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I l l  Abstract

Excitotoxicity is implicated as a mechanism of neuronal cell death in a range o f  

neurodegenerative disorders. Such toxicity can be induced experimentally by systemic 

administration o f the glutamate kainate receptor agonist, kainic acid (KA). Specifically, 

KA induces seizures, inflammation, apoptosis and neuronal cell loss in the hippocampus, 

following systemic administration to rats. All changes are evident within 24 hours o f KA 

administration and over this period, the model is representative o f acute 

neurodegeneration. The aims o f the work described in this thesis were to (i) characterise 

the inflammatory and apoptotic changes which occur in tandem with cell loss in a time 

course fashion, (ii) to determine if the inflammatory changes underlie KA-induced 

apoptosis and cell loss and (iii) to determine if modulation o f central noradrenaline (NA) 

could influence KA-induced neurodegeneration, (i) Animals receiving KA showed 

seizures and related stereotyped behaviours within 3 hours. Expression o f IL -ip , TNF-a 

and IFN-y were increased in the hippocampus 4, 12 and 24 hours following KA 

administration. This was accompanied by an increase in expression o f the microglial 

activation marker C D llb , the apoptotic marker caspase 3 and a reduction in cresyl violet 

staining o f viable hippocampal neurons, 24 hours post challenge, (ii) To determine if KA- 

induced cell loss may be driven by the induction of inflammatory markers in the 

hippocampus, animals were pre-treated with the anti-inflammatory glucocorticoid, 

dexamethasone. Pre-treatment with dexamethasone, 1 hour prior to KA administration 

significantly attenuated the excitotoxin-induced increase in IFN-y, CDl l b  and caspase 3 

expression, but failed to influence KA-induced seizures or increased DNA fragmentation 

and hippocampal neuronal cell loss. Thus whilst the inflammatory related changes may 

contribute to apoptosis, the data suggest that microglial activation and IFN-y expression do 

not account for KA-induced neuronal loss. The kynurenine pathway (KP) is a major 

metabolic pathway o f the essential amino acid tryptophan. Indoleamine 2,3-dioxygenase 

(IDO) is the rate limiting enzyme in the KP. Under inflammatory conditions, IDO is 

induced by mediators such as IFN-y, enhancing TRP utilization. In order to determine the 

degree to which activation o f the KP may influence KA-induced excitotoxicity and 

neuronal loss, the effects o f pre-treatment with the IDO inhibitor, 1-methyl tryptophan (1- 

MT) was assessed in the model. 1-MT failed to influence KA-induced seizures but 

significantly enhanced KA-induced hippocampal IFN-y, CDl lb ,  IDO and caspase 3 

expression, and attenuated KA-induced DNA fragmentation and hippocampal cell loss.



Thus direct inhibition o f IDO and the KP may afford protection against KA-induced 

hippocampal cell loss and apoptosis, but not inflammation, (iii) NA has been reported to 

have both innate anti-inflammatory and neuroprotective properties. Here it was determined 

if the selective noradrenaline reuptake inhibitors- desipramine (DMI) and reboxetine 

(RBX), could influence neuroinflammatory and degenerative changes induced following 

KA administration to rats. Pre-treatment with DMI significantly attenuated the KA- 

induced increase in expression o f the hippocampal inflammatory markers and o f  the 

growth factor brain derived neurotrophic factor (BDNF) but enhanced KA-induced DNA 

fragmentation. Pre-treatment with RBX produced a similar response in enhancing KA- 

induced DNA fragmentation, yet by contrast to DMI, RBX enhanced seizure behaviour, 

hippocampal iNOS expression and attenuated both the KA-induced increase in BDNF 

expression, and protein concentrations in the hippocampus. Thus NA transporter inhibition 

appears to exacerbate KA-induced apoptotic damage, while decreasing the expression o f  

the protective neurotrophin BDNF in the hippocampus. In order to further examine the 

relationship between transporter inhibition, extracellular NA concentrations and 

excitotoxin-induced hippocampal injury, pre-treatment with the P-adrenoceptor antagonist 

propranolol (PRP) was assessed alone and in combination with RBX, following KA 

administration. PRP attenuated the ability o f  RBX to enhance KA-induced seizure 

behaviour, DNA fragmentation and iNOS expression. In line with the anti-inflammatory 

and neuroprotective properties o f NA, signalling via the P2-adrenoceptor has been 

associated with neuroprotection. Thus the effect o f the P2 adrenoceptor agonist- clenbuterol 

on KA-induced inflammation and apoptosis was determined in the hippocampus. Pre

treatment with clenbuterol resulted in an amelioration o f KA-induced IFN-y and iNOS 

expression. Expression and concentrations o f the protective neurotrophin-BDNF and glial 

fibrillary acidic protein, a marker o f astrocytic activation, were increased following pre

treatment with clenbuterol. The results o f this study indicate that clenbuterol is anti

inflammatory and anti-apoptotic following KA-induced neuro inflammation and further 

displays neuroprotective properties by increasing BDNF expression in the hippocampus. 

Overall the results support a modulatory role for NA in the regulation o f  KA-induced 

excitotoxicity, and suggest that the P2-adrenergic receptor is at least partially responsible 

for the neuroprotective properties attributed to the modulation o f  NA transmission 

centrally.



IV Table of Contents

V TABLE OF FIGURES...........................................................................................................XI

VI TABLE OF TABLES.......................................................................................................... XV

VII LIST OF ABBREVIATIONS........................................................................................XVI

1.0 INTRODUCTION..............................................................................................................1

1.1 Cell types that participate in neurodegeneration..............................................................3

1.2 Excitatory amino acid neurotransmission and neurodegeneration................................ 5

1.3 lonotropic glutamate receptors........................................................................................... 6

1.4 Excitotoxicity........................................................................................................................9

1.5 Excitotoxicity and neurodegeneration........................................................................... 10

1.6 Apoptosis and neurodegeneration....................................................................................12

1.7 Caspases............................................................................................................................... 12

1.7.1 Caspase 3........................................................................................................................ 15

1.8 The role o f inflammation in neurodegeneration........................................................... 18

1.9 The role o f pro-inflammatory cytokines in neurodegeneration................................... 19

1.9.1 Inducible nitric oxide synthase (iN O S).....................................................................24

1.10 The kynurenine pathway (K P)..........................................................................................25

1.10.1 Indoleamine 2, 3-dioxygenase................................................................................. 26

1.10.2 The neuroprotective branch o f the K P................................................................... 27

1.10.3 The neurotoxic branch o f the KP.............................................................................28

1.11 Excitotoxicity, neuroinflammation and cell death in hippocampal

neurodegeneration.......................................................................................................................... 29



1.12 "he role o f neurotrophic factors in neurodegeneration................................................ 33

1.12. Brain derived neurotrophic factor (BDNF)............................................................33

1.12.2 Nerve Growth Factor................................................................................................36

1.12.1 Glial derived growth factor..................................................................................... 37

1.12.1 Transforming growth factor (3.................................................................................38

1.13 Cainic acid-induced excitotoxicity -  a model o f acute neurodegeneration.............. 38

1.14 Cainic acid-induced neuroinflammation........................................................................ 41

1.15 'Joradrenaline.....................................................................................................................42

1.15. Synthesis, storage and release.................................................................................42

1.15.2 Adrenergic receptors................................................................................................45

1.16 vIA and neurodegeneration...............................................................................................47

1.17 \im s and objectives.......................................................................................................... 50

MATERIALS AND METHODS..............................................................................................52

2.0 VIATERIALS................................................................................................................... 53

2.1 VIethods...............................................................................................................................57

2.1.1 Animal husbandry........................................................................................................ 57

2.1.2 Drug Treatm ents...........................................................................................................57

2.1.3 Kainic acid (KA) treatm ent.........................................................................................58

2.1.4 Behavioural assessment following KA administration........................................... 58

2.1.5 Preparation o f tissue and serum ..................................................................................58

2.1.6 Tissue sectioning, cresyl violet staining and cell counting.................................... 59

2.1.7 Analytical Methods: mRNA........................................................................................60

2.1.8 Terminal deoxynucleotidyltransferase-mediated UTP nick end labelling

(TUNEL).....................................................................................................................................64

2.1.9 Protein quantification................................................................................................... 65

2.1.10 Activated Caspase 3 assay.......................................................................................65

BDNF Enzyme linked immunosorbent assay.................................................................... 66

2 . 1.1 1................................................................................................................................................................................................ 66

vi



2.1.12 Determination o f  tryptophan and KP metabolite concentrations by high

performance liquid chromatography (HPLC)............................................................................ 68

2.1.13 Statistical Analysis o f  R esults.....................................................................................71

CHAPTER 1..............................................................................................................................72

3.0 INTRODUCTION........................................................................................................ 73

3.1 Experimental pro toco l............................................................................................................. 77

3.2 Results.......................................................................................................................................... 78

3.2.1 KA-induced seizure behaviours....................................................................................... 78

3.2.2 Time dependent changes in hippocampal cell loss following KA administration 

79

3.2.3 Time dependent changes in DNA fragmentation following KA administration 82

3.2.4 Time dependent changes in apoptotic markers following KA administration.... 84

3.2.5 Time dependent changes in neuroinflammatory markers following KA

administration.....................................................................................................................................85

3.2.6 Time dependent changes in the expression o f enzymes o f  the KP in the

hippocampus following KA administration................................................................................ 87

3.2.7 Time dependent changes in the concentrations o f tryptophan, and kynurenine

pathway metabolites in the hippocampus and serum following KA adm inistration 89

3.2.8 KA provokes seizure related behaviours in a dose dependant m anner................... 91

3.2.9 KA induces hippocampal cell loss in a dose dependent manner............................... 92

3.2.10 KA provokes a dose dependent increase in hippocampal caspase 3, IF'N-y and 

IDG expression...................................................................................................................................93

3.3 D iscussion...................................................................................................................................96

CHAPTER 2............................................................................................................................ 101

4.0 INTRODUCTION...................................................................................................... 102

4.1 Experimental p ro toco l........................................................................................................... 107

vii



4.2 Results................................................................................................................................108

4.2.1 Pre-treatment with DEX does not alter KA-induced seizure behaviour 108

4.2.2 Pre-treatment with DEX fails to attenuate KA-induced hippocampal cell loss 109

4.2.3 Pre-treatment with DEX has no effect on KA-induced DNA fragmentation in the

CA3 and C A l...........................................................................................................................110

4.2.4 Pre-treatment with DEX attenuates KA-induced caspase-3 expression in the

hippocampus.............................................................................................................................113

4.2.5 Pre-treatment with DEX attenuates KA-induced hippocampal IFN-y, CD-I lb

and IDO expression................................................................................................................. 114

4.2.6 Pre-treatment with DEX has no effect on KA-induced tryptophan, and KP

metabolites in the hippocampus and serum, following KA administration..................... 116

4.2.7 Pre-treatment with 1-MT does not alter KA-induced seizure behaviour 118

4.2.8 Pre-treatment with 1-MT attenuates KA-induced hippocampal cell lo ss  119

4.2.9 Pre-treatment with 1-MT attenuates KA-induced DNA fragmentation in the

hippocampus............................................................................................................................. 120

4.2.10 Pre-treatment with 1-MT potentiates KA -induced caspase 3 expression......123

4.2.11 Pre-treatment with 1-MT influences KA-induced IFN-y and IDO expression in 

the hippocampus...................................................................................................................... 124

4.2.12 Pre-treatment with 1-MT does not affect KA-induced changes in tryptophan 

and KP metabolites in the hippocampus and serum, following KA administration....... 126

C H A PTER S............................................................................................................................... 135

5.0 INTRODUCTION..........................................................................................................136

5.1 NA has innate anti-inflammatory and neuroprotective properties........................... 136

5.2 Pharmacological manipulation ofN A  prevents cell death.........................................137

5.3 NA confers neuro protection through the promotion of pro-survival pathways .... 138

5.4 NA promotes the expression of protective neurotrophins.......................................... 139

5.5 Experimental pro toco 1..................................................................................................... 147

5.6 Results 

viii
148



5.6.1 Pre-treatment with DMI does not alter KA-induced seizure behaviour............ 148

5.6.2 Pre-treatment with DMI does not influence KA-induced hippocampal ccll loss 

149

5.6.3 Pre-treatment with DMI influences KA-induced DNA fragmentation in :he 

hippocampus.............................................................................................................................150

5.6.4 Pre-treatment with DMI does not influence KA-induced caspase-3 expression 

but affects caspase 3 activity, in the hippocampus............................................................. 153

5.6.5 Pre-treatment with DMI attenuates KA-induced hippocampal IFN-y, IDO and 

iNOS, but not CD-I lb  or GFAP expression.........................................................................154

5.6.6 Pre-treatment with DMI attenuates KA-induced BDNF mRNA expression 

without influencing the KA-induced increase in hippocampal BDNF concentrations.. 156

Pre-treatment with RBX does not alter KA-induced seizure behaviour..................... 157

5.6. 7 ............................................................................................................................................157

5.6.8 Pre-treatment with RBX does not affect KA-induced hippocampal cell loss.... 158

5.6.9 Pre-treatment with RBX does not significantly affect KA-induced DNA 

fragmentation in the hippocampus.........................................................................................159

5.6.10 Pre-treatment with RBX does not significantly influence KA-induced caspase-

3 expression or caspase 3 activity, in the hippocampus......................................................162

5.6.11 Pre-treatment with RBX does not influence KA-induced IFN-y, IDO, CD-I lb

or GFAP expression but potentiates KA-induced iNOS expression in the hippocampus ..

...................................................................................................................................163

5.6.12 Pre-treatment with RBX attenuates KA-induced BDNF expression and BDNF 

concentrations...........................................................................................................................165

5.7 Experimental protocol.................................................................................................... 167

5.7.1 Pre-treatment with PRP and RBX in combination reduces KA-induced seizure 

behaviours..................................................................................................................................167

5.7.2 Pre-treatment with RBX or PRP treatment, alone or in combination, does not 

affect KA-induced hippocampal cell loss..............................................................................169

5.7.3 Pre-treatment with RBX and PRP influences KA-induced DNA fragmentation.... 

....................................................................................................................................... 170

5.7.4 Pre-treatment with PRP and RBX alone or in combination do not influence KA- 

induced caspase 3 expression in the hippocampus..............................................................173

5.7.5 Effect o f PRP or RBX alone and in combination on KA-induced IFN-y, IDO,

iNOS, CD-I lb  and GFAP expression in the hippocampus................................................ 174
ix



5.7.6 Pre-treatment with RBX but not PRP attenuates KA-induced BDNF expression... 

........................................................................................................................................177

5.8 Experimental protocol.................................................................................................... 179

5.8.1 Pre-treatment with CLN does not alter KA-induced seizure behaviour.............179

5.8.2 Pre-treatment with CLN does not influence KA-induced hippocampal cell loss.... 

 180

5.8.3 Pre-treatment with CLN attenuates KA-induced DNA fragmentation in the 

hippo:ampus............................................................................................................................. 181

5.8.4 Pre-treatment with CLN does not influence KA-induced caspase-3 expression, 

but significantly attenuates KA-induced caspase 3 activity in the hippocampus............184

5.8.5 Pre-treatment with CLN affects KA-induced hippocampal IFN-y, IDO, iNOS, 

CDl lb and GFAP expression.................................................................................................185

5.8.6 Pre-treatment with CLN augments NGF expression, KA-induced BDNF 

expression and BDNF concentrations in the hippocampus...............................................187

5.9 Discussion.........................................................................................................................191

5.9.1 DMI attenuates KA related inflammation yet augments KA-induced apoptosis in 

the hippocampus...................................................................................................................... 192

5.9.2 RBX augments KA-induced apoptosis associated with an inhibition o f BDNF 

expression in the hippocampus...............................................................................................195

5.9.3 PRP attenuates KA-induced inflammatory and degenerative changes and 

counteracts the RBX-induced augmentation o f apoptosis in the hippocampus..............199

5.9.4 CLN has neuroprotective properties in the KA model o f hippocampal 

excitotoxicity............................................................................................................................202

6.0 GENERAL DISCUSSION..........................................................................................206

7.0 FUTURE DIRECTIONS............................................................................................216

VIII BIBLIOGRAPHY..........................................................................................................218

IX PUBLICATIONS 279



V Table of Figures

Figure 1.1 The glutamatergic synapse (Gass and Olive, 2008) 8

Figure 1.2 Excitotoxic neuronal death (Fan and Raymond, 2006) 10

Figure 1.3 Caspase signalling and its modulation (Lavrik et al., 2005) 14

Figure 1.4 IL-1 signalling pathway (Kariko et al,  2004) 23

Figure 1.5 Nitric oxide synthases catalyze the production o f NO and L-citrulline from L- 

arginine, O2, and NADPH-derived electrons (R&D systems) 24

Figure 1.6 An outline o f  the KP (MacKay et a l ,  2004) 26

Figure 1.7 Hippocampal circuitry 30

Figure 1.8 BDNF synthesis, processing, sorting, transport and secretion in neurons 

(Thomas and Davies, 2005) 34

Figure 1.9 BDNF signalling pathways (Sossin and Barker, 2007) 36

Figure 1.10 Structure o f  Kainic acid. (Biscoe et al., 1976) 39

Figure 1.11 The biosynthesis o f N A  (Adapted from Kuhar et al., 1999) 43

Figure 1.12 Noradrenergic pathways in the brain (Rudoy and Bockstaele, 2005) 45

Figure 3.1 KA-induced seizure behaviour 78

Figure 3.2 Representative cresyl violet stains indicating hippocampal cell loss (a) 12 hours 

and (b) 24 hours following KA administration, indicated by arrows 80

Figure 3.3 KA induces a reduction in cell number in the (a) CA3 (b) CAl and (c) dentate 

gyrus o f  the hippocampus 81

Figure 3.5 KA provokes an increase in DNA fragmentation in the (a) CA3 and (b) CAl o f  

the hippocampus 12 and 24 hours following administration 83

Figure 3.6 KA induces the expression o f caspase 3 but not Bcl2 in the hippocampus 84 

Figure 3.7 KA induces the expression o f  hippocampal IL-ip,  TNF-a, IFN-y and iNOS in a 

time dependant manner. 86

Figure 3.8 KA alters the expression o f  IDO, KAT-II and KMO in the hippocampus in a 

time dependant manner 88

Figure 3.9 KA provokes a time dependent increase in hippocampal and circulating 

tryptophan concentrations 90

Figure 3.10 Dose dependent effects o f KA on seizure related behaviours 91

Figure 3.11 Dose related effects o f  KA on cell loss in the (a) CA3 and (b) CAl o f  the 

hippocampus 92



Figure 3.12 KA induces hippocampal caspase 3,. IFN-y and IDO expression in a dose 

dependent manner 94

Figure 4.1: KA-induced seizure behaviour is not affected by pre-treatment with DEX 108 

Figure ^.2 KA-induced hippocampal cell loss im the CA3 and CAl is not attenuated by 

prior treitment with DEX 109

Figure 4.3 KA-induced DNA fragmentation in the CA3 and CAl is not ameliorated by pre- 

Ireatmer.t with DEX. 111

Figure 4.4 KA-induced DNA fragmentation is not affected by pre-treatment with DEX 112 

Figure 4.5 KA-induced hippocampal caspase-3 expression is attenuated by pre-treatment 

with DEX 113

Figure ■̂ .6 KA-induced hippocampal IFN-y, CD-I lb  and IDO expression is attenuated 

following pre-treatment with DEX 115

Figure ^.7 No significant changes were seen in hippocampal tryptophan concentrations, 

circulating tryptophan and KP metabolites. 117

Figure 4.8 KA-induced seizures are not affected by pre-treatment with 1 -MT 118

Figure 4.9 KA-induced hippocampal cell loss is attenuated by treatment with 1-MT 119 

Figure 4.10: KA-induced DNA fragmentation in the CA3 and CAl is attenuated by pre

treatment with 1-MT. 121

Figure 4.11: KA provokes an increase in TUNEL intensity in the (a) CA3 and (b) CAl o f 

the hippocampus, which is attenuated in the CA3 by treatment with 1 -MT. 122

Figure 4.12: KA-induced hippocampal caspase 3 expression is augmented following pre

treatment with 1 -MT 123

Figure 4.13: KA-induced hippocampal IFN-y amd IDO expression is augmented following 

pre-treatment with 1 -MT 125

Figure 4.14: KA-induced changes in hippocampal tryptophan concentrations, circulating 

tryptophan and KP metabolites, are unchanged following pre-treatment with 1-MT 127 

Figure 5.1 KA-induced seizure behaviour is not affected by pre-treatment with DMI 148 

Figure 5.2 KA-induced hippocampal cell loss Ln the CA3 and CA l, is not attenuated by 

prior treatment with DMI 149

Figure 5.4 KA provokes an increase in TUNEL intensity in the (a) CA3 and (b) CAl of the 

hippocampus, which is enhanced by prior treatment with DMI in the CA3. 152

Figure 5.5 KA-induced hippocampal caspase-3 expression, and activity is not influenced, 

by pre-treatment with DMI 153



Figure 5.6 KA-induced hippocampal IFN-y and iNOS expression is attenuated, but IDO, 

CDl lb  and GFAP expression is unchanged following pre-treatment with DMI 155

Figure 5.7 KA-induced hippocampal BDNF mRNA expression was attenuated, and BDNF 

protein was unchanged, following pre-treatment with DMI 156

Figure 5.8 KA-induced seizure behaviour is not affected by pre-treatment with RBX 157 

Figure 5.9 KA-induced hippocampal cell loss in the CA3 and CAl is not attenuated by 

prior treatment with RBX 158

Figure 5.11 KA provokes an increase in DNA fragmentation in the (a) CAB and (b) CAl of 

the hippocampus which is not significantly affected by RBX 161

Figure 5.12 KA-induced hippocampal caspase-3 expression is unaltered, but caspase 3 

activity is augmented, following pre-treatment with RBX 162

Figure 5.13 KA-induced hippocampal iNOS expression is augmented, but IFN-y, IDO, 

CD-I lb  and GFAP expression is unchanged, following pre-treatment with RBX 164

Figure 5.14 KA-induced hippocampal BDNF expression and BDNF protein is attenuated 

following pre-treatment 165

Figure 5.15 RBX augments KA induced seizure behaviours, an effect which is ameliorated 

by the co-administration o f PR? and RBX 168

Figure 5.16 KA-induced hippocampal cell loss in the CA3 and CAl is unchanged 

following pre-treatment with RBX, PRP or RBX and PRP in combination 169

Figure 5.18 KA provokes an increase in DNA fragmentation in the (a) CA3 and (b) CAl o f 

the hippocampus which is influenced by pre-treatment with RBX and PRP 172

Figure 5.19 KA-induced hippocampal caspase 3 expression was not influenced by pre

treatment with PRP and RBX alone or in combination 173

Figure 5.20 KA-induced hippocampal iNOS and CD-I lb  expression was attenuated, and 

IFN-y, IDO and GFAP expression was unchanged following pre-treatment with RBX and 

PRP 176

Figure 5.21 RBX attenuates KA-induced BDNF expression, an effect which is unaffected 

by co-administration o f PRP and RBX 177

Figure 5.22 KA-induced seizure behaviour is affected by pre-treatment with CLN 179 

Figure 5.23 KA-induced hippocampal cell loss in the CA3 and CAl is not attenuated by 

prior treatment with CLN 180

Figure 5.25 KA provokes an increase in DNA fragmentation in the (a) CAS and (b) CAl o f 

the hippocampus which is attenuated by prior treatment with CLN 183



Figure f.26 KA-induced hippocampal caspase-3 expression is not influenced, but caspase 

3 activity is significantly ameliorated, by pre-treatment with CLN 184

Figure >.27 KA-induced. IDO and iNOS expression is attenuated, GFAP expression is 

augmened, and C D l l b  and IFN-y expression is unaffected, following pre-treatment with 

CLN 186

Figure 5.28 KA failed to induce hippocampal NGF expression alone, but pre-treatment 

with CIN resulted in an increase in NGF expression, following KA administration 187 

Figure ‘..29 KA-induced hippocampal BDNF expression and BDNF protein shows a trend 

towards an increase following pre-treatment with CLN. 188

Figure ( .1 Mechanism of action o f DEX 208

Figure t.2 Mechanism o f action o f DMI, RBX and CLN 210

xiv



VI Table of Tables

Table 1.1 Comorbidity o f Neurodegenerative disorders and Depression 2

Table 1.2 Classification o f adrenergic receptors 46

Table 2.1 Racine scale 58

Table 2.2 List o f genes used in single RT-PCR studies with the gene expression assay and 

genbank ref sequence numbers 63

Table 2.3 Excitation wavelengths and filter settings for TUNEL staining 65

Table 3.1 Summary o f Time course results 95

Table 3.2 Summary o f Dose response results 95

Table 4.1 Summary o f DEX results 128

Table 4.2 Summary table 1-MT results 128

Table 5.1 Summary o f DMI results 189

Table 5.2 Summary table o f RBX results 189

Table 5.3 Summary table o f RBX and PR? results 190

Table 5.4 Summary o f CLN results 190

XV



VII List of abbreviations

1-MT 1 methyl tryptophan

3-HAA 3-hydroxyanthranilic acid

3-HAG 3-hydroxyanthranilic acid oxygenase

3-HK 3 -hydroxykynurenine

5-HT serotonin

ABI Applied Biosystems

AD Alzheimer’s disease

AIDS Acquired immune deficiency syndrome

ALS Amyotrophic lateral sclerosis

AMPA a-amino-3-hydroxy-5-methylisoxazole

AP Amyloid beta

ANOVA Analysis o f  variance

AP-1 activator protein-1

A paf-1 apoptotic protease-activating factor-1

Asp Aspartate

ATP Adenosine triphosphate

BAX Bcl-2 associated X protien

BBB blood brain barrier

BCA bicinchoninic acid

BCG Bacillus Calmette-Guerin

Bcl-2 B cell lymphoma-2

BDNF Brain derived neurotrophic factor

Bid BH3 interacting domain

BP Band Pass Filter

BSA Bovine serum albumin



C Celcius

Ca Calcium

CAl Cornu ammonus 1

CA3 Cornu ammonus 3

CAD caspase-activated deox>Tibonucle&se

CaMKII calmodulin dependent kinase II

cAMP cyclic adenosine monophosphate

CD Cluster differentiation

cDNA complementary DNA

CED Caenorhabditis elgans Death gene

c-FLIP cellular FLICE-like inhibitory protein

CHAPS 3-[(3-Cholamidopropyl) dimethylammonio]-1-

C1 Chloride

CLN Clenbuterol

CNS Central nervous system

C0 CI2 Cobalt Chloride

COMT catecho 1-0-methyl transferase

Con-A Concanavalin-A

COX Cyclooxygenase

CPP-32 32-kDa putative cysteine protease

CRE cAMP-response element

CREB cAMP-response element binding protein

CRP C-reactive protein

Ct Threshold cycle

D Dextro

DAG Diacylglycerol

dATP deoxyadenosine triphosphate



DBH dopamine b-hydroxylase

DEPC Diethyl Pyrocarbonate

DEX Dexamethasone

DG Dentate gyrus

dH 20  Distilled water

DIABLO Direct lAP Binding Protein with Low PI

DISC death inducing signalling complex

DMI Desipramine

DMSO Dimethyl Sulfoxide

DNA Deoxyribnucleic acid

DOMA aldehyde- dihydroxymandelic acid

DOPA dihydroxyphenylalanine

DPX Dibutyl phthalate xylene

DSP-4 N-(2- chloroethyl)-N-ethyl-2 bromobenzylamin

DTT Dithiothreitol

EAE Experimental allergic encephalomyelitis

EC Entorhinal cortex

EDTA Ethylenediaminetetraacetic acid

ELISA enzyme linked immunosorbent assay

eNOS Endothelial nitric oxide synthase

EPSP Excitatory post synaptic potential

ERK Extracellular receptor kinase

FADD Fas-Associated protein with Death Domain

FAM 6-carboxy fluorescein

FDA Food and drug administration

Fe Iron

F L IC H  FADD-like IL-ip-converting en zy m e

xviii



FRET Fluorescence resonance energy transfer
G
protein Guanine nucleotide protein

GABA Gamma-aminobutyric acid

GAPDH Glyceraldehyde-3-phosphate deh}drogenase

Gas2 Growth arrest-specific protein

GDNF Glial cell line-derived neurotrophic factor

GFAP Glial fibrillary acidic protein

Gi Inhibitory G protein

GIuT Glutamate transporter

Gq

Gs Stimulatory G protein

GSH Glutathione

GSK Glycogen synthase kinase

H202 Hydrogen peroxide

HCl Hydro Chloride

HD Huntington’s disease
4-(2-hydroxyethy 1)-1 -piperazineethanesulfonic

HEPES acid

HFT Main Dichroic Beam Splitter

HP A Hypothalamic-pituitary-adrenal

HPLC High performance liquid chromatography

HRP Horseradish peroxidase

i-P Intra peritoneal

JAP Inhibitors o f  apoptosis

ICAD Inhibitor of caspase-activated DNase

ICAM-1 Intercellular cell adhesion molecule 1

JCE Interleukin-ip converting enzyme

••c.v Intracerebroventricular



IDO Indoleamine 2, 3-dioxygenase

IFN-y Interferon gamma

IL Interleukin

iNOS Inducible nitric oxide synthase

IPS Inositol triphosphate

IkB inhibitory kappa B

IKK IkB kinase

JNK Jun N-terminal Kinase

K Potassium

KS-H kynurenine 3-hydroxylase

KA Kainic acid

KAR Kainic acid receptor

KAT Kynurenine amino transferase

KCl Potassium Chloride

kDa kilo Dalton

kg kilograms

K H 2P04 Potassium dihydrogen Phosphate

KMO Kynurenine 3-mono-oxygenase

KP Kynurenine pathway

KYNA Kynurenic acid

KTN'dse Kynureninase

L Levo

LC Locus coeruleus

LDH Lactose dehydrogenase

LTD Long-term depression

LDP Long-term potentiation

L-KYN L-kynurenine



L-
NAM E Nco-nitro-L-arginine methyl ester

LP High Pass Filter

LPS Lipopolysaccharide

L-TRP L- trypotophan

MAO Monoamine oxidase

MAPK Mitogen-activated protein kinase

MCP-1 M onocyte chemoattractant proteir,

MeOH Methanol

M f mossy fibres

Mg Magnesium

mg milligrams

MGB Minor groove binders

mOluR metabotropic glutamate receptor

MHC major histocompatibility com plex

ml millilitres

m NBA meta-nitrobenzoylalanine

MPP 1 -methyl-4-phenylpyridinium

mRNA messenger ribonucleic acid

MS Multiple sclerosis

Na Sodium

N A  Noradrenaline

Na2C0 3  Sodium carbonate

Na2HP0 4  Sodium Phosphate

NaCl Sodium chloride

N A D  Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate

NaHCOs Sodium Bicarbonate



N ET Noradrenaline transporter

N FQ N on-fluorescent quencher

N F kB N uclear factor kappa B

N G F Nerve growth factor

N K N atural killer

N M D \ N -m ethyl-D -aspartate

N M D \R N M D A  receptor

nNOS N euronal nitric oxide synthase

N O N itric oxide

NO S N itric oxide synthase

N Rl noradrenaline reuptake inhibitor

O 2 O xygen

O 2- Superoxide

OCT O ptim um  cutting tem perature

OH Hydroxide

ONOO Peroxynitrite

Pab Polyclonal antibody

PARP poly (ADP-ribose) polym erase

PBS Phosphate buffered saline

PCR Polym erase chain reaction

PD Parkinson’s disease

PDA-LJV Photo diode array ultra-violet

P13-K Phosphatidylinositol 3 ' kinase

PK A cAM P-dependent protein kinase

PK C Phosphokinase C

PLC Phospholipase C

PNS Peripheral nervous system

xxii



PPAR Peroxisome proliferators-activatec receptor

PRP Propranolol

QUIN Quinolinic acid

Rb Retinoblastoma

RBX Reboxetine

RNA Ribonucleic acid

RNS Reactive nitrogen species

ROS Reactive oxygen species

Rpm Revolutions per minute

RT-PCR Real time PeR

RyR Ryanodine receptor

s.c sub cutaneous

Sc Schaffer eollateral

see Sodium chloride citrate

SEM Standard error o f  the mean

Ser Serine
Second Mitochondria-derived Activator of

Smac Caspases

tBid Truncated Bid

TeA Tricyclic

TDO Trypotophan 2, S-dioxygenaS'C

TdT Terminal Deoxynucleotidyl Transferase

TGF Transforming growth factor

Th T helper cells

TLE Temporal lobe epilepsy

TNF Tumor necrosis factor

TNFR TNF receptor

trk-B Tropomyosin-related kinase-Ii

xxiii



TRP Tryptophan
Terminal deoxynucleotidyltransferase-mediated 

TUNEL UTP nick end labelling

UK United Kingdom

UV Ultraviolet

VGCC Voltage-gated calcium channels

VMA 3-methoxy- 4-hydroxymandelic acid

WDS Wet dog shakes

WHO World health organisation

XIAP X-linked inhibitor o f apoptosis

fo,l microlitres

xxiv



1.0 Introduction

Neurodegenerative diseases are defined as hereditary and sporadic conditions which are 

characterized by progressive nervous system dysfunction. They can be classified into 

chronic and acute neurodegeneration, according to the factors involved, such as age, 

genotype and protein dysfunction, which contribute to chronic neurodegeneration, whereas 

processes such as excitotoxicity, inflammation, deoxyribonucleic acid (DNA) damage, 

apoptosis and oxidative stress underlie both acute and chronic neurodegeneration. 

Neurodegenerative diseases are a major global heahh burden in the Western world 

particularly within the ageing population. The World Health Organization (WHO) predicts 

that by 2050, 30 million people will be affected by Alzheimer's disease (AD) in Europe 

and the USA alone, with other diseases such as Parkinson's disease (PD), Huntington's 

disease (HD), fronto-temporal dementia, and amyotrophic lateral sclerosis also presenting 

a great socio-economic burden (WHO, 2002). Research over the last ten years has 

identified many key markers of various neurodegenerative disorders, for example, it is now 

well established that there is a familial counterpart to each of the major classes of 

neurodegenerative disease, most of which are inherited in an autosomal dominant pattern, 

and that abnormal processing of misfolded proteins is a key event in many neurological 

disorders (Forman et al, 2004). Current available treatments for various neurodegenerative 

diseases, such as AD, PD and HD only focus on one aspect of these diseases and do not 

address the array o f mechanisms that are disrupted in these conditions, thus highlighting 

the need for newer, more comprehensive treatments.

Neuropsychiatric disorders such as depression and anxiety have been shown to be linked to 

neurodegenerative conditions. Hippocampal atrophy is implicated in depression where 

some studies have found significant bilateral volume deficits in depressive disorders 

(MacQueen et al, 2003; Sheline, 1996; Sheline, 1999; Colla et al., 2007). A correlation 

between age of onset of depression and hippocampal volume was seen, with those 

suffering late onset depression having smaller hippocampi, especially the right hemisphere 

(Steffens et al., 2000). This atrophy could potentially be due to neuronal loss through 

exposure to repeated episodes of hypercortisolemia and glial loss, leading to glutamate 

neurotoxicity. Also stress-induced reduction in neurogenesis and neurotrophic factors 

leave the hippocampus vulnerable to damage (Lee et al, 2002). Hippocampal atrophy is 

also a hallmark of AD (Convit et al, 1997; de Leon et al, 1996) and post mortem studies
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have indicated a volume loss of 25% to 50% in AD patients (Sheline et al., 2002), 

suggesting a link between AD and depression. There is a strong body of evidence that 

suggests comorbidity of depression with neurodegenerative conditions such as AD, but 

also schizophrenia, stroke, epilepsy and PD (Asaal, 2002; Sweet et al, 2004; Kessler, 

1993; Mulholland et al, 1996; Whyte et al, 2002; Robertson and Trimble 1983, 

O’Donoghue et al, 1999; Lieberman, 2006).

Table 1.1 Comorbidity of Neurodegenerative disorders and Depression

AD and depression
Asaal, 2002; Sweet et al, 2004; Lee et al, 2003; Lyketsos et al, 
2004

PD and depression Lieberman, 2006; Reijnders et al, 2007; Willner, 1997

Epilepsy and 
depression

Robertson and Trimble, 1983; O’Donoghue et al, 1999; Baker et 
al., 1996; Edeh and Toone, 1987; Jacoby et al., 1996

Stroke and depression Whyte et al, 2002; Belbo et al, 1999; Gainotti et al, 1999

Chronic neurodegeneration is a slow process that occurs over time and is characterised by 

a number of degenerative events that culminate in neuronal cell loss. Chronic 

neurodegeneration predominantly affects the ageing population with the incidence of these 

disorders increasing dramatically with advancing age (WHO, 2002). The mechanisms 

involved in chronic neurodegeneration involve neuroinflammation, excitotoxicity, 

mitochondrial dysfiinction, production of free radicals, and disruptions in the production of 

neurotransmitters, neurotrophic factors, calcium homeostasis, metal ions and nitric oxide. 

Many of these events are secondary processes to core changes in the processing of 

misfolded proteins such as P amyloid (A|3), Tau, a-synuclein and Huntington, and their 

subsequent aggregation causing the formation of senile plaques, neurofibrillary tangles and 

lewy bodies (Forman et al, 2004). There is now significant evidence that brain 

inflammation contributes to the pathology of neurodegenerative diseases, and that 

interventions to inhibit the onset of this inflammation provide protection against the onset 

or reduction of the symptoms of the disease (Klegeris et al, 2007; Zipp and Aktas, 2006; 

Lucas et al, 2006; Brown and Bal-Price, 2003; Block et al, 2007). Excitotoxicity and 

subsequent activation of apoptosis and oxidative stress all contribute to neurodegeneration. 

Disruptions in calcium homeostasis via excessive release of glutamate can initiate a chain
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o f events that result in alterations in apoptosis and oxidative stress (mechanisms which are 

discussed in depth below), leading to subsequent cell death (Arundine and Tymianski, 

2003).

Acute neurodegeneration refers to conditions in which neurons are rapidly damaged and 

cell death occurs within a short period o f time. This encompasses stroke, brain injury, 

epilepsy and cerebral or subarachnoid haemorrhage. As the work described in this thesis 

refers to a model o f acute neurodegeneration, the emphasis throughout is placed on the 

mechanisms underlying acute neuronal degeneration and their regulation.

1.1 Cell types that participate in neurodegeneration

Neurons are intrinsic cells o f the central nervous system (CNS) which are generally 

classified according to the number o f branches that extend from the cell body. Unipolar 

neurons consist o f  only one branch and are commonly found in invertebrate nervous 

systems. Bipolar neurons are generally involved in sensory transmission and carry signals 

from each o f the senses to the various areas o f the brain responsible for the manifestation 

o f the sensory modalities. Multipolar neurons are the most common in the CNS and consist 

o f many, short branched dendrites. Examples o f these neurons are pyramidal cells o f the 

hippocampus, cells o f the motor cortex and purkinje cells o f the cerebellum (for review 

see: Feldman et a i,  1997). Neurons communicate with each other via the release o f  

neurotransmitters. Their excitable membranes extend over the surface o f a cell, and 

following excitation, this signal can be transferred to adjacent neuronal cells or the cells o f  

effector organs.

Glial cells were first described by Virchow (1860) who observed that they make up 

connective tissue that lies between neural elements, in a manner different from other 

connective tissue. He coined the term “neural-glia” which literally translates from greek as 

“nerve glue”. Glial cells occupy the spaces between neurons and outnumber them by 10:1, 

but only occupy half o f the brain volume as they are much smaller in size than neurons 

(Feldman et al, 1997). There are three main types o f glial cell; oligodendrocytes, 

astrocytes and microglia. Oligodendrocytes are involved in synthesis o f myelin which 

insulates neuronal axons and promotes rapid signalling along the axon. Astrocytes and 

microglia are involved in neuroinflammation and are frequently implicated in mechanisms
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mediating acute neuronal degeneration and are further discussed as individual cells types 

below.

Astrocytes are subdivided into two categories; protoplasmic and fibrous astrocytes. The 

protoplasmic astrocytes have a large nucleus, abundant granular cytoplasm and numerous 

thick processes that extend from the cell body which flatten out to form pedicles which 

adhere to blood vessels and neurons. These astrocytes are found in grey matter and are 

closely associated with synapses (Stevens, 2003). The fibrous (or fibrillary) astrocytes are 

located among the bundles o f myelinated nerve fibres that make up white matter. They 

consist o f long, thin, smooth, infrequently branched extensions which form pedicles and 

attach to capillaries and neurons (Feldman et al,  1997). The cytoplasm o f astrocytes 

consists o f aggregations o f densely packed slender protein filaments called glial fibrillary 

acidic protein (GFAP) which is commonly used as a phenotypic marker o f  astrocytes 

(Liem and Messing, 2009). Astrocytes are highly permeable and mop up excess potassium 

ions which can accumulate in the extracellular space during increased neuronal activity. 

They are also major sources o f extracellular matrix proteins, adhesion molecules and 

neurotrophic factors, which may contribute to neuronal growth, migration and survival 

(Stevens, 2003).

Microglia are the smallest o f the glia and have small, elongated nuclei which are 

surrounded by a small amount o f cytoplasmic fluid. They have a few short and twisted 

branches that are covered in numerous pointed spines. Microglia compose about 10% o f 

CNS glia and are located mainly in the grey matter and spinal cord, but may also be found 

in white matter (Stevens, 2003; Feldman, 1997). They are the immune regulators o f the 

brain and can elicit inflammatory responses, and phagocytose cellular debris in response to 

injury or degenerative lesions (Stevens, 2003).

Acute forms o f neuronal injury can result in neuronal loss that occurs hours and even days 

after the initial event, due to the subsequent release o f endogenous factors including 

neurotransmitters and inflammatory mediators from both neurons and glial cells in 

response to the primary injury (Allan and Rothwell, 2001). Rapid ischemic necrosis occurs 

following acute neurodegenerative events. It is primarily the result o f  anaerobic

inactivation o f mitochondrial oxidative phosphorylation, subsequent cellular de-
2^"energisation and massive influx o f Ca and other ions from the activation o f voltage-
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dependent ion channels and ligand-dependent channels (e.g., glutamate receptor operated 

channels). Calcium triggers degradative events, which ultimately cause widespread 

destruction o f cellular components (Siesjo, 1995), resulting in relatively rapid necrosis. 

Mitochondrial dysfunction is also related to rapid release o f cytochrome c and subsequent 

apoptosis (Niizuma et a l, 2009). In addition inflammatory events have been implicated in 

both acute and chronic neurodegeneration, with a rapid induction o f inflammatory 

processes such as the activation o f microglia, release o f cytokines, acute phase proteins and 

complement. The role o f  each o f these events is detailed in turn below. Strategies to 

prevent such events may represent a clinically feasible neuroprotective approach following 

acute neuronal insult.

1.2 Excitatory amino acid neurotransmission and neurodegeneration

Glutamate is the most abundant excitatory neurotransmitter in the mammalian brain and is 

involved in up to 70% of synaptic transmission in the central nervous system (CNS). 

Glutamine and alpha-ketoglutarate are proposed as the major precursors o f glutamate. 

They are taken into the pre-synaptic terminal in a sodium (Na^) dependent manner, and are 

transported to the mitochondria where they are transaminated to glutamate (Daikhin and 

Yukoff, 2000). Glutamate is stored in the pre-synaptic terminal by vesicular glutamate 

transporters following the hydrolysis of adenosine triphosphate (ATP).

When glutamate is released into the synaptic cleft it can bind to both pre and post-synaptic 

receptors. It is removed from the cleft by three main mechanisms; (i) it is taken back up 

into the synapse via glutamate transporters (GluT), (ii) it can difftise away from the cleft, 

(iii) it is taken up by glial cells, where it is broken down into glutamine and a - 

ketoglutarate which re-enter the pre-synaptic terminal for re-synthesis o f glutamate 

(Meldrum, 1999).

Glutamate is released from pre-synaptic vesicles by a calcium (Ca "̂ )̂ dependent 

mechanism, resulting in an excitatory post synaptic potential (EPSP) (Meldrum, 2000). It 

can also be “released” during ischemic conditions by the reverse action o f GluT due to a 

reduced potassium K' /̂Na'  ̂ gradient (Levy et al., 1998). The release o f glutamate is 

regulated by a wide array o f pre-synaptic receptors, including group II and III 

metabo tropic glutamate receptors, cholinergic receptors, GAB A receptors and adenosine 

receptors (Meldrum, 2000).
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1.3 lonotropic glutamate receptors

These are Hgand gated ion channels that mediate fast excitatory transmission. They consist 

o f the N-methyl-D-aspartate (NVIDA), a-amino-3-hydroxy-5-methyl-4-isoxazole- 

propionate acid (AMPA) and Kainic acid (also known as the Kainate receptor) receptors.

NMDA receptor: This receptor permits the entry o f Na"̂  and Câ "̂  ions and allows the 

efflux o f  ions. The NMDA receptor pore is blocked by magnesium (Mg^^) ions at 

resting membrane potentials, preventing receptor activation. This Mg^^ is removed upon 

sufficient membrane depolarisation (generally via AMPA receptor activation), allowing 

the influx o f cations into the cell (Novak et a l ,  1984). The NMDA receptor is unique, as it 

requires binding o f the co-agonist glycine before depolarisation can occur. Receptor 

activity is modulated by polyamines and is inhibited by zinc ions. The NMDA receptor is 

involved in the process o f learning and memory, is important in mediating neuronal 

plasticity and plays a key role in excitotoxicity -  a leading mediator o f acute 

neurodegeneration that is discussed below (Platt, 2007).

AMPA receptor: These receptors are responsible for mediating rapid excitatory 

transmission in the CNS. The AMPA receptor has two agonist binding sites and both must 

be occupied for receptor activation to occur. Binding to this receptor causes a change in 

membrane potential leading to EPSP and allowing the influx of and Na"̂  ions. It has less 

affinity for glutamate than NMDA receptors and is also impermeable to Câ "̂  ions.

KA receptor: The Kainic acid receptor (KAR) displays many o f the characteristics o f  the 

AMPA receptor and until recently it was difficult to distinguish between the two receptors. 

KA receptors are widely distributed throughout the CNS and are located on both pre and 

post-synaptic terminals, thus modulating neurotransmitter release (Rodriquez-Moreno and 

Sihra, 2007). They possess two agonist binding sites and also allow the influx o f K^ and 

Na"̂  ions following EPSP. Pre-synaptically they modulate neurotransmitter release from 

GABAergic and glutamatergic terminals. Post-synaptically they are involved in the control 

o f neurotransmitter release and neuronal excitability. They are involved in learning and 

memory by supporting short and long-term potentiation (LTP) and long-term depression 

(LTD) (Doble, 1999). Over-activation o f the KAR is implicated in excitotoxicity.
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Metabotropic glutamate receptors (mGluR): mGluR’s differ from ionotropic glutamate 

receptors in that they are coupled via second messenger systems to biochemical pathways 

and ion channels (Platt, 2007). They consist o f seven transmemhranQ spanning domains 

similar to G protein coupled receptors. They have a modulatory role and upon binding o f 

an agonist, activation o f G proteins and the concurrent flow o f ions through voltage-gated 

channels occur (Kunishima et a l,  2000). Prolonged release o f glutamate or high 

concentrations o f it in the synapse, result in the activation o f mGluR’s and this is 

associated with synaptic plasticity and excitotoxicity (Dingledine, 1999).

There are three groups of mGluRs which are divided according to their second messenger 

system and sequence homology. Group I mGluRs, mGluRl and mGluRS, activate the Gq 

class o f G proteins, which stimulate phospholipases to form inositol triphosphate (IPS) and 

diacylglycerol (DAG). Group I mGluRs are positively coupled to NMDA receptor function 

via phosphokinase C (PKC) (Gass, 2008). Group II, mGluR2 and mGluR3, and Group III, 

mGluR4, mGluR6, mGluR7, mGluRS, all activate Gi G proteins, which are negatively 

coupled to adenylyl cyclase and cause a decrease in intracellular levels o f  cyclic adenosine 

monophosphate (cAMP). Group II and III mGluR’s represent the inhibitory autoreceptor 

and prevent excess glutamate release. mGluR3 and mGluRS are localised on glial cells 

(Mudo et a l,  2007).
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Figure 1.1 The glutamatergic synapse (Gass and Olive, 2008)

Glutamate is packaged into synaptic vesicles in the presynaptic terminal by vesicular GluT 

(vGluT). When an action potential arrives at the terminal, glutamate is released by 

exocytosis into the synaptic cleft where it binds to and activates ionotropic GluRs (NMDA, 

AMPA and KA receptors) localized on the postsynaptic neuron, which results in cation 

influx and subsequent activation o f voltage-gated calcium channels (VGCCs) that 

propagate the action potential. The resulting cation influx can activate numerous second 

messenger systems, including protein kinase A (PKA), protein kinase C (PKC) and 

calmodulin dependent kinase II (CaMKII), which in turn interact with other signalling 

molecules or transcription factors which can modulate gene expression, local mRNA 

translation, or cytoskeletal remodelling. Glutamate can also be released into the 

extracellular space via non-exocytotic mechanisms such as the cystine-glutamate 

exchanger (xc) located on glial cells, and is taken up by excitatory amino acid transporters 

(EAAT), which are also known as GluT’s.
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1.4 Excitotoxicity

In 1957 Lucas and Newman demonstrated that feeding monosodium glutamate to mice led 

to necrotic lesions in the retina. This discovery led J.W Olney to examine this process in 

the brain and spinal cord (Olney, 1969). He demonstrated that glutamate-induced neuronal 

loss occurred throughout the brain, and that this was due to its interaction with its receptors 

during excitatory transmission in the CNS, and named this mechanism “excitotoxicity” 

(Olney, 1978).

Under normal conditions, glutamate is removed from the cleft by GluT’s in a Na"̂  

dependent manner. Following energy failure there is a decreased Na"̂  gradient in glial cells 

and this can lead to the failure of glutamate transport and removal of glutamate from the 

extracellular space and GluT’s actually releasing glutamate into the extracellular space 

(Rossi et a i,  2000). The ATP-dependent conversion o f glutamate to glutamine and a- 

ketoglutarate also fails, leading to an increase in extracellular glutamate concentrations 

(Lipton and Rosenberg, 1994).

Excitotoxicity occurs following an increase in levels o f extracellular glutamate which is 

normally present in the 3-4}iM range but, in excitotoxic conditions, can rise up to 16)aM 

(Storm-Mathisen et al., 1992). Elevated levels o f glutamate result in persistent 

depolarisation o f the neuron. Initial binding o f glutamate to the AMPA receptor leads to 

depolarisation, allowing the influx o f Na^ ions which sustains this depolarisation. These 

events trigger the activation o f the NMDA receptor following the removal o f Mĝ "̂  

blockade, allowing the influx o f Câ "̂  ions into the cell. Continuous depolarisation causes a 

disturbance in osmotic balance o f the cell. Na^ entry causes chloride (C1‘) ions to passively 

enter the cell to maintain ionic equilibrium (Rothman, 1985). This causes water to enter the 

cell until eventually cell lysis occurs and the cell contents are released (Doble, 1999).

Failure o f the ATP-driven NaVK^ and NaVCa^"  ̂exchangers is also attributed to persistent 

depolarisation. The consequence o f this is a rise in intracellular Câ "̂  (Koch and Barish, 

1994). Activation o f NMDA receptors also causes the release o f Ca^^ from intracellular 

stores via the large amount o f Ca^^ that enters the cell via the NMDA receptor, 

contributing to the production of IPS by activating Câ "̂  sensitive phospholipase C (PLC) 

iso forms, resulting in the activation and opening o f IPS receptors and/or ryanodine receptor 

(RyR) in the endoplasmic reticulum to release sequestered Câ "̂  into the cytosol (Mody and



• 2+MacDonald, 1995; Berridge et al., 2000). This increase in Ca causes many events that 

trigger cell death, such as the activation o f nucleases, which fragment DNA (Orrenius et 

al., 1989) and the release o f  cytosolic proteases, which attack the cytoskeleton (Siman et 

al., 1989), PKC, which disrupts cell function (Favaron et al., 1990), and lipases such as 

phospholipase A2 , which attack the cell membrane (Doble, 1999). Mitochondria are 

involved in the regulation o f intracellular calcium and increasing levels o f Ca^^ cause 

mitochondria to produce reactive oxygen species (ROS) such as superoxide (0^‘) and 

hydrogen peroxide (H2 O2 ). Ca also triggers the activation o f nitric oxide synthase (NOS) 

and NO which reacts with O^' to form the highly toxic compound peroxynitrite (ONOO') 

which in turn causes the nitration o f proteins and oxidation o f  lipids, proteins and DNA 

(Dykens, 1994; Doble, 1999). This cellular degradation amplifies the excitotoxic process 

by causing further release o f glutamate which acts on intact neurons, thus spreading the 

damage.

Mitochondnon 

o Glutannate 

II NMDAR

Striatal neuron

mGluR

G<ial glutam ate 
transporter

Glial cell

Figure 1.2 Excitotoxic neuronal death (Fan and Raymond, 2006)

This may result from a combination of (1) increased glutamate release from cortical 

afferents; (2) reduced uptake o f glutamate by glia; (3) hypersensitivity o f post-synaptic 

NMDA receptor’s and/or augmentation o f mGluR signalling; (4) altered intracellular 

calcium homeostasis; (5) mitochondrial dysfunction.

1.5 Excitotoxicity and neurodegeneration

Excitotoxicity is a factor that has been identified in the pathogenesis o f  many 

neurodegenerative disorders such as stroke, HD, AD, PD and epilepsy (Rothstein, 1996;
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Wong et a l,  2002; Hynd et al., 2004; Tannenberg et a l,  2004; Fujikawa, 2005; Yi and 

Hazell, 2006).

Ischemic stroke is the most common form of stroke (Rosamond et a l, 2007) which occurs 

following a cerebral occlusion. Cerebral blood flow is interrupted, causing ATP levels to 

fall drastically, leading to the excessive release of glutamate and excitotoxic damage 

throughout the infarct (Doyle et al, 2008). Glutamate antagonists have been widely used 

in clinical trials for the treatment of stroke, although not all of these have proven to be 

successful (Ginsberg, 2008).

HD resuks in the loss of medium spiny neurons in the neostriatum which are involved in 

glutamate transmission (Graveland et a l,  1985). Some studies have demonstrated that 

intracerebral injection of glutamate, or its analogues, such as quinolinic acid (QUIN) or 

kainic acid, can induce a similar pattern of neuronal loss seen in HD (McGeer et a l,  1976). 

In support of this, studies have identified modifications to some of the components of 

glutamatergic neurotransmission in post-mortem studies of HD patients (Estrada-Sanchez 

et al, 2008).

In AD, the over-expression of Ap and Tau proteins appear to trigger the excessive 

activation of NMDA receptors and lead to excitotoxic damage (Harkany et a l,  2000; 

Amadoro et al, 2006). This occurs following disruptions in the fiinction o f glutamine 

synthetase and GIuT, both means of inactivating extraneuronal glutamate, which are 

oxidatively modified and dysfiinctional in AD, leading to an increased opportunity for 

excitotoxicity to occur (Xiong et al, 2004). Memantine, an NMDA receptor antagonist, 

approved by the Food and Drug Administration (FDA) drug for the treatment of AD, is 

thought to decrease excitotoxicity and increase neuronal function in the hippocampus 

(Parsons et al, 1999).

Excitotoxicity is thought to occur in PD as a secondary response to a defect in the ATP-

dependent Mg^  ̂ blockade of the NMDA receptor, or to the activation of glutamatergic

subthalamic nucleus neurons, resulting from dopamine depletion (Beal, 1998; Rodriguez et

al, 1998). It has been reported that NMDA antagonists can provide protection against 1-

methyI-4-phenylpyridinium iodide (MPP^)-induced neurotoxicity (Good et a l,  1998).

Animal models of epilepsy include the kainic acid model of temporal lobe epilepsy, which
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results in excitotoxic damage and typical seizure behaviours that are comparable to human 

temporal lobe epilepsy (Ben-Ari, 1985).

1.6 Apoptosis and neurodegeneration

Apoptosis is a well-ordered process o f cell suicide which is necessary for embryonic 

development, immune regulation, tissue homeostasis and chemical-induced cell death 

(Nunez et a i, 1998; Cohen, 1997). It is characterised by DNA fragmentation, chromatin 

condensation, compaction o f cytoplasmic organelles, dilation of the endoplasmic 

reticulum, decreased cell volume, membrane blebbing, cell shrinkage and disassembly into 

apoptotic bodies. These apoptotic bodies are engulfed by phagocytes and neighbouring 

cells, thus preventing the release o f the intracellular contents, which could induce an 

inflammatory response (Thornberry and Lazebnik, 1998; Thornberry, 1998). Inappropriate 

apoptosis is implicated in the pathogenesis o f  a number o f neurodegenerative diseases, 

such as AD, Stroke, HD and PD (Thompson, 1995; Nicholson, 1996). The family o f 

caspases has been shown to play a pivotal role in the regulation and execution o f this 

process.

1.7 Caspases

Caspases are synthesised in the cell as inactive enzyme precursors (zymogens). They 

consist o f four distinct domains: an N-terminal pro-domain, a large subunit o f about 20 

kDa, a small subunit o f about 10 kDa, and a linker sequence between the large and small 

domains, flanked by aspartate residues. Caspases are activated by proteolytic cleavage 

between domains, which remove the pro-domain and linker regions and allows the 

assembly o f the large and small subunits into the active enzyme (Nunez et a l, 1998; 

Lavrik et a i, 2005). The name caspase derives from the words cysteine-dependent 

aspartate specific protease. Caspases were first implicated in apoptosis following the 

discovery o f the CED-3 and CED-4 genes in the nematode Caenorhabditis elgans, which 

were required for the execution o f cell death (Yuan and Horvitz, 1992; Yuan, 1993). It was 

demonstrated that the CED-3 gene was homologous to the mammalian interleukin-ip 

converting enzyme (ICE/ caspase 1). Although caspase 1 has no obvious role in apoptosis, 

this discovery provided the first indication that a large family o f cysteine proteases played 

a critical role in inflammation and cell death (Yuan, 1993; Thornberry, 1998).
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Initially caspases were classified as either “apoptotic” or “pro-inflammatory”, but 

apoptotic caspases can be further sub-divided into “initiator” caspases (caspase 8, 9, 10) or 

“effector” caspases (caspase 2, 6, 7). A more conventional way o f classifying the caspases 

is according to the length of the pro-peptide. Those with a long pro-domain activate by 

dimerisation (inflammatory caspases, initiator caspases and caspase 2); those with a short 

pro-domain activate by cleavage of the catalytic domain (caspase 3, 6 and 7) (Pop and 

Salvesen, 2009; Kumar 1999).

Initiator caspases require homodimerisation for activation. A pro-apoptotic signal 

culminates in caspase recruitment to activation platforms which bind to the caspase pro

domain. This results in an increase in local caspase concentration and facilitates 

dimerisation. Every initiator caspase has its own activation platform, for example the death 

inducing signalling complex (DISC) activates caspase 8 and 10, whereas the apoptosome 

activates caspase 9 (Riedl et al., 2001; Pop, 2009). Activation of caspase 9 requires 

cytochrome c which is released from mitochondria in response to cytotoxic stress, 

oxidative stress and DNA damage. This in combination with deoxyadenosine triphosphate 

(dATP) binds to the apoptotic pro tease-activating factor-1 (Apaf-1) and creates a large 

apoptosome complex leading to the activation of pro-caspase 9 (Boatright et al, 2003; 

Jiang and Wang, 2000).

There are two effector caspase cascades; the extrinsic or death receptor-mediated cascade, 

and the intrinsic or mitochondria-mediated cascade. The extrinsic pathway is further 

divided into two types of signalling pathways; type 1 is associated with high levels of 

DISC production, and thus an increased amount of caspase 8 activity, which leads to 

activation of the effector caspases-3 and 7. Type 2 involves the cleavage of the Bcl-2 

family protein- BH3 interacting domain (Bid), by caspase 8, forming truncated Bcl-2 

interacting protein (tBid), which in turn causes the release o f cytochrome c from 

mitochondria. This as described above, results in the formation of the apoptosome, 

activating caspase 9, which in turn, activates caspase 3 and 7, which initiate the death 

cascade. The intrinsic pathway involves direct stimulation (for example by 

chemotherapeutic drugs) of the mitochondria to release cytochrome c, leading to formation 

of the apoptosome.
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Figure 1.3 Caspase signalling and its modulation (Lavrik et al., 2005)

In the extrinsic pathway, DISC formation leads to caspase-8 activation. Two signalling 

pathways downstream from the receptor were established. In type I cells (shown in light 

blue) caspase-8 directly cleaves caspase-3, which starts the death cascade. In type II cells 

(shown in light red) an additional amplification loop is required, which involves tBid- 

mediated cytochrome c release from mitochondria and alterations in the Bax/Bcl-2 family, 

followed by apoptosome formation. Alternatively the mitochondrion releases Second 

Mitochondria-derived Activator o f Caspases/Direct inhibitor o f apoptosis (lAP) Binding 

Protein with Low PI (Smac/DIABLO) which neutralises the apoptosis inhibitory protein, 

x-linked inhibitor o f apoptosis (XIAP). Initiation o f the intrinsic pathway results in 

mitochondria-mediated apoptosome formation, followed by caspase-9 and -3 activation.
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leading to destruction of the cell by affecting structural proteins such as lamin A, actin, 

fodrin and gelsolin, and cell survival proteins such as growth arrest-specific protein 

(Gas2), retinoblastoma (Rb) protein, inhibitor o f caspase-activated DNase (ICAD) and 

poly (ADP)-ribose polymerase (PARP). Caspase action can be modulated on several 

levels. Activation of caspases at the DISC is inhibited by cellular FADD-like IL-ip- 

converting enzyme (FLlCE)-like inhibitory protein (c-FLIP) proteins; activation o f effector 

caspases is inhibited by inhibitor o f apoptosis (lAP).

1.7.1 Caspase 3

Caspase 3 is also known as CPP32, Yama or apopain. It was discovered using the DNA 

sequence encoding CED-3 and the active site o f caspase 1, to search an expressed 

sequence tag database, where a human sequence was identified for encoding a 32 kDa 

cysteine protease-named CPP32 (Fernandes-Alnemri et ai,  1994). At the same time two 

independent groups also identified it, naming it Yama (after the Hindu god o f death) and 

apopain (Tewari et al,  1995; Nicholson et al,  1995). Caspase 3 plays a key role in the 

execution o f apoptosis. It is distributed widely throughout the body, with high expression 

seen in lymphocytic cells, suggesting that it may play an important role in apoptosis in the 

immune system (Fernandes-Alnemri et al,  1994). The active enzyme is comprised o f two 

subunits- 17kDa and 12kDa- which are cleaved from the precursor protein at aspartate-28- 

serine-29 (Asp-28-Ser-29) and Asp-175-Ser-176 (Nicholson et al,  1995). Caspase 3 and -1 

are similar in overall structure, but caspase 3 has an S4 subsite which is very different in 

size and chemical composition, accounting for their differences in specificity (Rotonda et 

al,  1996).

During the execution phase o f  apoptosis, caspase 3 is responsible for the proteolytic

cleavage o f  many key proteins, such as the nuclear enzyme poly (ADP-ribose) polymerase

(PARP), which share a common Asp-Xaa-Xaa-Asp (DXXD) motif (Lazebnik et al,  1994).

It also inactivates proteins that prevent apoptosis from occurring in living cells. An

example o f this is cleavage o f an inhibitor (ICAD/DFF45) o f a nuclease which is

responsible for DNA fragmentation; caspase-activated deoxyribonuclease (CAD). In non-

apoptotic cells, CAD exists as an inactive complex with ICAD. Caspase 3 inactivates

ICAD, allowing CAD to operate as a nuclease and leads to DNA fragmentation (Enari et

al,  1998; Liu et al,  1997). Caspase 3 also contributes to direct disassembly o f cell

structures. It cleaves the intermediate filament proteins in the lamina o f  the cell (lamins),
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causing them to collapse, thus contributing to chromatin condensation (Takahashi et al, 

1996; Orth et al, 1996).

Some of the caspases have been shown to be non-essential for apoptosis to occur. This was 

illustrated through the use o f knock-out mice. Caspase 3 deficient mice were considerably 

smaller than their littermates, and died between 1 and 3 weeks of age. They exhibited a 

decreased presence of pyknotic clusters of apoptotic cells in the brain, which is typical o f 

normal brain development. This demonstrates that caspase 3 is essential for the execution 

of mammalian cell death (Cohen, 1997; Kuida et al, 1996).

Apoptosis contributes to cell death in neurodegenerative disorders. It has been shown that 

DNA single strand breakages are consistently found early in the progression of 

neurodegenerative diseases (Liu and Martin, 2001; Martin and Liu, 2002a, 2002b; Martin 

et al, 2006; Martin et al, 2007). In animal models of neurodegeneration, DNA single 

strand breakages accumulate at a time that corresponds with p53 activation and nuclear 

import (Liu and Martin, 2001; Martin and Liu, 2002). Apoptosis was shown to be the 

major form o f neuronal cell death in Presenelin/amyloid precursor protein (PS/APP) mice 

which model Alzheimer’s disease-like neurodegeneration. Pyknotic neurons in these mice 

exhibited the hallmarks of apoptosis including DNA fragmentation, caspase 3 activation 

and caspase-cleaved a-spectrin (Yang et al, 2008). It has been demonstrated that traumatic 

brain injury and/or neurological disease-induced caspase activation, results in increased 

APP processing and may directly or indirectly affect Ap levels, and that this in turn, may 

increase caspase activation (Allen et al, 2001; Awasthi et al, 2005; Mattson et al, 1998). 

A study by Abrahamson and colleagues (2006) demonstrated that after traumatic brain 

injury, caspase inhibition suppressed elevations of Ap. PD has been shown to be associated 

with increased markers of oxidative stress, mitochondrial dysfunction and apoptosis as 

identified by proteomic analysis (Chin et al, 2008). The apoptotic pathways p53- 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-Bax pathway and the FAS receptor; 

Fas-Associated protein with Death Domain (FADD)-caspase 8-Bax pathway have been 

implicated in PD (for review see: Tatton et al, 2003). Several observations identify 

apoptotic death in the striatum throughout the course of HD, with Huntingtin being a 

substrate for caspase 3 cleavage, and activating the Jun N-terminal Kinase (JNK) 

signalling pathway, leading to subsequent neuronal apoptosis (Liu, 1998: Sieradzan and 

Mann, 2001). Amyotrophic lateral sclerosis (ALS) is associated with increases in oxidative
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stress, which leads to mitochondrial dysfunction and the subsequent activation of the 

intrinsic apoptosis cascade in these neurons (Kermer et al, 2004). Increased expression of 

the pro-apoptotic protein Bax, with a concurrent decrease in the expression of Bcl-2, as 

well as DNA fragmentation have been found in transgenic mouse models of ALS, and in 

the spinal cord and the motor cortex of patients that had died from ALS (Sathasivam et al, 

2001; Troost e/a/., 1995; Mu e/a/., 1996; Ekegren er a/., 1999).

Degeneration of one or more nerve cell populations is a major feature in many acute and 

chronic neurological diseases. The intrinsic pathway depends on the integrity and ftinction 

of mitochondria within the cell, whereas the extrinsic pathway is initiated by cell surface 

activation of cytokine receptors of the tumor necrosis factor (TNF) family (Reed, 2000). 

DNA damage (hereditary or induced), can increase expression of the tumor suppressor 

gene p53, increase calcium influx by overstimulation of glutamate receptors 

(excitotoxicity), cause damage to the components of the plasma membrane, the formation 

of free radicals (oxidative stress) and metabolic stress (hypoxia, hypoglycemia), which can 

cause mitochondrial changes resulting in the formation of pores in the mitochondrial 

membrane (permeability transition pores) and release o f several mediators o f apoptosis 

(cytochrome C, SMAC/Diablo, apoptosis-inducing factor) (Kermer et al, 2004). 

Activation of the survival pathway involving the transcription factor nuclear factor kappa 

B (NF-kB) can protect cultured neurons against death induced by diverse stimuli, including 

trophic-factor withdrawal and exposure to excitotoxic, oxidative and metabolic insults, all 

of which are seen in both chronic and acute neurodegeneration. Gene targets that mediate 

the survival-promoting action of NF-kB may include manganese superoxide dismutase, 

Bcl-2 and lAP’s. However, NF-kB activation in microglia can promote neuronal apoptosis 

by inducing production of free radicals and excitotoxins, so NF-kB may either prevent or 

promote neuronal death depending on specific neurodegenerative conditions (Aschner et 

al, 1999).

Excitotoxicity has been shown to elicit cell death via apoptotic mechanisms. Excess 

glutamate release and subsequent interaction with its receptors causes alterations in 

intracellular ion concentrations, pH, protein phosphorylation and energy metabolism

(Choi, 1992; Lipton and Rosenberg, 1994). Glutamate receptor stimulation results in an
2+  • • • 2*^ increase in cytosolic free Ca , which causes an activation of Ca -sensitive proteases,

protein kinases/phosphatases and phospholipases, which initiate apoptotic cascades

(Martin et al, 1998). Choi and colleagues (1987a, 1987b) emphasized the role of Ca^^
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influx in glutamate neurotoxicity. They indicated through the use of ion substitution 

experiments that, although the removal o f extracellular Na^ eliminates the acute neuronal 

swelling in cortical cell cultures exposed to glutamate, neurons still undergo delayed 

degeneration unless extracellular is removed. Their observations suggested that an 

acute, Na"̂ - and CF-dependent component of excitotoxicity is characterised by immediate 

cell swelling, and a delayed cell degeneration that could be mimicked by the Câ "̂

ionophore A23187, was another component of the excitotoxic process. They concluded
2+that at lower glutamate exposures the Ca component is the more significant cause of 

neuronal death. Increases in intracellular Câ "̂  have been shown to contribute to 

mitochondrial dysfunction and thus lead to the activation of the intrinsic apoptotic cascade 

(Kermer et ai, 2004: Martin et ai, 1998: Arundine and Tymianski, 2003).

1.8 The role of inflammation in neurodegeneration

Diseases such as AD, PD, HD, multiple sclerosis (MS) and ALS have been shown to be 

associated with increased levels o f inflammation and microglial activation (Nguyen et al, 

2002). Several disorders specific to the CNS such as schizophrenia, MS, and dementia 

have been shown to be associated with elevated levels of pro-inflammatory cytokines such 

as interferon-gamma (IFN-y), TNF-a and interleukin (IL)-6 (Ganguli et al, 1994, Mikova 

et ai, 2001, Teunissen et al, 2003). Activated microglia have been implicated in the 

pathogenesis o f AD and PD (Xiang et al, 2006, Imamura et al, 2003). Markers of 

inflammation such as intercellular cell adhesion molecule 1 (ICAM-1), which is expressed 

on vascular endothelial cells, immune cells and glial cells, and glial fibrillary acidic protein 

(GFAP), are both shown to be increased in vivo following brain damage (Lee and 

Benveniste 1999; Czeh et a l,  2006). Stress and depression have been shown to result in 

increased levels of IFN-y, TNF-a and IL-6 and have raised the possibility that mood 

disorders may also be related to inflammatory processes.

Increased transcription of cytokines and altered A(3 processing was seen in the Tg2576

mouse model of AD following a challenge with bacterial lipopolysaccharide (LPS) (Sly et

al, 2001). Kitazawa et al, (2005) demonstrated that repeated administration of LPS

augmented CNS inflammation and Tau hyperphosphorylation in a transgenic model o f

AD. Many cytokines have been implicated in the development of AD, including IL-1. Its

role is as yet unclear but it may exert its effect through its ability to induce the expression

of inducible nitric oxide synthase (iNOS), which could indirectly increase neurotoxicity 
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(Hewett et ai, 1994). IL -la and IL-ip have been shown to be potential risk factors for the 

development of AD, and may also be predictors of the age of onset (Meda et ai, 1995, 

Sciacca et ai, 2003).

Alterations in pro-inflammatory cytokine expression are associated with NMDA-induced 

excitotoxicity. IL-ip expression in glial cells is increased in the cortex and striatum 

following excitotoxic damage (Pearson et ai, 1999). Antagonism of the NMDA receptor 

suppresses IL-1|3 expression following cerebral ischemia (Jander et ai, 2000), suggesting 

that IL-ip potentially modulates ischemic damage via regulation of excitotoxicity. 

Intrastriatal application of IL-lra can reduce NMDA-induced lesion size (Relton and 

Rothwell, 1992). Furthermore, direct application of IL-1(3 to the striatum of rats does not 

cause neuronal cell death itself, but enhances excitotoxic neuronal injury in both the 

striatum and cortex (Lawrence et ai, 1998; Stroemer and Rothwell 1998; Allan et al, 

2000). A relationship between increased pro-inflammatory cytokines and perinatal brain 

damage have been linked to adverse outcomes in several clinical and experimental studies 

(Nelson et al, 1998; Yoon et al, 1997; Dammann and Leviton, 2004; Debillon et al, 

2003; Dommergues et al, 2000). Experimentally, infectious/inflammatory factors can 

induce brain damage by themselves, for example, systemic injection of LPS or IL- 1P to 

newborn mice or rats makes the brain much more sensitive to an excitotoxic insult 

(Dommergues et al, 2000; Favrais et al, 2007; Rousset et al., 2008).

1.9 The role of pro-inflammatory cytokines in neurodegeneration 

Interferon-y: IFN-y is a pro-inflammatory cytokine and a member of the IFN family, of 

which there are three members- IFN-a, IFN-P and IFN-y. The nomenclature was derived 

from their ability to “interfere” with viral activity. IFN-y favours the development of Thl 

over Th2 cells, which in turn provide assistance to macrophages and has an inhibitory 

effect on B cell proliferation (Billiau and Matthys, 2009). Following immune activation, 

natural killer (NK) cells produce IFN-y which primes mononuclear phagocytes for 

production of monokines, including TNF-a and IL-12. IFN-y and TNF-a then act in 

synergy to augment the bacteriostatic potential of the phagocytes. Following this, a Thl 

response mediated by IL-12 is mounted resulting in additional IFN-y production by 

activated €04"^ and CDS"̂  T cells (Billiau and Matthys, 2009). The importance of IFN-y in 

cell-mediated immunity was illustrated following administration of neutralizing antibodies
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against IFN-y, which abrogated resistance against Listeria infection (Buchmeier and 

Schreiber, 1985; Nakane et a i ,  1989). IFN-y production during the first two days o f  

infection was shown to be critical for the development o f protective antigen-specific T 

cells (Yang et a l ,  1997) illustrating its ability to optimize effector cell function, and also to 

regulate the adaptive immune response to an infection.

This pro-inflammatory cytokine has also been implicated in autoimmune disease. In a 

mouse model o f  experimental allergic encephalomyelitis (EAE), administration o f  anti- 

IFN-y antibodies augmented the damage seen in this model (Billiau et a l ,  1988; Duong et 

ai,  1992, 1994; Willenborg et al., 1996). It is well established that IFN-y, and IFN-(3 to a 

lesser extent, is responsible for the induction o f  indoleamine 2,3 dioxygenase (IDO) in an 

array o f cells such as macrophages, dendritic cells and microglia (Carlin et a l ,  1989; 

Currier et a l ,  2000; Fallarino et a l ,  2002). IFN-y induced anti-proliferation and pathogenic 

defensive mechanisms operate by activating IDO and enhancing tryptophan degradation 

through the kynurenine pathway (Alkondon et a l ,  2004). By depleting tryptophan, IDO 

also contributes to innate host resistance against those pathogens that depend metabolically 

on the exogenous supply o f  tryptophan. Further details o f  the role o f  IDO in 

neuroinflammation and neurodegeneration are provided below. IFN-y also leads to the 

induction o f  NOS and the production o f  NO which inhibits T cell proliferation and induces 

apoptosis (Yamazaki et al ,  2002).

Neuro inflammation has been reported to play a key role in many neuro degenerative 

disorders. It is protective by ensuring maintenance o f  virus latency after infection, yet 

deleterious by recruiting and activating microglia that secrete potentially damaging factors 

at sites o f  brain injury (Mastrangelo et al ,  2009). Increased IFN-y levels were reported in 

the nigrostriatal dopaminergic regions (substantia nigra, caudate nucleus, and putamen) in 

parkinsonian patients when compared to control patients (Mogi et al ,  2007). Pronounced 

production o f  APmo and APm2 was observed when primary astrocytes or astrocytoma 

cells were stimulated with combinations o f  IFN-y and TNF-a or IFN-y and IL-1 beta 

(Blasko et al,  2000).

Following infection in the brain, microglia act as innate producers o f  IFN-y. Numerous

reports have illustrated this following infection with Toxoplasma gondii (Suzuki et al ,

2005; Wang et a l ,  2007; Kang and Suzuki, 2001). IFN-y is a potent stimulator o f  
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microglia /macrophages, and enhances astroglial reactivity in the corticectomized adult rat 

brain (Yong et al., 1991). In primary cultures of astrocytes, IFN-y levels were increased 

following two different injury models; mechanical trauma and ischemia (Lau and Yu, 

2001). IFN-y has been implicated as an important mediator of the gliosis observed in 

pathologic conditions of the adult central nervous system associated with infiltrating 

lymphocytes. Recombinant IFN-y alone can induce proliferation of human adult astrocytes 

in vitro and increase the extent of trauma-initiated gliosis in the adult mouse brain, an 

effect which is completely blocked with IFN-y neutralizing antibody (Yong et al, 1991).

Tumor necrosis factor-a: TNF-a is a 157 amino acid cytokine and is produced in 

response to injury and inflammatory or infectious stimuli by macrophages, lymphocytes, 

neutrophils, and structural cells, including fibroblast, smooth muscle cells (Balakumar and 

Singh, 2006), astrocytes and microglia (Kronfol and Remick, 2000). It is considered a pro- 

inflammatory cytokine, augmenting the immune response to help eliminate pathogens and 

assist the resolution of the inflammatory challenge (Kronfol and Remick, 2000). TNF-a 

has several effects, including cytotoxicity, antiviral activity, transcription factor activation, 

and immune response regulation (Bhardwaj and Aggarwal, 2003), which can lead to cell 

survival or apoptosis, depending on the receptor activated, and concentrations of TNF-a 

present. TNF receptors (TNFR) are divided into two main classes, TNFRl (also called 

p55) and TNFR2 (also called p75), which have distinct and common signalling pathways. 

Signalling occurs predominantly via the TNFRl, which contains a death domain and is 

present in a variety of cell types including astroytes, neurons, oligodendrocytes and 

macrophages (Kuno et al,  2006; Ohtori et a l,  2004; Buntinx et a l,  2004). Interestingly, 

TNFRl activation can trigger a dual signalling cascade that in different cell types may lead 

to apoptosis, proliferation, differentiation, or survival (Bhardwaj and Aggarwal, 2003). In 

neurons and microglia, binding of TNF-a to the TNFRl induces apoptosis (McDonald et 

al, 2003). TNFR2 does not contain a death domain and is predominantly expressed on 

immune cells (Kuno et al, 2006; Aggarwal, 2003).

High concentrations of this cytokine have been shown to result in an overwhelming 

inflammatory response that can lead to endotoxic shock and death. This can occur when 

large amounts of NO are released and cause vascular relaxation and a drop in blood 

pressure following iNOS induction. TNF-a causes the induction of adhesion molecules, 

cytokines, chemokines metallaproteases and inflammatory enzymes such as iNOS and
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cyclooxygenase-2 (COX-2) (Zhang et a l ,  1998; Aggarwal, 2003) and has been implicated 

in a variety o f neurodegenerative disorders including AD, PD, MS and stroke (Rossi et a l ,  

2005; Sriram and O ’Callaghan, 2007).

Interleukin-ip: IL -ip is a pro-inflammatory cytokine that belongs to the IL-1 family o f  

which IL -la  and IL-lra are also members. There are two IL-1 receptors (IL-IR), IL-IRI 

and IL-IRII. The effects o f IL-1 p are mediated via activation o f IL-1 R1 and its accessory 

protein (IL-lRacP) that is necessary for signal transduction. Binding o f 1L-1(3 to IL -lR l 

leads to NFkB and/or mitogen-activated protein kinase (MAPK) signalling (Fitzgerald and 

O’Neill, 2000). IL-1 (3 can induce acute inflammation (cytokine cascade, high fever, C- 

reactive protein (CRP) production) in response to infection (Rijkers et al, 2009). At the 

cellular level, the IL-1 response can be controlled by two mechanisms: 1) the ratio o f  IL- 

IRI/IL-IRII, and 2) the concentration of IL-1 agonists (IL -la and 1L-1(3) versus that o f IL- 

lra, however high molar excess (100- to 1000-fold) o f IL-lra is needed to counteract the 

effects o f IL-1 (3 (Rijkers et al., 2009).

Systemic lL-1 levels are usually very low, but are rapidly induced following inflammation 

(e.g. during systemic infection). Low basal expression o f IL-IRI is found throughout the 

CNS, on all CNS cells (Allan and Rothwell, 2001) and following neuronal injury, IL-1 is 

rapidly produced by microglia and other CNS cells (Allan and Rothwell, 2003). Binding o f 

IL -ip to the IL-IRI on any o f the CNS cell types has both neuroprotective and neurotoxic 

effects. Neuroprotective effects take place when IL-ip is present in low concentrations, 

while under pathological conditions, when IL-ip levels are higher, processes leading to 

neurotoxicity are facilitated by IL-1 p. This cytokine is also capable o f  inducing COX-2, 

chemokines and iNOS expression (Akama et a i ,  2000; Laflamme et a i ,  1999), and is 

implicated in a variety o f neurodegenerative disorders including AD, MS and stroke 

(Lucas et al., 2006).
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Figure 1.4 IL-1 signalling pathway (Kariko et aL, 2004)

Activation o f Toll-like receptors (TLRs) and IL-1 receptor induces inflammation in 

immune cells via shared signaling cascades. TLRs expressed on immune cells (monocytes, 

macrophages, dendritic cells and microglia) recognize and respond to microbial infection. 

TLRs are activated by products containing pathogen-associated molecular patterns 

(PAMPs), derived from bacteria (LPS, lipotheichoic acid (LTA), DNA with non- 

methylated cytosine-guanine motifs (CpG DNA), flagellin), from yeast (zymosan), or from 

viruses (double-stranded RNA (dsRNA)). In response to activation by the corresponding 

ligands, TIR (Toll/IL-1 receptor) domains interact with the TIR domain o f the signaling 

adaptor MyD88 (myeloid differentiation factor 88), which transduces the signal to a family 

o f IL-1 receptor-associated kinases (IRAKs). Phosphorylation o f IRAK, a serine-threonine 

kinase, by other IRAK family members induces cascades o f signaling through TRAF6 

(tumor necrosis factor receptor-associated factor 6). TRAF6 transduces the signal to IKKp 

(IkappaB kinaseP) and to MAP3K. This signaling results in transcriptional responses, 

mediated primarily by NF-kB, extracellular-signal regulated kinase (ERK) and stress- 

activated protein kinases, such as c-Jun N-terminal kinase (JNK) and p38, leads to 

expression o f pro inflammatory cytokines.
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1.9.1 Inducible nitric oxide synthase (iNOS)

NO is synthesized by NOS via the oxidation of the amino acid- L-arginine, to form L- 

citrulline. There are three distinct isoforms of NOS; neuronal NOS or NOSl which is 

constitutively expressed in neuronal tissue, endothelial NOS or N0S3 which is mainly 

expressed in vascular endothelial cells (Popp et al, 1998; Ignarro et a l,  1999) and 

inducible NOS or N0S2. nNOS and eNOS are calcium/calmodulin dependent, whereas 

iNOS is calcium independent.

NADPH
/

nNOS/NOSl

rNOS/NOS2

eNOS/NOS3

NO

>NADP

Figure 1.5 Nitric oxide synthases catalyze the production of NO and L-citrulline from  

L-arginine, O2, and NADPH-derived electrons (R&D systems)

iNOS can be induced by a wide variety of stimuli-predominantly by pro-inflammatory 

cytokines, and once induced, it produces NO continuously until substrate depletion occurs 

(Kleinert et al, 2004; Pannu and Singh, 2006). It is expressed for 4-8 days and produces 

100-1000 times more NO than nNOS (Pannu and Singh, 2006). Increased production of 

NO can be protective, for example by eliminating infiltrating microorganisms and 

increasing blood supply to injured tissue, but overproduction of NO can be detrimental to 

the cell and is associated with many disease states, such as stroke, rheumatoid arthritis, 

diabetes and multiple sclerosis (Nathan, 1992; MacMicking et al, 1997). Due to the 

reactive nature of NO, it readily binds to proteins containing heme-iron prosthetic groups, 

iron-sulphur clusters and reactive thiols, thus altering the activity of these proteins 

(Stamler, 1994). By binding to the iron sulphur cluster in mitochondria, it reduces 

oxidative phosphorylation which leads to energy depletion, a characteristic of neuronal cell 

death seen in many neuroinflammatory diseases (Yun et al., 1997). In the presence of 

molecular oxygen, NO can auto-oxidize forming a number of potent nitrosylating agents, 

which can generate potentially carcinogenic nitrosamines and/or lead to the deamination of 

DNA. NO also readily reacts with the superanion free radical O:’ to form the peroxynitrite
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anion -ONOO which further contributes to neuronal damage (Beckman and Koppenol, 

1996).

Pro-inflammatory cytokines cause the induction of iNOS in several cells. Following 

cerebral ischemia, pro inflammatory cytokines such as TNF-a, IL-ip and IFNy are induced 

within a few hours, which influences the expression of iNOS in astrocytes, microglia, 

neurons and polymorphonuclear cells (Minc-Golomb et ai, 1996; Galea et ai, 1992; 

Simmons and Murphy, 1993; Simmons and Murphy, 1992). NFkB is an essential 

requirement for the expression of iNOS (Xie et al, 1994) and the release of glutamate 

during cerebral ischemia has been shown to be involved in iNOS expression in vitro via 

calcium-dependent activation of NFkB (Cardenas et al, 2000). Activation of NMDA 

receptors may lead to increased iNOS expression via the production of pro inflammatory 

cytokines, or through the production of free radicals such as the superoxide anion, which 

also stimulates the induction of iNOS (Lafon-Cazal et al, 1993).

1.10 The kynurenine pathway (KP)

This major metabolic pathway of the essential amino acid tryptophan is present in both the 

CNS and the periphery. The KP ultimately results in the formation of nicotinamide adenine 

dinucleotide (NAD^) and niacin. NAD”̂ is an important electron transporter for oxidative 

phosphorylation in mitochondria and is essential for energy production and cell survival 

(Bender and McCreanor, 1982). Of the dietary tryptophan not involved in protein 

production approximately 95% undergoes metabolism through the KP. 1% of this is 

broken down into the neurotransmitter serotonin (Ruddick et al, 2006). The KP takes 

place in various cell types within the brain including astrocytes, microglia, neurons, 

infiltrating macrophages and dendritic cells (Ruddick et al, 2006), and can be partitioned 

into two major branches. One branch produces the neuroprotective kynurenic acid 

(KYNA) principally in astrocytes (Mackay et al, 2006), whereas the other branch, mainly 

arising in microglia (Espey et al, 1997), synthesises neurotoxic metabolites, quinolinic 

acid (QUIN) and 3-hydroxykynurenine (3-HK). KYNA is an antagonist to the a7- 

nicotinic acetlycholine receptor (a7-nAChR), the glycine co-agonist site of the NMDA 

receptor and the AMPA receptor (Guillemin et al, 2001, Skoog, 2000, Chen et al, 2007, 

Vignau et al, 2004). The neurotoxic branch consists of free radical generators, 3-HK, 3- 

hydroxyanthranilic acid and QUIN.
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Figure 1.6 An outline of the KP (MacKay et al., 2004)

Further details of the catalytic steps along the pathway are provided in the text below.

1.10.1 Indoleamlne 2, 3-dioxygenase

IDO is the first and rate-limiting enzyme of the KP in the brain and periphery excluding

hepatic tissue where trypotophan 2, 3-dioxygenase (TDO) is the catalyst of the pathways

initial step. IDO is a heme-containing glycoprotein which catalyzes the conversion of L-

tryptophan to formylkynurenine utilizing molecular oxygen and superoxide (Ruddick et

a l, 2006). The expression of IDO is extensively distributed in the brain and peripheral

tissues, with the pineal gland and choroid plexus of the brain showing high expression

levels (Hansen et a l, 2000). The highest peripheral activity is found generally in tissues

with a large mucosal surface such as the placenta, lungs and gut. Tissues with mucosal

surfaces such as the lungs and gut tend to express IDO under normal conditions due to

“constitutive” inflammation (Mellor, 2005). The inflammatory response to infection or 
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cancerous tissue can lead to increased IDO expression in other tissues including the brain.

I DO has been shown to be an important element in antimicrobial resistance to bacteria and 

parasites (Sanni et a i ,  1998; Silva et al, 2002; Beatty et a l ,  1994; MacKenzie et a l ,  

1998).

IDO catalyses a reaction that opens the tryptophan indole ring by an oxidation reaction 

forming formylkynurenine that is converted to L-kynurenine (L-KYN) by the enzyme 

formamidase (Ruddick et a l ,  2006). L-KYN is the substrate for three enzymes; 

kynureninase (producing anthranilic acid), kynurenine amino transferase (KAT) leading to 

the side branch end product KYNA, and kynurenine 3-hydroxylase (K3-H) bringing the 

pathway towards the production of 3-HK, QUIN and NAD*" (Guillemin el a l ,  2001). 

Therefore L-KYN is an important branching point o f the pathway diverging into the 

neurotoxic branch and the neuroprotective branch. Both 3-HK and anthranilic acid can 

yield 3-hydroxyanthranilic acid (3-HAA) which leads to the formation of QUIN through 3- 

hydroxyanthranilic acid oxygenase (3-HAO). QUIN phosphoribosyltransferase 

metabolises QUIN and further reactions lead to the generation o f the pathway end product 

NAD".

1.10.2 The neuroprotective branch of the KP

KAT enzymes in the KP lead to the production of the neuroprotective metabolite KYNA. 

A wide variety o f  physiological effects induced by KYNA have been demonstrated both in 

vitro and in vivo including anticonvulsant properties and neuroprotective effects as it can 

confer protection against excitotoxic injury (Myint et a l , 2007). Studies have also shown 

that it may participate in sustaining physiological blood pressure and could play a role in 

the pathology o f a number o f neurological disorders such as HD, schizophrenia and 

epilepsy (Mellor, 2005; Guidetti et a l ,  2006; Wu et a l,  2000; Skoog, 2000)

Perkins and Stone (1982) first described KYNA as a neuro-inhibitory compound, as it is a 

broad-spectrum antagonist o f ionotropic excitatory amino acid receptors (at high/non- 

physiological concentrations). At physiological concentrations (low micromolar range) 

KYNA has been shown to antagonise both the a7-nAChR non-competitively, and the 

strychnine-insensitive glycine co-agonist site o f NMDAR competitively in rodents and 

primates (Guillemin et a l ,  2001, Skoog, 2000, Chen et al,  2007, Vignau et a l ,  2004). 

KYNA could therefore have a physiological role in both glutaminergic and cholingeric
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neurotransmission. K YNA is predominantly produced in astrocytes (Skoog, 2000). 

Guillemin et al. (2001) demonstrated in vitro that astrocytes did not contain K3-H and 

subsequently only produced L-KYN and KYNA. During inflammation K YNA levels are 

elevated and small K YNA increases can inhibit the release o f  glutamate, thus preventing 

excitotoxicity from the over-activation o f  N M D A  receptors (Stone and Addae, 2002).

1.10.3 The neurotoxic branch of the KP

3-HK is a free radical generator and the first metabolite o f  the QUIN branch found in 

nano molar concentrations in the brain (Stone et a l ,  2007). An increase in 3-HK is linked 

with neuroinflammation, potentiation o f  excitotoxicity, stroke, seizures and various 

neurodegenerative diseases such as HD. 3-HK can lead to the production o f  free radicals 

and H2 O2 (Okuda et al., 1998) and the production o f  superoxide anions leads to the 

oxidation o f  3-H A A (Liochev and Fridovich, 2001).

K3-H (or kynurenine 3-m ono-oxygenase (KM O)) is an NADPH-dependent flavin 

m onooxygenase o f  the mitochondrial outer membrane, and converts L-KYN to 3-HK  

leading the pathway towards the generation o f  toxic metabolites. Tissue distribution 

studies in rodents showed it to be present everywhere in the brain with a low activity. Liver 

and kidney possess the highest specific activity for the enzyme (Erickson et al., 1992). 

Further experiments by Carpenedo et al. (1994) using hippocampal slices found that 

inhibitors o f  K3-H, including (m-nitrobenzoyl)-alanine and Ro 61-8048 lower 3-HK and 

QUIN formation and perhaps provide more L-KYN for KYNA synthesis. This study 

concluded however that the possibility o f  neuroprotection mediated by K YNA was 

unlikely as the levels o f  KYNA recorded were far too low for glutamate receptor 

interaction.

QUIN is an N M D A  receptor agonist and prolonged exposure (even at nanomolar

concentrations) or high levels o f  QUIN have been seen to cause lipid peroxidation, free

radical formation and cell death (Schwarcz et al., 1983). Neurodegenerative diseases in

particular HD and AD consistently correlate with raised concentrations o f  this degradation

product (Stone, 1993 and 2001; Stone and Darlington, 2002; Guidetti et a l ,  2006). 3-HAO

m etabolises 3-H A A  to form a-amino-oo-carboxymuconic acid semialdehyde which can

rearrange non-enzymatically into QUIN. Alternatively it can form picolinic acid. Cerebral

tissue contains between 50 and 1000 nM o f  QUIN (Guillemin et a l ,  2001).
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QUIN has been shown to inhibit the uptake o f glutamate by astrocytes, as well as promote 

its release from neurons, thus increasing glutamate concentrations in the synaptic cleft and 

further boosting its excitotoxic effect (Tavres et a i, 2002). The rat brain has been shown to 

produce 'OH radicals after QUIN exposure as well as peroxynitrite (formed by NO) in the 

early stages o f toxicity (Rodriguez-Martinez et a l,  2000). It can induce astrocytes to 

release cytokines and chemokines thus augmenting inflammation locally and adding to 

excitotoxic damage (Miller et a l ,  2006). Lipid peroxidation has been also reported in vivo 

and in vitro due to free radical formation. The basal amount o f lipid peroxidation was seen 

to increase as much as 256% in the rat brain following exposure to 100|j.1 o f QUIN 

(Santamaria e /a /., 1997).

1.11 Excitotoxicity, neuroinflammation and cell death in hippocampal 

neurodegeneration

The hippocampus is involved in learning and memory and is a structure that is particularly 

vulnerable to neuronal injury. It is a structure that is commonly associated with various 

neurodegenerative disorders, and hence is frequently studied to elucidate mechanisms 

underlying neuronal loss in these conditions.

The hippocampus is located in the medial temporal region o f the brain. The name was

donned by Giulio Cesare Axanzi in the sixteenth century, from the greek words hippos

meaning horse, and kampos meaning sea monster as the structure resembled that o f a

seahorse (Gross, 1998). This structure has a very distinct shape and consists o f three main

areas; Ammon’s horn (CA1-CA3 pyramidal cell layers) and the dentate gyrus, and is

sometimes referred to as a trisynaptic circuit. This circuit is comprised o f three sequential

glutamatergic synapses: axons o f layer II neurons in the entorhinal cortex project along the

perforant pathway and innervates the granule cells o f the dentate gyrus, mossy fibre axons

of the granule cells project to the proximal dendrites o f the CAS pyramidal cells, and the

Schaffer collateral axons of the CAS project into the stratum radium of the CAS, where the

apical dendrites o f the CAl are located (Amaral and Witter, 1989, Miller and O ’Callaghan,

2005, Gutierrez, 200S). In the dentate gyrus, the perforant path and mossy fibres have been

shown to innervate an array o f GABAergic neurons, as well as glutamatergic mossy cells

o f the hilus, thus it is thought that the primary targets o f mossy fibres are these GABAergic

“interneurons”, and they play an inhibitory role in hippocampal transmission (Ascady et
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al, 1998). The hippocampus has a high density of kainate (KA) receptors, which are a 

subtype of the ionotropic glutamate receptors (Lerma, 2001). These receptors have been 

shown to mediate frequency-dependent transmission in mossy fibre cells, CA3 pyramidal 

cell synapses and in CAl interneurons (Kamiya, 2002). As well as releasing glutamate, 

granule cells also release dynorphin, enkephalin, zinc, brain derived neurotrophic factor 

(BDNF) and peptides such as somatostatin, neuropeptide Y, neurokinin B and 

cholecystokinin (McGinty et al, 1983; Gall et al, 1981; Wenzel et al, 1997; Gall and 

Lauterborn, 1992; Tonder et al, 1994; Schwarzer et al, 1995).
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Figure 1.7 Hippocampal circuitry

The hippocampus is composed of distinct areas arranged in a closed circuit. External 

inputs are conveyed to the hippocampus through superficial layers of the entorhinal cortex 

(EC layers II and III). EC layer II projects to the dentate gyrus (DG) and the CA3 through 

the perforant path (pp). In turn, the dentate gyrus (DG) projects to the CA3 through the 

mossy fibers (ml) which projects to the CAl through the Schaffer Collateral (sc). The CAl 

projects outside the hippocampus to the deep layers of the entorhinal cortex (layer V). 

Additionally, the CAl receives direct information from the EC layer 111 and the CA3 is 

massively interconnected (Vincent and Mulle, 2009).
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The hippocampus is mainly involved in memory and learning. The formation of memories 

and learning involves inputs from the cortex to the hippocampus. The entorhinal cortex 

receives inputs from all the senses and other cortical areas, and passes these signals on to 

the hippocampus via the perforant pathway (Miller and O’Callaghan, 2005). The role of 

the hippocampus in learning is demonstrated by patients with gross destruction of medial 

temporal lobe structures, who display severe impairment of subsequent ability to learn 

(anterograde amnesia) and impairment of previously acquired learned behaviour 

(retrograde amnesia) (Scoville and Milner, 1957; Penfield and Milner, 1958). Evidence 

from lesion, behavioural, electrophysiological and gene activation studies suggest that the 

hippocampus has distinct sub-region functions within it. The dentate gyrus is thought to 

process metric spatial representation. The CAS is related to spatial pattern association and 

short-term memory. The CAl is involved in temporal pattern association and intermediate- 

term memory (Kesner et al., 2004; Miyashita, 2004).

The hippocampus is implicated in a number of acute and chronic neurodegenerative 

diseases. Acute neurodegenerative conditions such as stroke and epilepsy induce increases 

in excitotoxicity, inflammation and apoptosis, which have been shown to mediate 

neurodegeneration within this structure. Sub regions of the hippocampus are particularly 

sensitive to ischemic damage, with numerous reports detailing the degeneration of the CAl 

following ischemic insult (Schmidt-Kastner et al, 1997; Jourdain et al, 2002; Nikonenko 

et al, 2003). An episode of 10-15 min of transient ischemia leads to selective cell death in 

CAl pyramidal neurons and in the hilus after 48-72 h of reperfiision. Dentate gyrus 

granule cells and CA3 pyramidal cells largely recover, as do most hippocampal 

interneurons (Schmidt-Kastner and Freund, 1991). After transient focal ischemia, results 

showed that morphological alterations of the synaptic elements in stratum radiatum of the 

CAl were observed (Kovalenko et al, 2006). The spine synapse density in CAl stratum 

radiatum showed a tendency to decrease 2 h after reperfiision. Along with some swelling 

of the endoplasmic reticulum in presynaptic terminals, dendrites, and spines, swelling of 

mitochondria and dendrites, and the appearance of membranous structures in the terminals, 

the post synaptic density thickness increased significantly (von Lubitz and Diemer, 1983;

Schmidt-Kastner and Freund, 1991; Kovalenko et al, 2006). Short periods of ischemia led
• • 2+  to a significant decrease of mitochondrial capacity to accumulate Ca in the hippocampus,

an effect which was unchanged following reperfiision. This can initiate cell degenerative

pathways, such as the opening of mitochondrial permeability transition pore or apoptosis

31



initiation, and indeed, might represent an important mechanism of ischemic damage to 

neurons within the hippocampus (Racay et ai, 2009). Transient cerebral ischemia 

significantly increased generation of ROS and modulated superoxide dismutase activity, 

following this, reperfiision evoked apoptosis in the form of mitochondrial cytochrome c 

release, Bcl-2 and caspase-9 expression, in the hippocampus. It also resulted in significant 

increases in hippocampal levels of TNF-a and increased expression of COX-2, iNOS, and 

intercellular adhesion molecule-1 (ICAM-1) (Collino et ai, 2008).

The hippocampus is a structure that is largely affected in epilepsy. Due to the GABAergic 

and glutamatergic innervation of the hippocampus, it makes it a prime target for seizure- 

induced degeneration. Administration of KA to rats represents a model o f human temporal 

lobe epilepsy (TLE) and acute status epilepticus is accompanied by neurodegeneration in 

the CAl and CA3 sector of the Ammon's horn and of interneurons in the hilus o f the 

dentate gyrus (Tsunashima et ai, 1997). Changes within the pyramidal cell layer are 

accompanied by alterations in GABAergic subunit mRNA expression, an effect which is 

determined by concomitant neurodegenerative processes within the hippocampus 

(Tsunashima et ai, 1997). Mossy fibre sprouting is thought to be responsible for 

epileptogenesis in the KA induced model (Xu et al, 2006). Caspase-3 expression was 

determined in the hippocampus of electrically kindled rats (Chen et al, 2009). Increased 

glutamate concentration has been found in epileptogenic foci and may induce local over

excitation and excitotoxicity; this may be due to reduced extra-cellular clearance of 

glutamate by EAAT-1-5. EAAT-1 and EAAT-2 are mainly expressed on astroglial cells 

for the reuptake of glutamate from the extra-cellular space and it was reported by Sarac 

and co-workers (2009), that there was a downregulation of EAAT-1 and EAAT-2 in the 

hippocampus and temporal lobe of 12 patients with TLE. This may be an adaptive 

response to neuronal death or it may be a causative event contributing to neuronal death. 

Seizure activity has been linked with increased inflammation in the hippocampus, with 

levels of IL-ip mRNA and protein increased in a number of seizure models (Donnelly et 

al, 2001; Heida and Pittman, 2005; Crespel et al, 2002).

Due to the vast glutamatergic innervation of the hippocampus, it is particularly sensitive to 

excitotoxic damage. Distinct populations of hippocampal neurons are targeted by ischemia, 

excitotoxicity, oxidative stress, and inflammation, and are responsible for their damage and 

death (Nikonenko et al, 2009). The hippocampus was chosen as the brain structure of
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interest in the studies carried out here, due to its sensitivity to KA-induced damage and its 

involvement in a number of neurodegenerative disorders.

1.12 The role of neurotrophic factors in neurodegeneration 

1.12,1 Brain derived neurotrophic factor (BDNF)

BDNF is a member of the neurotrophin family, along with nerve growth factor (NGF), 

neurotrophin-3 and neurotrophin-4, which are a group of homodimeric proteins, each 

exerting a range of trophic effects on neurons in the peripheral and central nervous system 

(Lessmann and Brigaski, 2009). BDNF was discovered in 1982 when it was purified from 

porcine brain and was shown to promote the survival of dorsal root ganglion neurons 

(Barde et ai, 1982). The BDNF gene is comprised of four 5’ exons, which are associated 

with distinct promoters, and one 3’ exon responsible for encoding mature BDNF protein 

(Metsis et ai, 1993; Timmusk et ai, 1993). BDNF consists of a non-covalently linked 

homodimer containing a signal peptide following the initiation codon, and a pro-region 

containing an N-linked glycosylation site. Pro-BDNF is converted to mature BDNF by 

pro-hormone convertases such as fiirin (Chao and Bothwell, 2002). BDNF signal 

transduction is associated with binding to the tropomyosin-related kinase-B (trk-B) 

receptor. Receptor activation occurs following ligand-induced receptor dimerization, 

which leads to kinase activation, resulting in autophosphorylation of multiple tyrosine 

residues, thus creating binding sites for intracellular target proteins. These target proteins 

bind to the activated receptor via SH2 domains (Patapoutian and Reichardt, 2001; 

Barbacid, 1994) and lead to activation of an array of signalling pathways such as the 

MARK pathway and the phosphorylation of cAMP-response element binding protein 

(CREB) (Segal, 2003). BDNF also binds to the p75 receptor which is associated with 

several intracellular signal transduction pathways such as jun kinase and NFkB (Dechant 

and Barde, 2002).
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Figure 1.8 BDNF synthesis, processing, sorting, transport and secretion in neurons 

(Thomas and Davies, 2005)

BDNF is synthesized in the endoplasmic reticulum (ER) as a 32 kDa precursor protein 

(proBDNF) that moves though the Golgi apparatus to the trans Golgi network (TGN), from 

where it passes into the constitutive and regulated secretory pathways. Binding of BDNF 

to the lipid-raft-associated sorting receptor carboxypeptidase E (CPE) in the TGN is 

necessary for sorting into secretory vesicles of the regulated pathway. These vesicles are 

subsequently transported to appropriate sites for activity-dependent secretion. Most BDNF 

in the regulated secretory pathway is transported to postsynaptic dendrites and spines, but 

it also undergoes anterograde axonal transport and activity-dependent transfer from pre- to 

postsynaptic sites. The contents of these vesicles are eventually released upon triggering 

signals for regulated secretion.

Electrical stimuli that induce long-term potentiation in the hippocampus have been shown 

to increase the expression of BDNF and NGF (Patterson et al, 1992; Castren et a l,  1993). 

Neural activity can differentially regulate distinct BDNF 5’ exons. For example, following 

kainic acid-induced seizures, exons I-III but not exon IV are augmented (Lauterbom et al, 

1996, Tao et al, 2002). CREB which is induced by a range of stimuli including 

antidepressants and exercise, has been shown to modulate exon III transcription.

BDNF and trkB are widely distributed in the CNS, with particularly high levels of BDNF 

in the hippocampus (Cormer et a l,  1997). BDNF has been shown to play a role in survival 

and growth of neurons (Huang and Reichardt, 2001), enhance neurogenesis, enhance
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learning and memory via its actions on the hippocampus, and to enhance excitatory 

(glutamatergic) synapses and weaken inhibitory (GABAergic) synapses (Binder and 

Scharfman, 2004). BDNF has also been shown to play a role in epilepsy. BDNF mRNA 

and protein is upregulated in the hippocampus following seizure activity (Emfors et al, 

1991; Nibuya et al, 1995). A redistribution of BDNF mRNA from the CA3 cell bodies to 

their apical dendrites is seen in the hippocampus following a seizure (Bregola et al, 2000, 

Simonato et al, 2002). Infusion of anti-BDNF and the use of BDNF knock-out mice have 

been shown to inhibit the induction of seizures in animal models of epileptogensis (Binder 

et al, 1999; Kokaia et al, 1995). Conversely, it has been shown that direct application of 

BDNF in vivo was shown to induce seizures (Scharfman et al, 2002).

Distinct actions of BDNF mediated by p75 receptor activation include promotion o f 

myelination (Cosgaya et al, 2002), neuronal migration (Carter et al, 2003), neuronal 

process retraction (Cahoon-Metzger et al, 2001; Gehler et al, 2004), and neuronal 

apoptosis (Bamji et al, 1998; Boyd and Gordon, 2002; Troy et al, 2002). Overexpression 

of proBDNF has been shown to be associated with increased neuronal death (Teng et al, 

2005).

Administration of the excitotoxin kainic acid has been shown to increase BDNF mRNA 

and protein (Zafra et al, 1990; Isackson et al, 1991; Gall et al, 1991), an effect which is 

related to the coupling between neuronal excitation and trophic factor expression. This 

effect is thought to play a protective role against seizure-mediated excitotoxicity (Gall et 

al, 1993; Schmidt-Kastner et al, 1996) however, recent reports have shown that status 

epilepticus induces a rapid down-regulation of Trk-B that accompanies neuronal damage in 

the dentate gyrus (Unsain et al, 2008), suggesting a potential apoptotic role for BDNF 

and/or pro-BDNF following seizure activity.

BDNF is implicated in neurodegenerative diseases, with numerous reports of decreased 

BDNF in the hippocampus with AD, and in the substantia nigra with PD (Phillips et al, 

1991; Ferrer et al, 1999; Howells et al, 2000). The protein Huntingtin, which is 

implicated in HD, upregulates BDNF transcription, and thus loss of this protein down- 

regulates BDNF transcription and subsequently there is a loss o f trophic support to striatal 

neurons resulting in death o f these neurons (Zuccato et al, 2001). Exogenous 

administration of BDNF directly into the brain has antidepressant-like effects in multiple
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animal models of depression (Siuciak et ai, 1997; Shirayama, 2002). Chronic 

antidepressant treatment has been shown to upregulate BDNF expression (Xu et al, 2003; 

Torregrossa et al, 2005). The cAMP pathway and cAMP response element binding protein 

(CREB) are implicated in antidepressant action and BDNF is a target of this pathway. It is 

proposed that cAMP is upregulated following antidepressant treatment and this in turn 

upregulates BDNF and CREB which increase neuronal survival and neural plasticity (D’Sa 

and Duman 2002).
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Figure 1.9 BDNF signalling pathways (Sossin and Barker, 2007)

BDNF-induced and activity-dependent survival mechanisms rely on convergent Câ "̂ - 

dependent signaling pathways. The binding of BDNF to TrkB results in the activation of 

PLC-y and the production of DAG and IP3. DAG directly activates TRP family channels, 

whereas IP3 may trigger store-operated Ca^  ̂ release mechanisms. Ca^  ̂ influx via TRPC3 

and TRPC6 channels activates Erk and CaMKIV, which in turn activate CREB 

transcriptional pathways that collaborate with Akt-dependent pathways to support neuronal 

survival.

1.12.2 Nerve Growth Factor

The role of nerve growth factor (NGF) as a target-derived trophic agent was established in 

the peripheral nervous system (PNS) in 1968 by Levi-Montalcini and Angeletti. Following 

this, NGF was shown to be a key player in PNS development and to help maintain the 

viability o f peripheral sympathetic neurons (Petruska and Mendell, 2004; Ruit et al,
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1990). NGF has been shown to play a role in the CNS, particularly in promoting survival 

and maintaining the phenotype of cholinergic neurons (Schweitzer, 1989; Sofroniew et ai, 

2001). Several studies have also demonstrated that NGF can acutely modulate glutamate 

transmission in the rat hippocampus and neocortex (Knipper et ai, 1994a, 1994b; 

Carmignoto et ai, 1997). As with BDNF, NGF is synthesized as a larger precursor protein, 

pro-NGF, which requires further processing prior to secretion as a mature protein. It also 

contains a signal peptide following the initiation codon, a pro-region and a mature 

sequence (Binder et ai, 2007). Secretion of NGF is regulated within the CNS and is 

calcium-dependent (Lessmann et ai, 2003). Stimulation of NGF release has been 

demonstrated via glutamate receptor activation or high potassium concentrations, an effect 

which is dependent on intracellular calcium release and is mediated by sodium influx via 

voltage-gated sodium channels and non-NMDA glutamate receptors (Blochl and Thoenen, 

1996). NGF has been reported to be neuroprotective in a number of models both in vivo 

and in vitro (Nguyen et ai, 2009; Tabakman et ai, 2005; Melchior et ai, 2003; Mitchell et 

al, 1999). The precursor form of NGF, proNGF, can be secreted by cells and act via a dual 

receptor system of p75NTR and the type I transmembrane protein sortilin to mediate 

apoptosis (Nykjaer et al, 2004). ProNGF interacts via its pro-domain with sortilin, 

whereas interactions with p75NTR are most likely mediated by the mature domain. 

However, binding of proNGF to both receptors on the cell surface is necessary to generate 

high-affmity sites and mediate apoptosis (Nykjaer et a l, 2004).

1.12.3 Glial derived growth factor

Glial cell line-derived neurotrophic factor (GDNF) was originally purified from rat B-49 

glial cell’s conditioned medium and was characterised as a potent neurotrophic factor for 

cultured dopaminergic neurons from developing substantia nigra (Lin et al, 1993). GDNF 

is distantly related to the transforming growth factor-p superfamily (Poulsen et al, 1994). 

Expression of GDNF is widespread throughout the CNS and PNS, as well as outside the 

nervous system (Choi-Lundberg and Bohn, 1995). GDNF is upregulated in glial cells and 

macrophages following cerebral ischemia and spinal cord injury (Satake et al, 2000; Ikeda 

et a l, 2002). GDNF is a typical secretory protein first synthesised as an inactive 211 amino 

acids long proGDNF. The secreted proGDNF is then proteolytically cleaved, and the 

mature GDNF protein of 134 amino acids is formed (Saarma and Sariola, 1999). The 

structure of GDNF is similar to that of the TGF-p family, with c-terminal cysteines of
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mature GDNF, Cysl31 and Cysl33, which participate in the formation o f the ring structure 

due to two cysteine knots by linking with Cys68 and Cys72, respectively. The processing 

and secretion, as well as post-transcriptional regulation o f GDNF, has to date, not been 

fully elucidated. However, GDNF is likely to be secreted both with and without processing 

by fiirin-like proteases, and the pro-domain and C-terminal cysteines o f GDNF play 

important roles in its processing and secretion in cultured astrocytes and C6 cells (Oh- 

Hashi et a l, 2009).

1.12.4 Transforming growth factor P

Transforming growth factor P (TGFp) regulates essential cellular functions such as cellular 

proliferation, differentiation and apoptosis. The TGF(3 family o f polypeptides comprises a 

group o f highly conserved dimeric proteins with a molecular weight o f approximately 25 

kDa (Roberts and Sporn, 1993). TGF-p protein is produced by nearly all normal cells and 

functions through a complex cell surface receptor system (Massague, 2000). Signalling by 

TGFp is initiated by an oligomeric receptor complex consisting o f two transmembrane 

subunits, the type I and type II receptors (Schmierer and Hill, 2007; Rahimi and Leof, 

2007; Siegel and Massague, 2003) Activation o f the receptor complex leads to further 

propagation o f TGFp signalling to downstream signalling cascades, which include the 

Smads, MAPK and phosphatidylinositol 3' kinase (PI3K) (Moustakas and Heldin, 2005; 

Javelaud and Mauviel, 2005). In the nucleus, activated Smad complexes, along with co

activators and cell-specific DNA-binding factors, regulate gene expression and ultimately 

cell cycle and tissue repair (Massague and Chen, 2000). As TGF-p is a potent growth 

inhibitor, loss o f  TGF-P activity has been implicated in the pathogenesis o f  ovarian cancer, 

pancreatic cancer, colon cancer, and squamous cell carcinoma (Wang et a l, 2000; Hahn et 

a l, 1996; Markowitz et al., 1995; Garrigue-Antar et a l, 2005). It is also implicated in 

ischemic brain injury as a potential therapeutic target (Buisson et a l, 2003). It is thought to 

be neuroprotective via its ability to suppress apoptosis, upregulating type-1 plasminogen 

activator inhibitor and potentiating the effect of tissue-type plasminogen activator on 

NMDA receptor-mediated excitotoxicity (Vivien and Ali, 2006).

1.13 Kainic acid-induced excitotoxicity -  a model of acute neurodegeneration

Kainic acid (KA) is a pyrolidine derivative that was originally isolated from the seaweed 

Dignea simplex. It was used traditionally in Japanese folk medicine as an ascaricidal 
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preparation (Tamura, 1954, Takemoto, 1978) and translates from Japanese as “Monster 

from the sea”. The role of KA in neuroexcitation was demonstrated following the 

application of KA to rat cortical neurons. It was seen to directly excite these neurons and 

also potentiate the effects of L-glutamate (Shinozaki and Konishi, 1970). Further studies 

illustrated the excitatory activity o f KA, which ranged from 10-200-fold greater than L- 

glutamate, following application to vertebrate spinal neurons (Johnston et al., 1974, Biscoe 

et a l, 1976).

The excitatory and neurotoxic effects of KA were first investigated by Olney (1971) when 

he examined the effects of peripherally administered acidic amino acids and structurally 

related compounds. He noted that profound swelling of dendrites, an early indicator of 

toxic damage in the retina, was consistent with the depolarising effects of this excitatory 

amino acid. The binding of KA to its receptor triggers events that, at certain 

concentrations, can lead to the development of excitotoxicity.

Structural analysis has identified a structural specificity for the neuroexcitotoxic effects of 

KA (Biscoe et al., 1976). KA consists of a pyrolidine ring, two carboxycilic acid moieties 

and an isopropyl side chain.

Figure 1.10 Structure of Kainic acid. (Biscoe et al., 1976)

The importance of the isopropylene side chain is demonstrated by the attenuation of 

neuroexcitatory activity following the reduction of the double bond or a reversal o f its 

spatial orientation (Coyle, 1983). A reduction in KA activity is seen following blockade of 

the pyrolidine ring by alkylation or esterification of the carboxyl terminus, or by 

substituting a ketone group for a methylene group-which only retains 10% of the activity 

of the parent compound (Coyle, 1983).

39



KA is typically used as a model o f human temporal lobe epilepsy due to the behavioural 

and pathological similarities. Following KA administration systemically or directly into the 

brain, the rat exhibits abnormal behaviours such as freezing and staring, forelimb clonus 

and generalised seizures for a 4-6 hour time period (Schwarcz et al., 1978). These seizures 

are frequently scored according to a scale devised by Racine (1972) with the following 

criteria: Stage 1 -staring, freezing, mouth and facial movements. Stage 2-head nodding and 

wet dog shakes. Stage 3-forelimb clonus. Stage 4-forelimb clonus with rearing. Stage 5- 

rearing and falling, generalised tonic-clonic seizure.

KA receptors are found in all major brain areas in the rat but higher affinity sites are found 

predominantly in forebrain regions (London and Coyle, 1979). A dense band o f KA 

receptors are found on mossy fibre axon terminals in the hippocampus (Foster et al., 1981). 

Persistent seizures result in degeneration o f neurons throughout the brain but specifically 

in the limbic system (Meldrum et al., 1974). This may be due to the fact that continuous 

seizures may enhance neuronal vulnerability to glutamate and excitotoxicity especially in 

the limbic system, where there is a high density o f KA receptors (Foster et a l, 1981). 

Ionophoretic studies have shown hippocampal CA3 pyramidal cells to be the most 

vulnerable to KA-induced neuronal damage (de Moutiguy and Tardif, 1981). This may be 

due to direct glutamatergic input from the dentate gyrus granule cells (Nadler et al., 1980). 

Cell loss is seen not only in the CAB, but also the CAl and dentate gyrus (Hu et a l,  1998, 

Yoo et a l, 2006, Tokuhara et a l, 2006).

It is unclear which o f the two elements, seizure activity or glutamate release drive 

neurodegeneration in response to KA administration. Some studies suggest that damage 

occurring away from the site o f injection is not likely to be due to the presence o f  KA in 

the affected areas, but results from the seizures that are induced by KA administration 

(Ben-ari et al., 1980). Anticonvulsants prevent the development o f cortical seizure activity, 

but do not protect against hippocampal neurotoxicity (Zaczek et a l,  1980). This may be 

due to their effects on GABAergic and glutamatergic neurotransmission (MacDonald and 

Barker, 1979).

The KA model o f  excitotoxicity is widely used for a number o f reasons. It can be 

administered systemically as it readily crosses the blood brain barrier, where the alternative 

excitotoxins NMDA and QUIN do not. It is well established that KA results in alterations
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to cellular and molecular mechanisms including cell loss and apoptosis, throughout the 

brain, but particularly in the hippocampus (Ben-Ari, 1985; Nadler et a l,  1980; Shetty and 

Turner, 2000).

1.14 Kainic acid-induced neuroinflammation

It has been reported that kainic acid induces neuroinflammation. Upon excitotoxic brain 

injury, pro inflammatory cytokmes are expressed by activated microglia (Barone and 

Feuerstein, 1999) and inhibition of microglial activation and proliferation by minocycline, 

an inhibitor of microglial activation, was shown to reduce excitotoxic spinal cord neuronal 

cell death (Tikka et al, 2001). The peripheral administration of KA to rats was shown to 

induce a transient and biphasic expression of IL-ip mRNA in numerous brain regions 

(Minami et al, 1990; Eriksson et al, 2000; Minami et al, 1991; Eriksson et a l,  1999). In 

situ hybridisation demonstrated an induction of IL-lp mRNA in the cerebral cortex, 

hippocampus, thalamus and hypothalamus after KA administration (Minami et al, 1990). 

Intrahippocampal administration of KA resulted in the rapid induction of IL-ip in the 

dentate gyrus (Vezzani et al, 1999). Addition of KA to cuhured microglia resulted in their 

activation. Conditioned media from this preparation was administrated 

intracerebroventricularly (i.c.v) to rats, resuhing in increases in IL-ip and iNOS 

expression both in vitro and in vivo (Zheng et al, 2009). It is well known that NF-kB 

activation plays a critical role in microglial production of pro inflammatory mediators such 

as- TNF-a, IL-ip and iNOS (Rasley et al, 2002; Moriyama et al, 2006). Upon 

stimulation, NF-kB is activated by inhibitory kappa binding protein (IkB ) kinase (IKK) 

complex, in a manner dependent on the IKKP catalytic subunit (Karin, 1999). Previous 

studies have reported that microglia activate NF-kB in excitotoxic brain injury (Matsuoka 

et al, 1999; Acarin et al, 2000). KA-induced neuronal death was reduced in IKKP knock

out mice, and this was accompanied by suppressed glial cell activation, and subsequent 

suppression of IL-ip and TNF-a expression (Cho et al, 2008). This study suggests that 

the induction of inflammatory mediators contributes to KA-induced hippocampal neuronal 

cell death.

Behan and Stone (2000) provided the first evidence that the KP may play a role in the KA 

model of excitotoxicity. Through the use of the KMO and kynureninase inhibitor- meta- 

nitrobenzoylalanine (mNBA), they demonstrated that by blocking the production of QUIN,
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it was possible to reduce neuronal damage induced by KA. There appears to have been no 

subsequent investigations of the role of the KP in the KA model, and no evidence to 

demonstrate a relationship between KA administration and IDO expression, thus providing 

a rationale to investigate this relationship fiirther.

1.15 Noradrenaline

Many studies provide evidence for the innate anti-inflammatory and neuroprotective 

effects of noradrenaline (NA), using a number of different models. Evidence suggests that 

NA can inhibit inflammatory processes in the CNS via its actions on microglia and also on 

astrocytes (For review see: Feinstein et ai, 2002; Galea et ai, 2003). NA displays 

neuroprotective properties such as modulation of neurotrophic factors, inhibition of 

apoptotic pathways and reduction of oxidative stress. Its neuroprotective effects are 

thought to be mediated via its ability to affect cAMP signalling and subsequent 

downstream signalling pathways such as MAPK and PI3K (Chen et ai, 2007). In various 

models of excitotoxicity and ischemia, NA confers neuroprotective properties (Burda et 

ai, 2009; Gustafson et ai, 1990; Baptiste et ai, 2002). The potential of NA as an 

endogenous transmitter which may be recruited to influence degenerative events following 

neuronal injury is reviewed below.

1.15.1 Synthesis, storage and release

NA is a monoamine neurotransmitter found throughout the sympathetic nervous system. 

NA is formed by the conversion of L-tyrosine to dihydroxyphenylalanine (DOPA) 

catalysed by the cytosolic enzyme tyrosine hydroxylase - this step is the rate limiting step 

and is inhibited by NA, thus providing a negative feedback loop. The next step in the 

pathway is the conversion of DOPA to dopamine, which is catalysed by the cytosolic 

enzyme DOPA decarboxylase. Dopamine is then converted to NA by the enzyme 

dopamine P-hydroxylase (DBH) (Rang et ai, 1999; Feldman et al, 1997).
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Figure 1.11 The biosynthesis of NA (Adapted from Kuhar et al., 1999)

NA is stored in vesicles in chromaffin cells and at nerve terminals. Cytoplasmic levels are 

very low under normal circumstances but concentrations in the vesicles range from 0.3-1 

mol/1. Noradrenergic vesicles also contain chromogranin A and ATP, which are both 

released with NA (Rang et al., 1999). Depolarisation of the nerve terminal membrane 

opens calcium channels, resulting in the release of Câ "̂  which promotes the discharge of 

synaptic vesicles (Feldman et al., 1997). NA can regulate its own release by acting on 

presynaptic receptors in an auto-inhibitory feedback loop (Starke et al, 1989). NA 

reuptake is facilitated by the Na"̂ - ATPase pump which provides the energy to pump 

NA across the membrane, against the concentration gradient (Krueger, 1990). There are 

two distinct uptake mechanisms, uptake-1 is a high affinity system, located in neurons, and 

is relatively selective for NA. Uptake-2 is a low affinity extraneuronal system, which 

transports adrenaline, isoprenaline and NA but at a higher maximum rate (Iversen, 1974). 

The NA transporter (NET) acts as a cotransporter of Na"̂  and Cl' with NA, using the Na"̂ - 

gradient as its energy source. Changes in this gradient can affect the functioning of 

uptake-1 and can reverse it, thus releasing NA into the synapse (Rang et al., 1999). The 

NET is located presynaptically on neurons and functions to clear NA from the synaptic 

cleft. It is a low capacity transporter and can become saturated in the presence of high 

levels o f NA, thus leading to a build up o f NA in the synaptic cleft (Eisenhofer et al.,
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2001). The NET is a useftil pharmacological target in the treatment of depression and other 

disorders associated with deficits in noradrenergic signalling. NET inhibitors such as 

reboxetine and desipramine selectively block the NET and cause an increase in synaptic 

availability o f NA (Zhao et al, 2009).

There are two principle enzymes involved in the metabolism of NA - monoamine oxidase 

(MAO) and catechol-O-methyl transferase (COMT). MAO is found within cells, bound to 

the surface membrane of mitochondria and is abundant in noradrenergic nerve terminals. It 

converts NA to its corresponding aldehyde - dihydroxymandelic acid (DOMA) which is 

converted by COMT to the final metabolite of NA and adrenaline-3-methoxy-4- 

hydroxymandelic acid (VMA) (Rang et al, 1999).

The nuclei of origin for the NA system are located in the pons and medulla. They are 

composed of the locus coeruleus (LC), the lateral tegmental area and the dorsal medullary 

group (Linvall and Bjorklund, 1983). The LC is the most important noradrenergic nucleus 

with its axons innervating almost all parts of the telencephalon and diencephalons, 

including the neocortex, hippocampus, amygdala, septum, thalamus and hypothalamus 

(Rogawski, 1985).
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Noradrenergic System

Figure 1.12 Noradrenergic pathways in the brain (Rudoy and Bockstaele, 2005)

1.15.2 Adrenergic receptors

Noradrenergic receptors (adrenoceptors) are divided into two major classes - a  and p 

adrenoceptors (Ahlquist, 1948). These all belong to the G-protein coupled receptor 

superfamily which were classified according to rank order of potency of a range of 

sympathomimetic compounds. The a  receptors are subdivided into a i and az, which was 

originally based on anatomical rather than pharmacological evidence. The a  receptors 

located on peripheral sympathetic nerve terminals were termed ai  to distinguish them from 

the postsynaptic a i receptors (Langer, 1974). It was later determined that although the 

subtypes o f receptor displayed distinct selectivity profiles, some of Langers “presynaptic” 

receptors were also located postsynaptically, and thus it was suggested the receptors be 

classified according to their pharmacological properties (Berthelsen and Pettinger, 1977). 

Lands et ai, (1967) proposed the division of the P receptor into two subtypes, according to 

the rank order of potencies to various sympathomimetics. Today, it is know that there are 

three subtypes o f P receptors- Pi, P2 and p 3 (Krief et al, 1993).
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Table 1.2 Classification of adrenergic receptors

Signalling Pathway Brain regions

tti receptors Gq/Gii form. Once activated-this G-protein 
activates phospholipase C which leads to 
the production o f  the fat soluble messenger 
- diacylglycerol, and the water soluble 
messenger - IP3 (Summers and McMartin, 
1993).

Specific actions o f  the a; receptor mainly 
involves smooth muscle contraction. It cause 
vasoconstriction in many blood vessels  
including those o f  the skin, gastrointestinal 
system, kidney and brain

tt2 reCeptors Activation o f  the a 2 receptor is coupled to 
the inhibitory G (G.) protein which results 
in the inhibition o f  adenylate cyclase, 
induces the phosphorylation o f  MAPK and 
inhibits the cAMP dependent 
phosphorylation o f  CREB (Alblas et al., 
1993). It also suppresses the release o fN A .

receptors have been shown to inhibit 
glutamate release and cause cell 
hyperpolarisation via direct action on 
calcium and potassium channels (Pralong 
and Jones, 1993; Pralong and Magistretti, 
1995).

They are widely distributed throughout the 
peripheral and the central nervous system.

Pi receptors They are coupled to the stimulatory G (Gj.) 
protein, and stimulates the activation o f  
adenylate cyclase (Pralong et al., 2002).

In the brain, high concentrations o f  this 
receptor are found in forebrain structures sue! 
as the cerebral cortex, caudate and 
hippocampus (Minneman et al., 1979).

P2 receptors p2 receptors are also coupled to Gs proteins 
and increase cAMP signalling (Ordway et 
a l,  1987).

They are distributed throughout the CNS but 
high concentrations o f  this receptor are found 
in the cerebellum (Rainbow et al., 1983; 
Minneman et al., 1979). D2 adrenoceptors art 
more highly expressed on microglia and cells 
o f  the immune system and produce greater 
amounts o f  cAMP upon stimulation than □ 1 
adrenoceptor (Mori et al., 2002).

P3 receptors They are coupled to Gj proteins and 
increase cAMP signalling (Feldman et al., 
1997)

Highest levels in hippocampus, cerebral corte: 
and striatum and lower in hypothalamus, 
brainstem and cerebellum (Summers et al., 
1995).

cAMP mediates its effects through cAMP-dependent protein kinases (PKAs). PKAs can

modulate the activities o f  various intracellular enzymes by phosphorylation o f  serine and

threonine residues, thereby increasing or decreasing the target enzyme activity (Lodish et

a l ,  2000). More than one PKA can mediate the action o f  cAMP and this can differ

between cell types, hence the elevation o f  cAMP can exert differential effects dependent

on the cell type (Lodish et al., 2000). PKA’s can also induce expression o f  genes that

encode cAMP-response element (CRE). This occurs when the catalytic subunit o f  the PKA

translocates to the nucleus where it can phosphorylate the transcription factor CRE-binding

(CREB) protein which interacts with a co-activator CBP/300 to initiate gene transcription

o f  CRE-encoding genes (Lodish et al., 2000).
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1.16 NA and neurodegeneration
Deficiencies in NA transmission, originating from cells o f  the locus coeruleus, are 

implicated in the pathogenesis o f  a range o f  neurodegenerative disorders, namely AD and 

PD. NA plays a key role in the modulation o f  endogenous compensatory and protective 

mechanisms such as promoting neurotrophic factors, alterations in oxidative metabolism, 

anti-excitotoxic mechanisms and neurotransmitter and receptor alterations (Marien et al ,  

2004). Consequently, strategies that increase extracellular NA have been shown to be anti

inflammatory and neuroprotective.

As previously described inflammatory events have been shown to contribute to the onset, 

progression o f  damage and cell death in numerous neurological disorders including 

multiple sclerosis (MS), AD, PD, and AIDS dementia (Asensio and Campbell, 2001; Lee 

and Benveniste, 1999; Rothwell and Luheshi, 2000). The threshold for inflammation in the 

brain is lower than in the periphery (Lassman et al., 1991) and it has been proposed that 

neurotransmitters act as local endogenous modulators o f  central inflammation (Feinstein et 

al., 1993; Beneveniste et al., 1995). NA has been shown to have potent anti-inflammatory 

properties and plays an important role in the maintenance o f  an immunosuppressive 

environment within the brain (Feinstein et al,  2002). It has been reported that NA, via 

binding to P adrenoceptors and subsequent activation o f cAMP signalling pathways, can 

inhibit a number o f  inflammogens such as iNOS, adhesion molecules, class II major 

histocompatibility complex (MHC), IL-ip, TNF-a and IFN-y (Feinstein et a l ,  2002). 

Adrenoceptors are expressed on glial cells and NA is thought to regulate their function 

(Mori et al ,  2002). In vitro studies have demonstrated that NA inhibits pro-inflammatory 

cytokine production from microglia, and that NA protects neurons from microglial-induced 

cell death (Mori et al ,  2002; Madrigal et a l ,  2005). Exposure o f mouse astrocytes to NA  

reduced expression o f  class II MHC and intracellular adhesion molecule (ICAM), via 

binding to and activation o f P2 adrenoceptors, an effect which was mimicked by 

administration o f  the p adrenoceptor agonist, isoproterenol, cAMP analogues, and 

forskolin which directly activates adenylate cyclase (Frohman et a l ,  1988; Ballestas and 

Benveniste, 1997). iNOS is expressed by both astrocytes and microglia in various disease 

states such as demyelinating diseases and cerebral ischemia (Degroot et al ,  1997; Endoh et 

al,  1993; ladecola, 1997). Exposure o f  rat astrocytes to NA reduced LPS-induced iNOS 

expression, an effect also mediated by P adrenoceptors (Feinstein, 1998).
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NA also displays anti-inflammatory properties in vivo. Central depletion of NA with N-(2- 

chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) has been shown to augment the 

inflammatory response to APi^ 2  in rat cortex (Feinstein et al,  2002) and it has been shown 

that Alzheimer-type pathogenesis is seen following NA depletion in amyloid precursor 

protein transgenic mice (Kalinin et al,  2007). Also, central depletion o f NA using DSP-4 

exacerbates cortical inflammatory responses to AP, leading to increases in pro- 

inflammatory mediators such as iNOS, IL-ip and IL-6 (Heneka et al,  2002). 

Administration o f P agonists such as isoproterenol and terbutaline, have been shown to 

suppress EAE symptoms, thus supporting a protective role for NA and/or cAMP in this 

model (Chelmicka-Schorr e/a/., 1989; Wiegmann e/a/., 1995).

NA modulates inflammation by a number o f mechanisms. Activation o f cAMP signalling 

as previously discussed is one o f the main mediators o f the actions of NA, but other 

transcription factors appear to participate in this mechanism, such as N FkB, CREB, CREB 

binding protein and CCAAT enhancer binding protein (Galea and Feinstein, 1999). NA 

has been shown to increase levels o f IkB, which binds to and maintains N FkB in its 

inactive state in the cytosol, thus preventing N FkB signalling and the induction o f pro- 

inflammatory mediators (Gavrilyuk et al,  2002). The iNOS promoter, as well as the 

promoters present in the genes o f a large number o f inflammatory mediators, contains a 

binding site for the NFkB transcription factor (Vodovotz et al,  1996; Xie et al,  1993, 

1994). Thus the effects o f NA may be due, in part, to a reduction in the overall levels o f  

NFkB activation. A generalized mechanism for NA transcriptional activation in the CNS 

may not exist but multiple pathways may contribute to an overall anti-inflammatory 

phenotype (Feinstein et a l ,  2002).

NA has been shown to be neuroprotective via its promotion o f pro-survival signalling 

pathways and increasing levels o f protective neurotrophins. LC-lesions have been shown 

to exacerbate metabolic deficiency and hippocampal neuronal damage following cerebral 

ischemia in rats, an effect which is reversed following administration o f the ai  

adrenoceptor antagonist, idazoxan (Gustafson et al,  1989, 1990). NA increases the 

expression o f the chemokine, monocyte chemoattractant protein (MCP-1) in astrocytes, 

which has neuroprotective effects against excitotoxic damage. MCP-1 reduced NMD A- 

dependent glutamate release, glutamate dependent Ca entry and ATP loss, and lactose 

dehydrogenase (LDH) release attributable to NMDA or glutamate (Madrigal et al ,  2009).
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Incubation o f cortical neurons with LPS-treated conditioned media resulted in increased 

production o f iNOS and induced cell death. Co-administration o f LPS and NA potently 

blocked the induction o f iNOS and promoted cell survival (Madrigal et a l, 2005). Post

conditioning with NA under certain conditions, is able to prevent delayed neuronal death 

initiated not only by ischemia but also by administration o f KA (Burda et al., 2009).

The neurotrophic influence o f NA has been examined in a model o f rat mesencephalic 

cells in culture, in which low concentrations of NA were remarkably effective in 

promoting long-term survival and fiinction o f dopaminergic neurons. Interestingly, in this 

model intracellular ROS were drastically reduced by treatment with NA, indicating that 

NA has antioxidant properties (Troadec et a l, 2001, 2002). NA has been shown to induce 

expression o f peroxisome proliferators-activated receptor (PPAR) (Klotz et a l,  2003). This 

family o f  nuclear hormone receptors can bind PPAR elements to activate transcription and 

have been shown to be neuroprotective (Heneka et al., 2000; Smith et al., 2004; Iwashita et 

al., 2007). Several studies have shown PPAR activation to increase antioxidant enzymes 

(Inoue et al., 2001; Girnun et al., 2002; Tao et al., 2003; Pesant et al., 2006). Exposure o f 

neurons to Ap causes depletion o f intracellular glutathione (GSH) levels, and NA has been 

shown to increase the expression o f GSH peroxidase and reduce the expression o f gamma- 

glutamylcysteine synthetase, which together lead to an increase o f GSH levels, an effect 

considered to be neuroprotective (Yen and Hsieh, 1997; Griffith and Mulcahy, 1999; 

Madrigal et al., 2007).

NA can indirectly modulate neuro protection via its activation o f the cAMP signalling 

pathway. cAMP has also been reported to improve neuronal survival by phosphorylation 

and inhibition o f glycogen synthase kinase 3(3 (Li et ah, 2000), an outcome which has anti- 

apoptotic effects. Administration o f pituitary adenylate cyclase-activating polypeptide to 

cultured cerebellar granule cells promoted cell survival and inhibited DNA fragmentation 

and caspase 3 activity (Vaudry et a l, 2000). Increasing synaptic availability o f NA through 

the use o f the NA reuptake inhibitor (NRI), desipramine, promotes neuroprotection in 

neural stem cells via modulation o f Bcl-2 expression (Huang et al, 2007).

Application o f NA to primary hippocampal neurons results in a dose and time-dependent 

release o f BDNF protein, an effect mediated by the phosphatidylinositol 3' kinase (PI3-K) 

and MAPK signalling pathways. It is thought that initial binding o f NA to adrenoceptors
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stimulates CREB activation, which subsequently activates TrkB, and PI3-K and MAPK 

pathways, stimulating transcription and synthesis of more BDNF (Chen et al, 2007). In 

vivo studies have shown that increased levels of neurotransmitters such as NA, dopamine 

and serotonin, can induce neuronal BDNF expression within the cerebral cortex and 

hippocampus (Fawcett et al, 1998; Ivy et al, 2003), indicating that BDNF and 

monoamines promote signals in the brain that cooperatively modulate neuronal survival, 

neuroplasticity and neurogenesis (for review see Marien et al, 2004). NA has been shown 

to regulate BDNF protein levels in astrocytes (Juric et al, 2006) due to the expression of
■j i

adrenoceptors on astrocytes which activate cAMP signal transduction or Ca dependent 

protein kinases (for review see Hertz et al, 2004). Neurotrophins such as NGF and BDNF 

activate the expression of Bcl-2 by a CREB-dependent transcriptional mechanism (Riccio 

et a l, 1999) and BDNF has been shown to inhibit caspase 3 activation and subsequent 

apoptosis, in an in vivo model of hypoxic-ischemic brain injury (Han et al, 2000). 

Consequently, NA’s regulation of neurotrophic factors provides neuroprotection by 

promoting neuronal survival and inhibiting apoptotic pathways.

1.17 Aims and objectives

The overall objective o f this thesis was to examine the neuroprotective potential of 

pharmacological agents which influence endogenous noradrenergic transmission in an 

animal model of KA-induced excitotoxicity. In tandem, using anti-inflammatory agents, 

the role of the inflammatory response and KP activation were assessed in the model. 

Specifically the aims of this project were to determine:

1. time course and dose dependent effects of systemic KA administration on 

hippocampal neuronal cell loss, apoptosis and neuroinflammation in the rat

2. the potential of anti-inflammatory therapies, and/or inhibitors of KP activation, as a 

strategy to reverse KA-induced changes in behaviour, tryptophan metabolism and 

hippocampal neuronal cell loss

3. the effect of indirect modulation of endogenous NA by inhibition of NA uptake and 

direct activation of noradrenergic transmission by stimulation of (3-adrenergic 

receptors on hippocampal inflammatory and neurodegenerative changes observed 

in the animal model of KA-induced excitotoxicty.
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2.0 Materials

Animals

W istar Rats 

Lab rat diet

Treatments

Kainic acid

Minocycline Hydrochloride

Dexamethasone

1 -Methyl-DL- tryptophan

Desipramine HCL

Reboxetine

Clenbuterol

Propranolol

Bio resources, TCD 

Red Mills

Accent Scientific

Sigma

Sigma

Aldrich

Sigma

Pharmacia & Upjohn

Tocris

Sigma

Cresyl Violet staining

Cresyl V iolet acetate

Xylene

DPX

Gelatine

Chromium (III) potassium sulphate

Tissue-tek O.C.T compound

Twin frosted microscope slides

Coverslips

Acetic acid

Cork discs

Sigma

BDH

BDH

Fluka

Reagecon

Sakura

Ultima

Ultima

Riedel-de Haen 

Raymond A Lamb

HPLC Materials

Acetonitrile

Distilled HPLC grade H2O 

Glacial acetic acid 

3-Hydroxyanthraniliate 

3 -Hydro xykynurenine

Sigma 

Sigma 

M&B, UK 

Sigma Aldrich 

Sigma Aldrich



L-Kynurenine 

N-Methyl serotonin 

L-Tryptophan 

Kynurenic acid

Quinolinic acid (N-co-methyl-5-hydroxy- 

tryptamine oxalate salt)

Zinc acetate 

0.1ml conical insert 

2ml Vial

0.45|am nylon filter

Sigma Aldrich 

Sigma Aldrich 

Sigma Aldrich 

Sigma Aldrich

Sigma 

Sigma 

Labquip Ltd 

Lapquip Ltd 

Cronus

Standard assay kits 

BCA Protein assay kit 

BDNF ELISA kit

Thermo Scientific 

Promega

Terminal deoxynucleotidyltransferase-mediated UTP nick end labeling (TUNEL) 

staining

Dako pen Dako

Fluorometric TUNEL kit Promega

Hoescht dye Invitrogen

Nail varnish Generic drugstore

Vecta shield Vector laboratories

Molecular Reagents

Absolute ethanol

Biosphere filter tips (1000, 200 and 100 |j,l)

High capacity cDNA archive kit

Molecular grade water

Optical adhesive covers

PCR tubes

RNA/a/er™

RNase away

RNase-free 1,5ml and 2ml microflige tubes 

RNAse Zap wipes
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Sigma

Sarstedt

Applied Biosystems 

Sigma

Applied Biosystems

Sarstedt

Ambion

Invitrogen

Ambion

Ambion



Total RNA isolation kit Macherney-Nagel

TaqMan gene expression assays Applied Biosystems

TaqMan universal PCR master mix Applied Biosystems

96-well optical reaction plates Applied Biosystems

Chemicals

(5-Mercaptoethanol Sigma

Calcium Chloride BDH

3-[(3-Cholamidopropyl)dimethylammonio]-l- 

propanesulfonate (CHAPS) Sigma

Dimethyl Sulfoxide Sigma

Diethyl Pyrocarbonate (DEPC) Sigma

Dithiothreitol (DTT) Sigma

Ethylenediaminetetraacetic acid (EDTA) Sigma

Glucose Sigma

Glycerol Sigma

4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid

(HEPES) Sigma

Hydrochloric acid BDH

Isopenthane (2 methly-butane) Aldrich

Magnesium Sulphate Sigma

Methanol (MeOH) BDH

Potassium Chloride (KCl) Merck

Potassium dihydrogen Phosphate (KH2PO4 ) BDH

Sodium Bicarbonate (NaHC0 3 ) BDH

Sodium carbonate (Na2C0 3 ) BDH

Sodium chloride (NaCl) Sigma

Sodium Phosphate (Na2HP0 4  Sigma

Triton-X Sigma

Tris-HCL Sigma

Tween-20 Sigma

Laboratory Plastics and hardware

Pipettes tips (1ml & 500)0,1) Sarstedt Inc
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Plastic syringes (1ml)

Polystyrene round bottomed tubes (5ml) 

Microtubes (1.5ml & 0.5ml)

Eppendorf tubes 

27 gauge needles 

Filter paper 

Slide storage boxes 

Slide carriers

Becton Dickenson

Becton Dickenson

Sarstedt Inc

Sarstedt Inc

Tyco Healthcare

Whatman

Raymond A Lamb

Electron Microscopy Sciences
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2.1 Methods

2.1.1 Animal husbandry

Male Wistar rats (200-300 grams) were obtained from the Bioresources Unit in Trinity 

College Dublin and housed in hard-bottomed polypropylene cages with wood shavings as 

bedding. Cages did not contain any environmental enrichment. Animals were housed 4 to a 

cage under standard laboratory conditions, with an ambient temperature o f 20-24° Celsius 

(C) and a 12 hour light/dark cycle (lights on 08.00, lights off: 20.00). All animals were 

assessed for heahh and well-being on a daily basis, and had free access to water and 

standard laboratory food. To reduce stress, animals were exposed to frequent non- 

experimental handling (w'hich consisted o f handling the rats as they would be on the day o f 

experiment, without receiving any injections) at least 3-days prior to experiments being 

performed. All animal experiments were performed under a license granted by the Minister 

for Health and Children (Ireland) under the Cruelty to Animals Act 1876, incorporating the 

European Community Directive, 86/609/EC.

2.1.2 Drug Treatments

Kainic acid (KA) was dissolved in 0.89% weight/volume (w/v) saline at a concentration o f 

lOmg/ml in an injection volume of 1 ml/kg. It was made up fresh on the day o f 

administration. Dexamethasone was dissolved in 0.89% (w/v) saline with 0.2% 

volume/volume (v/v) Tween-20, at a concentration o f 1 mg/ml, and was heated until 

dissolved. The drug was administered i.p one hour prior to KA challenge. 1 D, L-Methyl 

tryptophan (1-MT) was dissolved in 0.89% (w/v) saline with 0.2% (v/v) Tween-20, at a 

concentration o f 50mg/kg, and heated until dissolved. The drug was administered i.p at 16 

and 1 hours prior to KA challenge, with a post-treatment 30 mins after KA challenge. For 

both dexamethasone and 1-MT 0.2% (v/v) Tween-20 in saline was used as vehicle control. 

Desipramine was prepared in 0.89% (w/v) saline at a concentration o f 15mg/ml with mild 

heat application until dissolved. The drug was administered i.p one hour prior to KA 

challenge. Reboxetine was dissolved in 0.89% (w/v) saline at a concentration o f 15mg/ml. 

The drug was administered i.p one hour prior to KA challenge. Propranolol was dissolved 

in 0.89% (w/v) saline at a concentration o f  lOmg/ml. The drug was administered i.p one 

hour prior to KA challenge. Clenbuterol was dissolved in 0.89% (w/v) saline at a 

concentration o f 1 mg/ml, and was frozen in 1 ml aliquots. The drug was reconstituted with

57



saline to a concentration o f 0.5mg/ml and was administered i.p one hour prior to KA 

challenge. In each case above 0.89% (w/v) saline was used as vehicle control.

2.1.3 Kainic acid (KA) treatment

Animals were singly housed 1 week prior to experiments and handled everyday. It was 

essential to have animals singly housed in order to monitor their behaviour accurately, and 

to minimise stress during seizure activity. Increases in stress-related hormones such as 

cortisol were taken into account, and all control animals were singly housed in order to 

control for this phenomenon. Animal weights were recorded. KA (lOmg/kg) or saline was 

administered either by the intraperitoneal (i.p), or subcutaneous (s.c) route o f injection.

2.1.4 Behavioural assessment following KA administration

Animals were scored for one minute every ten minutes over a 3 hour observation period 

following KA administration as per scale below (Racine, 1972) and the stage o f seizure

like behaviours were recorded.

Table 2.1 Racine scale

Stage 1
Face/whisker
twitching Staring Freezing

Stage 2 Head bobbing
Repetitive
scratching Circling

Wet dog 
shakes

Stage 3 Forelimb Clonus Erect tail
Lordonic
posturing

Stage 4
Forelimb clonus with 
rearing

Stage 5
Forelimb clonus with 
rearing andfalling

Generalized motor 
convulsion

Animals were assigned to a particular stage o f seizure related behaviour based on the 

pattern o f behaviours evident as detailed in the table above. Once one behaviour per stage 

was experienced, each rat was assigned a stage number.

2.1.5 Preparation of tissue and serum

Animals were euthanised by stunning and decapitation, 24 hours after KA treatment. The 

brains were quickly removed and dissected over a glass plate over wet ice. The left
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hemisphere, taken for histochemistry was snap frozen in iso-penthane, which was 

surrounded by dry-ice. Frozen brains were wrapped in tin-foil and kept on dry-ice until 

being stored at -80“C. The remaining right hemisphere was dissected free-hand to isolate 

the hippocampus and frontal cortex. From the right hemisphere, half o f  the hippocampus 

and frontal cortex were taken for RNA isolation. For this purpose the samples were placed 

in RNase-free tubes containing 300)aL o f  solution and stored for two weeks at

4°C. Samples were then transferred to fresh RNase-free tubes and frozen at -80°C until 

RNA extraction took place. The remainder o f the hippocampus and frontal cortex from the 

right hemisphere was transferred into fresh eppendorf tubes and snap-frozen on dry ice. 

The samples were then stored at -80°C. Division o f  the hippocampus into two parts was 

done in a manner that allowed each half to contain part o f each o f  the sub structures within 

the hippocampus, and this division was carried out in the exact same manner for each rat, 

in order to be consistent thoughout each study.

Alternatively, the remainder o f  the hippocampus was cross-chopped, placed in Krebs 

DMSO (136 mM NaCl, 2.54 mM KCl, 1.18 mM KH2 PO4 , 1.18 mM MgS0 4 .7 H2 0 , 16 mM 

NaHCOj, 10 mM glucose, 10% DMSO, pH 7.4) for protein analysis, and stored at -80°C. 

Trunk blood was obtained following decapitation by exsanguination. The blood was 

collected into 15 ml falcon tubes and centrifuged at 2000 revolutions per minute (rpm) for 

15 minutes at 4°C. The resultant serum was removed and stored in 500(il aliquots, at -  

80°C.

2.1.6 Tissue sectioning, cresyl violet staining and cell counting

For cryostat sectioning the left hemisphere was snap frozen in isopenthane and stored at - 

80“C. Glass slides were coated with subbing solution (0.5% gelatine (weight/volume), 

0.05% chrome alum (weight/volume) in dH20 for 10 seconds at 60°C and allowed to dry 

overnight at room temperature. This provided a suitable surface to which sections could 

adhere. On the day o f  the sectioning the half brain was equilibrated to -20°C for 20 - 30 

minutes. The olfactory bulbs and cerebellum were removed from the left hemisphere and it 

was placed onto a cork disk (cerebellum facing down) using a drop o f  w ater to hold the 

brain in place. The cork was then secured to a pre-cooled chuck using a drop o f  water. The 

brain was covered in O.C.T Tissuetek^''^ and allowed to equilibrate for one hour. Coronal 

sections (10 |am) were cut, stained with toluidene blue for 2 minutes and viewed under the 

light microscope (Nikon Labophot, Nikon Instech Co., Ltd., Kanagawa, Japan) for
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identification o f the hippocampal formation. For each animal, 21 sections (10 |im) were 

cut onto 7 subbed slides (3 sections per slide), allowed to dry for 10 minutes and stored at - 

20°C until required. The depth to which each brain was sliced was recorded in order to 

maintain consistency between slices. For Cresyl violet and TUNEL staining, slides were 

chosen according to depth and slice number, so that they were the same for each rat in the 

study. The identity o f  each slide was then concealed, and each slide was assigned a 

randomised code.

5% Cresyl violet acetate solution was made up with distilled water with a few drops of 

glacial acetic acid added. The solution was stirred for one hour, filtered and stored at room 

temperature. Slides were passed through cresyl violet, dehydrated through a series o f 

alcohols, and stopped in xylene. The slides were cover-slipped using DPX resin as a 

mountant medium. They were allowed to dry and stored at room temperature.

The hippocampus was examined at 400X magnification using a Nikon eclipse 200 

microscope (Mason Technology, Dublin). The CAS, CAl and dentate gyrus sub-regions o f 

the hippocampus were counted using a 27mm graticule (Micron optical, Wexford, Ireland) 

with a scale bar denoting 0-25mm at 400X. The scale bar was lined up along the straightest 

part o f each o f these structures and was counted by eye using a hand-held clicker 

(Caufield, Galway, Ireland) as outlined by Heinrich-Noack (1998). This procedure was 

carried out blind and repeated three times to obtain average values for each sub-region.

2.1.7 Analytical Methods: mRNA

Real-time polymerase chain reaction: Real Time PCR (RT-PCR) is a technique used to 

quantify messenger RNA (mRNA) Irom minimal volumes o f tissue or cultured cells. It is 

able to detect the accumulation o f product during the reaction where it is measured at the 

exponential phase o f the amplification technique. The following steps were carried out to 

perform PCR analyses on tissue samples generated fi-om the animal experiments.

(1) Total RNA extraction: Isolation o f total RNA fi-om brain tissue was carried out using

Nucleospin RNA II kits (Macherey-Nagel) as per manufacturer’s protocol. Tissue

dissected was placed in RNA later and stored at 4°C to allow the tissue sample to be fixed

and disable any potential Rnases present. All instruments used were wiped with RNase

Away and rinsed with DEPC water prior to use. About 30mg of tissue was homogenized in 
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lysis buffer (350|j.l RAl buffer and 3.5|il P-mercaptoethanol) using a Polytron (Kinetatica 

AG, Littau, Switzerland) for several minutes until all the tissue was chopped up. Following 

this, the lysate was filtered through Nucleospin Filter units and centrifuged for 1 minute at 

ll,000g. 350|al o f 70% ethanol was applied to the lysate and pipetted several times until 

dissolution occurred. The total lysate was loaded to a nucleospin II column and centrifuged 

for 30 seconds at 11,000 x g. The next step involved desalting the membrane o f the column 

by applying 350^1 membrane desalting buffer and centrifuging at 11,000 x g for 1 minute. 

Following this, 95|j.1 DNase reaction mixture was added directly onto the membrane o f the 

column, to digest any potential DNA (which would be present in any contaminating 

products), and incubated at room temperature for 15 minutes. 200|^1 o f RA2 buffer 

(inactivates DNase) was added and the column was centrifijged for 30 seconds at 1 l,000g. 

The column was placed into a new collecting tube and 600jj.1 o f RA3 buffer was added to 

the column. This was centrifuged for 30s at 11,000 x g and a final wash with 250|al RA3 

buffer took place. This was centrifuged for 2 minutes at 1 l,000g to allow the membrane to 

dry completely. The column was placed in a nuclease-free micro-centrifuge tube and RNA 

was eluted with 60iil RNase-free H2O and finally centrifuged for 1 minute at ll,000g. 

RNA was stored at -80°C.

(2) Assessment o f  RNA quality and quantity: Total RNA was quantified using a Nanodrop 

spectrophotometer with Ip-L o f RNA. The purity was demonstrated by the ratio o f A260/280 

where if the ratio fell between 1.8 and 2.0 it was deemed as pure RNA. Significant 

deviations o f this ratio indicated contamination. Concentration measurements were taken 

of RNA present in each sample and RNA was equalized to the lowest concentration o f  

RNA detected, using RNase-free water.

(3) cDNA preparation: Following RNA equalization, samples were assembled for cDNA

production using the ABI High Capacity cDNA kit (Applied Biosystems) A master-mix

solution containing reverse transcription buffer, dNTPs, random primers, multiscribe

reverse transcriptase and RNase free H2O was prepared and stored on ice, RNA was diluted

to a range between 0.02-0.2 |ug/jj.l. Equal volumes of the master mix were added to an

equivalent volume of diluted RNA, e.g. 25)j,l o f master mix was added to 25|il RNA in

PCR tubes. The tubes containing samples were placed in a thermocycler and the program

was set according to the laboratory protocol as follows; step 1 was set for 10 minutes at

25°C and step 2 set for 120 minutes at 37°C. When the thermocycler was finished with
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performing the amplification stage, samples were removed and stored at -20°C or used 

immediately for real time PCR.

(4) Real-time PCR: Real-time PCR was performed using Taqman Gene Expression Assays 

(Applied Biosystems), which contain forward and reverse primers, and a 6-carboxy 

fluorescein (FAM)-labeled minor groove binders (MGB) Taqman probe to each gene o f 

interest. The assay IDs for the genes examined are listed in Table 2.3. A 1 in 4 dilution o f 

cDNA was prepared with RNase-free water. All real-time PCR was conducted using an 

ABl Prism 7300 instrument (Applied Biosystems). A 25^1 volume was added to each well 

(lOjil o f  diluted cDNA, 1.25 |il o f  primer, 1.25 |xl o f p actin and \2\i\ o f  Taqman® 

Universal PCR Master Mix). Electronic pipettes (EDP3 20-200)^1, 2-20|al and 10-100|il) 

were used to ensure pipetting accuracy. Samples were assayed in duplicate in one run (40 

cycles), which composed o f 3 stages, 95°C for 10 minutes, 95°C for 15 seconds for each 

cycle (denaturation) and finally the transcription step at 60°C for 1 minute. P-actin was 

used as an endogenous control to normalize gene expression data, its expression was 

measured using gene expression assays containing forward and reverse primers (primer 

limited) and a VIC (calibration dye)-labelled MGB Taqman probe (Applied Biosystems). 

The stability o f  this gene was monitored for consistency between studies. Gene expression 

was calculated relative to the endogenous control samples and to the control sample giving 

an RQ value (2'̂ *̂ *"’, where CT is the threshold cycle).

In relation to the various stages carried out during the PCR reaction, initially samples were 

heated to 95°C for 15 seconds, which allows the double stranded cDNA to denature. 

Hereafter, the temperature o f the reaction decreases to allow annealing and extension o f 

the cDNA, however the target probe must anneal to the single-stranded cDNA since it has 

a higher meUing temperature than that o f the target primers (Applied Biosystems). This 

probe contains a FAMA^IC dye and a proprietary non-fluorescent quencher (NFQ) dye. 

This quencher blocks the dye from emitting a fluorescent signal by fluorescence resonance 

energy transfer (FRET) technology (Applied Biosystems). Once the reaction temperature 

reaches 60°C the primers anneal to the strand o f  cDNA and it is extended by 5 ’ nuclease 

activity o f the Taq polymerase. This induces the release o f the FAMA^IC-labelled probe 

causing the FRET between the dye and quencher to be broken, and the generation o f a 

fluorescent signal. Due to the specificity o f the probe and primers for the cDNA sequence, 

one fluorescent signal is produced for each new cDNA copy and measured during the 

annealing stage o f the PCR cycle (60“C).

62



Table 2.2 List of genes used in single RT-PCR studies with the gene expression assay 

and genbank ref sequence numbers

Gene Symbol Gene Name Taqman Gene Expression 

Assay ID

IFN-y Interferon gamma Rn00594078_ml

IL-ip Interleukin 1 beta Rn00580432_ml

TNF-a Tumor Necrosis factor alpha Rn99999017_ml

GDI lb Cluster designation 11 b Rn00709342_ml

Bcl-2 B cell lymphoma-2 Rn99999125_ml

Gaspase-3 Caspase 3 Rn00563902_ml

IDO Indolamine 2,3 digoxygenase Rn00576778_ml

KAT II Kynurenine aminotransferase Rn00567882_ml

KMO 3-hydroxykynurenine Rn00572149_ml

KYNase Kynureninase Rn00588108_ml

BDNF Brain derived neurotrophic 

factor

Rn00560868_ml

iNOS Inducible Nitric oxide synthase Rn00561646_ml

GFAP Glial fibrillary acidic protein Rn00533303_ml

(5) Real-time PCR analysis: The AACT method (Applied Biosystems RQ software, 

Applied Biosystems, UK) was used to assess gene expression for all real-time PCR 

analysis. This method is used to assess relative gene expression by comparing gene 

expression o f  treated/experimental samples to a normal or untreated sample (control), 

rather than quantifying the exact copy number o f the target gene. In this manner the fold- 

difference (increase or decrease) can be assessed between treated and control samples. The 

fold-difference is assessed using the cycle number (CT) difference between samples. 

Briefly, a threshold for fluorescence is set, against which CT is measured. To accurately 

assess differences between gene expression the threshold is set when the PCR reaction is in 

the exponential phase, when the PCR reaction is optimal or 100% efficient. Thus, samples 

with low CT readings demonstrate high fluorescence, indicating greater amplification and 

hence, greater gene expression. When PCR is 100% efficient a one-cycle difference 

between samples means a 2-fold difference in copy number (2^), similarly a 5-fold 

difference is a 32-fold difference (2^).
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To measure this fold-difference relative to control, the CT o f the endogenous control (P- 

actin) is subtracted from the CT o f the target gene for each sample, thus accounting for any 

difference in cDNA quantity that may exist. This normalised CT value is called the (CT). 

The CT difference (ACT) of the control is subtracted from itself to give 0, and subtracted 

from all other samples, this is the AACT value. The AACT (cycle difference corrected for 

P-actin) is then converted into a fold-difference. As a one-cycle difference corresponds to a 

two-fold increase or decrease relative to control, 2 to the power o f the AACT (difference in 

control and sample CT corrected for actin) gives the fold-difference in gene expression 

between the control and treated samples. The control sample always has a AACT value o f 

0, thus 0  ̂gives a 2^*“̂  o f 1, against which all other samples are referenced.

2,1.8 Terminal deoxynucleotldyltransferase-mediated UTP nick end labelling 

(TUNEL)

To determine apoptotic cell death in hippocampal slices, DNA fragmentation was assessed 

using TUNEL staining according to the manufacturer’s instructions (DeadEnd 

Colorimetric/Fluorometric Apoptosis Detection System; Promega Corporation, Wisconsin, 

USA). TUNEL staining measures the fragmented DNA o f apoptotic cells by catalytically 

incorporating fluorescein-12-dUTP at 3’-OH DNA ends using the Terminal 

Deoxynucleotidyl Transferase enzyme (TdT). Fluorescein chains were directly visualised 

by fluorescence microscopy using appropriate excitation wavelength and filter sets (see 

Table 2.3).

Fluorometric TUNEL: 10 |am frozen tissue sections were permeabilised with Triton-XlOO 

(0.2%; volume/volume) for 5 minutes at room temperature. Sections were washed for two 

5 minute washes. Sections were incubated in equilibration buffer (200 mM K(CH3 )2 , 25 

mM Tris-HCl, 0.2 mM DTT, 0.25 mg/ml BSA, 2.5 mM CoCb) for 10 - 15 minutes. A 

reaction buffer (fluorescein-12-dUTP (10 mM Tris-HCl pH 7.6, 1 mM EDTA), TdT 

enzyme in equilibration buffer) was applied for 60 minutes at 37°C to incorporate 

fluorescein labelled nucleotides at the 3 '-0H  ends o f fragmented DNA. To stop the 

reaction, sections were incubated with sodium chloride citrate (SCC) (0.15 M NaCl, 0.17 

M Na H(C3 H5 0 (C 00)3)) for 15 minutes and sections were washed for 5 minutes 3 times 

in phosphate buffered saline (PBS). Tissue sections were counter-stained with Hoecsht dye 

and mounted onto glass coverslips using Vectasheild, a fluorescent mounting medium 

(Vector Laboratories, Peterborough, UK). Samples were stored in the dark at 4°C until 
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needed for analysis. Incorporated fluorescein was visualised concomitantly with the 

counter-stain fluorophore with a confocal microscope (Zeiss, LSM-510-META, Karl 

Zeiss, UK) using appropriate excitation wavelengths and filter sets (see Table 2.3).

Table 2,3 Excitation wavelengths and filter settings for TUNEL staining

Fluorophore
Peak excitation/emission wavelength 

(nm) Beam splitters

Fluorescein (FITC) 488/520 HFT 488 
BP 505 - 530

Hoechst 33258 345/487 HFT UV/488/543/633 
LP 456 - 499

HFT= Main Dichroic Beam Splitter, BP= Band Pass Filter, LP= High Pass Filter, 

UV= Ultraviolet

2.1.9 Protein quantification

Bradford assay: Protein concentration o f hippocampal tissue samples was assessed 

according to the Bradford method (Bradford, 1976). Standards were prepared from a stock 

solution o f 1000 |ig/ml bovine serum albumin (BSA; Sigma-Aldrich, Dorset, UK). This 

stock solution was serially diluted with ddHaO to prepare a range o f standards from 3.125 

|ig/ml to 1000 |ig/ml. A blank o f ddH20 was also included. Standards (10 |j.1) and samples 

(10 fil) were plated in triplicate into a 96-well plate (Sarstedt). Bio-Rad dye reagent 

concentrate (1:5 dilution in dH20, 200 |o,l; Bio-Rad, UK) was added to standards and 

samples and incubated for 5 minutes at room temperature. The absorbance was assessed at 

595 nm using a 96/98-well plate reader (EIA Multiwell reader). The protein concentration 

o f samples was calculated from a regression line plotted (Prism 4) from the absorbencies 

o f  the BSA standards. Each sample was equalised to the lowest protein concentration with 

assay diluent.

2.1.10 Activated Caspase 3 assay 

Sample preparation

Samples stored in Krebs DMSO were thawed over ice. Each sample was washed 3 times in 

Krebs solution containing calcium (136 mM NaCl, 2.54 mM KCl, 1.18 mM KH2PO4, 1.18
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mM MgS0 4 .7 H2 0 , 16 mM NaHCOs, 10 mM glucose, 2 mM C aC t, pH 7.4) and a final 

volume o f 550|il o f Krebs solution containing calcium, was added. Samples were 

homogenised using a polytron tissue disruptor (Kinetatica AG, Littau, Switzerland) and a 

protein assay was carried out on the homogenate. Samples were then equalised to the 

lowest concentration using Krebs solution containing calcium, within the range o f l-3|j,g o f 

protein. The equalised homogenate was then spun at 10,000g for 10 mins at 4°C. The 

supernatant was removed and kept on ice.

Assay setup

Caspase 3 activity was measured using a caspase 3 drug discovery kit (AK-703 a 

QuantiZyme assay system, Biomol, UK). Briefly Ac-DEVD-pNA substrate was diluted 1/5 

with assay buffer and allowed to equilibrate to room temperature. Assay buffer (50mM 

HEPES, pH 7.4, lOOmM NaCl, 0.1% CHAPS, lOmM DTT, ImM EDTA, 10% glycerol) 

was added to each well in triplicate (25|j,l). pNA calibration standard was added in 

duplicate (100|il) and caspase 3 was added in triplicate as the positive control (25|^1; 

2U/|^1). Samples and standards were added (25)al per well) and allowed to equilibrate to 

room temperature. The reaction was started by the addition o f substrate to each well 

(50|j.l/200|aM) and the plate was read at 405nm at one minute intervals for 10 minutes.

Calculations

Enzyme activity was calculated with reference to a conversion factor, calculated from the 

optical density o f the calibration standard. The slope o f each sample was determined over 1 

minute (0-1) (mOD/min), and is divided by the conversion factor to give caspase activity 

over time. This was divided by the protein concentration o f each sample, determined on 

the day of the assay. Values are expressed as pmol/min/^ig protein.

2.1.11 BDNF Enzyme linked immunosorbent assay

(I) Sample preparation: Samples stored in Krebs DMSO were thawed over ice. Each 

sample was washed 3 times in Krebs solution containing calcium (136 mM NaCl, 2.54 

mM KCl, 1.18 mM KH2 PO4 , 1.18 mM MgS0 4 .7 H2 0 , 16 mM NaHCOs, 10 mM glucose, 2 

mM CaCl2 , pH 7.4) and a final volume o f 550|al o f Krebs solution containing calcium was 

added. Samples were homogenised using a Polytron tissue disruptor and a protein assay
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was carried out on tiie homogenate. Samples were then equalised to the lowest 

concentration using Krebs solution containing calcium, within the range o f l-3^g  o f 

protein. The equalised homogenate was then spun at 10,000g for 10 minutes at 4°C. The 

supernatant was removed and kept on ice.

(2) Assay protocol: Enzyme-liked immunosorbent assays (ELISA) were used to examine 

the concentration o f BDNF protein in brain tissue homogenate. A commercially available 

ELISA kit was used; BDNF Emax immunoassay ELISA system kit (Promega, Madison, 

USA).

For each ELISA, a 96-well plate was coated with capture antibody (Anti BDNF, diluted to 

a concentration o f l[j,g/ml in carbonate coating buffer (0.25M sodium bicarbonate, 0.25M 

sodium carbonate; 50|al/well) and incubated overnight at room temperature. The plate was
(B)then washed with wash buffer (0.05% Tween 20 m PBS) using an automated plate washer 

(Columbus Plus, Tecan, Austria) and blocked with a reagent diluent (1% BSA in PBS, 

150[j,l/well), for 1 hour at room temperature. After washing, samples and standards were 

added (50p.l/well) and incubated for 2 hours at room temperature. The plates were washed 

and incubated in detection antibody (Anti-human BDNF pAB, 50j4.1/well) for 2 hours at 

room temperature, then washed and reacted with Streptavidin-horseradish peroxidase 

(1:200 dilution in reagent diluent; 50(j,l/well) for 20 minutes. The plates were washed and 

substrate solution was added (50|o.l/well) and incubated in the dark for a minimum o f 20 

minutes. IN HCL was used to stop the reaction (50^1/well) once colour development had 

occurred. The absorbences o f samples and standards were read at 450rmi on a 

spectro photo metric plate reader (Sunrise Basic, Tecan, Austria). Each sample was 

normalised to its corresponding protein concentration. Standard curves were constructed 

for each plate and concentrations o f BDNF in the samples were obtained directly from 

these curves.
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2.1.12 Determination of tryptophan and KP metabolite concentrations by high 

performance liquid chromatography (HPLC)

HPLC analysis was conducted with a fully automated system (Shimadzu ADVP module). 

Injection volumes were 20)al into a reverse phase analytical column (Cl 8 column, specific 

area surface 250mm x 4mm, particle size 50|im, Phenomenex). Two detectors were 

connected in series; a photo diode array ultra-violet (PDA-UV) detector (SPD-MIOA VP, 

Shimadzu) and a fluorescent detector (RF-lOA XL, Shimadzu). The HPLC protocol was 

adapted from that previously described (Herve et a l, 1996; Swartz et a l, 1990; Luo et a l, 

2008; Xiao et al., 2008; Pi et a l, 2009) and is described in brief below.

(1) Standards and mobile phase: The mobile phase consisted of 50nM glacial acetic acid, 

1 OOmM zinc acetate and 3% acetonitrile dissolved in double-distilled NANOpure water (or 

distilled HPLC grade H2O). The pH was then adjusted to 4.9. Standard solutions of 

quinolinic acid, 3-hydroxykynurenine, 3-hydroxyanthraniliate, L-kynurenine, 3-nitro-L- 

tyrosine, L-tryptophan and kynurenic acid were made up to a concentration o f lOmg/lOml 

in mobile phase. Each standard was individually diluted with mobile phase to 25ng/20^1 

and a volume o f 150^1 o f  each was pipetted into a 0.1ml conical insert and transferred into 

a 2ml vial prior to placement in the autosampler and determination o f the retention times of 

each standard.
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Figure 2.1 Sample chromatograms of a standard UV tryptophan and kynurenine 

metabolite mix

Standard mix showing retention times and peak heights o f tryptophan and kynurenine 

metabolites (50ng/20|j,l) determined by UV detection (250nM). Retention times for 3-HK, 

3-HAA, L-KYN, N-Methyl-5HT, L- tryptophan and KYNA were 5.51, 8.37, 12.40, 21.53, 

26.387 and 31.75 minutes, respectively.
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Figure 2.2 Sample chromatograms of a standard fluorescent tryptophan and 

kynurenine metabolite mix

Standard mix showing retention times and peak heights o f tryptophan and kynurenine 

metabolites (50ng/20(il) determined by fluorescence detection (254nm excitation, 404nm 

emission). Retention times for 3-HAA, L-tryptophan, N-Methyl-5HT and KYNA were 

8.5, 21.63, 26.5 and 31.9 minutes, respectively.
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(2) Brain tissue and serum preparation for tryptophan and KP metabolite

determinations: Hippocampal tissue was weighed and placed directly into ice-cold 500|il 

o f  homogenising buffer (containing mobile phase, 7% perchloric acid and internal standard 

(50ng/20|iil N-Methyl serotonin). Tissue was homogenised by sonication (MSE sonicator) 

for approximately 10 seconds in homogenising buffer for HPLC analysis o f L- tryptophan 

and kynurenine metabolites coupled with UV and fluorescent detection. The samples were 

then centrifuged (Eppendorff Centrifuge 5804 R, rotor Eppendorff F45-30-11) at 15,000g 

for 20 minutes at 4°C. The supernatants were fihered into new 1.5ml eppendorfs, using a 

1ml syringe and a 0.45)am nylon filter and frozen at -20°C until analysed. Preparation o f 

serum samples involved 500)j,1 o f serum vortexed with 500|al o f homogenising buffer and 

centrifiiged and prepared as for brain samples described above.

(3) Quantification o f tryptophan and KP metabolites: Supernatants were thawed at room 

temperature and then analysed by an automated HPLC system coupled with UV and 

fluorescent detection with an injection volume of 20|o,l and an acquisition delay o f 4.8 

minutes. The flow rate was Iml/min (LC-IOAT pump, Shimadzu) and the run time was 40 

minutes. The PDA-UV detector was calibrated to analyze over a UV spectrum from 

240nm to 370nm and the optimal wavelength for detection was set at 250nm. The 

fluorescent detection method utilised was 254nm (excitation) and 404nm (emission) (Pi et 

a i, 2009). Mobile phase was injected intermittently and a standard mix was injected every 

5 samples in order to recalibrate the system and curtail divergences in the retention times 

during sampling. CLASS-VP software (Shizamdu) was used in the acquisition and 

integration o f the chromatograms. The signal to noise ratio was set to 3 to 1. Peak heights 

o f analytes compared with internal and external standards allowed quantification o f 

concentrations. Peak heights obtained from the chromatograms were used to calculate ng 

o f metabolite per g fresh weight o f tissue.
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2.1.13 Statistical Analysis of Results

All data were analysed using GraphPad Prism software, except in the case o f the three-way 

ANOVA, where GB-STAT was used. Statistical comparisons were initially performed 

using a one-way (for KA-induced changes), two-way (for KA vs. Drug treatment), or 

three-way (for KA vs. RBX vs. PRP) analysis o f variance (ANOVA), as indicated in the 

experimental sections. Behaviour data was analysed using a two-way repeated measures 

ANOVA (and a three-way repeated measures ANOVA for the RBX and PRP combination 

study) to examine drug effect over time. If significant changes were observed, the data was 

further analysed using Student Newman-Keuls or Dunnetts post hoc test as appropriate. 

Data was deemed significant when P<0.05. Outliers were identified as two standard 

deviations away from the mean. Results are expressed as means and standard error o f the 

mean (SEM).
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Chapter 1

Kainic acid-induced excitotoxicity and KP activation; 

Time course and dose related effects on KA-induced 

inflammatory and degenerative changes, and tryptophan 

metabolism in the hippocampus
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3.0 Introduction

The KA model o f excitotoxicity and acute neurodegeneration is a frequently employed 

animal model to determine mechanisms mediating excitotoxin-induced neuronal cell loss, 

and the processes by which such mechanisms are regulated. The main characteristics of 

this model are outlined as follows: (1) Systemic administration o f KA results in seizure 

behaviour typified by wet dog shakes, forelimb clonus, and rearing and falling. These 

particular behaviours are present within the first three hours post KA, and spontaneous 

seizures occur throughout the duration o f the animals life thereafter (Ben-ari, 1985). (2) 

Activation o f the KA subtype o f ionotropic glutamate receptors mediates the sustained 

seizure activity which is sufficient to induce cell loss in the hippocampus and hyper

excitability in surviving neurons (Dudek et a l, 1994; Ben-Ari, 1985, 2001; Dong et a l, 

2003). (3) The mechanisms by which excitation o f KA receptors causes neuronal loss 

involve an increase in the release o f intracellular calcium and the activation o f calcium- 

dependent apoptotic pathways (Wang et al., 2005). Moreover, KA provokes an increase in 

the production o f  ROS and reactive nitrogen species (RNS) (Dugan et al., 1995) which 

relates to mitochondrial dysfunction and enhanced oxidative load on cells, contributing to 

their demise. (4) In addition systemic administration of KA leads to activation o f  glial cells 

and an increase in inflammatory markers in the brain. All o f these processes are evident 

especially in vulnerable brain regions where KA receptors are expressed in abundance 

including the sub-regions of the hippocampus; the CA l, CAS and DG (Wang et al., 2005).

Neuronal cell loss is a common feature associated with KA-induced excitotoxicity. Nadler 

and co-workers (1980) demonstrated that following intracerebroventricular (i.c.v) injection 

o f KA, early signs o f hippocampal pyramidal cell degeneration were detectable within one 

hour by electron microscopy. Initial degenerative changes occurred in the cell body and 

proximal dendritic shafts characterised by an increase in lysosomal bodies, increased 

background electron density, detachment o f polyribosomes and dilation o f cisternae in the 

endoplasmic reticulum. Degeneration o f pyramidal cells ensued within hours o f 

administration, where cells were observed to first shrink and then disintegrate. In the CA3, 

astrocytes adjacent to the cell body and mossy fiber layers began to swell. Pyramidal cell 

axons and boutons did not begin to degenerate until 24 hours following KA administration. 

Cresyl violet staining clearly represents the cytoarchitecture within the hippocampus, and 

enables visualisation and counting of the cells under the microscope. This approach is
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widely employed to readily identify hippocampal cell loss following KA administration in 

laboratory rodents (Miltiadous et ai, 2009; Yoo et ai, 2006; Weise et al, 2004).

The neurotoxic effect of KA is accompanied by reactive gliosis, resulting in proliferation 

and migration of astrocytes and microglia throughout the brain. Activated microglia are 

capable of secreting a range of inflammatory mediators, which contribute to and augment 

neuronal degeneration (Jorgensen et al, 1993). Proinflammatory cytokines synthesised by 

microglia and astrocytes are released within 30 minutes of seizure onset (Minami et ai, 

1990; Vezzani et ai, 1999, 2000). They are predominantly released in the hippocampus 

where they influence ongoing seizure activity, with an increase in the expression of 

proinflammatory cytokines during seizures associated with neuronal damage (Minami et 

ai, 1990; Vezzani et ai, 1999; Rizzi et ai, 2003). IL-ip has been shown to play a 

significant role in the inflammatory process following KA administration. The expression 

of IL-ip was shown to be upregulated at various time points following KA, in various 

brain regions such as the thalamus, cortex, hypothalamus and hippocampus (Eriksson el 

al., 2000, Minami et ai, 1990). During excitotoxic insult, activated microglia increase the 

production o f QUIN via the KP, and this may contribute to excitotoxin-induced damage. 

Behan and Stone (2000) investigated the effect of the mNBA, a potent inhibitor of the KP 

enzymes kynurenine hydroxylase (and kynureninase to a lesser degree), and reported a 

significant decrease in KA-induced hippocampal cell loss. By blocking these particular 

enzymes, the production of QUIN via the KP was halted, accompanied by a possible 

increase in the protective effects of KYNA. Such reports suggest that the KP is involved in 

KA- induced neuronal degeneration.

Necrosis is characterised by early swelling of orgsinelles and rupture of the plasma 

membrane, whereas apoptosis is characterised by shrinkage of cell cytoplasm, chromatin 

condensation and DNA fragmentation. KA-induced cell death displays the morphological 

characteristics o f necrosis (Fujikawa et ai, 2000a, 2000b) and apoptosis accompanied by 

increased caspase 3 activity in the hippocampus (Filipowski et al, 1994; Pollard et al, 

1994; Henshall et al, 2000; Kondratyev and Gale, 2000). It has been suggested that 

apoptosis is responsible for the neuronal degeneration that takes place following KA 

administration. In support of this, caspase 3/9 expression and activation (Gillardon et al, 

1997), cytochrome-c redistribution (Viswanath et al, 2000; Henshall et al, 2000), DNA 

fragmentation/laddering (Pollard et al, 1994; Henshall et al, 2000), induction of Bax
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mRNA and reduction of the anti apoptotic Bcl-2 protein (Hsu et al., 1997) are evident in 

the hippocampus following KA administration. Kondratyev and Gale (2000) reported that 

administration of the caspase 3 inhibitor- z-DEVD-fmk to rats reduces KA-induced 

neuronal cell death, DNA fragmentation and apoptotic morphology in the hippocampus 

and rhinal cortex suggesting that caspase 3 is necessary for KA-induced 

neurodegeneration.

The KA model of excitotoxicity is well established in the current literature (Yoo et al., 

2006, Kondratyev et al., 2000, Sharma et a l, 2005, Faherty et a l, 1999, Coyle, 1987). 

However, the doses of KA used and times at which animals are euthanised vary greatly. 

There is also a high non-response rate, where some animals, upon receiving high doses o f 

KA systemically, do not exhibit any seizure behaviour (Oprica et a l,  2003). Some studies 

have reported a 60-80% response rate to lOmg/kg of KA (Sperk et al., 1985). Animals 

judged to “respond” are those that reach stage 4 or above on the Racine scale (1972). 

Although the convenience of this model is appealing, it is clear that it is subject to 

variability. It was therefore necessary to establish this model in our laboratory to ensure 

robust and reproducible effects of KA could be obtained.

Reported time points at which brain tissue is harvested following KA administration in 

rodent studies varies from 30 minutes (Milatovic et al., 2002), 4-6 hours post KA (Ferrer et 

al., 2001, Milatovic et al., 2002), 24 hours post KA (Hunsberger et a l, 2005, Fujiki et al, 

2005, Milatovic et a l, 2002) to a number of days (Faherty et al, 1999, Young-Mi Yoo et 

a l, 2006). As described above, the process of cell loss occurs within the first few hours 

post KA, with significant changes in morphology occurring 24 hours post KA. In order to 

identify and characterise molecular markers associated with apoptosis and inflammation 

following KA administration, earlier time points had to be considered due to the narrow 

time window in which the activation of some targets of interest can be detected. A time 

course study was devised where tissue was harvested from animals; 4, 12 and 24 hours 

following KA administration.

The optimal dose of KA to provoke seizures and excitotoxicity also vary across studies, 

from 7-15 mg/kg in adult rats (Reiss et al, 2009; Kondratyev and Gale, 2000; Candelario- 

Jalil et a l, 2000; Narkilahti et al, 2003, Sharma and Kaur, 2005). Doses of 12 mg/kg and 

15 mg/kg have been used, but have resulted in significant fatality which is not a
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satisfactory outcome. Thus in the current study a top-end dose o f 10 mg/kg was used. The 

objective o f  this study was to find a non-lethal dose sufficient to induce cell loss, and to 

characterise concurrent molecular changes in the hippocampus. The following doses were 

chosen to determine the dose-related effects o f KA: 2.5, 5, 10 mg/kg in the current study.

The null hypothesis o f this study was that KA would not illicit an inflammatory or 

apoptotic response, and would not affect hippocampal cell loss, over a range o f times and 

doses.
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3.1 Experimental protocol

Animals were randomly divided into treatment groups and housed individually for one 

week prior to KA administration.

Time course: KA was prepared in 0.89% (w/v) saline and administered in an injection 

volume o f  1 ml/kg giving a dose o f  lOmg/kg (i.p). Controls received saline in an equivalent 

volume. Animals were observed for seizure related behaviours for 3 hours following KA 

administration as previously described in the Methods section (section 2.2) and animals 

were euthanised 4, 12 and 24 hours after KA administration.

Dose response: KA was prepared in 0.89% (w/v) saline to concentrations o f  2.5, 5, 

lOmg/ml and administered to rats in an injection volume o f  1 ml/kg (i.p). Controls received 

saline in an equivalent volume. Animals were observed for seizure related behaviours for 3 

hours following KA administration as previously described in the Methods section (section 

2.2) and animals were euthanised 24 hours after KA administration.

All studies carried out in chapter one, utilised the i.p route o f  injection for KA, in all

subsequent studies the s.c route was utilised.
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3.2 Results

3.2.1 KA-induced seizure behaviours

KA (lOmg/kg, i.p) was administered and animals were euthanised 4, 12 and 24 hours 

following drug administration. KA (10 mg/kg) induced an increase in seizure related 

behaviours. Wet dog shakes, forelimb clonus and forelimb clonus with rearing and falling 

were observed in each animal receiving KA.
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Figure 3.1 KA-induced seizure behaviour

Animals were scored 1-5 according to what stage they reached on the Racine scale for 1 

minute every 10 minutes over a 3 hour observation period following KA administration. 

Data is expressed as mean±SEM over time. (n=6).
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3.2.2 Time dependent changes in hippocampal cell loss following KA administration

KA (lOm g/kg) was administered and animals were euthanised 12 and 24 hours following drug 

administration. Representative pictures of the hippocampus stained with cresyl violet showed a 

reduction in viable cells in the CAS and CAl in KA treated rats, at (a) 12 and (b) 24 hours post 

challenge as compared to saline controls. The first picture is a demonstration o f the entire 

hippocam pus at 20x magnification. There is a clear difference in cell morphology and number in 

the CA3 and C A l o f controls when compared to KA brains, where in controls the cells are round, 

dark and distinct, whereas hippocampal cells treated with KA are lighter, less distinct in shape and 

are clearly degenerated in some areas (indicated by arrows).
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(b)
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CA1

Control CA3 24 Hrs post KA

50 pm 50 pm

Control CA1 24 Hrs post KA

Figure 3.2 Representative cresyl violet stains indicating hippocampal cell loss (a) 12 

hours and (b) 24 hours following KA administration, indicated by arrows

Photos (a) shows cell loss in CAS and CAl regions 12 hours following KA administration 

compared to saline treated controls indicated by arrows. Photos (b) shows cell loss in CA3 

and CAl fields 24 hours following KA administration when compared to saline treated 

controls.
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KA reduces hippocampal cell counts in the (a) CAS region o f the hippocampus 12 and 24 

hours following administration. Cell counts in the (b) CAl and (c) DG were also reduced 

but these reductions failed to reach significance, when compared to saline treated controls.
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Figure 3.3 KA induces a reduction in cell number in the (a) CA3 (b) CAl and (c) 

dentate gyrus of the hippocampus

One-way ANOVA showed an effect of KA on cell number in the CAS [F (2, 7) = 10.77, 

P<0.01], Post hoc comparisons revealed that KA provoked a significant reduction in cell 

number in the CAS when compared to saline treated controls. Data is expressed as mean 

cell count ± SEM (n=S-4). *P<0.05; **P<0.01 vs saline treated controls (Dunnetts post hoc 

test).
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3.2.3 Time dependent changes in DNA fragmentation following KA administration

KA (lOmg/kg) was administered and animals were euthanised 12 and 24 hours following 

drug administration. TUNEL staining o f hippocampal slices following KA administration 

resulted in an increased number o f  TUNEL positive cells in the (i) CA3 and (ii) C A l, 

indicating an increase in DNA fragmentation at 12 and 24 hours post KA.

(ii) CAl

A B . C

Figure 3.44 Kainic acid induces DNA fragmentation in a time-dependent 

manner in the (i) CA3 and (ii) CAl of the hippocampus

TUNEL staining o f the (i) CA3 and (ii) CAl, where green indicates TUNEL positive 

staining and blue is a Hoechst dye to indicate co-localisation o f DNA fragmentation and 

hippocampal cells. (A) Saline treated (B) 12 hour (C) 24 hours post KA administration. 

(20X magnification)
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Quantification o f TUNEL staining intensity in hippocampal slices shows an increase in 

DNA fragmentation in the (a) CAS and (b) CAl, 12 and 24 hours following KA 

administration.
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Figure 3.5 KA provokes an increase in DNA fragmentation in the (a) CA3 and (b) 

CAl of the hippocampus 12 and 24 hours following administration

One-way ANOVA o f mean TUNEL intensity showed an effect o f KA in the CA3 [F (2, 9) 

= 22.5, P<0.001] and CAl [F (2, 9) = 8.9, P<0.01]. Post hoc comparisons revealed that 

TUNEL intensity was increased 12 and 24 hours following KA administration when 

compared to saline treated controls. Data is expressed as mean intensity ± SEM (n=4). 

*P<0.05; **P<0.01 vs. saline controls (Dunnettspost hoc test)

Data for cell loss and TUNEL staining is not presented for the 4 hour treatment group as 

no cell loss is evident 4 hours following KA administration.
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3.2.4 Time dependent changes in apoptotic markers following KA administration

ICA (lOmg/kg) was administered and animals were euthanised 4, 12 and 24 hours 

following drug administration. Hippocampal caspase 3 expression was increased 12 and 24 

hours following KA administration when compared to saline controls. By contrast, no 

changes were apparent in Bel 2 expression.
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Figure 3.6 KA induces the expression of caspase 3 but not BcI2 in the hippocampus

One way ANOVA o f caspase 3 expression showed an effect o f KA [F (3, 15) = 8.07, 

P<0.01]. Post hoc comparisons revealed that KA increased hippocampal caspase 3 

expression, 12 and 24 hours following KA administration when compared to saline treated 

controls. Data is expressed as mean fold change ± SEM (n=4-6). *P<0.05, **P<0.01 vs. 

saline controls (Dunnetts post hoc test).
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3.2.5 Time dependent changes in neuroinflammatory markers following KA 

administration.

KA (lOmg/kg) was administered and animals were euthanised 4, 12 and 24 hours 

following drug administration. Hippocampal IL -ip  and TNF-a expression was increased 5 

fold, at 4, and 4 and 12 hours following KA administration respectively. Hippocampal 

IFN-y expression was increased 5 to 10 fold, 12 and 24 hours following KA 

administration. In excess o f a 20 fold increase in the expression o f iNOS was found in the 

hippocampus 24 hours following KA administration.
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Figure 3.7 KA induces the expression of hippocampal IL-ip, TNF-a, IFN-y iNOS 

in a time dependant manner.

One way ANOVA showed an effect o f KA on (a) ILlp [F (3, 13) = 3.86, P<0.05], (b) 

TNF-a [F (3, 15) = 9.87, P<0.01], (c) IFN-y [F (3, 14) = 4.8, P<0.01] and (d) iNOS [F (3, 

11)= 6.58, ?<0.01]. Post hoc comparisons revealed that KA increased hippocampal IL-ip 

expression at 4 hours, TNF-a expression at 4 and 12 hours, IFN-y expression at 12 and 24 

hours, and iNOS expression at 24 hours following KA administration, when compared to 

saline treated controls. Data is expressed as mean fold change ± SEM (n=3-6). *?<0.05, 

**P<0.01 vs. saline controls (Dunnetts post hoc test).
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3.2.6 Time dependent changes in the expression of enzymes of the KP in the 

hippocampus following KA administration.

KA (lOmg/kg) was administered and animals were euthanised 4, 12 and 24 hours 

following drug administration. There was a 7-12 fold increase in hippocampal IDO 

expression in the hippocampus 12 and 24 but not 4 hours after KA administration when 

compared to saline controls. Hippocampal KAT II expression was reduced 24 hours after 

KA administration, when compared to saline controls. There was a 2-3-fold increase in the 

expression o f KMO and kynureninease in the hippocampus 24 hours following KA 

administration when compared to saline controls. Changes in KAT II, KMO and 

kynureninase were not evident 4 or 12 hours following KA administration.
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Figure 3.8 KA alters the expression of IDO, KAT-II and KMO in the hippocampus in 

a time dependant manner

One-way ANOVA showed an effect o f KA on (a) IDO [F (3, 20) = 6.64, P<0.01], (b) 

KAT-II [F (3, 20) = 7.32, P<0.01] and (c) KMO [F (3, 14) = 12.13, P<0.001], but (d) 

kynureninase expression failed to achieve statistical significance. Post hoc comparisons 

revealed that KA increased hippocampal IDO and KMO expression 24 hours following 

KA administration, when compared to saline treated controls. By contrast hippocampal 

KAT-II expression was reduced 24 hours following KA administration when compared to 

saline treated controls. Data is expressed as mean fold change ± SEM (n=3-6). *P<0.05, 

**P<O.OI vs. saline controls (Dunnetts post hoc test).
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3.2.7 Time dependent changes in the concentrations of tryptophan, and kynurenine 

pathway metabolites in the hippocampus and serum following KA 

administration.

KA (lOmg/kg) was administered and animals were euthanised 4, 12 and 24 hours 

following drug administration. Hippocampal tryptophan concentrations were increased 4 

hours but not 12 or 24 hours following KA administration. Circulating tryptophan 

concentrations were also increased 4 hours but not 12 or 24 hours following KA 

administration. KYNA or related metabolites were not detectable in the hippocampus. No 

changes in circulating L-KYN or 3-HK were found following KA administration.
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Figure 3.9 KA provokes a time dependent increase in hippocampal and circulating 

tryptophan concentrations

One-way ANOVA of (a) hippocampal [F (3, 16) = 7.188, P<0.01] and (b) circulating 

tryptophan [F (3, 15) = 2.76, P<0.05] concentrations showed an effect of KA. Post hoc 

comparisons revealed that KA increased hippocampal and serum tryptophan 

concentrations 4 hours following KA administration when compared to saline treated 

controls. One-way ANOVA of circulating (c) L-KYN and (d) 3-HK were not significant. 

Data are expressed as mean±SEM (n=4-6). *P<0.05; **?<0.01 vs. saline counterparts 

(Dunnetts post hoc test).
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3.2.8 KA provokes seizure related behaviours in a dose dependant manner

KA (2.5, 5 and lOmg/kg) was administered and 24 hours later rats were euthanised. KA 

induced a dose dependent increase in seizure related behaviours in rats. 2.5 mg/kg slightly 

increased seizure behaviour, this response was stronger at a dose of 5 mg/kg but the largest 

increase in seizure behaviour was seen following a dose of 10 mg/kg KA. Wet dog shakes 

were noted in every treatment group, with forelimb clonus, with rearing and falling were 

observed in 1/4 rats in the 5mg/kg group and 3/4 rats in the 10 mg/kg group.
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Figure 3.10 Dose dependent effects of KA on seizure related behaviours

Animals were scored 1 -5 according to what stage they reached on the Racine scale. The 

animals were scored for 1 minute every 10 minutes over a 3 hour observation period 

following KA administration. Repeated measures ANOVA of behaviour scores showed an 

effect of KA [F (2, 9)=  6.31, P<0.01], Time [F (17, 153) = 435, P<0.001], and interaction 

between time and KA [F (34, 153) = 2.77, P<0.001]. Data is expressed as mean ± SEM 

over time. (n=4).
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3.2.9 KA induces hippocampal cell loss in a dose dependent manner

KA (2.5, 5 and lOmg/kg) was administered and 24 hours later rats were euthanised. Counts 

o f viable cells stained with cresyl violet showed a decrease in viable cells in the CAS o f  the 

hippocampus, in rats treated with 10 mg/kg KA, when compared to saline controls. This 

effect was not evident at the lower doses of 2.5 or 5 mg/kg. Cell counts were also 

significantly decreased in the CAl following KA (10 mg/kg) administration when 

compared to saline controls.
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Figure 3.11 Dose related effects of KA on cell loss in the (a) CA3 and (b) CAl of the 

hippocampus

One-way ANOVA showed an effect o f KA in the (a) CAS [F (3, 11) = 4.96, P<0.05] and 

(b) CAl [F (S, 10) = 5.22, P<0.05]. Post hoc comparisons revealed that KA (lOmg/kg) 

reduced cell number in the CAS and CAl when compared to saline treated controls. Data 

are expressed as mean cell count ± SEM (n=S-4). *P<0.05 vs. saline counterparts 

(Dunnetts post hoc test).
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3.2.10 KA provokes a dose dependent increase in hippocampal caspase 3, IFN-y and 

IDO expression.

KA (2.5, 5 and lOmg/kg) was administered and 24 hours later rats were euthanised. KA at 

lOmg/kg, but not 2.5 or 5mg/kg, induced a 2 fold increase in caspase 3, a 5 fold increase in 

IFN-y and 20-25 fold increase in IDO expression, in the hippocampus 24 hours following 

administration when compared to saline treated controls.
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Figure 3.12 KA induces tiippocampal caspase 3̂  IFN-y and IDO expression in a dose 

dependent manner

One-way ANOVA showed an effect o f KA on (a) caspase 3 [F(3, 11)= 24.0, P<0.001], (b) 

IFN-y [F (3, 10) = 12.2, P<0.01], and (c) IDO [F (3, 11) = 24.0, P<0.001] expression. Post 

hoc comparison revealed that KA increased hippocampal expression o f all 3 targets when 

compared to saline treated controls. Data is expressed as mean±SEM (n=3-4). **P<0.01; 

***P<0.001 vs. saline counterparts (Dunnettspost hoc test).
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Table 3.1 Summary of Time course results

Target 4 hour 12 hour 24 hour

Bcl-2 - - -

Caspase 3 - - t

IL-1P t - -

TNF-a t t -

IFN-y - t t

iNOS - - t

IDO - — t

KATII - - 4.

KMO - - t

KYNase - - t

Hipocampal
Tryptophan

t — —

Serum Tryptophan t - -

Serum L-Kynurenine - - -

Serum 3-HK - - -

Table 3.2 Summary of Dose response results

Target 2.5 mg/kg 5 mg/kg 10 mg/kg

Caspase 3 - - T

IFN-y - - t

IDO - - t
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3.3 Discussion

The results o f  the present study detail the time course and dose dependency o f beha\ ioural, 

inflammatory, apoptotic and cell loss changes in the hippocampus, following 

administration o f the excitotoxin KA to rats. Systemic administration o f KA provoked 

seizures and cell loss in the hippocampus, which were accompanied by inflammation and 

apoptosis. More specifically, expression o f IL -ip, TNF-a, IFN-y and iNOS were increased 

in the hippocampus 4, 12 and 24 hours post KA (lOmg/kg) administration respectively, 

compared to saline treated controls. Moreover IDO production, which leads to the 

biosynthesis o f kynurenine and other tryptophan metabolites, was up-regulated following 

KA administration. The increase in IFN-y and IDO expression was accompanied by an 

increase in the expression o f the apoptotic marker caspase 3 and increased DNA 

fragmentation, as determined by TUNEL staining 12 and 24 hours following KA 

administration. A reduction in Cresyl violet staining o f viable hippocampal neurons was 

also evident in the CAS region o f the hippocampus 12 and 24 hours following KA 

administration. As lower doses o f KA (<10mg/kg) did not provoke hippocampal cell loss, 

or changes in inflammatory or apoptotic markers, 24 hours following administration, a 

dose o f lOmg/kg KA, with euthanisation at 24 hours post injection, was employed in all 

subsequent studies on the impact o f novel anti-inflammatory or neuroprotective strategies 

in this animal model o f  excitotoxicity.

Typical KA-induced seizure behaviours were observed in the present investigation in 

accordance with reports from other laboratories (Ben-Ari, 1985; Racine, 1972). A dose o f 

2.5 mg/kg provoked an initial effect with some of the animals reaching stage 2 on the 

Racine scale, and then returning to baseline 60 minutes following KA administration. A 

dose o f 5 mg/kg was sufficient to induce very mild seizure behaviour for a more sustained 

period, with some o f the rats achieving stage 2 behaviours for the duration o f the 3 hour 

observation period, however, this dose was not sufficient to induce stage 4 or 5 behaviour, 

which is the criteria for animals to achieve cell loss and the accompanying inflammatory 

changes (Castillo et al., 2006; Benkovic et al., 2004). Use of the Racine scale to score 

seizure related behaviours is critical, due to the varied response rate obtained following 

KA administration to rats. Typically responders are classified as those rats reaching stage 4 

or 5 on the Racine scale (Castillo et al., 2006; Benkovic et a l,  2004). Some studies have 

reported a response rate as low as 60% following KA administration to rats (Sperk et al., 
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1985) which serve to highlight the importance o f behavioural monitoring. The initial time 

course and dose response experiments carried out in this thesis used the i.p route of 

administration, which resulted in a variable response rate o f 50%-85% (rats reaching stage 

4-5 on the Racine scale) across experiments. In some cases due to the low response rate, 

additional animals were used to increase group sizes. The variability o f the i.p route o f 

injection may be explained by the dose being directly injected into the intestine, from 

where it passes out o f the system. Subsequently, as a direct consequence o f the variability 

obtained with the i.p route, the s.c was tried as an alternative and was found to be 

associated with a 100% response rate following KA (lOmg/kg) administration. The 

improved response rate implies that the subcutaneous route leads to a more consistent 

delivery o f KA to the brain. As KA-induced seizures are causally related to excitotoxin- 

induced cell loss, it is imperative that a consistent response to KA is obtained in any 

experiments which seek to determine the efficacy o f novel anti-inflammatory or 

neuroprotective agents against excitotoxin-induced neuronal injury. The subcutaneous 

route was therefore adopted in all subsequent experiments.

Cresyl violet staining of cellular morphology in the hippocampus is widely employed to 

determine excitotoxin-induced damage in the hippocampus (Heo et al., 2005, Hu et al., 

1998, Liu et al., 2006, Morrison et al., 1996). A decrease in the number o f viable cells in 

the CAS and CAl sub-regions of the hippocampus was obtained following KA 

administration. By contrast, cell numbers in the DG were not significantly altered, 

consistent with reports from other laboratories (Vanoye-Carlo et al., 2007, McLin and 

Steward, 2006), hence it was decided to focus on changes in the CA3 and CAl only, in 

future studies. 24 hours following KA administration, cell loss is prevalent, with 

degeneration o f pyramidal cells and axons evident at this time point (Nadler et al., 1980). 

It was therefore decided that in fiiture studies, tissue would be harvested 24 hours post KA 

administration. In addition to a reduction in the number o f  viable cells in the hippocampus, 

DNA fragmentation was evident following KA administration, determined by a marked 

increase in TUNEL positive staining consistent with previous reports from other 

laboratories (Yoo et al., 2005; Faherty et al., 1999). Such changes were apparent 12 and 24 

hours following KA administration. Staining was not carried out 4 hours following KA 

administration as it was considered to be too early to determine cell loss in this model 

using a light microscope. Nadler et al., (1980) described degenerative changes within one 

hour, however this was following i.c.v administration using an electron microscope.
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KA-induced excitotoxicity has been reported to occur via both apoptotic and necrotic 

mechanisms (Ferrer et al., 1995; Simonian et al., 1996). Necrotic cell death involves 

severe mitochondrial swelling and plasma membrane rupture. However, it is well 

established that cerebral ischemia and status epilepticus produce what has been called 

“ischemic cell change” and “dark cell degeneration” (Brown and Brierley, 1972; Evans et 

al., 1983). Ultrastructurally, these neurons show cellular shrinkage and condensation, 

nuclear pyknosis (shrinkage) with small, irregular chromatin clumps, and swelling o f 

cytoplasmic organelles, including mitochondria and endoplasmic reticulum, all o f  which 

are in vivo evidence o f neuronal necrosis (Colboume et al., 1999; Fujikawa et al., 1999; 

Liu et al., 1999; Portera-Cailliau, 1995, 1997; Sloviter et al., 1996). KA-induced necrosis 

has been shown to occur in a number o f studies (Fujikawa et al., 2000; Nishiyama et al., 

1996; Bennett et al., 1995). Evidence for necrosis in the study presented here is seen 

following cresyl violet staining. The images depicted demonstrate some evidence o f 

nuclear and cellular shrinkage. A robust increase in the apoptotic marker-caspase 3 was 

observed in the hippocampus 12 and 24 hours following KA administration. Taken in 

conjunction with evidence for DNA fragmentation, these results suggest that apoptosis is 

occurring in the hippocampus following KA administration. By contrast expression o f Bcl- 

2, a member o f a family o f  proto-oncogenes which are involved in the regulation o f 

programmed cell death and cell survival (Merry and Korsmeyer, 1997), was not altered in 

the hippocampus following KA administration. These results are consistent with some 

reports (Lopez el al., 1999), where no changes were detected in Bcl-2 expression or protein 

at a number o f time intervals following KA administration to rats. However, others have 

reported that caspase 3 and CPP-32 may play a significant role in the mechanism by which 

neurons die following seizures (Gillardon et al., 1995, Henshall et al., 2002). The results 

presented in this thesis suggest that the death receptor mediated cascade, which directly 

activates caspase 3, rather than the mitochondria mediated cascade, o f  which Bcl-2 is a key 

player, is involved in mediating cell loss following KA administration (Puig and Ferrer, 

2002; Faherty et a l, 1999; Kondratyev and Gale, 2000), However further studies are 

warranted to clarify these mechanisms in the model.

KA induced time-dependent changes (ranging from 2 hours to 15 days post KA) in the 

expression o f pro-inflammatory cytokines in the rat cerebral cortex, thalamus, 

hypothalamus, hippocampus and striatum, which is suggestive o f a role for inflammation 

in KA-induced excitotoxicity and neuronal injury (Eriksson et a l, 2000, Minami et a l.
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1990, Oprica et al., 2003). In the present investigation, hippocampal IL- ip was 

significantly increased 4 hours post KA, but returned to almost basal levels at 12 and 24 

hours. T N F-a mRNA was significantly increased at 4 and 12 hours, but not 24 hours 

following KA administration. IFN-y expression was also increased at both 12 and 24 hours 

following KA administration. Increases in IL- lp have been shown to lead to the 

upregulation o f  NF-kB (Buss et a l, 2004), which increases the transcription o f  other pro- 

inflammatory cytokines, and is probably responsible for the upregulation o f  T N F-a and 

IFN-y at later time-points. Moreover the expression o f  the pro-inflammatory mediator, 

iNOS, was significantly increased 24 hours following KA administration. The expression 

o f  pro-inflammatory cytokines was also determined in the cortex following KA 

administration and a similar pattern o f  expression was obtained to that observed in the 

hippocampus (data not shown). Moreover circulating IFN-y concentrations were 

determined 24 hours following KA administration, however no changes were detected 

(data not shown) indicating that alterations in IFN-y expression at this time are localised to 

the brain. This is in line with a previous study which examined if  a systemic acute phase 

response occurred following central application o f  NMDA, and found that brain injury 

does not elicit an acute phase response (Wilcockson et al., 2002).

As hippocampal IFN-y expression is increased, and IFN-y is known to induce the rate 

limiting enzyme o f the kynurenine pathway, IDO (Carlin et al., 1989), it was opportune to 

determine if hippocampal IDO expression is influenced following KA administration. IDO 

was found to be robustly induced in the hippocampus 24 hours following KA 

administration. Changes to other enzymes associated with kynurenine metabolism were 

less apparent, ahhough increases in the expression o f  KMO and kynureninase and 

reductions in KAT-II were obtained. It is interesting to speculate as to whether such 

changes have any ftinctional impact on the KA-induced excitotoxicity and neuronal cell 

loss. Down-regulation o f the astroglial enzyme KAT II following KA administration may 

reflect a generalised inhibition o f  astrocytes in response to excitotoxicity. By contrast up

regulation o f  the microglial associated KMO and kynureninase suggest that the neurotoxic 

branch o f  the KP is activated. As IDO was induced, concentrations o f  tryptophan were 

determined in the hippocampus to determine if activation o f  the KP may enhance 

tryptophan utilization, leading to a depletion o f tryptophan in this region. However 

hippocampal tryptophan concentrations were found to be elevated 4 hours following KA 

administration with no change observed 24 hours following drug administration to
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correspond with the time at which IDO expression was found to be elevated. Previous 

studies have demonstrated that peak responses o f  cerebral tryptophan to LPS are around 8 

hours, and to IL-1|3 are around 4 hours (Dunn, 1992), thus it is possible that KA-induced 

tryptophan levels peak between 4-8 hours, and return to basal levels by 24 hours post KA. 

Circulating tryptophan concentrations were also found to be elevated at 4 hours, but were 

unchanged 12 and 24 hours, following KA administration. In addition L-KYN and 3-HK  

concentrations were detectable in serum and were unchanged at all time intervals 

following KA administration.

The current data raises the possibility that administration o f  KA results in the induction o f  

the KP, accompanied by increasing concentrations o f  circulating and brain tryptophan. 

Such a combination may lead to enhanced tryptophan metabolism through the KP, 

particularly through the neurotoxic branch o f  the pathway, and the possibility o f  increased 

production o f  the endogenous excitotoxin QUIN, which could fiirther augment KA- 

induced excitotoxic damage. It would be o f  interest to quantify QUIN following KA 

administration in this model to further examine this possibility. Further investigation is 

warranted on the role o f  KP in excitotoxin induced neuronal injury.

IDO is primarily produced by activated macrophages and microglia in the brain (Yadav et 

al., 2007). In neurodegenerative diseases such as AD, increased inflammatory cytokines 

and production o f  AP(M2>, has been shown to lead to the production o f  QUIN from 

macrophages and microglia via the KP (Guillemin and Brew, 2002; Guillemin et al., 

2003). The pathogenesis o f  neurodegenerative disease involves inflammation mediated by 

activated microglia, which respond to brain injury. There exists an ongoing debate as to 

whether microglia play a beneficial role through their ability to phagocytose injured cells- 

or induce detrimental effects through the release o f  pro-inflammatory cytokines and 

reactive oxygen species (Dheen, 2007; Hailer, 2008). In this model, production o f  QUIN  

by microglia would fiarther stimulate hypersensitive glutamate receptors, and contribute to 

neuronal damage through the production o f  ROS. Thus the presence o f  activated microglia 

following KA administration possibly augments the damage, rather than ameliorating it.
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Chapter 2

The potential of anti-inflammatory therapy and KP inhibition 

to reverse KA-induced inflammation, degenerative changes, and 

alterations in tryptophan metabolism in the hippocampus
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4.0 Introduction

Neuronal inflammation has been implicated in both acute and chronic neurodegeneration 

and is characterised by the activation of astrocytes and microglia, which release an array of 

pro-inflammatory cytokines (e.g. IFN-y, IL-ip, TNF-cc and IL-6), chemokines, 

neurotransmitters (e.g. glutamate), and reactive oxygen species (e.g. NO). Such 

inflammatory mediators increase the permeability o f the blood brain barrier (BBB), 

facilitating the infiltration of peripheral immune cells such as monocytes and lymphocytes 

(Simi et ai, 2007). These become activated and release additional inflammatory mediators, 

creating a positive feedback loop, contributing to neuronal damage (Das and Basu, 2008). 

Both pro and anti-inflammatory cytokines are released following experimental ischemia 

and hypoxia, excitotoxicity, and following epileptogenesis in rodents (Del Zoppo et al, 

2000; Barone and Feuerstein, 1999; Flanders el ai, 1998). Increased expression of pro- 

inflammatory cytokines such as TNF-a and IL-ip are detected as early as 1 hour post 

insuh, and prior to neuronal death (Buttini et al., 1994; Liu et al, 1994; Wang el al, 1994). 

Increased expression of cytokines is also found in the cerebrospinal fluid or in post

mortem brains o f patients suffering stroke or brain injury, and the levels o f expression 

often correlate to the amount of tissue damage and recovery rate (Griffin et al, 1994; 

Krupinski et al, 1996).

In vitro studies have shown that some pro-inflammatory cytokines can directly induce cell 

death (Zhao et al, 2001; Reimann-Philipp et al, 2001). Central or peripheral 

administration of pro-inflammatory cytokines such as IL-ip and TNF-a, augments 

excitotoxic and ischemic damage (Yamasaki et al, 1995; Lawrence et al, 1998; McColl et 

al, 2007), whereas administration of anti-inflammatory cytokines such as TGFP, IL-10 

and IL-lra ameliorates this damage (Relton and Rothwell, 1992; Prehn et al, 1993; 

Henrich-Noack et al, 1996; Spera et al, 1998). In rodents, deletion of the genes encoding 

IL -la  and IL-ip reduces ischemic damage by approximately 80% (Boutin et al, 2001), 

whereas deletion of IL-lra exacerbates ischemic damage (Loddick et al, 1997; Pinteaux et 

al, 2006). Inactivation, deletion or inhibition of caspase 1 (which is required to cleave pro- 

IL-ip into its active form) has been shown to inhibit neuronal cell death (Hara et al, 1997; 

Hayashi et al, 2001; Schielke et al, 1998). A similar trend is seen in studies involving the 

manipulation o f endogenous cytokine expression. Inhibition of TNF-a ameliorates 

ischemic and excitotoxic damage in rodents (Barone et al, 1997; Nawashiro et al, 1997;
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Mayne et al, 2001), and over-expression o f IL-lra inhibits ischemic brain damage (Betz et 

ai, 1995; for review see: Allan and Rothwell, 2001). These data indicate that pro- 

inflammatory cytokines contribute to neuronal cell death, and anti-inflammatory cytokines 

are neuroprotective. However, in contrast to this, the pro-inflammatory cytokine, IL-6, 

ameliorates cell death in rodent models o f excitotoxicity and ischemia (Toulmond et ai, 

1992; Loddick et ai, 1998). Further studies by Campbell et al (1993) demonstrated that 

transgenic mice over-expressing IL-6 display marked neurodegeneration, indicating that 

chronic IL-6 is neurotoxic.

Inflammatory cytokines, in particular-IL-ip, have been shown to play a role in the 

pathogenesis o f seizures. Seizure activity increases the expression o f IL -la , IL-1|3, lL-6, 

IL -lra and TNF-a in the brain (Jankowsky and Patterson, 2001). Intracerebral 

administration o f lL-1 enhances KA-induced seizures, and central administration o f IL-lra 

has anticonvulsant properties (Vezzani et al., 1999; Vezzani et ai, 2000). Direct 

application o f KA to discrete brain regions results in seizure activity and cell death in 

remote brain regions that are connected by neuronal projections (Ben-Ari, 1985). It has 

been proposed that cytokines may function to propagate seizure activity signals throughout 

the brain and contribute to neurodegeneration (Vitkovic et al, 2000).

Pro-inflammatory cytokines are involved in the induction o f IDO, the rate limiting enzyme 

o f the KP. IFN-y is predominantly implicated in the induction o f IDO (Schroecksnadel et 

al, 2003; Takikawa et al, 1999; Popov et al, 2006). Two IFN-stimulated response 

elements and IFN-y activated site sequences are located on the 5’-promoter region o f the 

IDO gene (Hassanain e/ al, 1993; Chon et al, 1995; Konan and Taylor, 1996). Individuals 

carrying an allelic variant o f the IFN-y gene have increased levels o f IFN-y and also 

elevated ratios o f plasma kynurenine/tryptophan indicative o f increased IDO activity 

(Raitala et ai, 2005). TNF-a has also been implicated in the induction o f IDO expression. 

O ’Connor and colleagues (2009) demonstrated that TNF-a alone did not induce IDO 

expression in primary microglial cultures, but following co-administration with IFN-y, it 

resuhed in a robust synergistic effect on IDO expression. They also demonstrated that 

inhibition o f TNF-a in vivo attenuates the up-regulation o f IDO in Bacillus Calmette- 

Guerin (BCG) infected, IFN-yR-knockout mice. Thus a role for pro-inflammatory 

cytokines in the induction o f IDO and activation of the KP has been described.
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Alterations in the KP have been implicated in neurodegenerative, immunological and 

seizure disease, as well as cerebral malaria, severe ALS, neonatal asphyxia, and chronic 

inflammatory bowel disease (Stone and Darlington, 2002; Schwarcz and Pellicciari, 2002; 

Medana et ai, 2003; Ilzecka et al, 2003; Ceresoli-Borroni and Schwarcz, 2001; Forrest et 

ai, 2002). QUIN, a KP metabolite, is an agonist of the NMDA receptor subtype containing 

the NR2A and NR2B subunits and is capable of inducing NMDA-related convulsions, 

excitotoxic and cytotoxic damage (Sas et al, 2007; Stone, 2001; Schwarcz and Pellicciari, 

2002) including lipid peroxidation via the production of ROS (Rios and Santamaria, 1991; 

Santamaria et al, 2001). 3-HK has also been shown to have pro-excitotoxic properties as it 

is a free radical generator (Schwarcz and Pellicciari, 2002). A number of studies have 

indicated abnormally high levels o f hydroxyanthranilate-3, 4-dioxygenase in the brain of 

epilepsy-prone El mice-a mutant strain prone to convulsions, thus leading to increased 

levels o f QUIN in this seizure model (Nakano et ai, 1992; Nakagawa et a l, 1995, 1998). 

KYNA is an NMDA receptor antagonist with anti-convulsant properties (Nemeth et al, 

2004; Vecsei et al, 1992) and has been shown to be neuroprotective following KA and 

QUIN administration in animal models of excitotoxicity (Foster et al, 1994). High levels 

o f KYNA are capable of inhibiting glutamate release when administered directly into the 

rat brain, while a reduction in KYNA, induced by the administration of d-amphetamine to 

neonatal rats, enhances vulnerability to excitotoxic damage (Carpenedo et al, 2001; 

Poeggeler t?/fl/., 1998).

Activated microglia are capable of secreting QUIN in vitro, in amounts that easily exceed 

those known to be neurotoxic in vivo after prolonged exposure (Pemberton et al, 1997), 

which could contribute towards KA-induced excitotoxic damage. Behan and Stone (2000) 

examined the hypothesis that QUIN produced from activated microglia plays a key role in 

the excitotoxic damage seen following KA administration. Through the use o f the 

combined KMO and kynureninase inhibitor, mNBA applied directly to the hippocampus of 

anaesthetized rats, they demonstrated that by blocking the production of QUIN, it was 

possible to reduce neuronal damage induced by KA.

Dexamethasone (DEX) is a powerful glucocorticoid and anti-inflammatory drug. DEX has 

been shown to reduce circulating IFN-y following infection with Plasmodium chabaudi in 

mice (Tsutsui and Kamiyama, 1998). It suppresses concanavalin-A (con-A) induced 

lympho-proliferation of IL-2 and IFN-y (Isobe and Lillehoj, 1993) and suppresses sepsis-

104



induced NFkB and TNF-a in rats (Chang et al, 1997). DEX has been shown to inhibit the 

production of mitogen-induced inflammatory mediators in cuhured astrocytes (Schwartz et 

al, 1998; Brenner et al, 1993; Brenner et a i, 1994). Saito and colleagues (1994) 

investigated the role of DEX in the activation of the KP following stimulation with 

pokeweed mitogen in mice. They demonstrated that DEX attenuated mitogen-induced 

brain and lung increases in IDO activity, and elevations in plasma L-KYN levels. DEX 

was also able to reduce the accumulation of cerebral and circulating QUIN in this model 

suggesting that DEX may confer neuroprotection through its suppression of the KP 

associated with neuroinflammation and neurodegeneration. To test if neuroinflammation is 

causally related to acute neurodegeneration in the animal model of hippocampal 

excitotoxicity established in this thesis, the aim of this study was to reduce the 

neuroinflammatory response to KA by pre-treatment with DEX, and to examine the 

resultant effects on hippocampal cell loss.

1 methyl-D, L-tryptophan (1-MT), an analog of tryptophan, is a competitive inhibitor of 

IDO. It has been used widely in humans as an immunotherapeutic drug in rheumatoid 

arthritis, type 1 diabetes and multiple sclerosis (Seo et a l, 2004; Ueno et ah, 2007; 

Kwidzinski et a i, 2005), and is being developed as a vaccine adjuvant and an 

immunotherapeutic agent for combination with chemotherapy (Jia et al., 2007). O’Connor 

et al (2009) examined the use of 1 -MT in mice at a dose of 5mg/kg and reported that it can 

attenuate sickness behaviour in mice, induced by the systemic inflammogen LPS. 1-MT 

blocks human dendritic cell regulatory function in vitro (Munn et al, 2002) and has been 

shown to block IDO mediated immune events such as suppression of antigen-specific 

CD4+ T cells, increasing levels of human chorionic gonadotrpohin in pregnancy to 

increase resistance to autoimmunity and improving severity scores in EAE mice in animal 

models of rheumatoid arthritis, type 1 diabetes and muhiple sclerosis (Seo et al, 2004; 

Ueno et al, 2007; Kwidzinski et al, 2005). O’Connor et al (2009) also demonstrated that 

administration of 1-MT does not significantly alter the expression of the pro-inflammatory 

cytokines, IFN-y, TNF-a and IL-1|3. It does, however suppress LPS-induced IDO 

expression which is coupled with a decrease in the kynurenine/tryptophan ratio in both the 

brain and the periphery. Jia et al, (2007) examined the pharmacokinetics o f 1 methyl-D- 

tryptophan in rats and dogs over a wide range of doses from 12.5-1000 mg/kg and reported 

that a dose of 50mg/kg is well tolerated. An additional aim of the current study was to 

determine the effects of 1-MT in the established model of hippocampal excitotoxicity
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particularly in light o f KA-induced hippocampal I DO expression observed 24 hours 

following KA administration, and to determine the resultant effects o f IDO inhibition on 

cell loss in the hippocampus.

The aims o f  the current study were to determine the effects o f DEX and 1-MT on KA- 

induced neuroinflammation, apoptosis and cell loss in the hippocampus. The results show 

that KA-induced neuro inflammation may be attenuated by prior treatment with DEX, but 

these effects do not affect neuroprotection in the model. By contrast, treatment with 1 -MT 

attenuates KA-induced hippocampal cell loss, but fails to influence neuro inflammatory 

markers, and in some cases enhances KA-induced expression o f inflammatory markers, in 

the KA model.

The null hypothesis o f  the first study carried out here was that 1-MT would have no effect 

on the KP and subsequently, would not protect against hippocampal cell loss. The null 

hypothesis o f  the second study in this chapter was that DEX would have no effect on KA- 

induced inflammation and subsequently would not protect again KA-induced hippocampal 

cell loss.
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4.1 Experimental protocol

Animals were randomly divided into treatment groups and housed individually for one 

week prior to KA administration.

DEX (1 mg/ml) was dissolved in 0.2% (v/v) tween-20 and 0.89% (w/v) saline and 

administered in an injection volume o f  1 ml/kg giving a dose o f  1 mg/kg. It was injected i.p. 

1 hour prior to KA (lOmg/kg, s.c.). Controls received saline and 0.2% (v/v) tween-20 in an 

equivalent volume.

1 methyl-D, L-tryptophan (50mg/ml) was dissolved in 0.89% (w/v) saline with 0.2% (v/v) 

tween 20 and administered in an injection volume o f  2ml/kg giving a dose o f  50mg/kg. It 

was administered i.p. 16 and 1 hour prior to and 30 minutes following KA (lOmg/kg, s.c.) 

administration. Controls received saline and 0.2% (v/v) tween-20 in an equivalent volume.

Seizure behaviour was monitored for 3 hours following KA administration as previously 

described and animals were euthanised 24 hours after KA administration.
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4.2 Results

4.2.1 Pre-treatment with DEX does not alter KA-induced seizure behaviour

DEX (1 mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. KA induced an increase in seizure behaviour according to the Racine 

scale, which was not affected following pre-treatment with DEX. Wet dog shakes were 

observed in both groups. Forelimb clonus with rearing, and falling was observed in both 

groups.

5-1

^  4-

(Q O
3-<]) o

c  
o
(Q
q:
^  2-  a>
1-  
o o 
(0

1 -

0-1----------1--------- i----------1--------- 1----------1---------1----------1---------1--------- 1 -
0 20 40 60 80 100 120 140 160 180

Time (minutes)

Figure 4.1: KA-induced seizure behaviour is not affected by pre-treatment with DEX

Animals were scored 1 -5 according to what stage they reached on the Racine scale for 1 

minute every 10 minutes over a 3 hour observation period following KA administration. 

Repeated measures ANOVA of behaviour scores showed an effect of time [F (17, 187) = 

11.77, P<0.001] and an interaction between DEX and time [F (17, 187) = 2.92, P<0.001]. 

Pre-treatment with DEX did not significantly alter KA-induced seizure behaviour. Data is 

expressed as mean ± SEM over time. (n=6-7).
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4,2.2 Pre-treatment with DEX fails to attenuate KA-induced hippocampal cell loss

DEX (1 mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later, rats 

were euthanised. Counts o f viable cells revealed a reduction in the number o f viable cells 

in KA treated rats in the CAS and CAl of the hippocampus when compared to saline 

treated controls. Prior treatment with DEX did not affect the KA-induced reduction in 

viable cells.
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Figure 4.2 KA-induced hippocampal cell loss in the CA3 and CAl is not attenuated by prior 

treatment with DEX

Two-way ANOVA showed an effect o f KA on cell number in the (a) CA3 [F (1, 20) = 

43.7, P<0.001], (b) CAl [F (1, 20) = 27.17, P<0.001] and a DEX effect in the CAl [F (1, 

20) = 4.96, P<0.05] 24 hours following KA administration. No interaction effect was seen 

in either the CA3 or CAl. Post hoc comparisons revealed that KA provoked a significant 

reduction in cell number in the CA3 when compared to saline treated controls. 

Administration o f DEX alone significantly increased cell count in the CAl. Data is 

expressed as mean±SEM (n=4-7). *P<0.05 vs. saline counterparts, **P<0.01 vs. saline 

counterparts (Neuman-Keuls post hoc test).
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4.2.3 Pre-treatment with DEX has no effect on KA-induced DNA fragmentation in 

the CA3 and CAl

DEX (1 mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later, rats 

were euthanised. TUNEL staining o f  hippocampal slices following KA administration 

resulted in an increased number o f  TUNEL positive cells in the (i) CA3 and (ii) CAl 

indicating an increase in DNA fragmentation. KA-induced TUNEL staining was not 

affected by pre-treatment with DEX.

(i) CA3 of the hippocampus



(ii) C A l of the hippocampus

B

Figure 4.3 KA-induced DNA fragmentation in the CA3 and CAl is not ameliorated 

by pre-treatment with DEX.

TUNEL staining o f the (i) CA3 and (ii) CAl where green indicates TUNEL positive 

staining and blue is a Hoechst dye to indicate co-localisation o f DNA fragmentation with 

hippocampal cells. (A) Saline treated (B) DEX and saline (C) KA induces DNA 

fragmentation as indicated by TUNEL positive staining, which is (D) not ameliorated by 

pre-treatment with DEX. (20X magnification)
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Quantification o f TUNEL staining intensity in hippocampal slices, shows an increase in 

staining intensity, indicating DNA fragmentation in the (a) CAS and (b) CAl following 

KA administration. The increase in TUNEL staining following KA administration was not 

ameliorated by pre-treatment with DEX. However, DEX alone induced an increase in 

DNA fragmentation in the C A l.
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Figure 4.4 KA-induced DNA fragmentation is not affected by pre-treatment with 

DEX

Two-way ANOVA o f mean TUNEL intensity showed (a) an effect o f KA in the CAS [F 

(1, 2S) = 12.87, P<0.01] and (b) an effect o f KA [F (1, 19) = IS.34, P<0.01] and an 

interaction between DEX and KA [F (l, 19) = 7.4S, P<0.05] in the CAl. No effect o f DEX 

alone was seen in either the CAS or CAl. Post hoc comparisons revealed that TUNEL 

intensity was increased in the CAS and CAl following KA administration, when compared 

to saline treated controls. DEX alone also increased TUNEL intensity in the CAl when 

compared to saline treated controls. Data is expressed as mean±SEM (n=4-7). *?<0.05; 

**?<0.01 vs. saline counterparts (Neuman-Keuls post hoc test).
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4.2.4 Pre-treatment with DEX attenuates KA-induced caspase-3 expression in the 

hippocampus

DEX (1 mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. KA induced a 10-fold increase in hippocampal caspase 3 expression, 

which was attenuated by prior treatment with DEX.
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Figure 4.5 KA-induced hippocampal caspase-3 expression is attenuated by pre

treatment with DEX

Two-way ANOVA o f fold change in expression showed an interaction between KA and 

DEX [F ( l, 20)=  5.1, P<0.05], a DEX effect [F (1, 20)= 6.94, P<0.05] and a KA effect [F 

(1, 20) = 50.74, P<0.001]. Post hoc comparisons revealed that KA increased caspase 3 

expression, when compared to saline treated controls. DEX attenuated the KA-induced 

increase in caspase-3 expression when compared to KA treatment alone. Data is expressed 

as mean ± SEM (n=4-7). **?<0.01 vs. saline counterparts, ^^P<0.01 vs. KA counterparts 

(Neuman-Keuls post hoc test).
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4.2.5 Pre-treatment with DEX attenuates KA-induced hippocampal IFN-y, CD-I lb  

and IDO expression.

DEX (1 mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. KA induced a 3, 4 and 15-fold increase in hippocampal (a) IFN-y, (b) 

CD-I lb  and (c) IDO expression respectively, when compared to saline counterparts. These 

increases were attenuated following pre-treatment with DEX.
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Figure 4.6 KA-induced hippocampal IFN-y, CD-I lb  and IDO expression is 

attenuated following pre-treatment with DEX

Two-way ANOVA revealed (a) an effect o f KA [F (1, 16) = 21.1, P<0.001] and a DEX 

effect [F(l ,  16) = 6.49, P<0.05] on IFN-y expression (b) an effect o f KA [F( l ,  20) = 59.85, 

P<0.001] and a DEX effect [F (1, 20) = 7.3, ?<0.05] on CDl lb  expression and (c) an 

effect o f KA [F (1, 15)= 5.18, P<0.05], a DEX effect [F( l ,  15)= 8.28, P<0.05], and an 

interaction effect in IDO expression [F(l ,  15)= 30.28, P<0.001]. No interaction effect was 

seen in IFN-y or CDl lb  expression. Posf hoc comparisons revealed that KA increased 

IFN-y, CD-I lb  and IDO expression when compared to saline treated controls. DEX 

attenuated the KA-induced increase in IFN-y, IDO and CDl lb  expression, when compared 

to KA treatment alone. Data is expressed as mean±SEM (n=4-8). **P<0.01; *** P < 0.001 

vs. saline counterparts, "^P<0.05; ’̂ '^P<0.01 vs. KA counterparts (Neuman-Keuls post hoc 

test).
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4.2.6 Pre-treatment with DEX has no effect on KA-induced tryptophan, and KP 

metabolites in the hippocampus and serum, following KA administration.

DEX (1 mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. KA did not significantly increase (a) hippocampal tryptophan 

concentrations following pre-treatment with DEX, although a trend towards an increase 

was apparent. KP metabolites were not detectable in the hippocampus. There were no 

changes in (b) circulating tryptophan following DEX or KA treatments alone or in 

combination. KA had no effect on circulating (c) L-KYN, (d) 3-HK and (e) KYNA.
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Figure 4.7 No significant changes were seen in hippocampal tryptophan 

concentrations, circulating tryptophan and KP metabolites.

Two-way ANOVA of (a) hippocampal tryptophan concentrations showed an effect of KA 

only [F (1, 11) = 6.87, P<0.05], (b) circulating tryptophan concentrations showed no 

significant KA, DEX or interaction effect, (c) L-KYN demonstrated a KA effect only [F 

(1, 16)= 5.5, P<0.05], d) 3-HK revealed a DEX effect only [F (l, 15)= 8.8, P<0.01], and 

(e) KYNA showed no significant KA, DEX or interaction effect. Data is expressed as 

mean±SEM (n=4-8). (Neuman-Keuls post hoc lest).
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4.2.7 Pre-treatment with 1-MT does not alter KA-induced seizure behaviour

Animals received 1-MT 16 and 1 hour prior to, and 30 minutes following KA 

administration, and rats were euthanized 24 hours later. KA induced an increase in seizure 

behaviour according to the Racine scale, which was not affected following pre-treatment 

with 1-MT. Wet dog shakes were experienced by both groups. Forelimb clonus, with 

rearing was experienced by both groups. Rearing and falling and generalised seizures were 

not experienced by either group. This may be due to the variability o f the behavioural 

response and all groups experienced stage 4 behaviours, which meets the inclusion criteria.
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Figure 4.8 KA-induced seizures are not affected by pre-treatment with 1-MT

Animals were scored 1-5 according to what stage they were in using the Racine scale, for 1 

minute every 10 minutes over a 3 hour observation period, following KA administration. 

Repeated measures ANOVA of behaviour scores showed an effect of time [F (17, 204) = 

6.36, P<0.001]. No interaction between time and IMT, or IMT alone was seen. Pre

treatment with 1-MT did not significantly alter KA-induced seizure behaviour. Data is 

expressed as mean ± SEM over time. (n=7).
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4.2.8 Pre-treatment with 1-MT attenuates KA-induced hippocampal cell loss

Animals received 1-MT 16 and 1 hour prior and 30 minutes following KA administration 

and rats were euthanized 24 hours later. Counts of viable cells revealed a reduction in the 

number o f viable cells in KA treated rats in the CA3 and CAl when compared to saline 

treated controls. Prior treatment with 1 -MT attenuated the KA-induced reduction in viable 

cells.
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Figure 4.9 KA-induced hippocampal cell loss is attenuated by treatment with 1-MT

A two-way ANOVA showed an effect o f KA, and interaction effect on cell number in the 

(a) CA3 [F ( l, 16)= 25.02, P<0.001], [F (l, 16)= 13.07, P<0.01] and (b) CAl [F ( l, 17) = 

9.61, P<0.01], [F (1, 17) = 13.42, P<0.01] respectively 24 hours following KA 

administration. No effect o f 1-MT alone was seen in either the CA3 or the CA l. Post hoc 

comparisons revealed that KA provoked a significant reduction in cell number in the CA3 

and CAl when compared to saline treated controls. Pre-treatment with 1 MT attenuated 

this reduction in cell count. Data is expressed as mean±SEM (n=4-7). **P<0.001 vs. saline 

counterparts, "^P<0.05; ^^P<0.01 vs. KA counterparts (Neuman-Keuls post hoc test).
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4.2.9 Pre-treatment with 1-MT attenuates KA-induced DNA fragmentation in the 

hippocampus

Animals received 1-MT 16 and 1 hour prior and 30 minutes following KA administration 

and rats were euthanized 24 hours later. TUNEL staining o f  hippocampal slices following 

KA administration resulted in an increased number o f  TUNEL positive cells in the (i) CA3 

and (ii) CA l-indicating an increase in DNA fragmentation. This effect was attenuated by 

pre-treatment with 1 -MT.

(i) CA3 of the hippocampus



(ii) C A l of the hippocampus

Figure 4.10: KA-induced DNA fragmentation in the CA3 and CAl is attenuated by 

pre-treatment with 1-lVIT.

TUNEL staining o f the (i) CAS and (ii) CAl where green indicates TUNEL positive 

staining and blue is a Hoechst dye to indicate co-localisation of DNA fragmentation with 

hippocampal cells. (A) Saline treated (B) 1-MT and saline (C) KA induces DNA 

fragmentation as indicated by TUNEL positive staining, which is (D) attenuated by pre

treatment with 1 -MT (20X magnification)
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Quantification o f TUNEL staining intensity in hippocampal slices shows an increase in 

staining intensity indicating DNA fragmentation in the (a) CA3 and (b) CAl following KA 

administration. The increase in TUNEL staining in the CAS following KA administration, 

was attenuated by pre-treatment with 1 -MT.
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Figure 4.11: KA provokes an increase in TUNEL intensity in the (a) CA3 and (b) 

CAl of the hippocampus, which is attenuated in the CA3 by treatment with 1-MT.

Two-way ANOVA o f mean TUNEL intensity showed (a) an interaction effect only, 

between 1-MT and KA [F (1, 16) = 4.79, ?<0.05] in the CAS and (b) a KA effect only [F 

(1, 15) = 7.S6, P<0.05] in the CA l, 24 hours following KA administration. Post hoc 

comparisons revealed that TUNEL intensity was increased in the CAS and CAl following 

KA administration when compared to saline treated controls. Pre-treatment with 1-MT 

attenuates KA-induced DNA fragmentation in the CAS, however this failed to achieve 

statistical significance in the CAl. Data is expressed as mean±SEM (n=4-7). *?<0.05 vs. 

saline counterparts, ’̂ P<0.05 vs. KA counterparts (Neuman-Keuls post hoc test).
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4,2.10 Pre-treatment with 1-MT potentiates KA -induced caspase 3 expression

Animals received 1-MT 16 and 1 hour prior, and 30 minutes following KA administration, 

and rats were euthanised 24 hours later. KA induced a 2-fold increase in hippocampal 

caspase 3 expression, which was potentiated by pre-treatment with 1 -MT.
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Figure 4.12: KA-induced hippocampal caspase 3 expression is augmented following 

pre-treatment with 1-MT

Two-way ANOVA of caspase-3 expression showed an effect o f KA [F (1, 20) = 20.47, 

P<0.001], and a trend towards an interaction [F (1, 20) = 4.01, P<0.059]. No effect o f 1- 

MT alone was seen. Post hoc comparisons revealed that hippocampal caspase-3 expression 

was increased following KA administration when compared to saline treated controls. 1- 

MT ftirther enhanced KA-induced caspase-3 expression when compared to KA treatment 

alone. Data is expressed as mean±SEM (n=4-7). *P<0.05; vs. saline counterparts, ^?<0.05 

vs. KA counterparts (Neuman-Keuls post hoc test).
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4.2.11 Pre-treatment with 1-MT influences KA-induced IFN-y and IDO expression in 

the hippocampus

Animals received 1-MT 16 and 1 hour prior and 30 minutes following KA administration, 

and rats were euthanised 24 hours later. KA induced an 8 and 15-fold increase in 

hippocampal IFN-y and IDO expression respectively. The KA-related induction IDO was 

potentiated by pre-treatment with 1-MT. A similar trend was seen in IFN-y expression, 

however this failed to achieve statistical significance.
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Figure 4.13: KA-induced hippocampal IFN-y and IDO expression is augmented 

following pre-treatment with 1-MT

Two-way ANOVA o f (a) IFN-y expression showed an effect o f KA only [F (1, 17) = 

13.64, P<0.001]. No effects o f 1-MT alone or in combination with KA, were seen. 

Hippocampal IFN-y expression was increased following KA administration when 

compared to saline treated controls, an effect which was augmented by pre-treatment with 

1-MT, however this result failed to achieve statistical significance, (b) a two-way ANOVA 

of IDO expression revealed a KA effect, a 1-MT effect and an interaction effect between 

KA and 1-MT [F (1, 17) = 53.44, P<0.001], [F (1, 17) = 6.06, P<0.05], [F (1, 17) = 6.51, 

P<0.05]. Post hoc comparisons revealed that hippocampal IDO expression was increased 

following KA administration when compared to saline treated controls. 1-MT augmented 

KA-induced IDO activity when compared to KA treatment alone. Data is expressed as 

mean±SEM (n=4-7). **P<0.01 vs. saline counterparts, ’̂ ’̂ P<0.01 vs. KA counterparts 

(Neuman-Keuls post hoc test).
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4.2.12 Pre-treatment with 1-MT does not affect KA-induced changes in tryptophan 

and KP metabolites in the hippocampus and serum, following KA 

administration.

Animals received 1-MT 16 and 1 hour prior and 30 minutes following KA administration 

and rats were euthanised 24 hours later. KA did not influence (a) hippocampal tryptophan 

concentrations alone or following pre-treatment with 1-MT. KP metabolites were not 

detectable in the hippocampus. Neither 1-MT nor KA alone or in combination significantly 

influenced circulating concentrations o f (b) tryptophan (c) L-KYN and (d) 3-HK and (e) 

KYNA.
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Figure 4.14: KA-induced changes in hippocampal tryptophan concentrations, 

circulating tryptophan and KP metabolites, are unchanged following pre-treatment 

with 1-MT

Two-way ANOVA o f each o f the analyte concentrations revealed no changes in (a) 

hippocampal tryptophan concentrations (b) serum tryptophan (c) serum L-KYN and (d) 

serum 3-HK and (e) serum KYNA. Data is expressed as mean±SEM (n=4-7).
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Table 4.1 Summary of DEX results

Target DEX and Vehicle KA and Vehicle DEX and KA

Hippocampal cell loss CAS - -

Hippocampal cell loss CA1 - -

DNA fragmentation CAS - t -

DNA fragmentation CA1 t t -

Caspase S - t
IFN-y - t i

CD11b - t
IDO - t
Hipocampal Tryptophan - - -

Serum Tryptophan - - -

Serum L-Kynurenine - - -

Serum 3-HK - - -

KYNA - - -

Table 4.2 Summary table 1-MT results

Target 1 MT and Vehicle KA and Vehicle 1 MT and KA

Hippocampal cell loss CAS - T
Hippocampal cell loss CA1 - ; t
DNA fragmentation CAS - t i

DNA fragmentation CA1 - t
Caspase S - t t
IFN-y - t -

IDO - t t
Hipocampal Tryptophan - - -

Serum Tryptophan - - -

Serum L-Kynurenine - - -

Serum S-HK - - -

KYNA - - -

Summary o f  results where ( - )  indicates no significant change relative to either Vehicle or 

K A  and Vehicle controls, where appropriate, and (t/Nl) indicates an increase/decrease 

relative to either Vehicle or KA  and Vehicle controls, where appropriate.
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Discussion

The current study determined if pre-treatment with DEX would elicit neuroprotective 

effects in the KA model of hippocampal excitotoxicity. In a similar manner to the previous 

study all animals receiving KA showed seizures and related stereotyped behaviours within 

3 hours. Expression of IFN-y, CDl lb and IDO were increased in the hippocampus 24 

hours following KA administration. The increase in the inflammatory markers was 

accompanied by an increase in expression of the apoptotic marker caspase 3, increase in 

TUNEL staining and a reduction in Cresyl violet staining of viable hippocampal cells, 24 

hours post challenge. Pre-treatment with DEX significantly attenuated KA-induced 

increase in hippocampal IFN-y, CDl lb, IDO and caspase 3 expression, but failed to 

influence KA-induced seizxires, increased TUNEL staining or hippocampal cell loss. 

Increased hippocampal tryptophan and circulating L-KYN and 3-HK concentrations were 

obtained following DEX treatment in combination with KA but not following either 

treatment alone. By contrast, pre-treatment with the IDO inhibitor 1-MT significantly 

enhanced KA-induced increase in hippocampal CDl lb, IDO and caspase 3 expression, but 

failed to influence KA-induced seizures, and attenuated increased TUNEL staining and 

cell loss in the CA3 and CAl subfields. No significant changes in hippocampal tryptophan 

or circulating tryptophan or KP metabolites were obtained following 1-MT treatment alone 

or in combination with KA.

Pre-treatment with DEX did not affect KA-induced seizure behaviours. Initially, KA 

treated rats pre-treated with DEX displayed greater stage 2 and 3 behaviours for the first 90 

minutes, after this time point there was no discernible difference in stage 4 or 5 behaviours. 

A previous investigation reported that KA-induced WDS and seizure activity was 

potentiated by glucocorticoids, and attenuated in adrenalectomised rats, suggesting that 

seizure behaviour is regulated by glucocorticoids (Lee et al, 1989). Conversely, it was 

reported that seizures induced by 4-aminopyridine (a pyridine derivative which chemically 

induces seizures in rodents) were symptomatically ameliorated by DEX (Fazekas et al, 

2006). The results presented here are consistent with the observations of Lee et al, (1989) 

as there was a distinct increase in WDS behaviour (stage 2) following pre-treatment with 

DEX.
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Pre-treatment with DEX did not afford protection against KA-induced hippocampal cell 

loss. In vitro studies o f primary hippocampal cultures have previously demonstrated that 

DEX potentiates KA-induced neurotoxicity (Semba et al, 1996). By contrast, Felszeghy 

and colleagues (2004) reported that DEX decreases CXCR4 receptor density in the 

penumbra, a protein involved in the regulation of apoptosis, and reduces astrogliosis 

following hypoxia/ischaemia in rat neonates, and proposed that DEX can afford protection 

in models o f acute neurodegeneration. DEX has also been shown by a number of studies to 

induce apoptosis in its own right (Yan et al, 2006; Laane et al, 2007; Tazik et al, 2009). 

Such effects were also observed in the current investigation as demonstrated by increased 

TUNEL staining in the CA3 and CAl following DEX administration. Despite this 

induction of DNA fragmentation by DEX alone, it did not potentiate the KA-induced 

increase in DNA fragmentation. However KA-induced caspase 3 expression was 

significantly suppressed following pre-treatment with DEX. Similar results were obtained 

in neonatal rats by Wang and colleagues (2005), following administration of LPS, where 

treatment with DEX resulted in an inhibition of caspase 3 expression in the neonatal brain. 

DEX-induced apoptosis has been shown to involve early activation of caspase 3 in vitro 

(Laane et al, 2007) and the current study reports that KA-induced caspase 3 expression is 

amenable to suppression by DEX. It has been reported that glucocorticoid-induced cell 

death occurs downstream from gene regulation, involving execution caspases and 

proteosome complex activation (Distelhorst, 2002). DEX-mediated cell death is associated 

with repression of survival factors such as AP-1, c-myc and NFkB (Baker et al, 1996). 

Such mechanisms may account for an increase in DNA fragmentation, despite the 

reduction in caspase 3 expression.

DEX is potent inhibitor of gene transcription of a wide array of inflammatory cytokines, 

including a reduction in pro-inflammatory cytokine signal transduction and gene 

expression (Nadeau and Rivest, 2003; Mckay and Cidlowski, 1999). DEX has also been 

shown to inhibit microglial activation (Herber et a l, 2007) through the activation o f the 

glucocorticoid receptor in these cells (Sierra et a i, 2008). In a pilot investigation the 

effects of microglial inhibitor, minocycline as a novel anti-inflammatory and putative 

neuroprotectant, were determined in the KA model. Many studies have previously reported 

neuroprotective and anti-inflammatory actions o f minocycline (Chen et al, 2000; Du et al, 

2001; Wells et al, 2003; Diguet et al, 2004; Hunter et al, 2004; Metz et al, 2004; Yong 

et a l, 2004). Minocycline has been shown to have anti-apoptotic properties and to be
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neuroprotective in NMDA-mediated excitotoxicity in vitro (Wang et a l, 2004; Tikka and 

Koistinaho, 2001) and in vivo (Gagliardi, 2000). In this pilot study, minocycline was 

administered at a dose o f 45 mg/kg given 16 hours and 1 hour pre-KA challenge, and 30 

minutes post KA in accordance with previous studies in the literature (Yenari et al., 2006; 

Kim et al., 2009; Yrjanheikki et a l, 1999). Minocycline however had no effect on KA- 

induced changes including C D llb , the marker o f microglial activation. For this reason it 

was decided to test DEX, a more potent anti-inflammatory agent, to investigate the role o f  

inflammation in the KA model o f excitotoxicity and hippocampal cell loss.

DEX suppressed KA-induced IFN-y, CD-I lb and IDO expression in the hippocampus. 

Due to the fact that IFN-y is such a potent inducer o f IDO expression (Schroecksnadel et 

al., 2003; Takikawa et al., 1999; Popov et al., 2006), the reduction in IFN-y expression 

may well be a contributing factor in the suppression of IDO. It has been previously 

reported that administration o f DEX resulted in an attenuation o f IDO in both the brain and 

lungs o f mice, following systemic pokeweed mitogen administration (Saito et al., 1994). 

Elevated expression o f the microglial activation m arker-CD llb following KA 

administration was suppressed by pre-treatment with DEX, indicating a plausible link 

between microglial activation and the enhanced expression o f IFN-y in this model. The 

inhibition o f microglia by DEX is likely to have a knock-on effect reducing IFN-y 

expression, which in turn suppresses the induction o f IDO. In order to test this theory, 

protein concentrations o f both IDO and IFN-y would need to be examined, as it was not 

possible to measure the proteins o f interest here, further work is required to clarify the 

proposed mechanism.

Pre-treatment with DEX does not alter hippocampal or circulating levels o f tryptophan. In 

clinical studies, administration o f DEX to healthy volunteers has been reported to result in 

a decrease in plasma levels o f L-tryptophan (Maes et al., 1990). It is possible that in this 

study, akerations in serum tryptophan may have occurred at an earlier time point-as was 

demonstrated in the time course study. Circulating L-KYN concentrations displayed a 

trend towards being increased when DEX was administered with KA only. DEX was 

previously shown to increase plasma levels o f L-KYN following systemic pokeweed 

mitogen administration to mice (Saito et al., 1994). To account for these changes it is not 

unreasonable to suggest that tryptophan concentrations were elevated at an earlier time 

point, thus leading to an increase in the production o f KP metabolites and the generation o f
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L-KYN, 3 HK and KYNA in the serum 24 hours following KA administration. It would be 

o f interest to investigate these markers at an earlier time point to clarify the temporal 

nature o f these changes. Alternatively, another possibility is that the tryptophan levels 

determined here represent total tryptophan and do not reflect changes which may be 

occurring in free unbound tryptophan. Total tryptophan levels include albumin-bound 

tryptophan and free tryptophan levels, therefore assessment of the effective circulating 

concentration o f tryptophan requires the determination o f non-protein-bound tryptophan 

(Walser and Hill, 1993). Previous studies have reported no significant changes in total 

tryptophan but a significant change in free tryptophan following forced exercise in rats 

(Chaouloff et a l, 1985, 1986). By contrast, combined treatment o f DEX with KA 

increased hippocampal tryptophan concentrations. Inhibition o f KA-induced IDO by DEX 

may account for the build up o f tryptophan concentrations in the hippocampus. A similar 

result was obtained in cortical tissue (data not shown).

In the current study 1-MT did not influence KA-induced seizure behaviour, with a similar 

behavioural profile observed with or without 1-MT. By contrast to DEX, 1-MT attenuated 

KA-induced hippocampal cell loss in the CA3 and CAl. A similar result was reported by 

Behan et a l, (2000) following the administration o f the KMO and kynureninase inhibitor 

mNBA. 1-MT also protects against KA-induced DNA fragmentation in the CA3 and CAl. 

However, 1-MT augmented KA-induced caspase 3 mRNA in the hippocampus. It is 

possible that 1-MT induced protection against cell death occurs downstream from gene 

regulation, in a manner opposite to that o f DEX described by Distelhorst (2002). It is also 

possible that changes in mRNA expression do not translate into the activated protein. Such 

mechanisms may account for an decrease in DNA fragmentation, despite the increase in 

caspase 3 expression.

KA-induced IFN-y and IDO expression were significantly enhanced following pre

treatment with 1-MT. By contrast O’Connor et al (2009) investigated the use o f 1-MT 

following LPS challenge, and reported no change in cytokine profile following 1-MT 

administration. As 1-MT is regarded as a competitive inhibitor of IDO enzymatic activity, 

it may not directly influence the expression o f IDO. However, it is possible that 

compensatory actions subsequent to KP inhibition and a fall in the levels o f kynurenine 

and its catabolites could result in the upregulation o f IDO. IFN-y may be a part o f this 

counter regulatory circuit accounting for the up-regulation of KA-induced IDO expression
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following 1-MT administration. However, the findings of O’Connor and colleagues (2009) 

indicate a suppression of IDO expression following 1-MT administration. The study 

presented here differs from their work in respect of the route of administration, dose and 

species. They employed the use of slow release pellets, designed to release 5 mg/day of the 

drug over 21 days, in 10-14 week old male ICR mice which could account for the 

differences in outcome between both studies. Determination of IDO protein would further 

help to verify the mechanisms proposed and the role of IDO in excitotoxin-induced 

hippocampal injury.

Trends towards an increase in circulating L-KYN and KYNA concentrations were 

observed following 1-MT administration without any significant effect on circulating or 

hippocampal tryptophan concentrations. As described earlier, determination of total 

tryptophan as opposed to free circulating tryptophan may lack the sensitivity required to 

detect changes to IDO activity.

There is a discrepancy in the literature, regarding the activity of the enantiomers of 1-MT, 

D and L 1-MT, which differ significantly in their effects on recombinant IDO activity in 

vitro (Peterson et a i, 1994). The racemic version (D, L 1-MT) has been utilised in a 

number of murine studies (O’Connor et a i, 2009; Szanto et al., 2007). Lob and colleagues 

(2008) performed studies on the affinity of D and L 1-MT for IDO and the newly 

identified-ID02-which is a novel tryptophan catabolising enzyme. 1D02 is potently 

inhibited by D-l-MT but is unaffected by L-l-MT. L-l-MT is specific for IDOl (the 

natural form of IDO) (Metz et al., 2007). Jia and co-workers (2007) reported the presence 

and inhibition of ID02 in the rat brain following systemic administration of D-l-MT at a 

dose of 50 mg/kg. Thus the D isoform may produce results of greater significance in fiiture 

studies than those observed with the racemate in the current study.

When taken together the experiments with DEX and 1-MT do not provide evidence in 

support of a neuroinflammatory basis for the acute neurodegeneration in the model yet 

provide some support for a role of the KP in mediating KA-induced hippocampal cell loss. 

Indirect inhibition of the KP, using DEX to inhibit pro-inflammatory cytokine production 

and induction of the KP, did not resuh in aherations in KA-induced cell loss or DNA 

fragmentation. DEX did however attenuate changes in the expression of inflammatory and 

apoptotic markers including IFN-y, IDO, CDl lb  and caspase 3. Despite the suppression of
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IFN-y and IDO, and the subsequent alterations to metabolites o f the KP, pre-treatment with 

DEX did not confer neuroprotection in the KA model o f excitotoxicity. Whilst 

inflammatory related changes may contribute to apoptosis, the data suggest that microglial 

activation and IFN-y expression do not account for KA-induced neuronal loss, and 

therefore, alternative mechanisms such as necrosis are likely to account for the 

neurodegeneration observed. By contrast, direct inhibition o f the KP, using the competitive 

inhibitor o f IDO, 1-MT, offered some protection against KA-induced cell loss and DNA 

fragmentation. It is clear that by ameliorating KA-induced apoptosis, it confers 

neuroprotection in this model o f  excitotoxicity. Despite these protective changes, I-MT 

was not successful in suppressing IDO expression or significantly altering any o f the KP 

metabolites. Further assessment o f the role o f the KP in the KA-induced model 

hippocampal neurodegeneration is warranted particularly with earlier and later time points 

following KA administration to clarify the role o f KP metabolites in the neuroprotective 

properties o f 1-MT in the model.
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Chapter 3

Noradrenergic modulation as a strategy to influence KA- 

induced inflammatory and degenerative changes in the

hippocampus
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5.0 Introduction

It was postulated in this thesis that inflammation plays a key role in KA-induced 

hippocampal damage. However, the potent anti-inflammatory DEX was not found to be 

protective against neuronal loss in this model o f  hippocampal excitotoxicity, despite 

showing robust anti-inflammatory activity. By contrast, 1-MT was shown to be 

neuroprotective, despite enhancing KA-induction o f  pro-inflammatory markers in the 

hippocampus. A third and final strategy to determine innate linkages between 

inflammation and neurodegenerative processes in the KA model o f  hippocampal 

excitotoxicty examines the modulatory role o f  endogenous NA. The rationale for choosing  

N A  as an endogenous target is provided below.

5.1 NA has innate anti-inflammatory and neuroprotective properties

The role o f  N A  in the diseased brain has been a point o f  interest since it w as first 

implicated in the pathogenesis o f  depression in the 1950s. Current literature supports the 

theory that a deficiency in N A  originating from the LC, is involved in the pathogenesis o f  

neurodegenerative disorders such as PD and AD (for review see; Marien et a l ,  2004), and 

that raising endogenous concentrations o fN A  can have neuroprotective effects. A  review  

o f  the evidence in support o f  such a role for N A  is provided below.

A number o f  in vitro studies have demonstrated that N A  can suppress the production o f  

pro-inflammatory cytokines in astrocytes and microglia following p2 adrenoceptor 

activation, and subsequent increases in cAMP signalling (Feinstein et a l ,  1993; Nakamura 

et al., 1998; Mori et al., 2002; Dello Russo et al., 2004). Direct application o fN A  to mixed 

glial cells induces the production o f  IL-lra and IL-IRII, which negatively regulate the 

production o f  the pro-inflammatory cytokine IL -ip  (McNamee et a i ,  2009). Furthermore, 

in vitro  application o f  IL-lra suppresses IL-l|3-induced T N F-a and iNOS production in 

astrocytes (Liu et al., 1996). Co-administration o f N A  and LPS to microglia results in an 

inhibition o f  IL- lp production and reduces the ability o f  conditioned media to induce 

iNOS expression and cell death (Madrigal et a i ,  2005). Moreover, N A  and/or cAM P have 

been shown to reduce oxidative stress-dependent damage in vitro. Levels o f  GSH were 

used as a marker o f  oxidative stress, and dihydrorhodamine 123, a fluorescent indicator.
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was also employed to determine ROS production in vitro. Spontaneous neuronal loss is 

reduced by low levels o f  NA in primary mesencephalic dopaminergic neuronal cultures 

(Troadec et ai ,  2001). cAMP reduces the spontaneous loss o f neurons, in primary mixed 

cultures o f  dopaminergic neurons and glial cells (Mourlevat et ai ,  2003). In primary septal 

cholinergic neurons, NA administration reduces neuronal death induced by culture 

conditions which lead to low-level oxidative stress (Traver et al ,  2005),

In vivo depletion o f  NA was found to exacerbate cortical inflammatory responses to 

amyloid beta, causing the over-expression o f  iNOS, IL-1(3 and IL-6 in rats (Heneka et al ,  

2002). The selective neurotoxin N-(2-chloroethyl)-N-ethyl-2 bromobenzylamine (DSP4) 

was used to lesion the LC o f rats, and was shown to reduce basal levels o f  anti

inflammatory molecules such as N F kB inhibitory IkB proteins, and heat shock protein 70, 

which is a potent survival protein (Heneka et a i ,  2003). Increasing the synaptic availability 

o f NA, through the use o f  selective NRI’s, results in the attenuation o f  LPS-induced 

increases in pro-inflammatory cytokines and increases in iNOS, CD40 and C D l l b  

(markers o f  microglial activation) gene expression in the rat cortex (O’Sullivan et ai,  

2009).

Thus it is clear that NA plays a key role in the pathogenesis o f  a number o f  disease states, 

and that its anti-inflammatory actions may contribute to a neuroprotective role within the 

CNS.

5.2 Pharmacological manipulation of NA prevents ceil death

NA has been shown to ameliorate cell death in numerous studies. Madrigal et al (2005) 

demonstrated that NA protects neurons against the cytotoxic effects o f  microglial 

conditioned media. Furthermore, pre-treatment with NA significantly reduced A(3-induced 

cytotoxicity (Madrigal et ai ,  2007). Administration o f  the aa-adrenergic antagonists, 

dexefaroxan and F 14413, to rats following unilateral olfactory nerve oblation, reduced 

neuronal cell death, glial activation and cell proliferation in the olfactory bulbs ipsilateral 

to the lesion (Veyrac et ai ,  2005). Bauer et ai ,  (2003) demonstrated that administration o f  

the tt2 antagonist, dexefaroxan for 7 days, resulted in increased neuronal survival in the 

olfactory bulbs o f  adult rats, which undergo constant apoptosis and neurogenesis. This
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effect is thought to be a result o f reducing the apoptotic fate o f  teiencephalic stem cell 

progenies in the olfactory bulb. The a j  antagonist, idazoxan, protects against incomplete 

forebrain ischemia-induced neuronal damage in rats, by increasing extracellular NA in the 

brain and activating survival-promoting and trophic processes (Gustafson et a l, 1990). In 

an in vitro model o f excitotoxicity, the selective Pi antagonist betaxolol increased survival 

o f retinal neurons following glutamate-induced excitotoxic insult (Baptiste et a l, 2002). 

Treatment with clenbuterol, a P2 adrenoceptor agonist, enhanced the regeneration o f motor 

neuron axons in mice with motor neuron degeneration (Zeman et al., 2004). Junker and 

colleagues (2002) examined the effects o f both Pi and P2 adrenergic agonists clenbuterol 

and dobutamine in an in vitro model o f  excitotoxicity and an in vivo model o f cerebral 

ischemia. Both clenbuterol and dobutamine protected against glutamate-induced cell death 

in mixed hippocampal cultures. These effects were blocked by the non-selective P- 

antagonist propranolol, and the P2 selective antagonists ICl 118,551 and butoxamine. Pre

treatment with clenbuterol reduced infarct size, following focal cerebral ischemia. This 

protective effect was blocked by propranolol and butoxamine, but when administered in 

combination with the Pi antagonist metaprolol, this effect was augmented. These results 

indicate that stimulation o f P 1/2 receptors offers neuroprotection in vitro, whereas 

neuroprotection in vivo is mediated via the p2 adrenoceptor.

5.3 NA confers neuroprotection through the promotion of pro-survival pathways

Administration o f desipramine, a selective NA re-uptake inhibitor and tricyclic 

antidepressant, to hippocampus-derived adult neural stem cells inhibited LPS-induced 

apoptosis and resulted in an increase in the expression o f the anti-apoptotic gene, Bcl-2 and 

nestin, a protein involved in axonal growth (Huang et a l, 2007). Treatment with NA dose- 

dependently protects cortical neurons against oxidative neuronal necrosis following 

exposure to or H2 O2 (Noh et al., 1999).

An investigation into the effects o f aa-adrenoceptors on apoptosis in the developing brain 

revealed that in vivo treatment with the a 2 antagonist yohimbine decreases the expression 

o f the pro-apoptotic Bax gene in the cerebellum, increases the expression o f the anti- 

apoptotic Bcl-xl gene in the cortex and hippocampus, and induces an increase in the ratio 

between Bax/Bcl-xl in the cerebellum, cortex and hippocampus, in 6 day old rat pups. This 
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effect was abolished following the administration of the a j agonist clonidine (Il’inykh et 

ai, 2008).

In rats exposed to unpredictable stress, a reduction in the expression of Bcl-2 throughout 

the brain was reported and administration of the selective NRI, RBX, resulted in an 

increase in Bcl-2 expression in the cortex and amygdala. RBX did not have any effect on 

Bcl-xl expression in the cortex, but significantly increased Bcl-xl expression in the 

hippocampus, specifically the CAl region (Kosten el ai, 2008). Treatment with 

clenbuterol increases Bcl-2 and down-regulates Bax expression in the rat hippocampus and 

striatum, following transient forebrain ischemia. Clenbuterol also provokes an increase in 

Bcl-2 and Bax expression in the striatum and hippocampus of the non-ischemic brain (Zhu 

et ai, 1999).

As discussed previously, NA plays a significant role in the modulation of cytokine 

expression. Its potent anti-inflammatory properties suggest that NA could significantly 

affect the KP. Previous studies have demonstrated that stressors such as electric shock and 

restraint or immobilisation result in the simultaneous activation of brain catecholamine and 

indoleamine systems in addition to an increase in brain tryptophan levels (Dunn 1988a, 

1988b, 1992). KYNA has been shown to partially inhibit the release o f [^H]NA from rat 

hippocampal slices (Barik and Wonnacott, 2006). Furthermore Popova (2002) suggested 

that KYNA decreases noradrenergic transmission in the rat brain by enhancing the 

conversion of tyrosine into dopamine, thus increasing its transport to nerve terminals. 

However, no work to date has determined the effect of modulating noradrenergic 

transmission within the CNS on inflammogen or excitotoxin-induced activation of the KP. 

Thus, in this series o f experiments IDO expression is examined to determine what effects 

modulation of central NA may have on the induction of the KP in response to KA in vivo.

5.4 NA promotes the expression of protective neurotrophins

NA has the ability to influence the production of neurotrophins within the CNS. Numerous

studies have reported that chronic antidepressant treatment (including selective NRIs)

results in the upregulation of BDNF synthesis and signalling in the brain (Duman et ai,

2004; Coppell et ai, 2003; Castren, 2004). However, central depletion of NA using DSP-4

lesioning, and axonal knife-cut degeneration reportedly results in a significant increase in
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BDNF and NGF expression in the hippocampus, suggestive of an inhibitory influence of 

NA on NGF and BDNF expression in the hippocampus (Hutter et ai, 1996).

In contrast, voluntary exercise increases levels of BDNF via the increased activation of 

monoaminergic neurotransmitter signalling, and several reports suggest that this effect is 

dependent on noradrenergic activation (Garcia et ai, 2003; Ivy et al, 2003; Russo- 

Neustadt and Chen, 2005). This effect is mediated by the protein kinase A/ cAMP pathway 

which is activated by NA released during exercise, leading to the activation of the 

transcription factor CREB and enhanced BDNF synthesis. A similar process is also 

proposed to account for the upregulation of BDNF following chronic antidepressant 

treatment (Duman et ai, 2001; Russo-Neustadt and Chen, 2005). NA, when applied to 

primary hippocampal neurons, provokes a dose and time dependent increase in BDNF 

protein (Chen et al, 2007). In attempts to elucidate which signalling pathways are 

involved in this NA-induced BDNF increase, a concomitant time-dependent increase in the 

expression of PI3K was observed and subsequent phosphorylation of its downstream 

signalling molecule, glycogen synthase kinase (GSK-3P) was reported following NA 

application. GSK-3P is involved in apoptosis in its dephosphorylated state (Hetman et al, 

2000; Crowder and Freeman, 2000), whereas the phosphorylated form is associated with 

inhibition of apoptosis and neuronal survival. Application of NA results in increases in the 

signalling molecules, phospho-ERK (extracellular receptor kinase) 1 and 2, which are both 

activated by the MAPK pathway and are involved in cell growth, differentiation and 

survival via transcriptional regulation. In addition, studies carried out by Chen and Russo- 

Neustadt (2007) reported that the BDNF-enhancing effects of NA are dependent on NO 

signalling, in primary hippocampal neurons. Increases in BDNF immunoreactivity were 

reportedly induced by both NA and by the NO donor, sodium nitroprusside, and the NA- 

induced increase in BDNF was prevented by compounds which removed NO from culture 

medium (haemoglobin), or inhibited the synthesis o f NO within the cell (Nco-nitro-L- 

arginine methyl ester, L-NAME).

The aim of this series o f experiments was to investigate the role of endogenous NA in the 

KA model o f excitotoxicity. Pharmacological manipulations of NA and its receptors were 

utilised in these studies to examine if the reported anti-inflammatory, anti-apoptotic and 

neuroprotective effects of NA, as discussed earlier, can protect against KA-induced
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hippocampal cell loss. The following pharmacological tools, outlined below, were 

employed to meet the objective o f  these experiments.

DM1 is a tricyclic antidepressant and a NRI. It preferentially inhibits the NET and has also 

been shown to down-regulate central P-adrenergic receptors, following chronic 

administration to rodents (Bauer and Tejani-Butt, 1992; Hebert et a l, 2001; Mandela and 

Ordway, 2006; Argenti and D’Mello, 1994). It has a half life o f  3-4 hours in the brain and 

4-5 hours in the serum (Kozisek et a l, 2007). DMI can also inhibit the serotonin 

transporter, although to a much lesser extent than the NET (Leonard, 1997) and binds to a 

number o f non-noradrenergic receptors such as histamine, muscarinic and NMDA 

receptors (Rang et al., 1999). In addition, DMI can also elicit cardiotoxic effects in 

overdose by inhibition o f sodium and calcium channels (Deffois and Carter, 1996).

DMI has been shown to decrease IFN-y expression following LPS challenge in human 

blood cultures (Diamond et a l, 2006). Such anti-inflammatory effects o f DMI in vivo have 

also been described by Kubera and colleagues (2000, 2001), where chronic DMI treatment 

to mice resulted in the suppression o f con-A and LPS-stimulated IL-4 and IL-1, and 

increases in IL-10. Administration o f DMI has been reported to almost completely ablate 

TNF-a in cultured neurons (Ignatowski et al., 1997; Reynolds et al., 2005). Furthermore, 

i.c.v infusion o f TNF-a suppressed the ability o f DMI to reduce immobility duration in the 

forced swim test, while administration o f TNF-a antibody mimicked the therapeutic effect 

o f DMI in rats during the forced swim test (Reynolds et al., 2004).

In a model o f  chronic restraint, DMI attenuated the stress-related suppression o f BDNF 

expression in the CA3 region o f the hippocampus (Bravo et al., 2009). Such effects have 

also been observed in cultured neuroblastoma cells treated long-term (48 hours) with DMI, 

which resulted in an increase in total BDNF mRNA levels (Donnici et al., 2008). Central 

BDNF protein concentrations were reportedly increased in the frontal cortex, but not the 

hippocampus o f rats, following chronic treatment with DMI (Balu et al., 2008). In vitro, 

DMI has also been reported to protect against LPS-induced apoptosis in hippocampal- 

derived adult neural stem cells, in part by activating the expression of Bcl-2 (Huang et al., 

2007). After chronic treatment o f mice, DMI induced a decrease in the potency o f  glycine 

to displace [^H] 5, 7-dichlorokynurenic acid at the glycine recognition site o f the NMDA 

receptor. This effect is attenuated by DSP-4-induced central NA depletion, suggesting that
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these changes are dependent on a functionally intact NA system and a flinctional 

interaction between noradrenergic and glutamatergic signalling (Harkin et al, 2000). Such 

changes to the NMDA receptor and to cytokine, BDNF and Bcl-2 expression support the 

rationale that DMI may confer neuroprotection in the rat brain in response to KA-induced 

hippocampal excitotoxicity.

RBX is a selective NRI that is also a weak inhibitor of the 5-HT transporter, but lacks 

activity at the dopamine transporter. RBX has no significant affinity for adrenergic, 

histaminergic or cholinergic receptors (Scales and Doraiswamy, 2000). It is rapidly 

absorbed and has an elimination half-life o f 1-2 hours in rats (Dostert et al 1997). RBX 

elicits its effects by inhibiting NA reuptake, thus causing a sharp increase in the synaptic 

concentration of NA, followed by a down-regulation and desensitization of P and 

adrenoceptors, coupled with an increase in responsiveness of postsynaptic ai 

adrenoceptors (Scates and Doraiswamy, 2000). RBX was reported to be protective in cells 

derived from the substantia nigra on which the NET is present, where dopamine-dependent 

iron-induced cell death was reversed by pre-treatment with RBX (Paris et al, 2005) 

Hashioka et al, (2007) reported that RBX possesses novel anti-inflammatory properties, 

such as the dose-dependent inhibition of IFN-y-induced pro-inflammatory mediators, IL-6 

and NO, in murine microglial cells. RBX has also been reported to inhibit IFN-y 

production in human blood following stimulation with Con-A (Diamond et al, 2006). 

RBX has been shown to increase the expression of anti-apoptotic genes, Bcl-2 and Bcl-xl 

in the cortex and hippocampus, in rats exposed to chronic unpredictable stress (Kosten et 

al, 2008). RBX in combination with voluntary physical exercise in the rat (wheel running 

paradigm) greatly enhances the production of BDNF in the hippocampus (Russo-Neustadt 

et al, 2004). These observations suggest that RBX may possess neuroprotective properties. 

Also, as it is more selective for NA reuptake than DMI, RBX more clearly demonstrates 

the role of increased synaptic NA, in mediating NRI-induced neuroprotection, in models of 

neuronal degeneration.

Initial experiments to determine the putative neuroprotective properties of DMI and RBX 

in the KA model o f hippocampal excitotoxicity showed that both compounds enhanced the 

KA-induced injury. To explore the role of NA in mediating KA-induced cell loss, 

antagonists and agonists at P adrenergic receptor were employed. Propranolol (PRP) is a 

non-selective P adrenergic antagonist. It is highly lipophilic and readily crosses the blood- 
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brain barrier. It has a half-life o f  3-4 hours but its effects can last up to 12 hours due to the 

actions o f  the active metabolite, 4-hydroxypropranolol (Elghozi et al., 1979), making it a 

suitable antagonist to use with the current model. PRP specifically competes with N A  and 

related agonists at the P adrenergic receptor for available receptor sites and has been shown 

to decrease the production o f  pro-inflammatory cytokines, such as T N F-a and IL-6 in the 

cerebrospinal fluid o f  rats, following subarachnoid haemorrhage (Kato et a l ,  2009). It has 

been shown to attenuate brain injury in the cortex and striatum o f  rats after focal transient 

cerebral ischemia (Goyagi et a l ,  2006). Mikami et al (2008) demonstrated that PRP dose- 

dependently inhibits caspase 3-like activity in SH -SY5Y neuroblastoma cells, in response 

to staurosporine-induced apoptosis. In this study they also demonstrated that PRP inhibits 

staurosporine-induced release o f  cytochrome-c in isolated mitochondria, suggesting that 

PRP has anti-apoptotic properties. By contrast, PRP has been reported to inhibit both 

exercise-induced and antidepressant-induced BDNF expression, via its inhibition o f  N A  

signalling (Ivy et al., 2003). PRP has previously been used in combination with RBX in 

behavioural studies and was shown to reverse the ability o f  RBX to attenuate stress- 

induced escape deficit in rats (Grappi et al., 2003). These observations suggest that PRP is 

an appropriate p blocker to use in the current model, to investigate the mechanism  

mediating the ability o f  NA-uptake inhibitors to exacerbate the KA-induced hippocampal 

injury. Thus, in this series o f  experiments PRP is used in combination with RBX, in order 

to examine whether the ability o f  RBX to exacerbate the excitotoxic response to KA is 

mediated by p-adrenergic receptors.

Pi and P2 adrenoceptors are found throughout the CNS and are both coupled to the Gs 

protein, and stimulate the activation o f  adenylate cyclase. P2 adrenoceptors are more highly 

expressed on microglia and cells o f  the immune system and produce greater amounts o f  

cAM P upon stimulation than Pi adrenoceptor (Mori et al., 2002). Evidence in the literature 

has indicated a neuroprotective role for P2 adrenoceptor stimulation in m odels o f  ischemic 

damage and brain injury (Junker et al., 2002; Culmsee et al., 1999b; Semkova et al., 1996; 

Zhu et al., 1998). Hence, the role o f  the P2 adrenoceptor in the KA model o f  excitotoxicity  

was examined for putative neuroprotective properties.

Clenbuterol (CLN) is a selective P2 adrenergic agonist. It is highly lipophilic and readily 

crosses the blood-brain barrier (Desaphy et al., 2003). It has a long half-life in the rat, up to
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30 hours in the plasma (Yamamoto et al., 1985), which renders it useful in the current 

model, p adrenoceptor down-regulation in the rat cortex is induced following 

administration o f CLN (Newman-Tancredi et al., 1996). CLN has been shown to enhance 

the production o f KYNA in vitro in cortical slices and glial cultures, and in vivo in the rat 

cortex, in a cAMP and PKA-dependent manner. As KYNA is able to block the glycine site 

o f the NMDA receptor and to antagonise the a l  cholinergic-nicotinic receptor, such effects 

o f CLN indicate that this P2 agonist may possess neuroprotective properties in the KA 

model o f  excitotoxicity (Luchoskwa et al., 2008, 2009).

Izeboud and colleagues (1999) reported that CLN has anti-inflammatory properties and is 

capable o f potently suppressing LPS-induced lL-6 and TNF-a both in vitro in human 

monocyte-derived macrophages, and in vivo in rat plasma. CLN increases the production 

o f neurotrophic factors such as NGF (Culmsee et al., 1999a), which is thought to 

contribute to neuronal survival and neurogenesis. In this regard, CLN has been used in 

various rodent models o f  cerebral ischemia and has been shown to have neuroprotective 

properties (Junker et a l,  2002; Culmsee et al, 1999b; Semkova et al., 1996; Zhu et al., 

1998). In a model o f  glutamate-induced excitotoxicity in mixed neuronal/glial 

hippocampal cultures, CLN has been shown to be protective and reduces cell death by 

increasing the expression o f NGF (Semkova et a l,  1996). It has been used in combination 

with the NMDA antagonist, memantine, in a model of permanent focal ischemic stroke in 

mice. CLN acted synergistically with memantine to reduce infarct volume (Culmsee et al, 

2004; Culmsee et al, 2007). Furthermore, CLN has been shown to increase the expression 

o f the anti-apoptotic gene, Bcl-2, and to decrease the expression o f the pro-apoptotic gene, 

Bax, in the rat hippocampus and striatum, indicating that an increase in the ratio o f Bcl-2: 

Bax may contribute to the anti-apoptotic effects o f CLN (Zhu et al, 1999). These 

observations suggest that CLN may be neuroprotective in the KA model o f excitotoxicity. 

The aim o f this study was to examine the effects of acute administration o f CLN on KA- 

induced hippocampal cell loss and associated apoptosis, cytokine expression and BDNF 

expression and to elucidate the role o f the P2 adrenergic receptor in KA-induced 

hippocampal excitotoxicity.

The aim of the current series o f experiments is to elucidate a role for NA in the regulation 

of KA-induced hippocampal excitotoxicity. As described above, NA confers notable anti

inflammatory and neuroprotective properties in both in vitro and in vivo models.
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Pharmacological manipulation o f NA and its receptors are utilised in the present 

experiments to gain insights into the mechanism o f this neuroprotection.

The null hypothesis o f the DM1 and RBX study was that no protective effects would be 

seen following pre-treatment with these NRl’s, and that no protection against hippocampal 

cell loss would be apparent. The null hypothesis of the PRP and RBX study was that PRP 

would further exacerbate the damage seen with RBX and KA. The null hypothesis o f the 

CLN study was that no protection against KA-induced apoptosis, inflammation or 

alterations in neurotrophic factors, would be seen following pre-treatment with this drug.
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Influence of the noradrenaline re-uptake inhibitors desipramine 

and reboxetine, on KA-induced inflammatory and degenerative

changes in the hippocampus
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5.5 Experimental protocol

Animals were randomly divided into treatment groups and housed individually for one 

week prior to KA administration.

Desipramine (15mg/ml) was prepared in 0.89% (w/v) saline and administered in an 

injection volume of 1 ml/kg giving a dose o f 15mg/kg. It was injected i.p. 1 hour prior to 

KA treatment (lOmg/kg, s.c) in order for the animals to have the drug present in their 

systems before and during KA insult. Controls received saline in an equivalent volume.

RBX (15mg/kg) was prepared in 0.89% (w/v) saline and administered in an injection 

volume o f 1 ml/kg giving a dose o f 15 mg/kg. It was injected i.p. 1 hour prior to KA 

treatment (lOmg/kg, s.c) in order for the animals to have the drug present in their systems 

before and during KA insult. Controls received saline in an equivalent volume.

In both experiments seizure behaviour was monitored for 3 hours following KA 

administration, as previously described and animals were euthanised 24 hours after KA 

administration.
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5.6 Results

5.6,1 Pre-treatment with DMI does not alter KA-induced seizure behaviour

DMI (15mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. KA induced an increase in seizure behaviour according to the Racine 

scale. Wet dog shakes, forelimb clonus and forelimb clonus with rearing and falling was 

apparent in both groups. Pre-treatment with DMI did not significantly affect KA-induced 

seizures.
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Figure 5.1 KA-induced seizure behaviour is not affected by pre-treatment with DMI

Animals were scored 1 -5 according to what stage they were in, using the Racine scale for 1 

minute every 10 minutes over a 3 hour observation period. A two-way repeated measures 

ANOVA revealed a significant time effect [F (17, 175) = 24.9, P<0.001] on seizure 

behaviour, but no interaction effect between time and DMI, or DMI alone was seen. Pre

treatment with DMI did not significantly alter KA-induced seizure behaviour. Data is 

expressed as mean ± SEM over time (n=12).
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5.6.2 Pre-treatment with DMI does not influence KA-induced hippocampal cell loss

Animals received DMI (15mg/kg) 1 hour prior to KA (lOmg/kg) and were euthanised 24 

hours later. Counts o f viable cells revealed a reduction in the number o f viable cells in KA 

treated rats in the CA3 and CAl regions o f the hippocampus, when compared to saline 

treated controls. Prior treatment with DMI did not affect the KA-induced reduction in 

viable cells when compared to their KA treated counterparts.
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Figure 5.2 KA-induced hippocampal cell loss in the CA3 and C A l, is not attenuated 

by prior treatment with DMI

Two-way ANOVA showed an effect of KA on cell number in the (a) CAS [F (1, 27) = 

35.25, P<0.001] (b) CAl [F (1, 26) = 14.68, P<0.001]. No effects of DMI were observed, 

either alone or in combination with KA. Post hoc comparisons revealed that KA provoked 

a significant reduction in cell number in the CAS and CAl when compared to saline 

treated controls. Data is expressed as mean±SEM (n=6-9). *P<0.05; **P<0.01 vs. saline 

counterparts (Neuman-Keuls post hoc test).
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5.6.3 Pre-treatment with DMI influences KA-induced DNA fragmentation in tlie 

hippocampus

Animals received DMI (15mg/kg) 1 hour prior to KA (lOmg/kg) and were euthanised 24 

hours later. TUNEL staining o f  hippocampal slices following KA administration resulted 

in an increased number o f  TUNEL positive cells in the (i) CAS and (ii) CAl indicating an 

increase in DNA fragmentation. TUNEL staining was enhanced in the CA3 o f KA treated 

animals which were pre-treated with DMI.

(i) CA3 of the hippocampus



(ii) C A l o f the hippocampus

Figure 5.3 KA-induced DNA fragmentation in the CA3 and C A l, was augmented 

by pre-treatment with DMI

TUNEL staining of the (i) CA3 and (ii) CA l, where green indicates TUNEL positive 

staining and blue is a Hoechst dye to indicate co-localisation o f DNA fragmentation with 

hippocampal cells. (A) Saline treated (B) DMI and saline (C) KA induces DNA 

fragmentation as indicated by TUNEL positive staining, which is (D) augmented following 

pre-treatment with DMI (20X magnification).
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Quantification o f TUNEL staining intensity in hippocampal slices shows an increase in 

staining intensity in the (a) CAS and (b) CAl following KA administration. The increase in 

TUNEL staining intensity in the CA3 following KA administration was enhanced by pre

treatment with DMI. A similar trend wasseen in the CAl but this did not reach statistical 

significance.
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Figure 5.4 KA provokes an increase in TUNEL intensity in the (a) CA3 and (b) C A l 

of the hippocampus, which is enhanced by prior treatment with DMI in the CA3.

Two-way ANOVA of mean TUNEL intensity showed an effect o f KA and o f DMI alone in the (a) 

CAS [F (i, 18)= 72.57, P<0.001] and [F (l, 18)= 6.24, P<0.05] respectively, and (b) CAl [F (l, 18) 

= 17.06, P<0.001]. No effects of DMI were observed, either alone or in combination with KA, in 

the C A l. Post hoc comparisons revealed that TUNEL intensity was increased in the CA3 and CAl 

following KA administration, when compared to saline treated controls. Pre-treatment with DMI, 

enhanced KA-induced TUNEL intensity in the CA3, when compared to KA treated counterparts. 

Data is expressed as mean±SEM (n=4-8). *P< 0.05; **P<01 vs. saline counterparts. ^P<0.05 vs. 

KA treated counterparts (Neuman-Keuls post hoc test).
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5.6.4 Pre-treatment with DMI does not influence KA-induced caspase-3 expression 

but affects caspase 3 activity, in the hippocampus

A nim als received DMI (15m g/kg) 1 hour prior to KA (lO m g/kg) and w ere euthanised 24 

hours later. KA induced a 2-fold increase in hippocam pal caspase-3 expression, w hich w as 

not affected by prior treatm ent w ith DMI. Pre-treatm ent w ith DM I displayed a trend 

tow ards increasing caspase 3 activity, both alone and in com bination w ith  KA, how ever 

this result failed to achieve statistical significance.
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Figure 5.5 KA-induced hippocampal caspase-3 expression, and activity is not 

influenced, by pre-treatment with DMI

Two-way ANOVA of mRNA fold change showed an effect of KA only in (a) [F (1, 18)= 46.9, 

P<0.001] caspase 3 expression, and (b) [F (1, 16) = 4.62, P<0.05] caspase 3 activity. Post hoc 

comparisons revealed that KA increased caspase-3 expression when compared to saline treated 

controls. No effects of DMI were observed, either alone or in combination with KA. Pre-treatment 

with DMI shows a trend towards augmenting KA-induced caspase 3 activity, although this failed to 

achieve statistical significance. Data is expressed as mean ± SEM (n=4-8). **P<O.OI vs. saline 

counterparts (Neuman-Keuis post hoc test).
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5.6.5 Pre-treatment with DMI attenuates KA-induced hippocampal IFN-y, IDO and 

iNOS, but not CD-I lb  or GFAP expression.

Animals received DMI (15mg/kg) I hour prior to KA (lOmg/kg) and were euthanised 24 hours 

later. KA induced a 10, 30, 80, 4 and 3-fold increase in hippocampal (a) IFN-y, (b) IDO (c) iNOS 

(d) C D -I lb  and (e) GFAP expression respectively, when compared to saline counterparts. The 

increases in IFN-y and iNOS were attenuated following pre-treatment with DMI.
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Figure 5.6 KA-induced hippocampal IFN-y and iNOS expression is attenuated, but 

IDO, C D llb  and GFAP expression is unchanged following pre-treatment with DMI

A two-way ANOVA of mRNA fold change revealed (a) a KA effect in IFN-y expression 

[F (1, 19) = 22.18, P<0.001], and a trend towards an interaction effect [F (1, 19) = 2.91, 

P=0.1], (b) a KA effect only in IDO expression [F (1, 17)= 37.4, P<0.001], (c) a KA effect 

in iNOS expression [F (1, 16) = 10.86, P<0.01], and a trend towards an interaction effect 

[F (1, 16) = 3.57, P=0.07], (d) a KA effect only in C Dl l b  expression [F (1, 14) = 45.6, 

P<0.001] and (e) a KA effect only in GFAP expression [F (1, 18) = 46.9, P<0.001]. No 

effects o f DMI were observed, either alone or in combination with KA. Post hoc 

comparisons revealed that KA-induced increased IFN-y, IDO, iNOS, C D l l b  and GFAP 

expression when compared to saline treated controls. DMI attenuated the KA-induced 

increase in IFN-y and iNOS expression when compared to KA treatment alone. Data is 

expressed as mean ± SEM (n=4-8). *P<0.05; ** P<0.01 vs. saline counterparts, "^P<0.05; 

' '̂^P<0.01 vs. KA counterparts (Neuman-Keuls post hoc test).
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5.6.6 Pre-treatment with DMI attenuates KA-induced BDNF mRNA expression 

without influencing the KA-induced increase in hippocampal BDNF 

concentrations

Animals received DMI (15mg/kg) 1 hour prior to KA (lOmg/kg) arid were euthanised 24 

hours later. KA induced a 20-fold increase in BDNF mRNA expression when compared to 

saline controls. Pre-treatment with DMI significantly attenuated this response. Similarly, 

KA provoked an increase in BDNF protein when compared to saline controls. Pre

treatment with DMI did not affect this response.
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Figure 5.7 KA-induced hippocampal BDNF mRNA expression was attenuated, and 

BDNF protein was unchanged, following pre-treatment with DMI

A two-way ANOVA of fold change in (a) BDNF mRNA expression, showed a KA effect, an effect 

of DMI alone and a trend towards an interaction effect [F (1, 17) = 16.65, P<0.001], [F (1, 17) = 

5.35, P<0.05], [F (1, 17) = 3.2, P=0.089], respectively. Post hoc comparisons revealed that KA 

increased BDNF mRNA expression when compared to saline treated controls, an effect which was 

attenuated by pre-treatment with DMI. A two-way ANOVA of (b) BDNF protein concentrations 

showed an effect o f KA only [F (1, 16) = 35.82, P<0.001]. No effects o f DMI were observed, either 

alone or in combination with KA. Post hoc comparisons revealed that KA increased BDNF protein 

when compared to saline treated controls. This response was not affected by pre-treatment with 

DMI. Data is expressed as mean ± SEM (n=3-7). **P<0.01 vs. saline counterparts, ^^P<0.01 vs. 

KA counterparts (Neuman-Keuls post hoc test).
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5.6.7 Pre-treatment with RBX does not alter KA-induced seizure behaviour

RBX (15mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. KA induced an increase in seizure behaviour according to the Racine 

scale. Wet dog shakes, forelimb clonus, forelimb clonus with rearing and falling, was 

experienced in a similar manner by both groups. However, pre-treatment with RBX does 

not significantly alter KA-induced seizures.
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Figure 5.8 KA-induced seizure behaviour is not affected by pre-treatment with RBX

Animals were scored 1-5 according to what stage they were in, using the Racine scale for 1 

minute every 10 minutes over a 3 hour observation period. A two-way repeated measures 

ANOVA revealed a significant effect o f time [F (17, 170) = 5.44, P<0.001] and an 

interaction effect between time and RBX [F (17, 170) = 1.98, P<0.05] on seizure 

behaviour. Pre-treatment with RBX did not significantly alter KA-induced seizure 

behaviour. Data is expressed as mean ± SEM over time. (n=6).
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5.6,8 Pre-treatment with RBX does not affect KA-induced hippocampal cell loss

RBX (15mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. Counts o f viable cells revealed a reduction in the number o f viable cells 

in KA treated rats, in the CAS and CAl o f the hippocampus, when compared to saline 

treated controls. Prior treatment with RBX did not affect the KA-induced reduction in 

viable cells when compared to their KA treated counterparts.
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Figure 5.9 KA-induced hippocampal cell loss in the CA3 and CAl is not attenuated 

by prior treatment with RBX

Two-way ANOVA showed an effect o f KA on cell number in the (a) CA3 [F (1, 17) = 

24.88, P<0.001] (b) CAl [F (1, 17) = 24.06, P<0.001] following KA administration. No 

effects o f RBX were observed, either alone or in combination with KA. Post hoc 

comparisons revealed that KA provoked a significant reduction in cell number in the CAS 

and CAl when compared to saline treated controls. Data is expressed as mean±SEM (n=4- 

6). **P<0.01 vs. saline counterparts (Neuman-Keulspost hoc test).
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5.6.9 Pre-treatment with RBX does not significantly affect KA-induced DNA 

fragmentation in the hippocampus

RBX (15mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. TUNEL staining o f hippocampal slices following KA administration 

resulted in an increased number o f TUNEL positive cells in the (i) CA3 and (ii) CAl 

indicating an increase in DNA fragmentation. TUNEL staining was enhanced in KA 

treated animals which were pre-treated with RBX, but this result failed to achieve 

statistical significance.

(i) CA3 of the hippocampus
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(ii) CAl of the hippocampus

B

Figure 5.1010 KA-induced DNA fragmentation in the CA3 and CAl is 

augmented by pre-treatment with RBX

TUNEL staining o f the (i) CAS and (ii) CAl where green indicates TUNEL positive 

staining and blue is a Hoechst dye to indicate co-localisation o f DNA fragmentation and 

hippocampal cells. (A) Saline treated (B) RBX and saline (C) KA induces DNA 

fragmentation as indicated by TUNEL positive staining, which appears to be (D) 

augmented following pre-treatment with RBX. (20X magnification)
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Quantification o f TUNEL staining intensity in iiippocampal slices shows an increase in 

staining intensity in the (a) CA3 and (b) CAl following KA administration. The increase in 

TUNEL staining following KA administration was enhanced by pre-treatment with RBX, 

albeit not significantly.
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Figure 5.11 KA provokes an increase in DNA fragmentation in the (a) CA3 and (b) 

CAl of the hippocampus which is not significantly affected by RBX

A two-way ANOVA o f mean TUNEL intensity showed an effect of KA only in the (a) 

CA3 [F (1, 17) = 10.22, P<0.01] and (b) CAl [F (1, 21) = 12.28, P<0.01]. No effects o f  

RBX were observed, either alone or in combination with KA. In the CAS and CAl it 

appears that RBX may enhance KA-induced DNA fragmentation, this effect however, 

failed to achieve significance. Data is expressed as mean±SEM (n=6). (Neuman-Keuls post 

hoc test).
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5.6.10 Pre-treatment with RBX does not significantly influence KA-induced caspase- 

3 expression or caspase 3 activity, in the hippocampus

RBX (15mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later rats 

were euthanised. KA induced a 1.5-2 fold increase in hippocampal caspase 3 expression, 

which was not affected by prior treatment with RBX. KA induced caspase 3 activity, and 

pre-treatment with RBX augmented this, albeit not significantly.

(a)

(b)

CO

r z n  Saline 
Reboxetinea

O)

Saline Kainic acid

IZZl Saline 
Reboxetine

c
’S

Q.U
®!S
. Q -

I  IS
E o
o
Ea

Saline Kainic acid

Figure 5.12 KA-induced hippocampal caspase-3 expression is unaltered, but caspase 

3 activity is augmented, following pre-treatment with RBX

Two-way ANOVA showed an effect of KA only in (a) [F (1, 13) = 48.85, P<0.001] fold change in 

caspase 3 expression, and (b) [F (1, 12) = 32.17, P<0.001] caspase 3 activity. Post hoc comparisons 

revealed that KA increased caspase 3 expression when compared to saline treated controls, an 

effect which was not affected by pre-treatment with RBX. KA induced caspase 3 activity when 

compared to saline treated controls, an effect which was augmented following pre-treatment with 

RBX, albeit not significantly. No effects o f RBX were observed either alone or in combination 

with KA. Data is expressed as mean ± SEM (n=6). *P<0.05; ***P<0.001 vs. saline counterparts, 

■p<0.05 when compared to KA counterparts (Neuman-Keuls post hoc test).
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5.6.11 Pre-treatment with RBX does not influence KA-induced IFN-y, IDO, CD-I lb  

or GFAP expression but potentiates KA-induced iNOS expression in the 

hippocampus

RBX (15mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later, rats 

were euthanised. KA induced a 1.5, 12, 5, 4 and 1.5-fold increase in hippocampal (a) IFN- 

y, (b) IDO (c) iNOS and (d) CD-I lb  respectively when compared to saline counterparts. 

KA failed to influence the expression o f (e) GFAP. The increases in IFN-y, IDO and CD- 

1 lb  were not influenced following pre-treatment with RBX. By contrast pre-treatment with 

RBX potentiated the KA-induced increase in iNOS expression. RBX alone failed to 

influence the expression o f each o f the markers with the exception o f GFAP where a 

reduction in expression was observed when compared to saline treated controls.
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Figure 5.13 KA-induced hippocampal iNOS expression is augmented, but IFN-y, 

IDO, CD-I lb  and GFAP expression is unchanged, following pre-treatment with RBX

Two-way ANOVA of fold change revealed (a) a KA effect [F (1, 11) = 6.38, P<0.05] and a RBX 

effect [F (1, 11) = 5.41, P<0.05] in IFN-y expression (b) a KA effect only [F (1, 10) = 21.03, 

P<0.001] in IDO expression (c) a KA effect [F (1, 11) = 11.82, P<0.01] and a trend towards an 

interaction effect [F (1, 11) = 3.82, P=0.07] in iNOS expression (d) a KA effect [F (1, 11)= 17.88, 

P<0.01] in CD-I lb  expression and (e) a KA effect [F (1, 10) = 9.43, P<0.05], a RBX effect [F (1, 

10) = 9.65, P<0.05], and an interaction effect [F (1, 10) = 18.9, P<0.01] in GFAP expression. Post 

hoc comparisons revealed that KA increased IDO and iNOS expression when compared to saline 

treated controls. RBX potentiated iNOS expression when compared to KA treated controls. RBX 

alone reduced GFAP expression when compared to saline treated controls. Data is expressed as 

mean ± SEM (n=3-5). *P<0.05; **P<0.01 vs. saline counterparts, ^P<0.05 vs. KA counterparts 

(Neuman-Keuls post hoc test).
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5.6.12 Pre-treatment with RBX attenuates KA-induced BDNF expression and BDNF 

concentrations

RBX (15mg/kg) was administered 1 hour prior to KA (lOmg/kg) and 24 hours later, rats 

were euthanised. KA induced a 5-fold increase in BDNF expression when compared to 

saline controls. In a similar fashion KA provoked an increase in BDNF protein when 

compared to saline controls. Pre-treatment with RBX attenuated both o f these responses.
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Figure 5.14 KA-induced hippocampal BDNF expression and BDNF protein is 

attenuated following pre-treatment

A two-way ANOVA of fold change in (a) BDNF expression showed an interaction between KA 

and RBX, a RBX alone effect and a KA effect [F (1, 10) = 11.33, P<0.001], [F (1, 10) = 25.49, 

P<0.01], [F (1, 10) = 25.66, P<0.001], respectively, and (b) BDNF concentrations showed an 

interaction between KA and RBX, a RBX alone effect and a KA effect [F (1, 15) = 4.73, P<0.05], 

[F (1, 15) = 5.3, P<0.05], [F (1, 15) = 25.27, P<0.001], respectively. Post hoc comparisons revealed 

that KA increased BDNF expression and concentration when compared to saline treated controls. 

RBX attenuated the KA-induced increase in BDNF expression and concentration, when compared 

to KA treated controls. Data is expressed as mean ± SEM (n=3-6). **P<0.0; ***P<0.001 vs. saline 

counterparts, "’P<0.01 vs. KA counterparts (Neuman-Keuls post hoc test).
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Influence of the P adrenoceptor antagonist-propranolol alone 

and in combination with reboxetine on 

KA-induced inflammatory and degenerative changes

in the hippocampus
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5,7 Experimental protocol

PRP (lOmg/ml) was prepared in 0.89% (w/v) saline and administered in an injection 

volume o f  1 ml/kg giving a dose o f lOmg/kg. RBX was prepared as previously described. 

PRP (10 mg/kg) and/or RBX (15mg/kg) were administered (i.p) one hour prior to KA 

(1 Omg/kg, s.c.) administration.

Seizure behaviour was monitored for 3 hours following KA administration as previously 

described and animals were euthanised 24 hours after KA administration.

5.7.1 Pre-treatment with PRP and RBX in combination reduces KA-induced seizure 

behaviours

Animals received PRP (1 Omg/kg) and RBX (15mg/kg) 1 hour prior to KA administration 

and were euthanised 24 hours later. KA induced an increase in seizure behaviour according 

to the Racine scale, which was augmented following pre-treatment with RBX. This effect 

was ameliorated following co-administration o f RBX and PRP. Those rats receiving RBX, 

PRP and KA experienced a much milder seizure pattern compared to KA controls, with 

very few experiencing stage 4 or 5 seizures.
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Figure 5.15 RBX augments KA induced seizure behaviours, an effect which is 

ameliorated by the co-administration of PRP and RBX

Animals were scored 1 -5 according to what stage they were in, using the Racine scale for 1 

minute, every 10 minutes, over a 3 hour observation period. A three-way repeated 

measures ANOVA o f behavioural scores showed an effect o f PRP [F(l,22) = 14.45, 

P<0.001], PRP X RBX [F(l,22) = 6.11, P<0.05], time [F (17, 374) = 27.37, P<0.001], PRP 

X time [F(17,374)= 2.48 P<0.001], and an interaction between RBX, PRP and time [F (17, 

374) = 2.38, P<0.01]. Data is expressed as mean ± SEM over time. (n=7).
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5.7.2 Pre-treatment with RBX or PRP treatment, alone or in combination, does not 

affect KA-induced hippocampal cell loss

Animals received PRP (lOmg/kg) and RBX (15mg/kg) 1 hour prior to KA injection and 

were euthanised 24 hours later. Counts o f viable cells in the CAS and CAl regions o f  the 

hippocampus showed that KA induced a decrease in cell number, when compared to saline 

controls. Pre-treatment with RBX and PRP had no effect on KA-induced cell loss in the 

CAS and CAl regions o f the hippocampus when compared to their KA treated 

counterparts.
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Figure 5.16 KA-induced hippocampal cell loss in the CA3 and CAl is unchanged 

following pre-treatment with RBX, PRP or RBX and PRP in combination

A three-way ANOVA showed an effect of KA only on cell number in the (a) CA3 [F (1, 44) = 

18.28, P<0.001] and (b) CAl [F (1, 17) = 5.91, P<0.05] regions, following KA administration. No 

effects o f RBX or PRP, alone or in combination, were observed either alone or in combination with 

KA Post hoc comparisons revealed that KA provoked a significant reduction in cell number in the 

CA3 and CAl when compared to saline-treated controls. Data is expressed as mean ± SEM (n=4- 

9). * P<0.05 vs. saline counterparts (Neuman-Keuls post hoc test).
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5.7.3 Pre-treatment with RBX and PRP influences KA-induced DNA fragmentation

Animals received PRP (lOmg/kg) and RBX (15mg/kg) 1 hour prior to KA injection and 

were euthanised 24 hours later. TUNEL staining o f hippocampal slices following KA 

administration resulted in an increased number o f  TUNEL positive cells in the (i) CA3 and 

(ii) CAl regions o f the hippocampus, indicating an increase in DNA fragmentation. Pre

treatment with RBX enhanced the KA-induced increase in TUNEL positive cells, an effect 

which was ameliorated by co-administration o f PRP and RBX. These results failed to 

achieve statistical significance.
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Figure 5.1717 KA-induced DNA fragmentation in the CA3 and CAl is 

influenced by pre-treatment with PRP and RBX in combination

TUNEL staining of the (i) CA3 and (ii) CAl where green indicates TUNEL positive 

staining and blue is a Hoechst dye to indicate co-localisation o f DNA fragmentation and 

hippocampal cells. A) Saline treated (B) RBX and saline (C) PRP and saline (D) RBX and 

PRP and saline (E) KA induces DNA fragmentation as indicated by TUNEL positive 

staining, which is (F) enhanced following pre-treatment with RBX (G) KA-induced 

TUNEL staining is reduced following pre-treatment with PRP (H) co-administration o f  

PRP with RBX attenuates the RBX induced augmentation o f KA-induced DNA 

fragmentation. (20X magnification).
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Quantification o f TUNEL staining intensity in hippocampal slices shows an increase in 

staining intensity in the (a) CAS and (b) CAl following KA administration. Pre-treatment 

with RBX enhanced the KA-induced increase in TUNEL staining, although this did not 

achieve statistical significance. In contrast, pre-treatment with PRP, and RBX and PRP in 

combination, attenuates the RBX+KA-induced increase in TUNEL positive staining in the 

CAl.
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Figure 5.18 KA provokes an increase in DNA fragmentation in the (a) CA3 and (b) 

CAl of the hippocampus which is influenced by pre-treatment with RBX and PRP

Three-way ANOVA o f mean TUNEL intensity showed an effect of KA in the (a) CA3 [F (l, 40) =

44.22, P<0.001] and (b) CAl [F (1, 23) = 97.81, P<0.001] and an interaction effect between KA

and PRP, in the CAl [F (1, 23) = 8.54, P<0.01]. Post hoc comparisons revealed that TUNEL

intensity was increased in the CA3 and CAl following KA administration when compared to saline

treated controls. Pre-treatment with PRP, and RBX and PRP in combination, attenuated RBX+KA-

induced TUNEL intensity in the C A l, when compared to RBX+KA treated counterparts. Data is

expressed as mean±SEM (n=4-9). **P<0.01 vs. saline counterparts; *P<0.05 vs. RBX and KA

counterparts (Neuman-Keuls post hoc test).
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5.7.4 Pre-treatment with PRP and RBX alone or in combination do not influence 

KA-induced caspase 3 expression in the hippocampus

Animals received PRP (lOmg/kg) and RBX (15mg/kg) 1 hour prior to KA injection and 

were euthanised 24 hours later. KA induced a 2-fold increase in hippocampal caspase 3 

expression, when compared to saline counterparts. This change was not influenced by prior 

treatment with PRP or RBX alone or in combination.
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Figure 5.19 KA-induced hippocampal caspase 3 expression was not influenced by 

pre-treatment with PRP and RBX alone or in combination

Three-way ANOVA of fold change in expression showed an effect o f KA only [F (1, 52) = 

69.66, P<0.001]. Post hoc comparisons revealed that KA increased caspase 3 expression 

when compared to saline treated controls. No effects o f PRP or RBX alone or in 

combination were observed either alone or in combination with KA. Data is expressed as 

mean ± SEM (n=6). **P<0.01 vs. saline counterparts (Neuman-Keulspost hoc test).

It was not possible to accurately measure caspase 3 activity in these samples.
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5.7.5 Effect of PRP or RBX alone and in combination on KA-induced IFN-y, IDO, 

iNOS, CD-I lb  and GFAP expression in the hippocampus

Animals received PRP (lOmg/kg) and RBX (15mg/kg) 1 hour prior to KA injection and 

were euthanised 24 hours later. KA induced a 4, 30, 30, 5 and 4-fold increase in 

hippocampal (a) IFN-y, (b) IDO (c) iNOS (d) CD-I lb  and (e) GFAP respectively when 

compared to saline counterparts. The increases in IFTM-y, IDO and GFAP were not 

influenced following pre-treatment with PRP or RBX alone or in combination. Pre

treatment with RBX potentiated the KA-induced increase in iNOS expression, whereas 

PRP blocked KA-induced iNOS and the ability of RBX to augment KA-induced iNOS 

expression. Prior treatment with PRP alone and in combination with RBX attenuated KA- 

induced CD-I 1 b expression.
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Figure 5.20 KA-induced hippocampal iNOS and CD-I lb  expression was attenuated, 

and IFN-y, IDO and GFAP expression was unchanged following pre-treatment with 

RBX and PRP

Three-way ANOVA of fold change in expression showed (a) effects of KA only on IFN-y 

expression [F (1, 42) = 61.2, P<0.001], (b) effects o f KA only on IDO expression [F (1, 

22) = 53.18, P<0.001] (c) an interaction between PRP and KA [F (1, 41) = 15.43, 

P<0.001], a PRP effect [F (1, 41) = 15.35, P<0.001], as well as a KA effect [F (1, 41) = 

42.35, P<0.001] on iNOS expression, no effect of RBX alone or in combination with KA 

or PRP was observed, (d) an interaction between PRP and KA [F (1, 49) = 11.42, P<0.01], 

as well as a KA effect [F (1, 49) = 567.5, P<0.001], a RBX effect [F (1, 49) = 4.2, P<0.05], 

and a PRP effect [F (1, 49) = 13.63, P<0.001], on CDl lb expression, and (e) an effect of 

KA only on GFAP expression [F (1, 49) = 137.5, P<0.001]. Post hoc comparisons revealed 

that KA increased IFN-y, IDO, iNOS, CDl lb  and GFAP expression. Pre-treatment with 

RBX or PRP either alone or in combination had no effect on IFN-y, IDO and GFAP 

expression. Pre-treatment with RBX, enhanced KA-induced expression of iNOS. However, 

pre-treatment with PRP and the combination of PRP and RBX ameliorated the RBX- 

enhanced KA-induced iNOS expression, and also decreased KA-induced CDl lb  

expression. Data is expressed as mean±SEM over time (n=4-9). **P<0.01 vs. saline 

counterparts, '^P<0.05; '^^P<0.01 vs. KA counterparts; *P<0.05; **P<0.01 vs. RBX+KA 

counterparts (Neuman-Keuls post hoc test).
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5.7.6 Pre-treatment with RBX but not PRP attenuates KA-induced BDNF 

expression

Animals received PRP (lOmg/kg) and RBX (15mg/kg) 1 hour prior to KA injection and 

were euthanised 24 hours later. KA induced a 6-fold increase in BDNF expression when 

compared to saline controls. KA-induced BDNF expression was not influenced by prior 

treatment with PRP. PRP however partially attenuated the ability o f RBX to suppress KA- 

induced BDNF expression in the hippocampus, but this failed to achieve statistical 

significance.
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Figure 5.21 RBX attenuates KA-induced BDNF expression, an effect which is 

unaffected by co-administration of PRP and RBX

Three-way ANOVA o f  fold change o f BDNF expression showed an interaction between 

KA and RBX [F (1, 50) = 11.69, P<0.01], a RBX effect [F (1, 50) = 6.14, P<0.05] and a 

KA effect [F (1, 50) = 38.86, P<0.001]. Post hoc comparisons revealed that KA increased 

BDNF expression when compared to saline treated controls. This response was attenuated 

by prior treatment with RBX but not PRP. RBX and PRP in combination also attenuated 

KA-induced BDNF expression. Data is expressed as mean ± SEM (n=4-9). **P<0.001 vs. 

saline counterparts, ’̂ P<0.05 vs. KA counterparts (Neuman-Keuls post hoc test).

It was not possible to measure BDNF protein concentrations in this study due to repeated 

technical difficulties.
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Influence of the p2 adrenoceptor agonist clenbuterol on 

KA-induced inflammation and degeneration 

in the hippocampus
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5.8 Experimental protocol

CLN (0.5mg/ml) was prepared in 0.89% (w/v) saline and administered in an injection 

volume o f  1 ml/kg giving a dose o f  0.5 mg/kg. It was injected i.p. 1 hour prior to KA 

(lOmg/kg, s.c). Seizure behaviour was monitored for 3 hours following KA administration 

as previously described and animals were euthanised 24 hours after KA administration.

5,8.1 Pre-treatment with CLN does not alter KA-induced seizure behaviour

Animals received CLN (0.5 mg/kg) 1 hour prior to KA and were euthanised 24 hours later. 

KA induced an increase in seizure behaviour according to the Racine scale which was not 

affected following pre-treatment with CLN. Wet dog shakes were observed in both groups, 

but a higher frequency was seen in the KA alone group. Forelimb clonus, with rearing and 

falling was observed in both groups.
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Figure 5,22 KA-induced seizure behaviour is affected by pre-treatment with CLN

Animals were scored 1 -5 according to what stage they were in, using the Racine scale for 1 minute 

every 10 minutes over a 3 hour observation period. A two-way repeated measures ANOVA 

revealed a significant effect of time [F (17, 221) = 30.43, P<0.001] and an interaction between time 

and CLN [F (17, 221) = 3.018, P<0.001] on seizure behaviour. Pre-treatment with CLN 

significantly ameliorated KA-induced seizure behaviour at 100 minutes. Data is expressed as mean 

± SEM over time. (n=9).
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5.8.2 Pre-treatment with CLN does not influence KA-induced hippocampal cell loss

Animals received CLN (0.5 mg/kg) 1 hour prior to KA and were euthanised 24 hours later. 

Counts o f viable cells revealed a reduction in the number o f viable cells in KA treated rats 

in the CA3 and CAl o f  the hippocampus, when compared to saline treated controls. Prior 

treatment with CLN did not affect the KA-induced reduction in viable cells when 

compared to their KA treated counterparts.
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Figure 5.23 KA-induced hippocampal cell loss in the CA3 and CAl is not attenuated 

by prior treatment with CLN

Two-way ANOVA showed an effect o f KA only on cell number in the (a) CA3 [F (1, 21) 

= 36.57, P<0.001] (b) CAl [F (1, 21) = 24.39, P<0.001]. No effects o f CLN were observed 

either alone or in combination with KA. Post hoc comparisons revealed that KA provoked 

a significant reduction in cell number in the CA3 and CAl when compared to saline 

treated controls. Data is expressed as mean±SEM (n=4-8). *P<0.05; **P<0.01 vs. saline 

counterparts (Neuman-Keuls post hoc test).
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5.8.3 Pre-treatment with CLN attenuates KA-induced DNA fragmentation in the 

hippocampus

Animals received CLN (0.5 mg/kg) 1 hour prior to KA and were euthanised 24 hours later. 

TUNEL staining of hippocampal slices following KA administration resulted in an 

increased number o f TLTNEL positive cells in the (i) CA3 and (ii) CAl indicating an 

increase in DNA fragmentation. KA-induced TUNEL staining was attenuated following 

pre-treatment with CLN.

(i) CA3 of the hippocampus



(ii) CAl of the hippocampus

Figure 5.2424 KA-induced DNA fragmentation in the CA3 and CAl, which was 

attenuated by pre-treatment with CLN

TUNEL staining o f the (i) CAS and (ii) CAl where green indicates TUNEL positive 

staining and blue is a Hoechst dye to indicate co-localisation o f DNA fragmentation and 

hippocampal cells. (A) Saline treated (B) CLN and saline (C) KA induces DNA 

fragmentation as indicated by TUNEL positive staining, which is (D) ameliorated 

following pre-treatment with CLN. (20X magnification)
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Quantification o f TUNEL staining intensity in hippocampal slices shows an increase in 

staining in the (a) CAS and (b) CAl following KA administration. The increase in TUNEL 

staining following KA administration was attenuated by pre-treatment with CLN.
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Figure 5.25 KA provokes an increase in DNA fragmentation in the (a) CA3 and (b) 

CAl of the hippocampus which is attenuated by prior treatment with CLN

Two-way ANOVA of mean TUNEL intensity showed an interaction effect and an effect o f 

KA in the (a) CA3 [F ( l, 18)= 7.58, P<0.05], [F (l, 18)= 8.2, P<0.05] and (b) a KA effect 

[F (1, 17) = 4.78, P<0.05], an interaction effect [F (1, 17) = 17.99, ?<0.001], in the CAl. 

No effect of CLN alone was seen in either the CAB or CAl. Post hoc comparisons 

revealed that TUNEL intensity was increased in the CAS and CAl following KA 

administration when compared to saline treated controls, an effect which was attenuated by 

pre-treatment with CLN. Data is expressed as mean±SEM (n=6). *?< 0.05; ** P  < 0.01 vs. 

saline counterparts. ^P<0.05; ’̂ '^P<0.01 vs. KA treated counterparts (Neuman-Keuls post 

hoc test).
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5.8.4 Pre-treatment with CLN does not influence KA-induced caspase-3 expression, 

but significantly attenuates KA-induced caspase 3 activity in the hippocampus

Animals received CLN (0.5 mg/kg) 1 hour prior to KA and were euthanised 24 hours later. 

KA induced a 2-3 fold increase in hippocampal caspase 3 expression, which was not 

affected by prior treatment with CLN. KA induced activated caspase 3, which was 

ameliorated following pre-treatment with CLN 
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Figure 5.26 KA-induced hippocampal caspase-3 expression is not influenced, but 

caspase 3 activity is significantly ameliorated, by pre-treatment with CLN

Two-way ANOVA showed an effect of KA only in (a) [F (1, 20) = 36.03, P<0.001] caspase 3 

expression and (b) a KA effect [F (1, 21) = 4.75, P<0.05], and an interaction effect between CLN 

and KA [F (1, 21) = 7.15, P<0.05] in caspase 3 activity. Post hoc comparisons revealed that KA 

increased caspase 3 expression when compared to saline treated controls, an effect which was not 

affected by pre-treatment with CLN. Post hoc comparisons revealed that KA increased caspase 3 

activity when compared to saline treated controls, an effect which was ameliorated by pre

treatment with CLN. Data is expressed as mean ± SEM (n=4-9). **P<0.01 vs. saline counterparts, 

^P<0.05 vs. KA treated  counterparts (Neuman-Keuls post hoc test).
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5.8.5 Pre-treatment with CLN affects KA-induced hippocampal IFN-y, IDO, iNOS, 

C D l l b  and GFAP expression.

Animals received CLN (0.5 mg/kg) 1 hour prior to KA and were euthanised 24 hours later. 

KA induced a 6, 40, 40, 5 and 3-fold increase in hippocampal (a) IFN-y, (b) IDO (c) iNOS 

(d) CD-I lb  and (e) GFAP expression respectively when compared to saline counterparts. 

The increases in IDO and iNOS were attenuated following pre-treatment with CLN. The 

increase in CD-I lb  was not affected by CLN. Pre-treatment with CLN augmented KA- 

induced GFAP expression, however this failed to achieve statistical significance.
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Figure 5.27 KA-induced IDO and iNOS expression is attenuated, GFAP expression is 

augmented, and C D llb  and IFN-y expression is unaffected, following pre-treatment 

with CLN

Two-way ANOVA of fold change showed a KA effect in (a) IFN-y expression [F (1, 20) = 

20.44, P<0.001] (b) IDO expression [F (1, 17) = 70,69, P<0.001], as well as a CLN effect 

[F (1, 17) = 8.07, P<0.05], and an interaction effect [F (1, 17) = 5.42, P<0.05] (c) iNOS 

expression [F (1, 19) = 15.74, P<0.001], as well as a CLN effect [F (1, 19) = 10.09, 

P<0.01], and an interaction effect [F (1, 19) = 7.8, P<0.05], (d) CD-I lb expression [F (1, 

12) = 45.33, P<0.001] and (e) GFAP expression [F (1, 17) = 25.77, P<0.001]. Post hoc 

comparisons revealed that KA increased IFN-y, IDO, iNOS, CD-I lb and GFAP expression 

when compared to saline treated controls. CLN attenuated the KA-induced increase in IDO 

and iNOS expression when compared to KA treated controls. CLN augmented KA- 

induced GFAP expression when compared to KA treatment alone, although this failed to 

achieve statistical significance. Data is expressed as mean ± SEM (n=4-9). *P<0.05; 

**P<0.01 vs. saline counterparts, '^P<0.05; ^^P<0.01; ^^P<0.01 vs. KA counterparts 

(Neuman-Keuls post hoc test).
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5,8.6 Pre-treatment with CLN augments NGF expression, KA-induced BDNF 

expression and BDNF concentrations in the hippocampus

Animals received CLN (0.5 mg/kg) 1 hour prior to KA and were euthanised 24 hours later. 

KA failed to induce NGF expression in the hippocampus, but pre-treatment with CLN, in 

combination with KA resulted in an increased expression of NGF mRNA.

KA induced a 3 fold increase in BDNF expression when compared to saline controls. Pre

treatment with CLN enhanced this response. In a similar fashion KA provoked an increase 

in BDNF protein when compared to saline controls. Pre-treatment with CLN also enhanced 

this response.
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Figure 5.28 KA failed to induce hippocampal NGF expression alone, but pre

treatment with CLN resulted in an increase in NGF expression, following KA 

administration

Two-way ANOVA of fold change in NGF expression showed an effect o f KA [F (1, 20) = 

9.2, P<0.01] and an effect of CLN [F (1, 20) = 9.75, P<0.01]. Post hoc comparisons 

revealed that CLN in combination with KA, increased NGF expression when compared to 

saline or CLN counterparts. Data is expressed as mean ± SEM (n=4-9). **P<0.01 vs. 

saline counterparts, (Neuman-Keuls post hoc test).
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Figure 5.29 KA-induced hippocampal BDNF expression and BDNF protein shows a 

trend towards an increase following pre-treatment with CLN.

Two-way ANOVA o f fold change in (a) BDNF expression showed an effect o f KA only [F 

(1, 20) = 12.35, P<0.01]. Post hoc comparisons revealed that KA increased BDNF 

expression when compared to saline treated controls. CLN enhanced the KA-induced 

increase in BDNF expression when compared to KA treatment alone, but this did not 

achieve statistical significance. Two-way ANOVA of (b) BDNF concentrations showed an 

effect o f KA only [F (1, 19) = 38.37, P<0.001. No effects o f CLN were observed either 

alone or in combination with KA. Post hoc comparisons revealed that KA increased BDNF 

when compared to saline treated controls. This response was enhanced by prior treatment 

with CLN, although this did not achieve statistical significance. Data is expressed as mean 

± SEM (n=4-9). * P<0.05; **P<0.01 vs. saline counterparts, ’̂ P<0.05 vs. KA counterparts 

(Neuman-Keuls post hoc test).
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Table 5.1 Summary of DMI results

Target DMI and Vehicle KA and Vehicle DMI and KA

Hippocampal cell loss CA3 - i -

Hippocampal cell loss CA1 - i -

DNA fragmentation CA3 - T t

DNA fragmentation CA1 - t -

C aspase 3 - t -

C aspase 3 activity - - -

IFN-y - t i
IDO - t -

INOS - t

CD11b - t -

GFAP - t -

BDNF mRNA - t i
BDNF protein — t -

Table 5.2 Summary table of RBX results

Target RBX and Vehicle KA and Vehicle RBX and KA
Hippocampal cell loss CA3 - -

Hippocampal cell loss CA1 - i -

DNA fragmentation CA3 - t -

DNA fragmentation CA1 - t -

C aspase 3 - t -

C aspase 3 activity - T -

IFN-y - - -

IDO - t -

INOS - t T

CD11b - - -

GFAP - -

BDNF mRNA - t

BDNF protein - t i
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Table 5,3 Summary table of RBX and PRP results

Target KA and Vehicle RBX and KA PRP and KA PRP+RBX+KA

Hippocampal cell loss CAS i - - -

Hippocampal cell loss CA1 i - - -
DNA fragmentation CA3 t - - -

DNA fragmentation CA1 t —

Caspase 3 t - - -
IFN-y t - - -

IDO t - - -
iNOS t t i

CD11b t - i

GFAP i - - -
BDNF mRNA t - i

BDNF protein - t i i

Table 5.4 Summary of CLN results

T a rg e t C L N  a n d  V ehicle K A  a n d  V ehicle C L N  a n d  K A

Hippocampal cell loss CAS - i -

Hippocampal cell loss CA1 - i -

DNA fragmentation CAS - t
DNA fragmentation CA1 - t i
Caspase S - t -

Caspase S activity - t
IFN-y - t -

IDO - t i
iNOS - t i

CD11b - t -

GFAP - t -

NGF - - t
BDNF mRNA - t -

BDNF protein - t -

Summary o f results where (-) indicates no significant change relative to either Vehicle or 

KA and Vehicle controls, where appropriate, and (T/'i^) indicates an increase/decrease 

relative to either Vehicle or KA and Vehicle controls, where appropriate.
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5.9 Discussion

Firstly, the current study determined if pre-treatment with DMI or RBX could elicit 

neuroprotective effects in the KA model o f hippocampal excitotoxicity. In a similar 

manner to the studies in the previous chapter, all animals receiving KA showed seizures 

and related stereotyped behaviours within 3 hours. Expression o f IFN-y, CD-I lb  and IDO 

in addition to iNOS and GFAP were increased in the hippocampus 24 hours post KA 

administration. The increase in these inflammatory markers was accompanied by an 

increase in expression of the apoptotic marker caspase 3, increase in TUNEL staining and 

a reduction in Cresyl violet staining o f viable hippocampal cells. Pre-treatment with DMI, 

significantly attenuated the KA-induced increase in hippocampal IFN-y, iNOS and BDNF 

expression and enhanced DNA fragmentation in the CA3, but failed to influence KA- 

induced seizures, hippocampal cell loss, caspase-3, CD-I lb  or GFAP expression or BDNF 

protein. RBX produced a similar response to DMI in respect o f cellular degenerative 

markers, yet in contrast to DMI, failed to influence KA-induced IFN-y and IDO 

expression, enhanced iNOS expression and attenuated both the KA-induced increase in 

BDNF expression and BDNF protein in the hippocampus.

Secondly, in order to determine if the exacerbating actions o f the NRIs were mediated by 

(3-adrenergic receptors, PRP was assessed alone and in combination with RBX, following 

KA administration. Pre-treatment with PRP attenuated KA-induced increase in 

hippocampal iNOS, CD-I lb  and DNA fragmentation, but failed to influence KA-induced 

hippocampal cell loss, IFN-y, IDO, caspase-3, GFAP or BDNF expression. PRP was 

however able to attenuate the ability o f RBX to enhance KA-induced DNA fragmentation 

and to attenuate KA-induced BDNF expression, ahhough these results did not achieve 

statistical significance. Finally, pre-treatment with the P adrenergic receptor agonist CLN 

attenuated KA-induced DNA fragmentation, caspase 3 activity, IFN-y, IDO and iNOS 

expression whilst demonstrating a trend towards enhancing KA-induced GFAP and BDNF 

expression in addition to BDNF concentrations in the hippocampus. Overall the results 

support a modulatory role for NA in the regulation o f KA-induced excitotoxicity and 

suggest that the P-adrenoceptor is at least partially responsible for the neuroprotective 

properties attributed to the modulation o f  NA transmission centrally. Further consideration 

o f these changes is considered in turn below.
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5.9.1 DMI attenuates KA related inflammation yet augments KA-induced apoptosis 

in the hippocampus

DMI showed a trend towards influencing the behavioural response to KA, with animals in 

the DMI and KA group exhibiting few stage two behaviours over the first hour, compared 

to the corresponding KA control group. However, over the course of the second hour of 

observation, DMI showed a trend towards enhancing the behavioural response to KA, 

where animals were noted to show more stage 4 and 5 behaviours, compared to the KA 

control group. The response was very severe in some cases and resulted in death in 2/6 

animals, on two separate occasions. There is a body of evidence which infers that NA has a 

protective role against seizure progression, in a variety of seizure models (for reviews see: 

Giorgi et ai, 2004; Weinshenker and Szot, 2002). However, a number of studies to date 

which have explored the influence of DMI in seizure progression have reported that DMI 

lowers the seizure threshold and markedly increases the incidence and intensity of seizures 

(Escorihuela et al, 1989; Peterson et al, 1985; Arai et al, 2003). Coupled with its ability 

to block the NET, DMI also blocks a\ adrenoceptors, an effect which has been shown to 

be pro-convulsant (Weinshenker et a l, 2001; Weinshenker and Szot, 2002) and which may 

account for the ability of DMI to enhance KA-induced seizures, as observed in the present 

investigation. Alternatively, it is not unreasonable to suggest that an increase in 

extracellular NA, subsequent to inhibition of the nerve terminal transporter, may lead to 

the activation of the inhibitory ai adrenoceptor, thus decreasing the overall availability o f 

synaptic NA and contributing to an overall pro-convulsant action.

The effects of chronic administration of DMI was examined (results not presented) in the 

KA model o f excitotoxicity. A dose regime of 7.5 mg/kg (i.p) everyday for 14 days, with a 

period of 24 hours between the last injection and the administration of KA, was employed. 

This does was chosen based on previous experiments carried out in our lab, where the 

animals did not tolerate a higher dose very well, and dramatic weight loss was seen both in 

that experiment and the one carried out here. It was expected that chronic administration o f 

DMI would confer protective effects, similar to those reported in the literature, such as the 

upregulation of BDNF and anti-apoptotic factors such as Bcl-2. However, no changes in 

cell loss or cytokine, caspase 3 and BDNF expression was seen, when compared to KA 

counterparts, and it was not possible to determine DNA fragmentation. This may have 
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been due to a number o f reasons, such as dose, duration and length o f time between the last 

dose and KA treatment. As no significant changes were seen in this study, it was decided 

to focus on the acute modulation of NA in the KA model.

In the current study, acute pre-treatment with DMI did not afford protection against KA- 

induced hippocampal cell loss. Previously, DMI has been reported to be neurotoxic in vitro 

in cultured dorsal root ganglion cells, by reducing neuronal numbers when compared to 

controls (Haller et a l, 2007). By contrast, Haynes et a l, (2004) reported that DMI, when 

administered chronically to rats, affords protection against DEX-induced neuronal damage 

in the hippocampus and striatum, but no such protective actions were observed following 

either acute or chronic administration in the current study. Despite the fact that cell loss is 

evident 24 hours after KA administration, as indicated by cresyl violet staining, perhaps 24 

hours is an insufficient time allowed to observe subsequent detrimental or protective 

effects.

Pre-treatment with DMI enhanced KA-induced DNA fragmentation in the CA3 of the 

hippocampus, as represented by increased TUNEL staining. These changes suggest that 

DMI may enhance KA-induced apoptosis in the hippocampus. Caspase 3 activity is not 

altered significantly, and this is probably due to the fact the tissue was snap frozen before 

being prepared in Krebs buffer. It is known that seizures are accompanied by an array o f 

cellular and molecular disturbances, and that the seizure intensity correlates to the extent o f 

cellular damage (Henshall and Simon, 2005; Fujikawa, 2005; Haut et al., 2004; Shorvon, 

2002). Thus, the added intensity o f seizure behaviour observed following DMI treatment 

may correspond to an increase in apoptosis.

DMI has previously been reported to suppress pro-inflammatory cytokine production both 

in vitro and in vivo (Roumestan et al., 2007; Diamond et al., 2006; Reynolds et al., 2005; 

Kubera, 2000; Ignatowski et al., 1997; O ’Sullivan et al., 2009). In line with this, pre

treatment with DMI attenuated KA-induced IFN-y, IDO and iNOS expression. As 

previously discussed, changes in IDO expression may be related to the corresponding 

suppression o f IFN-y, which is a potent inducer o f IDO expression. The trend towards a 

suppression of IDO expression in turn suggests that pre-treatment with DMI inhibits 

activation of the KP. In addition to these markers, it was also o f interest to determine if 

these changes were associated with a suppression o f microglia, astrocytes or both. Whilst
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KA-induced CDl lb  expression was, moderately but not significantly reduced, GFAP 

expression was not altered by pre-treatment with DMI. Thus it is possible that DMI exerts 

its anti-inflammatory effects via a suppression of microglia, as was demonstrated 

previously by O’Sullivan and colleagues (2009) in vitro in primary cortical glial cells 

stimulated by LPS. The notable anti-inflammatory activity o f DMI might suggest that DMI 

confers protective properties. However, as observed following DEX administration, it is 

possible to suppress KA-induced inflammation without affording protective benefits. 

Overall, the results suggest that seizure intensity is most closely associated with the degree 

of cell loss and apoptosis observed, and that inflammation is playing a secondary role over 

the 24 hour period following KA administration when initial cell loss occurs.

KA induces the expression of BDNF in the brain, an effect thought to occur as a 

compensatory mechanism to protect the brain against the ensuing damage caused by KA 

(Dugich-Djordjevic et ai, 1992; Zafra et al, 1990; Thoenen et al, 1991). Consistent with 

the literature, KA induced BDNF expression and increased protein concentration in the 

hippocampus. Pre-treatment with DMI attenuated KA-induced BDNF expression, whilst 

no changes were observed with regard to the KA-induced increase in hippocampal BDNF 

concentrations. Other investigators have reported that BDNF expression is unaltered 

following chronic treatment with DMI in rats (Coppell and Zetterstrom, 2003), whilst 

some have reported a reduction in the expression of BDNF in rats, following chronic and 

acute treatment with DMI (Khundakar and Zetterstrom, 2006; Donnici et al, 2008). The 

results of the current study are in line with these findings. It is possible that the DMI- 

related reduction in BDNF, is associated with the increase in apoptotic damage and DNA 

fragmentation, where signalling and expression pathways regulating growth factor 

expression and cellular apoptosis synergise to enhance KA-related damage.

Chronic antidepressant treatment has been shown to increase the expression of BDNF 

(Duman et al, 1997; Russo-Neustadt et al, 2000; Balu et al, 2008). Balu and colleagues 

(2008) reported that chronic treatment (21 days) with DMI (10 mg/kg) resulted in an 

increase of BDNF protein levels in the frontal cortex, but not the hippocampus. 

Conversely, chronic treatment (10 mg/kg for 21 days) with DMI has been shown to 

increase BDNF mRNA in the dentate gyrus (Jacobsen and Mork, 2004). In the chronic 

DMI study carried out in tandem with this thesis (results not presented), no change in 

BDNF mRNA was seen in the hippocampus. This may be explained by dose or timing
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issues, where 7.5mg/kg was not a high enough dose, or perhaps, 14 days was not long 

enough to elicit an increase in BDNF expression. Further examination of this is required to 

examine if chronic administration of DMI can confer neuroprotection in the KA-model of 

excitotoxicity.

As there is accumulating evidence in support of a neuroprotective role for NA both in vivo 

and in vitro, the results obtained in this study appear to work against this. To my 

knowledge the results of this study represent the first appraisal o f DMI in the KA model of 

hippocampal excitotoxicity in vivo. A number of factors can be put forward to account for 

the effects observed. Firstly, many studies reporting the neuroprotective effects of DMI 

involve chronic administration (Jeannotte et al, 2009; Bravo et al., 2009; Lapiz et ai, 

2007; Bondi et ai, 2007; Vinet et al, 2004; Yalcin et al, 2005; Canciani et al, 2006; 

Connor et al, 2000), thus acute administration may not be sufficient to confer protection in 

this model. Ahhough a chronic study with DMI was carried out, the parameters of that 

study may not have been sufficient to appropriately address the role of chronic 

administration of DMI in the KA model, and further examination of chronic DMI at 

different dose and duration regimes may provide a valuable insight into its role in this 

excitotoxic model. Secondly, DMI may act to enhance intracellular concentrations of NA 

to promote cellular toxicity. In support of this Nakai and colleagues (1999) demonstrated 

in an in vitro model of ischemia, using rat spinal cord slices, that large amounts of NA is 

released in response to ischemia, and concentrations o f NA were potentiated and sustained 

by application of DMI. Furthermore, as NA has been shown in some studies to lower the 

seizure threshold (Escorihuela et al, 1989; Peterson et al, 1985; Arai et al, 2003), it is 

possible that the actions of DMI may synergise with KA to intensify seizures, culminating 

in increased hippocampal damage. A further possibility may be attributed to the ability of 

DMI to bind to adrenergic, histminergic, and cholinergic receptors, which influence its 

properties independently o f endogenous NA. In order to take account of such off-target 

effects, the experiment was attempted with a highly selective inhibitor of the NET, RBX.

5.9.2 RBX augments KA-induced apoptosis associated with an inhibition of BDNF 

expression in the hippocampus

As discussed previously RBX is more selective for inhibition of the NET than DMI, and

has no significant affinity for dopaminergic, adrenergic, histaminergic or cholinergic
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receptors (Scates and Doraiswamy, 2000). It has been shown to possess anti-inflammatory, 

anti-apoptotic properties and promote pro-survival pathways (Hashioka et al, 2007; 

Kosten et al., 2008; Russo-Neustadt et al, 2005). Thus RBX represents a selective 

pharmacological tool whereby inhibition of NA transport may be assessed in the KA- 

model o f hippocampal excitotoxicity. RBX did not influence KA-induced seizures in the 

first hour of observation following KA administration. However, over the course of the 

second hour it was noted that animals that had received RBX and KA displayed a trend 

towards an augmented seizure response, with more frequent stage 4 and 5 seizures 

(resulting in 2/6 deaths on two separate occasions), when compared to those animals 

treated with KA alone. RBX was reported to lower the seizure threshold in NET +/+ wild 

type mice (Ahern et al, 2006), an effect which could be responsible for the increased 

seizure activity in the current investigation.

RBX had no effect on KA-induced hippocampal cell loss. Pre-treatment with RBX 

however showed a trend towards enhancing KA-induced DNA fragmentation. This effect 

was observed in both the CA3 and CAl, but these results failed to achieve statistical 

significance due to the variable nature of intensity values. In a similar manner to that seen 

for DMI, this enhancement of TUNEL staining was accompanied by a trend towards an 

increase in caspase 3 activity. These results echo those found following pre-treatment with 

DMI and support the possibility that increased seizure severity correlates with an 

exacerbated hippocampal injury following KA administration. However, chronic 

administration of RBX has been shown to influence the expression of apoptotic markers. 

RBX was reported to increase the expression of Bcl-xl but not Bcl-2 in the hippocampus 

(Kosten et al, 2008), therefore it is likely that chronic administration of RBX may afford 

protection against KA-induced apoptosis in the hippocampus.

It has been reported in the literature that RBX has anti-inflammatory properties, 

suppressing pro-inflammatory cytokines such as IFN-y, IL-6 and NO in vitro in LPS- 

stimulated human blood cultures, and in IFN-y-stimulated murine microglial cells 

(Diamond et al, 2006; Hashioka et al, 2007). In the current study KA-induced IFN-y 

expression was not significantly altered by pre-treatment with RBX, however, a trend 

towards attenuation was observed. By contrast KA-induced IDO expression was not 

influenced by RBX, which is possibly related to the lack of a robust increase in IFN-y. 

Thus pre-treatment with RBX, by contrast to DMI, did not silence the induction o f IDO.
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Activation o f  the KP leads to increased production o f  QUIN, which may contribute to, and 

exacerbate hippocampal excitotoxicity. Moreover as pre-treatment with RBX produced a 

robust enhancement o f  KA-induced iNOS expression, subsequent production o f  NO and 

potent nitrosylating agents may lead to the deamination o f  DN A. NO readily reacts with 

the superanion free radical O2' to form the peroxynitrite anion ONOO ', which further 

contributes to oxidative stress and cellular damage (Beckman and Koppenol, 1996). Thus 

changes to inflammatory markers in response to RBX treatment are conducive to 

provoking cellular toxicity and degeneration. In order to determine i f  these changes in 

pro inflammatory mediators are associated with microglia or astrocytes, the expression o f  

C D l l b  and GFAP was also determined. KA-induced C D l l b  expression showed a trend 

towards being enhanced albeit not significantly following RBX treatment. RBX alone 

induced a decrease in GFAP expression, however in this experiment KA failed to induce 

GFAP expression, a response unaltered by RBX. Overall the results suggest that pre

treatment with RBX results in an increase in activated microglia which may account for 

the observed changes in IFN-y and iNOS.

Overall the effects o f  DMI and RBX were similar with respect to changes in seizure 

behaviour and cellular apoptosis. However RBX was not as effective as DMI in 

suppressing KA-induced inflammatory markers, and produced an opposite effect o f  DMI 

in relation to iNOS expression. Such differences between the two NET inhibitors have not 

been previously reported and further experiments w ill be required to clarify the 

mechanisms mediating the differential effects o f  both agents. Perhaps the ability o f  DMI to 

influence the NM DA receptor and its affinity for cholinergic, histamatergic and adrenergic 

receptors contribute to its anti-inflammatory properties. It is possible that such effects are 

not seen following pre-treatment with RBX due to its specificity for the NET. With regard 

to the trend towards enhancement o f  KA-induced seizure behaviours and apoptosis 

common to both RBX and DMI, such effects are likely to be related to the enhancement o f  

extracellular availability o f  NA , which contributes to a lowering o f  the seizure threshold 

and excitotoxicity in the model.

BDNF protein and expression were found to be increased following KA administration. 

Pre-treatment with RBX attenuated this response. There is a correlation between the KA- 

induced increase in apoptosis and the reduction in expression and availability o f  the 

neurotrophin, BDNF (Han et a l ,  2000; Perez-Navarro et a l ,  2005). Changes to BDNF
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may be considered a reaction to seizure activity, apoptosis and inflammation as discussed 

above. In other paradigms too, RBX has been reported to influence changes in central 

BDNF. Donnici et al, (2008) demonstrated that treatment with RBX causes a decrease in 

total BDNF mRNA in human neuroblastoma cells.

Previous reports have demonstrated that RBX has novel anti-inflammatory, antiapoptotic 

and pro-survival properties (Diamond et al., 2006; Kosten et al., 2008; Duman et al, 2001; 

Russo-Neustadt and Chen, 2005). Such reports are in contrast to the results of the present 

investigation. Many of the reported protective effects of RBX to date were obtained 

following chronic administration. Acute effects of RBX are less well characterised and it is 

possible that RBX fails to confer protection against acute and rapid degeneration such as 

that which occurs in response to KA administration. Acutely RBX provokes an elevation 

of synaptic NA (Scates and Doraiswamy, 2000) which may work in concert with 

extracellular glutamate to exacerbate KA induced hippocampal cell damage. Alternatively 

it is possible that an increase in extracellular NA leads to the activation of the inhibitory 

adrenoceptor, thus decreasing extracellular NA. Such a mechanism would be consistent 

with the protective effects of chronic RBX administration, which is associated with the 

down-regulation of aj adrenoceptors. Moreover it has been previously reported that 

elevated synaptic levels of NA seen in NET knock-out mice, are more resistant to KA- 

induced seizures (Kaminski et al, 2005). Thus enhanced availability of NA may confer 

protective, rather than mediate degenerative effects in concert with glutamate. It is also 

possible that down-regulation of the (5 adrenergic receptor following chronic RBX 

administration (Scates and Doraiswamy, 2000) contributes to the reported protective 

effects of RBX in vivo. Furthermore Pi adrenoceptors have been implicated in promoting 

seizure activity (Pericic et al, 2000; Louis et al, 1982). Thus in order to further investigate 

the role o f P adrenoceptors in mediating KA-induced hippocampal apoptosis the effects of 

pre-treatment with the non-selective P blocker, PRP was examined alone and in 

combination with RBX. The effects of PRP are long-lasting and it has previously been 

used to elucidate the mechanisms o f action of RBX with success by other investigators 

(Grappi et al, 2003).
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5.9.3 PRP attenuates KA-induced inflammatory and degenerative changes and 

counteracts the RBX-induced augmentation of apoptosis in the hippocampus

KA-induced seizures showed a trend towards an increase following pre-treatment with 

RBX and this action was attenuated following co-administration with PRP. Those rats 

receiving RBX, PRP and KA experienced a milder seizure pattern compared to KA 

controls, with very few experiencing stage 4 or 5 seizures. RBX, as before, induced death 

in 2/7 o f the rats receiving both RBX and KA. Animals receiving PRP and KA do 

experience stage 4 and 5 seizures, but for a very short time period (between 110 and 140 

minutes). In this regard PRP has been previously reported to have anticonvulsant 

properties in various seizure models (For review see; Fischer, 2002) consistent with the 

observations of the current study. For example, PRP has additive anticonvulsant effects in 

combination with the barbiturate phenobarbital (Fischer and Muller, 1988) and reduces 

seizures to stage 3 seizures (unilateral forelimb seizures) in fully kindled rats (Loscher and 

Schmidt, 1988). However, in the pentylenetetrazole (PTZ) seizure model, PRP does not 

have anticonvulsant properties (Fischer, 2002). It is postulated that PRP’s anticonvulsant 

properties are not related to its |3 adrenoceptor blockade (Lasek et ai, 1983; Jaeger et ai, 

1979) but rather due to its membrane stabilizing properties (Fischer et ai, 1985; Khanna et 

ai, 1989; Madan and Barar, 1974). Overall, in line with reports of the anti-convulsant 

properties of PRP, PRP shows anticonvulsant activity the KA model of excitotoxicity and 

attenuates the RBX induced augmentation of KA-induced seizures suggesting such effects 

are produced via (3 adrenergic receptor activation.

KA-induced hippocampal cell loss is not affected by pre-treatment with RBX, PRP or the 

combination of RBX and PRP, in either the CAS or CAl. However KA-induced DNA 

fragmentation showed a trend towards being enhanced following pre-treatment with RBX, 

albeit not significantly in the CA3. Co-administration of PRP with RBX attenuated this 

effect in the CAl. As observed in the previous experiments, no changes were found in 

response to KA-induced caspase 3 expression following PRP or RBX treatments alone or 

in combination. Overall the effects of PRP observed in the current investigation are 

consistent with anti-apoptotic actions of the drug reported by others. PRP has been 

reported to inhibit caspase 3-like activity in a dose dependent manner, to directly inhibit 

caspase 9 activity and to reduce staurosporine-induced release o f cytochrome c from the
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mitochondria. These effects in turn reduce DNA fragmentation observed by a concomitant 

reduction in TUNEL positive staining in an in vitro model o f apoptosis (Mikami et a l, 

2008). PRP was also reported to inhibit cytochrome c, released from rat brain mitochondria 

stimulated with recombinant Bax, and caspase 8-cleaved Bid or Bcl-2 homology 3 protein, 

suggesting that PRP inhibits Bax-induced permeability changes by a direct interaction with 

the lipid membrane (Polster et al., 2003).

No significant changes are seen in KA-induced IFN-y or IDO expression, following pre

treatment with PRP, RBX alone or in combination consistent with the results obtained 

from the previous study with RBX, where no significant changes were observed in KA- 

induced IFN-y or IDO expression. However, there is evidence within the literature to 

suggest an anti-inflammatory role o f PRP and RBX individually (Kato et al., 2009; 

Hashioka et a i, 2007; Diamond et al., 2006). By contrast KA-induced inflammation may 

not be susceptible to change by either RBX or PRP. In the previous study, a robust 

increase in KA-induced iNOS expression was obtained following pre-treatment with RBX, 

an effect which is mirrored in this study. This effect is amenable to attenuation following 

co-administration o f PRP, in fact administration of PRP alone attenuates KA-induced 

iNOS expression, suggesting that this pro-inflammatory mediator is susceptible to 

regulation by P adrenoceptors following KA administration. To implicate microglia in this 

response, KA-induced CDl lb  expression was significantly attenuated by PRP alone, and 

in response to the combination o f RBX and PRP, suggesting that PRP may exert its anti

inflammatory effects via an inhibition o f activated microglia. By contrast expression o f the 

astrocytic marker GFAP was not altered following pre-treatment with RBX, PRP or the 

combination o f both.

KA-induced BDNF expression is attenuated by pre-treatment with RBX, an effect also 

seen in the previous study. This response was not affected by prior treatment with PRP 

alone. Co-administration o f PRP and RBX displayed a similar effect to RBX alone. 

Administration o f PRP has been shown to inhibit exercise-induced BDNF expression in 

the hippocampus (Ivy et al., 2003), but such an effect was not observed in the KA model. 

These results suggest that the mechanism whereby RBX attenuates KA-induced BDNF 

expression may not involve P-adrenoceptor activation.
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A number o f  studies have reported a role for p adrenoceptors in mechanisms underlying 

neurodegenerative processes. In mice lacking the P2 adrenoceptor, a marked attenuation o f  

post-ischemic damage was reported, an effect that was also obtained in mice treated with 

the selective P2 adrenergic antagonist, ICI 118,551 (Han et a l ,  2009). A  range o f  P 

antagonists including PRP, metaprolol and butoxamine were reported to reduce levels o f  

the pro-inflammatory cytokine IL-6 in the cerebrospinal fluid, following subarachnoid 

haemorrhage in rats (Kato et al., 2009). Hypoxia-induced retinal ganglion cell death was 

reduced following pre-treatment with P antagonists, betaxolol, tim olol and nipradilol 

(Chen et al., 2007). Using a series o f  beta blockers, it was demonstrated that 

neuroprotection is preferentially mediated via the P2 adrenoceptor in vivo, whereas 

neuroprotection is achieved in vitro via stimulation o f  both P 1/2 adrenoceptors (Junker et 

al., 2002). Stimulation o f  P2 receptors is also protective in various m odels o f  stroke (Rami 

et al., 2003; Culmsee et al., 2007; Semkova et al., 1996).

In addition to the range o f  studies reporting that blockade o f  the P adrenoceptors confers 

neuroprotection (Chen et al., 2007; Yu et al., 2007; Chan et al., 2007; Kato et al., 2009; 

Goyagi et al., 2006; Mikami et al  2008), there is a body o f  literature that supports the 

contrary (Wang et al., 2009; Feinstein et al., 1993; Nakamura et al., 1998; Mori et al., 

2002; Dello Russo et al., 2004; Zeman et al., 2004; Zhu et a l ,  1999). In this study PRP 

blocks the RBX-induced enhancement o f  iNOS expression and shows a trend towards 

ameliorating RBX-induced enhancement o f  DNA fragmentation. These results indicate 

that in the current model o f  excitotoxicity, RBX augments KA-induced hippocampal 

apoptosis, an effect which is susceptible to regulation by P-adrenergic receptors. However, 

as PRP is a non-selective P adrenergic antagonist, it is not clear i f  such effects are 

attributable to the Pi or the P2 adrenoceptor. Reports have demonstrated a neuroprotective 

role for the P2 adrenoceptor with few effects associated with Pi adrenoceptor activation. 

For example, activation o f  p2 adrenoceptors has been associated with the prevention o f  Ap 

evoked inhibition o f  LTP in the dentate gyrus o f  adult rats, an effect not seen following  

activation o f  Pi adrenoceptors (Wang et a l ,  2009). Administration o f  the selective Pi 

antagonist, metaprolol with CLN, reduced infarct volume following global ischemia, an 

effect which was abolished following the administration o f  the selective P2 antagonist, 

butoxamine (Junker et al., 2002). Numerous reports illustrate the protective role o f  P2 

adrenoceptor stimulation, by increasing protective neurotrophins and decreasing D N A
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fragmentation and apoptosis seen following brain injury in vitro and in vivo, and reducing 

infarct volume following stroke (Luchoskwa et a l, 2008; Izeboud and colleagues 1999; 

Junker et al., 2002; Culmsee et al., 1999a, 1999b; Semkova et al., 1996; Zhu et al., 1998). 

In addition to the experiments carried out thus far, such reports provided a strong rationale 

for an investigation o f the effects of P2 adrenoceptor activation in the KA-model o f  

hippocampal excitotoxicity.

5.9.4 CLN has neuroprotective properties in the KA model of hippocampal 

excitotoxicity

CLN has demonstrated a number o f  neuroprotective properties in a wide range o f models 

o f neurodegeneration. Specifically, in vitro and in vivo models o f excitotoxicity, CLN has 

been reported to afford neuroprotection by reducing inflammation and apoptosis, and 

promoting the production o f pro-survival molecules such as NGF and BDNF (Rami et al., 

2003; Junker et a l, 2002; Culmsee et a l, 1999b; Semkova et a l, 1996; Zhu et a l, 1998; 

Semkova et a l, 1999). It is postulated that CLN mediates its protective effects via its 

influence on neurotrophin production (Rami et a l, 2003; Semkova et a l, 1999; Culmsee et 

al, 1999a, 1999b; Colangelo et a l, 1998). The results o f the present investigation are 

consistent with these reports to date and suggest that activation o f  the P2 adrenoceptor 

produces protection in the KA model o f hippocampal excitotoxicity.

KA-induced seizure behaviour showed a trend towards being reduced following pre

treatment with CLN over the first 100 minutes. Following this, there was no discernable 

difference between the KA-treated groups. CLN has been shown to exert anticonvulsant 

effects in various seizure models, and in the PTZ model o f myoclonic seizures where pre

treatment with low-dose CLN resuhed in reduced tonic convulsions, but had no effect on 

generalised clonic seizures (Fischer et a l, 2001). These findings are in line with the results 

obtained in the present investigation.

KA-induced hippocampal cell loss was not altered by pre-treatment with CLN, in the CA3 

or CAl. In other reports, CLN has been shown to protect against glutamate-induced 

excitotoxicity in mixed hippocampal cultures, an effect which was blocked by the non- 

selective P antagonist, PRP, and the selective P2 antagonists, ICI 118,551 and butoxamine
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(Junker et ai, 2002). Protective effects were also reported by Semkova and colleagues 

(1996), who demonstrated that CLN protected hippocampal neurons, in an in vivo model of 

transient forebrain ischemia.

KA-induced DNA fragmentation and caspase-3 activity were attenuated following pre

treatment with CLN, in both the CAS and CAl of the hippocampus. Others have reported 

similar actions o f CLN. Following transient global ischemia, treatment with CLN was 

reported to attenuate DNA fragmentation and DNA laddering, in the rat hippocampus 

(Rami et al, 2003). When administered 3 hours prior to transient global ischemia, CLN 

attenuated DNA fragmentation in the striatum and hippocampus (Zhu et al, 1998). CLN 

has previously been reported to regulate apoptotic pathways. Zhu et al, (1999) reported 

that CLN provokes an increase in Bcl-2 in both non-ischemic and ischemic hippocampus 

and striatum.

Pre-treatment with CLN attenuates KA-induced IFN-y, IDO and iNOS expression showing 

anti-inflammatory properties of CLN in the KA model. Similar resuks have previously 

been reported both in vitro and in vivo. Izeboud and colleagues (1999) reported that CLN 

suppresses the LPS-induced pro-inflammatory cytokines-lL-6 and TNF-a in the human U- 

937 cell line, and in the plasma of adult male wistar rats. CLN has been shown to suppress 

the release of LPS-induced IL-1(3 and TNF-a in peripheral blood mononuclear cells, an 

effect which was shown to be mediated by its ability to increase intracellular cAMP levels 

(Yoshimura et al, 1997). In order to determine if the anti-inflammatory effects of CLN 

obtained in the current study were mediated by microglia or astrocytes, CDl lb and GFAP 

expression were determined respectively. No significant changes were observed in KA- 

induced CDl lb  expression following pre-treatment with CLN. However, a trend towards 

an increase in KA-induced GFAP expression was obtained following pre-treatment with 

CLN. This result correlates with reports from Junker and colleagues (2002) who 

demonstrated that treatment with CLN induced profound morphological changes in 

cultured astrocytes, which transformed into activated astroglia, an effect which was 

blocked by butoxamine and propranolol.

KA-induced BDNF expression and protein is augmented following pre-treatment with 

CLN. Neurotrophin regulation has been shown to be affected by CLN in numerous studies 

(McCauslin et al, 2006; Colangelo et al, 2004; Rami et al, 2003; Samina and Tomlinson,
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2000; Culmsee et a l ,  1999). The main focus o f  these studies was NGF regulation, and 

despite NGF expression not being induced by KA, the combination o f  CLN and KA was 

sufficient to induce the expression o f  NGF. Culmsee and colleagues (1999) demonstrated 

that increased NGF expression in response to CLN contributes to its neuroprotective 

effects both in vitro and in vivo. Using NGF antisense oligonucleotide, they reported that 

the protective effects o f  CLN against glutamate-mediated excitotoxicity were abolished  

following administration o f  the NGF antisense. Infarct volume induced by glutamate w as 

found to be reduced by CLN, an effect that was reversed following administration o f  NG F  

antisense oligonucleotide. It has been postulated that an increase in NGF inhibits D N A  

degradation after global ischemia, suggesting that the ability o f  CLN to increase NG F has 

knock-on anti-apoptotic effects (Zhu et a l ,  1998). Such effects are consistent with the 

protective properties o f  CLN in the current study, where KA-induced BDNF, is enhanced, 

with the net result o f  attenuating KA-induced apoptosis.

Overall the results o f  this study indicate that CLN is anti-inflammatory, anti-apoptotic and 

promotes pro-survival pathways in the KA model o f  excitotoxicity. The results presented 

correlate with the findings o f  previous studies, which also demonstrate a clear 

neuroprotective role for CLN in various degenerative models. It is possible that its 

neuroprotective effects are not reflected in KA-induced hippocampal cell loss, as 24 hours 

post KA may not be enough time for the molecular changes to transfer into pathological 

changes. The increase in GFAP expression may account for the anti-inflammatory effects 

induced by CLN. It has been reported that CLN induces the release o f  KYNA (Luchowska 

et al., 2009), an effect which is mediated by astrocytes. It is possible that this phenomenon 

is occurring in this study too, and would be o f  interest to examine hippocampal K YNA  

levels in future studies. As astrocytes are important for the sequestration o f  extracellular 

glutamate, astrocytic activation by CLN may also help control glutamate concentrations in 

the synapse, thus alleviating the KA-induced damage. An additional mechanism by which  

CLN may exert protective effects is via its attenuation o f  IDO expression, indicating a 

decrease in the KP, thus decreasing the amount o f  QUIN produced. Moreover stimulation 

o f  the P2 adrenoceptor results in the upregulation o f  cAMP, activating CREB and its 

subsequent downstream signalling m olecules including BDNF. Thus CLN may afford 

protective effects via multiple mechanisms working alone or in concert to rescue cells from  

excitotoxin-induced degeneration.
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6.0 General discussion

Overall, direct inhibition o f  inflammation does not prevent KA-induced hippocampal cell 

loss and apoptosis, whereas direct inhibition o f  the KP protects against hippocampal cell 

loss and apoptosis, but not inflammation. Hence, modulation o f  intracellular NA can be 

both degenerative and protective in the KA model o f  excitotoxicity.

The KA model is used to represent a number o f  disease states, namely temporal lobe 

epilepsy, Huntington’s chorea, excitotoxicity and acute neurodegeneration (Sharma et al,  

2008; Coyle and Schwarcz, 1976; Wang et al., 2005). In this thesis KA-induced 

excitotoxicity was utilised to represent acute neurodegeneration. As many o f  the features 

o f  acute neurodegeneration are also seen in chronic neurodegenerative conditions, this 

model may give some indications as to the clinical relevance o f  the drugs tested in this 

thesis. Excitotoxicity has been shown to play a key role in neurodegenerative disorders 

such as AD, PD and HD (Rothstein, 1996; Wong et a l ,  2002; Hynd et al, 2004; 

Tannenberg et al, 2004; Fujikawa, 2005; Yi and Hazell, 2006) and the KA model may 

provide some insights into the pathogenesis o f  these conditions. Acute neurodegeneration 

refers to conditions in which neurons are rapidly damaged and cell death occurs within a 

short period o f  time. However, the consequences o f  this cell death and rapid brain damage 

can cause long-term degeneration and lead to chronic conditions. It is for this reason that 

the results o f  this thesis are not only relevant to acute neurodegeneration, but also have 

implications for chronic neurodegeneration.

The hippocampus is a central structure within the brain that is commonly affected in 

neurodegenerative disorders. The KA model o f  hippocampal excitotoxicity provides a 

usefial insight into the pathogenesis o f  these diseases. The protective strategies illustrated 

by the work carried out in this thesis, demonstrating that stimulation o f  the P2 adrenoceptor 

prevents acute hippocampal degeneration, may be clinically relevant in chronic 

neurodegenerative diseases involving excitotoxic damage within the hippocampus.

Pro- and anti-inflammatory cytokines are synthesized by microglia and astrocytes in the 

rodent brain, within 30 minutes o f  seizure onset (Minami et al ,  1991; Vezzani et a l ,  1999, 

2000; De Simoni et al ,  2000). Seizure activity results in an increase in cytokine levels in 

the hippocampus, where they influence the ongoing epileptic activity (Minami et a l ,  1990,
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1991; Eriksson et ai, 1999; De Simoni et al., 2000; Vezzani et al, 1999, 2000). Cytokine 

expression is greater in intensity and distribution when seizures are associated with 

neuronal damage, suggesting that neuronal injury and cytokine over-expression are 

interconnected. Viviani and colleagues (2003) found that 1L-1(3 induces Src kinase family- 

mediated tyrosine phosphorylation of the NR2A/B subunit of the NMDA receptor. This 

was shown to mediate upregulation of NMDA activity by increasing its channel gating 

properties (Ali and Salter, 2001). Thus, induction of IL-ip during seizures may contribute 

to the occurrence of neuronal damage by inducing posttranslational modifications in NR2 

subunit (Rizzi et al, 2003). Peripheral administration of dizocilpine and 3-((R)-2- 

Carboxypiperazin-4-yl)-propyl-l-phosphonic acid (R-(CPP)), a non-competitive and a 

competitive NMDA-receptor antagonist, respectively, blocked in a dose-dependent manner 

the expression of IL-ip in the rat brain, suggesting the involvement of this group of 

glutamate receptors in the initiation of cytokine synthesis in the brain (Eriksson et al, 

2000). It was reported that microglial cells have functional glutamate receptors of the 

AMPA-type, suggesting that the induction of IL-ip by KA is mainly indirect, through 

release of endogenous glutamate (Noda et al, 2000; Kohler et al, 1979). IL-ip and TNF-a 

impair astrocytic glutamate uptake both in primary cultures from rat postnatal 

hippocampus, and in human cortical astrocytes, producing a dose-dependent inhibition of 

GluT mRNA expression (Ye and Sontheimer, 1996; Hu et al, 2004). It is possible that the 

observed pro-convulsant effect of pro-inflammatory cytokines, is the result of an increase 

in glutamate available for the activation of NMDA- and non-NMDA-receptors, due to the 

inhibition of its uptake by astrocytes.

As KA represents a model of acute neurodegeneration, it was initially postulated that

inflammation may be a key process in driving hippocampal cell loss and related molecular

alterations. However, the findings of this thesis indicate that the inflammatory process does

not appear to mediate the cellular and apoptotic damage elicited by KA administration.

Robust anti-inflammatory effects were observed following DEX and DMI, but these failed

to affect DNA fragmentation, apoptosis or cell loss. Other anti-inflammatory strategies,

such as the use of COX-2 inhibitors have been successful in conferring neuroprotective

properties. The expression of COX-2 is reportedly increased in neurodegenerative

disorders such as stroke, PD, HD and AD (Boyd et al, 2007; Huntjens et al, 2009; Breder

et al, 1995; Saldana et al, 2008). It has been reported that there is a relationship between

excitotoxicity, oxidative stress and COX-2 in disease conditions (Breder et al, 1995;

Gendron et al, 2005). Neuro protective effects of various COX inhibitors have been
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documented against colchicines, 3-nitropropionic acid and QUIN- induced neurotoxicities 

(Kumar et ah, 2006; Kalonia et al, 2009; Saizberg-Brenhouse et al, 2003). Recent reports 

have demonstrated that an array of COX-2 inhibitors have been shown to be 

neuroprotective in vivo against QUIN-induced striatal damage in rats, by improving 

impaired motor coordination, oxidative damage (in the form of increased nitrite 

concentration, depleted superoxide dismutase and catalase levels) and alterations in 

mitochondrial enzyme complex activity (Kalonia et al, 2009).

•  Proinflammatory cytokines 
eg. IFN -y and T N F -a

IDO upregulation

\  IFN-y activated^
\  site sequence Activation of the kynurenine pathway

Dexamethasone

D e c r e a se s  transcription of inflammatory g e n e s

Figure 6.1 Mechanism of action of DEX

It is clear that anti-inflammatory strategies do provide neuroprotection in various models 

of neurodegeneration (Lim et al, 2009; Memo et al, 2002; Kalonia et al, 2009), so why 

do the anti-inflammatory effects o f DEX and DMI not confer neuroprotection in the KA 

model? Perhaps 24 hours post intervention is not enough time to see translational changes 

in key genes such as caspase 3, and hippocampal cell loss. Kalonia and colleagues (2009) 

demonstrated neuroprotective changes 21 days following initial COX-2 inhibitor treatment 

and QUIN insult. It would be of interest to examine changes in apoptotic markers and cell 

loss at a later time point post KA, to test the hypothesis that anti-inflammatory changes 

may confer neuroprotection. Also, the examination of a wider array of markers, such as 

oxidative stress and mitochondrial dysftjnction, may provide a greater insight into the 

biochemical changes occurring post DEX and DMI intervention.
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CLN was the only drug examined in this thesis to possess both anti-inflammatory and anti- 

apoptotic effects. CLN was also the only drug to increase GFAP expression, whereas the 

other drugs primarily affected CDl lb  expression, indicating that CLN predominantly 

affects astrocytic activation, whereas other drugs affect microglial activation. Lfnder 

normal conditions, astrocytes function to sequester glutamate from the synapse, thus 

controlling the build up o f  excess glutamate. In neuroinflammatory conditions astrocytes 

are capable o f  releasing glutamate by reacting to synaptically released neurotransmitters, 

coupled with intracellular calcium elevations, which result in the release o f  glutamate via 

regulated exocytosis. This process is affected by pro-inflammatory cytokines such as TNF- 

a , and prostaglandins (Vesce et al ,  2007). It is therefore not unreasonable to suggest that 

the ability o f  CLN to suppress inflammatory mediators, and to increase the activation o f  

astrocytes, causes these astrocytes to sequester glutamate from the synapse via GluT, and 

thus contribute to the neuroprotective properties o f  CLN. In the brain, astrocytes were 

identified as the dominant cell type expressing (3| and P2 adrenoceptors (Hosli and Hosli, 

1993; Mantyh et ai ,  1995). A pronounced increase in P2 adrenoceptor expression was seen 

predominantly in glial cells following brain injury (Hodges-Savola et al ,  1996). 

Astrocytes are the main source for growth factors in the brain under both physiological and 

degenerative conditions, indicating that astrocyte activation may be an endogenous 

mechanism o f neuroprotection (Oderfeld-Nowak and Bacia, 1994; Schwartz et ai ,  1993). 

Activation o f  astrocytes has been associated with increased expression o f  P2 adrenoceptors 

(Hodges-Savola et ai ,  1996), and CLN has been shown to enhance astrocytic activation in 

ischemic brain tissue (Culmsee et al., 1999a). CLN also induced NGF synthesis in cultured 

astrocytes, suggesting a contribution o f these glial cells to the neuroprotective effects o f  

CLN in mixed hippocampal cultures and in rats (Culmsee et ai ,  1999b).

The KP has previously been examined in the KA model, and inhibition o f  kynureninase 

and KMO using mNBA was successful in inhibiting QUIN production, thus protecting 

against KA-mediated damage (Behan and Stone, 2000). The results presented in this thesis 

demonstrate a role o f  the KP in the KA model, but it remains unclear what the significance 

o f  this is. In each experiment, it was observed that IDO expression mirrored the expression 

IFN-y, in line with what is reported in the literature where pro-inflammatory cytokines, 

namely IFN-y and TNF-a, induce the expression o f  IDO (Schroecksnadel et al., 2003; 

Takikawa et al ,  1999; Popov et ai,  2006). Further investigation o f the expression o f  

enzymes o f  the KP showed that a suppression o f IDO expression is coupled with no
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change in L-KYN and 3-HK levels, following DEX administration. In contrast, 

administration o f 1 MT, which increased IDO expression, was also not accompanied by 

changes in the levels o f  KP enzymes such as L-KYN, 3-HK or KYNA. These results 

indicate that IDO expression is not a useful indication o f KP activation and alterations in 

KP metabolites, and future investigations should focus on IDO protein using mass 

spectrometry or western blotting.

As previously discussed, a wide range o f studies have reported that NA has innate anti

inflammatory, anti-apoptotic and pro-survival neuroprotective properties (Feinstein et al,  

1993; Nakamura et al ,  1998; Mori et al., 2002; Dello Russo et al,  2004: Il’inykh et al,  

2008; Kosten et al,  2008; Chen et al,  2007; Chen and Russo-Neustadt, 2007). It was thus 

postulated that NA would have protective effects in the KA model o f  excitotoxicity. As 

was demonstrated by pre-treatment with the NRPs DMI and RBX, increasing synaptic 

availability o f  NA augmented KA-induced hippocampal damage. Although their effects on 

inflammatory mediators differed, both drugs provoked a similar exacerbatory effect on 

KA-induced apoptosis and DNA fragmentation, suggesting that the specificity for the NET 

displayed by both NRI’s is what accounts for this exacerbatory action.

Pre-synaptic 
noradrenergic neuron

#  =  Noradrenaline

0 = NRI (Desipramine 
& Reboxetine)

O  = Clenbuterol

P r o x im a l  g lia l

Figure 6.2 Mechanism of action of DMI, RBX and CLN

In the studies presented here an increase in synaptic availability o f NA through the use o f  

NRI’s DMI and RBX, was shown to augment KA-induced damage. However, stimulation 

of the p2 adrenoceptor using the highly lipophilic P2 agonist, CLN, was shown to be anti- 
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inflammatory, anti-apoptotic and to increase the production o f protective neurotrophins. 

This protective mechanism is more than likely due to an increase in cAMP which also 

leads to an increase in BDNF production, thus protecting against neuronal death.

In the hippocampus, glutamate, NA and 5-HT systems are known to interact (Millan, 

2004). In particular, NA and 5-HT can inhibit glutamate release by acting at presynaptic 

a 2 -adrenergic and 5-HTid receptors (Kamisaki et a l, 1992). Conversely, glutamate has 

been shown to enhance NA and 5-HT release, by acting at presynaptic NMDA and AMPA 

receptors (Fink et al., 1990; Pittaluga and Raiteri, 1990; Raiteri et al., 1992; Wang et al., 

1992; Pittaluga et al., 1997, 2007). Thus NA could provide neuroprotective properties 

through its inhibition o f glutamate release. However, Nakai and colleagues (1999) 

demonstrated in an in vitro model o f ischemia that large amounts of NA were released in 

response to ischemic damage, indicating that during ischemic conditions, glutamate 

enhances the release o f  NA. Furthermore, as NA has been shown in some studies to lower 

the seizure threshold (Escorihuela et al., 1989; Peterson et al., 1985; Arai et al., 2003), NA 

may be responsible for the increase in seizure intensity seen following pre-treatment with 

NRI’s, which is coupled with an increase in DNA fragmentation and apoptotic damage.

It is well established that chronic treatment with NRI’s downregulate (i adrenoceptor

expression in the CNS (Harkin et al., 2000; Lafaille et al., 1991) and it was originally

believed that this effect was necessary in order to achieve antidepressant effects (Sulser,

1978). However, a range o f clinically efficacious antidepressants have no effect on P

adrenoceptor expression (Sartorius et al., 2007; Leonard, 1991). Investigation o f P

adrenoceptor density in the rat cortex and cerebellum revealed Pi adrenoceptor density was

decreased in cortical tissue following chronic DMI treatment, but no effects on P2

adrenoceptor density were evident. Despite a higher density o f P2 adrenoceptors in the

cerebellum, DMI had no effects on P2 adrenoceptor density in this region (Paetsch and

Greenshaw, 1993). This down-regulation is accompanied by a reduction in central P

adrenoceptor sensitivity, demonstrated by Handley and Singh (1986) who reported that

forty-eight hours after withdrawal from chronic, but not acute pre-treatment with DMI, the

potentiating effects of dobutamine, prenalterol and salbutamol on the head-twitch response

to 5-hydroxytryptophan, were significantly decreased. This is consistent with a reduction

in p adrenoceptor density (For review see: Manji and Brown, 1987). The results o f  this

thesis indicate a degenerative role for the Pi adrenoceptor following acute administration of
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the NRI’s DMI and RBX. Perhaps this functional down-regulation of the |3 adrenoceptor, 

namely the Pi adrenoceptor, may play a protective role following chronic administration o f  

NRI’s. Chronic administration o f DMI did not convey any protective/degenerative changes 

in the KA model, but it would be o f interest to investigate this further, PRP in combination 

with chronic RBX treatment may provide a more usefiil insight into this hypothesis.

Chronic treatment with NRI’s is the manner in which these drugs are used clinically for the 

treatment o f depression. The issues raised in this thesis regarding the exacerbated KA- 

induced hippocampal damage seen following pre-treatment with NRI’s may have 

important implications for patients who suffer from post-stroke depression. Further 

investigation into the mechanisms behind this exacerbated response, and extensive 

examination o f the role o f chronic NRI administration in the KA model, are warranted.

As was demonstrated in this thesis, PRP ameliorated the pro-degenerative effects o f RBX, 

when it was used in combination with KA, indicating that the exacerbated damage seen 

following pre-treatment with NRI’s is mediated by (3 adrenoceptors. Also, stimulation o f  

the P2 adrenoceptor confers neuroprotective properties, as was demonstrated in this study, 

as well as others (Luchoskwa ei al,  2008, 2009; Junker et ai,  2002; Culmsee et al,  1999b; 

Semkova et al ,  1996; Zhu et al,  1998). Hence, perhaps NRI’s elicit their pro-degenerative 

effects via the pi receptor, which is downregulated following chronic administration. This 

hypothesis may explain the protective effects observed by other investigators following 

chronic RBX (Paris et ai,  2005; Hashioka et al, 2007; Kosten et al,  2008; Russo-Neustadt 

et ai ,  2004). It would be o f interest to examine the effects o f chronic administration o f  

these drugs in the KA model.

In the current investigation both RBX and DMI were found to attenuate KA-induced 

BDNF expression following their acute administration. BDNF has been shown to regulate 

noradrenergic transmission, drug-related neuronal changes and maintains NA innervation 

in the aged brain (Juric et al,  2008). Loss o f BDNF in this model o f  acute degeneration 

may account for the concurrent increase in apoptosis and DNA fragmentation observed in 

these studies. It has been shown previously that i.c.v injection o f BDNF prior to hypoxic- 

ischemic injury prevents the induction o f caspase 3 in vivo (Han et ai,  2000), indicating 

that a loss o f BDNF may promote caspase 3 induction following ischemic injury. 

Moreover, central application o f BDNF protects against KA-induced striatal damage and 
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blocks caspase 3 activation in adult male Fischer rats (Perez-Navarro et al,  2005). Other 

neurotrophic factors also possess neuroprotective properties. As was demonstrated by 

Culmsee and colleagues (1999), an increase in NGF induced by P2 adrenoceptor 

stimulation was responsible for the corresponding decrease in glutamate-induced neuronal 

cell death in vitro, and the reduction in infarct volume following permanent focal cerebral 

ischemia in vivo. BDNF phosphorylates Bad protein, which prevents the association o f  the 

mitochondrially localized Bcl-xl with Bcl-2, and therefore inhibits apoptosis. It is possible 

that the attenuated BDNF levels in these studies affects this downstream signalling, thus 

augmenting pro-apoptotic pathways. The mechanism involved in the NRI-induced 

attenuation o f  KA-induced BDNF warrants further investigation.

It is o f  interest to note the review by Zhang and Kimelberg (2005), reporting that high 

concentrations o f  NA may elicit neuronal damage by inducing an imbalance between 

cerebral oxygen supply and demand, thus increasing the sensitivity o f  pyramidal neurons 

to glutamate. They also provide a wide range o f  evidence indicating a protective role o f  

agonists in animal models o f  ischemia (Globus et al., 1989; Hoffman et a l ,  1991a, 1991b; 

Kapinya et a l ,  2002; Maier et al ,  1993). Specifically, the 0 .2  agonist, dexemedotomidine 

suppressed KA-induced seizures and prevented hippocampal cell death in rats (Halonen et 

al,  1995). Pre-treatment with the a i  antagonists prazosin, yohimbine, idazoxan and 

clonidine, or idazoxan alone resulted in a higher mortality rate following hypoxic-ischemic 

brain injury in neonatal rats (Yuan et al ,  2001; Antier et al ,  1999). These investigations 

demonstrate the role o f  the a j adrenoceptor in excitotoxic/ischemic conditions, which 

compliment the findings presented here, demonstrating a degenerative role o f  NA  when 

introduced into an excitotoxic environment, and a protective role o f  suppressing NA in this 

model. Further investigation o f  the role a i  antagonists, and the a i receptor in the KA 

model would help to confirm conclusively the role o f  endogenous NA within this model.

Stimulation o f  the P2 adrenoceptor has been reported in numerous studies to confer 

neuroprotection in several models o f  degeneration (Luchoskwa et al ,  2008; Izeboud and 

colleagues 1999; Junker et al ,  2002; Culmsee et al ,  1999a, 1999b; Semkova et al ,  1996; 

Zhu et a l ,  1998; Culmsee et al ,  2004). Here the first description o f CLN’s neuro protective 

effects in the KA model are presented. As was previously demonstrated, CLN increased 

GFAP expression, a marker o f  astrocytic activation, and as astrocytes express KAT-II, 

activation o f  astrocytes may in turn lead to the production o f  KYNA (Luchoskwa et al ,
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2008). KYNA is an NMDA antagonist and has been shown to be neuroprotective in 

previous studies (Sas et ai,  2008; Rejdak et al, 2007). Astrocytes are a known source o f  

BDNF, and NA is involved in the release o f astrocytic BDNF via P1/2 and ai adrenoceptors 

(Juric et al,  2007). Perhaps the increase in astrocytic activation contributes to the 

augmented levels o f BDNF seen in this study. Further investigation o f this theory would 

involve the use o f an inhibitor o f astrocyte activation, such as arundic acid, to see if 

astrocytes are directly responsible for the increased BDNF in this model.

Stimulation o f the P2 adrenoceptor results in the upregulation of cAMP, activating CREB 

and PKA, and subsequent downstream signalling molecules, such as BDNF. Although 

activation o f the P2 adrenoceptor can be attributed to the Gs protein, P2 adrenoceptors have 

been shown to couple to Gi proteins, resulting in the activation o f the ERK and p38 MAPK 

(Daaka et ai ,  1997). The ERK cascade functions in cellular proliferation and 

differentiation, whereas the p38 pathway is involved in gene transcription and is related to 

cytokine production and apoptosis (Johnson and Lapadat, 2002). Perhaps modulation o f  

these pathways can contribute to the neuroprotective effects o f CLN. The upregulation o f  

BDNF leads to the activation o f CREB and ERK signalling pathways, which inhibit the 

pro-apoptotic factor Bad, and promotes Bcl-2 production, among other anti-apoptotic 

proteins (Chen et al,  1999; Coyle and Duman, 2003). This mechanism could account for 

the concurrent suppression o f DNA fragmentation and apoptosis seen following pre

treatment with CLN.

Overall, the results o f this thesis indicate that inflammation is not a key mediator o f KA- 

induced hippocampal cell loss and apoptosis, and that acute alterations o f central 

noradrenergic tone can indeed exacerbate KA-induced hippocampal damage and seizure 

behaviour. However, stimulation o f the P2 adrenoceptor proved to be neuroprotective in 

this acute model o f neurodegeneration.

This outcome could represent a clinically feasible neuroprotective strategy, as CLN has 

been shown previously to be neuroprotective in animal models o f  stroke and ALS 

(Culmsee et al,  1999, 2004; Zhu et ai,  1998; Teng et al, 2006) and is safe for human 

consumption (Yamamoto et al,  1985; Aboul-Enein and Serignese, 1999; Yuen et al,  

2005). However, as CLN has powerfiil anabolic and lipolytic effects, long-term usage has 

been shown to cause alterations in cardiac muscle structure and function (Duncan et al,
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2000), which poses a problem for use as a neuroprotectant in chronic diseases such as AD, 

PD and HD. However, use in the treatment of acute conditions such as stroke or traumatic 

brain injury remain clinically feasible.
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7.0 Future Directions

The research presented in this thesis has yielded a number o f important leads for future 

research as outlined below.

1. Using the D-isoform o f 1 MT, an investigation of IDO protein levels, free 

tryptophan and quantification o f QUIN levels in the brain, in a time course manner, 

would provide usefial insights into the role o f the KP in the KA model.

2. The investigation of chronic administration of DMI and RBX, alone and in 

combination with PRP in fiature studies would demonstrate if the protective effects 

o f these drugs seen currently in the literature could be applied to KA-induced 

hippocampal cell loss, and would demonstrate if protective/degenerative effects o f 

chronic administration o f NRI’s is mediated by P adrenoceptors.

3. Further investigation o f the role o f the p adrenoceptor following acute 

administration o f RBX is required. As the P adrenoceptor has been identified as a 

mediator o f the exacerbated damage induced by RBX and KA, the use o f the 

selective Pi antagonist, metaprolol and the selective P2 antagonist, ICI 118,551 in 

combination with RBX, would identify which receptor this effect is mediated by, in 

the KA model.

4. It is possible that the large increase in extracellular NA following pre-treatment 

with NRI’s leads to the activation o f the inhibitory aj  adrenoceptor, thus 

decreasing the overall amount o f NA. In order to test this theory co-administration 

o f RBX and the az antagonist idazoxan would demonstrate the involvement o f the 

a 2 adrenoceptor in this study.

5. Future research could focus on the role o f  the a  adrenoceptor in the KA model o f  

excitotoxicty. Recent reports have implicated aj  adrenoceptors in modulating 

neuroprotection. Examination of ai adrenoceptor agonism and antagonism in the 

KA model might provide flirther insights into the role o f NA in this model.
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6. In order to confirm the mechanism by which CLN exerts its protective effects, 

using it in combination with a selective P2 antagonist, such as lC I-118551, would 

demonstrate if  stimulation o f  the P2 adrenoceptor is indeed the mechanism by 

which this drug operates. Also using CLN in combination with an inhibitor o f  

cAM P would demonstrate if  the protective effects are mediated by increasing 

cAM P signalling.

7. The mechanism by which CLN affords neuroprotection in the KA model could be 

further explored. Reports have implicated CLN-induced increases in NGF as a 

possible mechanism o f  neuroprotection. In order to explore the theory that 

increased BDNF following pre-treatment with CLN is responsible for 

neuroprotection in the KA model, central application o f  anti-BDNF following pre

treatment with CLN would provide useful insights into the mechanism underlying 

the neuroprotective properties o f  CLN. Also the investigation o f  CLN at a later 

time point to investigate if  any changes in hippocampal cell loss are evident beyond 

24 hours.

8. Further investigation o f  the role o f  astrocytes in the KA model would be o f  interest 

in fiature studies. Here it was postulated that the increase in astrocytic activity, seen 

following CLN administration, was responsible for the neuroprotective properties 

o f  this drug. Administration o f  the inhibitor o f  astrocytic activity, arundic acid, with 

CLN, would illustrate the role o f  astrocytes in CLN-mediated neuroprotection in 

the KA model o f  hippocampal excitotoxicity.
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