as defined in Table 5.5 for 30 minutes or 240 minutes, after

which time total RNA was isolated and purified. Relative levels of c-fos mRNA in

the collected samples were quantified by real-time RT-PCR as previously described.

q24o/30 ratjos were calculated; the results are presented in Figures 5.13 and 5.14.

Figure 5.13 and Figure 5.14 show that exposure of cerebellar granule cells to both low

and high concentrations of the majority of Group 4 compounds results in a transient

elevation of c-fos mRNA levels (Q240/3°). Exceptions include exposure of cells to low

concentrations of paraquat and tumour necrosis factor (TNF), and high concentrations

of calcimycin (A23187), paraquat and rotenone; in these cases, a sustained elevation

of c-fos mRNA levels is seen (Q24u/,u > i).
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Group 4 compounds
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Figure 5.13: Ratio of relative c-fos mRNA levels (units/ ng total RNA) in 7
div cerebellar granule cells measured 240 minutes and 30 minutes (Q240/3°)
after exposure to 'low' concentrations of Group 4 compounds as defined in
Table 5.5. Cells were exposed to defined concentrations of Group 4
compounds, after which time they were maintained in a 37°C 5% C02/95% air
humidified atmosphere for 30 minutes or 240 minutes. After this time, culture
medium was removed and total RNA was extracted and purified, before cDNA
synthesis and c-fos quantitiation as described in Materials and Methods. A
reference line is seen at Qun"n = 1.

The observed elevations may be indirectly due to the actions of these compounds.

The sustained elevation of c-fos mRNA has been linked to elevations of [Ca2+]j.

Alone among these compounds, calcimycin (A23187) is known to induce irreversible

elevation of [Ca2+]j due to its action as a Ca2+-selective ionophore. Indeed, it is

utilised in the protocol for measurement of free cytosolic Ca2+ concentrations used in

this study in order to establish a maximum intracellular Ca2+ level for calibration

purposes. The Ca2+ elevation induced by lOpM calcimycin (A23187) requires a 15

minute incubation; therefore, during the measurement of free cytosolic Ca
2+
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Figure 5.13: Ratio of relative c-fos mRNA levels (units/ ng total RNA) in 7
div cerebellar granule cells measured 240 minutes and 30 minutes (Q240™)
after exposure to 'high' concentrations of Group 4 compounds as defined in
Table 5.5. Cells were exposed to defined concentrations of Group 4
compounds, after which time they were maintained in a 37°C 5% C02/95% air
humidified atmosphere for 30 minutes or 240 minutes. After this time, culture
medium was removed and total RNA was extracted and purified, before cDNA
synthesis and c-fos quantitiation as described in Materials and Methods. A

^jin/3n

reference line is seen at = 1.

concentrations following brief (l-2min) exposure to test compounds, the maximum

response induced by calcimycin may not have been observed. Certainly, it seems

plausible that exposure of cells to 20pM calcimycin A23187 for 4 hours should

produce a sustained elevation of c-fos expression through Ca2+ signalling.

Paraquat is known to produce its toxic effect by induction of oxidative stress, which

has also been implicated in the mechanisms of excitotoxicity (Bonfoco et al., 1995).
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It is possible that, through generation of superoxide radicals, paraquat can induce

sustained expression of c-fos.

Rotenone is a potent and specific inhibitor of mitochondrial complex 6 (Webb et al.,

1966). As such, prolonged exposure of cells to toxic concentrations of rotenone may

result in ATP depletion, leading to loss of function of the mitochondrial and plasma

membrane Ca2+-ATPase, and subsequent elevation of [Ca2+]j. As previously

mentioned, [Ca2+]j elevation is strongly implicated in sustained elevation of c-fos

expression, therefore rotenone may be able to induce sustained c-fos expression by

mechanisms other than EAA receptor activation.

Discussion

The current study was carried out in order to validate an in vitro assay for

excitotoxicity on the basis of c-fos mRNA measurement. Previous studies indicated

that delayed, but progressively sustained c-fos mRNA expression was associated with

excitotoxicity, and a ratio measurement of c-fos mRNA expression at 240min/30min,
24-0/30

termed Q~ , following toxic insult of murine neuronal primary cultures correlated

with the excitotoxic outcome (Gorman et al., 1995; Griffiths et al., 1997; Griffiths et

al., 2000). Further studies indicated that the delayed, sustained elevation of c-fos

mRNA levels could be produced by non-excitotoxic Ca2+ influx through L-type

VGCCs, reducing the mechanistic relevancy of this assay (Griffiths ct al., 1998). The

validity of the assay was retained, however, by stipulating that any elevation of the

q240/30 ratjQ must ke reversible by co-administration of an EAA receptor antagonist in

order for the tested compound to be deemed excitotoxic.

Previous studies were carried out by detecting c-fos mRNA in total RNA extracted

from samples by dot-blotting. This essentially entailed blotting samples onto a filter
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32
and hybridising them with a "P-labelled DNA probe. The probe used in these

previous studies was p-fos, a 600bp fragment of v-fos with very high homology to c-

fos. The filters were washed and exposed to X-ray film for up to 21 days, after which

time autoradiographs were analysed by densitometry to achieve a semiquantitative

measurement of gene expression.

In order to make the proposed in vitro assay for excitotoxicity more suitable for use in

an industrial context, it was decided to develop the assay using the recently developed

real time RT-PCR method for RNA quantitation (Gibson et al., 1996). Real-time RT-

PCR is an in vitro method for enzymatically amplifying defined sequences of RNA

(Weis et al., 1992; Zamorano et al., 1996; Rappolee et al., 1988) and permits the

analysis of low levels of mRNA, obtained from limited tissue samples. The technique

utilises reverse transcription (RT) of mRNA to cDNA, followed by amplification of

the cDNA by polymerase chain reaction (PCR). Polymerase chain reaction (PCR)

revolutionised the study of individual gene sequences and genome organisation, and is

now a central tool in gene expression studies in the form of quantitative PCR. This

technique records the accumulation of PCR product during the process of the reaction.

PCR begins as an exponential process, with a theoretical doubling of the template

concentration in each cycle. As the reaction continues, however, the cycle-to-cycle

accumulation of product becomes linear, and finally a plateau is reached and no more

amplification occurs. Quantitative real-time RT-PCR overcomes this limitation by

measuring amplified product during the exponential phase of amplification. The point

at which the level of amplified product rises above baseline levels can be used to

derive the starting copy number - the earlier levels rise above baseline, the larger the

starting copy number. Real-time RT-PCR is the most sensitive and the most flexible

of the quantification methods (Wang and Brown, 1999) and can be used to compare

the levels of mRNAs in different sample populations, to characterise patterns of

mRNA expression, to discriminate between closely related mRNAs and to analyse

RNA structure. The method of quantitative, real-time RT-PCR not only allows up to a
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100-fold increase in throughput (Jordan, 2000) compared to Northern blot analysis but

also has the significant benefit of reducing the number of animals used per experiment

as the amount of total RNA required per sample for RT-PCR analysis (100 fg) is

much reduced when compared to Northern blot analysis (15 gg). This method also

possesses the advantages over dot-blotting of being non-radioactive, making it

suitable for large-scale work, and being performed in a 96 well format, making it

suitable for automation. The disadvantage when compared to quantitation by

Northern blotting is that RT-PCR provides no information on mRNA size, integrity,

or alternative splicing.

Examination of the q240/30 ratios induced by exposure of cells to toxic and non-toxic

concentrations of known excitotoxins (Group 1) indicated that the assay in its new

format, with mRNA quantitiation being carried out by RT-PCR rather than dot-blot

analysis, was a poor predictor of excitotoxicity. Not only was the sustained elevation

induced by excitotoxic stimuli apparently reduced from that observed by measuring

RNA levels by dot blotting (Griffiths et al., 2000), but over 30% of samples returned

false positive results for non-excitotoxic stimuli in this group. Similarly, over 30% of

samples exposed to excitotoxic stimuli returned false negative results using the c-fos

assay. Due to cost limitations it was, unfortunately, not possible to carry out

pharmacological investigation of induced shifts in c-fos mRNA expression profiles.

The Q240/30 ratios produced by exposure of cells to toxic and non-toxic concentrations

of putative excitotoxins yielded similarly inconclusive results. Zn2+ has been

proposed to act via an excitotoxic mechanism, and correspondingly exposure of cells

to non-toxic concentrations of Zn2+ yielded a q240/30 ratio of <1, whereas exposure to

toxic concentrations of Zn2+ gave a q240/30 ratio > 1. Stimulation of cells with

excitotoxic concentrations of the synthetic AMPA receptor agonist (S)-CPW399 also

yielded a q240/30 ratio > 1; however, stimulation with a nontoxic dose of this agonist

produced a false positive. Both concentrations of ODAP tested failed to induce
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Q240/3° ratios > 1; this is in agreement with previous results (Griffiths et al., 2000) and

endorses the view that ODAP may exert a neurotoxic effect in cerebellar granule cells

by a non-excitotoxic route.

Theoretically, the remaining groups of compounds - neurotoxic but not excitotoxic;

neuroactive but not neurotoxic; and toxic to other cells should have all yielded q240/30
ratios of < 1, irrespective of the concentration applied to cells. Sadly, this did not

seem to be the case - a significant proportion of the samples tested gave q240/3° ratios
greater than 1, amounting to an unacceptably high proportion of false positives. For

some of these compounds, the false positive result may be explained by their

mechanism of action. For example, veratridine, the voltage gated Na+ channel

activator and inactivation inhibitor, may activate VGCCs through veratridine-induced

depolarization. Ca2+ influx through L-type VGCCs has been previously reported to

induce q240/30 ratios greater than 1 (Griffiths et al., 1998). As such, active

concentrations of veratridine may also be expected to induce a sustained elevation of

c-fos mRNA levels. Indeed, pharmacological investigation of this veratridine-induced

sustained elevation of c-fos mRNA levels may have revealed that co-admistration of

EAA receptor antagonists could not prevent the c-fos mRNA elevation, which would

have scored the compound as non-excitotoxic.

In general, however, the abundance of false positive and false negative results

observed during validation of the proposed assay inevitably leads to the conclusion

that the test, in its current form, is unsuitable as a robust indicator of excitotoxicity. It

was observed that the q-40/3° ratios induced by excitotoxic stimuli no longer routinely

exceeded 2, and for this reason the test was altered to define an excitotoxic event

having occurred following the appearance of a q240/3° ratio of greater than 1, whereas

the appearance of a q240/30 ratio less than 1 indicated a non-excitotoxic event.

Somewhat inevitably, this reduced the sensitivity of the assay.
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The reason for this 'blunting' of the c-fos response, and other variations seen between

c-fos measurement by dot blotting and real time RT-PCR, are currently under

discussion. Due to the contract nature of the work, the scope for carrying out

alterations to the experimental design were quite strictly limited. One of our

collaborators has recently carried out further evaluation of the proposed test for

excitotoxicity, which has helped to provide some explanation for the disappointing

results of this chapter, in addition to strengthening the validity of the proposed test

(Rogers, 2003). The quantitative RT-PCR protocol was modified by a redesign of the

PCR primers used and by use of 18S ribosomal RNA expression, rather than total

RNA content, as an internal control. This served to decrease the incidence of false

negative results when screening excitotoxic compounds. The consequences of the

protocol alterations are discussed below.

The main factors affecting the performance of quantitative RT-PCR are the integrity

of the sample mRNA, efficiency of the cDNA transcription, specificity of the primers

used, validity of any internal control, and detection method employed. In this study,

RNA from live cells was isolated using a commercial kit, minimising the possibility

of RNA degradation. Quantitation of the purified RNA was then carried out using a

Ribogreen RNA quantitation kit; the concentration of total RNA in each sample was

then used as an internal control. Synthesis of cDNA was carried out using an Applied

Biosystems Taqman Reverse Transcription kit. Finally, c-fos quantification was

carried out on an ABI Prism 7700 system, using SYBR Green for detection of PCR

product.

The use of total cellular RNA as a reliable internal control for RT-PCR, as used in this

study, has previously been suggested (Bustin et al., 2000). There are, however, a

number of arguments against the validity of this method. Firstly, little information is

available on any differences in the total RNA content per cell of neurons under resting

conditions and following excitotoxic insult. Secondly, the use of total RNA for
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normalisation assumes that all RNA targets are reverse transcribed and amplified with

equal efficiency. It is possible that a subset of samples may contain an inhibitor

which reduces the efficiency of either the RT or PCR step. In this case, inaccurate

quantification of the target sequence would result.

The question then arises as to which would be the most valid internal control to

employ. A common policy is to normalise results against a housekeeping gene whose

mRNA levels remain constant under experimental stimulus. Both actin and

glyceraldhyde-3-phosphate dehydrogenase (GAPDH) have previously been in

common use as internal controls. %-Actin is a ubiquitous cytoskeletal protein, and its

mRNA was one of the first to be used as an internal control. There is, however,

widespread evidence that %-actin transcription levels can vary widely (Spanakis,

1993; Krussel et al., 1998), and primers used for amplifying %-actin mRNA can also

amplify DNA (Dakhama et al., 1996). The use of GAPDH mRNA as an internal

control has also been contested by studies demonstrating that GAPDH mRNA levels

do not remain constant (Zhu et al., 2001). In addition, it has been pathologically

implicated in apoptosis and neurodegenerative disease (Tatton et al., 2000). The use

of either of these two controls cannot, therefore, be advocated.

An alternative internal control is the measurement of one of the ribosomal RNAs, as

employed by Rogers (2003) by measuring 18S expression. Ribosomal RNA (rRNA)

constitutes 80-90% of total cellular RNA, and its value as an internal normaliser has

previously been demonstrated in both mouse (Bhatia et al., 1994) and rat (de Leeuw et

al. 1989). Again, however, rRNA is an imperfect control, as levels can be affected by

biological factors and drugs (Spanakis, 1993); also there may be imbalances in rRNA

and mRNA fractions between samples (Solanas et al., 2001). It is, however,

preferable to either GAPDH or /-actin as an internal control.
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For the PCR step, Rogers (2003) used different primers from those employed in this

study. BLAST analysis revealed that the 73 bp sequence amplified in this study was

similar to one contained within genomic DNA; the 93 bp sequence amplified by the

primers utilised by Rogers (2003) had less similarity to genomic DNA. Although

RNA isolation was carried out prior to quantitation, it is possible that some

contaminating genomic DNA may have persisted. Any amplification and subsequent

detection of the genomic sequence would, therefore, have served to add a level of

background to the c-fos mRNA quantitation, reducing the sensitivity of the assay.

Rogers (2003) also eliminated the presence of DNA from the purified sample by

adding a DNase digestion step to the RNA isolation procedure.

It is suggested, therefore, that further studies on the proposed test should utilise the

primer sets described by Rogers (2003), carry out a DNase digestion of the sample

during RNA isolation, and employ 18S quantitation rather than total RNA content as

an internal control. Further validity and specificity could be attained by the use of

sequence-specific fluorescent oligonucleotide probes for detection of amplified

sequences (Lee et al., 1993; see Materials and Methods p70). To recapitulate, these

probes consist of an oligonucleotide probe, specific to the desired sequence and

blocked at its 5' end so it cannot act as a primer. The probe contains a reporter

fluorescent dye and a quencher dye. When the reporter is in the presence of the

quencher, fluorescence is greatly attentuated. During PCR, cleavage of the probe by

the 5' nuclease activity of Thermus aquaticus DNA polymerase separates the reporter

from the quencher, allowing the generation of a fluorescent signal. Additional

reporter dye molecules are cleaved from their probes with each successive cycle of

PCR, resulting in an increase in fluorescence proportional to the amount of target

DNA produced.

Use of fluorescent oligonucleotide probes for PCR product detection would have a

twofold advantage. Firstly, the use of a method which will only detect the sequence
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of interest, rather than non-specifically detecting any double stranded DNA, adds

another layer of specificity. Secondly, both the sequence of interest and the internal

control can be amplified and detected in the same tube by the use of two specific

fluorescent oligonucleotide probes with differing emission spectra. This would

reduce the number of reactions required and, more importantly, eliminate variations

between the tubes amplifying the target gene and the internal control.

However, the previous observation that a delayed, sustained elevation of c-fos mRNA

levels occurs following a non-excitotoxic stimulation with 55mM K+, leading to

activation of L-type VGCCs and Ca2+ influx, indicates that this phenomenon may be

primarily due to general increases in the level of cytosolic free Ca2+, rather than the

activation of specific signalling pathways associated with excitotoxic cell death

(Griffiths et al., 1998). With this in mind, it could be argued that the proposed test,

even utilising the more reliable dot blot hybridisation method for c-fos mRNA

quantitation, does not represent a mechanistically relevant endpoint assay.

In contrast, it could be seen that the rapid elevation of [Ca2+]; following exposure to a

concentration range of test compounds correlated strongly with an excitotoxic

outcome. The vast majority of compounds deemed to be non-excitotoxic failed to

induce significant [Ca2+]j elevation, with notable exceptions including the depolarising

agent veratridine (Group 2) and the calcium ionophore calcimycin A23187 (Group 4).

A wealth of evidence in the public domain, and the results of Chapters 3 and 4,

indicate that Ca2+ influx through NMDA receptors or Ca2+-permeable AMPA

receptors is critically important in the progression of excitotoxicity. With this in

mind, it could be argued that a rapid elevation of [Ca2+]j following brief exposure to a

toxic concentration of a test compound, reversible by application of a cocktail of EAA

receptor antagonists (e.g. the NMDA receptor antagonist TCP and the non-NMDA
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receptor antagonist NBQX) may represent a superior, and more mechanistically

relevant, in vitro assay for excitotoxicity.

In an extension of the work presented in this chapter, Rogers (2003) studied the time

course of induced c-fos mRNA expression following exposure to non-toxic and

excitotoxic concentrations of L-glutamate and D-aspartate and varying concentrations

of alanine and paraquat (non-excitotoxic compounds) was also studied. The two non-

excitotoxic compounds, alanine and paraquat, failed to induce any elevation of c-fos

expression at any concentration. It was shown that exposure of cerebellar granule

cells to non-toxic concentrations of L-glutamate or D-aspartate failed to produce a

transient increase in c-fos mRNA expression, as has been previously demonstrated

using Northern blotting for mRNA quantitation (Gorman et al., 1995; Griffiths et al.,

1997; Griffiths et ah, 1998; Griffiths et ah, 2000). Higher concentrations of L-

glutamate or D-aspartate induced a sustained elevation of c-fos mRNA expression,

although subtoxic (25-35pM) concentrations of both agonists could also produce a

moderate sustained elevation. These results, indicating that sustained elevation of c-

fos expression may be induced at subexcitotoxic concentrations, might explain some

of the false positive results seen for Group 1 (excitotoxic) compounds in the current

study.

Rogers (2003) further found that the induced sustained elevation of c-fos mRNA

expression could be blocked by preincubation of cells with the NMDA receptor

antagonist APV, but not the AMPA/KA receptor antagonist CNQX, as would be

expected for two excitotoxins whose action is mediated by the NMDA receptor in

cerebellar granule cells. The ability of APV to block the induced sustained elevation

of c-fos mRNA expression was, however, highly dependent on agonist concentration
- at higher concentrations of L-glutamate (250pM) or D-aspartate (350pM), APV was

unable to alter the c-fos expression profile. This would make the choice of the 'high'

agonist concentration for any compound included in the proposed test of paramount
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importance, as usage of an excessive concentration of excitotoxin could result in an

inability of APV to block the induced sustained elevation of c-fos mRNA expression.

This would result in the compound being incorrectly labelled as non-excitotoxic. Use

of a noncompetitive antagonist such as TCP could provide more reliable antagonism

at higher agonist concentrations.

Rogers (2003) also carried out an abbreviated version of the test validation as

presented in this chapter, using a lower number of test compounds but including

pharmacological analysis of alteration of the q240/30 ratios using the EAA receptor

antagonists APV and CNQX. For the Group 1 (excitotoxic) compounds tested, non-

excitotoxic concentrations induced a q240/30 ratio < 1, and excitotoxic concentrations

induced a q240/30 ratio > 1, agreeing with the terms of the test. Co-administration of

APV with high concentrations of the exictotoxins only restored the q240/30 ratio to < 1

in one of the three Group 1 compounds tested, which would have resulted in two-

thirds of the excitotoxic compounds being incorrectly designated as non-excitotoxic in

a true blind screen. This may be due to the aforementioned observation that the

effectiveness of APV in blocking the excitotoxic c-fos response is inversely

proportional to the concentrations of EAAs used - the 'high' concentrations used in

the screen may have been excessive, leading to an inability of APV to block the

excitotoxic c-fos response.

In the Group 2 compounds (neurotoxic but non-excitotoxic), one of the 4 compounds

tested (acrylamide) by Rogers (2003) was incorrectly predicted as excitotoxic with an

observed q240/30 ratio of > 1 following exposure to a high concentration of

acrylamide, with successful antagonism of this response following co-administration

of APV.

In the Group 3 compounds (neuroactive but non-toxic), all compounds were correctly

predicted as being non-excitotoxic using the proposed test (Rogers, 2003). In the
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Group 4 compounds (toxic to other target organs), one of the three compounds tested

was incorrectly predicted as being excitotoxic; as before, a high concentration induced

a q240/30 ratio of > 1 which was reduced to < 1 following coadministration of APV.

Subsequent modification of the protocol to attempt antagonism of c-fos responses

using a combination of the potent, non-competitive NMDA receptor antagonist TCP

and the AMPA/KA receptor antagonist NBQX virtually eliminated the appearance of

false negative results in Group 1; however, the incidence of false positive results in

other Groups was unaffected.

It is possible that the false positives seen in Groups 2 and 4 may be due to damaged

cells leaking glutamate into the extracellular medium, which would induce an

overactivation of NMDA receptors and subsequent Ca2+ influx, leading to an

excitotoxic c-fos response which could be blocked by coadministration of APV.

Testing of this hypothesis could be carried out by measuring L-glutamate release in

cerebellar granule cells following exposure to the appropriate compounds.

Rogers (2003) also investigated altered temporal profiles of fosB mRNA expression

following exposure of cerebellar granule cells to L-glutamate, D-aspartate, alanine

and paraquat. Alanine and paraquat both failed to induce any elevation of fosB

expression. L-Glutamate and D-aspartate both induced a concentration-dependent

sustained elevation of fosB\ this elevation could be blocked by coadministration of

APV but not by coadministration of CNQX. As with induced elevation of c-fos

expression, however, this blockade could be overcome by higher concentrations of

agonist. Interestingly, the induced elevation offosB expression following exposure to

an excitotoxic stimulus was much greater than that observed for c-fos expression; with

a 30-fold elevation offosB expression being observed compared to a 10-fold elevation

for c-fos expression. Modification of the proposed test for excitotoxicity to carry out

measurement offosB expression rather than c-fos expression could, therefore, increase

the sensitivity of the assay.
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In view of the results of this chapter and those of other researchers (Rogers, 2003), it

is suggested that the proposed in vitro test for excitotoxicity is suitable for further

development and investigation. The assay should be modified to measure fosB

expression following stimulation rather than c-fos expression, as it is has been noted

that sustained elevation of fosB expression is more pronounced than sustained

elevation of c-fos expression following exposure to excitotoxic stimuli, and can be

similarly blocked by co-administration of NMDA receptor antagonists (Rogers,

2003). The ability of the potent, non-competitive NMDA receptor antagonist TCP to

block excitotoxic fosB responses should be assessed, as this was seen to be more

reliable in antagonism of excitotoxic c-fos responses (Rogers, 2003). As

measurement of the temporal profile offosB expression following non-excitotoxic and

excitotoxic stimulation did not reveal any alteration of expression following a 30

minute exposure, but a sustained elevation following a prolonged (240 minute)

exposure, the test could be simplified to a single measurement of fosB expression

following a 240 minute exposure.

The notion that elevation of fosB expression may be of more relevance to the

excitotoxic condition than elevation of c-fos expression is supported by recent

evidence showing that FosB appears as part of the AP-1 complex exclusively

following excitotoxic insult of cerebellar granule cells (Lidwell and Griffiths, 2000).

This in vitro study is supported by in vivo evidence demonstrating increased

expression of FosB protein following electroconvulsive seizures (Hiroi et al., 1998),

and preceding CA1 neuronal death following forebrain ischaemia (McGahan et al.,

1998).

One of the major limitations of the proposed test was the demonstration that a

delayed, sustained elevation of c-fos mRNA levels occurred following a non-

excitotoxic stimulation with 55mM K+, leading to activation of L-type VGCCs and
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Ca2+ influx. This indicated that this phenomenon may be primarily due to general

increases in the level of cytosolic free Ca2+, rather than the activation of specific

signalling pathways associated with excitotoxic cell death (Griffiths et al., 1998). In

view of this, additional work should be carried out to assess whether elevation offosB

expression can be blocked by coadministration of VGCC blockers. Finally, current

work on induced elevation of fosB expression following excitotoxic stimulation has

focussed on NMDA receptor-mediated excitotoxicity. As the results of Chapter 3 and

4 clearly show that Ca2+-permeable AMPA receptors may play an important role in

mediating excitotoxicity, it is suggested that AMPA receptor-mediated alterations in

fosB expression should be thoroughly investigated.
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Appendix 1: Preparation of solutions required for cerebellar granule cell

culture.

PBS mixture: Take 500ml PBS, add 1.285g D-Glucose, 0.075g phenol red and mix

thoroughly. Store at 4°C for up to 1 week.

150mM MgS04: Dissolve 0.37g MgSO^PBO in 10ml double distilled water, mix

thoroughly and store at -20°C.

DNase solution: Dissolve deoxyribonuclease I (Sigma cat no: D-5025) at lOmg/ml in

ice-cold double distilled water and pipette into Eppendorf tubes in 250pl aliquots on

ice. Store at -20°C.

Solutions 1-4:

Constituent Amount

Solution 1 PBS mix
Bovine serum albumin
150mM MgS04

80ml

0.24g
0.62ml

Solution 2 Solution 1

Trypsin (Sigma cat no: T-0134)
DNase solution

20ml

5.0mg
80.0pl

Solution 3 Solution 1

Soybean trypsin inhibitor (Sigma cat no: T-9128)
DNase solution
150mM Mg S04

20ml

10.4mg
80pl
0.2ml

Solution 4 Solution 1
Solution 3

16.8ml
3.2ml

Working in a laminar flow cabinet, filter sterilise solutions into sterile 50ml centrifuge

tubes using a sterile syringe and 0.45pm Millex filter. Store at -20°C.
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p-aminobenzoic acid (pABA): Dissolve 25mg /?-aminobenzoic acid in 25ml double

distilled water, dispense 600pil aliquots into Epppendorf tubes and store at -20°C.

Insulin buffer solution: Dissolve 0.577g Na2HP04.2H20, 0.105g NatEPO^EEO and

l.Og BSA in 100ml Millipore water.

Insulin A solution: Dissolve lOmg insulin (Sigma cat no: 1-5500) in 1ml 0.01M HC1.

Add insulin buffer to a total volume of 100ml.

Insulin B solution: Dilute lOOpil insulin A solution with 10ml insulin buffer. Store in

aliquots of 2.1ml at -20°C.

Foetal calf serum (FCS): Before use in neuronal cultures, the serum must be

inactivated (with regard to complement) by thawing a bottle of frozen serum at

37°C.with gentle shaking before incubation at 56°C. for 30 minutes. Store heat-

inactivated serum as 50ml aliquots at -20°C.

Neural cell medium: KG-DMEM and N-DMEM

KG-DMEM: Measure out approximately 400ml double-distilled water into a glass

beaker and slowly add 1 vial of GIBCO BRI Neural cell medium (Gibco cat no: 0 /4-

90227 A), rinsing vial thoroughly with double distilled water. Leave to mix. Add

1.42g KC1, 6.143g D-glucose, allow to dissolve, and then pH to 7.0 with NaOH. Add

2.2g NaHCO,!, allow to dissolve, and then make up to 1 litre with double-distilled

water. Measure out 450ml and, using a sterile bell filter unit, filter-sterilise into a

sterile labelled flask. Cap and store at 4°C.
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N-DMEM: Remove a 50ml aliquot of FCS from the freezer and thaw. Measure out a

further 450ml KG-DMEM and add 2ml insulin B, 500pl pABA, 60mg penicillin G,

58.5mg L-glutamine and, using a sterile bell filter unit, filter-sterilise into a sterile,

labelled flask. Add 50ml FCS and cap tightly. Store at 4°C for up to 1 week.

The remaining 100ml KG-DMEM can be discarded.

The 450ml KG-DMEM can be used to make up N-DMEM as follows:

Remove a 50ml aliquot of FCS from the freezer and thaw. Working in the laminar

flow hood, measure out 20ml KG-DMEM and transfer to the bench to add insulin B,

pABA, L-glutamine and penicillin G as before. Mix carefully and return to the hood.

Using a sterile syringe and 0.45pm Millex filter, filtier sterilise this mixture back into

the flask containing the KG-DMEM. Add 50ml FCS, mix and cap tightly. Store at

4°C for up to 1 week.
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Appendix 2: Solutions required for calcium assays

N solution (-Mg2+) - make up 500ml pH 7.4 in double distilled water

NaCl 76.05mM 4.44g/dm3 2.22g/500ml

KC1 5.51mM 0.41 lg/dm3 0.2054g/500ml

CaCl2.2H20 1.5 ImM 0.222g/dm3 0.11 lg/500ml

HEPEs 11.2mM 2.669g/dmJ 1.335g/500ml

NaCl solution: Dissolve 3g NaCl in 100ml double distilled water to give a 413mM

solution. Store at 4°C.

KC1 solution: Dissolve 3.7g KC1 in 100ml double distilled water to give a 500mM

solution. Store at 4°C.

NN solution: 360ml N solution + 0.520g D-glucose. Store at 4°C for up to 1 week.

NNF solution: 300ml NN solution + 99.3mg furosemide. Store at 4°C for up to 1

week.

NNF solution (+ Mg2+): 200ml NNF solution + 29.5mg MgS04.7H20.

NK solution: 180ml N solution + 20ml KC1 solution + 0.26g D-glucose.

NKF solution: 100ml NK solution + 33. lmg furosemide.
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A23187 (ionophore) solution: 5mg calcimycin A23187 + 382pl DMSO - store in

20pl aliquots at -20°C.

CuS04 solution: Dissolve 0.1248g CUSO4.H2O and 0.9g NaCl in 100ml double

distilled water and store at 4°C.

Pluronic solution: Make up on morning of experiment. Dissolve 25mg Pluronic F-

127 in 75ptl DMSO for 20 minutes at 37°C.

Fluo-3 (AM) solution: Add 22pil DMSO to a 50pg vial of Fluo-3 (AM). Make up

just before use.

Loading buffer: Add 12.5pl Pluronic solution to 4.95ml NN solution. Mix and add

22pl Fluo-3 (AM) solution.

Appendix 3: Standard operating procedure for exposure of cells to test

compounds and subsequent quantitation of c -fos mRNA (BIOTECH

Demonstration Project No. BIO CT98 0223).

Exposure of cells and preparation of lysates

Murine cerebellar granule cell cultures were prepared in 48-well plates as described

previously. At 7 div, test solutions were added directly to the culture medium to give

the desired final concentration, and the cell cultures returned to an incubator with a

humidified 37°C/95% C02 atmosphere for the prescribed time period. Following

incubation for 30 minutes or 240 minutes, the cell cultures were removed from the
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incubator, placed on a block prewarmed to 37°C, and the culture medium completely

removed by aspiration. To each well, 200vl of Qiagen Buffer-RLT was added in

order to produce cell lysates and inactivate ribonucleases. The cells were then stored

at -70°C until ready for use.

RNA isolation

1. Culture dishes frozen at -70°C were thawed in an incubator set to 37°C.

Following a 30 minute incubation, the samples were examined to verify that thawing

was complete and the lysate was completely in solution.

2. Replicates (x3) were then pooled and mixed by trituration, and 300vl of the

pooled replicates removed to an empty well. An equal volume (300vl) of 70% (v/v)

ethanol was added to the remaining 300vl lysate and mixed by trituration.

During all the following steps, suitable precautions were taken to avoid RNase

contamination, including use of materials certified RNase-free or treated to remove

RNase contamination, and use of commercially available sprays to remove RNase

contamination of working areas.

RNA extraction using a Qiagen Rneasy 96 kit was then carried out essentially

according to the manufacturer's instructions (Qiagen RNeasy 96 users manual,

February 1999 edition).

3. An RNeasy 96 plate was placed on top of a square block, and 500vl sample

lysate/ethanol mixture was added to each well. The plate was sealed, and the
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plate/block assembly was centrifuged at 6000g for 4 minutes at room temperature.

The unused lysates were returned to the -70°C refrigerator.

4. The RNeasy 96 plate was detached and placed on a fresh square-well block.

The sealing tape was removed from the RNeasy 96 plate, and 800vl Buffer RW1 was

added to each well. The plate was sealed, and the plate/block assembly was

centrifuged at 6000g for 4 minutes at room temperature.

5. The RNeasy 96 plate was placed on a clean square-well block and unsealed,

and 800vl Buffer RPE was added to each well. The plate was then resealed using

fresh tape, and the plate/block assembly centrifuged at 6000g for 4 minutes.

6. The RNeasy 96 plate was unsealed, and 800vl Buffer RPE was added to each

well. The plate was then resealed using fresh tape, and the plate/block assembly

centrifuged at 6000g for 10 minutes.This second spin was carried out to remove all

traces of salt and ethanol from the samples prior to elution.

7. The RNeasy 96 plate was removed from the square well block and placed on a

96 tube collection microrack. The plate was unsealed, and 50vl RNase-free water

was added directly to the membrane in each well. The plate was then resealed with

fresh tape. Following incubation at 21°C for 1 minute, the purified RNA was eluted

by centrifugation at 6000g for 4 minutes.

8. The plate was unsealed, and a second 50vl aliquot of RNase-free water was

added to each well. Following a further 1 minute incubation at 21°C, elution was

290



completed by centrifugation at 6000g for 4 minutes. The microtubes containing

purified RNA were removed from the RNeasy 96 plate and capped. Samples were

then stored at -70°C.

RNA quantitation

Total RNA quantitation was subsequently carried out using a Molecular Probes R-

11490 RiboGreen RNA quantitation kit according to the manufacturer's instructions.

1. A 2.5ml aliquot of the Tris/EDTA buffer (20 x TE) supplied was thawed and

made up to 50ml with RNase-free water. A lOOvl aliquot of 200 x Ribogreen dye

stock solution was thawed and made up to 20ml with RNase-free water, taking

suitable precautions to protect the light-sensitive dye.

2. The lOOmg/ml RNA standard solution provided was thawed and used to make

up 0.04vg/ml, 0.20vg/ml, l.OOvg/ml, and 2.00vg/ml RNA standards to a final volume

of 250-500vl each, using TE buffer.

3. The standard solutions were then pipetted in triplicate (211 vl aliquots) onto a

96-well plate. A blank control was included by the addition of a triplicate consisting

of TE buffer alone.

4. The RNA samples were thawed, and 2vl of each was pipetted into the 96 well

plate, and subsequently made up to lOOvl with TE buffer. An equal volume (lOOvl)

of RiboGreen dye solution was then added to each well. The plate fluorescence was

then read using a multiwell spectrofluorimeter (excitation 535nm, emission cut-off
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490nm). A standard curve was constructed using the fluorescence values for the RNA

standards, and the RNA concentrations in the original samples calculated. Typical

yields of 20-80vg/ml were observed.

Preparation of cDNA from RNA samples

Typically, cDNA was synthesised in batches of 90 samples or less on a 96 well PCR

plate, using the Applied Biosystems Taqman Reverse Transcription Kit (P/N N808-

0234).

The c-/os-specific primers used in this reaction were designed using Primer Express

Software (PE Applied Biosystems), and are described below:

Forward: 5' - GAG AAA CGG AGA ATC CGA AGG - 3'

Reverse - 5' - CCG CTT GCA GCG TAT CTG TC - 3'

A reverse transcriptase master mix was prepared according to the scheme below - this

mix was sufficient to carry out 100 reactions.

Reaction component Volume/vl
10x Buffer 200

MgCl2 440
dNTP Mix (2.5mM dATP, 2.5mM 400

dCTP, 2.5mM cGTP, 2.5mM dUTP)
Oligo dT 100
Ribonuclease inhibitor 40

Multiscribe Reverse transcriptase
(50U/pl)

50

The master mix was added to the 96 well PCR plate in 12.3vl aliquots, and 7.7vl of

each RNA sample was added to separate wells. The mixture was triturated, and the
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plate was sealed with caps. The plate was placed in a thermal cycler, and the

following thermal profile was carried out: 25°C for 10 minutes, 48°C for 30 minutes,

95°C for 5 minutes. The synthesised cDNA was stored at -20°C.

Quantitation of c-fos using Real-Time fluorescent PCR

The PCR Master mix was prepared according to the scheme below, using the SYBR

Green PCR Core Reagent kit P/N 4304886. Normally, the SYBR Green PCR

reaction was performed on batches of 90 samples.

Reaction component Volume (pi)
DEPC-treated water 1062.5
10 x SYBR Green PCR Buffer 250

MgCl2 300

Forward primer 200

Reverse primer 200

dNTP Mix (2.5mM dATP, 2.5mM dCTP, 200
2.5mM cGTP, 2.5mM dUTP)
lU/pl uracil-N-glycosylase 25
5U/ul Amplitaq Gold DNA Polymerase 12.5

The c-fos positive control cDNA was added in triplicate to a 96 well PCR plate (2.5pl

aliquots), taking care that each aliquot was applied directly to the bottom of each well.

This served as a control of the amplification efficiency of the PCR reaction.

A no-template control (NTC) of 2.5pl water was pipetted onto the 96 well PCR plate

in triplicate.

The samples were applied to the 96 well PCR plate in triplicate, with 2.5pl per well.

PCR master mix (22.5pl) was added to each well, the plate was sealed, and loaded

into the ABI Prism 7700/5700 machine. The following thermal profile was chosen:
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50°C for 2 minutes; 95°C for 10.25 minutes; 60°C for 1 minute - 40 cycles. The

fluorescence threshold value was set to 0.75 to allow for baseline 'noise' and the Ct

values were recorded.

Data analysis

The specific c-fos content (relative to RNA content of cell lysate) was calculated as

follows:

The c-fos standard is given an arbitrary value of 1000 units.

Specific c-fos content = 1000 x 2([Ctstandardl-[CtsamPle)]/0.9625 x (RNA concentration)

Ct is defined as the first PCR cycle where fluorescence rises above the baseline. In the

above case, the modifier for the RNA concentration (0.9625) is derived from the

following equation:

RNA used in SYBR Green Assay =

Volume RNA used in cDNA synthesis x Volume cDNA used in SYBR Green Assay

Total Volume of cDNA

= (7.7 / 20) x 2.5 = 0.9625

Using the data collected and equations given above, c-fos mRNA was quantified for

each sample relative to a standard per microgram total RNA.
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