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Abstract____________________________________________________

The interest in glutamate in the pathogenesis of neurodegenerative disorders has rapidly 

expanded since the early descriptions of the excitotoxic properties of amino acids in the 

central nervous system. With the identification of the numerous glutamate receptors, the 

contribution of the various ionotropic and metabotropic receptor subclasses to 

excitotoxicity has been intensely studied. A wealth of data support a role for AMPA 

receptor in acute neurodegeneration, exemplified by neuronal loss during stroke. More 

recently, however, the importance of low level glutamate exposure in the evolution of 

chronic neurodegenerative conditions has begun to emerge.

This thesis describes two aspects of AMPA receptor pathogenesis in vivo, (i.) The 

possible role for AMPA receptor activation and subsequent neurodegeneration within the 

context of acute and chronic rodent models of the inflammatory, demyelinating disorder, 

multiple sclerosis, and (ii.) the neurodegenerative phenotype associated with a, 

putatively, AMPA-mediated, spontaneous development of spasticity in the Han/Wistar 

spa/spa rat.

Experimental autoimmune encephalomyelitis in rodents reproduces physiological and

pathological features of multiple sclerosis, including CNS inflammation, myelin

breakdown and axonal loss. In two acute experimental autoimmune encephalomyelitis

models, both competitive and non-competitive AMPA-receptor antagonists were

effective in ameliorating disease severity. The efficacy in vivo correlated with the

potency of the compounds in an in vitro AMPA receptor assay. The protective effects

were independent of immunosuppressive or anti-inflammatory effects, as assessed by

quantification of CNS inflammation and an in vitro T-cell proliferation assay.
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Abstract

Ultrastructural and immunohistochemical analysis revealed markers of axonal damage 

and a selective neurodegeneration of ventral horn motor neurons which had a direct T- 

cell-mediated component. The reduction in neuronal density was prevented by an AMPA 

receptor antagonist.

Glutamate-mediated neuronal cell death within the mature CNS is reported to occur via 

both necrosis and apoptosis, however, classification of the latter is often based on little 

more than TUNEL staining. More recently, several investigators have employed 

ultrastructural analysis to describe an additional form of cell death in neurons of the adult 

CNS. The Han/Wistar spa/spa rat shows chronic neurodegeneration beginning around 3- 

4 weeks of age. The CNS location of damage correlates with the presentation of motor 

deficits. The selective neurodegeneration in these animals is due, at least in part to, 

AMPA receptor activation, since the neuronal loss is reversed by AMPA receptor 

antagonists in vivo. Using ultrastructural analysis, neurodegeneration was revealed in 

discrete brain regions and whilst certain elements of apoptosis were preserved, such as 

reduction of cell volume and chromatin condensation with maintenance of organelles and 

cellular and nuclear membrane integrity, others like chromatin margination, membrane 

blebbing, or formation of apoptotic bodies were not observed. In addition, biochemical 

assessment of cell death showed that DNA breakdown occurred in many regions 

associated with known degeneration and at time points that were consistent with the 

onset of degeneration in these areas. However, whilst the crucial executor caspase, 

caspase-3, was active in the olfactory bulb where apoptosis of glial cells is known to be 

ongoing, activity was not observed in the other regions of neurodegeneration. This may 

suggest that this neuronal death in adult neurons is caspase-3 independent which would 

argue against classical apoptosis.



Abstract

These studies open up a hitherto unexplored area of research and therapeutics within the 

field of multiple sclerosis and also question the role of classical neuronal apoptosis 

within the context of the adult central nervous system.
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CHAPTER I - Glutamate

Glutamic acid is an acidic amino acid which is widely distributed throughout the central 

nervous system (CNS). Originally studied for its role in metabolism, it is now widely 

investigated as the major excitatory neurotransmitter of the CNS involved in both 

normal brain function and in the aetiology of many neurodegenerative disorders. The 

neuroexcitatory actions of glutamate were originally described by Hayashi almost fifty 

years ago. He described the production of convulsions when sodium glutamate was 

administered into the gray matter of dogs and monkeys and suggested these effects were 

the result of direct stimulation of nerve cells by glutamate (Hayashi, 1954). By 1959 

following observations in crustaceans, Robbins and Van Harreveld and Mendelson 

(Robbins, 1959; Van Harreveld and Mendelson, 1959) proposed glutamate as a putative 

neurotransmitter, a view that was largely rejected until the early 1970’s when calcium- 

dependent release from axon terminals (Roberts and Mitchell, 1972; Bradford, et a l, 

1973) and clearance of glutamate from the synaptic cleft by a high affinity uptake 

system (Wofsey et aL, 1971; Roberts and Keen, 1973) were demonstrated.

Paralleling these research developments into the physiological role of glutamate, was an 

expanding body of evidence concerning the pathological consequences of glutamate 

exposure. In 1957, two years before glutamate was proposed as a neurotransmitter, 

Lucas and Newhouse demonstrated that subcutaneous administration of glutamate to 

new bom mice lead to degeneration of the inner neural layers of the developing retina 

(Lucas and Newhouse, 1957). Later Olney showed that not only did retinal neurons 

degenerate (Olney, 1969a), but several other regions were also vulnerable to glutamate 

exposure (Olney, 1969b). These data and the central toxicity of glutamate food 

additives gave rise to the concept of excitotoxicity, that is, the ability of glutamate to
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CHAPTER I - Glutamate

destroy neurons through the activation of post synaptic excitatory amino acid receptors 

(Olney gr a/., 1971).

1.1 Glutamate receptors

Glutamate exerts its effects through its actions at pre- and post-synaptic receptors. 

These receptors are divided into two distinct classes, those forming cation channels, the 

ionotropic glutamate receptors, and a second group of G-protein coupled receptors, the 

metabotropic glutamate receptors. The first functional ionotropic glutamate receptor 

was isolated and cloned in 1989 (Hollmann et aL, 1989). There are now some 29 

recombinant glutamate receptors, and many more splice variants, 23 members of the 

ionotropic glutamate family and 8 metabotropic receptors (reviewed in Hollmann and 

Heinemann, 1994).

1.1.1 Ionotropic glutamate receptors

Unlike many other classes of ionotropic receptors, the glutamate receptors consist of 

only three transmembrane domains. M l, M3 and M4 with an additional re-entrant loop 

on the cytoplasmic surface, M2. Thus, the N-terminus is extracellular and the C- 

terminus intracellular (Fig. 1.1.1). Receptor subunits form heteromeric transmembrane 

pores which are selective for monovalent and/or divalent cations. The channels 

themselves are composed of four, or five glutamate receptor subunits forming a central 

pore lined by the M2 domain of each subunit. For reviews of transmembrane topology 

and subunit stoichiometry see Dingledine et aL, 1999; Bigge, 1999; and Hollmann and 

Heinemann, 1994. Ionotropic glutamate channels are named according to their 

pharmacological selectivity for particular ligands and are divided into three groups, N-
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methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionate 

(AMPA) receptors and kainate (KA) receptors

82

flip/flop

COOH

Figure 1.1.1 General structure of the glutamate 

receptor subunit showing the hydrophobic 

membrane domains (M l-4) and the glutamate 

binding domains (SI and 82). Also shown in red 

is the flip/flop alternative splice region found in 

AMPA receptors. Glycosylation sites are shown 

as black branches in the N-terminal region.

1.1.1.1 NMDA receptors

The most intensely studied of all the glutamate receptors, NMDA receptors have long 

been implicated in the physiological and pathological roles of glutamate. NMDA 

receptors are assembled through combination of six possible glutamate receptors 

subunits originating from three gene families. NRl, the first cloned NMDA receptor, 

present in all NMDA channels, is able to form functional homomeric ion channels 

(Moriyoshi K et aL, 1991), although the current amplitudes are smaller than those 

observed for native channels in vivo, indicating that other subunits are required for a 

fully functional in vivo ion channel. The NR2 sub-family of NMDA subunits has four 

members, NR2A-D, which are unable to form homomeric channels, or heteromeric 

channels with each other (Ikeda et aL, 1992; Kutsuwada et aL, 1992; Meguro et aL, 

1992; Monyer et aL, 1992). However, when combined with NRl subunits they form 

functional channels with a large conductance similar to the conductance of NMDA 

channels in vivo (Momiyama et aL, 1996). A third gene family has recently been
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identified, NR3. NR3A, the only member of this family currently identified, is co- 

immunoprecipitated with both NRl and NR2 in mouse cortical brain homogenates 

(Ciabarra et aL, 1995). The fimction of NR3A is unknown, however, co-expression of 

NR3 leads to a reduction in whole cell (Ciabarra et aL, 1995) and single channel (Das et 

aL, 1998) conductance of NMDA-evoked currents and NR3A knockouts show a 3-fold 

increase in NMDA-induced currents in cortical neurons (Das et aL, 1998), suggesting 

NR3A may have a regulatory role in controlling the amplitude and conductance of 

NMDA channels.

i. Conductivity

The native NMDA receptors are ligand gated cation channels which, as with all 

glutamate ion channels, conduct Na"*” and in equal measures. In addition, NMDA 

receptors show a higher permeability to C a^ ions than non-NMDA channels 

(Bumashev et aL, 1995) due to an asparagine (N) residue at the critical 

glutamine/arginine (Q/R) site of the M2 membrane domain of receptor subunits (Fig. 

1.1.1.1; Bumashev et aL, 1992b). It is this calcium conductivity of glutamate receptors, 

and NMDA channels in particular, that is thought to contribute to the delayed neuronal 

toxicity of glutamate (Choi, 1987).
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Figure 1.1.1.1 Comparison of amino acid sequences in the pore lining membrane domain, M2, of the 

glutamate receptor subunits. Periods represent gaps inserted to maintain sequence alignment. The 

glutamine/arginine (Q/R) editing site for G luRl-7 is shown in red (adapted from a figure in Hollmann and 

Heinemann, 1994).

ii. Modulation

The many studies investigating the modulation of the NMDA receptor have lead to the 

identification of a number of modulatory sites and pharmacological agents. The channel 

is unusual in that its function is dependent on both agonist binding and membrane 

potential. L-Glutamate is the primary agonist at NMDA and non-NMDA receptors in 

vivo, although NMDA receptors are also exclusively responsive to L-aspartate (Patneau 

and Mayer, 1990), an important consideration for NMDA activity in the spinal cord. In 

addition, NMDA receptors require the presence of the co-agonist glycine for receptor 

activation (Kleckner and Dingeldine, 1988). Analysis of mutants of NRl and NR2 has 

lead to the proposal that the glycine binding site is contained within NRl and that the 

glutamate binding site is in the NR2 subunit (Anson et aL, 1998). Recent evidence 

suggest that the endogenous co-agonist may actually be D-serine rather than glycine 

(Wolosker et aL, 1999; Mothet et aL, 2000)
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The voltage-dependence of NMDA channels comes from the presence of M g^ ions in 

the extracellular face of the channel pore (Nowak et aL, 1984; Mayer et aL, 1984; Jahr 

and Stevens, 1990a,b). At resting membrane potentials the NMDA channel is 

constitutively blocked by physiological M g^. In order to be activated the cell 

membrane must be depolarised. Under these conditions the magnesium block is 

relieved and the channel is opened by occupation of the agonist and co-agonist binding 

sites. Endogenous levels of Z n^ are also able to inhibit NMDA function. The binding 

site for Zn^^ is contained within the channel pore as with M g^, but is a separate site. 

This was determined by mutational studies where mutation of the Q/R site in the M2 

domain, from asparagine to glutamine, lead to a prevention of Mĝ "̂  blockade, but not of 

Z n^ (Mori et aL, 1992). Koh and Choi, suggest that co-release of Zn^^ with glutamate 

would lead to inhibition of NMDA channels by Zn^, driving the glutamate responses 

from NMDA to non-NMDA (Koh and Choi, 1988).

NMDA channels can also be modulated by other endogenous factors such as protons 

and polyamines. ions inhibit NMDA activity with an IC50 that corresponds to a pH 

of about 7.3 (Traynelis and Cull-Candy, 1990). This suggests that NMDA channels are 

only half maximally active at normal pH which has important implications for the 

activity of NMDA receptors during pathological events which alter pH (Siesjo, 1988). 

Polyamines, on the other hand, are able to potentiate NMDA receptor function. The 

mechanism of this modulation is thought to be through relief of the resting inhibition by 

H^ ions (Traynelis et aL, 1995).

As well as endogenous modulators of NMDA function, there are a number of 

pharmacologically active compounds which are able to inhibit NMDA function. There 

are three main mechanisms of action for the currently available inhibitors. One class of
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inhibitor is active through block within the channel pore. These compounds are non

competitive and include ketamine, phencyclidine (PCP/Angel dust), Dizocilpine (MK- 

801) and Cerestat (CNS 1102). The second class of agents are those which compete for 

glutamate/aspartate binding, the competitive antagonists, such as D-AP5, D-CPP-ene 

and Selfotel (CGS19755). The final class of agent are the glycine site antagonists. 

These compounds inhibit NMDA function by preventing binding of the co-agonist, 

glycine, which is essential for channel function. 5, 7-dichlorokynurenate and 5,7- 

dinitro-quinoxaline-2,3-dione (MNQX) both inhibit NMDA receptors at the glycine site.

1.1.1.2 AMP A receptors

The AMP A receptor subunits were the first glutamate subunits to be cloned. The 

cloning of glutamate receptors had proven incredibly difficult until 1989 when 

Hollmann and colleagues (Hollmann et a l, 1989) adopted a new cloning technique, 

developed by Masu et al. in 1987, to identify the first glutamate receptor, the AMP A 

receptor GluRl. This was followed shortly afterwards by the cloning of three more 

AMP A receptors, GluR2-4 (Boulter et al., 1990; Keinanen et al., 1990; Nakanishi et al., 

1990; Sakimura et al., 1990). The receptor subunit has the transmembrane topology 

described earlier (Section 1.1.1) with the glutamate binding domain formed from the SI 

and S2 domains (Fig. 1.1.1). The binding of glutamate causes a conformational change 

that puts tension on the M l transmembrane domain and causes the channel to open 

(Armstrong et al., 1998). Seven amino acid residues within the S1/S2 domains 

determine the ligand specificity of the glutamate receptors. The four AMP A receptor 

subunits, GluRl-4, are able to combine to form either heteromeric, or homomeric 

functional ion channels.
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i. Conductivity

The AMP A ionotropic receptors differ from NMDA receptors in their conductivity. All 

AMP A receptor ion channels are able to conduct Na^ and in equal measures as with 

the NMDA receptors, but the conduction of Ca^^ ions is highly regulated and depends 

on a critical amino acid residue within the M2 cytoplasmic re-entrant loop (Hume et a i, 

1991; Bumashev et a l, 1992a). The primary transcripts all contain a glutamine residue 

at the Q/R site, but the GluR2 subunit undergoes RNA editing to transform this 

glutamine residue to an arginine. An arginine residue at the Q/R site renders any 

channel containing a GluR2 subunit impermeable to C a^  ions (Hollmann et al., 1991) 

and results in a linear I/V relationship (Verdoom et al., 1991).

Desensitisation of AMP A channels is affected by alternate splicing of a 115-base pair 

region preceding the M4 transmembrane region (Sommer et al., 1990). This results in 

two splice variants termed flip and flop. The two forms are equally abundant in the 

adult brain, but have differing patterns of distribution. Channels containing the flip 

spliced variant demonstrate a higher efficacy for glutamate activation and slower 

desensitisation following stimulation than flop channels. In addition, there is 

developmental regulation, with the flip variant predominant before birth and changing to 

flop postnatally. This may reflect a requirement for increased efficiency of glutamate 

signalling during synaptogenesis.

ii. Modulation

The primary factor regulating AMP A channel function is the control of expression of 

GluR2. Any AMP A receptor channel not expressing GluR2 is able to conduct C a^  ions
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due to the absence of an arginine residue in the channel pore (1.1.1.2i). In addition, 

calcium-permeable AMP A channels are subject to voltage-dependent block by 

intracellular polyamines (Kamboj et a l, 1995) and as with Mg"^ ion blockade of 

NMDA receptors, are blocked at resting membrane potentials by polyamines (Bowie et 

a l, 1998).

AMP A channels also contain a number of intracellular phosphorylation sites for protein 

kinase A (PKA; Greengard et a l, 1991), calcium/calmodulin kinase II (CAMKH; 

McGlade-McCulloh et a l, 1993) and other, as yet unidentified, kinases. 

Phosphorylation at these sites potentiates AMP A receptor activation by increasing the 

open fi-equency and mean open time.

The desensitisation of AMP A receptors is dependent on the structure of the ligand 

involved. When the ligand is AMP A there is a rapid desensitisation of the AMP A 

receptor. However, when activated by kainate, desensitisation does not occur. Both 

cyclothiazide and aniracetam are able to relieve desensitisation and thereby potentiate 

AMP A receptor activation. The effects of cyclothiazide in particular are also dependent 

on the splice variant, with cyclothiazide being able to almost completely prevent 

desensitisation of the flip splice variant.

There are a number of pharmacological agents which act at the AMP A channel. The 

first generation of competitive AMP A antagonists such as CNQX and NBQX show little 

selectivity for AMP A receptors over kainate receptors. However, later compounds such 

as MPQX (ZK200775) and ATPO, a phosphono analogue of AMP A, have better 

selectivity (10-100 fold). The first non-competitive AMP A antagonists to be 

synthesised were the 2,3-benzodiazipines. The prototype inhibitor was GYKI52466
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which has subsequently been superseded by GYKI53773 (LY300164). This compound 

has a much higher potency than GYKI52466 with a sub-micromolar ICso-CSee Nikam 

and Komberg, 2001 for review of AMP A receptor antagonists). The most potent 

antagonists are the polyamine amide toxins, active in the nanomolar concentration 

range. These toxins bind in the channel pore from either face and include argiotoxin 

from the orb-web spider, Joro spider toxin and philanthotoxin from the digger wasp.

1.1.1.3 Kainate receptors

Unlike AMP A receptors, kainate receptors are formed from subunits derived from two 

sub-families of glutamate receptor. The first group are the low affinity kainate receptors 

which share a high homology with each other (75 -  80 %), but only 40 % homology 

with AMP A receptor GluRl-4. These three kainate receptors were named GluR5, 

GluR6 and GluR7 (Bettler et al., 1990; Egeberg et al., 1991; Bettler et al., 1992; 

Sommer et al., 1992). The second group of kainate receptors demonstrate high affinity 

binding for kainate, the two members of this family described to date being KAl and 

KA2 (Werner et al., 1991; Herb et al., 1992; Kamboj et al., 1992; Sakimura et al., 

1992). These receptors share 70 % homology with each other, but less than 40 % 

homology with GluRl-7. Kainate receptors share the same membrane topology as the 

other ionotropic glutamate receptor families (Fig. 1.1.1). The ligand binding domain is 

formed from the SI and S2 domains in the extracellular loops of M l and M3-4 and, 

similar to AMP A receptors, kainate receptors contain no co-agonist binding site. The 

five kainate subunits are able to combine to form fimctional heteromeric and homomeric 

channels. The molecular biology and pharmacology of kainate receptors is reviewed in 

greater detail in Hollmann and Heinemann (1994), Bleakman and Lodge (1998), 

Dingledine et al. (1999) and Chittajallu et al. (1999).
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/. Conductivity

Kainate receptors share several similarities with AMP A receptors: Functional kainate 

receptors conduct Na"̂  and K^ ions in equal measures. GluR5 and GluR6 undergo post- 

translational modification (Egebjerg and Heinemann, 1993), the critical Q/R site residue 

in the M2 region undergoes RNA editing from glutamine to an arginine (Fig. 1.1.1.1) 

and consequently channels expressing edited GluR5 and GluR6 have a reduced 

permeability to C a^ ions (Egebjerg and Heinemann, 1993; Bumashev et a l, 1996). 

However, the editing efficiency of the GluR5 and GluR6 Q/R site is much lower than 

that for GluR2, 35 % and 75 % for GluR5 and GluR6, respectively (Swanson et a l, 

1997) in contrast to almost 100 % efficiency in the GluR2 subunit of the AMP A 

channel. Editing efficiency is also regulated throughout development with less editing 

of GluR5 and GluR6 in developing brain tissue than in the adult (Bernard and 

Khrestchatisky, 1994; Paschen et a l, 1994; Paschen et a l, 1995; Schmitt et a l, 1996). 

In addition to editing at the Q/R site in the channel pore, kainate receptor C a^ 

permeability is also sensitive to mutations in the Ml transmembrane domain. An 

isoleucine (I) residue can be edited to a valine (V) residue and a tyrosine (Y) residue is 

edited to cysteine (C). Both changes result in alterations in ion permeability suggesting 

that at least in the kainate receptor channel. M l is important in determining the 

properties of the channel (Kohler et a l, 1993).

The conductance of kainate receptor ion channels is more complex than that of the 

AMP A channel. Channel composition is a crucial determinant of conductance with 

kainate receptors demonstrating different conductance levels depending on which 

subunits are expressed. Channels expressing unedited GluR5(Q) or GluR6(Q) have a 

sub-picosiemen conductance, whereas chaimels expressing edited GluR5(R) or
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GluR6(R) and channels containing KA2 have a much higher conductance in the range of 

5.4 - 8.6 pS or a higher state of 25 pS (Swanson et al., 1996). As with AMP A receptors, 

expression of edited subunits results in a linear I/V relationship (Sommer et a l, 1992), 

but edited kainate receptor channels are also unusual in that they are permeable to 

anions such as Cl' ions (Bumashev et a l, 1996).

ii. Modulation

The kainate channel rapidly desensitises in response to agonist stimulation, however, 

there is a certain amount of subunit specificity. GluR6 kainate receptors desensitise 

more rapidly in response to kainate than channels composed of GluR5 subunits 

(Swanson et al., 1997). The desensitisation caused by agonist activation is relieved in 

GluR5 and GluR6 subunits, but not GluR7, by concanavalin A (Schiffer et al., 1997) 

suggesting a conserved glycosylation site between GluR5 and GluR6 which is not 

present in GluR7. A number of potent agonists act at kainate receptors including 

ATP A, 5’-iodowillardine and SYM2081. All three agonists show good selectivity for 

kainate receptors over AMP A, and also have different selectivity for individual kainate 

receptor subunits.

Conversely, there are fewer antagonists of kainate receptors than for the other classes of 

ionotropic glutamate receptors as the kainate field of research is still quite young. The 

prototypical competitive kainate receptor antagonist, NS-102, which has poor solubility 

and selectivity, has been superseded by the GluR5-selective Ely Lilly compound, 

LY294486, for investigations into the role of kainate receptors in vitro and in vivo. To 

date, there are no known non-competitive antagonists for kainate receptors.
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1.1.2 Metabotropic glutamate receptors

The existence of a second class of glutamate receptor became apparent following a 

report that glutamate stimulated phospholipase C in cultured striatal neurons via a 

receptor that did not belong to any of the ionotropic glutamate families (Sladeczek et a l, 

1985). This observation was later confirmed in a number of other cell types, suggesting 

that glutamate could exert its effects through receptors coupled to GTP-binding proteins 

(G-proteins) in addition to its actions on ionotropic receptors. It was not until 1991 that 

the first of these G-protein-coupled, metabotropic glutamate receptors (mGluRs), was 

cloned (Houamed et al., 1991; Masu et at., 1991) as the very low sequence homology 

between mGluRs and all previously cloned G-protein-coupled receptors meant probing 

with recognised sequences was largely unsuccessful. However, following the cloning of 

the first receptor, mGluRl, seven more related receptors were cloned, mGluR2 to 

mGluRS (Tanabe et al., 1992; Abe et al., 1992; Nakajima et al., 1993; Saugstad et al., 

1994; Okamoto et al., 1994; Duvoisin et al., 1995; Saugstad et al., 1997).

Amino acid sequencing of these receptors revealed they are much larger than any 

previously cloned G-protein-coupled receptors. The sequence contains seven closely 

linked hydrophobic regions in the centre of the molecule which form the seven 

transmembrane domains typical of G-protein-coupled receptors. However, unlike other 

receptors in this class, they possess an unusually large extracellular N- terminus and 

intracellular C-terminus. There are two regions which show the most conservation 

between mGluRs. A hydrophobic region in the extracellular domain, with adjacent 

amino acids, which is thought to represent the ligand binding domain, and the first and 

third intracellular loops which may account for G-protein binding.
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Nakanishi proposed separation of the metabotropic glutamate receptors into three 

groups on the basis of the sequence homology between certain receptors (approximately 

70 % homology within and 40 % between groups; Nakanishi, 1992). This classification 

based on sequence homology also holds true for the signal transduction mechanisms and 

pharmacology of these receptors. The group I mGluRs, mGluRl and mGluR5, which 

are most sensitive to activation by quisqualate, stimulate phospholipase C resulting in an 

increase in phosphoinositide turnover and release of Ca"^ from intracellular stores. 

Group n  mGluRs include mGluR2 and mGluR3 and activation results in an inhibition 

of adenylyl cyclase and a decrease in cAMP production. They are most sensitive to L- 

CCG-I. Group m  contains the remaining mGluRs, mGluR4 and mGluR6-8. 

Stimulation of these receptors is also coupled to a decrease in cAMP, but activation 

cannot fully inhibit forskolin-induced cAMP production (maximum 50 % inhibition) 

unlike group II receptors. Group HI mGluRs are uniquely sensitive to activation by L- 

AP4. The pharmacology of the mGluR antagonists is extremely complex and outside 

the scope of this thesis. Further information on the pharmacology and function of 

metabotropic glutamate receptors can be found in reviews by Roberts (1995), Pin and 

Duvoisin (1995), Conn and Pin (1997) and Schoepp et al. (1999).

1.2 Physiological function of glutamate receptors in the brain and spinal cord

Glutamate is the major excitatory neurotransmitter in the brain. It is found in nearly all 

central nervous system neurons and is primarily responsible for fast excitatory 

neurotransmission. The anatomical distribution of the glutamatergic pathways 

demonstrate a crucial role for glutamate in cortical and hippocampal cognitive function, 

pyramidal and extrapyramidal motor function, cerebellar function and sensory function. 

The consequence of presynaptic release of glutamate is dependent on the post-synaptic
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receptor expression. Fast synaptic transmission seen, for example, in monosynaptic 

reflexes is mediated through activation of AMP A receptors which results in membrane 

depolarisation and the opening of voltage operated cation channels (Collins and 

Buckley, 1989). Glutamate is also able to induce a biphasic response by stimulating 

NMDA receptors. The consequence of depolarisation of the cell membrane in response 

to AMP A is the relief of M g^ blockade of NMDA receptors and a slower second phase 

of glutamate depolarisation (Nowak et al., 1984). The NMDA receptor-mediated 

response is important in polysynaptic reflexes and in reinforcing synaptic transmission. 

This process of long term potentiation (LTP) is thought to underlie learning and memory 

(Collingridge and Bliss, 1995). The participation of AMP A receptors in motor reflexes 

is important in explaining the temporary functional deficits seen following AMP A 

receptor antagonist treatment. The physiology of glutamate receptors is reviewed 

further in Headley and Grillner (1990) and Greenamyre and Porter (1994).

1.3 Involvement of glutamate receptors in neuronal degeneration

Glutamate neurotransmission is essential for normal brain function, however, 

inappropriate glutamatergic activity is implicated in a host of central nervous system 

diseases. Whilst the relevance of original literature correlating ingestion of glutamate 

with neurotoxicity in species from rodents to primates is now contested (reviewed in 

Meldrum 1993), there are other situations where activation of the glutamatergic system 

is clearly involved. Domoic acid, synthesized by algae and concentrated in blue mussels 

or fish when they feed, produces confusion and occasionally seizures when subsequently 

ingested by mammals (Teitelbaum et a l, 1990; Scholin et al., 2000). The primary 

pathological hallmarks of domoic acid toxicity are degeneration of neurons in the 

amygdala and hippocampus, in particular cells of the CA3 subfield, a consequence of

33



CHAPTER I - Glutamate

direct toxicity or secondary damage via seizure activity in other brain regions (Jarrard 

and Meldrum, 1993). The motor neuron loss observed in neurolathyrism is associated 

with the AMP A receptor antagonist, fi-N-oxalylamino-L-alanine (BOAA), present in 

chick peas. BOAA becomes toxic when combined with vitamin and mineral 

deficiencies in malnourished humans (Spencer et al., 1986). It is suggested that the 

deficiencies cause impaired mitochondrial function. Indeed, compromised 

mitochondrial function may lead to increased sensitivity to excitatory neurotransmitters. 

When ingested 3-nitropropionic acid (3-NP), synthesised by a fungus that grows on 

sugar cane, causes a loss of striatal GABA-ergic neurons in a pattern reminiscent of 

Huntington’s disease pathology. This damage is prevented in vivo by NMDA 

antagonists (Schulz et al., 1996).

There are two paradigms of endogenous glutamate toxicity in the CNS. Excess 

production, or potentiation of glutamate activity leads to a rapid excitotoxic, acute 

neurodegeneration (Olney, 1971) and is associated with neurodegeneration in epilepsy, 

stroke and traumatic brain injury. In this paradigm, increased flux of Na% and C a^ 

ions through glutamate ionotropic receptors and voltage-dependent ion channels causes 

a collapse of membrane potential, activation of a number of Ca^-dependent enzymes 

and a disturbance of the osmotic gradient of the cell leading to water influx. The result 

is massive proteolysis, mitochondrial disruption and swelling of the cytosol. Ultimately, 

the cell membrane ruptures and the intracellular contents are released, initiating an 

inflammatory response. Conversely, chronic exposure to low levels of glutamate results 

in a more protracted cell death which has been implicated in the mechanisms underlying 

neuronal death in chronic neurodegenerative disorders.
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Whilst the study of glutamate in the pathology of acute neurodegenerative diseases 

spans several decades, interest in the neuropathological consequences of chronic 

glutamate exposure is a relatively new field. Thus, glutamate has now been proposed as 

a key mediator in the pathogenesis of a number of chronic neurodegenerative diseases, 

including motor neuron disease (such as amyotrophic lateral sclerosis (ALS); Plaitakis, 

1990; Leigh and Meldrum, 1996), Huntington’s disease (Coyle and Schwarcz, 1976; 

DiFiglia, 1990), Parkinson’s disease (Turski et al., 1991), Alzheimer’s disease (Maragos 

et al., 1987; Greenamyre and Young, 1989), and more recently multiple sclerosis 

(Bolton and Paul, 1997; Smith et a l, 2000; Pitt et al., 2000). Some less common 

neurological disorders such as Rasmussen’s encephalitis (Rogers et al., 1994), 

olivopontocerebellar degeneration (Gâhring et al., 1997) and paraneoplastic 

neurodegenerative syndrome (Gâhring et al., 1995) involve an antibody response against 

specific glutamate receptor subunits, intimating a glutamatergic component in their 

aetiology.

1.4 Aims of thesis

Glutamate is involved in many neurological disorders, through a number of different 

mechanisms. This thesis is concerned with two independent aspects of glutamate 

toxicity. Glutamate toxicity in rodent models of multiple sclerosis and in a model of 

spontaneous neurodegeneration in the spa/spa rat.

There have been a number of observations suggesting that the pathogenesis of multiple 

sclerosis and the animal models of the disease can be attributed in part to the 

glutamatergic system (Bolton and Paul, 1997; Werner et al., 2001). Whilst Bolton and 

Paul suggest that glutamate acting via the NMDA receptors may be contributing to
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disease through alterations in blood brain barrier (BBB) permeability, others indicate the 

AMPA/kainate system may be involved in the disease pathogenesis (Matute et al., 1997; 

Matute, 1998; McDonald et a l, 1998). One aim of this thesis, therefore, was to 

determine the importance of AMP A receptors in animal models of multiple sclerosis 

and to examine the possible mechanism of protection of AMPA antagonists.

The second part of this thesis is concerned with the nature of glutamate-mediated cell 

death within the adult CNS. The excitotoxic theory of neuronal cell death associated 

with acute overexposure to glutamate is widely accepted. However, low levels of 

glutamate exposure have been postulated to induce a slower degeneration which is 

increasingly implicated in neuronal loss in chronic neurodegenerative diseases. Only 

recently have researchers started examining the mechanisms of neuronal death within 

the adult CNS. Here, I describe an assessment of the biochemical and ultrastructural 

changes following neuronal degeneration within the adult brain and spinal cord of a rat 

model of spontaneous neurodegeneration.
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Multiple sclerosis is an inflammatory, demyelinating disease of the central nervous 

system. The progress of disease is unpredictable and, more than a century since its first 

description, very little is known of the aetiology or why there should be such variability 

in disease development between patients.

2.1 Epidemiology and prevalence of multiple sclerosis

Epidemiological studies of multiple sclerosis have revealed a very distinctive worldwide 

distribution for the disease (Fig. 2.1). There are clear areas of high incidence (>30 cases 

per 100,000) concentrated in northern Europe, North America and Australasia, which 

seemingly correlate with colonisation by European settlers, whilst there are other 

populations where the incidence of multiple sclerosis is extremely rare. The reason for 

the large variation in prevalence is not understood. Environmental and genetic 

explanations have been offered and both are likely to be important. Kurtzke (1997) 

argues against a genetic component, citing the spread of multiple sclerosis from an origin 

in Scandinavia as evidence for an acquired, exogenous, environmental cause of 

transmission. One of the primary investigations demonstrating the possible transmission 

of an environmental, infectious agent is the Faroe Islands study (Kurtzke and Hyllested, 

1987). Prior to the occupation of the islands by British troops between 194land 1944, 

there were no reported cases of multiple sclerosis on the islands. Subsequently, a series 

of four epidemics occurred amongst the indigenous population. This series of studies are 

described in detail in Kurtzke (1997). Interestingly, the disease was not transmitted to 

residents who were under the age of eleven at the time of exposure. A threshold age for
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acquisition of disease is also supported by a number of studies which suggest that an age 

at, or near puberty is the important cut off before which geographical region of origin is 

most relevant, a view upheld by studies of United States army veterans (Beebe et al., 

1967; Kurtzke et a l, 1979). Beebe et a l, in a study of veterans diagnosed with multiple 

sclerosis during their service in the US army, found that when disease incidence was 

compared with place of birth, there was a clear distribution of multiple sclerosis with a 

higher prevalence in northern USA compared with the south. These findings were in 

agreement with the distribution of disease associated with the general population. 

However, when the incidence was compared with place of residence at the time of entry 

into the armed forces, the relationship had disappeared completely indicating that the risk 

associated with changing residence had almost completely disappeared before the third 

decade of life.

Racial background is another important factor in determining the risk of developing 

multiple sclerosis. The incidence amongst non-whites is much lower, suggesting either 

an increased resistance to an unknown, environmental pathogen, or alternatively a higher 

genetic susceptibility amongst whites. The genetics of multiple sclerosis has been 

studied extensively and whilst no single risk factor has been identified (The Transatlantic 

Multiple Sclerosis Genetics Cooperative, 2001), some genetic links have been found. 

The incidence of multiple sclerosis between monozygotic twins is about six times greater 

than the rate among dizygotic twins and there is an increased risk of multiple sclerosis in 

populations expressing certain HLA alleles (reviewed in McFarland et al., 1997). Many 

other genes of interest have been investigated, but as yet no strong link between a specific 

gene and multiple sclerosis has been observed (See McFarland et al., 1997 for review).
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F igure 2.1 Worldwide distribution o f multiple sclerosis for 1994. High frequency areas (>30 cases/100,000) are indicated in black, medium frequency areas (5-30 

cases/100,000) by dots and low frequency areas (<5 cases/100,000) with diagonal dashes. Blank areas indicate regions for which there are no data. Reproduced from Kurtzke et  

a/., 1997.

39



CHAPTER 2 - AMPA and Multiple Sclerosis

2.2 Pathogenesis of multiple sclerosis

The actual triggering event or events for multiple sclerosis are still unknown. A number 

of viruses are able to recreate the symptoms and pathology of multiple sclerosis in 

animals (Dal Canto and Lipton, 1980; Fazakerley et al., 1988), and in multiple sclerosis 

patients Chlamydia pneumoniae has been found in the CSF of 97 % of patients compared 

with 18 % of control patients with other neurological diseases (Sriram et al., 1999). This 

association has placed virusal and/or bacterial infections at the top of the list of potential 

environmental risk factors for multiple sclerosis. Despite the lack of knowledge 

concerning the aetiology of multiple sclerosis, much progress has been made towards 

understanding the mechanisms of damage and progression of the disease. Multiple 

sclerosis is most commonly referred to as an inflammatory, demyelinating disease of the 

central nervous system, a description that goes only part way towards describing the 

disease. Inflammation and demyelination are undoubtedly of major importance in the 

progression of the disease, but the neurological features of the disease suggest a major 

contribution of axonal and neuronal impairment and/or degeneration. This contribution 

is well established in the irreversible paralysis and spasticity of the later stages of disease 

(Bjartmar and Trapp, 2001; Baker et al., 2000), but the importance of neuronal 

compromise in the early stages of disease has been largely understated.

2.2.1 Demyelination in the pathogenesis of multiple sclerosis

One of the primary pathological hallmarks of multiple sclerosis is the presence of 

inflammatory lymphocytes in the central nervous system. This is exemplified by 

perivascular cuffing and the presence of T-lympbocytes and B-lympbocytes as well as
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macrophages and microglia in active, demyelinating lesions (Raine, 1997). In expanding 

multiple sclerosis lesions, macrophages and activated microglia are found at the interface 

between normal and demyelinated regions (Cuzner et a l, 1988), suggesting they are 

somehow involved in the process of demyelination. Indeed, the presence of myelin 

debris in macrophages found in active lesions demonstrates they could well be actively 

involved, or at least participate in removal of myelin debris from previously damaged 

axonal tracts.

The stimulus for the destruction of apparently normal myelin in multiple sclerosis 

patients by the body’s own immune system is unknown, but CD4^ T cells discovered in 

inflammatory plaques are known to recognise a number of myelin and non-myelin CNS 

antigens associated with the pathogenesis of multiple sclerosis (Kerlero de Rosbo et al.,

1993). Since T-cells are also occasionally seen in normal brains, there must be other 

contributory factors, such as autoantibodies or cytokines, involved in immune-mediated 

damage to myelin.

Autoantibodies against various myelin proteins have been found in the brains of patients

with multiple sclerosis (Genain et a l, 1999) and indeed, CSF oligoclonal banding is a

diagnostic criteria for multiple sclerosis (Ebers, 1984). There are three potential

mechanisms of antibody generation in multiple sclerosis: processed antigen on the

surface of activated microglia or macrophages are presented directly to invading B-cells

at the site of damage in the CNS; CNS antigens can also be presented to B-cells in the

lymph nodes following drainage of myelin and oligodendrocyte debris from the

cerebrospinal fluid (CSF); or antigenic products of myelin breakdown exit the CNS

through a compromised blood-brain barrier into the vasculature where they are

recognised by circulating B-cells. Once generated, either in the CNS or in the periphery,
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antibodies become expressed on the surface of the myelin sheath or on oligodendrocytes 

which in turn can lead to damage directly through activation of the complement cascade 

and cytolysis. The ability of antibodies to exacerbate myelin damage is supported by data 

showing that antibodies to myelin proteins are able to worsen disease in experimental, 

animal models of multiple sclerosis and promote demyelination in models otherwise 

relatively free of myelin loss (Linington et al., 1988).

Other agents of interest are those released from lymphocytes, macrophages and microglia 

within the multiple sclerosis lesion. Macrophages and activated microglia are capable of 

producing pro-inflammatory cytokines such as tumour necrosis factor-a (TNFa) and 

interferon-y (IFN-y), generating free radicals (O2 ' or NO ), releasing excitatory amino 

acids and activating complement, all of which have the potential to damage myelin, 

oligodendrocytes, neurons and axons. T-cells can cause damage through release of 

products including perforins and granzyme, or through interactions with Fas ligand 

subsequent to binding of CD8^ T-cells to class I major-histocompatability-complex 

(MHC) presented by resident cells. For the role of potential immunological mediators of 

damage in multiple sclerosis and experimental autoimmune encephalomyelitis see 

reviews of De Groot and Woodroofe (2001), Singh et al. (2000) and Kieseier et al. 

(2000).

2.2.2 Neuronal degeneration in the pathogenesis of multiple sclerosis

The rapidity of onset of relapse and remission, and the comparative slowness of the 

processes of demyelination and remyelination, suggests that the physical disability 

associated with multiple sclerosis could be partly a consequence of neuronal impairment
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and/or damage. This idea is supported by examples of primary progressive multiple 

sclerosis in which there is extensive axonal loss associated with rapid functional decline, 

but relatively little demyelination (Matthews, 1999). This is also true of some animal 

models of the disease where demyelination is not extensive yet the animals exhibit a 

relapsing, remitting profile of paralysis (Pender, 1988).

The first descriptions of axonal degeneration in multiple sclerosis, including the 

existence of axonal terminal bulbs in association with axonal transection, were made by 

Charcot (1868). This pathological aspect of multiple sclerosis was subsequently 

overlooked for over a century in favour of the inflammatory, demyelinating component of 

the disease. Only in the last decade has attention re-focused on the contribution of axonal 

loss to the pathogenesis of multiple sclerosis. It has become increasingly well accepted 

that the extent and location of axonal lesions in the later stages of disease correlates with 

the severity and nature of disability (Davie et a l, 1999; Bjartmar et al., 2000), but there is 

also a growing body of evidence which suggests that at least part of the axonal loss 

occurs in acute, active lesions and is a product of acute episodes of inflammation in the 

relapsing, remitting stages of disease (Ferguson et al., 1997; Evangelou et al., 2000; 

Bitsch et al., 2000b). The early axonal damage and demyelination in acute lesions is 

closely associated with inflammatory cells, in particular macrophages, microglia and 

CD8^ T-cells, moreover, there is no longer extensive active axonal degeneration in 

chronic lesions, instead the axonal atrophy seen in the latter stages is a consequence of 

the destruction of axons in primary active lesions (Ferguson et a l,  1997; Bitsch et al., 

2000b). Active chronic lesions represent an intermediate stage where there is very little 

axonal damage in the centre of the lesion, instead, the ongoing degeneration is found at 

the border of the lesions in areas containing active macrophages.
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Further evidence in support of ongoing axonal injury in multiple sclerosis comes from 

combined magnetic resonance imaging (MRI), magnetic resonance spectroscopy (MRS) 

studies. In vivo, axonal damage can be monitored and located through the detection of N- 

acetylaspartate (NAA) by MRS in combination with MRI. The dipeptide, NAA, thought 

to be a marker of axonal integrity (Birken and Oldendorf, 1989), is reduced not only in 

chronic but also acute lesions (Bjartmar et al., 2000; Davie et al., 1999; Davie et al., 

1994; Reddy et al., 2000). The decrease in the latter may be reversed suggesting a degree 

of recovery in compromised axons (Reddy et al., 2000). Furthermore, in the absence of 

open demyelination, NAA is reduced in normal appearing white matter (NAWM) in the 

vicinity of acute and chronic lesions (Lee, et al., 2000; Fu et al., 1998), perhaps reflecting 

local axonal damage due to soluble inflammatory mediators, further expansion of the 

demyelinating lesion, or axonal disruption at a site along the tract remote from the 

changes detected locally. It should be noted that rat oligodendrocytes contain NAA 

which may contribute to the signal in vivo (Bhakoo and Pearce, 2000), although NAA 

remains unchanged in central pontine myelinolysis where axons remain undamaged 

following the complete loss of myelin (Davie et al., 1999).

2.3 Current therapies

The majority of current therapies for use in multiple sclerosis are targeted at the 

suppression of, or the resolution of the inflammatory response in patients. The choice of 

therapy and regime is dependent on the state of disease in the patient at the time of 

presentation (see Clegg et al., 2000 for an in depth review of current therapies).
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The drugs of choice for acute relapse are adrenocorticotropic hormone (ACTH) and the 

corticosteroids. In many patients they are able to reduce the severity and duration of 

relapses, although they are not disease modifying having no effect on the progression of 

disease, or on relapse rate (Sharrack et al., 2000). In addition to the anti-inflammatory 

effects of the steroids, their efficacy is thought to be in part due to restoration of blood- 

brain barrier integrity and stimulation of T-cell apoptosis (Gold et al., 2001). Steroids 

are only taken short-term due to the side effects associated with chronic treatment, so 

once the patient has gone into remission therapy is halted. No efficacy has been 

demonstrated for any other current treatment on acute relapse, so in patients that fail to 

respond to corticosteroid therapy, plasma exchange is the only other alternative available. 

Plasma exchange therapy involves the replacement of the patients blood plasma every 

other day over a seven day period. A recent clinical trial suggested there was significant 

clinical improvement in 40 % of patients who were previously unresponsive to 

corticosteroids (Weinshenker et al., 1999).

The most effective current therapy for relapsing remitting multiple sclerosis (RRMS) is 

interferon-p (IFN-p) which is manufactured in two different forms, interferon p-la and - 

lb. Betaseron, a Sobering AG (Berlin) compound, is produced fi*om bacterial cell lines, 

whereas the Biogen and Ares-Sereno products Avonex and Rebif, respectively, are both 

generated in mammalian cells. The two products differ in the extent of glycosylation, 

Avonex and Rebif are both highly glycosylated and are thought to be closer to the natural 

cytokine. Interferon-p therapy has been shown to reduce the frequency of relapse by 

around 30 % in relapsing remitting multiple sclerosis (Patyand Li, 1993; The IFN-p 

Multiple Sclerosis Study Group, 1993, 1995). In addition interferon-p has recently been 

shown to be effective in the treatment of secondary progressive multiple sclerosis
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(SPMS; European Study Group, 1998; Simon et al., 2000). In these studies, Interferon-p 

treatment was shown to delay time to the progressive stage of disease (European Study 

Group, 1998) and slow the development of hypointense MRI lesions (indicative of severe 

CNS damage; Simon et al., 2000), although other clinical studies have failed to 

corroborate these observations (SPECTRIMS Study Group, 2001). The interferons are 

thought to act by reducing T-cell proliferation and altering the cytokine profile in the 

CNS in favour of type 2 helper T-cells (Th2), thereby reducing the number of circulating 

T-cells and promoting resolution of existing inflammatory lesions (Yong et al., 1998).

Copolymer-1 (Copaxone: Glatiramer acetate) is a Teva Pharmaceuticals compound 

which is effective in the treatment of relapsing-remitting multiple sclerosis (Johnson et 

al., 1995). It is a mixture of synthetic polypeptides, which are thought to work by 

promoting production of Th2 cytokines and competing with myelin peptides at MHC 

class n  molecules so preventing activation of myelin-specific T-cells.

All three of these treatments are approved by the FDA for the treatment of multiple 

sclerosis, although only Interferon-p is approved for multiple sclerosis therapy in the 

United Kingdom. A number of other therapies for relapsing remitting multiple sclerosis 

do exist, but their use is not widespread and the clinical evidence for efficacy is 

questionable. Intravenous immunoglobulin is used in the treatment of autoimmune 

diseases and in at least one trial was effective in reducing the frequency of relapse in 

relapsing remitting multiple sclerosis (Fazekas et al., 1997), although use in multiple 

sclerosis patients remains uncommon. Azothioprine, cladribine, cyclophosphamide, and 

methotrexate are all immunosuppressants shown to offer some benefit in multiple 

sclerosis patients, however, the studies have usually been small, of short duration and the
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methodology has been questioned in a number of cases (Clegg et al., 2000). None of 

these therapies is currently licensed in the UK for the treatment of multiple sclerosis.

Mitoxantrone, from Wyeth Laboratories, is a cytotoxic immunosuppressant with anti

inflammatory actions. It is the only compound other than interferon-p shown to have a 

beneficial effect in secondary progressive multiple sclerosis (Millefiorini et al., 1997). 

Mitoxantrone is not licensed in the United Kingdom and its use is limited due to a 

serious side effect profile.

There are currently no therapies for primary progressive multiple sclerosis (PPMS), 

although both glatiramer acetate and interferon-p are in phase m  trials at present. The 

lack of efficacy of the current immunomodulatory therapies in the prevention, or slowing 

of disease progression, even with complete T-cell deletion as in the case of CAMPATH- 

IH antibody treatment (Paolillo et al., 1999), indicates that certain neuropathological 

processes, uncoupled from CNS inflammation, may be important in the pathogenesis of 

multiple sclerosis. The therapies described above rely on modulation of the 

inflammatory response. Since it is unlikely that CNS inflammation could be fully 

prevented without severely compromising the peripheral immune system, a 

pharmacological intervention which addresses the consequences of inflammation in the 

CNS environment would represent a novel and complementary therapy for the treatment 

of multiple sclerosis.
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2.4 Involvement of glutamate in the pathogenesis of multiple sclerosis

Glutamate is widely implicated in the pathology of many acute and chronic neurological 

disorders. The role of glutamate in demyelinating disorders is less clearly defined, 

however, a number of studies have addressed the issue in the context of glutamate in 

multiple sclerosis. The concentration of glutamate in the CSF of multiple sclerosis 

patients has been measured in a variety of studies and several investigators, although not 

all, have reported elevated levels (Stover et a l, 1997a; 1997b; Launes et a l, 1998; 

Klivenyi et al., 1997). Memantine, an NMDA antagonist offered symptomatic relief of 

pendular nystagmus in multiple sclerosis patients (Starck et a l, 1997) and a second 

report claimed a reduction in relapse rate in multiple sclerosis patients treated with 

amantidine, although in a very small patient cohort (Plant, 1987). No study to date has 

examined the role of AMPA receptors in multiple sclerosis. An AMPA-targeted 

glutamatergic therapy in multiple sclerosis may have two major theoretical advantages 

over NMDA antagonists, the protection of oligodendrocytes, and prevention of motor 

neuron degeneration.

2.4.1 Oligodendrocyte protection in multiple sclerosis

The fate of oligodendrocytes in multiple sclerosis lesions is still a matter of contention. 

In early lesions there is initial recruitment of additional oligodendrocytes from a 

progenitor cell pool, resulting in an increase in the total number (Brück et al., 1994; 

Ozawa et al., 1994; Raine et al., 1981), however, there are some notable exceptions in 

more aggressive acute lesions. The recruitment of oligodendrocytes to acute lesions 

allows limited remyelination to occur which may manifest itself as shadow plaques
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(Lassmann, 1998). In chronic demyelinated lesions the pattern of distribution is very 

different. At this stage, hardly any oligodendrocytes remain and progenitor cells are no 

longer recruited to the lesion. What remains is extensive glial scar tissue and 

demyelination is irrecoverable (Prineas et a l, 1993).

The precise mechanism of oligodendrocyte death is not known, although a number of 

factors have been proposed including tumour necrosis factor-a (TNFa; Bitsch et al., 

2000a), and complement (Scolding et a l, 1989). As for glutamate, oligodendrocytes do 

not express NMDA receptors but are known to express both kainate and AMPA 

glutamate receptors (Patneau et al., 1994) rendering them vulnerable to glutamate 

excitotoxicity (Yoshioka et al., 1995; 1996; Matute et al., 1997; McDonald et al., 1998). 

In vivo, kainic acid infusion into the optic tract induces demyelination of the optic nerve 

and formation of lesions similar to those seen in multiple sclerosis (Matute, 1998).

2.4.2 A role for neuroprotection in multiple sclerosis?

Neuronal and axonal loss are extensive in multiple sclerosis particularly in the later, 

progressive stages of disease (Losseff and Miller, 1998), but there is also more recent 

evidence suggesting that axonal disruption occurs in acute lesions much earlier in the 

disease course (Ferguson et al., 1997; Evangelou et al., 2000; Bitsch et al., 2000b).

Whilst the underlying cause of this damage is again unknown, there is limited evidence 

for the involvement of glutamate and, in particular, AMPA receptors in the pathology of 

two other inflammatory CNS diseases, Rasmussen’s encephalitis and paraneoplastic 

neurodegenerative syndrome. In Rasmussen’s encephalitis there is widespread 

perivascular cuffing, gliosis and neuronal and axonal destruction. Paraneoplastic
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neurodegenerative syndrome, a disease concomitant with certain cancers, has a 

predominant pathology related to T-cell infiltration and subsequent neuronal destruction. 

Both of these diseases are also linked with autoantibodies to AMPA receptors including 

GluRl, GluR3, GluR4 and GluR5/6 (Rogers et al., 1994; Gâhring et al., 1995). Plasma 

exchange provides significant improvement for Rasmussen’s encephalitis patients 

emphasising the importance of the autoantibodies in the disease pathology (Rogers et al., 

1994), and circulating autoantibodies in serum taken from paraneoplastic 

neurodegenerative syndrome patients are associated with an enhancement in glutamate- 

elicited currents in vitro, indicating the potential role of glutamate receptor activation in 

the pathogenesis (Gâhring et a l, 1995).

Glutamate-induced neuronal damage is also implicated in the spinal motor neuron 

degeneration characteristic of amyotrophic lateral sclerosis (Ludolph et al., 2000; 

Cleveland and Rothstein, 2001). A number of studies have demonstrated that motor 

neurons in the spinal cord are more sensitive to AMPA receptor-mediated excitotoxicity 

than other spinal neurons (Hugon et al., 1998; Ikonomidou et a l, 1996) and consequently 

an imbalance in the glutamate system has been proposed as a key mediator in the 

pathogenesis of amyotrophic lateral sclerosis (Shaw and Ince, 1997; Ludolph et al., 

2000). Since spinal cord lesions are also a prominent feature of multiple sclerosis, it is 

possible that a disturbance in the glutamatergic system combined with the high sensitivity 

of spinal motor neurons to glutamate could also contribute to the axonal/neuronal 

damage described in this disease.
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2.5 Experimental autoimmune encephalomyelitis

In order to investigate the pathogenesis of multiple sclerosis in vivo, a number of 

experimental animal models have been developed which reproduce various aspects of the 

disease. Experimental autoimmune encephalomyelitis (EAE), the main in vivo tool for 

the investigation of multiple sclerosis, was first described in the monkey by Rivers et al. 

(1933). Since then models in guinea pigs, rabbits, pigs and chickens have been 

established (Waksman, 1959), although latterly, mouse and rat models are extensively 

used given the convenience of size, availability and characterisation of their immune 

system.

Experimental autoimmune encephalomyelitis is generated in susceptible strains by 

immunising animals with either CNS tissue homogenates, or with whole or peptide 

fragments of CNS myelin proteins. Adoptive or passive transfer experimental 

autoimmune encephalomyelitis is induced by injection of appropriately sensitised T cells 

into naïve animals (Gold et al., 2000). The composition of the inflammatory infiltrate 

and the extent of the pathology are dependent on the immunising antigen. Four main 

protein or peptide immunogens are used for the induction of experimental autoimmune 

encephalomyelitis in animals: myelin basic protein (MBP); proteolipid protein (PLP); 

myelin oligodendrocyte glycoprotein (MOG); and myelin-associated glycoprotein 

(MAG). The most commonly used protein, MBP, produces an acute experimental 

autoimmune encephalomyelitis, in Lewis rats, with a single phase of disease and a 

predominant T-cell and macrophage response. There is some peripheral demyelination in 

the spinal roots, but little in the CNS (Pender, 1988). PLP does not affect the peripheral 

nervous system (PNS), but does result in more extensive CNS demyelination than MBP
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(Chalk et a l, 1994). In mice, the PLP-induced experimental autoimmune 

encephalomyelitis model has the advantage that the profile of disease is relapsing- 

remitting (Sobel et a l, 1990). MOG peptide produces a more severe model of disease in 

both rats and mice, particularly when combined with injection of anti-MOG antibody 

(Linington et a l, 1993). The disease profile is hyperacute and characterised by a large 

antibody response, the presence of neutrophils in addition to the normal inflammatory 

infiltrate and the model can also result in haemorrhagic oedema. The strong disease 

induction with MOG is often attributed to expression of the protein on the surface of the 

myelin sheath, making the epitope more readily exposed to anti-MOG antibodies. More 

recently, a MOG-induced experimental autoimmune encephalomyelitis model was 

described in the Dark Agouti (DA)/Brown Norway (BN) rat, which displays a prolonged 

relapsing remitting profile with accompanying CNS myelin and axonal pathology akin to 

that seen in multiple sclerosis (Storch et a l, 1998). MAG is also expressed at the outer 

surface of the myelin sheath (Quarles, 1997) and therefore, a similar extent of disease and 

demyelination might be expected with MAG as with MOG. However, although MAG is 

able to induce extensive CNS inflammation, there is little demyelination and, indeed, 

disease induction is very weak (Weerth et a l, 1999). If combined with anti-MOG 

antibody a demyelinating phenotype is expressed. The immunising autoantigen need not 

be a component of CNS myelin in order to produce an encephalitogenic response. 

SlOOp, an astrocyte-derived calcium binding protein, is also found in peripheral cells 

such as adipocytes. Animals immunised with this protein develop extensive CNS 

inflammation including the retina and uvea (Kojima et a l, 1997). The changes in the eye 

are interesting because a similar phenomenon is seen in multiple sclerosis, but not in 

animals models which use myelin antigens as the immunogen. This indicates that 

autoantigens possibly expressed in multiple sclerosis could also represent a diverse array
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of epitopes. Indeed the different lesion distributions seen in multiple sclerosis may 

reflect differences in the antigen specificity of encephalitogenic T-cells (Berger et al., 

1997).

2.6 Pathogenesis of experimental autoimmune encephalomyelitis

The pathology of experimental autoimmune encephalomyelitis is varied and dependent 

on the immunogen used in the inoculum. However, the evolution of the inflammatory 

response contains elements common to all antigens. T-cells are able to cross the blood- 

brain barrier under normal physiological conditions performing a form of immune 

surveillance (Flugel et al., 1999; 2000), but if  they fail to encounter their specific antigen, 

they re-enter the vasculature, or die. In experimental autoimmune encephalomyelitis, and 

as is assumed in multiple sclerosis, antigen specific CD4^ T-cells cross into the CNS 

where they are presented with their specific antigenic epitope by MHC class E-positive 

antigen presenting cells. This stimulates the production and release of pro-inflammatory 

cytokines and chemokines into the extracellular milieu prompting a subsequent full scale 

inflammatory response (reviewed in Cuzner and Smith, 1995). The end result is further 

recruitment of CD4^ T-cells, with a range of antigen specificity, expansion of the T-cell 

population within the CNS, recruitment of macrophages and antibody infiltration through 

opening of the blood-brain barrier. In some models it is this antibody response which 

leads to complement activation and demyelination (Linington et al., 1989).

The composition of the inflammatory infiltrate is highly dependent on the immunising 

protein. For example, SlOO-p causes extensive CNS infiltration but no clinical 

phenotype (Kojima et al., 1997), whereas MBP immunisation causes inflammation which
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is associated with an ascending muscle paralysis. Upon closer inspection it is clear that 

the infiltrate in SlOO-p is primarily composed of T-cells with very few macrophages. 

However, in MBP-immunised animals, whilst there are still many T-cells there are also 

many more macrophages, approximately twice as many macrophages as T-cells (Smith et 

al., 1996). It could be concluded from this that whilst there can be extensive T-cell 

infiltration in experimental autoimmune encephalomyelitis, it is the macrophages that are 

responsible for clinical phenotype. Indeed, depletion of peripheral macrophages using 

toxin-loaded liposomes, results in a T-cell-dominated lesion without symptoms of 

paralysis (Huitinga et a l, 1990).

The clinical consequence of the directed CNS inflammatory response seen in 

experimental autoimmune encephalomyelitis is an ascending muscle weakness and 

paralysis preceded by weight loss. The paralysis, in both multiple sclerosis and 

experimental autoimmune encephalomyelitis, is attributed to an impairment in neuronal 

conduction as a consequence of demyelination (Pender, 1987; 1988) and oedema 

(Simmons et a l, 1982; Kerlero de Rosbo et al., 1985).

As with the relapsing, remitting form of multiple sclerosis, in the acute phase of 

experimental autoimmune encephalomyelitis in animals, paralysis is followed by 

spontaneous symptomatic recovery. The mechanisms underlying resolution of disease 

are not fully understood, but in experimental autoimmune encephalomyelitis recovery is 

thought to represent a change in the cytokine profile and concomitant switch in T-cell 

population from Thl to Th2-type which coincides with an increase in endogenous steroid 

levels at the peak of disease (MacPhee et al., 1989). Apoptosis has also been shown to 

be an important mechanism in the clearance of T-cells from the CNS and thus, resolution 

of inflammation (Pender et al., 1991 ; Schmied et al., 1993).
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2.7 Evidence for the glutamatergic system in the pathogenesis of experimental 
autoimmune encephalomyelitis

Information on the involvement of glutamate in the pathogenesis of multiple sclerosis is 

limited, although there are a greater number of studies which address the issue in 

experimental autoimmune encephalomyelitis. Levels of glutamate in whole tissue 

homogenates from experimental autoimmune encephalomyelitis animals reportedly 

decrease at the peak of disease with concomitant increases in the glutamate metabolite, 

glutamine, the NMDA co-agonist, glycine and the neurotoxin quinolinic acid (Honegger 

et a l, 1989; Turecky et a l, 1980; Flanagan et a l, 1995). These data suggest that, at this 

time point, there are alterations in glutamate homeostasis which could be attributed to 

either a decrease in synthesis and release of glutamate and/or increased metabolism. 

Glutamate is normally removed from the extracellular compartment by uptake into 

astrocytes where it is converted into glutamine by glutamine synthetase (OS), or 

deaminated by glutamate dehydrogenase (GDH). In EAE, however, expression of these 

enzymes is reduced in astrocytes (Hardin-Pouzet et a l, 1997), conversely, GS is 

detectable in oligodendrocytes (Gammer et a l, 1990). Utilisation of this oligodendrocyte 

pathway may help to explain the elevations in glutamine.

As in multiple sclerosis, therapeutic intervention during experimental autoimmune 

encephalomyelitis has focused on the potential of NMDA antagonists. Both MK-801 and 

memantine were effective in reducing neurological symptoms in acute rat models of 

experimental autoimmune encephalomyelitis (Bolton and Paul, 1997; Wallstrom et a l, 

1996). The efficacy of NMDA antagonism, in both cases, appeared to be independent of 

effects on lymphocyte proliferation and CNS infiltration.
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Whilst there are few studies of the direct involvement of AMPA receptors in the 

pathogenesis of experimental autoimmune encephalomyelitis or multiple sclerosis, there 

is a body of evidence concerning AMPA-mediated toxicity to oligodendrocytes and 

neurons (Matute et a l, 1997; Hugon et al., 1989). Moreover, the high density of AMPA 

receptors in the dorsal horn of the spinal cord and dorsal root ganglia (Tachibana et al.,

1994) correlates with the primary sites of the limited demyelination seen in the Lewis rat 

model of experimental autoimmune encephalomyelitis (Pender, 1988). White matter 

injury was also the focus of a study by Li and Stys (2000) which found that 

oligodendrocytes, astrocytes and particularly the myelin sheath were the target of AMPA 

receptor-mediated excitotoxicity in vitro.

In addition to synaptic release from neurons, glutamate has a number of potential sources 

in CNS inflammatory disease. Resident glial cells are able to produce glutamate and 

represent an important pathological source from within the CNS (Vesce et al., 1999; 

Haydon, 2001). In addition, infiltrating leucocytes, prevalent in the CNS during disease, 

are able to release glutamate when activated (Piani et al., 1991). More recently, 

inhibitors of A-acetylated-alpha-linked-acidic dipeptidase (NAALADase), an enzyme 

with a unique involvement in synaptosomal release of glutamate under pathological 

conditions (Stanch et al., 1989), have been shown to be protective in a large number of 

models of CNS neurodegeneration (Slusher et al., 1999; Gong et al., 2000; Wozniak et 

al., 2000; Slusher et al., 2000). NAALADase is able to generate glutamate by hydrolysis 

of A-acetyl-aspartyl-glutamate (NAAG).
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2.8 Models of experimental autoimmune encephalomyelitis

The experiments described aimed to establish the effect of a variety of AMPA receptor 

antagonists in the disease progression of experimental autoimmune encephalomyelitis 

using three different rodent models. The first, MBP-induced acute active experimental 

autoimmune encephalomyelitis in Lewis rats, is the simplest model to perform and is 

particularly useful for investigating the acute phase of disease from T-cell expansion, 

through CNS infiltration, to production and resolution of clinical symptoms (Flugel et a l, 

1999, 2001). Also, for the purposes of these studies, in the Lewis rat demyelination is 

limited which suggests a larger possible role for neuronal and axonal impairment in the 

evolution of clinical symptoms.

The adoptive transfer experimental autoimmune encephalomyelitis model in Lewis rats is 

highly reproducible and bypasses the T-cell expansion phase of disease, therefore 

eliminating the possibility of a pharmacological agent acting at the early stages (Paterson, 

1960).

The third in vivo model used in these studies was chronic experimental autoimmune 

encephalomyelitis in Biozzi mice (Baker et al., 1990). This model was chosen because it 

has a relapsing, remitting secondary phase. There is also extensive demyelination during 

the course of disease, which is unseen in the acute models, and therefore is more 

representative of relapsing remitting and chronic progressive multiple sclerosis.

In addition to examining the clinical protection exhibited by AMPA antagonists, the anti

inflammatory effects of the compounds were investigated to differentiate the protective 

effects attributable to neuronal and oligodendrocyte protection, from any
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immunomodulatory actions. Furthermore, ultrastructural analysis was undertaken to 

establish the pathological changes associated with disease and the effect of the 

compounds on these changes.

58



CHAPTER 2 - AMPA and Multiple Sclerosis

2.9 Materials and methods

2.9.1 Animals

Female adult Lewis rats (200-220 g) were obtained from Charles River, UK and adult 

male Biozzi mice (ABH, H-2̂ ^̂  ; 20-22 g) from Harlan, UK. All Lewis rats were housed 

in pairs and Biozzi mice were housed individually under environmentally controlled 

conditions (6:00 - 18:00; 12 hour light/dark cycle; 24-25 °C) and permitted free access to 

food and water.

2.9.2 Induction of experimental autoimmune encephalomyelitis in Lewis rats

Adult Lewis rats were lightly anaesthetised with 2 % halothane in 70 % nitrous oxide/30 

% oxygen, and injected subcutaneously in the dorsal surface of each hind foot with 50 pi 

inoculum containing 50 pg purified guinea pig MBP (final concentration of 1 mg/ml; 

MBP was prepared according to the method of Dunkley and Carnegie (1974)), complete 

Freund’s adjuvant (CFA; Sigma, Dorset, UK) and Mycobacterium tuberculosis H37Ra 

(5.5mg/ml; Difco Laboratories, Surrey, UK). Sham-immunised rats received 

subcutaneous Freund’s complete adjuvant containing Mycobacterium tuberculosis alone. 

Typically, disease onset was between days 9 and 11 post immunisation with peak disease 

occurring at around day 13 and animals recovering by day 16. The experiments were 

terminated on day 18 and tissues removed for histological investigation. Neurological 

deficits were determined daily according to the scale in 2.9.4.
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2.9.3 Adoptive transfer experimental autoimmune encephalomyelitis in Lewis rats

Lewis rats were immunised as in section 2.9.2. Ten days after immunisation, rats were 

culled and spleens removed. The spleens were place into chilled Earle’s balanced salt 

solution (BBSS; Gibco Ltd., Paisley, UK) and placed on ice. The spleens were then 

washed twice in BBSS and homogenised through a stainless steel gauze with the plunger 

of a 5 ml syringe. The cells were then re-suspended in 50 ml BBSS and centrifuged at 

1500 g for 10 min at 4 °C. After centrifugation the supernatant was removed and the 

pellet re-suspended in a further 20 ml BBSS and filtered through two nylon mesh (132 

pm and 80 pm) placed one on another. Splenic lymphocytes were cultured at 2 x 1 oVml 

in RPMI 1640 medium supplemented with 10 % heat inactivated foetal calf serum (First 

Link UK Ltd), 2 mM glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin (Gibco 

Ltd., Paisley, UK), 2 pM 2-mercaptoethanol, 1 mg/ml indomethacin (Sigma, Poole, UK) 

with purified guinea pig MBP at 1 pg/ml for 72 hrs at 37 °C in an atmosphere of 5 % 

CO2 /9 5  % O2 . Harvested lymphocytes were finally washed three times in 

unsupplemented RPMI 1640 and 4 x 10  ̂ cells were injected intraperitoneally (i.p.) to 

naïve Lewis rats. Following transfer, disease onset occurs on day 4, the peak of disease 

is reached by day 6 and animals recover by day 8. The experiments were terminated on 

day 10 and tissues collected for evaluation of pathology. Neurological deficits were 

determined daily according to the scale in 2.9.4.

2.9.4 Neurological assessment

Monitoring of neurological deficits during the course of BAB was performed daily prior

to administration of vehicle or drugs to ensure that the motor side effects of therapy with

AMPA antagonists, such as sedation or reduction of muscle tone, did not interfere with
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disability scores. The following scoring system was used to grade neurological 

impairment: (0) no detectable changes in muscle tone and motor behaviour; (1) flaccid 

tail; (2) impairment of righting reflex and/or loss of muscle tone in hindlimbs; (3) 

complete hindlimb paralysis; (4) paraplegia; and (5) death. In addition intermediate 

scores were assigned to animals which demonstrated paralysis lying between points on 

the scale, for example loss of tail tone in just the distal half of the tail scored 0.5. Body 

weight was monitored daily by means of a Sartorius model U 6100 electronic balance 

(Sartorius Ltd., Surrey, UK).

2.9.5 Induction of chronic relapsing experimental autoimmune encephalomyelitis

Biozzi mice (20-22 g) were culled by cervical dislocation. Spinal cords were removed by 

insulflation, homogenised using a Polytron PT3000 (Kinematica AG, Phillips Harris 

Scientific, London, UK) and fireeze dried (Virtis freeze drier; Biopharma Process Systems 

Ltd, Winchester, UK). To prepare the inoculum, lyophilised spinal cord homogenate was 

reconstituted in phosphate buffered saline to a final concentration of 6.6 mg/ml. 

Incomplete Freund’s adjuvant (IFA; Difco Laboratories, Surrey, UK) was supplemented 

with M. tuberculosis (H37Ra; Difco Laboratories, Surrey, UK) and M. butyricum (8:1; 

Difco Laboratories, Surrey, UK). Naïve Biozzi mice were lightly anaesthetised with 2 % 

halothane in 70 % nitrous oxide/30 % oxygen and immunised subcutaneously (s.c.) on 

day 0 and day 7 in the flank at three sites with 0.3 ml of the emulsion (1 mg spinal cord 

homogenate, 60 pg of combined Mycobacterium tuberculosis and Mycobacterium 

butyricum). In addition, mice were injected (i.p.) with 200 ng of pertussis toxin 

{Bordetella pertussis, Calbiochem; 2 pg/ml in phosphate buffered saline) immediately 

and 24 hours after immunisation with neuroantigens. Monitoring of neurological deficits
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was performed daily before administration of vehicle or drugs. The following scoring 

system was used to grade neurological impairment: (0) no detectable changes; (1) flaccid 

tail; (2) impairment of righting reflex and/or loss of muscle tone; (3) complete hindlimb 

paralysis; (4) paraplegia; and (5) death. In addition intermediate scores were assigned to 

animals which demonstrated paralysis lying between points on the scale, for example loss 

of tail tone in just the distal half of the tail scored 0.5. During the observation period 

mice were housed individually under environmentally controlled conditions (6:00 a.m. to 

6:00 p.m.; 12-hr light/dark cycle; 24-25 °C) and permitted free access to food and water. 

The evaluation of clinical deficits continued up to day 48 when the animals were culled 

and tissue collected for investigation.

2.9.6 Compounds and dosing regimens

Six different AMPA antagonists were used in these studies. NBQX (2,3-dihydroxy-6- 

nitro-7-sulfamoylbenzo(f)quinoxaline; gift from Chrissanthy Ikonomidou, Berlin, 

Germany) and MPQX ([ 1,2,3,4-tetrahydro-7-morpholinyl-2,3-dioxo-6-

(trifluoromethyl)quinoxalin-1 -yljmethylphosphonate) are both competitive antagonists, 

whilst GYKI52466 (1 -(4-aminophenyl)-4-methyl-7,8-methylene-dioxy-5H-2,3-

benzodiazepine; Sigma, Dorset, UK), GYKI53773 ((-) 1 -(4-aminophenyl)-4-methyl-7,8- 

methylene-dioxy-4,5-dihydro-3-methylcarbamoyl-2,3-benzodiazepine), BIIR561 (5-(2- 

[N,N-dimethylamino]oxy-phenyl)-3-phenyl-1,2,4-oxadiazol), and CP465022 (3-(2-

chlorophenyl)-2-[2-[6-[(diethylamino)methyl]-2-pyridinyl]ethenyl]-6-fluoro-4(3H)- 

quinazolinone) are all non-competitive antagonists (all AMPA receptor antagonists were 

a gift fi*om Eisai Co., Japan, unless otherwise stated). In addition to the six antagonists 

investigated, aniracetam (Tocris Cookson Ltd., Avon, UK) was used in order to assess
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the effects of potentiation of AMPA receptor activation. Aniracetam potentiates AMPA 

receptor activation by reducing receptor desensitisation.

NBQX, MPQX, GYKI52466, GYKI53773, BIIR561, CP465022 and vehicle were 

administered in a volume of 0.5 ml/100 g of body weight i.p.. The vehicles for drug 

administration were different for each AMPA antagonist. NBQX was dissolved in 10 M 

NaOH, made up to the correct volume with water. The pH was then titrated back to 7.0 

with dropwise additions of concentrated HCl (12 M). MPQX is highly soluble in water, 

but the pH did need correcting with NaOH. The other compounds GYKI52466, 

GYKI53773, BIIR561, CP465022 and aniracetam were all prepared as a suspension in 5 

% Cremophor in PBS. Doses were selected to ensure optimal plasma concentrations for 

the duration of disease (personal communication. Prof. Lechoslaw Turski, Solvay 

Pharmaceuticals, Weesp, Netherlands).

2.9.6.1 Actively-induced acute experimental autoimmune encephalomyelitis

In the active-induction experimental autoimmune encephalomyelitis model, NBQX at 3, 

10 and 30 mg/kg i.p. and MPQX at 2.5, 5 andlO mg/kg i.p. were given twice daily for 7 

days starting 10 days post immunisation (dpi). GYKI52466, GYKI53773, BIIR561 and 

aniracetam were given using the same treatment protocol, but only a single dose of 30 

mg/kg i.p. twice daily was tested. CP465022 was examined at a single dose of 10 mg/kg 

i.p. twice daily. These doses were selected to assure that relevant concentrations were 

achieved in the brain for AMPA/kainate receptors antagonism (Sheardown et aU, 1990; 

Turski et al., 1998; Tamawa and Vizi, 1998).
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2.9.6.2 Adoptive transfer acute experimental autoimmune encephalomyelitis

NBQX alone was used in the adoptive transfer acute experimental autoimmune 

encephalomyelitis. The compound was prepared as in 2.9.6 and rats were given either 

NBQX at 30 mg/kg i.p. or vehicle twice daily starting on day 4 post transfer. Rats were 

dosed for seven days.

2.9.6.3 Chronic experimental autoimmune encephalomyelitis in Biozzi mice

Chronic NBQX treatment is associated with nephrotoxicity, due to compound 

precipitation in renal tubules. In order to avoid problems in this chronic model, two 

different dosing schedules were chosen to cover the different phases of disease. The first 

schedule was designed to investigate the disease modifying potential of NBQX on the 

acute phase of disease and subsequent disease progression. NBQX was prepared in the 

same vehicle as described in 2.9.6 and mice received either vehicle or NBQX, 

administered at a dose of 30 mg/kg i.p., twice daily from days 10-16 post immunisation. 

The second regimen evaluated the efficacy of AMPA antagonists on the chronic phase of 

disease. In order to avoid nephrotoxicity and allow for a longer period of therapeutic 

coverage in the chronic phase, NBQX or vehicle were given once daily between days 26 

and 42 post immunisation. NBQX was administered at a dose of 30 mg/kg i.p..

2.9.7 Quantification of neuroinflammation

Rats were culled at the peak of disease (day 12 or 13) by concussion and cervical

dislocation. The brainstems were then removed and immediately frozen on dry ice.

Frozen sections of rat brainstem (A? -7.0 to -15.0; V -8.60) (Paxinos and Watson, 1998),
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lOfim thick, were cut on a Bright cryostat and fixed in 100 % ethanol. Sections were 

then stained with hematoxylin for 4 min and washed for 10 min in running water before 

mounting under DPX. All sections were assessed by light microscopy for the presence of 

perivascular cuffs. The following scoring system was used to grade histopathological 

changes induced by inflammation: (0) no detectable changes; (1) perivascular 

inflammation of up to three cell layers; (2) perivascular inflammation of more than three 

cell layers; and (3) parenchymal cell infiltrates. The histopathological score was 

calculated by adding all scores for lesions detected in a given section and the mean of 2 

sections was taken for statistical analysis.

2.9.8 Evaluation of immunosuppression in a T-cell proliferation assay in vitro

Splenic lymphocytes from Lewis rats were prepared as in 2.9.3 and after the final wash, 

incubated in RPMI 1640 modified medium at a concentration of 1 x 10^/ml with 

concanavalin A (1 pg/ml; Sigma, Dorset, UK) and increasing concentrations of AMPA 

antagonists or dexamethasone. Ninety six hours after the addition of the stimulating 

mitogen, 1 pCi of ^H-thymidine (Amersham International pic, Buckinghamshire, UK) 

was added for a ftirther 6 hrs, then the cells were harvested (Semat International Ltd., 

Hertfordshire, UK) onto filter mats (Camo, Suffolk, UK), air dried, 2.5 ml of scintillant 

added (Beckman Instruments UK Ltd., Buckinghamshire, UK) and incorporated 

radioactivity determined (Beckman™ LS6000IC scintillation counter). NBQX, MPQX, 

GYKI52466, GYKI53773, CP465022 and BHR561 were tested at concentrations of 0.01, 

1,10 and 100 pM, while dexamethasone, used here as a positive control, was tested in 

concentrations of 0.001, 0.01, 0.1 and 1 pM. Lymphoproliferation in response to the 

lectins, phytohaemagglutinin or concanavalin A, requires the engagement of the T-
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lymphocyte receptor and the synthesis of the T-lymphocyte growth factor interleukin-2. 

Agents that inhibit lymphoproliferation such as dexamethasone exhibit 

immunosuppresive action.

2.9.9 Quantification of neuronal density in the spinal cord

To provide an estimate for possible neuronal loss in the spinal cord at the time of peak 

disease symptoms (13-16 d.p.i.), numerical densities (Ny) of neurons in the ventral and 

dorsal horns, and in the intermediate zone of the lumbar cord were determined using the 

stereologic disector method (Cruz-Orive and Weibel, 1990; Ikonomidou et al., 1999). An 

unbiased counting frame (0.1 mm x 0.1 mm; disector height 0.015 mm) and a high- 

aperture objective (xlOO) were used for the sampling (Ikonomidou et al., 1999) to 

evaluate neuronal density in toluidine blue sections (preparation of toluidine blue 

sections described in 2.9.11). Normal neurons were identified by the presence of the 

typical nuclei with clear nucleoplasm and distinct nucleolus surrounded by cytoplasm. 

An arbitrary horizontal line connecting the lateral ends of the spinal cord and crossing the 

ventral edge of the central commissure was considered a junction between intermediate 

zone and ventral horns (Fig. 2.9.9). An arbitrary parallel horizontal line crossing the 

dorsal edge of the central commissure was considered a junction between intermediate 

zone and dorsal horns (Fig. 2.9.9).
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Figure 2.9.9 Schematic o f lumbar spinal cord depicting the 

areas defined as ventral, intermediate and dorsal for neuronal 

density estimations. Reproduced from Paxinos and Watson, 

1998.

The gray matter of the ventral horns contains motor neurons controlling function of the 

limbs and trunk, and intemeurons. The intermediate zone contains sensory neurons 

projecting towards the cerebellum, preganglionic autonomic neurons and intemeurons. 

The dorsal horns contain sensory projection neurons connecting supraspinal centres.

2.9.10 Light microscopy

Rats were deeply anaesthetised with sodium pentobarbitone (100 mg/kg i.p. Sagatal™; 

Rhone Mérieux Ltd., Essex, UK) and perfused through the left ventricle with a fixative 

containing 4 % paraformaldehyde (Sigma, Dorset, UK) and 0.5 % glutaraldehyde (Sigma, 

Dorset, UK) in phosphate buffered saline (Sigma, Dorset, UK). Blocks of lumbar spinal 

cord were then embedded in paraffin and coronal sections of the lumbar spinal cord were 

cut at 10-15 pm thick on a sledge microtome and mounted on gelatin-coated glass slides. 

The sections, once dried, were then de-paraffmised in xylene and rehydrated through 

graded ethanols before staining with Harris’s hematoxylin (Sigma, Dorset, UK) for 2 

min, rinsing in tap water, differentiating in 70 % ethanol containing 1 % HCl, washing in 

tap water again for 5 min and counterstaining with eosin (Sigma, Dorset, UK) for up to 1 

min. Finally sections were dehydrated through graded ethanols, cleared in Histo-Clear™
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(Agar Scientific, Essex, UK) and coverslips mounted with DPX mounting medium 

(Fisons Scientific Equipment, Loughborough, UK).

2.9.11 Electron microscopy

Rats were anaesthetised and perfused as above (2.9.10). For electron microscopy the 

tissue was sectioned through the lumbar spinal cord into 200 pm blocks using an Oxford 

vibratome (Agar Scientific, Essex, UK) and collected in 0.1 M sodium phosphate buffer 

(pH 7.4). Sections were then osmicated for 40 min in 1 % osmium tetroxide (Agar 

Scientific, Essex, UK) in 0.1 M phosphate buffer, washed in the phosphate buffer for 5 

min, before changing to two washes of 10 min each in 0.1 M sodium acetate followed by 

staining for 15 min in 2 % uranyl acetate in 0.1 M sodium acetate (Agar Scientific, 

Essex, UK) at 4°C. The sections were then washed again in 0.1 M sodium acetate and 

switched to distilled water. Next, the sections were dehydrated in graded ethanol, cleared 

in four changes of propylene oxide at 10 min each and changed for 50 % propylene 

oxide/50 % araldite resin for 45 min. The araldite resin is composed of 10 g dodecenyl 

succinic anhydrite (DDSA), 10 g Araldite (CY212) and 0.8 g plasticizer (dibutyl 

pathalate) which are heated and mixed. When mixed, 0.4 ml benzyldimethylamine 

(BDMA) is stirred into the resin (all resin reagents are available fi-om Agar Scientific, 

Essex, UK). The blocks were then soaked in fresh araldite for 24 hours on a rotator and 

finally embedded in araldite resin between Melinex^^ (Dupont Teijin Films, Cleveland, 

UK) sheets and baked at 60 °C overnight. Semithin (1 pm) coronal sections were cut 

with adjacent thin (80 nm) sections using a glass knife on a Reichert Ultracut E 

ultramicrotome (Leica UK Ltd., Bucks, UK). Semithin sections were stained with 

toluidine blue (Agar Scientific, Essex, UK) for 40 sec and rinsed with distilled water for
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light microscopy, whilst thin sections were mounted on 200 pm electron microscope 

copper grids (Agar Scientific, Essex, UK), counterstained with lead citrate (Agar 

Scientific, Essex, UK) and examined in a JEOL 1010 transmission electron microscope.

2.9.12 Immunohistochemistry

Rats were culled at the peak of disease by concussion and cervical dislocation and the 

spinal cords removed by insulflation and rapidly frozen on dry ice. Coronal sections 

were cut through the lumbar spinal cord at 15 pm on a Bright cryostat (Bright Instrument 

Company Ltd., Cambridgeshire, UK) and thaw mounted on gelatin-coated slides. The 

sections were air dried and stored at -20 °C until staining. The following mouse 

monoclonal antibodies were used to examine resident and infiltrating cells in the spinal 

cord: 0X34 (1:500, Serotec, Oxford, UK) specific for CD2 on T-lymphocytes; 0X33 

(1:100, Serotec, Oxford, UK) specific for CD45RA on B-lymphocytes; Clone 10/78 

(1:100, Serotec, Oxford, UK) specific for CD161 on NK-lymphocytes (1:100, Serotec, 

Oxford, UK); EDI (1:500, Serotec, Oxford, UK) which recognises a lysosomal 

membrane-related antigen on rat macrophages/microglia; OX-42 (1:3000, Serotec, 

Oxford, UK) which binds the complement receptor 3 on microglia/macrophages; and 

5.2E4 (1:1000, Institute of Neurology, London, UK) for GFAP staining of astrocytes. 

For staining, spinal cord sections were fixed in ethanol for 1 min at room temperature, 

washed for 5 min in two changes of phosphate-buffered saline (PBS) and incubated in 

2.5 % normal serum for 30 min at room temperature. Sections were incubated with the 

primary antibody for 1 hour, and washed twice in PBS before adding a biotinylated rat- 

absorbed anti-mouse IgG (1:200, Vector, Peterborough, UK). The sections were washed 

again in PBS and peroxidase labelled avidin-biotin complex (ABC, Vector,
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Peterborough, UK) added to the sections for 45 min. Peroxidase activity was detected in 

3,3’-diaminobenzidine (Sigma, Dorset, UK) solution in phosphate buffered saline 

containing 0.01 % hydrogen peroxide (Sigma, Dorset, UK). Rinsed sections were 

counterstained in Harris’s hematoxylin (Sigma, Dorset, UK) for 30-60 sec, washed in 

running water, dehydrated in graded alcohols, cleared in Histo-Clear™ (Agar Scientific, 

Essex, UK) and mounted on glass slides under DPX mounting medium (Fisons Scientific 

Equipment, Loughborough, UK). Sections with no primary antibody were included into 

each staining run as controls.

2.9.13 Statistics

Data for peak disease and cumulative disease scores in all three in vivo models were 

analysed by Mann-Whitney U-test. Onset, duration and percent weight loss analysed by 

Student’s t-test. The data for the adoptive transfer model were analysed by x test and the 

efficacy of NBQX in the Biozzi model was analysed by repeated measures analysis of 

variance (ANOVA) as was the dose dependency of NBQX and MPQX in acute EAE. 

All statistics were performed using Statview statistical software (Abacus concepts Inc., 

Berkeley, California).
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2.10 Results

2.10.1 The effects of AMPA modulation on the progression of experimental autoimmune 
encephalomyelitis in the Lewis rat

In MBP-immunised Lewis rats, encephalitogenic MBP-specific T-cells are generated in 

the periphery during the pre-clinical phase, approximately 0-8 d.p.i.. Subsequently, these 

T-cells migrate to the brain and spinal cord and initiate the cascade of CNS inflammation 

(Flugel et a l, 1999, 2000). The clinical symptoms in vehicle treated animals typically 

start to develop between 9 and 12 days post immunisation (d.p.i.) and reach a peak 

disease of about score 3.0 (complete hindlimb paralysis) around day 12 or 13 d.p.i.. By 

day 16 d.p.i. the animals have fully recovered from disease and the experiments are 

terminated on day 18 d.p.i.. Fig. 2.10.1.1b shows the typical disease profile of onset and 

recovery seen with this model. Weight loss precedes the onset of disease. Control 

animals begin to lose weight from around day 9 d.p.i. and there is typically a 15-20 % 

weight loss over the course of disease compared with the pre-disease peak (the maximum 

weight prior to disease onset was used for the determination of percent weight change). 

The profile of weight loss is shown in Fig. 2.10.1.1c.

2.10.1.1 NBQX in acute Lewis rat experimental autoimmune encephalomyelitis

Disease onset occurred in 100 % of vehicle, 3 and 10 mg/kg NBQX treated animals and

in 21/30 of 30 mg/kg NBQX animals (Table 2.10.1.1). 3 and 10 mg/kg NBQX did not

effect any of the disease parameters investigated (Table 2.10.1.1 and Fig. 2.10.1.1), but

twice daily treatment with NBQX (30 mg/kg i.p.) significantly reduced duration of

disease, peak disease score, cumulative score and weight loss (Table 2.10.1.1 and Fig.
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2.10.1.1). These changes represent a significant improvement in motor function with 

NBQX treatment. A mean score of 3.2, as seen in the vehicle treated group, represents 

complete hindlimb and tail paralysis with additional weakness of the forelimbs, whereas 

the NBQX treated group scored a mean of 1.8. These animals on average would only 

have exhibited tail paralysis and a slightly unsteady gait. These data also show the steep 

dose response curve typically seen with AMPA antagonists (Ikonomidou and Turski, 

1997; Turski et al., 1998).

Treatment Incidence
(%)

“Onset
/d.p.i.

Duration
/days

Peak Disease 
Score

^Cumulative 
Disease Score

"Weight 
Loss /%

Vehicle 40/40(100) 11.1 (9-14) 4,6 (3-6) 3,1 (1,0-4,0) 11.1 (5.25-18.5) 21(11-25)

NBQX (3) 10/10(100) 11.1 (9-12) 4,2 (2-5) 3,2 (0.5-5.0) 11,0 (0,75-12.75) 20(10-25)

NBQX (10) 10/10(100) 11.0(10-11) 4,2 (1-6) 3,2 (0,5-5.0) 11.5 (0.5-18,25) 22 (6-27)

NBQX (30) 21/30(70) 11.0(10-12) 3 ,1 (0 -6)tt 1.8 (0-3 ,5)tt 5,9 (0 -14 ,75)# 1 7 (5 -2 5 )#

Table 2.10.1.1 Parameters of disease activity during experimental autoimmune encephalomyelitis in Lewis 

rats. ttp<0-001 vs. vehicle by Mann-Whitney U-test or Student’s t-test for non-parametric and parametric 

data, respectively, a; n=21 for NBQX, b; calculated by summation o f individual daily disease scores, c; 

weight on cessation o f the experiment as a percentage o f the maximum weight before disease onset. Values 

represent mean and range.
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Figure 2.10.1.1 The effect o f NBQX on motor disability induced by experimental autoimmime 

encephalomyelitis in Lewis rats. NBQX (O ) or vehicle ( • )  were administered twice daily i.p. for 7 days 

starting on day 10 (hatched bar in b and c). a shows the dose response relationship synchronised to days 

post disease onset with Vehicle (n=40) or NBQX at 3 mg/kg (dashed line; n=10) and 30 mg/kg (solid line; 

n=16). b shows data for NBQX at 30 mg/kg (O) and vehicle ( • )  as days post immunisation, c gives the 

change in weight following immunisation for the data shown in b. Data represent mean ± s.e.m..
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2.10.1.2 MPQX in acute Lewis rat experimental autoimmune encephalomyelitis

MPQX caused a dose-dependent reduction in disease disability compared with vehicle 

treated animals (F(3, 42)=13.40, p<0.001 by ANOVA). Only 63 % of high dose MPQX 

animals showed signs of disease compared with 100 % of vehicle animals (Table

2.10.1.2). 2.5 mg/kg MPQX had no effect on any of the disease parameters in this study 

and although 5 mg/kg MPQX appears to reduce disease (Fig. 2.10.1.2), this did not quite 

reach statistical significance (Table 2.10.1.2 and Fig. 2.10.1.2). However, twice daily 

treatment with MPQX at 10 mg/kg i.p. did significantly delay disease onset and reduce 

duration of disease, peak disease score and cumulative score (Table 2.10.1.2 and Fig.

2.10.1.2). The degree of protection was such that the highest dose animals only scored a 

mean of 1.2 (floppy tail) compared to complete hindlimb paralysis with partial forelimb 

involvement (mean score 3.2) in vehicle animals.
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Figure 2.10.1.2 Dose-dependent effect o f MPQX on motor disability induced by experimental 

autoimmune encephalomyelitis in Lewis rats. MPQX (O ) at 2.5 mg/kg (dotted line; n=10), 5 mg/kg 

(dashed line; n=10) and 10 mg/kg (solid line; n=16). or vehicle ( • ;  n=26) were administered twice daily 

i.p. for 7 days starting on day 10. Data represent mean ± s.e.m..
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Treatment Incidence “Onset 
(%) /d.p.i.

Duration
/days

Peak Disease 
Score

'’Cumulative 
Disease Score

‘’Weight 
Loss /%

Vehicle 26/26(100) 11.2(10-13) 4.8 (4-6) 3.2 (2.5-5.0) 11.0 (8.0-13.75) 21 (15-28)

MPQX (2.5) 10/10(100) 10.8(9-14) 5.2 (3-6) 3.0 (0.5-3.75) 11.6(1.25-19.75) 22 (14-30)

MPQX (5) 10/10(100) 11.2(10-13) 4.7 (3-6) 2.3 (0.5-3.75) 8.4(1.5-16.5) 20 (8-27)

MPQX (10) 10/16(63) 11.7(10-14)* 1.7 (0-5)tt 1.2 (0-3.0)tt 3.2 (0-11.5)tt 22 (12-30)

Table 2.10.1.2 Parameters o f disease activity during experimental autoimmune encephalomyelitis in Lewis 

rats. *p<0.05 and ttp<0-001 vs. vehicle by Mann-Whitney U-test or Student’s t-test for non-parametric 

and parametric data, respectively, a; n=10 for MPQX (lOmg/kg). b; calculated by summation o f individual 

daily disease scores, c; weight on cessation of the experiment as a percentage o f the maximum weight 

before disease onset. Values represent mean and range.

2.10.1.3 GYKI52466 in acute Lewis rat experimental autoimmune encephalomyelitis

Following immunisation with MBP, disease onset occurred in 14/15 vehicle and 15/16 

GYKI52466 treated animals (Table 2.10.1.3). Twice daily treatment with GYKI52466 

(30 mg/kg i.p.) did not delay onset or effect the duration of disease, but there was a 

significant reduction in both peak disease score and cumulative disease score (Fig.

2.10.1.3 and Table 2.10.1.3).
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Figure 2.10.1.3 The effect o f GYK152466 on motor disability induced by experimental autoimmune 

encephalomyelitis in Lewis rats. Vehicle ( • ;  n=15) or GYKI52466 (O; n=16; 30 mg/kg) were 

administered twice daily by i.p. administration for 7 days starting on day 10. Data represent mean ± s.e.m..
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Treatment Incidence “Onset Duration Peak ‘’Cumulative ‘’Weight Loss
(%) /d.p.i. /days Disease

Score
Disease Score /%

Vehicle 14/15 (93) 11.4(10-16) 4.3 (0-6) 2.8 (0-3.5) 10.9 (0-14.75) 20 (7-26)

GYKI52466 15/16 (94) 11.6 (10-13) 4.0 (0-6) 2.4 (0-3.0)t 8.0 (0-13.75)t 20 (8-26)

Table 2.10.1.3 Parameters of disease activity during experimental autoimmune encephalomyelitis in Lewis 

rats. fp<0.01 vs. vehicle by Mann-Whitney U-test. a; n=14 for vehicle and n=15 for GYKI52466. b; 

calculated by summation o f individual daily disease scores, c; weight on cessation o f the experiment as a 

percentage o f the maximum weight before disease onset. Values represent mean and range.

2.10.1.4 GYKI53773 in acute Lewis rat experimental autoimmune encephalomyelitis

GYKI53773 was highly effective at suppressing disease in experimental autoimmune 

encephalomyelitis animals. Only 6/10 GYKI53773 treated animals developed disease 

following immunisation with MBP compared with 8/9 vehicle animals (Table 2.10.1.4) 

and although twice daily treatment with GYKI53773 (30 mg/kg i.p.) did not delay onset, 

there was a significant reduction in the duration of disease, peak disease score and 

cumulative disease score (Fig. 2.10.1.4 and Table 2.10.1.4). The mean peak score in 

drug treated animals was only 0.9, a score which corresponds to moderate impairment of 

tail function.
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Figure 2.10.1.4 The effect o f GYK153773 on motor disability induced by experimental autoimmune 

encephalomyelitis in Lewis rats. Vehicle ( • ;  n=9) or GYKI53773 (O; n=10; 30 mg/kg) were administered 

twice daily by i.p. administration for 7 days starting on day 10. Data represent mean ± s.e.m..
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Treatment Incidence “Onset Duration Peak Disease '’Cumulative ‘̂ Weight Loss
(%) /d.p.i. /days Score Disease Score /%

Vehicle 8/9 (89) 11.9(10-16) 3.8 (0-5) 2.6 (0-3.5) 9.5 (0-14.75) 19 (7-26)

GYKI53773 6/10(60) 12.7(11-14) 1.9 (0-5)* 0.9 (0-2.25)t 2.1 (0-6.0)t 16(11-20)

Table 2.10.1.4 Parameters of disease activity during experimental autoimmune encephalomyelitis in Lewis 

rats. *p<0.05 and fp<0.01 vs. vehicle by Mann-Whitney U-test or Student’s t-test for non-parametric and 

parametric data, respectively, a; n=8 for vehicle and n=6 for GYKI53773. b; calculated by summation of 

individual daily disease scores, c; weight on cessation o f the experiment as a percentage o f the maximum 

weight before disease onset. Values represent mean and range.

2.10.1.5 BIIR561 in acute Lewis rat experimental autoimmune encephalomyelitis

The effects of BIIR 561 were less pronounced than for the other antagonists studied, 

although the protection did reach statistical significance for duration of disease, peak 

score, cumulative score and weight loss (Fig. 2.10.1.5 and Table 2.10.1.5).
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Figure 2.10.1.5 The effect o f BIIR561 on motor disability induced by experimental autoimmune 

encephalomyelitis in Lewis rats. Vehicle ( • ;  n=15) or BIIR561 (O; n=16; 30 mg/kg) were administered 

twice daily by i.p. administration for 7 days starting on day 10. Data represent mean ± s.e.m..
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Treatment Incidence *Onset Duration Peak Disease ^Cumulative "Weight
(%) /d.p.i. /days Score Disease Score Loss /%

Vehicle 14/15 (93) 11.4(10-16) 4.3 (0-6) 3.5 (0-3.5) 10.9 (0-14.75) 20 (7-26)

BIIR561 16/16(100) 12.4(11-19) 3 .9 ( l-5 ) t t 2.6 (0.5-3.25)* 7.8(0.5-11.5)1" 17 (5-23)*

Table 2.10.1.5 Parameters o f disease activity during experimental autoimmune encephalomyelitis in Lewis 

rats. *p<0.05 tp<0.01 and ttp<0.001 vs. vehicle by Mann-Whitney U-test or Student’s t-test for non- 

parametric and parametric data, respectively, a; n=15 for vehicle, n=16 for BIIR561. b; calculated by 

summation o f individual daily disease scores, c; weight on cessation o f the experiment as a percentage of 

the maximum weight before disease onset. Values represent mean and range.

2.10.1.6 CP465022 in acute Lewis rat experimental autoimmune encephalomyelitis

Twice daily treatment with CP465022 at 10 mg/kg i.p. resulted in a significant reduction 

in duration of disease, peak score and cumulative disease score (Fig. 2.10.1.6 and Table

2.10.1.6). This protection was particularly impressive given that the disease was more 

severe in this experiment than usual and the dose was lower than for the other 

compounds investigated. Vehicle animals averaged a peak disease score of 3.5 (complete 

hindlimb paralysis and partial forelimb paralysis). The CP465022 treated animals 

displayed average symptoms of tail paralysis and an unsteady gait only (score 2.0).
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Figure 2.10.1.6 The effect o f CP465022 on motor disability induced by experimental autoimmune 

encephalomyelitis in Lewis rats. Vehicle ( • ;  n=9) or CP465022 (O; n=9; 10 mg/kg) were administered 

twice daily by i.p. administration for 7 days starting on day 10. Data represent mean ± s.e.m..
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Treatment Incidence “Onset Duration Peak Disease "’Cumulative ‘̂ Weight
(%) /d.p.i. /days Score Disease Score Loss /%

Vehicle 9/9(100) 10.6(10-16) 5.1 (4-6) 3.5 (3.0-3.5) 12.8(11.75-14.75) 23 (18-26)

CP465022 8/9 (89) 1 3 .4 (ll-1 7 )t 3.4 (0-5)* 2.0 (0-3.0)t 7.2 (0-13.5)t 20(10-28)

Table 2.10.1.6 Parameters o f disease activity during experimental autoimmune encephalomyelitis in Lewis 

rats. *p<0.05 and tp<0.01 vs. vehicle by Mann-Whitney U-test or Student’s t-test for non-parametric and 

parametric data, respectively, a; n=9 for CP465022. b; calculated by summation o f individual daily 

disease scores, c; weight on cessation o f the experiment as a percentage o f the maximum weight before 

disease onset. Values represent mean and range.

2.10.1.7 Aniracetam in acute Lewis rat experimental autoimmune encephalomyelitis

Aniracetam prevents AMPA receptor desensitisation and, therefore, prolongs receptor 

activation. Thus, this compound was used to investigate the effect of potentiation of 

AMPA receptor function in the context of experimental autoimmune encephalomyelitis. 

There were no differences in the peak or cumulative disease scores following aniracetam 

treatment, relative to vehicle animals, although the severity of disease was near maximal 

in this study and further exacerbation would probably have resulted in mortality. 

However, the onset of disease was significantly earlier than in the vehicle group (Table

2.10.1.7) and the duration of disease was extended, but just failed to reach significance 

(p=0.053; Fig. 2.10.1.7).
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Table 2.10.1.7 Parameters o f disease activity during experimental autoimmune encephalomyelitis in Lewis 

rats. *p<0.05 vs. vehicle by Student’s t-test. a; n=9 for aniracetam. b; calculated by summation of 

individual daily disease scores, c; weight on cessation of the experiment as a percentage o f the maximum 

weight before disease onset. Values represent mean and range.

Treatment Incidence
(%)

“Onset
/d.p.i.

Duration
/days

Peak
Disease
Score

'’Cumulative 
Disease Score

'Weight Loss 
/%

Vehicle 10/10(100) 11.7(11-13) 3.9 (3-5) 2.9(1.0-3.5) 8.5 (3.25-12.25) 17(13-22)

Aniracetam 9/10 (90) 11.0(10-12)* 4.7 (0-7) 3.0 (0-3.5) 11.2 (0-16.25) 16(5-21)
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Figure 2.10.1.7 The effect o f aniracetam on motor disability induced by experimental autoimmune 

encephalomyelitis in Lewis rats. Vehicle ( • ;  n=10) or aniracetam (O; n=10; 30 mg/kg) were administered 

twice daily by i.p. administration for 7 days starting on day 10. Data represent mean ± s.e.m..

2.10.1.8 NBQX in Lewis rat adoptive transfer experimental autoimmune 
encephalomyelitis

The disease profile in the adoptive transfer model is much more synchronous than in the

active model of experimental autoimmune encephalomyelitis. Disease onset usually

occurs on day 4 post transfer of MBP-sensitised T-cells, with peak disease two days later.

The disease is not as severe as the active model, peak disease normally lying between

score 2.0 and 3.0. The animals fully recover by day 8. In this particular experiment the

disease was very mild. Seven of eight vehicle rats showed symptoms ranging from

flaccid tail to hindlimb weakness compared with only one of eight rats, receiving NBQX
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30 mg/kg i.p. twice daily, which only showed mild changes in tail tone (Fig. 2.10.1.8). 

None of the NBQX-treated animals exhibited any motor disability. The disease 

incidence was significantly lower in the NBQX group compared with vehicle by % test 

(p<0.05). Since only one NBQX animal developed disease onset and duration could not 

be statistically analysed. However, NBQX significantly reduced peak and cumulative 

disease score compared with vehicle rats (Table 2.10.1.8).
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Figure 2.10.1.8 The effect o f NBQX on motor disability induced by adoptive transfer experimental 

autoimmune encephalomyelitis in Lewis rats. Vehicle ( • ;  n=8) or NBQX (O; n=8; 30 mg/kg) were 

administered twice daily by i.p. administration for 7 days starting on day 4 post transfer. Data represent 

mean ± s.e.m..

Treatment Incidence “Onset Duration Peak Disease ^Cumulative
(%) /d.p.i. /days Score Disease Score

Vehicle 7/8 (88) 5.9 (0-6) 2.7 (0-4) 1.2 (0-2.0) 2.8 (0-5.0)

NBQX 1/8 (13)* 6.0 (0-6) 0.6 (0-4) 0.1 (0-0.5)tt 0.2 (0 -1 .5 )#

Table 2.10.1.8 Parameters o f disease activity during adoptive transfer experimental autoimmune 

encephalomyelitis in Lewis rats. *p<0.05 vs. vehicle by %̂ -test. ftP^O.OOl vs. vehicle by Mann-Whitney 

U-test. a; n=7 for vehicle and n=l for NBQX. b; calculated by summation o f individual daily disease 

scores. Values represent mean and range.
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2.10.2 AMPA antagonism ameliorates chronic Biozzi mouse experimental autoimmune 
encephalomyelitis

The Biozzi mouse model of experimental autoimmune encephalomyelitis has a relapsing, 

remitting secondary phase of disease with extensive demyelination in the latter stages. In 

these experiments, disease onset occurred at around day 12 post immunisation and the 

acute phase peaked around 16 d.p.i. in control animals. The primary phase resolved 

around 20 d.p.i. and the mice then progressed into a secondary phase of relapsing 

progressive disease. The relapsing progressive stage continued over the next few weeks 

and the experiments were terminated on day 48 d.p.i..

2.10.2.1 Acute phase treatment with NBQX and long term outcome in chronic mouse 
experimental autoimmune encephalomyelitis

Treatment with 30 mg/kg NBQX between 10 and 16 days post immunisation protects 

experimental autoimmune encephalomyelitis animals during the acute phase of disease 

from days 10 to 25 post immunisation (Fig. 2.10.2.1a and Table 2.10.2.1). There was a 

significant reduction in cumulative score over this period, but no change in any of the 

other parameters examined (Table 2.10.2.1). More importantly there was a significant 

protection which extended over the entire course of the experiment. When examining 

neurological outcome over the disease course from 10 to 42 days post immunisation there 

was a significant reduction in disease score in the NBQX group, as determined by 

repeated measures analysis of variance (Fio^g(l,38)=9.21, p<0.001).
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Figure 2.10.2.1 The effect o f NBQX on motor disability induced by experimental autoimmune 

encephalomyelitis in Biozzi mice. In a, NBQX (O; n=10) or vehicle ( • ;  n=10) were administered twice 

daily i.p. for 7 days starting on day 10 post immunisation (hatched bar in a). Panel â shows the data for 

NBQX (O; n=10) at 30 mg/kg and vehicle ( • ;  n=10) with once daily administration i.p. from days 26 to 42 

post immunisation (hatched bar). Data represent mean ± s.e.m..

Treatment Incidence
(%)

“Onset
/d.p.i.

Peak
Disease
Score

**Cumulative 
Disease Score

^Weight Loss 
/%

Vehicle 9/10(90) 14.6(10-17) 2.6 (0-5.0) 18.4 (0-27.30) 26 (14-37)

NBQX 9/10(90) 15.8(15-17) 1.8 (0-3.0) 10.4 (0-20.50)* 32 (20-38)

Table 2.10.2.1 Parameters of disease activity during experimental autoimmune encephalomyelitis in 

Biozzi mice between 10-25 days post immunisation (d.p.i.). Mice were treated twice daily i.p. with 30 

mg/kg NBQX or vehicle from 10-16 d.p.i.. *p<0.05 vs. vehicle by Mann-Whitney U-test. a; n=9 for 

vehicle and NBQX. b; calculated by summation o f individual daily disease scores, c; weight on day 25 of  

the experiment as a percentage o f the maximum weight before disease onset. Data analysed are those 

presented in Fig. 2.10.2.1a. Values represent mean and range.
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2.10.2.2 NBQX treatment during the secondary phase of disease in chronic mouse 
experimental autoimmune encephalomyelitis

When treatment with NBQX at 30 mg/kg was delayed until after the primary phase of 

disease, the disease curves began to separate (Fig. 2.10.2.1b). In this experiment the 

treatment period was extended, so NBQX treatment was limited to once per day to avoid 

the potential renal toxicity described previously. By the end of the experiment, the 

vehicle animals had a mean disease score of 1.66 which corresponds to complete tail 

paralysis and impaired righting reflex. This can be compared with a mean score of 0.82 

in the NBQX group which relates to only a partial tail paralysis. When analysed by 

repeated measures analysis of variance there is a significant reduction in disease score in 

NBQX-treated animals between 26 and 48 days post immunisation (F28-48(l,20)=2.76, 

p<0.05). The effect of NBQX on relapse rate during the chronic phase could not be 

determined as the vehicle group had a more severe progressive disease and entered 

remission infrequently.

2.10.3 AMPA antagonism and perivascular inflammation in Lewis rat experimental 
autoimmune encephalomyelitis

Twice daily administration of NBQX, 30 mg/kg significantly reduced the cumulative 

disease score from 11.06 ± 0.48 with vehicle to 5.9 ± 0.98 in NBQX animals (Table

2.10.1.1). If the effects of the AMPA antagonists were due to an anti-inflammatory 

action, a reduction in the CNS inflammatory pathology might be expected. However, 

analysis of perivascular cuffs in brainstems taken from NBQX and vehicle treated 

animals at the peak of disease showed that NBQX did not cause a significant reduction in 

CNS inflammation (Table 2.10.3). Inflammation was extensive in both vehicle and drug 

treated animals.
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Treatment Number Histopathological Score
Mean ± s.e.m.

Vehicle n=18 166.9 ±23.3

NBQX (30mg/kg) n=17 118.5 ± 15.0

Table 2.10.3 Quantification o f CNS inflammation in experimental autoimmune encephalomyelitis Lewis 

rats. Vehicle vs. NBQX not significant by Mann-Whitney U-test. Data represent mean ± s.e.m..

2.10.4 The effects of AMPA antagonism on in vitro T-cell proliferation

In order to determine whether the therapeutic effect of the AMPA antagonists in 

experimental autoimmune encephalomyelitis could be attributed to peripheral 

immunosuppression, the effect of the antagonists against mitogen-stimulated, in vitro T- 

cell proliferation was examined. The competitive and non-competitive AMPA 

antagonists, over a concentration range of 0.1-100 pM, exhibited differing effects in the 

in vitro stimulation assay. NBQX and MPQX (both competitive antagonists) had no 

effect on lymphoproliferation (Fig. 2.10.4.1), whilst the non-competitive 2,3- 

benzodiazepines, GYKI52466 and GYKJ53773, inhibited proliferation at 100 pM (Fig.

2.10.4.1). BIIR561 and CP465022 were even more potent, causing inhibition at 10 pM 

(Fig. 2.10.4.2). Dexamethasone was used as a control and inhibited lymphoproliferation 

in a dose dependent manner with an I C 5 0  of 0.5 pM (Fig. 2.10.4.2). The inhibition by the 

AMPA antagonists showed a very steep dose response with an “all or nothing effect” 

over a ten fold change in concentration.
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Figure 2.10.4.1 Dose response relationship for AMPA antagonists against mitogen-induced in v itro  T-cell 

proliferation. Cultures containing non-competitive AMPA antagonists, NBQX and MPQX (grey bars) and 

competitive AMPA antagonists, GYKI52466 and GYKI53773 (hatched bars) were compared over a 

concentration range o f 0.1 to 100 pM with untreated control cultures (black bars). + indicates mitogen- 

stimulated and -  indicates unstimulated cultures, x  axis indicates the extent o f proliferation in counts per 

minute (cpm). Open circles represent individual values for each well. n=5 wells per sample. Bars 

represent mean ± s.e.m..
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Figure 2.10.4.2 Dose response relationship for AMPA antagonists against mitogen-induced in v itro  T-cell 

proliferation. Cultures containing the competitive AMPA antagonists, BIIR561 and CP465022 (hatched 

bars; 0.1 to 100 pM) and the corticosteroid dexamethasone (grey bars; 0.001 to 1.0 pM) were compared 

with untreated control cultures (black bars). + indicates mitogen-stimulated and -  indicates unstimulated 

cultures. % axis indicates the extent o f proliferation in counts per minute (cpm). Open circles represent 

individual values for each well. n=5 wells per sample. Bars represent mean ± s.e.m..
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2.10.5 Morphological analysis of lumbar spinal cord from Lewis rats with acute 
experimental autoimmune encephalomyelitis.

Lumbar spinal cord was chosen for histopathological analysis because the a-motor 

neurons in the ventral horn of this region are responsible for primary motor control of the 

back legs, and hindlimb paralysis is the predominant clinical feature of experimental 

autoimmune encephalomyelitis. Analysis of sections from lumbar spinal cord showed 

extensive perivascular lesions throughout the white and gray matter. Whilst the myelin 

sheath appeared to be largely unaltered during the disease course, there were signs of 

ongoing myelin breakdown. A small number of activated macrophages seen in the white 

matter, were found to contain spirals of myelin debris (Fig. 2.10.5.1), suggesting that, 

although not extensive, there is an element of demyelination in this model.

Figure 2.10.5.1 Electron micrograph of myelin debris contained within a macrophage. Section taken from 

the ventral horn of the lumbar spinal cord in a Lewis rat with experimental autoimmune encephalomyelitis 

at the peak of disease. Magnification: x8000.
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Since AMPA antagonists have been shown to protect against experimental autoimmune 

encephalomyelitis in the absence of any effect on the inflammatory response, the motor 

neurons of the ventral horn were studied for any unusual pathology. A number of 

neurons during the early stages of disease displayed satellitosis of oligodendrocytes, a 

protective reaction in response to neuronal stress (Fig. 2.10.5.2; Ludwin, 1979; 1984).

%

Figure 2.10.5.2 Electron micrograph of perineuronal satellitosis o f oligodendrocytes in the ventral horn of 

a Lewis rat spinal cord. Taken from a peak score animal with experimental autoimmune 

encephalomyelitis. Magnification; x2500.

However, the most striking observation was the apparent involvement of inflammatory 

cells in motor neuron degeneration in the ventral horns (Fig. 2.10.5.3). By analysing 

several hundred fields from experimental autoimmune encephalomyelitis animals at 

different stages of disease, the following composite was prepared to demonstrate the 

series of events observed at the peak of disease. Lymphocytes initially approached motor
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neurons in the ventral horn, attached to their membranes (Fig. 2.10.5.3a) and were 

subsequently internalised (Fig. 2.10.5.3b). It was not possible to determine whether the 

lymphocyte entered the neuron, or the neuron engulfed the lymphocyte, although from 

the insert in 2.10.5..3a processes from the neuron are evident which may ultimately 

surround the lymphocyte. Indeed, lymphocytes integrated within neurons appeared 

morphologically normal and were surrounded by a membrane forming vacuolar structure 

rather than being wholly within the cytosol, suggesting that the neuron had surrounded 

the lymphocyte (Fig. 2.10.5.3b).

Once internalised, nuclear chromatin in lymphocytes formed clumps attached to the 

nuclear membrane. This was followed by disintegration of the nuclear membranes, 

mixing of the lymphocyte nucleoplasm and cytoplasm and the formation of apoptotic 

bodies. At the later stages of lymphocyte breakdown within intraneuronal vacuoles, cell 

masses and the apoptotic bodies were transformed into amorphous debris (Fig. 

2.10.5.3c). As the process of sequestration of lymphocytes into motor neurons 

continued, the neuronal cytoplasm became overwhelmed while the nucleus remained 

intact (Fig. 2.10.5.3c). This process culminated in the decomposition of the motor 

neuron leaving a large circular vacuole filled with apoptotic lymphocytes and amorphous 

cellular debris (Fig. 2.10.5.3d). These neuronal vacuoles were clearly visible under 

normal light microscopy in the ventral horn of semithin sections (Fig. 2.10.5.4). The 

vacuoles were not preserved with other means of tissue preparation. Analysis of the 

outer membranes of cells filled with lymphocytes and lymphocyte debris revealed that 

synaptic densities and presynaptic endings were preserved (Fig.2.10.5.3b,c,d; insets) 

confirming their neuronal origin.
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Figure 2.10.5.3 Electron micrographs depicting different stages o f degeneration o f motor neurons 

associated with lymphocyte entry {a-d). In a,  the arrow indicates a lymphocyte, shown magnified in the 

inset, is attached to the membrane o f the motor neuron. In b, a lymphocyte which has invaded the motor 

neuron, is entirely engulfed by its cytoplasmic membrane and is beginning to undergo apoptosis. The host 

motor neuron appears intact. In c, several lymphocytes have entered the motor neuron, are filling up its 

cytoplasm and are captured in different stages of apoptosis. In d, a decomposed motor neuron forms a 

vacuole filled with lymphocytes and amorphous cellular debris. The presence o f synaptic densities on the 

cytoplasmic membranes, indicated with arrows and shown magnified in the insets in b,  c, and d  identifies 

the cells as neurons. Photomicrographs were taken from the ventral horn o f  the lumbar spinal cord o f Lewis 

rats following immunisation with MBP, at the peak o f the disease course. Magnifications: a  xI500; inset a 

x6000; b x3000; inset b  x25000; c  x2000; inset c  x30000; d  x l500; inset d  x20000.
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Figure 2.10.5.4 Neuronal vacuoles (arrows) in the lumbar spinal cord ventral horn o f a peak score 

experimental autoimmune encephalomyelitis Lewis rat. The large vacuoles containing lymphocytic debris 

and apoptotic bodies are clearly visible under light microscopy. Semithin section stained with toluidene 

blue. Magnification: x40.

The appearance in the spinal eord of neuronal vacuoles containing lymphocytes 

undergoing apoptosis appeared to correlate with the clinical stage of disease. In animals 

with early scores of 1, or 2 there were no large vacuoles seen in the ventral horn of the 

lumbar region. These only appeared at the peak of disease and then only transiently. In 

animals which had recently recovered, no such vacuoles were seen. At the earlier stages 

of disease, although large neuronal vacuoles were not seen, a number of examples of 

apoptotic bodies and cellular debris within axons and/or dendrites distant from the cell 

body were found (Fig. 2.10.5.5).
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Figure 2.10.5.5 Electron micrograph depicting the invasion and subsequent death o f lymphocytes in an 

axon o f a ventral horn motor neuron. The arrows indicate lymphocytic debris within the cytosol o f the 

axon, shown magnified in insets. Magnification: x l500 ; insets x3000.

Additional evidence of axonal disruption is indicated by the presence of chromatolytic 

neurons in the ventral horn. The neuronal body of the neuron swells in response to 

damage or transection of the axon. This appears as an opaque region of the cell body on 

hematoxylin and eosin or cresyl violet stained sections (Fig. 2.10.5.6).
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Figure 2.10.5.6 Chromatolysis and neuronal swelling in the ventral horn o f  the lumbar spinal cord from 

experimental autoimmune encephalomyelitis Lewis rats. Panel a is a hematoxylin and eosin stained 

section and b  shows a cresyl violet/luxol fast blue stained neuron from an adjacent section. The 

chromatolytic neurons appear rounded with an eccentric nuclei, loss o f  Nissl bodies from the centre o f the 

cell and deposition at the periphery. Other neurons appear swollen with normal Nissl body distribution. 

Magnification; x40.

In order to make sure that non-neuronal cells were not involved in the interaction with

lymphocytes and to determine the identity the cell type entering motor neurons, a series

of immunohistochemical studies on lumbar spinal cord tissue were performed. Light

microscopical examination of these sections revealed that T-lymphocytes but not

macrophages or microglia were invading motor neurons (Fig. 2.10.5.7). These studies

also revealed that astrocytes were not involved in the sequestration of lymphocytes. In

Fig. 2.10.5.7a, an OX34-positive cell can be seen inside a motor neuron (arrow). 0X34

is specific for CD2 on T-lymphocytes. Fig. 2.10.5.7b shows cells stained positive for

EDI, which recognises a lysosomal membrane-related antigen on macrophages/

microglia, throughout the parenchyma and in perineuronal clusters outside motor

neurons, but these cells did not show a propensity to invade them. In 2.10.5.7c, GFAP-

positive cells (astrocytes) represent a distinct population from those involved in

interactions with lymphocytes and are not seen to invade motor neurons themselves.

Similarly, 0X33- (specific for CD45RA on B-lymphocytes) or clone 10/78-positive
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(specific for CD161 on NK-lymphocytes) cells were found throughout the parenchyma, 

although to a much lesser extent, and were not involved in the invasion of motor neurons.
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Figure 2.10.5.7 Immunohistochemistry depicting the invasion o f ventral horn motor neurons in the lumbar 

spinal cord by T-lymphocytes, but not macrophage/microglia, or astrocytes. Positive staining appears as a 

brown diaminobenzidine precipitate. Panel a  shows an OX34-positive T-cell apparently inside an ventral 

horn motor neuron (arrow). In 6, EDI staining for macrophages/microglia demonstrates their presence in 

proximity to, but not inside motor neurons, c  shows the distribution o f  GFAP, astroglial staining. The 

stain is distinct from both neuronal bodies and invading inflammatory cells. Panel rf is a control section 

with no primary antibody. It shows a low background stain but no specific staining o f any o f the important 

cellular elements. Original magnification: x40. All sections are counterstained with hematoxylin.

In addition to the lymphocyte-mediated damage to neurons, evidence of early excitotoxic 

injury was also found. A number of ventral hom motor neurons were seen with swollen 

cell bodies, but normal Nissl bodies (Fig. 2.10.5.6 and Fig. 2.10.5.8) and swollen
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mitochondria (Fig. 2.10.5.8). Both are indicative of glutamate-mediated excitotoxicity 

(Olney, 1971; Stewart a/., 1991).

Figure 2.10.5.8 Electron micrograph of a ventral hom motor neuron from the lumbar spinal cord of a 

Lewis rat with experimental autoimmune encephalomyelitis. The cell body is swollen and rounded with 

swollen mitochondria, indicative of glutamate-mediated excitotoxicity. Magnification: xl200.

2.10.6 Change in neuronal density in the lumbar spinal cord of Lewis rats with 
experimental autoimmune encephalomyelitis

The histopathological data show that the neurons in the spinal cord of experimental

autoimmune encephalomyelitis animals are under considerable stress as a result of CNS

inflammation. It was, therefore, important to determine whether this inflamed

environment could lead to neuronal destruction, which could then account for the

paralysis. Measurement of neuronal densities throughout the lumbar spinal cord revealed

that there was indeed a reduction in neuronal density in the ventral hom of diseased

animals (Table 2.10.6). There was a significant reduction in neuronal density of 30 % in

experimental autoimmune encephalomyelitis animals compared with sham animals and
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NBQX significantly protected against this loss (Table 2.10.6). There were no significant 

changes in either the dorsal hom, or the intermediate zone.

Neuronal density
Treatment n Ventral hom, Ny; 

mean/mm^ ± SEM %
Intermediate zone, Ny: 
mean/mm^ ± SEM ’ %

Dorsal horns, Ny; 
mean/mm^ ± SEM %

Sham + Vehicle 7 11,746 ±408 100 38,952 ± 820 100 77,747 ± 1,353 100

EAE + Vehicle 8 8,264 ± 386t 70 36,934 ± 2,056 95 72,098 ± 2,701 93

EAE + NBQX 8 10,250 ±715* 87 39,040 ± 1,685 100 76,983 ±2,661 99

Table 2.10.6 Neuronal density in the lumbar spinal cord of rats subjected to experimental autoimmune 

encephalomyelitis and the effect o f NBQX at 30 mg/kg i.p. on cell loss in the ventral horns. To estimate 

neuronal loss, numerical densities (Nys) were determined by means o f a stereological disector in ventral 

and dorsal horns, and in the intermediate zone between 13 to 16 days after immunisation, n; number of 

animals per group. %, represents the change in neuronal density expressed as a percent o f sham immunised 

animals. The difference between sham-immunised and immunised vehicle treated or NBQX treated rats 

was analysed statistically by means o f Student’s t-test. *p<0.05 vs. immunised vehicle-treated rats; 

tp<0.001 vs. sham-immunised vehicle-treated rats.

2.10.7 Demyelination in the lumbar spinal cord of Biozzi mice with experimental 
autoimmune encephalomyelitis

Demyelination is clearly visible in the spinal cords of Biozzi mice. Figure 2.10.7 shows 

two toluidine blue sections taken from the primary phase of disease (Fig. 2.10.7a) and 

from day 28 post immunisation (Fig. 2.10.7b). During the primary phase of paralysis 

there is clearly little demyelination, but by the end of the study the demyelination is 

extensive, is associated with a lack of complete recovery between relapses and in some 

cases, irreversible spasticity.
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Figure 2.10.7 Tolidine blue sections taken from the lumbar spinal cord, ventral commissure of Biozzi 

mice with experimental autoimmune encephalomyelitis. Panel a shows an animal taken during the primary 

phase of paralysis. Note the absence of extensive demyelination in the white matter. In b, an animal taken 

at the end of the study shows widespread demyelination in the white matter with deposition of myelin 

debris (arrows). Magnification; x20.
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2.11 Discussion

2.11.1 AMPA receptor antagonist in vivo efficacy

The pharmacological studies presented in chapter 2.10 suggest that AMPA glutamate 

receptors are involved in the development of neurological deficits in experimental 

autoimmune encephalomyelitis in rodents. The administration of a number of 

structurally diverse, competitive and non-competitive AMPA receptor antagonists was 

able to protect Lewis rats against serious paralysis in acute experimental autoimmune 

encephalomyelitis. In most cases, the neurological deficit was reduced, on average, firom 

complete hindlimb paralysis in vehicle groups to unsteady gait and in the case of two of 

the compounds, GYKI53773 and MPQX, a loss of tail tone only. Moreover, aniracetam, 

which potentiates AMPA receptor activation by preventing desensitisation, had a 

tendency to worsen disease in rats, as might be anticipated if glutamate acting via AMPA 

receptors was a key pathological mediator in disease development. NBQX was also 

protective in two other rodent models of experimental autoimmune encephalomyelitis, 

the adoptive transfer model and a chronic model in Biozzi mice. By using two different 

dosing criteria, the latter study also indicated that the AMPA antagonist was effective in 

protecting against both the acute and chronic relapsing phases of the disease. Moreover, 

acute short term therapy during the initial stage of disease leads to sustained benefit well 

into the progressive phase.

A comparison of the effective doses of the compounds used in the experimental 

autoimmune encephalomyelitis experiments revealed a rank order of potency similar to 

the I C 5 0  values for the antagonists generated in an in vitro AMPA receptor assay (Table
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2.11.1). MPQX and CP465022 both have IC50 values of less than 1 |iM and had a 

corresponding minimum effective dose of 10 mg/kg i.p. compared with 30 mg/kg for the 

remaining antagonists. The least potent in vitro were also the least efficacious in vivo 

(GYKI52466 and BIIR561). This correlation supports the notion that the in vivo efficacy 

of the various compounds in the EAE models was a direct consequence of AMP A 

receptor antagonism.

Compounds IC50 at AMPA receptors; 
pM

Minimum ED in Lewis rat EAE; 
mg/kg i.p.

CP465022 Non-competitive 0.1 10

MPQX Competitive 0.2 10

NBQX Competitive 1.0 30

GYKI53773 Non-competitive 3.0 30

BIIR561 Non-competitive 6.5 30

GYKI52466 Non-competitive 9.0 30

Table 2.11.1 IC50 values at AMP A receptors conçared with the corresponding minimum effective dose 

(ED) in Lewis rat experimental autoimmune encephalomyelitis for the AMP A antagonists used in these 

studies. I C 5 0  values shown are taken from studies conç>aring the antagonists in the same AMPA-induced 

Ca^ influx assay in cortical neurons (unpublished data).

The beneficial clinical effects of the AMP A antagonists in experimental autoimmune 

encephalomyelitis might be attributed to their intervention at any number of stages of 

disease. Immunosuppressive, anti-inflammatory, neuroprotective or oligodendroglial 

protective agents are all potentially beneficial in experimental autoimmune 

encephalomyelitis and multiple sclerosis. However, whilst there is a paucity of literature 

to suggest that AMP A receptor antagonists are able to modify lymphoproliferation or 

inflammation, studies of AMP A receptor channel composition and expression in the 

CNS show that ventral horn motor neurons (Petralia et al., 1997) and mature 

oligodendrocytes (Matute, 1998) both express AMP A channels lacking the GluR2
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subunit. This suggests that an imbalance in the glutamatergic system could lead to 

oligodendrocyte and/or neuronal cell death via AMPA receptor-mediated Ca^^ toxicity. 

Indeed, AMPA receptor agonists do cause focal gray and white matter lesions when 

administered directly into the spinal cord (Kwak and Nakamura, 1995; Magnuson et ah, 

1999), or optic nerve (Matute, 1998). Given these observations, the efficacy of AMPA 

antagonists in experimental autoimmune encephalomyelitis could be due to protection of 

neurons and oligodendrocytes against AMPA receptor-induced toxicity.

The present studies also support this hypothesis by eliminating the possibility of an 

immunomodulatory mode of action for these antagonists. The treatment regime 

employed in the active induction experimental autoimmune encephalomyelitis model (i.e. 

from day 10 post immunisation, just prior to disease onset, to day 16) bypasses the 

immune expansion phase of the encephalitogenic T-cell population, suggesting the 

compounds were not acting at this level. Furthermore, the compounds were effective in 

adoptive transfer experimental autoimmune encephalomyelitis wherein the induction 

phase is avoided altogether, suggesting that it is the effector stage of disease that is 

modified by the AMPA antagonists.

Additional evidence is provided by the general lack of protection against weight loss by 

the AMPA receptor antagonists. The loss of weight prior to onset of neurological 

symptoms is generally thought to arise as the consequence of cytokine production (Poliak 

et al., 2000). Since the AMPA receptor antagonists did not effect weight loss, it would 

suggest that they were not affecting the generation of cachexie agents (eg. TNF-a) in the 

periphery or their actions in the CNS.
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2.11.2 Immunosuppressive and anti-inflammatory profiles of AMPA receptor antagonists

Confirmation that immunosupression was not responsible for protection was obtained by 

assessing the effect of the antagonists on T-cell proliferation in vitro. The competitive 

antagonists NBQX and MPQX bad no effect on lymphoproliferation up to 100 pM and 

the non-competitive antagonists only displayed immunosuppressive properties at the 

higher non-pbarmacological concentrations (10-100 pM). Typical plasma concentrations 

expected after i.p. administration of the compounds used in these studies are in the region 

of 1-3 pM (unpublished pharmacokinetic observations by Eisai Co. Ltd., Japan) well 

below the concentration at which antiproliferative effects were observed with BIIR561 

and CP465022 (10 pM). In support of the current findings, Pitt et al., 2000 reported no 

effect of NBQX on MBP-induced T-cell proliferation in vitro, suggesting that it is 

unlikely that the antagonists were suppressing the induction of MBP-sensitised T-cells in 

the periphery. Furthermore, the abrogation of neurological deficits in experimental 

autoimmune encephalomyelitis by the NMDA receptor antagonist, memantine, was also 

independent of lymphoproliferative effects (Wallstrom et al., 1996) implying that, as a 

class of neuroprotective agents, glutamate antagonists do not impact on immune function. 

This can be contrasted with certain Ca^^ chaimel antagonists, the efficacy of which in 

experimental allergic neuritis is related to antiproliferative effects (Mix et al., 1992).

The synthetic glucocorticoid, dexamethasone, exhibited potent inhibitory effects in the in 

vitro proliferation assay, in line with the known immunosuppressive and anti

inflammatory action of this compound. Indeed, the severity of experimental autoimmune 

encephalomyelitis is decreased by either administration of exogenous glucocorticoids 

(Mason et a l, 1990; Bolton et al., 1997), or exacerbated through the removal of the

endogenous rodent glucocorticoid, corticosterone, following adrenalectomy (MacPhee et
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fl/., 1989). In each instance, a concomitant decrease (Mason et aL, 1990; Bolton et a l, 

1997) or increase (MacPhee et aL, 1989) in CNS inflammation accompanies the change 

in experimental autoimmune encephalomyelitis disease profile. Given that i.c.v. infusion 

of the AMPA antagonist, DNQX, elevates plasma corticosterone levels (Tokarev and 

Jezova 1997) and the short term consequences of compound administration elicit motor 

disturbances which might activate a stress response, it is conceivable that the 

ameliorating effects of the compounds in experimental autoimmune encephalomyelitis 

were related to increases in circulating steroids. Whilst plasma steroid concentration was 

not determined in the present studies, if  the antagonists were to induce a stress-related 

corticosterone response, then a concomitant reduction in CNS lymphocyte infiltration 

might be expected. However, the extent of CNS perivascular inflammation, as 

determined by the histopathological score in brainstem samples taken from vehicle- and 

NBQX-treated animals at the peak of disease, was unaffected by the AMPA receptor 

antagonists. These data suggests that even if there was an induction of steroid release 

following NBQX administration, it was insufficient to prevent lymphocyte passage into 

the CNS. In addition, where other investigators describe the ameliorating effects of 

glutamate receptor antagonists, including NBQX, MK-801 and memantine in 

experimental autoimmune encephalomyelitis, these were largely independent of changes 

in CNS inflammation (Wallstrom et aL, 1996; Bolton and Paul, 1996). Bolton and Paul 

(1996) were able to take these observations a step further and demonstrate that the 

protection against neurological deficit in experimental autoimmune encephalomyelitis 

with low dose MK-801 was associated with a reduction in BBB permeability independent 

of any changes in perivascular lesion formation, suggesting that modulation of BBB 

permeability is not necessarily coupled to a modification in CNS inflammation.
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Since AMPA receptor antagonists do not appear to modify the inflammatory response, 

their efficacy must be the result of protection of CNS components against the 

consequences of lymphocyte invasion. Immune-mediated demyelination, as a 

consequence of oligodendrocyte cell death or axon stripping, and damage to neurons or 

axons can both result in the paralysis which is the primary clinical feature of 

experimental autoimmune encephalomyelitis.

2.11.3 Oligodendrocyte protection in Lewis rat acute experimental autoimmune 
encephalomyelitis

Oligodendrocytes are exquisitely sensitive to AMPA receptor-mediated death both in 

vitro (Matute et aL, 1997) and in vivo (Matute, 1998; Magnuson et aL, 1999). However, 

protection of oligodendrocytes is unlikely to be the primary mechanism of efficacy of 

AMPA receptor antagonists in the acute rat experimental autoimmune encephalomyelitis 

models, since demyelination is limited. The majority of myelin sheaths appeared normal 

by ultrastructural examination, although there was evidence that myelin breakdown was 

ongoing (Fig. 2.10.5.1) and limited demyelination has been previously described in the 

dorsal root entry and exit zones (Pender, 1988). Combined with the observed neuronal 

and axonal pathology, this does raise the question as to whether, at least in this model of 

MBP-induced experimental autoimmune encephalomyelitis, demyelination is a 

prerequisite for axonal damage and motor impairment, or if  direct inflammatory- 

mediated damage to axons is more important. In support of the latter, Ahmed et aL 

(2001), using MBP-induced experimental autoimmune encephalomyelitis in rats, recently 

reported axonal damage which was independent of myelin loss.
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2.11.4 Neuronal and axonal pathology in the Lewis rat model of acute experimental 
autoimmune encephalomyelitis

Immunohistochemical and ultrastructural analysis in rats revealed a major contribution to 

disease from neuronal and axonal damage. There were several signs of neuronal and 

axonal stress in the ventral horns of the spinal cord lumbar region. Satellitosis of 

oligodendrocytes around ventral horn neurons, indicative of neuronal stress (Ludwin, 

1979; 1984), was a common observation and a number of neurons were found with a 

swollen cytoplasm and enlarged mitochondria under electron microscopy. These latter 

characteristics are classical features of early glutamate-mediated excitotoxicity in neurons 

(Stewart et aL, 1991). In addition, chromatolytic neurons were readily detectable in the 

ventral horn, indicating that axonal damage was occurring during experimental 

autoimmune encephalomyelitis. Chromatolysis can be seen when the axoplasm retracts 

into the neuronal cell body following axonal damage, or transection (Kreutzberg et aL, 

1997). This suggests that axonal compromise and damage can occur in experimental 

autoimmune encephalomyelitis in the absence of frank demyelination, a phenomenon 

reported in early multiple sclerosis lesions (Ferguson et aL, 1997). Whilst the present 

study did not directly quantify measures of axonal damage following AMPA receptor 

antagonist treatment, NBQX, has been shown to reduce the appearance of SMI32 

staining, a measure of axonal damage, in the early stages of experimental autoimmune 

encephalomyelitis (Pitt et aL, 2000). Goldberg et a l have also reported similar 

protection of axons using AMPA antagonists during simulated white matter ischaemia in 

vitro (Tekkok and Goldberg, 200 L).

An intriguing histological observation in the spinal cords of rodents subjected to 

experimental autoimmune encephalomyelitis animals was that of lymphocyte-mediated
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damage to motor neurons. The phenomenon of emperipolesis, where one cells enters 

another and emerges again with no harm to either the host or invading cell is described 

(Humble et aL, 1956) and indeed T-cell invasion of motor neurons has been described in 

vitro (Hughes et aL, 1968), again with no harm to either lymphocyte or neuron. 

However, in the case of experimental autoimmune encephalomyelitis, T-cells were 

unable to survive within the environment of the motor neuron, possibly because of 

survival factor deprivation, since the dying cells displayed the typical morphological 

features of apoptosis associated with growth factor withdrawal (Wyllie et aL, 1981). In 

these studies, it was not possible to determine if  the process of entry involved 

phagocytosis by the motor neuron, or invasion by the lymphocyte, although neurons did 

appear to envelope T-Iymphocytes in some instances and the lymphocytes contained 

within neurons were located within vesicles. T-cells were also observed entering axons 

in close proximity to the cell body. However, phagocytosis is not a process normally 

associated with neurons. The situation in experimental autoimmune encephalomyelitis 

appears to share features of both phagocytosis and emperipolesis.

The reason why T-cells and neurons interact in this manner is unclear. Parallels can be 

drawn between the mechanisms of neuronal and/or axonal damage in experimental 

autoimmune encephalomyelitis and the tumour-associated paraneoplastic syndromes or 

Rasmussen’s encephalitis, where inflammatory T-cells also form perivascular cuffs and 

parenchymal infiltrates linked with neuronal damage and axonal loss (He et aL, 1998; 

Scaravilli et aL, 1999). Of interest to the present studies in experimental autoimmune 

encephalomyelitis, is the existence of autoantibodies to the glutamate receptor subunits 

and other neuronal markers in both paraneoplastic disorders and Rasmussen’s 

encephalitis (Rogers et aL, 1994; Gahring et aL, 1995). As in experimental autoimmune
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encephalomyelitis, the presence of circulating CNS autoantibodies is thought to 

contribute to the ensuing inflammatory response, particularly in the case of 

paraneoplastic syndromes (Dalmau et aL, 1999). This may imply that in experimental 

autoimmune encephalomyelitis and multiple sclerosis, in addition to the secondary 

axonal damage resulting from demyelination, the neuronal damage could be the result of 

a primary autoimmune response.

Alternatively, the propensity of T-cells to attack neurons could be an experimental 

anomaly resulting from an impure MBP preparation. If the inoculum were to contain 

trace levels of neuronal antigen, then an expansion of T-cells against neuronal elements 

might ensue and an immune response against neurons could be established. This 

neuronal anti gen-specific attack is unlikely to be the case, since the phenomenon of T- 

cell infiltration of neurons can also been observed in vitro with T-cells stimulated by 

ovalbumin (Hughes et aL, 1968).

The most likely reason for this unusual T-cell activity could be altered MHC class I 

expression on neurons. Most neuronal populations express little, or no MHC class I 

under homeostatic conditions. Interestingly, one population of neurons which do have an 

unusually high basal level of MHC class I expression are the brainstem motor neurons 

(Linda er a/., 1999).

Under pathological conditions which impair neuronal excitability, surface expression of 

MHC class I has been shown to increase (Neumann et aL, 1995). Furthermore, exposure 

of electrically silent neurons to pro-inflammatory cytokines, such as IFN-y, results in an 

additional elevation of MHC class I expression (Neumann et aL, 1995). Expression is 

also increased following other forms of neuronal stress, such as seizure activity following
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application of the AMPA/kainate receptor agonist, kainic acid (Corriveau et al., 1998). 

Any rise in MHC class I expression would leave “sick” neurons susceptible to 

recognition by parenchymal cytotoxic CD8^ T-cells. Certainly, in Rasmussen’s 

encephalitis, CDS^ T-cells are implicated in the T-cell-mediated destruction of neurons 

(Lassmann and Bauer, 2001; Bauer et aL, 2001) and in experimental autoimmune 

encephalomyelitis, adoptive transfer of MOG-specific CD8  ̂ T-cells has been shown to 

produce a more severe and destructive disease, than active-induction with MOG protein 

alone (Sun et aL, 2001). In addition, antigen-specific CD8^ T-cells cause neurite 

transection and spheroid formation following MHC class I induction on neurites in 

culture (Medana et aL, 2001), indicating the neurotoxic potential of antigen-specific 

CD8^ T-cells. One of the best pieces of evidence for a connection between MHC class I 

expression and T-cell-mediated neuronal compromise, or death in animal models of 

multiple sclerosis, comes from experiments carried out in MHC class I-deficient and 

MHC class n-deficient SJL/J mice (Rivera-Quinones et aL, 1998). Rivera-Quinones et 

ai. demonstrated that in a Theiler’s mouse encephalomyelitis virus model, whilst both 

groups of mice showed a similar extent of demyelinated lesions, only the class U- 

deficient mice developed neurophysiological deficits. The MHC class I-deficient mice 

were not only functionally normal, but appeared to have relative preservation of axons, 

suggesting the possible importance of MHC class I receptor complex expression in the 

pathogenesis of neurological deficit. These data combined with the lack of MHC class II 

expression on neurons would make it unlikely that CD4^ T-cells were directly involved 

in the death of neurons.

The reduction in neuronal density in the lumbar ventral horns of experimental 

autoimmune encephalomyelitis animals confirmed the neuropathological consequences
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of CNS inflammation and the prevention of neuronal loss by NBQX highlighted the 

importance of AMPA receptor activation in this process. Quantification of the neuronal 

loss revealed a 30% reduction in neuronal density within the ventral horns of the lumbar 

spinal cord. Since these are density measurements, they are sensitive to changes in 

sample volume, for example following oedema. Spinal cord oedema is a known 

consequence of experimental autoimmune encephalomyelitis (Adams et aL, 1989) and 

glutamate receptors on blood brain barrier endothelial cells can alter permeability 

(Koenig et aL, 1992), therefore, the reversal of the decrease in neuronal density seen with 

the AMPA antagonist, might simply reflect a drug-related reduction in oedema. 

However, if oedema was responsible for the reduction in neuronal density, it might be 

anticipated that changes would occur throughout the intermediate and dorsal regions of 

the spinal cord and not just the ventral horns. This was clearly not the case.

The loss of spinal motor neurons might be expected to produce a permanent physical 

deficit. However, it is known from diseases such as ALS that a degree of neuronal 

redundancy exists within the spinal cord and there can be quite extensive neuronal loss 

before the onset of clinical symptoms (Bradley, 1998). This idea also extends to diseases 

such as Parkinson’s disease where individuals can survive an 80% loss of dopaminergic 

neurons in the substantia nigra before motor symptoms become manifest (Lloyd, 1977). 

In experimental autoimmune encephalomyelitis and multiple sclerosis a similar situation 

may be envisaged. Thus, during an episode of inflammation a large number of 

neurons/axons may be compromised, resulting in motor dysfunction. Upon resolution of 

the inflammation, the majority of neurons/axons recover with a subset, insufficient to 

result in permanent disability, dying. Repeated inflammatory insults might result in 

progressive neuronal/axonal compromise and death, until a threshold is reached beyond
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which functional recovery from relapse is not 100 %. In multiple sclerosis, this process 

may contribute to the temporal change of relapsing remitting multiple sclerosis to 

secondary progressive disease (Trapp et aL, 1999).

The data presented here heavily implicate glutamate-mediated neuronal/axonal toxicity in 

the development of experimental autoimmune encephalomyelitis. Whilst glutamate 

levels were not determined in the experiments described, several reports from other 

investigators indicate there may be a potential imbalance in the glutamatergic system in 

experimental autoimmune encephalomyelitis and possibly multiple sclerosis. TNFa, 

expression of which increases in the CNS during the course of experimental autoimmune 

encephalomyelitis (Villaroya et aL, 1996.) and in multiple sclerosis lesions (Brosnan et 

aL, 1988.), inhibits glutamate uptake by astrocytes (Fine et aL, 1996.). Glutamate 

transport into astrocytes is further compromised by a decrease in the expression of the 

glutamate transporters, GLT and GLAST, in spinal cord (Werner et aL, 2001.), whilst 

glutamate metabolism in spinal cord astrocytes is decreased following dramatic 

reductions in the glutamate-degrading enzymes, GDH and GS (Hardin-Pouzet et aL, 

1997). Taken together the current findings suggest a toxic increase in glutamate may 

occur in the extracellular compartment of the spinal cord. Decreased uptake, or increased 

release, could also account for the decrease in tissue glutamate described during 

experimental autoimmune encephalomyelitis (Honegger et aL, 1989). We are currently 

carrying out further studies in our laboratories to look at changes in the expression of 

glutamate transporters and enzymes of synthesis or metabolism of glutamate.

T-cells and macrophages/microglia represent an important potential source of additional

glutamate from outside the CNS, in experimental autoimmune encephalomyelitis and

multiple sclerosis. T-cells have been discussed earlier in this section in the context of
110



CHAPTER 2 - AMPA and Multiple Sclerosis

neuronal damage in experimental autoimmune encephalomyelitis, but glutamate derived 

from activated microglia and macrophages can also contribute directly (Piani et aL, 

1991.), or indirectly (Bezzi et aL, 2001) to neuronal death. Moreover, microglia 

themselves express functional AMPA receptors, activation of which can lead to TNFa 

release (Noda et aL, 2000) which itself is potentially harmful (Taupin et aL, 1997). 

However, the absolute levels of glutamate need not be the crucial determinant of 

glutamate toxicity. Alterations in AMPA channel configuration can change the 

glutamate sensitivity of neurons bearing AMPA receptor ion channels. An absence of the 

GluR2 subunit increases the permeability of AMPA receptor to divalent cations 

increasing the potential for intracellular calcium-mediated toxicity in neurons unable to 

process excess calcium. Spinal motor neurons are particularly sensitive in this respect 

(Williams et aL, 1997; Ince et aL, 1993). Prevention of AMPA receptor desensitisation 

could also put extra glutamatergic stress on cells, as is suggested by the slight 

exacerbation of disease with the AMPA receptor potentiating compound aniracetam 

(Section 2.10.1.7).

More recently , Hermann et aL (2001) presented a study on the effect of co-injection of 

kainic acid and TNFa into the spinal cord following laminectomy. When injected 

individually at a low dose, both kainic acid and TNFa produced a slight focal increase in 

c-fos, but no damage to axons or glial cells. However, when combined they produce an 

expanding spinal cord lesion, similar to that seen in contusion injury, with extensive 

neuronal and glial damage and induction of c-fos. The damage was prevented by CNQX 

indicating the involvement of AMPA receptors activation. These data imply that in 

experimental autoimmune encephalomyelitis, even physiological levels of glutamate 

could cause spinal cord toxicity in the presence of TNFa released from inflammatory
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cells. Furthermore, as stated earlier, AMPA receptors activation has been reported to 

promote release of TNFa from microglia in vitro (Noda et aL, 2000) and TNFa is known 

to exacerbate experimental autoimmune encephalomyelitis (Taupin et aL, 1997).

There are at least two mechanisms by which TNF-a can exacerbate glutamate-induced 

damage in the CNS. Firstly, TNF-a is able to potentiate extracellular glutamate levels 

directly by inhibiting glutamate uptake into astrocytes (Fine et aL, 1996). The second 

mechanism involves the recently identified phenomenon of calcium-dependent glutamate 

release from astrocytes. (Parpura et aL, 1994; Araque et aL, 1999). In an elaborate 

scheme, proposed by Bezzi et aL (2001), the chemokine, stromal-derived factor-1 (SDF- 

1) activates the G protein-coupled receptor CXCR4 on astrocytes to elevate intracellular 

calcium, which in turn stimulates extracellular signal-related kinases (ERKs) to activate a 

metalloproteinase-dependent TNF-a release (TNF-a is also released from microglia by 

SDF-1 activation of CXCR4 receptors). Extracellular TNF-a then acts on tumour 

necrosis factor receptor 1 (TNFRl) on the surface of the astrocytes to stimulate 

prostaglandin E2 (PGE2) production via inducible cyclooxygenase 2 (COX-2). Finally, 

PGE2 mobilises intracellular calcium possibly through activation of its receptor, EPl/3, 

causing glutamate release. This direct link between chemokine activity, TNF-a 

production and glutamate release has great potential relevance in the aetiology of 

neuronal and oligodendrocyte death in experimental autoimmune encephalomyelitis and 

multiple sclerosis. Moreover, the pathway is greatly potentiated in the presence of 

activated microglia (Bezzi et aL 2001). Certain aspects of this pathway were 

independently corroborated by Han et aL (2001).
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2.11.5 NBQX in Biozzi mouse experimental autoimmune encephalomyelitis

In the mouse models of experimental autoimmune encephalomyelitis both demyelination 

and axonal damage become more extensive as the disease progresses (Baker et al., 1990). 

Pitt et al. have recently described oligodendrocyte loss in an acute experimental 

autoimmune encephalomyelitis model in SJL mice, which was prevented by NBQX 

treatment (Pitt et al, 2000). Although demyelination was not quantified, this mechanism 

could contribute to the efficacy of the AMPA antagonists during the secondary phase of 

disease in the Biozzi mouse study described here. Toluidine blue sections taken from 

Biozzi mice during the acute and chronic phases of disease, 28 and 48 days post 

immunisation respectively, show that demyelination is initially limited, but becomes 

extensive by the end of the experiment (Fig. 2.10.7). Indeed, in the terminal stage of 

disease the animals no longer make a full recovery between relapses and occasionally 

show hindlimb spasticity indicative of motor neuron dysfunction. Therefore, it is likely 

that in the acute phase of disease, direct neuronal and axonal impairment are important, 

but in the later progressive stage, demyelination becomes more prevalent and contributes 

to the further loss of motor function and lack of recovery.
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2.11.6 Conclusions.

Glutamate is a key pathogenic molecule in neurodegenerative diseases, but in multiple 

sclerosis, traditionally described as an inflammatory disease, the role of this excitatory 

amino acid has not been fully elucidated. These studies represent the first description of 

AMPA-mediated glutamate toxicity in the pathogenesis of experimental autoimmune 

encephalomyelitis and highlight a potentially important involvement of inflammatory 

neuronal loss in the acute pathology.

These observations open up a new area of therapeutic potential in multiple sclerosis. 

Neuroprotectants have not previously been investigated within the context of multiple 

sclerosis. Traditionally regarded as an inflammatory disorder, therapies have always 

been targeted towards immunosuppression, or anti-inflammation. Recently, in parallel to 

these studies, data have been presented which point to the potential of other classes of 

neuroprotectants of possible benefit in multiple sclerosis. Lassmann and colleagues 

recently showed an increase in N-type calcium channel expression on axons and axonal 

spheroids of actively demyelinating regions in both multiple sclerosis and experimental 

autoimmune encephalomyelitis tissue (Komek et aL, 2001). These data suggest that 

calcium influx through N-type calcium channels may contribute to axonal pathology, 

therefore, antagonists of these channels could be protective in multiple sclerosis.

The role of the other two main classes of cation channels, Na^ and K^, has still not been

investigated in terms of neuroprotection. Recently, data were presented by Beeton et al.

suggesting that channel antagonists may be of some benefit in multiple sclerosis

(Beeton et aL, 2001). They showed that the selective K vl.l/K vl.3 channel inhibitor,

kaliotoxin, protected against the appearance of neurological symptoms in experimental
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autoimmune encephalomyelitis, when administered from the time of disease onset. The 

mechanism of protection was attributed to suppression of T-cell activation. Other groups 

have shown that channel expression in oligodendrocytes may be crucial for 

remyelination following episodes of inflammatory damage in multiple sclerosis (Neusch 

et aL, 2001; Shrager and Novakovic, 1995). This also offers a potential therapeutic 

opportunity for ion channel modulation.

Na^ channel modulators also represent an unexplored area in the context of neuronal and 

axonal protection. It is known that Na^ channel expression is markedly increased on 

denuded axons in multiple sclerosis and that this is thought to represent an attempt at 

restoring functional conductivity (reviewed in Waxman and Ritchie, 1993). However, it 

has also been suggested that the increased Na^ channel activity can ultimately be 

detrimental to axonal survival, since Na^-mediated depolarisation of axons can lead to 

potential degeneration by activation of axonal calcium channels. This concept has been 

investigated in the context of ischaemic white matter injury (Brown et aL, 2001).

Finally, the most exciting implication for this research is that, since AMPA receptor 

antagonists are effective through modifying the CNS consequences of the inflammatory 

response in experimental autoimmune encephalomyelitis, there is an obvious potential 

benefit of combined efficacy with the immunosuppressive and anti-inflammatory 

therapies currently in clinical use. Also, given the neuroprotective and oligodendrocytes- 

protective nature of this class of compounds, they should also offer some benefit in 

slowing disease progression resulting from axonal and oligodendrocyte death, an area of 

multiple sclerosis treatment which currently has few therapeutic options.

115



CHAPTER 3 - AMPA and Chronic Neurodegeneration___________

3.1 Glutamate and neurodegeneration

Glutamate has long been implicated in the pathogenesis of acute neurodegenerative 

diseases such as stroke (Benveniste et aL, 1984; Choi and Rothman, 1990), traumatic 

brain injury (Faden et aL, 1989), spinal cord injury (Faden and Simon, 1988) and during 

seizure activity in epilepsy (Hayashi, 1954; Croucher et aL, 1982). All these disorders 

are associated with excessive release of glutamate and damage to neurons and glia via 

activation of ionotropic glutamate receptors. More recently, glutamate receptor 

activation has been implicated in the neurodegeneration seen in many chronic 

neurological disorders (amyotrophic lateral sclerosis, Plaitakis, 1990; Leigh and 

Meldrum, 1996; Parkinson’s disease, Turski et aL, 1991; Huntington’s disease, Coyle 

and Schwarcz, 1976; DiFiglia, 1991; Alzheimer’s disease, Maragos et aL, 1987; 

Greenamyre and Young, 1989; Beal, 1995; multiple sclerosis, Bolton and Paul, 1997; 

Smith et aL, 2000; Pitt et aL, 2000). In all of these disorders, cell loss is protracted rather 

than rapid as seen with acute excitotoxicity. This delayed time course of neuronal death 

in chronic diseases is thought to be related to perturbations in the glutamatergic system 

which render neurons sensitive to chronic exposure of either physiological levels of 

glutamate, or slightly elevated extracellular glutamate. Subtle elevations in glutamate 

concentrations can arise from an imbalance in the generation and/or removal of 

glutamate. In amyotrophic lateral sclerosis, the expression of the glial excitatory amino 

acid transporter 2 (EAAT-2) is reduced in the spinal cord and motor cortex (Rothstein et 

aL, 1995; Fray et aL, 1998), as is the equivalent transporter, GLT-1, in transgenic mice
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bearing the G85R human Cu'^/Zn'^ superoxide dismutase (SODl) mutation (Bruijn et 

a l, 1997).

Opinions in the literature concerning the fate of cells following glutamate exposure are 

varied. Some studies suggest death is entirely necrotic, others wholly apoptotic, others 

still, describe it as a combination of the two (Bonfoco et a l, 1995; Charriaut-Marlangue 

et a l, 1996; Portera-Cailliau et a l, 1997; Pang and Geddes, 1997). It is tempting to 

suggest that acute glutamate exposure leads to necrosis, whilst a chronic exposure results 

in apoptosis. The true situation more likely reflects a continuum between necrosis and 

apoptosis dependent on the severity of the insult and the underlying energy availability 

(Ankarcrona et a l, 1995; Leist et a l, 1997), with the common critical molecular event 

being the influx of C a^ (Choi, 1988), the intracellular concentration of which is an 

important determinant of cell fate.

The concept of a glutamate exposure threshold is prevalent in hypoxia and ischaemia. 

Bonfoco and colleagues (Bonfoco et a l, 1995; Nicotera et a l, 1997) reported in cultured 

cortical neurons that intense excitotoxic insults produced necrosis, whilst a milder insult 

resulted in apoptotic changes. The dependence of commitment to necrotic or 

programmed cell death on the intensity of insult and energy availability, is highlighted in 

focal ischaemia. Neurons at the core of the ischaemic lesion have a compromised blood 

supply and die by necrosis, whilst those in the penumbral region, at the edge of the 

lesion, are exposed to the excitotoxic insult, but benefit from collateral blood flow and 

undergo programmed cell death (Li et a l, 1995). It is inappropriate to describe this type 

of neuronal cell death as apoptotic, since it does not share all of the critical features that 

define this specific form of cell death (Kerr et a l, 1972; van Lookeren Campagne and
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Gill, 1996; Table 3.5). In global ischaemia, delayed neuronal death, as seen in the 

hippocampus, exhibits many features of programmed cell death, such as DNA 

fragmentation and a requirement for new protein synthesis (Goto et aL, 1990) and is 

thought to arise from alterations in glutamate receptor expression which leave the 

neurons more sensitive to glutamate (Pellegrini-Giampietro et aL, 1992). This “slow 

excitotoxicity” which requires changes in gene expression may be particularly relevant to 

many of the chronic neurological disorders mentioned above.

3.2 AMPA and neurodegeneration

AMPA receptor activation is particularly important when considering excitotoxicity in 

relation to chronic low level exposure to glutamate. Low glutamate concentrations are 

unlikely to result in NMDA receptor activation, as membrane depolarisation is a 

prerequisite for the relief of the resting Mg"^ block, therefore, AMPA receptors and 

metabotropic glutamate receptors (Nicoletti et aL, 1996) are more likely to account for 

the toxicity of glutamate in these circumstances. AMPA receptor toxicity, specifically, 

has been implicated in the pathogenesis of late onset neurodegeneration in stroke (Turski 

et aL, 1998) and traumatic brain injury (Ikonomidou and Turski, 1996), in delayed 

neuronal cell death in the hippocampus following global ischaemia (Pellegrini- 

Giampietro et aL, 1992), hippocampal injury in epilepsy (Rogawski and Donevan , 

1999), Alzheimer’s disease (Beal, 1995) and motor neuron degeneration in amyotrophic 

lateral sclerosis (Shaw and Ince, 1997). Other diseases which appear to involve AMPA 

receptor activation, include those where autoantibodies to AMPA receptors have been 

detected (Rasmussen’s encephalitis, Rogers et aL, 1994; olivopontocerebellar 

degeneration, Gahring et aL, 1997; paraneoplastic neurodegenerative syndrome, Gahring
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et aL, 1995). Amyotrophic lateral sclerosis is probably the disease in which the 

connection between chronic AMPA receptor activation and neuronal loss has been most 

clearly established (Shaw and Ince, 1997).

3.3 Mechanism of AMPA receptor pathogenesis

In many neurodegenerative diseases it is the larger neurons, such as motor neurons, 

pyramidal neurons and Purkinje cells, which seem predisposed to AMPA receptor- 

mediated excitotoxicity. One reason is that these cells have a higher metabolic rate in 

order to maintain extensive axonal systems, and are therefore more sensitive to excitatory 

signals (Shaw, 1998). In addition, some of these neurons are ill equipped to deal with the 

intracellular Ca"^ changes arising from the activation of ionotropic glutamate receptors. 

For example, motor neurons which are sensitive to damage in disorders such as 

amyotrophic lateral sclerosis, do not express the calcium binding proteins parvalbumin 

and calbindin D28K (Ince et aL, 1993). Research into AMPA receptor regulation has 

revealed three major potential mechanisms of AMPA receptor-mediated toxicity: an 

increase in the number and density of cell surface receptors; the extent of editing of the 

glutamate receptor; and regulation of the level of expression of the GluR2 subunit.

3.3.1 Increase in AMPA receptor density

Motor neurons are known to have a high density of glutamate receptors, both NMDA 

(Shaw et aL, 1991) and AMPA (Williams et aL, 1996), which makes them more sensitive 

than other types of neuron to elevations in extracellular glutamate. Vandenberghe et aL 

(2000) demonstrated that not only did ventral horn motor neurons have an increased
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AMPA receptor current density compared with dorsal horn neurons, but pharmacological 

reduction of the current density in ventral horn motor neurons to the same level as in 

dorsal horn neurons eliminated the selective motor neuron vulnerability to AMPA, 

emphasising the importance of AMPA receptor density for neuronal survival.

3.3.2 Q/R editing in the GluR2 subunit

The most critical factor in determining AMPA receptor-mediated excitotoxicity is the 

regulation of C a^ permeability. As mentioned in 1.1.1.2i, Q/R site editing in the M2 

domain of the GluR2 AMPA receptor determines the calcium permeability of AMPA 

receptors containing this subunit. To investigate the consequences of Q/R editing in vivo, 

Brusa et al. (1995) created a transgenic mouse expressing unedited, calcium permeable 

GluR2 subunits, GluR2(Q). These mice showed a manifold increase in AMPA receptor- 

mediated calcium permeability and displayed seizures and neurodegeneration which 

culminated in death at the age of 3 weeks (Brusa et aL, 1995). The phenotype was 

reversed when the under edited transcripts were replaced with the correct transcript 

(Higuchi et aL, 2000). Moreover, subtle changes in the expression of calcium 

permeability of AMPA channels by altering the extent of Q/R site editing, or the 

introduction of an asparagine residue at the Q/R site resulted in a non-lethal mutation 

which produced mild to severe neurological dysfunction (Feldmeyer et aL, 1999). The 

asparagine residue-containing mutant, GluR2(N), expressed GluR2 AMPA channels that 

have a low level of C a^ permeability. These animals developed normally, but revealed 

late onset degeneration in selective regions, beginning at around 1 year of age. 

Ultrastructural investigation at this time showed neuronal loss in areas corresponding 

with the neurological deficits and changes in intracellular constituents consistent with
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excitotoxicity (Kuner et aL; manuscript in preparation). The changes in this animal 

highlight the potential damage of subtle long term defects in GluR2 function.

GluR2 subunits can also be modulated by switching between flip and flop variants 

(1.1.1.21) which alters the rate of receptor desensitisation. Following global ischaemia 

there is a switch from flop to flip variants in the GluR2 receptor, which changes the Ca^ 

permeability of the AMPA channel by potentiating channel opening (Pollard et aL, 

1993).

3.3.3 Absence of GluR2 expression within the AMPA receptor channel complex

The regulation of C a^ permeability by the expression of GluR2 has been described 

earlier in this thesis (1.1.1.2ii). GluR2 subunit expression is highly conserved throughout 

the CNS (Pettier and Mulle, 1995) although certain neurons contain AMPA channels 

which do not express GluR2 and are permeable to Ca^. Since C a^  permeability is an 

important determinant of excitotoxicity, these neurons are more vulnerable to excitotoxic 

insults. Most principal excitatory neurons, such as hippocampal, neocortical pyramidal 

cells and dentate gyrus cells exhibit low C a^ permeability and a high relative GluR2 

expression (Bochet et aL, 1994; Jonas et aL, 1994; Geiger et aL, 1995), but there are a 

few small populations of neurons in the CNS that appear to lack the GluR2 subunit. 

These include a sub-populations of neurons in the cerebellum, certain intemeurons and 

spinal motor neurons (Petralia et aL, 1997; Williams et aL, 1997; Bochet et aL, 1994; 

Jonas et aL, 1994; Geiger et aL, 1995) and, indeed, some of these neurons have been 

shown to be susceptible to non-NMDA agonist excitotoxicity (Brorson et aL, 1995; 

Hugon et aL, 1989; Ikonomidou et aL, 1996).
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3.4 The spa/spa rat

The nature of excitotoxic death within the adult brain was investigated in the HanAVistar 

spa/spa rat. This rat has several advantages over the GluR2 transgenic mice as a model 

of AMPA toxicity. The GluR2(Q) mouse has extensive hippocampal degeneration, but 

the mutation means that the animals die by three weeks of age (Brusa et aL, 1995). The 

relatively rapid time course of death suggests a sub-chronic neurodegeneration and, as 

seizure activity is so dominant in the phenotype, acute excitotoxic degeneration could 

account for a portion of the injury, interspersed with the more prolonged neuronal death. 

Furthermore, the brain is still relatively immature at 3 weeks, so it is not possible to say 

with any certainty that any apoptotic cell death seen is of mature, adult neurons. 

Neuronal cell death during development is well defined as apoptotic (Bittigau et aL, 

1999) and could, therefore, cloud any interpretation.

The GluR2(N) mouse has more subtle changes in AMPA channel conductivity, which 

leads to early observable neurological deficit in mutants (Feldmeyer et aL, 1999), but 

degeneration is not discernible until the mice are one year old and then progresses over 

the next year, until death (Kuner et aL, manuscript in preparation). This allows 

monitoring of long term phenotypic changes, but means that experiments are long and it 

is difficult to obtain animals in large enough numbers for statistical analysis.

The spa/spa strain of Han/Wistar rats, first described by Pittermann et aL (1976), is 

characterised by progressive degeneration of upper and lower motor neurons leading to 

the development of spasticity {spa) and follows an autosomal recessive inheritance 

pattern of unknown genetic location, spa/spa rats are indistinguishable firom littermate 

controls up to 30 days of age. At this time homozygous spa rats start to develop motor
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anomalies such as head and forelimb tremors followed by an increase in muscle tone. 

Between P40 and P50, hindlimb dragging becomes evident and is seen in 100 % of 

animals by P70. This progresses rapidly over the next 10 days and remains severe up to 

P80. The final phase of the syndrome occurs around P70-P74, when 75 % oispa/spa rats 

loose their righting reflex, develop bulbar palsy and die between P70 and P80. 

Neurodegeneration has been described in three main cell populations, the cerebellar 

Purkinje cells, hippocampal CA3 pyramidal cells and spinal motor neurons (Wagemann 

et aL, 1991; Müller et aL, 1998) coincident with the onset of neurological dysfunction. 

At 4 weeks when bead tremors first appear, Purkinje cell loss in the cerebellum is abeady 

present (Müller et aL, 1998). The development of spasticity is associated with changes in 

neurotransmitter activity in the entopeduncular nucleus (Turski et aL, 1990) and motor 

dysfunction with concomitant spinal cord a-motor neuron degeneration (Müller et aL, 

1998). Neurodegeneration is always accompanied by extensive gliosis (Wagemann et aL, 

1995).

3.4.1 bivolvement of AMPA in the pathophysiology

The first description of the involvement of the glutamatergic system in the spa/spa rat 

showed that NMDA antagonists could reverse muscle spasticity by their actions in the 

CNS (Turski et aL, 1985). Later, two reports by Cohen et aL showed altered glutamate 

receptor function in the cerebellum and a reduced expression of GluR2 subunits in 

cerebellar Purkinje cells prior to the onset of disease in the spa/spa mutant, suggesting 

that the neurons which are involved in the pathology are predisposed to glutamate 

excitotoxicity (Cohen et aL, 1991; Margulies et aL, 1993). Moreover, in AMPA binding 

studies in hippocampal CA3 neurons, there was a selective loss of AMPA chaimel-
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containing neurons with age (Müller et aL, 1998). Subsequently, a number of 

pharmacological studies have demonstrated the efficacy of ionotropic glutamate receptor 

antagonists against neurodegeneration and functional decline in these rats (Müller et aL, 

1998; Nisim et aL, 1999; Brunson et aL, 2001), although protection with NMDA receptor 

antagonists was limited (Brunson et aL, 2001).

3.5 Mechanism of cell death

In order to assess the type of neuronal cell death in the spa/spa rat CNS, it is first 

necessary to define the differences between the two major classes of cell death, apoptosis 

and necrosis. The key elements defining necrotic and apoptotic cell death are highlighted 

in Table 3.5. Early descriptions by Kerr et aL (1972), distinguished the two types of cell 

death on a morphological basis, with the major changes occurring in the cell architecture 

and nuclear morphology. Necrotic cells are associated with rapid cellular, mitochondrial 

and nuclear swelling and ultimately rupture of the cell membrane, whilst apoptotic cells 

undergo a more protracted condensation, with folding of the cell membrane but 

maintenance of membrane integrity. The distinctive nuclear changes include early 

breakdown of the nuclear membrane and non-specific deoxyribonucleic acid (DNA) 

degeneration in necrotic cells. In apoptotic cells, the deconstruction of the nucleus is 

more ordered. Nuclear morphology is maintained for much longer before mixing of 

nucleoplasm and cytoplasm. Prior to the final nuclear breakdown, chromatin condenses 

and becomes marginated along the inner surface of the nuclear membrane (Kerr et aL, 

1972).
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Criterion Apoptosis Necrotic cell death

Morphological

Cell Volume Condensation Swelling

Nucleus Chromatin condensation 

Chromatin margination

Rupturing o f nuclear membrane

Cytoplasmic organelles No changes Mitochondrial swelling 

Endoplasmic reticulum swelling

Cytoplasmic membrane Remains intact

Membrane blebbing at later stages

Membrane failure

Cell fate Apoptotic body formation Catastrophic membrane failure and cell

Cleared by phagocytosis rupture

No inflammation Extensive inflammatory response

Pattern o f death Individual cells affected Expanding foci o f multiple cells 

affected

Biochemical

Metabolic ATP required Loss o f membrane potential and 

osmotic damage

Intracellular calcium Low rise in calcium promotes apoptosis High calcium promotes necrosis

DNA fragmentation Inter-nucleosomal cleavage Non-specific

Phagocytic markers Surface expression of phagocytic 

“flags” -  phophatidylserine, lectins, etc

Non-specific

Execution pathways Two defined cascades involved. Non specific activation o f Ca^-

Both culminate in caspase-3 activation activated proteases

Kinetics Slow -  several hours to days Rapid -  minutes to hours

Table 3.5 Conq)arison o f the main morphological and biochemical criteria identifying apoptotic and 

necrotic cell death. Adapted from Sperandio et al. (2000) and Bredesen (1995).

The second major feature which sets apoptosis and necrosis apart is in the way the dying 

cell is removed. In apoptosis the process of cell death is highly regulated with one of two 

currently known cascades initiated to systematically dismantle the cell to form apoptotic 

bodies (Hengartner, 2000; Kerr el ah, 1972). Early in the process a number of ligands 

are expressed on the cell surface which trigger phagocytosis by neighbouring glial cells
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(Henson et al., 2001). The result is the controlled removal of the cell with no 

inflammatory response. Necrotic cell death is in general an altogether more destructive 

process. Death is triggered by a loss of membrane potential, as a consequence of 

depolarisation and energy failure (Majno and Joris, 1995). This results in osmotic 

swelling and rupture of nuclear, organelle and plasma membranes, and concludes with 

release of pro-inflammatory stimuli into the extracellular space provoking an 

inflammatory response to remove the cellular debris (Majno and Joris, 1995).

It is on these current strict morphological and biochemical criteria that apoptotic and 

necrotic cell death are defined. Yet it is increasingly clear that not all cell death can be 

categorised into these two classes, particularly programmed cell death of adult neuronal 

populations. Certain recently described forms of cell death do not satisfy all the criteria 

of apoptotic cell death (Turmaine et al., 2000; Sperandio et al., 2000). Sperandio et al. 

(2000) call this death “paraptosis”, suggesting it is related to apoptosis, but with a 

number of important distinctions, such as the lack of chromatin margination, or apoptotic 

body formation and more importantly the late swelling of mitochondria and lack of 

intemucleosomal DNA cleavage, or caspase-3 activity. In addition, it is important to 

distinguish apoptosis from autophagic cell death. Schwiechel and Merker (1973) and 

Clarke (1990) characterised three types of programmed cell death in development. Type 

I is apoptotic; Type H, autophagy, is characterised by the prominent early formation of 

autophagic, lysosomal vacuoles. In apoptosis, autophagic vacuoles are not involved in 

the early stages of degradation, but are involved later during the removal of apoptotic 

bodies. In type IH cell death, the cell is degraded into fragments without the involvement 

of lysosomes. Autophagy and apoptosis share many common characteristics, including 

cell condensation. One particularly important feature by which to distinguish between
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the two types is the fate of the cytoskeleton. In apoptosis, the cytoskeletal elements are 

broken down early in the death process, whereas, in autophagic cell death, the 

intermediate and microfilaments are largely preserved until late in the process (Bursch et 

al., 2000), possibly because the cytoskeleton is important in the processing of phagocytic 

vesicles.

3.6 Neuronal death in spa/spa rat

Neuronal cell death in spa/spa rat develops slowly starting between 4 and 6 weeks and 

continuing until the animal’s death between 8 and 10 weeks. Over this period 

approximately 50 % of neurons are lost in each of the regions involved (Müller et al., 

1998). The protracted cell death of selective neuronal populations over a period of weeks 

lead one group to propose that the neurons in spa/spa animals die by apoptosis (Pikula et 

al., 1998). This conclusion was based purely on the kinetics of cell death and TdT 

(terminal deoxynucleotidyl transferase)-mediated dUTP (d-uridine triphosphate) nick end 

labelling (TUNEL) of cerebellar Purkinje cells. In apoptosis, DNA is cleaved between 

nucleosomes to form the agarose gel ladders of nucleosomal DNA fragments which have 

become one of the hallmarks of this mode of cell death (Wyllie, 1980). It is the 3’-OH 

terminal residues of the fragmented DNA, which appear early in the process, that the 

TUNEL technique labels. The problem is that whilst DNA strand breaks are present and 

labelled, positive staining does not mean that the DNA breaks appeared as the result of 

intemucleosomal cleavage, thus, the appearance of an exposed 3’-OH terminus in DNA 

is not unique to programmed cell death. This means that the TUNEL technique can 

potentially detect any situation where DNA is nicked to expose a 3’-OH terminal (van
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Lookeren-Campagne and Gill, 1996), even certain forms of necrotic cell death, and can 

not be relied on as a sole indicator of apoptotic cell death.

The current studies were undertaken to define the morphological and biochemical 

changes which accompany neuronal death in the spa/spa rat. To specifically address the 

role of apoptosis in this process, electron microscopy was utilised, whilst biochemical 

markers of the apoptotic process were also assessed to determine whether the cell death 

involved met the current criteria for apoptosis.
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3.7 Materials and methods

3.7.1 Animals

Male and female Han-Wistar spa/spa rats aged 4, or 8 weeks were obtained from Harlan, 

Holland. All animals were housed under environmentally controlled conditions (12 hour 

light dark cycle) and permitted free access to food and water. In 8 week old animals 

when spastic symptoms began to appear and animals were unable to feed from overhead 

hoppers, food and water were provided in the cage, spa/spa animals were identifiable 

from around 3 weeks of age when head and forelimb tremors began to appear. At this 

stage the animals were separated into spa/spa and heterozygous- plus homozygous- 

recessive littermate controls (phenotypically-normal littermates).

3.7.2 Light microscopy

Rats were anaesthetised with an overdose of sodium pentobarbitone (100 mg/kg i.p. 

SagataF’'̂ ; Rhone Mérieux Ltd., Essex, UK) and perfused through the left ventricle with 

a fixative containing 4 % paraformaldehyde (Sigma, Dorset, UK) and 0.5 % 

glutaraldehyde (Sigma, Dorset, UK) in phosphate buffered saline (Sigma, Dorset, UK). 

Blocks of brain and spinal cord were then embedded in paraffin wax and coronal sections 

throughout the brain and lumbar spinal cord were cut at 10 pm thick on a sledge 

microtome and mounted on gelatin-coated glass slides. The sections, once dried, were 

then de-paraffinised in xylene and rehydrated through graded ethanols. Two different 

empirical stains were used to investigate the neuronal pathology. For hematoxylin and 

eosin staining sections were first stained in Harris’s hematoxylin (Sigma, Dorset, UK) for
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2 min, then rinsed in tap water, differentiated in 70 % ethanol containing 1 % HCl, 

washed in tap water again for 5 min and counterstained with eosin (Sigma, Dorset, UK) 

for up to 1 min. The sections were then dehydrated through graded ethanols, cleared in 

Histo-Clear™ (Agar Scientific, Essex, UK) and mounted in DPX mounting medium 

(Fisons Scientific Equipment, Loughborough, UK). Silver staining was carried out at the 

University College Hospital Histology Department according to the Glees and Marsland 

modification of the Bielchowsky method (Glees and Marsland, 1954).

3.7.3 Electron microscopy

Rats were culled and perfused as above (3.7.2). For electron microscopy the tissue was 

sectioned through the lumbar spinal cord into 200 pm blocks using an Oxford vibratome 

(Agar Scientific, Essex, UK) and collected in 0.1 M sodium phosphate buffer (pH 7.4). 

Sections were then osmicated for 40 min in 1 % osmium tetroxide (Agar Scientific, 

Essex, UK) in 0.1 M phosphate buffer, washed in the phosphate buffer for 5 min, before 

changing to two washes of 10 min each in 0.1 M sodium acetate followed by staining for 

15 min in 2 % uranyl acetate in sodium acetate (Agar Scientific, Essex, UK) at 4°C. The 

sections were then washed again in sodium acetate and switched to distilled water. Next, 

the sections were dehydrated in graded ethanol, cleared in four changes of propylene 

oxide at 10 min each and changed for 50 % propylene oxide/50 % araldite resin for 45 

min. The araldite resin is composed of 10 g dodecenyl succinic anhydrite (DDSA), 10 g 

Araldite (CY212) and 0.8 g plasticizer (dibutyl pathalate) which are heated and mixed. 

When mixed, 0.4 ml benzyldimethylamine (BDMA) is stirred into the resin (all resin 

reagents are available from Agar Scientific, Essex, UK). The blocks were then soaked in 

fresh araldite for 24 hours on a rotator and finally embedded in araldite resin between
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Melinex™ (Dupont Teijin Films, Cleveland, UK) sheets and baked at 60 °C overnight. 

Semithin (1 pm) coronal sections were cut with adjacent thin (80 nm) sections using a 

glass knife on a Reichert Ultracut ultramicrotome (Leica UK Ltd., Bucks, UK). Semithin 

sections were stained with toluidine blue (Agar Scientific, Essex, UK) for 40 sec and 

rinsed with distilled water for light microscopy, whilst thin sections were mounted on 

200 pm electron microscope copper grids (Agar Scientific, Essex, UK), counterstained 

with lead citrate (Agar Scientific, Essex, UK) and examined in a JEOL 1010 transmission 

electron microscope.

3.7.4 Sample preparation for caspase activity assay and nucleosome ELISA

Rats were anaesthetised with an overdose of sodium pentobarbitone (100 mg/kg i.p. 

SagataF'^; Rhone Mérieux Ltd., Essex, UK) and the brains removed. The brains were 

then placed on a petri dish containing a block of ice to keep them cool and dissected into 

cingulate, retrosplenial, frontal, parietal and occipital cortex, hippocampus, striatum, 

thalamus, substantia nigra, hypothalamic nucleus, tectum, cerebellum, pons and olfactory 

bulbs. The spinal cord was also removed for analysis. All samples were placed in 1.5 ml 

Eppendorf^^ microfuge tubes and frozen in liquid nitrogen. For the homogenisation 

protocol, all steps were carried out on ice. The samples were thawed and 100 pi of 

homogenisation buffer (incubation buffer from Boehringer Mannheim’s Cell Death 

Detection ELISA, Boehringer Mannheim UK Ltd., East Sussex, UK) was added to the 

microfuge tubes and the samples gently homogenised using a Treff pellet mixer (Scotlab, 

Lanarkshire, UK) until all large pieces of tissue had disappeared (approximately 1 min). 

The suspension was made up to 20 volumes with homogenisation buffer and mixed, then 

incubated at room temperature for 30 min and centrifuged (5 min, 4 °C, 13,500 g;
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Haraeus Biofiige Fresco, Jencons Scientific Ltd., Bedfordshire, UK). The supernatant 

was then collected and stored at -80 °C until assayed.

3.7.5 Nucleosome enzyme-linked immunosorbent assay (ELISA)

A cell death detection ELISA (Roche Diagnostics Ltd, East Sussex, UK) was used to 

measure intemucleosomal cleavage of DNA in rat brain extracts. The procedure was 

carried out according to the manufacturers specification. Briefly, 96 well plates were 

coated with an anti-histone antibody. The plates were then exposed to the rat brain 

supernatant as prepared in 3.7.4, followed by the secondary antibody, a peroxidase- 

conjugated anti-DNA antibody which recognises single and double stranded DNA. The 

ELISA was developed in the presence of hydrogen peroxide with the chromagen ABTS 

(2,2’-azino-di-[3-ethylbenzthiazoline sulfonate(6)]) as the substrate. Absorbance was 

measured at 405 nm using a Dynatech MR7000 spectrophotometer (Dynatech 

Laboratories, Sussex, UK)

3.7.6 Caspase-3 activity assay

Caspase-3 activity was determined according to a fluorescence assay developed in our 

laboratories (Bittgau et a l, 1999). 20 pi of the supernatant, as prepared in 3.7.4, was 

diluted with 160 pi reaction buffer (50 mM HEPES (N-[2-hydroxyethyl]piperazine-N’- 

[2-ethanesulfonic acid]), pH 7.5, 1 % sucrose, 0.1 % CHAPS (3-[(3-cholamidopropyl)- 

dimethylamminio] -1 -propanesulfbnate) and 5 mM dithiothreitol (all from Sigma, Dorset, 

UK)), and incubated at 37 °C for 2 hours with 10 pi of the fluorogenic tetrapeptide 

substrate DEVD-AMC (Asp-Glu-Val-Asp-aminomethylcoumarin; Bachem UK Ltd.,
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Essex, UK; 1 mM). Free AMC accumulation, which resulted from cleavage of the 

aspartate-AMC bond, was measured using a Perkin Elmer luminescence 

spectrophotometer at 380 nm extinction and 460 nm emission wave lengths. Specific 

activity was defined as the difference between total activity in the presence and absence 

of 10 pi of the caspase-3 inhibitor Ac-DEVD-CHO (acetyl-Asp-Glu-Val-Asp-aldehyde; 

20 pM).

3.7.7 TdT-mediated dUTP nick end labelling (TUNEL)

TUNEL staining was carried out in wax-embedded sections prepared as in 3.7.2 using an 

in situ cell death detection kit (Roche Diagnostics Ltd, East Sussex, UK). The 

procedures were carried out according to the manufacturers specifications. Sections were 

de-paraffinised and rehydrated as in 3.7.2 and treated with 20 pg/ml proteinase K (Sigma, 

Dorset, UK) in phosphate-buffered saline (PBS; pH 7.4; Sigma, Dorset, UK). The 

sections were quenched and permeabilised before adding the TUNEL reaction mixture 

containing fluorescein-conjugated dUTP and the terminal deoxynucleotidyl transferase 

enzyme. The reaction was visualised using a peroxidase-conjugated anti-fluorescein 

antibody and peroxidase activity was detected in 3,3’-diaminobenzidine (Sigma, Dorset, 

UK) solution in phosphate buffered saline containing 0.01 % hydrogen peroxide (Sigma, 

Dorset, UK). Rinsed sections were counterstained in Harris’s hematoxylin (Sigma, 

Dorset, UK) for 30-60 sec, washed in running water, dehydrated in graded alcohols, 

cleared in Histo-Clear'^^ (Agar Scientific, Essex, UK) and mounted on glass slides under 

DPX mounting medium (Fisons Scientific Equipment, Loughborough, UK). Some 

sections were pre-treated with 1 mg/ml DNAasel (Sigma, Dorset, UK) after the 

permeabilisation step in order to provide a positive control for DNA cleavage. In
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addition, negative controls were included in each run with PBS in place of the TUNEL 

reaction mixture.

3.7.8 Statistics

Data from the DNA nucleosome ELISA and the Caspase-3 activity assay did not exhibit 

a Gaussian distribution and were, therefore, analysed by Mann-Whitney U-test. All 

statistics were performed using Statview statistical software (Abacus concepts Inc., 

Berkeley, California).
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3.8 Results

3.8.1 Verification of the cell death detection ELISA and caspase-3 activity assay 
sensitivity

The nucleosome ELISA was originally developed for the detection of DNA cleavage in 

vitro and although the assay has been used successfully for the detection of nucleosome 

production in vivo in rat pups (Bittigau et al., 1999), it has not been used with adult CNS 

tissue. Therefore, the olfactory bulb was included in the current studies to provide a 

positive control from a CNS region with known apoptotic neuronal cell death, the result 

of turnover of olfactory neurons derived from neuroepithelial cells (Deckner et al., 1997; 

Hayward and Morgan, 1995). Caspase-3 activity was also measured in the olfactory bulb 

to assess the relationship between programmed cell death as indicated by specific DNA 

cleavage and executor caspase activity.

There were strong signals for both DNA breakdown and caspase-3 activity in the 

olfactory bulb compared with those signals obtained from the other brain regions (Fig. 

3.8.1). This confirmed that the nucleosome assay was, indeed, able to detect DNA 

breakdown products ex vivo and that caspase-3 activity was also associated with 

degeneration. Additionally, DNA cleavage and caspase-3 activity in the olfactory bulb 

were significantly higher in the spa/spa rat compared with control littermates. Whilst 

this was unexpected, it may explain part of the behavioural phenotype of the mutant. 

Under observation, spa/spa rats appear to spend more time “sniffing” around their 

environment than their phenotypically-normal littermates, possibly due to a loss in 

sensitivity of the olfactory system as a result of increased cell death.
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Figure 3.8.1 Change in DNA degradation and caspase-3 activity in the olfactory bulbs o ï sp a /sp a  rats and 

age-matched littermates at 4 weeks. Panel a. shows DNA cleavage in sp a /sp a  rats (solid bars) versus 

phenotypically normal littermates (hatched bars) as measured by production o f DNA-histone complexes 

arising from intemucleosomal DNA cleavage. Panel b. shows caspase-3 activity in the same samples 

described in a. tp<0.01 vs. vehicle by Mann-Whitney U-test. Bars depict mean ± s.e.m.. n=l 1 per group.

3.8.2 Regional distribution of DNA damage in spa/spa rats at 4 weeks

The ELISA for nucleosome/DNA complex detection was used in order to quantify the 

extent of specific DNA cleavage in a number of regions of brain and spinal cord from 

spa/spa rats and littermate controls (Fig. 3.8.2.1 and Fig. 3.8.2.2). From this analysis, 

four regions shared a significant change in nucleosome cleavage. Of the sub-cortical 

regions, the striatum was the only region to show a significant increase in nucleosome 

cleavage (Fig. 3.8.2.1a). In the cortex, there was a general trend suggesting that 

nucleosome cleavage was elevated in the rostral cortex relative to frontal areas (Fig. 

3.8.2.1b). Although the occipital cortex was the only area to reach statistical 

significance, the retrosplenial and parietal cortices also demonstrated a trend towards 

significance (Fig. 3.8.2.1b). In the hindbrain and spinal cord, the cerebellum showed a 

trend towards significance in the spa/spa rats (Fig. 3.8.2.2), a region of known cell loss
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(Wagemann et al, 1991). Both the pons and the spinal cord had significantly higher 

signals in the spa/spa group (Fig. 3.8.2.2).
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F igure 3.8.2.1 Increased DNA degradation in discreet brain regions of sp a /sp a  rats at 4 weeks of age. 

Panel a. shows the sub-cortical distribution o f DNA cleavage in sp a /sp a  rats (solid bars) versus 

phenotypically normal littermates (hatched bars) as measured by production o f DNA-histone complexes 

arising from intemucleosomal DNA cleavage. Panel b. shows the distribution of DNA cleavage for cortical 

regions. *p<0.05 vs. vehicle by Mann-Whitney U-test. Bars depict mean ± s.e.m.. n=5 animals per group 

except for cingulate cortex (n=4).
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Figure 3.S.2.2 Increased DNA degradation in the hindbrain and spinal cord of sp a /sp a  rats at 4 weeks of 

age. The data show the distribution of DNA cleavage in sp a /sp a  rats (solid bars) versus phenotypically 

normal littermates (hatched bars) as measured by production of DNA-histone complexes arising from 

intemucleosomal DNA cleavage. *p<0.05 vs. vehicle by Mann-W hitney U-test. Bars depict mean ± 

s.e.m.. n=5 animals per group.

3.8.3 Regional distribution of caspase-3 activity in 4 week old spa/spa rats

Caspase-3 activity was measured as an increase in fluorescence following specific 

cleavage of the fluorogenic substrate Ac-DEVD-AMC. The detectable levels of caspase- 

3 activity were very low in all brain regions. The only region to show a significant 

increase in the spa/spa versus littermate controls was the cerebellum (Fig. 3.8.3.2). 

Despite the lack of statistical significance, several other brain regions, which 

demonstrated an increase in nucleosome cleavage, also showed a trend towards an 

increase in caspase-3 activity (Fig. 3.8.3.1 and Fig. 3.8.3.2).
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Figure 3.8.3.1 Caspase-3 activity in discreet brain regions o f 4 week old sp a /sp a  rats. Panel a. shows the 

cortical distribution of caspase-3 activity in sp a /sp a  rats (solid bars) versus phenotypically normal 

littermates (hatched bars) as measured by specific cleavage o f  the fluorogenic caspase-3 substrate, Ac- 

DEVD-AMC. Panel b. shows the distribution o f caspase-3 cleavage activity for sub-cortical regions. Bars 

depict mean ±  s.e.m.. n=5 animals per group except for cingulate cortex (n=4).
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Figure 3.S.3.2 Caspase-3 activity in the hindbrain and spinal cord o f  4 week old sp a /sp a  rats. The data 

show the distribution of caspase-3 activity in sp a /sp a  rats (solid bars) versus phenotypically normal 

littermates (hatched bars) as measured by specific cleavage of the fluorogenic caspase-3 substrate, Ac- 

DEVD-AMC. *p<0.05 vs. vehicle by Mann-Whitney U-test. Bars depict mean ± s.e.m.. n=5 animals per 

group.

3.8.4 Comparison of DNA cleavage in selected brain regions at 4 and 8 weeks in spa/spa 
rats

In order to investigate the progression of neurodegeneration in the spa/spa rat, DNA 

degradation was compared between 4 and 8 weeks in those regions in which 

neurodegeneration has already been documented, the cerebellum, spinal cord and 

hippocampus (Wagemann et al., 1991; Müller et al., 1998). Two of these regions also 

demonstrated an increase in DNA cleavage at 4 weeks (cerebellum, spinal cord). The 

remaining region, the hippocampus, is a region known to undergo neurodegeneration 

from around six weeks of age (Wagemann et al, 1991).
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The changes between 4 and 8 weeks were varied. In the cerebellum, nucleosome 

cleavage was close to achieving statistical significance at 4 weeks. By 8 weeks, the 

difference between spa/spa and control littermates was now statistically significant (Fig. 

3.8.4.1a). Nucleosome production, which had been significant in the spinal cord at 4 

weeks also still elevated at 8 weeks (Fig. 3.8.4.1b). Contrary to expectation, the 

nucleosome ELISA detected no significant difference in the hippocampus at either 4, or 8 

weeks (Fig. 3.8.4.2).
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Figure 3.8.4.1 Change in DNA degradation in discreet brain regions o f sp a /sp a  rats between 4 and 8 

weeks o f age. Panel a. shows the DNA cleavage in the cerebellum of sp a /sp a  rats (solid bars) versus 

phenotypically normal littermates (hatched bars) as measured by production o f DNA-histone complexes 

arising from intemucleosomal DNA cleavage. Panel b. shows the DNA cleavage for the spinal cord. 

*p<0.05, or tp<0.01 vs. vehicle by Mann-Whitney U-test. Bars depict mean ± s.e.m.. n ^ l 1 in the 4 week 

groups and n=8 at 8 weeks.
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Figure 3.S.4.2 Change in DNA degradation in the hippocampus of sp a /sp a  rats between 4 and 8 weeks of 

age. The histogram shows the DNA cleavage in sp a /sp a  rats (solid bars) versus phenotypically normal 

littermates (hatched bars) as measured by production o f DNA-histone complexes arising from 

intemucleosomal DNA cleavage. Bars depict mean ± s.e.m.. n = l l  in the 4 week groups and n=8 at 8 

weeks.

3.8.5 TUNEL staining in the cerebellum of spa/spa rats

Since the ELISA data suggested ongoing specific DNA cleavage in regions associated 

with the neurological symptoms in spa/spa rats, and TUNEL positivity in Purkinje 

neurons of the cerebellum had been previously reported (Pikula et al., 1998), TUNEL 

staining was carried out in the cerebellum of 4 week old spa/spa rats. Whilst TUNEL- 

positivity was seen in the cerebellum, the positive cells were not Purkinje neurons, but 

astrocytes situated within the Purkinje cell layer (Fig. 3.8.5.1). The TUNEL controls 

(Fig. 3.8.5.2) clearly demonstrate the specificity of the staining for cleaved DNA, as 

shown by the positive staining of naturally occurring apoptosis in epithelial cells of the 

choroid plexus (Fig. 3.8.5.2).
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Figure 3.8.5.1 TUNEL staining in the cerebellum of 4 week old spa/spa rats. Panel a shows that Purkinje 

cells, even those undergoing degeneration (arrow) are free from TUNEL staining, whilst the nuclei of 

adjacent astrocytes are clearly positive. Panel b shows the lack of positive TUNEL staining in the 

cerebellum of phenotypically-normal littermates and the reduced number of astrocytes. Magnification: 

x40.
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Figure 3.8.S.2 TUNEL staining controls in phenotypically normal spa/spa littermates, demonstrating the 

specifieity of staining in control rat brain. Panels depict part of the choroid plexus of the third ventricle and 

a portion of Purkinje cell layer in the cerebellum. Panel a shows normal staining. The ehoroid plexus is 

positive for TUNEL, as expected given the turnover of epithelial cells, whilst the cerebellum is free of 

staining. Panel b shows a positive control in the presence of the DNA cleaving enzyme, DNAase I. Panel 

c is the negative control in the absence of the primary reaction mixture, tdT. Magnification: x20.
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Neuronal loss was clearly evident in the spa/spa animals, as demonstrated by the gaps 

seen in the cerebellar Purkinje cell layer in Fig. 3.8.5.1 (and previously reported in the 

literature (Wagemann et a l, 1991; Müller et a l, 1998)), however, this cell loss did not 

appear to involve the specific intemucleosomal DNA cleavage associated with the 

classical apoptotic cell death pathway. Therefore, the morphology of neuronal death was 

examined in more detail in order to determine the nature of cell death.

3.8.6 Light microscopy in spa/spa CNS tissue

Three regions were used to investigate the nature of neuronal death. The cerebellum and 

spinal cord have both previously been shown to exhibit neuronal cell death at 4 weeks of 

age in mutant animals (Wagemann et a l, 1991; Müller et al., 1998), whilst degeneration 

in the hippocampus typically begins at around 6 weeks (Wagemann et al., 1991; Müller 

et al., 1998). Indeed, toluidine blue and silver stain revealed ongoing degeneration in the 

cerebellum and spinal cord at 4 weeks (Fig. 3.8.6.1 and Fig. 3.8.6.2, respectively), whilst 

the hippocampus CA3 region appeared normal (Fig. 3.8.6.3). In the cerebellum, the 

Purkinje cells could clearly be seen undergoing condensation of the cytoplasm and 

nucleoplasm (Fig. 3.8.6.1c and d) resulting in an increase in the staining intensity and 

shrinkage of the neurons. The motor neurons in the ventral horn of the lumbar spinal 

cord underwent a similar cell shrinkage with a concomitant increase in staining intensity 

(Fig. 3.8.6.2). In this instance, the neurons also appear to pull away from the 

extracellular matrix as they condense leaving a halo around the neurons (Fig. 3.8.6.1c and 

d). Phenotypically-normal littermates demonstrated no abnormal morphology in the 

cerebellum, or spinal cord (Fig. 3.8.6.1a and b; Fig. 3.8.6.2a and b).
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Figure 3.8.6.1 Purkinje cell degeneration in the cerebellum of spa/spa rats at 4 weeks of age. Panels a and 

c show toluidine blue staining of cerebellar tissue in littermate control and spa/spa rat, respectively. In c, 

degenerating neurons (arrows) appear darker and condensed compared with normal Purkinje cells. Panels 

b and d  show silver staining in control littermate and spa/spa rat, respectively. In d, the silver stain is taken 

up much more by degenerating Purkinje cells (arrows). GL -  Granule layer; ML -  Molecular Layer. 

Magnification: x40.
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Figure 3.S.6.2 Motor neuron degeneration in the lumbar spinal cord, ventral horn of 4 week old spa/spa 

rats. Panels a and c shows toluidine blue staining in littermate control and spa/spa rat, respectively, which 

demonstrates how the neurons appear to shrink and pull away from the extracellular matrix in the mutant 

animal. Panels c and d  shows how condensing motor neurons stain more intensely with silver as they begin 

degenerate compared with morphologically-normal neurons in the spinal cord from another spa/spa rat. 

Magnification: x20.

a

Figure 3.8.6.3 Hippocampal CA3 pyramidal neurons exhibit normal morphology in a 4 week old spa/spa 

rat. In panel a sections are stained with toluidine blue. Panel b shows silver staining. Magnification: x40.
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At 8 weeks of age the degeneration in the cerebellum and spinal cord was still evident. 

In addition, neurodegeneration was now clearly visible in the hippocampal CA3 subfield 

(Fig. 3.8.6.4b). Again, by light microscopy, the neurons showed condensation of the 

nucleoplasm and cytoplasm, which appeared as an intense stain in toluidine blue-stained, 

plastic-embedded semithin sections (Fig. 3.8.6.4b).

a

Figure 3.S.6.4 Degeneration in the hippocampal CA3 subfield of an 8 week old spa/spa rat. Sections are 

stained with toluidine blue. Panel a shows the normal CA3 subfield from a littermate control, whilst panel 

b demonstrates the degeneration in the same subfield of a spa/spa rat. Magnification: x40.

3.8.7 Electron microscopy in spa/spa rats

Whilst light microscopy was able to show the ongoing degeneration in the neuronal 

populations of interest, it gave little information about the cellular events taking place 

during the death process. In order to investigate this process in more detail, sections 

taken from the spa/spa rat were examined by electron microscopy. Hundreds of fields 

were examined from spa/spa rats at 4 and 8 weeks of age and the following composites 

were obtained for each of the three regions studied showing the process of degeneration
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in each of the neuronal populations. No pathology was seen in phenotypically-normal 

littermates in any of the regions investigated.

3.8.7.1 Purkinje cell degeneration in the cerebellum o f spa/spa rats

The process of Purkinje cell degeneration is depicted in the series of electron 

micrographs in Figure 3.8.7.1. The first sign of degeneration was that as the neurons 

began to shrink, they became more electron dense, as can be seen from the darkening in 

Figure 3.8.7.1b and c. The first structural changes to occur were folding of the cytosolic 

and nuclear membranes and intense chromatin condensation, but never margination as 

described in classical developmental apoptosis (Fig. 3.8.7.1b). This was followed by 

dilation of the Golgi and endoplasmic reticulum. There also appeared to be an apparent 

loss of ribosomes from the rough endoplasmic reticulum. Certainly, very little rough 

endoplasmic reticulum was seen in the later stages of degeneration and ribosomal-like 

structures were visible throughout the cytoplasm. As the process continued, the Purkinje 

cells shrunk further and became even more electron dense (Fig. 3.8.7.1c). Mitochondrial 

swelling was also observed late in the degenerative process.

Figure 3.8.7.1c represents the most advanced stage of cell death seen in the cerebellum. 

Membrane blebbing, or the formation of apoptotic bodies was never seen. The 

degeneration was always associated with an increased number of astrocytes (Fig. 3.8.5.1) 

and extension of astrocyte processes within the Purkinje cell layer (Fig. 3.8.7.1c) as has 

been previously reported in these animals (Wagemann et ah, 1995). No microglia, 

macrophages or other inflammatory cells were ever seen in the cerebellum during 

degeneration as would be expected if the ultimate cell fate was lysis. In fact, the 

cytoplasmic membrane remained intact throughout the whole death process.
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Figure 3.8.7.1 Electron micrographs depicting the stages of Purkinje cell degeneration in 4 week old 

spa/spa rats. Panel a shows a healthy Purkinje neuron for comparison. Panel b shows a Purkinje cell in the 

early stages of degeneration. The membranes become invaginated (arrows) and the cell becomes electron 

dense. Panel c represents the most advanced stage of Purkinje cell degeneration seen in the spa/spa rat. 

Note the presence of extensive astroglial processes (arrows) Magnification: x2500.
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3.8.7.2 Motor neuron degeneration in the ventral horn of the lumbar spinal cord in 
spa/spa rats

Motor neuron degeneration in the ventral horn of the lumbar spinal cord of spa/spa rats 

followed a similar pattern to that described for the Purkinje cells above. Figure 3.8.7.2 

depicts a series of electron micrographs representing the stages of degeneration in the 

spinal cord. Figure 3.8.7.2a shows the morphology of a healthy a-motor neuron. The 

cytoplasm was opaque and rich in mitochondria, with a normal microtubule network. 

Degenerating neurons initially darkened in colour as their affinity for osmium increased 

and they became more electron dense (Fig. 3.8.7.2b). The nucleoplasm and cytoplasm 

condensed and chromatin in the nucleus began to clump. At this stage, intracellular 

organelles remained intact as did the microtubule network (Fig. 3.8.7.2b). However, as 

the neurons degenerated further, the nuclear envelope became invaginated and the Golgi 

apparatus and endoplasmic reticulum began to open. The microtubule network also 

disappeared, whilst mitochondria, having retained a normal appearance until the final 

stages of degeneration, appeared swollen (Fig. 3.8.7.2c). This represents the final stage 

of a-motor neuron degeneration that was observed in the spinal cord of the spa/spa rat. 

As with the Purkinje cells, membrane blebbing and apoptotic bodies were never seen, 

neither was any disruption to the cytoplasmic membrane.
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Figure 3.S.7.2 Electron micrographs depicting the process o f a-m otor neuron degeneration in the ventral 

horn o f the lumbar spinal cord in 4 week old sp a /sp a  rats. Panel a  shows a healthy motor neuron. In b, the 

neuron is in the early stages o f degeneration with a darkened, condensed appearance. Panel c  represents the 

most advanced stage o f degeneration seen in the spinal cord. The Golgi network and endoplasmic 

reticulum have begun to swell (large arrows) and the nuclear membrane has become invaginated (small 

arrows). Magnification; x2000.
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3.8.7.3 Pyramidal cell death in the hippocampal CA3 subfield o f spa/spa rats.

Degeneration of hippocampal pyramidal cells was restricted entirely to the CA3 subfield. 

The onset of neuronal death was much later than that of Purkinje cells and a-motor 

neurons as described above. Typically, CA3 neurons begin to die at around 6 weeks of 

age as described by Müller et al. (1998) and, indeed, no pathology was observed in the 

hippocampus of the spa/spa rat at 4 weeks of age (Fig. 3.8.6.3). Therefore, 8 week old 

spa/spa rats were used for ultrastructural examination.

In hippocampal CA3 pyramidal cells, several neurons were found in a more advanced 

stage of degeneration than described for the Purkinje cells, or a-motor neurons. Figure

3.8.7.3.1 demonstrates the process of neurodegeneration in the hippocampus. Healthy 

pyramidal cells, as seen previously, had a rounded nuclear morphology and an opaque 

cytoplasm (Fig. 3.8.7.3.1a). With the onset of cell death the neurons began to condense, 

as they developed a higher affinity for osmium, the chromatin aggregated and the Golgi 

apparatus and endoplasmic reticulum became swollen (Fig. 3.8.7.3.1b). The next stage 

of degeneration consisted of further condensation with folding of the nuclear and 

cytoplasmic membranes. Furthermore, spiral-like formations appeared in the cytoplasm, 

possibly arising from swelling of the Golgi and endoplasmic reticulum (Fig. 3.8.7.3.1c). 

The final stage of degeneration in the hippocampus saw the nucleus still distinguishable, 

but the cytoplasm had completely disassembled into tiny vesicle (Fig. 3.8.7.3.Id). 

Astrocyte processes were extensive in the region and appeared to surround the vesicles 

(Fig. 3.8.7.3.Id and Fig. 3.8.7.3.2; stage 3 neuron). Indeed, astrocyte processes in the 

vicinity of the dying neuron could be seen to contain cellular debris (Fig. 3.8.7.3. Id and 

Fig. 3.8.7.3.2).
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Figure 3.8.7.3.1 Neurodegeneration in the CA3 subfield o f sp a /sp a  rat hippocampus at 8 weeks o f  age. 

Panel a  shows a normal pyramidal neuron. Panel b  shows pyramidal neurons during an early stage of 

degeneration (stage 1). The neurons appear dark and condensed with compacted chromatin and 

Golgi/endoplasmic reticulum swelling (arrows). In c , the neuron is even more condensed with folding of 

the cytoplasmic and nuclear membranes and the appearance o f spiral formations in the cytoplasm (large 

arrow; stage 2). Panel d  shows extremely advanced degeneration o f pyramidal neurons. The nucleus is 

highly condensed, although still discernable (large arrow), but the cytoplasm has now completely 

fractionated into tiny spiral-like vesicles (see inset; stage 3). Astrocyte processes in the vicinity contain 

cellular debris (dark arrows). Magnifications: a  and b  x2500; c  x 4000; and d  x6000 (inset d  x25000).
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Figure 3.8.7.3.2 illustrates the whole process in a single field. Pyramidal neurons can be 

seen at each stage of degeneration with the accompanying astrogliosis and extension of 

astrocyte processes.

Figure 3.8.7.3.2 Degeneration o f the hippocampal CA3 region in an 8 week old sp a /sp a  rat. The three 

stages o f degeneration are clearly visible as indicated by the numbered arrows corresponding with the 

stages described above (Fig. 3.8.7.3.1), along with the extensive astrocyte processes (large arrows). 

Magnification: xl200.
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3.9 Discussion

The results presented in this chapter represent the first ultrastructural description of the 

morphological changes accompanying neuronal death in the spa/spa rat. The dominant 

features of the neuronal death process are (i) early nuclear and cytoplasmic condensation, 

associated with an enhanced affinity for toluidine blue and osmium, with nuclear and 

cytoplasmic membrane folding, (ii) chromatin condensation, but not margination, and 

(iii) late swelling of the mitochondria, Golgi network and endoplasmic reticulum. Whilst 

this form of neuronal death shares many of the characteristics of apoptosis, including cell 

condensation and aggregation of nuclear chromatin, there are several important 

distinctions. Apoptotic body formation, cytoplasmic, or nuclear membrane blebbing and 

chromatin margination, critical defining features of apoptosis, were never seen. In 

addition, the vacuolisation of the Golgi and endoplasmic reticulum and mitochondrial 

swelling are not seen in classical apoptosis. The loss of ribosomes fi*om rough 

endoplasmic reticulum is a common feature of apoptosis, but in the apoptotic pathway, 

the free ribosomes aggregate in the cytosol, whereas in spa/spa neuronal death they are 

dispersed throughout the cytoplasm (Wyllie et aL, 1980).

Apoptosis can be further defined on the basis of the biochemical processes taking place

inside the cell. One of the primary biochemical hallmarks of apoptosis is

intemucleosomal DNA fragmentation resulting in the formation of characteristic DNA

ladders on agarose gels (Wyllie, 1980). DNA cleavage occurs early in the apoptotic

process, concomitant with the appearance of condensed chromatin, but prior to apoptotic

body formation. The DNA nucleosome ELISA employed in these studies offers a more

specific measure of this intemucleosomal cleavage than standard TUNEL, or in situ nick

end labelling (ISNEL) techniques, by detecting DNA-nucleosome complexes, rather than
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the exposed terminal of cleaved DNA alone. The use of the ELISA also allowed 

quantification of the extent of “apoptotic” degeneration in a given brain region enabling 

the correlation of regions of degeneration with the phenotype of the spa/spa animal.

The spastic phenotype in spa/spa rat develops over a lifespan of around 10 weeks. The 

earliest observable symptoms, of head and forelimb tremor, occur at 4 weeks of age and 

have been attributed to the onset of Purkinje cell loss in the cerebellum resulting in a loss 

of fine motor control (Wagemann et a l, 1991). The nucleosome ELISA data supported 

active DNA cleavage in this region at 8 weeks, although the difference between mutant 

and littermate just failed to reach significance at 4 weeks. Interestingly, the data also 

showed that DNA cleavage was present in the striatum at 4 weeks. Therefore, 

degeneration of striatal neurons may also contribute to the early impairment in fine motor 

control. Striatal degeneration has not previously been reported in the spa/spa rat, 

although increased GFAP staining has been described in sub-cortical regions and the 

presence of astrocytes has been correlated with neurodegeneration (Wagemann et aL, 

1995). The striatum also forms part of the neurocircuitry involved in the control of 

anxiety and disturbances in these pathways, either neurochemical, or physical (lesions), 

are associated with this disorder (Ninan, 1999). This may be of relevance to the spa/spa 

rat as they exhibit anxiety early in life, as demonstrated by a reduced time spent in the 

centre of the cage during locomotor activity assessment (Müller et aL, 1998), thus, 

striatal damage may contribute to this.

By 4 weeks of age, increased muscle tone is already evident in the spa/spa rat and 

correlates with the appearance of degenerating primary motor neurons (Müller et aL, 

1998). The data from the nucleosome ELISA also indicated degeneration in the spinal 

cord at this time, which was still evident at 8 weeks. Furthermore, DNA cleavage was
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also detected in the pons, a region rich in motor neuron cell bodies and pathways 

involved in motor function and may, therefore, contribute to the spa/spa phenotype.

The distribution of the DNA cleavage signal in the cortical regions was stronger, and 

significant, in rostral regions and low towards the frontal cortex. Cortical damage has not 

been previously reported in the spa/spa rat, but is potentially of interest as the occipital 

cortex contains a number of visual centres. Neuronal loss in the visual centres of the 

occipital cortex might account for the anecdotal personal observation of impaired visual 

processing in spa/spa rat relative to phenotypically-normal littermates (the spa/spa rats 

appear to spend more time in exploration and are not as responsive to external 

movements). Neuronal projections from the olfactory bulb to the piriform cortex, may 

provide a link between the elevated nucleosome signals in the olfactory bulb and the 

occipital cortex and the subsequent development of the spa/spa phenotype (Cooper et aL, 

1994).

Caspase-3 activity is an additional biochemical marker widely used as an indicator of 

apoptotic activity (Fernandes-Alnemri et aL, 1994). In the present studies, the caspase-3 

activity was not significantly elevated in every region positive for nucleosome cleavage 

activity, however, there was a trend toward significance in the regions of particular 

interest. The low signal was not entirely unexpected since caspase-3 activity in any one 

cell is transient, therefore the signal from any given population during the weeks of 

protracted degeneration may not be sufficient to produce a measurable increase. The 

relative weakness of the signals in the nucleosome ELISA and the caspase-3 assay in the 

majority of brain regions is contrasted by the strong signals obtained from the olfactory 

bulb, an area of high apoptotic turnover (neuroepithelial cells typically have a lifespan of
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around one month; Deckner et aL, 1997; Hayward and Morgan, 1995). This highlights 

the low incidence of programmed cell death in other regions of the adult CNS.

The data from the hippocampus emphasised the problems associated with using a 

biochemical assay to detect a signal from a small number of degenerating cells within a 

tissue mass. CA3 pyramidal neurons are known to undergo degeneration in the later 

stages of the mutant rats lifespan (Wagemann et aL, 1991), but the nucleosome ELISA 

and caspase-3 activity were not significantly different from control littermates at either 4, 

or 8 weeks even though CA3 degeneration was clearly evident at 8 weeks, as revealed by 

the morphological studies. It may be that, in this instance, given the small volume of 

tissue available from dissection of the hippocampus, the assays were not sensitive enough 

to detect any change in levels of DNA cleavage or caspase-3 activity, especially as this 

region already seems to have a strong background nucleosome signal. This high 

background signal could originate from the large astrocyte population present in the 

region (Wagemann et aL, 1995) and therein lies the second problem with biochemical 

assessments of cell death in tissue samples.

The nucleosome ELISA and caspase-3 activity assay are useful in highlighting possible 

areas of degeneration, but provide little information about which cells are responsible for 

the signal. When TUNEL was assessed in the cerebellum, it showed that the DNA 

cleavage products were present in astrocytes rather than neurons. Astrocytes were not 

seen undergoing apoptosis, at the ultrastructural level, and TUNEL-positive astrocytes 

did not have an apoptotic morphology, although the staining had a largely nuclear 

location. It is possible that the astrocytes were in the early stages of apoptosis, 

alternatively, the signal could have been produced by DNA degradation products from
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the phagocytosis of degenerating neurons. A lack of apoptotic astrocytes has also been 

described by Turmaine et al. in a mouse model of Huntington’s disease, in which the 

Purkinje neurons undergo a similar form of cell death to that described here (Turmaine et 

aL, 2000), although they were able to find the occasional apoptotic astrocyte late in 

disease (Turmaine M, personal communication).

Although the TUNEL data suggest that the ELISA signal may not be arising from 

neuronal death, but from astrocytes found in the vicinity, this in itself may be an indicator 

of ongoing degeneration of neurons. Previous studies in the spa/spa rat have shown that 

neurodegeneration in these animals is always associated with astrogliosis (Wagemann et 

al,. 1995) and also revealed increased glial fibrillary acidic protein (GFAP) reactivity in 

those regions undergoing degeneration described in the present studies. In addition, 

degeneration in these particular regions could be expected to produce the symptoms 

which are, indeed, part of the spa/spa phenotype as described above. If astrocytes, and 

not neurons, are responsible for the nucleosome ELISA signal, this could also explain 

why the signal does not increase significantly between 4 and 8 weeks as the astrocyte 

population is likely to remain constant.

Since TUNEL positive neurons were not seen, this suggests that intemucleosomal DNA 

fragmentation, one of the major biochemical characteristics of apoptotic cell death, does 

not form part of the death pathway involved in neuronal death in the spa/spa rat. 

Combined with the differences seen in the morphology of degenerating neurons from the 

classical apoptotic morphology, this indicates that neurons in the spa/spa rat are dying by 

an alternative form of programmed cell death.
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The morphological and biochemical observations described in spa/spa rat neuronal 

degeneration are in agreement with a number of other descriptions of “dark cell 

neurodegeneration” in different adult systems (Turmaine et aL, 2000; Liposits et aL, 

1997; Lin et aL, 1999). These authors describe a process of programmed cell death in 

adult brains with important distinctions from the current biochemical and morphological 

classifications of apoptosis, namely darkening of neurons with cytoplasmic and nuclear 

shrinkage, chromatin condensation, but not margination, and the appearance of 

intracellular vacuoles arising from the Golgi or the endoplasmic reticulum. Sperandio et 

aL (2000) have been able to reproduce these characteristics in an in vitro model in non

neuronal cells, which may prove useful in further evaluating whether this represents a 

continuum between necrosis and apoptosis, or a distinct form of programmed cell death.

The formation of apoptotic bodies is the main defining feature of apoptosis (Kerr et aL, 

1972), however, this characteristic was not described by the authors above. Although no 

apoptotic bodies were seen in “dark cell degeneration” or in spa/spa rat neuronal 

degeneration, it is possible that this is because the cell debris was cleared before the 

appearance of bodies. As already stated, astrogliosis, as a result of either proliferation or 

recruitment, was present in the areas of neurodegeneration in the spa/spa rat, which could 

underlie the rapid phagocytosis of apoptotic debris. Certainly a glial response to this 

form of neurodegeneration has been reported by other authors (Turmaine et aL, 2000; 

Liposits et aL, 1997).

However, the early features of programmed cell death in the spa/spa rat are distinct from 

apoptotic cell death (the pattern of nuclear condensation in particular), suggesting it is 

unlikely that the neurons would have gone on to develop an apoptotic appearance had 

they not been phagocytosed. Moreover, although there were many astrocyte processes
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throughout the degenerating regions, astrocytes were never seen engulfing whole neurons 

as might be expected if phagocytosis was such a prominent feature of cell removal. It is 

possible that rather than engulfing the whole neuron, astrocytes removed smaller portions 

as it degenerated and occasionally astrocyte processes were seen to pass through the 

nucleus and cytoplasm of degenerating neurons. Astrocytes certainly appear to be 

responsible for the removal of neuronal debris in the later stages of hippocampal CA3 

degeneration, as was indicated by cellular debris contained with astrocytes in this area. 

TUNEL in this region may help to confirm this by detecting the presence of DNA debris 

within astrocytes. The hippocampus was unusual in that hippocampal CA3 neurons 

underwent the same early stages of condensation degeneration as the other regions, but 

subsequently progressed to an autophagic-like phenotype as the cytoplasm disintegrated 

into small vesicles. This process occurred from within the cell, with the vesicles 

seemingly derived from the dilated endoplasmic reticulum, or Golgi apparatus. The 

vesicles did not have the dense lysosomal characteristics of autophagic vesicles, rather 

they contained what appeared to be membranous whorls. Their appearance is similar to 

that described during neurodegeneration in leucodystrophy (Lowe et aL, 1997). Once the 

cytoplasm had been packaged in this way, it was removed by astrocytes, which enveloped 

and digested the cytoplasmic constituents. This occurred in the absence of membrane 

blebbing, apoptotic body formation, or even disruption of the nuclear membrane and was 

not seen in the cerebellum and spinal cord. In these latter examples, the dying neurons 

are more likely removed by the astrocytes before this could happen. The onset of 

degeneration in the hippocampus is later and the process occurs more rapidly, so 

astrocytes are possibly unable to clear dying cells fast enough and thus, the later stages of 

degeneration become apparent.
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It is clear that developmental, or pathological degeneration of neurons in the immature 

CNS meets the current criteria for apoptotic cell death (Dikranian et aL, 2001), but there 

are many examples of neuronal death in the adult being described as apoptotic when 

often these descriptions rely solely on the presence of TUNEL. In the stroke field, 

delayed neuronal death in the hippocampus is a phenomenon associated with global 

forebrain ischaemia and has been described by many as apoptotic primarily on the basis 

of TUNEL positive staining (Nitatori et aL, 1995). However, ultrastructural analysis 

reveals a very distinct morphological appearance, similar to that seen in spa/spa rat 

(Colboume et aL, 1999), The same is true in focal ischaemia where apoptosis is often 

described in the penumbral regions of the ischaemic core (Li et aL, 1995), but when 

examined in more detail, death is often morphologically distinct (van Lookeren 

Campagne and Gill, 1996).

The underlying pathological aetiology of “dark cell degeneration” in both stroke and 

traumatic brain injury is most likely excitotoxicity and antagonists of AMPA, but not 

NMD A receptors have been shown to be protective (Pulsinelli et aL, 1993; Ikonomidou 

and Turski, 1996; 1997). Glutamate toxicity potentially underlies many of the examples 

in which this form of condensation and degeneration of neurons is seen in vivo (Turmaine 

et aL, 2000; Liposits et aL, 1997; Lin et aL, 1999). Furthermore, there is a strong link 

between the altered expression of the AMPA receptor subunit, GluR2, and 

neurodegeneration in the spa/spa rat (Cohen et aL, 1991; Margulies et aL, 1993; Müller 

et aL, 1998), which is further supported by the neuroprotection afforded by the AMPA 

receptor antagonist, MPQX (Müller et aL, 1998). Taken together, these data provide a 

strong link between chronic glutamate exposure, and in particular AMPA receptor 

activation, and the distinct form of programmed cell death in adult neurons described in 

these studies.
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3.9.1 Conclusions

Firstly, from a technical aspect, these studies emphasise that the reliance on one marker 

of apoptosis, such as DNA fragmentation, is insufficient for the confirmation of this form 

of programmed cell death in vivo. The nucleosome ELISA is a more specific, 

quantifiable and highly sensitive measure of the intemucleosomal cleavage found in cells 

undergoing apoptosis, which when combined with standard TUNEL staining and detailed 

morphological assessment can provide more accurate information about which cells are 

undergoing apoptotic cell death.

In addition to confirming known regions of neurodegeneration, these data also suggest 

additional areas in which neuronal death may occur. The nucleosome ELISA detected 

DNA cleavage in discrete brain structures (for example, the striatum and occipital cortex) 

in which, if neurodegeneration did occur, one would expect neurological deficits that are 

consistent with the phenotype present in the spa/spa rat.

Finally, the data presented in these studies confirm previous reports which describe the 

neurodegeneration of cerebellar Purkinje cells, hippocampal CA3 pyramidal neurons and 

spinal cord a-motor neurons in the spa/spa rat (Wagemann et al., 1991; Müller et al., 

1998) and extend these observations by dissecting the nature of the neuronal death. In 

doing so they challenge the description of Purkinje cell death in the cerebellum as 

apoptotic (Pikula et al., 1997) and raise an interesting question as to the relevance of 

classical apoptotic cell death in the degeneration of mature neurons in the adult CNS. 

The data have shown that the death of adult neuronal populations in the spa/spa rat, 

along with many other descriptions of adult neuronal death in the literature, does not 

conform to the strict morphological and biochemical criteria which define apoptosis.
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Therefore, they raise the possibility that adult neuronal programmed cell death represents 

either a continuum between different forms of cell death (necrosis, apoptosis and 

autophagy), or a distinct form of programmed cell death (paraptosis).
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For many years, studies into the involvement of glutamate receptors in the 

pathophysiology of neurodegenerative diseases had been limited to their role in acute 

excitotoxicity. In recent years it has become apparent that glutamate has an important 

role in many aspects of CNS disorders and not simply neuronal dysfunction. The current 

dissertation describes the ultrastructural neuropathological and pharmacological 

consequences of AMPA receptor activation in two models of chronic neurodegenerative 

disease, experimental autoimmune encephalomyelitis in rodents and the spa/spa rat.

In experimental autoimmune encephalomyelitis and multiple sclerosis, the consequences 

of CNS inflammation to gray matter structure and function had, until recently, been 

largely neglected. Given that the symptoms of the diseases are neurological and that the 

rapidity of relapse and remission suggest that demyelination and remyelination are not 

solely responsible for the neurological deficits, it is perhaps surprising that the neuronal 

aspects of multiple sclerosis and experimental autoimmune encephalomyelitis are only 

now being revisited. The study in Chapter 2 is the first description of neuronal cell body 

loss in the spinal cord of experimental autoimmune encephalomyelitis animals and 

suggests a potentially important mechanism of neuronal death through a direct interaction 

with invading leucocytes. Whilst T-cell invasion of neurons appears to be the 

predominant method of motor neuron loss in this form of experimental autoimmune 

encephalomyelitis, neuronal swelling, perineuronal oligodendrocyte satellitosis and 

chromatolysis are all present and indicate neuronal and axonal damage, independent of 

direct cell infiltration. Thus, a combination of these mechanisms of neuronal death will 

contribute to the overall loss of neuronal density. The mechanism of the execution stage
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of cell death remains unclear as, whilst lymphocytes clearly undergo apoptosis, there was 

no evidence of neuronal apoptosis.

From the pharmacological studies in Chapter 2 it is clear that AMPA receptor activation 

is essential in the pathophysiology of disease progression in rodent models of multiple 

sclerosis. Of major importance is the finding that this inflammatory autoimmune disease 

can be treated with agents which act independently of immunosuppression, or 

suppression of inflammation. In addition, AMPA antagonists not only treat the acute 

neurological aspects of experimental autoimmune encephalomyelitis, but also appear to 

be able to modify disease progression, by protecting the neurons and oligodendrocytes 

from the consequences of uncontrolled inflammation in the CNS. This has exciting 

implications for the therapy of multiple sclerosis, suggesting that neuro-Zoligodendrocyte- 

protective agents, such as the AMPA receptor antagonists, would be mutually beneficial 

in combination with the currently used immunosuppressive and anti-inflammatory 

therapies. Experiments are continuing in order to identify anomalies in the glutamatergic 

system in experimental autoimmune encephalomyelitis and multiple sclerosis tissue, 

thereby determining the source of glutamate and the mechanism of protection afforded by 

AMPA receptor antagonists.

Preliminary data from the chronic mouse EAE model, suggests that in the later stages of 

disease when the lymphocytic component has subsided and the surrounding milieu in 

gray matter is dominated by the astrocyte, the neurons appear to be undergoing 

cytoplasmic condensation and darkening in a manner similar to that in the spa/spa rat. 

This is accompanied by a reduction in neuronal density, as assessed by use of the 

stereological disector. The implication is that in the early phase of disease, when T-cells 

and macrophages dominate the pathology, the neurons are under direct assault from
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inflammatory cells in which AMPA receptor activation plays an important role. In the 

later stages, when inflammation has subsided and demyelination is prevalent, the neurons 

are still sensitive to glutamate exposure, as demonstrated by the efficacy of AMPA 

antagonist treatment during the second phase of disease, but the mechanism of neuronal 

death is similar to that seen with chronic exposure to cytotoxic glutamate in the spa/spa 

rat. These initial observations will be further investigated by comparative analysis of 

neuronal and axonal pathology in the primary and chronic phases of experimental 

autoimmune encephalomyelitis in Biozzi mice.

The potential for AMPA-mediated toxicity is investigated further in Chapter 3 in the 

context of the classification of neurodegeneration in the spa/spa rat. The phenotype in 

spa/spa rat has been attributed to reduced expression of the AMPA receptor subunit, 

GluR2, which renders AMPA channels permeable to calcium resulting in a potentially 

fatal over activation of the glutamatergic system. The spa/spa phenotype is consistent 

with observations made following either i.c.v., or p.o. administration of AMPA receptor 

agonists (increased anxiety, muscle tone and seizure activity lasting from minutes to 

hours (Turski L et aL, 1992; Turski WA et aL, 1981; Ikonomidou and Turski, 1997)). 

Since the spa/spa rat is known to have altered AMPA receptor function due to reduced 

GluR2 expression (Margulies et aL, 1993), it is likely that the appearance of the spa/spa 

phenotype and the associated neuropathology are attributable to chronic AMPA receptor 

activation. Indeed, it has been demonstrated that treatment with the AMPA receptor 

antagonist, MPQX, protects against neuronal loss in both the hippocampus and 

cerebellum of spa/spa rats (Müller et aL, 1998).

Many investigators are quick to describe neuronal death as apoptotic in the setting of 

chronic neurodegenerative disorders when the cell death they describe clearly does not
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meet the morphological and/or biochemical requirements for this classification. In the 

spa/spa rat, where previous reports have readily described the mechanism of cell death as 

apoptotic, a sequence of neuronal degeneration has been presented which cannot be 

classified according to the criteria of apoptosis set out by Andrew Wyllie and colleagues. 

Instead, the final stages of neuronal degeneration show a closer resemblance to the “dark 

cell degeneration” seen in the adult CNS of Huntington’s disease, its mouse models and 

in other examples of CNS neurodegeneration. These data suggest that, certainly in 

spa/spa rats and possibly in other systems, adult neurons do not die by apoptosis, but by a 

morphologically and biochemically distinct form of programmed cell death. Whether 

this represents a separate form of cell death, or part of a continuum between apoptosis, 

necrosis and autophagy remains to be determined. Further attempts are being made to 

identify the aetiology of disease in the spa/spa rat.

The physiological, pharmacological and pathological characterisation of glutamate is a 

constantly evolving field. A glutamatergic component has been proposed, to a greater or 

lesser extent, in an ever expanding list of neurodegenerative diseases. That glutamate 

may be involved in such a disparate collection of disorders, with their accompanying 

pathologies, may seem unlikely. However, the disease context may be critical. Thus, the 

expression of a particular glutamatergic receptor subtype (eg. AMPA) on a certain 

neuronal/glial population in an aberrant CNS milieu (eg. inflammation) may generate a 

disease-specific pathology. Further permutations may be envisaged in situations of 

dysregulated neurotransmitter, growth factor, protein or energy production leading to a 

variety of pathologies and neuronal death.

Recently, yet another NMD A receptor has been identified (Nishi et aL, 2001), which

coupled with the increasing knowledge being gained from the study of metabotropic
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glutamate receptor pharmacology and function, indicates an even greater diversification 

of glutamate signalling. Furthermore, it has been shown that AMPA receptor activation 

does not have to result in the opening of the channel pore and the flux of cations to elicit 

an intracellular response. Hayashi et al. (1999) have shown that AMPA receptor 

agonism can result in the activation of the Src kinase family member, Lyn, and 

subsequently activate the mitogen-activated protein kinase (MAPK) pathway, 

independent of ion flux. This suggests that in addition to their role as excitatory 

ionophores, AMPA receptors also have an important, direct role in the regulation of 

intracellular signalling events, which may also hold true for other classes of glutamate 

ionotropic receptors. Furthermore, the MAPK family are involved in many intracellular 

signalling cascades including, the control of gene expression, cell proliferation and 

programmed cell death (Chang and Karin, 2001). This observation may herald the start 

of a new era of research into the mechanisms and consequences of chronic glutamate 

exposure.
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