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Abstract

In the last few decades, evidence has been acatingilfor a role for xanthine
oxidoreductase (XOR)-generated toxic reactive orygpeecies (ROS) in a variety of
pathological conditions that affect different orgsystems. This enzyme in mammals
exists in two inter-convertible forms: xanthine gélogenase (XDH) (the predominant
intracellular form under physiological conditionghd xanthine oxidase (XO). A
combination of XO and its oxidizable substrate kare (X) (or hypoxanthine (HX)) is
widely used as a model to produce ROS and to dhuely effects in a variety of cell
culture studies. However, the effect of the comtiama of XOR and the reduced
nicotinamide adenine dinucleotide (NADH) in celltoves is much less studied. NADH
is another oxidizable substrate for XOR that bitcda different site on the enzyme from
that of X binding.

The aim of this project was to investigate someeetspof the in vitro toxicity of XOR,
which might provide more insights into its in vitaxicity. The main investigation was
a comparison between the well studied X / XO ardrnttuch less studied NADH / XO
toxicity models. Also, secondary studies were utaden to investigate those aspects of

X/ XO toxicity where there are uncertainties abinam.

These studies were performed using primary cetuoes. Cell cultures are now widely
used to study different diseases, and althoughtibeg their drawbacks, they have their
advantages over the in vivo studies. For this ptpjprimary cultures of cerebellar
granule neurons (CGNs) were used. In the beginsiige problems were encountered
with CGNs. The main problem was the immediate damiagluced to the neurons
(including those in the control groups) at the iméation/experiments day (i.e. day 8 or
9 after plating) by manipulating the cultures (aspirating the culture medium, adding

treatment and control vehicles, and adding therasbn medium).

After several months of investigation, it was seipitously discovered that the
immediate damage seen in the neurons (includingethio the control groups) when
they are manipulated at the experiments/intervantiay was due to glutamate
excitotoxicity (through activating its N-methyl-DCspartate (NMDA) receptors). The

source of glutamate was the fresh serum which ésgmt at 10% V/V in the fresh
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culture medium that is added to the cultures at dlag. After solving this problem, it

was possible to conduct reliable experiments testigate XO toxicity models.

Regarding investigating XO toxicity, it was foutitht both of the X / XO and NADH /
XO combinations were toxic to cultures of CGNs. Hwoer, the concentration of
NADH needed to cause the toxicity was much highantthat of the other substrate, X,
which is in agreement with previous cell-free expents that showed that NADH is a
much weaker substrate than X for the bovine milk x&d here. Blocking the site of X
binding on XO prevented X / XO toxicity, but didtqarevent NADH / XO toxicity. On
the other hand, blocking the site of NADH bindingyented both X / XO and NADH
/XO toxicities. Another difference between the tsystems was that deactivating either
superoxide or hydrogen peroxide (both are ROS) rgée@ by XO prevented NADH /
XO toxicity, whereas although deactivating hydrogegroxide prevented X / XO
toxicity, deactivating superoxide generated from tombination did not. In the NADH
|/ XO system, an extracellular metal contaminantke(li contaminating XO
powder/preparation) seemed to be involved in thacity. The two toxicity models
were similar in the mediation of toxicity by intedtular iron ion. In X / XO toxicity,
although superoxide generated extracellularly ftbm combination has no role in the
toxicity, intracellularly produced superoxide seene play a role.

Conclusions:

1. Culturing/experimental conditions have been optadigor viability studies in
CGNs cultures.

2. The combination of NADH and XO induces damage tdNSGwhere although
blocking the NADH binding site prevents this damalgiecking the X binding
site does not. It is feasible that the oxidatiolN&DH by some forms of XOR
(other than the one used here) that are known teebg efficient in oxidizing
NADH might produce in vivo toxicity.

3. A possibility raised by this study is that a mefidte the metal contaminant
proposed to play a role in NADH / XO toxicity inishstudy) might contribute to
XOR toxicity in vivo.

4. Intracellular superoxide often mediates XOR toxicit

5. The results add support to many previous studieschwisuggested that
intracellular hydroxyl radical (or a similar spegjas involved in XOR toxicity.



Contents

ADSIraCT..........ooo e, 2
CONTENTS ... e e 4
LISt Of fIQUIES.........oiiiiii .8
Acknowledgment.............cooiiiii e, 11
Author's declaration...................ccoocoooiiiii i, 12
Abbreviations..............c..coooiii 13

PUDICAtION. . ..o 16

1 INtrodUCHION. ... 17

1.1 Reactive oxygen species and diSEase..........o.uveoiaieiiiii i 17
1.2 Interplay between oxidative stress anérotdlamaging events.............cceeee..... 20
1.2.1 Mitochondrial dysfunction...............coveiiiiiiiciiiii e 21
1.2.2 Glutamate..........ooouiiinieie e e e e ere e e 21
1.2.3 Disruption of EAhOMEOSLASIS. .. .......cuvveeeieeeiee et e 22
1.2.4 Inflammation.........oooonii e 22
1.2.5 MeELAIS. ... 23
1.3 Fate of cellsdamaged by ROS.........cooiiiiiiii e e 24
1.4 Xanthine oxidoreductase (XOR)-generat@bR................ccoiiiiiiiiiiiiiinnnns 26
1.4.1 XOR structure and Properties. .. ... e «eeeroenenianieenene e aeannes 26
1.4.2 Role of XOR-generated ROS IREER...........c.ccovvviiiiciiiiiiieeieeeeee, 33
1.5 Cell culture technique............ccoiiiiiii e e 2222 39

1.6 AIM/ODJECHVES. ..ot et e e e e e e e e 44



2 Materials and methods. ... 47
2.1 Chemicals (ordered alphabetically)..........c.cooiiiii i 47
P A o [ o]0 1= o 1 £ PP 48
2.3 Treatment solutions and media.............cooiiieiiiii 48
2.4 Test compounds stock solutions.............c..ccov im0 49
2.5 USINg 96-Well Plates. .. ... e e 52
2.6 Primary cultures of cerebellar granule neuronsNEG............cocvviviinnnnnn. 53
2.7 Experimental design of viability studies..............ccoiemeiiiiiii i 54
2.8 Viability @SSaAY ... e eie it it e e 55
2.9 Cell-freB @SSAYS. ... vttt it et it it ittt ettt e e e e eee e neneneee 2. DO

2.9.1 Cell-free detection of superoxide produttia.............ccccovvviieeiennnennnn. 59
2.9.2 Cell-free detection of hydrogen peroxidedoction......................... 60
2.10 Statistical analySiS..........ouuieiie it ————— 62
3 RESUIS. ..o, 64
3.1 Culturing and experimental conditionsS.........c.ccooeiiiiiecie e e, 64
3.1.1 Morphology of the CUtUreS............oocmee e, 64
3.1.2 Effect of the position in the plate on Webility of cultures..................... 66
3.1.3 Toxicity of fresh culture medium.............ccooviii it e 71
3.1.3.1 Was fresh culturedioen responsible for the death?.............. 712..
3.1.3.2 PreViOUS PrOJECES. .. ittt cte e et ie e e e ve e e aans 72
3.1.3.3 Effect Of PH....oviieie e e e e 73
3.1.3.4 Effect of Ethanotddimethyl Sulfoxide (DMSO)................ 74
3.1.3.5 NMDA r€CEPIOIS. ..ttt ittt e e e e e e 76
3.1.3.6 KynureniC acid..........ccoueceeeriieieie e e e e v ee e e 79
3.1.3. Glutamic-pyruvic transSaminase............o.vuvveeneins e eneiiininas 80



3.1.3.8 Protection by preatment with reduced amount of

fresh culture medium..........oooi e 81
3.1.3.9 Furtherinvestigati...............coiiiiiiiii e, 83
3.1.3.10 Externally added glutamate.................cccooiiiirivmmne enes 84

3.2 Oxidative stress experiments performddrbesolving the problem
of fresh culture medium tOXICity...w.evvevieiieiii i ene a2 ... 86

3.2.1 Examining the susceptibility@GNs to oxidative stress

INSUIS . .. e 86
3.2.1.1 Dose response curve of hydrogen perdgiieity.................. 86
3.2.1.2 Toxicity of the cbmation of xanthine and xanthine
OXIAASE (X / KO et e e 87
3.2.1.3 Toxicity of S-Nigo-N-acetyl-DL-penicillamine (SNAP)......... 88
3.2.2 Effect of different antioxidardn the toxicity of oxidative stress
NSUIES .. e e e e e e e 89
3.2.2.1 Antioxidants againgdrogen peroxide toxicity...... ............90
3.2.2.2 Antioxidants agailg XO tOXICItY.......c.covvviieiiniie e, 92
3.3 Oxidative stress experiments performéel ablving the problem of
fresh culture medium tOXICILY ..........oeuieiie it e e 99
3.3.1 Experimental check on the Alafilae assay................coocoviiiiiennnn. 99
3.3.2 Comparison between X / XO and¥#/ XO toxicities....................100

3.3.2.1 Establishing theitdies of the X / XO and NADH / XO
(o0 101 o1 F= 110 ] IS 101

3.3.2.2 Effects of using Xibitors on X / XO and NADH / XO
TOXICIIES .. cvee ettt e et e et e e e et e e e 104

3.3.2.3 Effects of SOD agaiM / XO and NADH / XO toxicities........ 112
3.3.2.4 Effects of catalagainst X / XO and NADH / XO toxicities....122
3.3.2.5 Role of metals it XO and NADH / XO toxicities...............131

3.3.2.6 Role of extraceltubgdroxyl radical in NADH / XO and
X XO TOXICIHE . vt e e e e e 142

3.3.3 Further investigation of X / XGXICity..........cccoevviiiiiiiiiiiie e, 144



A DISCUSSION........ooviiiiiie et 152
4.1 Culturing and experimental conditions..............ccoovviivciiie e een el 2. 152
4.1.1 Neuronal morphology........coooviei i e 152
4.1.2 Morphological examination inbilgy experiments......................... 153
4.1.3 Alamar DIUE @SSAY ... ....c.uieiiiiie it it e e e e 154
4.1.4 Effect of position in the plate the viability of cultures..................... 156
4.1.5 Fresh culture medium tOXICItY. .. . .auu.eeueriiere it ie e e e ienaenans 157
4.2 Oxidative stress experiments performddrbBesolving the problem
of fresh culture Medium tOXICItY..........ouvir i e e e e e eaan 162
4.3 Oxidative stress experiments performéer ablving the problem
of fresh culture medium tOXICItY..........o.uie it e e e, 166
4.3.1 Comparison between X / XO andIN XO toxicity models............ 166
4.3.1.1 Effects of inhibgithe different siteson XO........................ 167
4.3.1.2 Identification of B@nd metals responsible for the toxicity...... 168
4.3.1.3 Feasibility of invaitoxicity of NADH oxidation by XOR........ 182
4.3.2 Further investigation of the X@ toxicity model........................... 185
4.3.2.1 Role of intracellugperoxide in X / XO toxicity.................. 186
4.3.2.2 Role of intracellukgydroxyl radical in X / XO toxicity........... 189
4.4 FULUIE WOTK .. .ttt et e e e e e e e e e e e et e P
5 CONCIUSIONS..........cooiiieieecee e 195

R e CICNCES. ..., 198



List of figures Page
Figure 1-1: Expected action of in vivo XOR. 30
Figure 2-1: A photo and a diagram of a 96-well @lat 52
Figure 2-2: Diagram shows the Alamar blue OD regsliat 540 and 595 nm | 58
for one set of an actual viability experiment.

Figure 2-3: A diagram shows the principle of dateghydrogen peroxide 62
using catalase.

Figure 3-1: Morphology of the cultures immediatafter plating. 64
Figure 3-2: Morphology of the cultures 24 hr afating. 65
Figure 3-3: Morphology of the cultures after 8 dayplating. 66
Figure 3-4: Diagram of a 96-well plate showing edgext-edge, and inside | 67
wells.

Figure 3-5: The effect of the position in the platethe viability of neurons. 68
Figure 3-6: The effect of the position in the platethe viability of neurons | 70
with the groups aligned vertically in the 96-wdkhie.

Figure 3-7: alignment of treatment groups in thability studies that were 71

performed after finding that next-edge group gikigher viability values than
inside groups.

Figure 3-8: Effect of ethanol on fresh culture nueditoxicity. 75
Figure 3-9: Effect of DMSO on fresh culture meditoricity. 76
Figure 3-10: Effect of MK-801 on fresh culture memii toxicity. 77
Figure 3-11: Photos of CGNs showing protection B¢-801 against fresh 78
culture medium toxicity.

Figure 3-12: Effect of kynurenic acid on fresh audt medium toxicity. 79
Figure 3-13: Effect of glutamic-pyruvic transamiaas fresh culture medium 81
toxicity.

Figure 3-14: Effect of pre-treatment with reduceabant of fresh culture 82
medium on the toxicity of full amount of fresh auk medium itself.

Figure 3-15: Further investigation of fresh cultaredium toxicity. 84
Figure 3-16: Toxicity of externally added glutamate 85
Figure 3-17: Dose response curve of hydrogen peeaxixicity. 87
Figure 3-18: Toxicity of X / XO combinations. 88
Figure 3-19: Dose response curve of SNAP toxicity. 89
Figure 3-20: Effect of deferoxamine (deferox.) aam cell viability. 90
Figure 3-21: Effect of deferoxamine (deferox.) ba toxicity of hydrogen 91
peroxide.

Figure 3-22: Effect of mannitol on the toxicity lmydrogen peroxide. 92




Figure 3-23: Effect of different antioxidants on’ XO toxicity. 93
Figure 3-24: Effect of deferoxamine (deferox., 1mdn)the toxicity of X (100| 94
uM) / XO.

Figure 3-25: Effect of deferoxamine (deferox., 1 jmivk the toxicity of X (30 | 95
uM) / XO.

Figure 3-26: Effect of prolonged application of el@ixamine (deferox.) alone 96
on cell viability.

Figure 3-27: Effect of prolonged pre-treatmentgddition to the 1 hr co- 97
treatment) of deferoxamine (deferox., 3(M) on the toxicity of X (10QuM) /

XO.

Figure 3-28: Effect of prolonged pre-treatmentggddition to the 1 hr co- 98
treatment) of deferoxamine (3@®) on the toxicity of X (3QuM) / XO.

Figure 3-29: Comparison between viabilities caltdawith 4 hr and 6 hr 100
Alamar blue incubation times.

Figure 3-30: Effect of NADH alone on cell viabilityhen applied in MEM- | 102
HEPES-sol.

Figure 3-31: Dose response of NADH / XO toxicityMiEM-HEPES-sol. 103
Figure 3-32: Effect of allopurinol on the toxicib§ NADH / XO combination | 105
in MEM-HEPES-sol.

Figure 3-33: Effect of allopurinol on the toxicibf NADH / XO combination | 106
in HEPES-sol.

Figure 3-34: Effect of DPI on the toxicity of NADHXO combination in 107
MEM-HEPES-sol.

Figure 3-35: Effect of DPI on NADH / XO toxicity iHEPES-sol. 108
Figure 3-36: Effect of allopurinol on X / XO toxtgiin MEM-HEPES-sol. 109
Figure 3-37: Effect of allopurinol on X / XO toxigiin HEPES-sol. 110
Figure 3-38: Effect of DPI on X / XO toxicity in M&-HEPES-sol. 111
Figure 3-39: Effect of DPI on X / XO toxicity in HEES-sol. 112
Figure 3-40: Effect of SOD-1 on X / XO toxicity HEPES-sol. 113
Figure 3-41: Effect of Tiron on X / XO toxicity IHEPES-sol. 114
Figure 3-42: Effect of SOD-1 on X / XO toxicity MEM-HEPES-sol. 115
Figure 3-43: Effect of SOD-1 on NADH / XO toxicity HEPES-sol. 116
Figure 3-44: Effect of SOD-1 on NADH / XO toxicilyg MEM-HEPES-sol. 117
Figure 3-45: Effect of Tiron on NADH / XO toxicity HEPES-sol. 118
Figure 3-46: Cell-free detection (using Cytochrarreduction method) of 119
superoxide generation by the X / XO combinatiothe HEPES-sol.

Figure 3-47: Cell-free experiment showing the aftdfdNADH alone (without | 120
XO) on Cytochrome c¢ (Cyt c) signal in the HEPES-sol

Figure 3-48: Cell-free experiment showing the reducof XTT by NADH 121
alone (without XO) in HEPES-sol.

Figure 3-49: Effect of NADH and XTT applied aloneim combination in 122
HEPES-sol on the cell viability.

Figure 3-50: Cell-free XTT reduction assay showtimg time course of 124

superoxide production by the X / XO combinatiorHBPES-sol.




10

Figure 3-51: Cell-free Cytochrome c reduction assawing the time course| 125
of superoxide production by the X / XO combinatiotHEPES-sol.

Figure 3-52: Effect of catalase on X / XO toxiciyHEPES-sol. 126
Figure 3-53: Effect of catalase on X / XO toxiciyMEM-HEPES-sol. 127
Figure 3-54: Effect of catalase on NADH / XO toxycin HEPES-sol. 128
Figure 3-55: Cell-free catalase-based assay ofdggir peroxide 130
production/accumulation from the NADH / XO combiioat

Figure 3-56: Cell-free catalase-based assay ofdgglr peroxide 131
production/accumulation from the X / XO combination

Figure 3-57: Effect of deferoxamine pre-treatmamiXa/ XO toxicity in 132
MEM-HEPES-sol.

Figure 3-58: Effect of deferoxamine pre-treatmémtMEM-HEPES-sol) on | 134
the toxicity of X / XO combination applied in HEPS8I.

Figure 3-59: Effect of deferoxamine pre-treatmémtMEM-HEPES-sol) on | 135
the toxicity of the NADH / XO combination applied HEPES-sol.

Figure 3-60: Effect of deferoxamine co-treatmentNzxDH / XO toxicity. 137
Figure 3-61: Effect of EDTA (2M) co-treatment on the toxicity of NADH / | 138
XO combination.

Figure 3-62: Effect of EDTA (2QM) co-treatment on NADH / XO toxicity. 139
Figure 3-63: Effect of EDTA (2QM) co-treatment when it was not pre- 140
incubated with XO on the toxicity of NADH / XO conmation.

Figure 3-64: Effect of deferoxamine co-treatmenaohXO toxicity. 141
Figure 3-65: Effect of EDTA co-treatment on X / X@xicity. 142
Figure 3-66: Effect of co-treatment with hydroxgtical scavengers on 143
NADH / XO toxicity.

Figure 3-67: Effect of co-treatment with hydroxgtical scavengers on X/ | 144
XO toxicity.

Figure 3-68: Effect of Tiron pre-treatment on theitity of X (15uM) / XO 146
(0.02 Units/ml) combination.

Figure 3-69: Effect of Tiron pre-treatment on theitity of X (10uM) / XO 147
(0.02 Units/ml) combination.

Figure 3-70: Effect of diethyldithiocarbamate (DD@g-treatment on X / XO| 148
toxicity.

Figure 3-71: Effect of POBN pre-treatment on thadiby of X / XO 150
combination in MEM-HEPES-sol.

Figure 3-72: Effect of POBN co-treatment on thediy of X / XO 151
combination in MEM-HEPES-sol.

Figure 4-1: Diagram showing the sequence of theerhkely events leading | 181
eventually to cell damage in the NADH / XO systa@mthe light of the

available results.

Figure 4-2: Diagram showing the sequence of theerfikely events leading | 188

eventually to cell death in the X / XO system,he tight of the available
results.




11

Acknowledgment

| thank Allah for making this project easy and cdeted. | would like to thank my
supervisors: Prof. Trevor Stone and Prof. Robertittsrfor their assistance and
guidance. Also | would like to thank all my colless in the laboratory for their
cooperation and helpful discussions. Finally, | \dolike to thank the government of

Saudi Arabia for funding this PhD project.



12
Author’s declaration

I, Majed A AL-Gonaiah, declare that this thesis wamposed by myself, and also that

the experiments described therein were performeuyself, except where referenced.

Majed A AL-Gonaiah
June 2009



13

Abbreviations

AlF Apoptosis-inducing factor

ALS Amyotrophic laterasclerosis

AMPA aIpha—amino-3-hydroxy-5-methyl-4-isoxazolepropionic
ATP aA(ijlgnosine triphosphate

Ca’ Calcium

Cat. Catalase

CGNs Cerebellar granule neurons

cm® Cubic centimetre

CNS Central nervous system

CO, Carbon dioxide

Cu,Zn-SOD Copper,Zinc-Superoxide dismutase
Cytc Cytochrome ¢

DCF 2,7'-dichlorofluorescein

DCFDA 2, 7-dichlorodihydrofluorescein diacetate
DCFH 2,7-dichlorodihydrofluorescein

DDC Diethyldithiocarbamate

deferox. Deferoxamine

DMSO Dimethyl sulfoxide

DPBS Dulbecco's Phosphate-Buffered Saline
DPI Diphenyleneiodonium

EDTA Ethylenediaminetetraacetate

FAD Flavin adenine dinucleotide

FBS Fetal bovine serum

Fe* Ferrous (reduced iron)

Fe’* Ferric (oxidized iron)

Fig. Figure

HCOs- Bicarbonate

HEPES N-(2-Hydroxyethyl)piperazine4{-ethanesulfonic acid)
3-HK 3-Hydroxykynurenine

H,0, Hydrogen peroxide

hr Hour




14

HX Hypoxanthine

K* Potassium

KGDHC a-ketoglutarate dehydrogenase

LDH Lactate dehydrogenase

L-NAME NG-nitro-L-arginine methyl ester

MEM Minimum Essential Medium

mg Milligram

Hng Microgram

ml Millilitre

ul Microlitre

mm’ Cubic millimetre

um Micometre

mM Millimolar

uM Micromolar

mmHg Millimetre of mercury

Mn-SOD Manganese-Superoxide dismutase

MnTBAP Manganese (lll) Tetrakis (4-Benzoic Acid) Porphy
chloride

Mo Molybdenum

MPT Mitochondrial permeability transition

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazom
bromide

Na" Sodium

NAD" Oxidized nicotinamide adenine dinucleotide

NADH Reduced nicotinamide adenine dinucleotide

NADPH Reduced nicotinamide adenine dinucleotidesphate

NaOH Sodium hydroxide

nm Nanometre

nM Nanomolar

NMDA N-methyl-D-aspartate

NOS Nitric oxide synthase

NSAIDs Non-steroidal anti-inflammatory drugs

Oy Superoxide

oD Optical density

OH Hyroxyl radical

in



15

PCD Programmed cell death

POBN a-(4-Pyridyl N-oxide)-N-tert-butylnitrone

ROS Reactive oxygen species

RPM Rounds per minute

S.EM Standard error of mean

SHR Spontaneously hypertensive rats

SNAP S-Nitroso-N-acetyl-DL-penicillamine

SOD Superoxide dismutase

SOD-1 Superoxide dismutase-1 (Copper,Zinc-Superoxide
dismutase)

Tiron 4,5-Dihydroxy-1,3-benzenedisulfonic acid

TRP Transient receptor potential

VIV Volume/Volume

X Xanthine

XDH Xanthine dehydrogenase

XO Xanthine oxidase

XOR Xanthine oxidoreductase

XTT 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrdizmn-

5-carboxanilide inner salt




16

Publication

Paper

Al-Gonaiah M, Smith RA, and Stone TW. (2009). Xan¢hoxidase-induced neuronal
death via the oxidation of NADH: Prevention by noicrolar EDTA. Brain Res.,
doi:10.1016/j.brainres.2009.05.024



17

1 Introduction

1.1 Reactive oxygen species and disease

Oxygen consumption by the body is safely handlegromluce useful products, mainly
energy in the form of adenosine triphosphate (ATB)-needed extra-products e.g.
excess carbon dioxide can be detoxified. Also,dtesumption of oxygen produces
potentially toxic metabolites called reactive oxygpecies (ROS). These ROS are kept
under low levels (by naturally occurring antioxit&nin normal situations and some of
these ROS do even exert physiological roles. Exampf ROS include hydrogen
peroxide, superoxide, hydroxyl radical, nitric oxicand peroxynitrite. When there is an
overproduction of ROS and/or deficiency in anti@itdmechanisms, a damaging event
called oxidative stress ensueRufrens, 2003, Halliwell, 2006, Halliwell and Whiten,
2004, Fatokun et al., 2008a

ROS can be generated in vivo by many sources. Sxiper is generated in the
mitochondria, at more than one site in the resmpiyathain, and as a product of some
other mitochondrial enzymes e.g. the enzyme complgpha-ketoglutarate
dehydrogenaseTlirrens, 2003, Starkov et al., 2Q0Other cellular sources of superoxide
include cytochrome P450-dependent oxygena3esens, 200R Another important
source of superoxide is the enzyme NADPH-oxidaserg¢ns, 2008 which is expressed
largely in some immune system cells (e.g. macropdagvhere although ROS released
by these immune cells are meant to kill invadingroorganisms, they may also insult
nearby host tissues. Also, another important i \@gurce of superoxide is the enzyme
xanthine oxidoreductase (XORM4rrison, 2002. Hydrogen peroxide can be produced
by the dismutation of superoxide, where this dighoh can be either spontaneous or
through the action of the antioxidant enzyme suyxideo dismutase (SOD)T[rrens,
2003, Starkov et al., 2004, Fridovich, 2004ydrogen peroxide can also be produced
directly by some enzymes e.g. XORiafrison, 2002, Fridovich, 1970 Hydrogen
peroxide can be converted, through interaction witreduced metal ion e.g. iron or
copper, to the very reactive and toxic hydroxylicabt[Fridovich, 1998, Turrens, 2003

Nitric oxide is produced by nitric oxide synthagBkOSs), where the powerful oxidant
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molecule peroxynitrite is produced by reaction ficoxide with superoxideGuzik et
al., 2003, Turrens, 2003

Many ROS are free radicals i.e. have an unpairedtrein, so they seek to attract an
electron from (or donate their unpaired electronamon-radical biological molecule

(e.g. a fatty acid, a protein, or a DNA molecule)e chemically stable, rendering the
attacked molecule with an unpaired electron (i.eew free radical) which can in turn
attack another non-radical biological molecule aw on, which can lead to the
destruction of cellular componentddlliwell, 2004. Not all ROS are free radicals, and
some important ROS that are not free radicals delinydrogen peroxide and
peroxynitrite, which can exert their toxic effectsther directly or through their

conversion to free radicals.

There are numerous antioxidant mechanisms whicletidage ROS in vivo. These
include antioxidant molecules (small and large). glgtathione, thioredoxin, alpha-
tocopherol (vitamin E), ascorbic acid (vitamin @hd coenzyme Q. Antioxidants also
include enzymes e.g. SOD (which deactivates supsgdxy converting two molecules
of it into one molecule of hydrogen peroxide pluygen), catalase (which deactivates
hydrogen peroxide by converting it into oxygen avater), and glutathione peroxidase
(which also deactivates hydrogen peroxidéalfwell, 2006, Fridovich, 1998, Turrens,
2003. Antioxidants may also include proteins e.g. alburwhich can work as
antioxidants in the circulatiorRoche et al., 20Q&nd neuroglubin which may work as
antioxidant in the braindarry and Mammen, 2003, Wang et al., 2008

Body tissues differ in their vulnerability to oxitae stress. For example, brain is
particularly vulnerable to oxidative stress. It tains an elevated amount of iron (see
later the role of metals in oxidative stress), aodsumes a high amount of oxygen.
Also, the brain contains a high amount of unsatardatty acids which can be easily
attacked by free radicals. The major excitatoryroansmitter in the brain, glutamate,
when present in excessive amounts at the synalgit can elicit damage through
stimulating postsynaptic intracellular generatidnRDS [Halliwell, 2006, Patel et al.,
1994. Moreover, mature neurons do not divide, and bameuronal tissues may not be

able to undergo repair/regeneration when damagd&idsy.
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Countless number of pre-clinical studies, both imovand in vitro, has shown that
antioxidant interventions do attenuate the damdigerwed in models of some of those
human diseases where signs of oxidative stres®laserved in the patients affected
[Behl et al., 1994, Carney and Floyd, 1991, Chertngl.e 2001, Przedborski et al., 1992, Pong
et al., 2000, Eliasson et al., 1999, Ayata et )97, van der Worp et al., 1999, Hantraye et al.,
1996, Moussaoui et al., 20p@see also the section on XOR). On the other heliical
trials of antioxidants in the treatment of the velet diseases were much less successful
than the pre-clinical studie®/jlicox et al., 2008, Canter et al., 20MHalliwell, 2004.

So, why have many clinical studies failed? We oaty speculate, and only some
explanations will be discussed here. There are nd#fifgrences between humans and
animals in the patho-physiology of the relevanedses. However, it is unlikely that
oxidative stress plays a central role in some disedike brain or heart ischemic
diseases in animals while it has no role at allhiose diseases in humans, for many
reasons. One reason is that not all clinical tinage failed, where many clinical trials,
small and large, with antioxidants in the treatmehtthe relevant diseases showed
positive resultsBehr et al., 1997, Demedts et al., 2005, Tomioka.e2005, Stephens et al.,
1996, Angstwurm et al., 2007, Boaz et al., 20@hg-et al., 2002, Thies et al., 1998, Weigand
et al.,2001, Cerwenka et al., 1999, Murray et 2008, Milman et al., 2008, Hager et al., 2007
Sanders et al., 2007Di Prospero et al., 2007, Plantinga et al., 200@méaguchi et al., 1998
(see also the section on XOR). Also, oxidative sstres not alone in the failure in
clinical trials. For examples, although some otdamaging events (e.g. glutamate
receptor activation and disruption of calcium hostasis) were very evidently shown
to play a major role in acute ischemic brain diseas animal models, many clinical

trials directed against these damaging events fadeel [Ginsberg, 200B

Also, in animals, a closer look at (or manipulatiof) oxidative stress (almost direct
intervention) can be achieved e.g. in animals gassible to knock out or over-express
an antioxidant or a pro-oxidant gene, but thisas possible in humans. Also, many
clinical trials have tried direct free radical seagers, where although this is perhaps
the most feasible way in the clinical situationisitnot the best way to treat oxidative
stress. The reason is that a free radical is giye@n selective in its reactions, and to
scavenge it, a scavenger needs to be applied aryahigh concentration in order to
outcompete the many biological vulnerable targe¢s ¢cavengers) of the free radical.

For example, dimethyl sulfoxide (DMSO), a classicgdiroxyl radical scavenger, when
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applied in a cell-free system at 1 mM in the preseof only one competing hydroxyl
radical scavenger (mannitol, 10 mM), can scavendg 850% of the hydroxyl radicals
that it can scavenge in the absence of manrBailjs and Griffin, 19§9though the case
with other ROS may not be as bad as the case wittokyl radical). A better way is to

prevent the generation of ROS.

Moreover, we like to mention the possibility thaihee researchers tend not to publish
their results if they were negative in the preickh studies. Unfortunately, this in our
opinion is possibly due to a less appreciated enwient in the academic journals of
negative results compared to positive results. V@eevenlightened to know that some
others in the scientific community share our opmnfiinight, 2003, Rockwell et al., 20P6
On the other hand, in clinical trials, althoughrthes evidence for bias against negative
results Rockwell et al., 2006 we believe that (we might be wrong) it is notbasl as
with pre-clinical studies. A possible reason foe #ppreciation of negative results in
clinical studies is that large trials are annouraggistered from the outset of the study,
and hence the results have to be announced as Tedl. might give too great an
impression that clinical trials have failed morearthpre-clinical studies. A lot is
unknown about bias against negative results, wii@hands a systematic investigation,
which has already been started in clinical studitesature, but rarely done in pre-

clinical studies literature.

Finally, some authors have discussed the posygilbiat many previous clinical trials
with antioxidants were not well designed e.g. lowean optimal dose with no dose
response curve, short duration of the study (gppnapriate timing of intervention), no
carful selection of the antioxidant interventiom, i careful selection of the study
population Willcox et al., 2008, Ginsberg, 2008\nyway, the future will indeed bring the

true explanation(s) to the light.

1.2 Interplay between oxidative stress and other daaging

events

The damage observed in pathologic conditions wistgas of oxidative stress are
observed usually involves damage cascades, wheny nemaging events including

oxidative stress can trigger each other. Theseidieclenergy depletion, mitochondrial
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dysfunction, disruption of calcium homeostasis, aheiccumulation, inflammation,
oxidative stress, and (in the brain) glutamate ptaremediated excitation (see later). In
this section, some examples of the toxic interjpletyveen oxidative stress and the other
damaging events will be discussed. More exampldsalio be encountered in the

section on XOR.

1.2.1 Mitochondrial dysfunction

Mitochondrial dysfunction is thought to be an eaglent in the damage observed in
acute ischemic models of many diseases e.g. myiatarthrction and stroke, and also
of many chronic neurodegenerative diseaS&inppoulos and Adam-Vizi, 2006, Starkov et
al., 2004, Halliwell, 2006, Turrens, 2003, Keatirgf)08, Moro et al., 2005, Lesnefsky et al.,
2001]. In acute ischemic disease models, the ischetmas@is thought to induce defects
in the mitochondria which can lead to, upon repgdu (i.e. re-delivery of oxygen to
mitochondria), ROS generation at more than oneisitae respiratory chain, and also
at other sites in the mitochondria e.g. the enzyommplex: a-ketoglutarate
dehydrogenase complex (KGDH@Hinopoulos and Adam-Vizi, 2006, Starkov et al0420
Lesnefsky et al., 20p1The KGDHC complex is also a vulnerable targetR@S, whose
deactivation will deactivate the Krebs cycle. lesmngly, deactivated KGDHC is a
common feature of many neurodegenerative diseasdisvell, 2004.

1.2.2 Glutamate

In the brain, the major excitatory neurotransmjttgutamate, when present in excess
amount at the synaptic cleft (as in stroke), caaitelamage through stimulating its
postsynaptic receptors leading to intracellularegation of toxic ROSReynolds and
Hastings, 1995, Dawson et al., 1993, Araujo et 2004, Carriedo et al., 1998, Dawson et al.,
1996, Patel et al., 1996, Lafon-Cazal et al., J99ROS can exacerbate the damage by
blocking glutamate uptake into the cells (i.e. klog its clearance from the synaptic
cleft) [Trotti et al., 199%. Also it was shown in neuronal cultures that ginate, when
present extracellularly>(300 uM), can induce intracellular oxidative stress tlgiowa
glutamate receptor-independent mechanism, whidfasinhibition of the uptake of
cystine, a precursor involved in the synthesishef tiniversal antioxidant glutathione
[Murphy et al., 1989, Murphy et al., 1990
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1.2.3 Disruption of C&* homeostasis

Disruption of CA" homeostasis is a central player in the damageadasobserved in
many pathological conditions that affect differengan systems. This disruption in’Ca
homeostasis can be induced by disruption of the -d&@pendent plasma membrane
Na'/K* ATPase pump or by other mechanismnsdrte et al., 2005 In the brain, this can
also be induced by glutamate-receptor activatinoreased intracellular levels of Ca
can activate some ROS generating enzymes e.g. NIB&. ROS can activate a lethal
atypical type of C& and cation currents across the cell membraneccatha-selective
cation currents. These currents are likely medidgd member(s) of atypical cation
channels permeable to €an the cell membrane called transient receptoemiii
(TRP) cation channel<hinopoulos and Adam-Vizi, 2008arts et al., 200B In a neuronal
culture study that used prolonged oxygen-glucogeidiion as a toxicity model, it was
shown that C& influx and the subsequent cell damage was notkbtbdy treatment
with typical calcium channels blockers e.g. gluteamanotropic receptor blockers or an
L-type C&" channel blocker, but was blocked by treatment \either some ROS
suppressors or by blocking the above mentionediclypation channelsAprts et al.,
2003. Another example of the harmful augmentation leetw C4" and ROS is that
Ccd" is shown to accumulate inside the mitochondriaeurath ischemic insulBabcock
et al., 1997, Herrington et al., 1996, Zaidan ancth§ 1994, and participates with ROS in
the opening of the so-called mitochondrial permiggbitransition (MPT) pore,
initiating many damaging eventSHinopoulos and Adam-Vizi, 2006

1.2.4 Inflammation

Toxic interplay is observed between ROS and sonmpooents of inflammation in
many pathological conditions in different organ teyss, including the brain. For
example, A-beta (a peptide whose aggregation isrebd in patients with Alzheimer’s
disease) stimulated the microglia (which are cargid resident macrophages in the
brain) in vitro to produce nitric oxideli[et al., 1994. In the same study, the pro-
inflammatory molecule, interferon-gamma, augment&ebeta in activating the
microglia to produce nitric oxide, where A-betaraar in combination with interferon-
gamma, in the presence of microglia, caused tgxicitco-cultured neurons that was
inhibited by a NOS inhibitor. Interestingly also the same study, the production of
nitric oxide by microglia activated by A-beta (aimderferon-gamma) was inhibited by
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aspirin and indomethacin (members of the non-slafoanti-inflammatory drugs
(NSAIDs)). A-beta used at a lower concentrationntiizat used in the above study,
caused toxicity in a mixed culture of neurons androglia that was mediated by
superoxide produced by NADPH-oxidase located inntihe¥oglia [Qin et al., 200 In a
cell culture model of Parkinson’s disease, it wk® abserved that the presence of
microglia in a neuronal culture, again through pr@dg superoxide by the NADPH-
oxidase located in the microglia, very significgnénhanced the observed damage to

the dopaminergic neuron&4o et al., 200R

1.2.5 Metals

It is known that, at least in some pathologicaldibons, traces of reactive metals are
present in vivo either free or bound (chelatedntdecules/proteins, where this binding
may not prevent the reactivity of these metals u@bt it may enhance their
reactivity/toxicity in some situationsifaf et al., 1984, Hallaway et al., 1989, Engelmann
et al., 2003, Gutteridge, 1987, Sayre et al., 1998¢g and Halliwell, 2004, Thompson et al.,
2001, Darley-Usmar and Halliwell, 1996, Halliwellnd Gutteridge, 1992, Liochev, 1996,
Halliwell, 2004. In many cases, these metals exert their toxititpugh some sort of a
reaction with ROS. As mentioned earlier, some rsgtagually iron or copper) can react
with hydrogen peroxide to produce the very reactmd toxic hydroxyl radical. In a
previous study, it was shown that hydrogen perogidded to cultures of hepatocytes
exerted an intracellular toxicity that was mediateyl both intracellular iron and
intracellularly generated superoxideStdgrke and Farber, 1985 Superoxide or
peroxynitrite can deactivate some enzymes throaggracting with their iron clusters.
In this process, in addition to the deactivatiorttise enzymes, iron is released from
the clusters in a reactive form capable of causixigative stress. Superoxide can also
release iron in a reactive form from the storageqgin ferritin. Also, peroxynitrite can
release copper in a reactive form from the plasnoéem caeruloplasmin. Hydrogen
peroxide can degrade haem proteins, which resulise release of iron from them in a
reactive form Liochev, 1996, Darley-Usmar and Halliwell, 19980 mention an example
of the diseases affected by ROS and metals interfflavas discussed that a toxic
interaction between some metals and some ROS mlghta role in atherosclerosis
[Darley-Usmar and Halliwell, 1996, Ong and Halliwel004.
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1.3 Fate of cells damaged by ROS

The fate of cells insulted by lethal amounts of R@OEin disease models where ROS
are secondarily produced) is said to be an everdeath induced through either
apoptosis or necrosis. Apoptosis is a term usetkstribe the programmed, cascaded,
controlled, active, and ‘gentle’ events that leadcell death. In contrast, the acute,
accidental, passive, and uncontrolled cell deatih well membrane rupture is termed
necrosis McHugh and Turina, 2006, Chandra et al., 2000, Sarea al., 1999. The
distinction between apoptosis and necrosis is vaghih is manifested in the attempts
by some researchers to classify the mode of celthdemto necrosis and programmed
cell death (PCD), and then classifying PCD furtimo classical apoptosis, apoptosis-
like PCD, and necrosis-like PCBifantic et al., 2005 Although this classification might
turn out to be correct, it is also possible tharéhmight be a spectrum of cell death
signals rather than just apoptosis and necrosid éuen rather than just PCD and
necrosis). So these obscurities should be considdueing reading the following
discussion of apoptosis and necrosis. Apoptosisuslly achieved by the activation of
several protease families, with caspases beingitst prominent among therGHandra

et al., 2000.

It seems that mitochondria play an important raletriggering apoptosis and even
necrosis Bras et al., 200p Toxic ROS can release Cytochrome c from the chibmdria
into the cytoplasm, where it can activate casps®. ROS can also release a protein
called apoptosis-inducing factor (AlF) from the ogihondria into the cytoplasm where
it can induce apoptosis through caspase-independeethanisms (see below).
Treatment of lymphocyte cultures with hydrogen péte resulted in the appearance of
Cytochrome c in the cytoplasm within 2 hours. Operhater, caspase activation was
observed $tridh et al., 1998 Matsura and co-workers (1999) found that, byngsi
human promyelocytic leukemia HL-60 cells, caspaséBt not caspase-1l) was

responsible for the hydrogen peroxide-mediated msigpobserved in their study.

In acute neuronal toxicity (e.g. in stroke), theesely insulted neurons may die through
necrosis, while the other neurons that are lesgrebwv insulted may die through

apoptosis Xu et al., 2006, Hou et al., 20p8Although apoptosis in the case of glutamate
receptor-mediated acute excitotoxicity in neuroas be induced by caspase activation,

it seems that AlF is also a major trigger of aps@owhere in this type of toxicity some
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ROS are thought to be involved in the release &f #ddm the mitochondriadheung et
al., 2005, Dawson and Dawson, 2Q0Regarding chronic neurodegeneration, in anwo vi
model of Parkinson’s disease, it was proposed t®it death proceeds through
apoptosis mediated by ROS-dependent AlF release fine mitochondriaWang et al.,
2003. Regarding amyotrophic laterstlerosis (ALS), an in vivo animal study showed
that the cell death proceeds through an apoptoéithway, where nitric oxide,
superoxide, and possibly peroxynitrite play a aloble, since NOS deficient mice or
over-expression of SOD resulted in the protectigairsst the observed apoptosis
[Martin et al., 200%.

The interaction between oxidative stress and apopts complex. Logically, since
ROS exert their toxicity through attacking biolagjienolecules, there is no reason for
the ‘active’ enzymes that induce apoptosis not@dibactivated’ by direct attack of
ROS. In cultured hepatic HepG2 cells, it was obséithat treatment with menadione, a
toxic compound known to exert its toxicity througiroducing ROS (especially
superoxide and hydrogen peroxide), treated at 0for 6 hr killed the cells by
necrosis, and did not activate caspases. In thatystadding menadione to cells
undergoing apoptosis inhibited the apoptosis (artiicged necrosis), where this anti-
apoptotic effect of menadione was blocked by cawl@vhich deactivates hydrogen
peroxide)! Bamali et al., 1999 In another study that used lymphocytes it wasishthat
hydrogen peroxide at high concentrations was abkppress the activation/activity of
caspases possibly through oxidizing the cysteiselues on these enzymes, while at
low concentrations hydrogen peroxide was able toate caspases, suggesting that the
level of ROS can determine the mode of cell de&darpton and Orrenius, 1997In
contrast to the above menadione study that usedsRiegells, Sun and co-workers
(1997) have shown that menadione, treated aty@@@or 3 hr, induced apoptosis in
cultured osteoblasts, suggesting that cell typehtradso be a determining factor. Also,
using cell cultures, nitric oxide was shown to shéll death from apoptosis to necrosis
through an effect that might have involved S-nitason (and hence inhibition) of the
cysteine-containing apoptotic enzymete(ino et al., 199 Nitric oxide was also shown
to inhibit the apoptosis of Jurkat lymphoma celis & mechanism different from S-
nitrosylation of caspases, possibly involving ahitition of mitochondrial synthesis of
ATP, and hence inhibition of the energy-dependetdase of apoptotic proteins from
the mitochondria. Restoration of ATP levels by dapgentation with glucose recovered
the apoptotic ability of those cells. In that studhhibiting the mitochondrial synthesis



26
of ATP by rotenone, an inhibitor of complex | oktlespiratory chain, mimicked the

effect of nitric oxide in inhibiting apoptosis antediating necrosid ist et al., 199p

From the above discussion, it seems that the ecaaditions under which oxidative
stress causes either apoptosis or necrosis nedderfumvestigation, though the
concentration of ROS and the cell type seem todberohining factors. Also, it should
be considered, as mentioned, that the distinctietwéen apoptosis and necrosis is
vague, and that there is possibly a spectrum ahdggnals rather than just apoptosis

and necrosis.

1.4 Xanthine oxidoreductase (XOR)-generated ROS

In the last few decades, evidence has been acctingultor a role for xanthine
oxidoreductase (XOR)-generated ROS in a variefyabfiological conditions that affect
different organ systems. Many examples will be nom&d later, but for a thorough
reference, seezZveier et al., 1994, Brown et al., 1988, Harris@d02, Berry and Hare, 2004,
Okuda et al., 1996, Wiezorek, 1994, Phan et aB91®sarogiagbon et al., 2000, Thom, 1992,
Terada et al., 1992a, Weinbroum et al., 1995, Nakazet al.,1991, Jankov et al., 2008,
Widmer et al., 2007, Ohta et al., 2007, Inkstealet2007, Castro-Gago et al., 2006, Flaishon
et al., 2006, White et al., 1996, Schroder et 2006, Baldus et al., 2006, Nakai et al., 2006,
Minhas et al., 2006, Zeki et al., 2002, Riegerlet2002, Desco et al., 2002, Saavedra et al.,
2002, Kumagai et al., 2002, Matsumura et al., 188etsch et al., 1998, Suzuki et al., 1998,
Lamarque and Whittle, 1995, Xia and Zweier, 199%xadia et al., 1992b, Han et al., 2007,
Pacher et al., 2006, Abramov et al., 2007

1.4.1 XOR structure and properties

The enzyme in mammals exists in two inter-conviatibrms: xanthine dehydrogenase
(XDH) (which is the predominant intracellular forander physiological conditions)
and xanthine oxidase (XO). The enzyme is a homad{ne composed of two identical
subunits), where each subunit works generally irddpntly from the other, and thus it
is strange that little investigation has been utadten to reveal the reason(s) of the
presence of two instead of one subunit. Each suboantains three distinct
parts/domains: a molybdenum (Mo) containing dom@iontains one Mo atom), an

iron-sulphur containing domain (contains four atavhgon and four atoms of sulphur),
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and a flavin adenine dinucleotide (FAD) containidgmain (contains one FAD
molecule) Harrison, 2002, Hille and Nishino, 1995, Berry addre, 2004.

The conceived function of XOR is the conversionhgpoxanthine (HX) to xanthine
(X), and X to uric acid, the final product of pugirmetabolism in humansiarrison,
2003. The enzyme couples the oxidation of X (or HX)tte reduction of either
primarily NAD" or secondarily oxygen in the case of XDH, or thduction of only
oxygen in the case of XO (NADxan not oxidize (i.e. can not be reduced by) XO).
oxygen is the oxidizing substrate, hydrogen perexahd superoxide are directly
produced (the enzyme here can be either XDH or XDgreas NADH is produced if
NAD" is the oxidizing substrate (the enzyme here wélldmly in the form of XDH)
(Fig. 1-1) Harrison, 2002, Hille and Nishino, 1995, Berry aHdre, 2004, Fridovich, 1970,
Olson et al., 197§

To add more complication to the picture, XOR casoabxidize NADH, and in this
case, oxygen (not NAD will always be the oxidizing substrate (this wijenerate
hydrogen peroxide and superoxide directly) regasdlgf whether the enzyme is in the
form of XDH or XO. Generation of ROS (i.e. supexiand hydrogen peroxide) by the
XDH form is strongly inhibited by NAD (which is available in relatively high
concentrations in cells) when oxidizing NADH or &n the other hand, the generation
of ROS by the form XO is less inhibited (comparedXDH) by NAD" when oxidizing
NADH and even much less inhibited (compared to XDM)NAD" when oxidizing X.
The site of NADH binding, the FAD site, is diffetelnom that of X binding, the Mo
site (Fig. 1-1) Harrison, 2002, Hille and Nishino, 1995, Berry aHdre, 2004, Gilbert, 1963,
Landon and Myles, 1967, Rajagopalan and Handl8671 Nakamura et al., 1978, Harris and
Massey, 1997, Maia et al., 2007, Sanders et a@718hang et al., 1998

If the Mo site is removed/inhibited, the enzymel wil course not be able to oxidize X,
but can still oxidize NADH and reduce oxygen legdia ROS generation. On the other
hand, if the FAD site is removed/inhibited, the yne will of course not be able to
oxidize NADH, but can still oxidize X (or HX) onlyn the presence of a suitable
artificial oxidizing agent, but importantly not oygn in this case, and hence no ROS
will be generatedomai et al., 1969, Sanders et al., 1997, Olsoalet1974, Nakamura,
1991, Berry and Hare, 2004, Harrison, 2Q02n other words, in vivo, the FAD site on
XOR is the site of oxygen reduction (and hence R@&eration) regardless of whether
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the reducing substrate binds to the Mo site (i.eorXHX) or to the FAD site (i.e.
NADH) (Fig. 1.1).

The enzyme shows a striking variation in propeffiggtions among the different
species, and also among the different organs irspaeies. For example, avian XOR is
present only in the XDH form and does not undergoversion to XO l[andon and
Myles, 1967 Harrison, 2002. Deficiency of XOR is fatal to mice, but not tarmans
[Harrison, 2002. Surprisingly, some reports show that some hurftams of XOR
exhibits a much weaker X oxidase activity thanlibgine XOR, although human XOR
still keeps a potent NADH oxidase activity. HumankmXOR exhibits weaker X
oxidase activity than human liver XORIdrrison, 2002, Sanders et al., 1997, Zhang et al.,
1999.

The enzyme exhibits an ability to oxidize, and tesser extent reduce, an unusually
wide range of endogenous and artificial substrgtesison, 2002, Berry and Hare, 20p4
which has left some researchers wondering if tlsyme has unknown important
regularly functions, at least in some species. tiReellg recently, the enzyme was shown
to be able to reduce nitrate to nitrite, and r@ttd nitric oxide Harrison, 2002, Zhang et
al., 1998, Millar et al., 1998, Li et al., 20p4The first thing that comes to the mind is that,
as it was demonstrated, nitric oxide and supero#idé¢ can be directly generated by
XOR can join together to form the very reactive amxidant molecule, peroxynitrite.
Also, unlike NOS, XOR generation of nitric oxidencproceeds even under anaerobic
conditions. This raises the possibility that, whiN®©S (which requires oxygen for its
function) will fail to generate nitric oxide undpathological ischemic conditions, XOR
will be able to do so, which might lead to nitrigide-mediated beneficial or harmful
effects in the vasculature and/or other tissttesrison, 2002, Millar et al., 1998, Zhang et
al., 1998, Li et al., 2004 The role of XOR in regulating nitric oxide sgat and other
aspects of XOR structure and properties is nhowctimeaarea of research. Although the
research on XOR spans more than a century, tharenggems still to be hiding many

unrevealed secrets.
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Figure 1-1: Expected action of in vivo XOR A: action of XO when X (or HX) is the available rethg
substrate. XO oxidizes X (or HX) at the Mo site armliples this oxidation to the reduction of oxygerhe
FAD site. This process can be only very weaklylhited by NAD". B: action of XDH when X (or HX) is the
available reducing substrate. XDH oxidizes X (or )Ha the Mo site and couples this oxidation to the
reduction of either primarily NADor secondarily oxygen at the FAD site. So the etidn of NAD" strongly
inhibits (outcompetes) the reduction of oxygenR&S generation is inhibite.: action of XO when NADH

is the available reducing substrate. XO oxidizesDWAat the FAD site, and couples this oxidation he t
reduction of oxygen at also the FAD site. Althoug® weakly oxidizes NADH, this oxidation might be
significant because NADonly weakly inhibits this oxidatiorD: action of XDH when NADH is the available
reducing substrate. XDH oxidizes NADH at the FAResiand couples this oxidation to the reduction of
oxygen at also the FAD site. Although XDH stronglyidizes NADH, this oxidation might be insignifidan
because NAD (which is present in relatively high concentragion cell) strongly inhibits this oxidation.
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The enzyme distributes unevenly throughout the bargpans. It is concentrated in the
liver and intestineHarrison, 2002, Berry and Hare, 20p4Brain and heart, especially in
humans, contain a minute amount of the enzyme basea whole organ purification
[Harrison, 2002, Berry and Hare, 20p4However, further investigation showed that XOR
is present at high levels in sub-localizations le torain and heart. For example,
endothelial cells of the cardiac and cerebral vasgre contain a significant amount of
XOR [Betz, 1985, Harrison, 2002, Berry and Hare, 200dgiér et al., 1994, Terada et al.,
19914. The enzyme is also present in the circulationam active form (see later).
Intracellularly, the enzyme is localized in the apfasm, and in possibly some sub-

cellular organelles, but not in the mitochondBarfy and Hare, 2004

Since XO accepts electrons from X (or HX) and chant only transfer them to
molecular oxygen producing ROS, whereas XDH canstea the electrons to either
primarily NAD" or secondarily molecular oxygen producing eithemprily NADH or
secondarily ROS, the in vivo intracellular conversbf XDH to XO was thought to be
required for the toxicity of the enzymeddrrison, 2002. Xanthine dehydrogenase
(XDH) was shown to be converted to XO in cells (ar tissues) under some
pathological conditions/iezorek, 1994, Phan et al., 1989, Osarogiagba.e2000, Thom,
1992, Schréder et al., 2006, Ischiropoulos et 96, Park et al., 1998 However, in many
other cases, this conversion was shown to be e#thsent or too slow/too small to
account for the observed tissue damaggrjson, 2002, Xia and Zweier, 1995, Terada et
al., 1992b, Cighetti et al., 1990, Mink et al., 09®Marubayashi 1991, Betz et al., 1991,
Frederiks and Bosch, 1996, Kooij et al., 1994, &#ttet al., 1998. It can be argued,
however, that this conversion may not be necedsarthe toxicity of the enzyme for
two reasons. First, if a pathological conditionrgases the activity/expression of the
total enzyme (XDH + XO), as it was shown in somenditions, then the XO
activity/expression will also increase in paraklen in the absence of a significant
conversion from XDH to XO. Secondly, it was showratt XDH is also capable of
producing significant amount of ROS. It should lenember that if NADH is the
reducing substrate, the enzyme can only transéeelidctrons to molecular oxygen (not
to NAD"), and hence ROS will be generated regardless efheh the enzyme is in the
form of XO or XDH. However, although XDH is indeedore efficient than XO in
oxidizing NADH, its generation of ROS is stronglghibited by NAD (which is
available in relatively high concentrations in sglvhen oxidizing NADH or X. On the
other hand, the generation of ROS by XO is lessbitdd (compared to XDH) by
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NAD"* when oxidizing NADH and even much less inhibitednpared to XDH) by
NAD™ when oxidizing X (see above in Fig. 1-Mdia et al., 2007, Sanders et al., 1997,
Zhang et al., 1998, Hille and Nishino, 1995, Haetsal., 1999, Maia et al., 2005

An important observation is that the enzyme is gmesn the circulation in an active
form under normal conditions and gets even mucheased (it can increase several
hundred-fold) under some acute pathological sté&tdsoth cases the enzyme was found
in the circulation to be largely in the form of X, under some cases of organ damage,
was found to leak to the circulation largely in floem of XDH and then gets rapidly
converted to XOHarrison, 2002, Terada et al., 1992a, White et 2096, Kooij et al., 1994,
Friedl et al., 1990, Tan et al., 1995, McHale et 4979. From the discussion in this and the
previous paragraphs, it does not seem clear wkmiorim of the enzyme will be more
injurious under pathological conditions when oxidgX (or HX) or especially NADH.
Regardless of the isoform, and as we mentionedrddbiso see later), the evidence
points out to the responsibility of the enzymerfaany pathological conditions.

There are many fairly specific blockers of the nolgnum (Mo) site on XOR. On the
other hand, to date, there are still no specifackérs of the FAD site on the enzyme.
Although diphenyleneiodonium (DPI) can block the OFAite on XOR, it can also
inhibit many other enzymesHrrison, 2002, Pacher et al., 20p6The two classical
blockers of the Mo site on XOR are allopurinol ang/purinol. They have been used
clinically for decades to treat hyperuricemia-rethtiisorders. Besides their blockade of
XOR, these two compounds exhibit some other nornspexctivities e.g. scavenging
hydroxyl radical and/or chelating copper ioagher et al., 2006, Ko and Godin, 1990,
Lapenna et al., 1997, Moorhouse et al., 1987, Mdllét al., 1998 From a clinical
perspective, although these two compounds havéy fgood tolerability, they have
some unpleasant adverse effects e.g. allergy ang@atients with renal impairment,
renal toxicity Pacher et al., 2006 Since the discovery of allopurinol and oxyputino
there has been a quest for more selective and &R blockers, which resulted in the
development of generations of XOR blockers. Onehef newly developed and very
selective blockers of the Mo site on the enzynfelisixostat, which has already entered

many clinical trials Pacher et al., 2006

Another elegant way to inhibit the Mo site on tmzyme that has been used frequently
in in vivo animal studies is through feeding thenaads with tungsten, which results
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with time in the incorporation of tungsten insteddnolybdenum at the Mo site on the
enzyme, rendering it inactive (see later). Howeirecases when tungsten was the only
used way to inhibit XOR, it can not be ruled ouattla protective effect of tungsten
treatment was due to inhibiting enzymes other @R that have a molybdenum atom

at their active sites e.g. aldehyde oxidase atitlesaxidase (see later).

Like many other enzymes, XOR can be deactivatetthitgd by some (if not all) of its
products: uric acid, NAQ NADH, or especially ROSTan et al., 1993, Terada et al.,
1991b, Sanders et al., 1997, Landon and Myles, 19Ghis can complicate the
interpretation of results of treatments that irgegfwith XOR. A theoretical example is
that if scavenging ROS showed protection againgdisease model where XOR
involvement was suspected, then although theseesgavs would appear to have been
protective through preventing toxic effects of X@Bnerated ROS, they might have
actually been protective through blocking the deatbn of XOR by its produced
ROS. This would result in the continuation of tlmecomitant production of uric acid
and its mediation of an unanticipated protectiieafagainst that disease model (uric

acid is known to have some beneficial as well amha effects, see later).

1.4.2 Role of XOR-generated ROS in disease

In studies relating to cardiovascular system, Zwarel co-workers (1994) showed that
subjecting cultured human aortic endothelial cwlsnoxia resulted in severe damage
(after reoxygenation) and intense production oé fradicals that was prevented in the
presence oxypurinol. Although in their study XOR/dedid not change during the
insult, the concentrations of its substrate (HXY ars product (uric acid) increased
sharply after the anoxia. This sharp rise in HX wagalleled with a sharp decrease in
ATP concentration, which suggests that the soufcth@® accumulated HX was the
breakdown of ATP pathway. This can be consideredaasexample of toxic
augmentation between energy depletion and oxidaixess. Brown and co-workers
(1988), using isolated rat heart, found that irtinigi XOR by either feeding rats (before
isolating the heart) with tungsten or infusing teelated heart with allopurinol led to
the attenuation of ventricular dysfunction indudgdischemia-reperfusion injury. Phan
and co-workers (1989) have shown that, in cultafest pulmonary artery endothelial

cells, the use of any of three different inhibit@fsXOR (allopurinol, oxypurinol, or
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lodoxamide) attenuated the damage induced by additiyated neutrophils, an

example of a toxic augmentation between oxidatikess and inflammatory mediators.

In an in vivo study, Nakazono and co-workers (19819wed that XOR has a role in
increased blood pressure in spontaneously hypéreerats (SHR), since oxypurinol (as
well as a modified form of SOD) decreased the blpeassure in those rats. Although in
that study the level of XOR was the same in SHRragmthal rats, the levels of plasma
uric acid was higher in SHR rats, suggesting that énzyme substrate (HX and X)
concentrations were higher in the SHR rats. In stadly, oxypurinol did not decrease
the blood pressure of normal rats. Another in \8tiady showed that XOR played a role
in a mouse model of atherosclerosi&Hroder et al., 2006 In that model, inhibiting

XOR through feeding mice with tungsten led to tharnmalization of endothelial

function and the decrease in free radical generasowell as the attenuation of plaque
formation. However, as the authors mentioned, smggurinol or alloppurinol could

not be used in that study, it can not be ruledtbat this protective effect of tungsten
treatment was due to inhibiting enzymes other @R that have a molybdenum atom

at their active sites e.g. aldehyde oxidase alilesaxidase.

In a recent clinical study, oxypurinol was seennmprove myocardial contractility in
patients with ischemic cardiomyopathgaldus et al., 2006 Another clinical study
showed that allopurinol improved endothelial fuontiin patients with chronic heart
failure [George et al., 2046 Doubling the allopurinol dose in that study résd in more
than twice the improvement in endothelial functiamd based on this finding, the
authors argued that allopurinol doses used in npryious clinical trials were sub-
optimal. The other important finding of the stuofyGeorge and co-workers was that
merely decreasing uric acid (which can have eitle@rmental or beneficial effects, see
later) concentration by a means other than inmpitXOR did not result in any
improvement in endothelial function. The implicatias that allopurinol was likely
protective through inhibiting XOR-mediated ROS protion (coupled to the oxidation
of HX and X to uric acid) and not through merelyidasing the in vivo concentration
of uric acid per se. However, it should be keptmmd that, as mentioned earlier,
allopurinol (and oxypurinol) can exert some otha@ndficial actions unrelated to
inhibiting XOR. Another clinical study showed thakypurinol improved coronary
endothelial function in patients with coronary aytdiseaseBaldus et al., 2005 whilst
others observed that treatment with XOR inhibitwais beneficial cardiovascular effects
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in smokers and hypercholesterolemic patied@stfjikonda et al., 2003, Cardillo et al.,
1997. However, all these clinical studies are limitbg the small sample size,
demanding more validation with bigger clinical ksia

Regarding neuronal/cerebral disease, using primatyres of rat striatum, it was found
that intracellular XOR, through a non clear meckaniexacerbated the toxicity of an
endogenous neurotoxicant, 3-Hydroxykynurenine (3;HWhen this toxicant was
applied externally at concentrations of 14iM. The importance of this finding is that
these concentrations are comparable to 3-HK coratemis found in some
neurodegenerative diseases, implying that 3-HK et a8 XOR might be important
players in the development of some neurodegeneraliseasesdkuda et al., 1996
Using cortical neuronal cultures, Tagami and cokeos (1998) showed that allopurinol

attenuated the damage induced by hypoxia-reoxymenat

Widmer and co-workers (2007) showed that inhibitd@R with oxypurinol attenuated
lipid peroxidation as well as cellular damage ittunes of microglia cell line (microglia
are considered resident macrophages in the bragiiced by anoxia-reoxygenation. It
Is worth mentioning that, in that study, oxypurimas protective at a low concentration
(10 uM) which rules out that its protection was due teectly scavenging hydroxyl
radical (not inhibiting XOR), a side activity thahight occur only at a high
concentration of oxypurinol (or allopurinol} (500 uM). Actually, since oxypurinol
(and allopurinol) was shown to scavenge hydroxgiaa at such a high concentration
only in cell-free experiments in the presence olyoone competing detector (i.e.
scavenger), even if oxypurinol (or allopurinol) wased at such a high concentration in
the above toxicity study (or other toxicity studiedgs protective effect in a cellular
milieu is unlikely to be due to its ability to daotty scavenge hydroxyl radical. The
reason is that, in a cellular milieu, oxypurinoleds to compete with many biological
targets (i.e. scavengers) of hydroxyl radical, #tngs a much higher concentration than
500uM of oxypurinol might be needed for it to signifitéy scavenge hydroxyl radical.
Abramov and co-workers (2007) showed thauRDoxypurinol attenuated cell damage
induced by oxygen-glucose deprivation in culturéseither cortical or hippocampal
neurons. In other studies, XOR inhibitors attendidtee damage induced by kainate
(which activates a subclass of glutamate receptalled AMPA/kainate receptors) in
cortical, retinal, or cerebellar neurordykens et al., 1987, Cheng and Sun, 1994, Duttait e
al., 1994.
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Takuma and co-workers (1999) showed that, in pynzatures of astrocytes (which
are glial cells that exert usually protective/supipe roles in the brain), allopurinol
(100 uM) attenuated the damage induced by increasingdaliular C&" concentration.
Allopurinol attenuated the damage induced by mecharirauma in cultured brain
endothelial cells Gidday et al., 1999 whilst oxypurinol was shown to attenuate the
damage induced by anoxia-reoxygenation in simileainb endothelial cell cultures
[Beetsch et al., 1998, Wu et al., 1p9This damage to brain vascular endothelial cslls
thought to be an important traumatic event in acgarodegenerative diseases e.g.
stroke, and as mentioned before, cerebral (asthescase with the cardiac) vascular
endothelial cells contain significant amount of X@QBetz, 1985, Harrison, 2002, Berry
and Hare, 2004, Zweier et al., 1994, Terada etl8914.

MacGregor and co-workers (1996) showed that oxyliriand to a lesser extent
allopurinol, attenuated the neuronal membrane dannaduced by a systemic in vivo
administration of kainate in rats. Palmer and cokews (1993), in an in vivo study,
showed that a high dose of allopurinol, althougmiadstered after the period of
ischemia, attenuated acute and chronic brain ggurn rats subjected to cerebral
ischemia-reperfusion. Phillis (1989) showed thaviwvo administration of oxypurinol

attenuated hippocampal damage and the associatgdlogical deficits in gerbils

subjected to ischemia. Thom (1992) showed thabitihg XOR through either feeding
rats with tungsten for a month or pre-treatmenthwallopurinol resulted in the

attenuation of brain lipid peroxidation induced lmarbon monoxide poisoning
(followed by reoxygenation). Phillis and co-workdf995) showed that oxypurinol
restored cerebral cortical ATP content (during dely period of insult) and also
improved physiological indices in rats subjectedsichemia-reperfusion injury. These
authors suggested that oxypurinol may have beeteginge by inhibiting XOR, which

would result in inhibition of ROS generation andultbresult also in the accumulation

of HX which can in turn be converted (salvagedadenine nucleotides including ATP.

Peeters-Scholte and co-workers (2003) observedoteqiive effect of allopurinol,
although given after the period of ischemia, agdimain damage induced by ischemia-
reperfusion in newborn piglets. In a small sampke linical trial, allopurinol was

observed to decrease free radical generation apcbua cerebral hemodynamics and
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electrical activity in human newborns suffering,ridg birth, from severe asphyxia

followed by cerebral perfusioivan Bel et al., 1998

A toxic role has been also observed for XOR in maiier disease models of different
organs of the body (in addition to the cardiovaacaind cerebral systems). In cultures
of the Kupffer cells of rat liver, it was shown thalopurinol significantly attenuated
the damage induced by hypoxia-reoxygenatidfieforek et al., 1994 In cultures of
mouse retinal endothelial cells, it was shown #idter DPI (which can inhibit XOR
through blocking the FAD site, but can also inh#mime other enzymes) or oxypurinol
attenuated the damage induced by glucose/oxygetivdgpn followed by restoration
to normal glucose and oxygen leveldger et al., 2002

Terada and co-workers (1992b) showed that indugitestinal ischemia-reperfusion
resulted in injury to the lung tissue, suggestimat the damaged intestine released toxic
circulating mediators that caused distal injuryhte lung tissue, where inhibiting XOR
by either feeding the rats with tungsten or prettreent with allopurinol attenuated the
lung injury. These authors suggested that XOR sel@édrom the damaged intestine (in
addition to XOR present in the lung tissue) plagadle in the lung injury. Nielsen and
co-workers (1996) showed that inducing ischemiariesion of rabbit liver resulted in
damage to both of the liver and the lungs, wheeslifeg the rabbits with tungsten
attenuated the damage observed in both of the sr@aima and co-workers (2007), in
an in vivo study, showed that rat liver damage aetliby D-galactosamine (a toxicity
model resembles the liver damage observed in adtaé hepatitis in humans) was
attenuated by allopurinol even though it was adstémed 6 hours after administering
D-galactosamine. Zeki and co-workers (2002), usamgin vivo model of chronic
pancreatitis, showed that feeding the animals tutiysten resulted in the attenuation of
the observed injury.

Kumagai and co-workers (2002) showed that in vinbibition of XOR with either

BOF-4272 (a highly specific inhibitor of the Mo esibn the enzyme) or allopurinol
attenuated rat testicular damage induced by surgigatorchidism. Also, Lamarque
and Whittle (1995) showed that in vivo pre-admuagon of allopurinol attenuated rat
gastric mucosal damage induced by local intradattexfusion of nitric oxide donors.

These authors attributed the allopurinol-inhibigataxicity of the nitric oxide donors to
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the reaction between superoxide produced by XOR mitric oxide to produce

peroxynitrite, which can be very toxic.

In all disease models where inhibiting XOR-genataROS appears to be either
beneficial or non beneficial, it is difficult to kmw where to put uric acid (whose level
will be reduced by inhibiting XOR) in the equatidrhis is because that uric acid seems
to have both beneficial and harmful effeckgify et al., 2008, Dimitroula et al., 20P8
Thus, if inhibiting XOR shows protection, a questiarises: is this protective effect of
XOR inhibition is due to decreasing ROS levels oe do decreasing uric acid level
(here we assume that uric acid is detrimental)2h@rother hand, when inhibiting XOR
does not show protection, another question arisethis lack of protection of XOR
inhibition is due to the lack of a role of XOR-geasted ROS, or is it due to the
beneficial effects of decreasing ROS were antagahizy preventing beneficial effects
of uric acid? A possible way to address these guestis through decreasing ROS
levels by a means other than inhibiting XOR (eiged scavenging of ROS) and/or
decreasing uric acid levels by a means other thiaibiting XOR (e.g. direct scavenging

of uric acid).

Because of the above mentioned evidence for a tokcof XOR in many pathologies,
and also because XOR is considered one of verydemvenient tools to produce
superoxide experimentally, a combination of XO @sdubstrate X (or other substrates
that bind to the Mo site) is a widely used modelgemerate ROS and to study their
effects in many cell culture studieRi¢ger et al., 2002, Fatokun et al., 2007a, Matesain
al., 2007, Van Grevenstein et al., 2007, Knorppalet 2006, Casalino-Matsuda et al., 2006,
Mander et al., 2006, Wu et al., 2002, Lee et 012 Atlante et al., 2000, Mitobe et al., 2000,
Bellmann et al., 1995, Satoh et al., 1998, Link Rildy, 1988, Mohsen et al., 1995, Duell et al.,
1995, Simon et al., 1981, Hiraishi et al., 19870 &t al., 1992, Valencia and Moran, 2004,
Michikawa et al., 1994 However, there are not many cell culture studidsch have
studied the effect/toxicity of the combination o©Xor XDH) and the substrate NADH
(which binds to the FAD site). A possible reasontfos lack of interest is that, unlike
X, NADH is oxidized by many enzymes other than Xl & involved in many cellular
processes, which can obscure the mechanism ohaati®OS generated by applying
NADH / XO combination. Another reason for this laakinterest may be that NADH is
known to be a much weaker substrate than X fontbst studied form of the enzyme,
the bovine milk XO Gilbert, 1963, Liochev et al., 1989, Nakamura, J9®%owever, some
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other forms of the enzyme are much more potent tharovine milk XO in oxidizing
NADH. Actually, recent studies have shown that XdDd especially XDH) isolated
from certain human tissues have a potent NADH oeadand ROS generating activity,
while some of these human forms have, surprisirglijgw xanthine oxidase activity [
Sanders et al., 1997, Zhang et al., 1998, Maialet2@07. Also, as mentioned earlier, in
cell-free experiments, it was shown that blocking site of X binding on the enzyme
(the Mo site) does not significantly prevent NADKidation and the concomitant ROS
generation Nakamura, 1991, Berry and Hare, 2004, Harrison, 208anders et al., 1997,
Olson et al., 1974 This led some authors to warn against overlogpkine NADH
oxidase activity of XOR when interpreting resulfsstudies that looked for a role for
this enzyme in certain diseases. In particular failare of allopurinol (a blocker of the
site of X binding, but not NADH binding) in prevémg tissue damage in previous
studies where XOR-mediated damage was proposkish [et al., 1990, Benders et al.,
2006, Mosler et al., 2005, Coetzee et al., 1996uld be theoretically explained by the
inability of allopurinol to prevent NADH oxidatiohy XOR, and hence its inability to
prevent the tissue damageBefry and Hare, 2004, Harrison, 2002, Sanders ef 2997,
Zhang et al., 1998

1.5 Cell culture technique

Cell cultures derived from different organ systeans now widely used for different
physiological, pathological, and pharmacologicalgts. They have several advantages
over the in vivo studies: they allow for investigas on specific cell types; test
compounds can be applied in defined concentratiang, a precise control of the
environment around cells can be achievenhifh and Jiang, 1994&reshny, 2004 The
ability of a test compound to penetrate the memdbraf the cell or the subcellular
organelles can be assessed; specific extracellul@mbrane, or intracellular
targets/effects of the test compounds can be itdhitiinteractions between two or
more types of cells can be studied (e.g. interachetween neurons and astrocytes);
availability of multi-well plates allows for tesgna large number of treatments at the
same time and under the same conditions, and ktlemacerns about animal
experimentation are avoideBrgshny, 2004 A challenging aspect in studying oxidative
stress is how to directly detect and measure ROiShwdre unstable, short lived, and
present at very low levels? It is often done inovilarough indirect measurements e.g.
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(1) measuring the end products of oxidative stedtsck on lipids, proteins, or DNA
(2) measuring the alteration in the activity of tetioxidant enzymesHplliwell and
Whiteman, 2004 Cell cultures, however, make it much easieriteally and indirectly

measure ROS.

Cell cultures, however, have their clear limitasaang. lack of the complex biological
environment around the cells, and hence the lackhefresemblance to the actual
physiological and pathological states. Regardinglaiie stress in particular, it is
possible that the isolation of cells and the subsatjculturing ‘stress’ would force the
cells, in order to survive in the new strange emvwment, to induce survival/protective
pathways that would not be induced under normalivo conditions. This means that
cells that survive in vitro might be more resistembxidative stress insults than cells in
vivo. However, it can be argued for an oppositesfimlity, where in vivo tissues might

be better equipped with protective mechanisms (d#hgy have richer antioxidant
environment) to cope with insults than cells irraifHalliwell, 2003, and hence higher

concentrations of toxic insults might be requiredill cells in vivo than if applied in

vitro.

Another important fact that should be considereémtonducting cell culture studies is
that cells in cultures are usually exposed to higixggen levels than its levels in most
in vivo tissues Halliwell, 2003. However, there are some details that requireudision.
Physiological oxygen levels in most in vivo tissesth some exceptions e.g. some
pulmonary cells) are estimated to be around 1-6Hiialliwell, 2003, de Groot and
Littauer, 1989, Taylor and Camalier, 1992 where in vivo brain interstitial oxygen levels
were reported to be around 30-40 mmHtw [et al., 2004. In cell cultures plated under
standard conditions (5% GQ95% air, and 37°C), the levels of dissolved oxyge
around cells (in the culture medium) were repottede more than 100 mmHg after the
first minutes/hours of plating (or renewing the noead) [Metzen et al., 1995, Wolff et al.,
1993,Hanson et al., Hanson et al., 2007, Taylor and Clz&anal984. What happens to the
dissolved oxygen level around cells after that @feer the first minutes/hours of plating
(or renewing the medium)) is not clear, but seemnddapend on (among other factors)
the oxygen consumption efficiency of the culturebew maintained in a static
environment i.e. without shaking the plat®®{zen et al., 1995, Jensen, 1976, Bader et al.,
1999. For example, Metzen and co-workers (1995) shotiad although in rat renal

mesangial primary cultures the dissolved oxygeellevound cells was more than 100
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mmHg after 24 hours of renewing the medium, in saelkline cultures (renal LLC-
PK1 and LLC-MK2 or hepatic HepG2 and Hep3B epithlatells) the dissolved oxygen
level around cells dropped to less than 0.2 mmlHg @etection limit) after 24 hr of
renewing the medium (i.e. the cells become verykigpdespite the fact that the air in
the incubator was maintained at 95%). These autkttnibuted the observed hypoxia in
these cell lines to a high oxygen consumption fficy of the cells that exceeded the
ability of oxygen in the incubator air to dissolwethe culture medium and diffuse to
the cells attached to the bottom of the plate wiels oxygen consumption far exceeded
oxygen supply). Similar findings were observed lijeos Holzer and Maier, 19§7
Therefore, in cultures (under static environmend atandard conditions) with high
oxygen consumption efficiency the cells might bgaesed to hyper-oxic conditions
(initially) and then be exposed to either transmmsustained hypoxic conditions, where
both cases are non-physiological. To overcome thesiglems, some researchers have
tried culture plates with gas-permeable bottomsears of the standard (polystyrene)
culture plates (which are poorly permeable to gasésizer and Maier, 1987, Wolff et al.,
1993, Bader et al., 1999, Jensen, 1976, Metzeh,et¥95. On the other hand, in cultures
with low oxygen consumption efficiency (many primaultures might be under this
category) the cells might be under hyper-oxic (oridative stress) conditions both
initially and throughout their maintenance in cudtuwhich is also non-physiological.

With these limitations in mind, however, cell cuius an indispensible technique to
investigate many biological/pathological conditioingluding oxidative stress. Many
important discoveries would have been difficultabteast delayed in the absence of the
cell culture technique e.g. the demonstration #ltéivating some glutamate receptors in
cultured CNS neurons generates intracellular sumdPatel et al., 1996, Lafon-Cazal
et al., 1993h

Oxidative stress in cell cultures can be induceddifierent ways. ROS can be
applied/generated directly e.g. applying hydrogemopide solution, applying XOR

with its substrate, or applying nitric oxide dono#dso, oxidative stress can be induced
indirectly through applying specific disease modaiucers e.g. hypoxia, glucose
deprivation, serum/growth factors deprivation, an Cultures of CNS neurons)

glutamate receptor activation. Also oxidative strean be induced by inhibiting cellular
antioxidant mechanisms e.g. inhibiting the actiatyknocking out the gene of SOD or
catalase.
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To test the possible involvement of ROS in somehglagical conditions in cell
cultures, many detection/measurement methods haee developed. For example,
2', 7-dichlorodihydrofluorescein diacetate (DCFDA) i®dsas a probe for general intra-
cellular oxidative stress. The principle of thisag is that DCFDA readily crosses the
cell membrane and accumulates in the cytosol. datiaarly, DCFDA is converted by
esterases to a non-fluorescent specieg;dchlorodihydrofluorescein (DCFH), where
many reactive species can oxidize DCFH into a #soent species, ',2-
dichlorofluorescein (DCF), which can be measut¢dlljwell and Whiteman, 2004

A recently developed method is considered one @& mthost available specific
intracellular detection methods of superoxide, Whio/olves the oxidation of the probe
hydroethidine by superoxide to yield a fluorescgmecies (2-hydroxyethidium¥hao et
al., 2009. This specific species (2-hydroxyethidium) waswh to be only produced by
reaction between hydroethidine and superoxide, bat by reaction between
hydroethidine and any of the following reactive @ps: hydrogen peroxide, hydroxyl
radical, peroxynitrite, or hypochlorous acidhpo et al., 2006 The involvement of
oxidative stress in some pathological conditiongeil cultures can also be measured
indirectly e.g. measuring the stable end produttheoxidative stress attack on lipids,
proteins, or DNA.

In studying oxidative stress or other damaging &ven cell cultures, the overall
damage to the cells is usually assessed usindityaiests. One type of viability tests is
measuring membrane integrity through examiningathiéty of the cells to uptake a dye
that is normally excluded by cells e.g. trypan biwenaphthalan black, so dead cells
will uptake the dye while viable cells will exclude This can also be done the other
way around through applying a dye that is knowraoexcluded by dead cells while
being taken up by viable cells e.g. neutral re@ghny, 200 The membrane integrity
can also be assessed through observing the lesénuoéd intracellular components into
the extracellular medium e.g. lactate dehydrogenbiseand Maiese, 2041 Another
type of viability tests is measuring the enzymaiitivity of cells. For example, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium brete (MTT) and Alamar blue are
dyes that can be reduced by some cellular enzywiesre the extent of their reduction
reflects the viability status of the culturesdamid et al., 2004, Fatokun et al., 2007b
Since cells in cultures have characteristic morpigyl a very important way of
assessing the culture viability is also throughneix@ng the morphological appearance
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of the cells under the microscope. For examplaucedl neurons have a characteristic
morphology, and when damaged, clear changes in ti&iphology are observed e.g.
degenerated axons and also shrinking or even lgskkdodies. To know whether the
morphological changes are reversible or irreveesiblhe morphology can be

periodically checked for an extended period of time

In this project cultured neurons were chosen tcestigate the toxicity of XOR.
Although this thesis attempted to answer someivelgt general questions regarding
XOR toxicity (and hence any other type of cells iImipave been applicable for this
study), neurons were selected for several reaganmentioned earlier, brain is thought
to be particularly vulnerable to oxidative streasd hence delicate oxidative stress-
related levels of toxicity/effects might be obsehia neurons by applying relatively
low concentrations of ROS. Also, since a toxic ripkay in the CNS neurons between
oxidative stress and glutamate-receptor activaivas previously postulated, we were
keeping in mind that we might want to do some expents to have more analysis of
this toxic interplay. Also, it was mentioned earltbat cellular XOR potentiated the
toxicity of an endogenous neurotoxicant, 3-hydrgxyikrenine (3-HK), in cultured
neurons through a non clear mechanism. So, we waleme keeping in mind that we
might want to do some experiment to investigatenieehanism of this interesting toxic

augmentation.

Using neuronal cultures derived from the brainaiflaanimals is preferable to younger
ones, since the oxidative stress-related neuromdatpee diseases (e.g. stroke and
Parkinson’s disease) are age related. At each stiagedy development, neurons and
cells in general have characteristic genetic, tirat metabolic, and redox status e.g.
the expression pattern of neuropeptide Y in theeaHpig sympathetic neurons differs
significantly between embryos and adulttafsumoto, 1993 Also neurons may switch

their dependency from one growth factor to ano#tetifferent stages of development.

However, neuronal cultures derived from adult alibrain are difficult to produce and
sustain. The reasons for this difficulty might wdé that neurons in the adult brain
tissue are embedded in a network of adhesive mateanies that physically retard the
neurons from dissociating from the tissue durirgyifolation procedureBfewer, 1997.
Also, some molecules in the adult tissue were shaavrspecifically inhibit the
attachment of neurons to the surface of culturéepla.g. phosphacan and neurocan are
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large proteoglycans present in the extracellularisnan the nervous system which have
been shown to impair the neurite outgrowth andatt@chment to the culture plate of
adult rat dorsal root ganglion neurons in a doggeddent manneiSgngo et al., 2043
Also, with increased age, there is an impairmenthef fundamental properties of the

cell membrane such as fluidity and elastickipiie et al., 1990

Some researchers have tried different approackbsitpies to improve culturing
conditions in order to produce and sustain a gaelil yf adult neuronal cultures e.g.
using specialised media, adding specific growthoi@; and/or using techniques such as
density gradient fractionation technigqug&dwer, 199]. However, these approaches are
relatively expensive and complex for a routine \&®,. neuronal cultures derived from
younger animals, embryos or neonates, are widedg usstead in research. Among the
different types of brain-derived cultures, the pamn cultures of neonatal cerebellar
granule neurons (CGNSs) have a patrticular attragtimntestabile, 2002, Smith et al., 2008,
Fatokun et al., 2007b They contain a very homogeneous population afroes. The
cerebellum is anatomically distinct and easy teelis Also, these cultures seem to be
very vulnerable to at least some types of oxidastress e.g. it was observed that
treatment with hydrogen peroxide (10M) for just 15 minutes killed 75% of CGNs,
while it was observed in another study that theesgercent of death in cultured brain
cortical neurons required 24 hours applicationh& same concentration of hydrogen

peroxide Klein and Ackerman, 2003

1.6 Aim/Objectives

The aim of this project was to investigate someeetgpof the in vitro toxicity of XOR,
which might provide more insights into its in vivoxicity. So we were interested to

know the answer of the following questions:

A:

Since there are not many cell culture studies wheve investigated the toxicity of the
NADH / XO combination (see before), what are thigedences and similarities between
X'/ XO and NADH / XO toxicities? In particular:

1- What are the concentrations of NADH and X thatdpice the same toxicity level?

2- What is the effect of blocking the different sitas XO on the two toxicity systems?
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3- What is the effect of deactivating superoxide gdrbgen peroxide on the two
toxicity systems?
4- What is the effect of adding metal chelators anttto toxicity systems?
5- What is the effect of adding hydroxyl radical seagers on the two toxicity systems?

B:

We were also interested to clarify some secondsyes regarding X / XO toxicity. In
particular:

1- Since many previous studies (one of them was adedupreviously in this
laboratory using CGNsFpatokun et al, 2007a showed that catalase was protective
against X / XO toxicity, while SOD had no effecthat is the reason for the lack of
effect of SOD? Is it because superoxide generatesh fthis combination was not
involved in the toxicity?

2- Since some previous studies, that used some siggher than CGNs, showed that
intracellularly generated superoxide mediated theXO toxicity (or similar models,
where extracellular hydrogen peroxide was a maadyt) fto et al., 1992, Kyle et al.,
1988, Hiraishi et al., 199 is this also the case with CGNs i.e. does imdtatarly
generated superoxide mediate X / XO toxicity in GGBNAnd if so, is the lack of
protection of SOD, observed in CGNs and other éissdue to its inability to cross the
cell membrane? And also if intracellular superoxideinvolved, does the lack of
protection by SOD mean that superoxide generatdthalularly from X / XO
combination was unable to cross the cell membrane?

3- Since some previous studies showed that some corainpreparations of XO are
contaminated with ironHritigan et al., 199§ is this also the case with our preparation of
XO? And if so, is this iron active and does it cimnite to the effects that we observe in
X/ XO toxicity?

4- Since many previous studies suggested that idlinsrehydroxyl radical is involved

in X / XO toxicity [Satoh et al., 1998,ink and Riley, 1988, Mohsen et al., 1995, Dueblet
1995, Hiraishi et al., 1987, Zigler et al., 198%an this also be demonstrated here? If so,

can directly scavenging hydroxyl radical intracklhly provide protection?

C:
Since in the start of this project we found sonféadilties with CGNSs cultures, one aim

was to establish the optimal culturing conditiomgjuired in order to successfully
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perform our experiments with XO. In particular, wanted to know why the neurons
(including those in the control group) die at thgeriments day by manipulating the
cultures (i.e. aspirating the culture medium, addineatment and control vehicles, and

adding the restoration medium).
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2 Materials and methods

2.1 Chemicals (ordered alphabetically)

- AlamarBlue®; Invitrogen (DAL1100)

- Albumin; Sigma (A2153)

- Allopurinol; Sigma (A8003)

- Catalase; Sigma (C1345)

- Cytochrome c; Sigma (C7752)

- Cytosinep-D-arabinofuranoside (Cytosine arabinoside); SigGih768)

- Deferoxamine mesylate salt; Sigma (D9533)

- Diethyldithiocarbamate (DDC); Sigma (228680)

- Diphenyleneiodonium (DPI); Sigma (D2926)

- DNAse | ; Sigma (AMPD1)

- Dulbecco's Phosphate-Buffered Saline (DPBS); lagign (14190)

- Ethylenediaminetetraacetate (EDTA); Sigma (D2SS)

- Fetal bovine serum (FBS); Sigma-Aldrich (F9665)

- Glutamic acid (glutamate); Acros Organics (15621850

- Glutamic-Pyruvic Transaminase; Sigma (G8255)

- Hydrogen peroxide (40;) solution; Sigma (H1009)

- Manganese-superoxide dismutase (Mn-SOD); Sigma3®56

- Minimum Essential Medium (MEM); Invitrogen (323634

- (+)-MK-801; Sigma (M107)

- NG-nitro-L-arginine methyl estefL-NAME); Sigma (N5751)

- Poly-D-lysine hydrobromide ; Sigma (P0899)

- 0-(4-Pyridyl N-oxide)-N-tert-butylnitrone (POBN); &ina (215430)

- Reduced-Nicotinamide adenine dinucleotide (NADH); SigmadAth (N4505)

- S-Nitroso-N-acetyl-DL-penicillamine (SNAP); Sigmiad3398)

- Superoxide dismutase-1 (SOD-1) (Copper,Zinc-supdeoxdismutase); Sigma-
Aldrich (S5395).

- Tiron (4,5-Dihydroxy-1,3-benzenedisulfonic acid¥alium salt; Sigma (33724)

- Trypsin; Sigma (T-4799)

- Trypsin inhibitor; sigma (T6414)
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- Xanthine; Sigma (X4002)
- Xanthine oxidase (from bovine milk); Sigma-Aldri€k4376)
- XTT  (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2Httazolium-5-carboxanilide
inner salt); Sigma (X4626)

2.2 Equipments

- Laminar flow hood.

- Different sizes of automatic pipettes.

- 96-well plates.

- Inverted contrast-field microscope (Olympus IX50ihaOlympus DP50 software
for image processing.

- Centrifuge (MSe; Harrier 18/80).

-  COyincubator.

- Water bath.

- Plate reader (DYNEX TECHNOLOGIE®psysMR).

2.3 Treatment solutions and media

HEPES-sol: Contains (in distilled water): Sodium chloride (140M), potassium
chloride (5 mM), calcium chloride (2mM), N-(2-Hydegethyl)piperazine-N(2-
ethanesulfonic acid) (HEPES) (for buffering) (20 mihagnesium chloride (0.8 mM),
and glucose (3 mM). pH= 7.2-7.6. When this solutwas used, the cultures were

moved to an incubator that contains zero%2CO

This solution was used as a vehicle for the testpounds in many viability studies that
were performed after solving the problem of freshture medium toxicity. This
solution was also used in all cell-free experiménigept one cell-free experiment that

will be indicated later on).

MEM-HEPES-sol: MEM medium (Invitrogen (32360)), which already caint:
HEPES (for buffering) (25 mM) and sodium bicarb@en@iaHCQ) (also for buffering)
(2.2 mg/ml). This solution was modified to contaghutamine (2 mM), gentamicin (50
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ug/ml), and potassium chloride (25 mM) as final aamtcations. When this solution was

used, the cultures were maintained under 5%.CO

This solution was used as a vehicle for the testpmunds in many viability studies that

were performed after solving the problem of freshure medium toxicity.

Fresh culture medium: the same as MEM-HEPES-sol but also contains 10& fe

bovine serum (FBS).

This was the solution that was used in the isalatiad plating process of neurons at
day zero. So, the neurons were maintained in tiigien for 8-9 days until the time of
experiments. A fresh culture medium was also used eehicle for the test compounds
in all of the experiments that were performed befeolving the problem of fresh
culture medium toxicity. This solution was also gwution to which the neurons were
restored after the treatment period in all of thkpegiments that were performed before

solving the problem of fresh culture medium toxicit

Conditioned medium: This was the culture medium collected from platbat t
contained neurons grown for 6-7 days. This mediulhn@t contain significant (toxic)
amount of glutamate (that is already present infteeh culture medium), because
glutamate gets taken up/degraded by neurons dtheg-7 days of platingAkonica et
al., 1993. So, this solution was the solution to which tieurons were restored at the
end of treatment period in all of the experimeitst wwere performed after solving the

problem of fresh culture medium toxicity.

2.4 Test compounds stock solutions

-Bovine milk XO powder was dissolved in 0.001 M wod hydroxide (NaOH)
(prepared in normal saline) to a concentration .6f Onits/ml. Aliquots of this stock
solution were stored at -20°C until use (notice thea NaOH presence and freezing the
enzyme might cause damage to the enzyme, andhbss should be avoided in future
experiments. A better way is to dissolve the enzyma neutral buffer and then use it

immediately).
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-SOD-1 powder was dissolved in normal saline tamacentration of 10000 Units/ml.
Aliquots of this stock solution were stored at QQintil use (notice that freezing the
enzyme might cause damage to the enzyme, andhtsushould be avoided in future
experiments. A better way is to dissolve the enzyma neutral buffer and then use it
immediately).
-Catalase (Cat.) powder was dissolved in phosgiafer (pH= 7.4) to a concentration
of 10000 Units/ml. This stock solution was storéd-8 C and used in the same day.
- NADH powder (100 mg) was dissolved in 1 ml of DM NaOH to generate a
solution of 134.8 mM NADH, and this solution waethdiluted by adding 5.74 ml of
normal saline to make 6.74 ml of 20 MM NADH stoakusion. Aliquots of this
solution (pH = 10-11) were protected from light atdred at — 40 °C until use (notice
that the high pH might cause damage to NADH, and #8hould be avoided in future. A
better way is to dissolve NADH in a neutral buféerd then use it immediately without
freezing).
-POBN powder was dissolved in normal saline to receatration of 100 mM. Aliquots
of this solution were protected from light and stbat -20°C until use.
-Deferoxamine powder was dissolved in distilled evab a concentration of 76 mM.
Aliquots of this solution were stored at -20°C Unse.
-Cytochrome ¢ powder was dissolved in distilled evab a concentration of 2 mM.
Aliquots of this solution were protected from liginid stored at -20°C until use (notice
that freezing the protein might cause damage tanidl thus this should be avoided in
future experiments. A better way is to dissolve phatein in a neutral buffer and then
use it immediately).
-XTT powder was dissolved in distilled water to@centration of 2 mM. Aliquots of
this solution were protected from light and stoate20°C until use.
-Allopurinol powder was dissolved in 1 M NaOH tocancentration of 100 mM.
Aliquots of this solution were stored at -20°C Unse.
-Xanthine powder was dissolved in 0.1 M NaOH te@acentration of 10 mM. Aliquots
of this solution were stored at -20°C until use.
-EDTA powder was dissolved in distilled water te@centration of 50 mM. Aliquots
of this solution were stored at -20°C until use.
- Tiron powder was dissolved in distilled waterat@oncentration of 200 mM. Aliquots

of this solution were stored at -20°C until use.
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-To prepare a stock solution of diphenyleneiodoni(DPI), an initial concentrated
solution of 15.9 mM was prepared, and some of sbisition was diluted in distilled
water to 0.1 mM. Aliquots of this 0.1 mM solutiorere stored at -20°C until use.
Notice: It was missed to record the identity of the solviiat was used to prepare the
initial concentrated solution (i.e. 15.9 mM) of DFfacing our memory back could not
reveal the identity of this solvent. However, itvusry likely that this solvent was
DMSO, for two reasons. First, we usually follow thepplier instructions to dissolve
our compounds, and in this case, Sigma mention&tdalthough DPI can be dissolved
in water or ethanol to generate low concentratiminstock solutions, the only solvent
they mentioned that can dissolve DPI to generateautrations of stock solutions as
high as the one prepared here (i.e. 15.9 mM) wa$SOMsSecond, when we thawed this
concentrated solution of DPI (15.9 mM) (which weravatill keeping it) it gave the
distinctive odour of DMSO. Assuming this was DMS3fis means that in the viability
experiments where DPIl was tried (it was alwaysdtreg 100 nM) the DMSO
concentration present in the treatment solutionieggo cells was in the micromolar
range. This is unlikely to have an effect, since ®Mused at 20 mM against the same
toxicity insults that DPI was protective againstrthhad no effect (Results section; Fig.
3-66 and Fig. 3-67).
Also, in a pilot experiment, new DPI powder wasaitéd from Sigma, and distilled
water was used to dissolve it. In agreement tosingplier instructions, it was not
possible to generate 15.9 mM, and a DPI stock isoludf only 0.636 mM in distilled
water was prepared. Using DPI diluted from this36.6nM stock solution in a pilot
viability experiment at 100 nM produced substangiedtection (in the morphological
examination) against NADH / XO toxicity i.e. proditthe same effect against NADH
/ XO toxicity as DPI (100 nM) derived from the 151®M concentrated solution. This
substantial protection (observed in the morpholalgexamination) in this pilot study
was also observed when the experiment was repaatbd subsequent day (this is not
n = 2, since n = 2 in the viability experimentstims project represents experiments
repeated in two separate weeks) (no Alamar blugiliiaassay was performed for this

pilot study).

Notice: In viability experiments where NaOH was used inpgrang the stock solutions
of the test compounds, the levels of NaOH addecuttures (by adding the treatment
solutions) do not exceed few hundreds micromolarceatrations in the majority of

experiments. In few experiments, the level of Na&ided can be around 1 mM. In rare
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cases (only in two experiments: Fig. 3-23 (therttodreatment group) and Fig. 3-36
(column C)) there will be around 2 mM NaOH addedthe treatment solutions.
However, adding MEM-HEPES-sol containing 2 mM Na@Hthe cultures did not

have any effect on the viability (data not shown).

2.5 Using 96-well plates

96-well plates allow for testing many treatmentup® at the same time and under the
same conditions (Fig. 2-1 shows a photo and a alagf a 96-well plate). These plates

were used for both of viability (cell-containing)dcell-free experiments.

A

Figure 2-1: A photo and a diagram of a 96-well pla. A: A photo of a 96-well plate with its cover.
B: A diagram of a 96-well plate. This diagram will Brown later in this thesis for many purposes.
Notice that the surface of the wells is not squesré appears in the diagram, but it is actuallyncbas

it appears in the shown photo, but will be shownsgaare in the subsequent diagrams only for
convenience.
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Primary cultures of cerebellar granule neurons

(CGNs)

Every set of cerebellar granule neurons (CGNsuoedtwas prepared as follows:

[EEN
1

Cerebella were isolated from 7- to 8-day old SpeaDawley rats (6-9 cerebella
were used), cleared from meninges and blood vessag forceps, chopped
thoroughly by a blade to small pieces.

The chopped pieces were transferred to trypsirtisotu0.25 mg/ml in 20 ml of
DPBS buffer solution (this buffer is a DPBS witletfollowing added: albumin
(3 mg/ml), glucose (2.5 mg/ml), and magnesium satph{0.382 mg/ml)), and
incubated for 20 minutes at 37°C.

To the same tube, an equal volume (20 ml) of a vivgdsin inhibitor solution
(contains in the DPBS buffer solution: trypsin ioikor (8 png/ml) and DNAse |
(8 Units/ml)) was added and the tube was centrduge 1200 RPM for two
minutes.

The supernatant was discarded and 2 ml of a comtedttrypsin inhibitor
solution (DPBS buffer solution containing trypsinhibitor (50 pg/ml) and
DNAse | (50 Units/ml)) was added to the cell pellehe cell suspension was
triturated with three Pasteur glass pipettes witteereasing pore size, 10 times
each.

The DPBS buffer solution was then added up to 20 and the tube was
centrifuged again at 1200 RPM for two minutes.

The supernatant was discarded and 2 ml of freghreunedium was added, and
the same steps of trituration with Pasteur glagstf@s were repeated.

Fresh culture medium was then added up to 20 mis THution of cell
suspension eases cell counting.

The cells in this suspension were counted undemilceoscope as follows: one
drop of the suspension was added to a chambehaématocytometer slide and
the slide was placed under the microscope. A 1Q&ctibe was selected, and
the slide was moved so that the field seen is ¢#meral area of the grid. A large
square will appear filling the field. This squakntains 25 smaller squares, and
each one of these 25 squares is bounded by thrakbepéines. The number of
cells was counted in 5 of these 25 squares. Théauobtained was multiplied
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by 5 (to get the approximate number in the 25 sp)aiThe number obtained is
number of cells in a volume of 0.1 mMnThis number was multiplied by 10000
to give the number of cells in one tire. the number of cells in one ml.

9- The cell density in the cell suspension was adfugtiduted) with fresh culture
medium to give a cell density of 1 million cellsl.

10- This adjusted cell suspension (which containsresithe of 1 million cells / ml)
was plated into 96-well plates (pre-coated withydotlysine hydrobromide (50
ug/ml)), where 100 pl of this cell suspension wadeatito each well (so each
well contained 0.1 million cells).

11- The cultures were incubated at 37°C and maintaimechumidified atmosphere
under 5% CQ/ 95% air.

12- After 24 hours of plating, 10 uM of cytosine araiside was added to inhibit
the growth of non-neuronal cells.

13- Viability experiments were performed at day 8 @ft@r plating.
2.7 Experimental design of viability studies

1- Experimental design of viability studies perforned before solving the problem

of fresh culture medium toxicity

The exact experimental protocol will be stated for eagperiment in the figures of the
Results section. In general the design is as faiow

Neurons were maintained in the culture medium gt3dar 9

\ 4

The culture medium was replaced by treatment swiute. fresh culture
medium that contains (test) or does not containtfod) the test compound(s)

A 4

Neurons were restored (after aspirating the treatis@ution) to fresh culture
medium and left for 16-24 hr

A 4

Alamar blue was added to the cultures at 10 % Wthe medium and left for 4
hr

A 4
The optical density reading was taken on a pladee
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2- Experimental design of viability studies perforned after solving the problem of

fresh culture medium toxicity

The exact experimental protocol will be stated for eagperiment in the figures of the
Results section. In general the design is as falow

Neurons were maintained in the culture medium gt3dar 9

\ 4

The culture medium was replaced by treatment swiute. either HEPES-sol g
MEM-HEPES-sol that contains (test) or does not @iontcontrol) the test
compound(s)

|

Neurons were restored (after aspirating the treatis@ution) to conditioned
medium (not fresh culture medium) and left for X6k

|

Alamar blue was added to the cultures at 10 % Wthe medium and left for 4
hr

|

The optical density reading was taken on a pladee

=

2.8 Viability assay

In each experiment, at the end of the treatmenbgethe cultures were restored to a
culture medium and left for 16-24 hours. The vidpistatus of the cultures was then
assessed by measuring the reduction of the Alatnardye, added as 10 % V/V in the
medium and left for 4 hr before taking the optidansity (OD) reading on a plate
reader. The principle is that the more reductiontted dye is, the more viable the
neurons are. The assay was performed accordingnstrections of the manufacturer.
We will show here the steps of calculating the Migbof the control and treatment
groups. The steps will be shown using data obtaineal real experiment that will be
shown later in the Results section (the experinstoiwn in Fig. 3-68 in the Results

section):

1- The optical density readings for the culture platells were taken at two
wavelengths, 540 and 595 nm. All included wellstaored cells with Alamar
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blue added to them as 10% V/V in the culture mediwith the exception of
two wells. One of these two wells contained onljture medium but did not
contain either Alamar blue or cells (a blank wedipd the other well contained
culture medium that contained Alamar blue as 10% Mit did not contain cells
(see Fig. 2-2).

The reading taken at 540 nm of the well that cortdionly 10% Alamar blue
(did not contain cells) was divided by the readiakgen at 595 nm of the same
well. The obtained number was called the factoon¥Fig. 2-2, this factor was:
0.191/0.479 = 0.399.

The following calculations were performed: the Gdadings taken at 595 nm of
the wells in the groups were averaged. From figgd2, the averaged OD
readings at 595 were: Control group = (0.285 + ©.270.267 + 0.273) + 4 =
0.275; First treatment group = (0.439 + 0.414 +08.4 0.425) + 4 = 0.422;
Second treatment group = (0.353 + 0.356 + 0.338364) +~ 4 = 0.352. The
average was also taken for OD readings taken atnddl@or the wells in the
groups. So, from Fig. 2-2, the averaged OD reada@glO were: Control group
= (0.342 + 0.338 + 0.34 + 0.347) + 4 = 0.342; Hreatment group = (0.251 +
0.238 + 0.242 + 0.249) + 4 = 0.245; Second treatrgesup = (0.294 + 0.282 +
0.282 + 0.297) + 4 = 0.289.

To obtain what is called the adjusted OD valueefach group, the averaged OD
reading taken at 595 nm for a group was multipligdhe factor obtained in step
2. The obtained number was subtracted from theageer OD reading taken at
540 nm for the same group. The obtained numbédresatjusted OD value for
that group. So, the adjusted OD values for the mgonere: Control group =
0.342 - (0.275 x 0.399) = 0.232; First treatmenugr= 0.245 — (0.422 x 0.399)
= 0.0766; Second treatment group = 0. 289 — (0x36399) = 0.149.

By obtaining the adjusted OD values, the groups manw be compared with
each other. Because we wanted to express theityaifieach group as % of the
control group, we considered the adjusted OD valuéhe control group to be
100%, and we divided the adjusted OD of each treatrgroup by the adjusted
OD value of the control group and then multiplieg 100 to get the viability
value expressed as % of the control. Therefore,vilbilities of the groups
were: Control = 100%, First treatment group = (6®7 0.232) x 100 = 33%,
Second treatment group = (0.149 / 0.232) x 100%.64
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6- The viability percents obtained in step 5 were ¢hesbilities obtained in only
one set of cultures (one week). Since we repedt @gueriment using many sets
of cultures (prepared in different weeks), we cla®ithe mean * the standard
error of mean (S.E.M) for the viabilities obtainedhe different sets of cultures
(i.e. obtained in the different weeks). In theecafthe experiment shown in the
Figure 3-68 in the Results section, the legencdhat figure indicated that n=5,
which means that that experiment was repeateddifférent weeks. The means
+ S.E.M of the viabilities obtained in the 5 diféeit weeks for that experiment
were: Control group = (100% + 100% + 100% + 100%0r%) ~ 5 = 100% =+
zero; First treatment group = (33% + 21% + 15% %54 27%) + 5 = 30% =+
6.7; Second treatment group = (64% + 40% + 40%% 8944%) + 5 = 55.4%
+ 9.5. Notice that the means + S.E.M. obtainedhia step are those shown in

Figure 3-68 in the Results section.

In addition to the Alamar blue assay, the viabiitatus of the cultures was checked by
observing the morphology of the neurons under tihmascope (see the Results and

Discussion sections for comments on the Alamar aksay and references therein).
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This well contains only culture
medium (does not contain cells or

Alamar blue)
........ -aBlank
0.191
_ v
g 0.342| 0.251| 0.294
— 0.338] 0.238| 0.282
This well
i
Ccc’u.r}tﬁ:gs 0.34 | 0.242 0.282
Meontans. 0.347| 0.249] 0.297
Alamar blue
as 10% VIV A A A
(but does not . . .
contain v . v
cells) . : .
This column is E This
the control . column is
group . the second
: treatment
. group

This
column is
the first
treatment

group

Blank
0.479

0.285| 0.439| 0.353
0.276| 0.415| 0.356
0.267| 0.408| 0.339
0.273| 0.425| 0.362

Figure 2-2: Diagram shows the Alamar blue OD readigs at 540 and 595 nm for one set of an actual
viability experiment. This is the reading in one of the 5 weeks in whighrepeated the experiment shown in
Figure 3-68 (see the Results section). The up@gradin of the plate shows the reading at 540 nm./Gwer
diagram is for the same plate but with the readikgn at 595 nm.
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2.9 Cell-free assays

2.9.1 Cell-free detection of superoxide production

Since superoxide is known to be directly producgdhe X / XO and NADH / XO
combinations (see Introduction), it was of inter@st confirm this in cell-free
experiments. These cell-free experiments of detgcBuperoxide production also
helped us answer many questions we faced duringribgress of this project (please
see the Results and Discussion sections). Twordiftecell-free detection methods of

superoxide production were performed:
1- Cytochrome c reduction

The principle of this assay is that superoxide ceduthe oxidized Cytochrome c in a
SOD-inhibitable manner, where this reduction cardéiected calorimetrically through
observing the increase of Cytochrome ¢ absorban&&@Gnm McCord and Fridovich,
1969. Since hydrogen peroxide (which will be direagignerated from XO and will also
be produced by the spontaneous dismutation of exja) interferes with this method,
catalase has to be present in the reaction mixAlse, EDTA is usually added in the
reaction mixture to prevent the interference of atsetthat might be present as
contaminants. In this assay, the blank was theyasshition (HEPES-sol) free of

reagents.

Experiments in Fig. 3-46 and Fig. 3-47 were perfinas follows: test cell-free wells
contained the indicated treatment groups in HER&$usd left for 1 hr. After that, the
optical density at 550 nm was recorded on a plkeer. Experiment in Fig. 3-51 was
was performed as follows: test cell-free wells eoméd the indicated treatment groups
and the optical density at 550 nm was recorded plate reader at the indicated time

points.

2- XTT reduction

This is similar to Cytochrome c reduction methodp&oxide reduces XTT in a SOD-

inhibitable manner, where this reduction resultsha release of an orange product
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(water soluble formazan) that can be detected ioaédrically through observing the
increase of its absorbance at 450 nm (maximum pbeorat 570 nm) Jkeda et al.,
1997, Benov and Fridovich, 20p2The advantage of this method is that, since dyeln
peroxide is unlikely to interfere with this methadtalase does not need to be added to
the reaction mixture. In this assay, the blank thasreaction solution (HEPES-sol) free

of reagents.

Experiment in Fig. 3-48 was performed as followesttcell-free wells contained the
indicated treatment groups in HEPES-sol and leftLfar. After that, the optical density
at 450 nm was recorded on a plate reader. Expetimdfig. 3-50 was was performed
as follows: test cell-free wells contained the aaded treatment groups and the optical

density at 450 nm was recorded on a plate readbeandicated time points.

2.9.2 Cell-free detection of hydrogen peroxide pragttion

Since hydrogen peroxide is known to be directlydpiced by the X / XO and NADH /
XO combinations, and will also be produced by th@mganeous dismutation of
superoxide (see Introduction), we were interested confirm that in cell-free

experiments. These cell-free experiments of detgchiydrogen peroxide production
also helped us answer important questions we fdaedg the progress of this project

(please see the Results and Discussion sections).

It is observed that assay for hydrogen peroxidélifscult in systems that contain
NADH, because NADH interferes with some componeasftsome commonly used
assays for hydrogen peroxid®apoport et al., 1994\otyakova and Reynolds, 2004
Therefore, we used one of the few suitable deteati@thods Rapoport et al., 1994
which is principled as follows:

Catalase converts hydrogen peroxide to water, wicatalase is converted in this
process to the so-called compound-1. Compound-1lcoanert another molecule of
hydrogen peroxide intro water plus oxygen, and camp-1 in this process is
converted back to catalase. Alternatively, in tlespnce of a suitable substrate e.qg.
methanol, compound-1 can convert (oxidize) methatml formaldehyde, and

compound-1 in this process is also converted badatalase. So, catalase can work as
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a peroxidase i.e. uses hydrogen peroxide to oxid@®ee molecules e.g. methanol.
Hence, the production of formaldehyde from methasalependent on the presence of
hydrogen peroxide. Formaldehyde can by detecteaticadtrically by reacting it with
Nash’s reagentNash, 1958 producing a yellow product that can be detecdbyd
observing the increase of its absorbance over a gpéctrum range (400-450 nm) (we
used 405 nm) (Fig. 2-3 shows a diagram for thecjpia of this assay). In this assay,
the blank was the reaction solution (HEPES-soB séreagents plus an equal volume

of Nash’s reagent.

The experiments were performed as follows: testfre tubes contained the indicated
treatment compounds in HEPES-sol and left for 1Afiter that methanol (to get 5%
V/V) and catalase (to get 100 Units/ml) were adtteéach of these tubes and left for
10 minutes. After that an equal volume of Nashagent (which contains the following
(in distilled water): ammonium acetate (150 mg/nalyetic acid (0.3% V/V), acetyl
acetone (0.2% V/V)) was added to each of thesestabe left for 40 minutes. After
that, the mixture solutions in the test tubes veiguoted into a 96-well plate with each
mixture solution (i.e. treatment group) aliquotedoi 4 wells, and then the optical
density at 405 nm were taken on a plate reader.réaeings of the 4 well for each
group were averaged, and this average was condidefie Each experiment is repeated

in 3 different days, and hence the figures legaridsese experiments state that n=3.
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Figure 2-3: A diagram shows the principle of detedhg hydrogen peroxide using
catalase.

2.10 Statistical analysis

Figures in the Results section show the mean valiesre the error bars represent
standard error of mean (S.E.M).

If comparing one test group to the control groupna sample t test was performed,
where the mean of the test group was comparedhiypathetical mean of either
100 or zero depending on the expression of thentesa group. So when we
wanted to express the value of the test group asiliy relative to group A (i.e.
control) (%), then the hypothetical mean was 100. tBe other hand, when
expressing the value of the test group as improweineviability relative to group
A (%), then the hypothetical mean was zero.

If comparing more than one test group to the cérgroup, a one-way ANOVA

followed by Dunnette’s multiple comparisons wasipened.
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To determine the differences among more than tveamg including the control
group, a one-way ANOVA followed by Tukey's compans was performed.
In the one experiment where only selected paitseatment groups were compared
(Results section, Fig. 3-29), a one-way ANOVA foled by Bonferroni’s
comparisons was performed.
In all tests, the difference between two groups wassidered significant at p
<0.05.
The n number that will be shown later in the figuod the Results section differs
depending on whether the experiment is a viab(lisil-containing) or a cell-free
experiment. In viability experiments, the n numisethe number of sets of cultures
in which the experiment was repeated. Since evetryfscultures is prepared in a
separate week, this means that n=5 for example snéwat the experiment was
repeated 5 times using 5 sets of cultures preparédifferent weeks. In cell-free
experiments, the n number is the number of timewhich the experiment was
repeated using reagents diluted from the thawepliais of the stock solutions at
each time. Since each experiment is performed diffarent day, this means that
n=3 for example is the number of the different deysvhich the experiment was
repeated using reagents diluted from the thawepliais of the stock solutions at
each day.
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3 Results

3.1 Culturing and experimental conditions

3.1.1 Morphology of the cultures

The culturing process produced viable CGNs. Imnteliafter plating, the cells were

round with no processes (Fig. 3-1). After 24 hafrplating, the cells showed extended
processes, and tended to migrate and group with@her (Fig. 3-2). Also at this time,

many cells appeared to be dead, even before addtithe cytosine arabinoside. After
8 days in cultures, the cells showed the knownagttaristic morphology of cultured

CGNs (Fig. 3-3).

Figure 3-1: Morphology of the cultures immediatelyafter plating. The cells look round with no
processes. Scale bar = o).
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Figure 3-2: Morphology of the cultures 24 hr after plating. The cells began to show extend
processes (white arrows), and tended to group eaith other. Also, many dead cells were evident
(black arrows). This photo was taken before additgsine arabinoside. Scale bar = 50.
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Figure 3-3: Morphology of the cultures after 8 daysf plating. Black large arrows = cell bodies. White
large arrows = processes. Also notice that mosho$e cells that died in the first 24 hours of ipkat

(shown in Fig. 3-2) seemed to have disappearedigthdome are still remaining (white dashed small
arrows). Scale bar = 50n.

3.1.2 Effect of the position in the plate on the ability of cultures

In the initial stages of this project the neurorerevplated into all wells in a 96-well
plate (apart from the top left well and the welldwe it). After 8 days of plating, the

neurons in the wells located at the edge of theeledge wells) (see Fig. 3-4) looked
much stressed. The cultures in those wells didouk healthy and they contained a lot
of debris. So, from the start of this project, thdtures in the edge wells were not
included in the viability studies.
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Figure 3-4: Diagram of a 96-well plate showing edge, next-edgand inside wells.1) edge wells
dotted with red = 36 wells; 2) next-edge wells ddttith blue = 28 wells; 3) inside wells dotted Iwit
green = 32 wells.

In addition, since the cultures in the edge wefipered much stressed, there was a
possibility that the cultures in the wells locatezkt to the edge wells (next-edge wells)
(see Figures 3-4 and 3-5) were being affected Isydffect, even though they did not
appear to be stressed. So, an experiment was pedoto compare the viability of the
neurons in the next-edge wells with the viabiliytbe neurons in the wells located
inside the plate (inside wells) (see Figures 3-d 3%). The result of this experiment is

shown in Fig. 3-5.

From the upper diagram in Fig. 3-5 it is clear ttte wells in both of group A and
group F are next-edge wells, whereas the wellsroaugs B, C, D, and E are inside
wells. This experiment was designed in a way thlatreatment groups (A-F) were
manipulated exactly the same way, leaving the dlifference between them is their
position in the plate (see Fig. 3-5 for the exesatiment procedure).

The result shows that, interestingly, although e¢h@ras no statistically significant
difference in the viability between group A and gpd- (the wells in these two groups
are next-edge wells), there was statistically dicgmt difference in the viability
between any of the groups B, C, D, or E (the wiellhese groups are inside wells) and
group A (Fig. 3-5).
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Figure 3-5: The effect of the position in the plat@n the viability of neurons The upper diagram shows the
position of each group (where each group contaihedells) in the 96-well plate. The experiment was
performed as follows: at day 8 or 9 after platioglture medium was replaced by fresh culture mechunah
left for 1 hour (this was done to all groups) the neurons were restored (after aspirating tbghficulture
medium) to also fresh culture mediwand left for 16-24 hours until the viability ass@lis was done to all
groups). So, the only difference between the gravgsstheir position in the plate. This shows thedmns in
next-edge wells (A & F) give slightly higher viaityl values than neurons in inside wells (B,C,D, d&)d
*p<0.05, **p<0.01, ns: not significant. (n=
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Also when the groups in the plate were alignedieaty, there was a statistically
significant difference in the viability between aofythe inside groups and the next-edge
group (Fig. 3-6). Importantly, there was no stataly significant difference when the
viability of the inside groups were compared wittle other (Fig. 3-6, see the note in

the figure legend).

Therefore, the results in Figures 3-5 and 3-6 shiwat the cultures in the next-edge
wells give consistently slightly (around 10-15 %gHer viability values (measured by
Alamar blue assay) compared to the cultures ininkgle wells. Also, it was noticed
that this was reflected in the morphology of nesr@een under the microscope.
However, it was not possible to rely on the morplyadal examination in this case i.e. it
was not possible to judge that, based on the mdéogival examination, the neurons in
the next-edge group looked undoubtedly more vidbén the neurons in the inside
groups. The reason is that, as noticed throughlogt project, the morphological
examination can be very helpful, and also very abje, only if the difference in the
Alamar blue viability readings between two groupsigh & 20 %), in which case there
will be observed in correlation a clear differemecehe morphology of the neurons. On
the other hand, if the difference in the Alamarebleadings is small (as in this
experiment) there will be no completely clear (aitbh it can be noticed) difference in
the morphology, and the examination under the regmpe may result in a subjective
judgment. So, in this case, it was not possiblédoisively confirm the Alamar blue

viability readings by the morphological examination

It should be noticed that this experiment was catetli before solving the problem of
fresh culture medium toxicity, and since fresh wdt mediumwas used in this
experiment, the neurons were likely affected bytaghate (already present in the fresh
culture medium) excitotoxicity (see Discussiontloe implication of this fact).

Since the difference in the viability reading betweahe next-edge group and any of the
inside groups was statistically significant, ansloasince the difference in the viability
of the inside groups (aligned vertically) when camgal with each other was not
statistically significant (Fig. 3-6), it was decalaot to include cultures in the next-edge
wells in the experiments conducted in the reshis project, and only cultures in inside
wells were included. Therefore, in the experimardsducted afterwards, the neurons
were plated into only the inside wells, and a &elé medium was added to both of the
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edge wells and next-edge wells. Also in the expenits conducted afterwards, it was
decided to align the treatment groups verticallpere each group contained 4 wells,
which means that it was possible to use maximun® afeatment groups with each
group containing 4 wells (Fig. 3-7).
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Figure 3-6: The effect of the position in the platen the viability of neurons with the groups alignd
vertically in the 96-well plate The upper diagram shows the position of eachm(@athere each group
contained 4 wells) in the 96-well plate. The expemt was performed as follows: at day 8 or 9 after
plating, the culture medium was replaced by fradtuce medium and left for 1 hour (this was donalto
groups)— the neurons were restored (after aspirating teshfrculture medium) to also fresh culture
mediumand left for 16-24 hours until the viability asséhis was done to all groups). So, the only
difference between the groups was their positioth@plate Note: there was no statistically significant
difference when the viabilities of the inside greype. B, C, D, and E) were compared with eacleroth
**p<0.01, **p<0.001. (n=5).
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Figure 3-7: alignment of treatment groups in the \vability studies that were performed after
finding that next-edge group gives higher viability values than inside groups.So, in the
experiments conducted afterwards, the neurons beirgy plated into only the inside wells (dotted in
green), and cell-free medium was being added tb bbthe edge wells and next-edge wells (dotted in
red). Also the treatment groups were being aligrextically, as shown, where each group contained 4
wells. Notice that both of the well at the left @pmorner of the plate and the well below it wdwags

left empty at the plating day (i.e. day zero) beseathey were needed for the viability assay at3day

10 (see Materials and Methods).

3.1.3 Toxicity of fresh culture medium

The biggest problem encountered with CGNs culturebe early stage of this project
was the severe and immediate damage to the ne(rahsding those in the control
groups) induced, during the experimental day i&y 8 or 9, by manipulating the
cultures (i.e. aspirating the culture medium, addineatment and control vehicles, and
adding restoration medium). Several months weratspefore solving this problem,
and it turned out that it was due to glutamate tekzxicity (through activating its N-
methyl-D-aspartate (NMDA) receptors). The sourcglotamate was the fresh serum
(which we were unaware of its content of glutamateich is present at 10% V/V in the
fresh culture medium that is added to the cultatethat day. Fresh culture medium
addition occurred at the experimental day for twoppses; (i) as a vehicle that contains
(treatment) or does not contain (control) the teshpounds, and (ii) after that it is used
as the restoration medium following treatment. Irdrately after performing the
experiment in which we discovered the role of NMDP&ceptors, we found an early
report in the literature which showed that an NMbBekeptor-mediated action, likely
through the activation of these receptors by glat@ralready present in the fresh
serum, is responsible for fresh serum toxicity BN& cultures $chramm et al., 1990

We had, therefore, reached the same conclusiorpémdiently. In this section, there
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will be shown some of the observations/experimdahtst either led eventually to
discovering the reason of fresh culture mediumdoxior were explained only after
discovering that reason. After that, there willdb®wn another set of experiments that
were conducted in order to add more proof to theekmsion that we and others reached.
Notice that the experiments whose results are showhis section (i.e. Sectio®1.3
were performed after finding that the neurons ixtigelge wells give consistently
higher viability reading than neurons in inside lgie$o in these experiments only inside

wells were used, which gives more validity to thesults.

3.1.3.1 Was fresh culture medium responsible for thdeath?

The culture medium did not seem to kill the neuratnen they were maintained in it
before the intervention day. Although there werenyneells that died in the first 24 hr
of plating, fresh culture medium used to platedhkures at day zero was not suspected
to cause this death for two reasons. Firstly, thisure medium is universally used to
culture many types of cells including neurons, Hrete was no reason to suspect that it
might be toxic. Secondly, it indeed did not Killettviable neurons when they were

maintained in it from day 1 until the interventiday.

This was the reason that in the beginning a toXiece of the added fresh culture
medium was not suspected to cause the damage etsarthe intervention day, where
alternative explanations were explored at that ti@ee of the explanations explored
was that, from day zero to the experiments dayntheons release growth factors that
in turn maintain their viability, where the neurdoscome dependent on those factors,
and when the medium that the neurons are maintamisdaspirated at the experiments
day, the neurons die due to growth factor withdtawawever, it was not feasible to

test this explanation in the context of this prajec

3.1.3.2 Previous projects

A strange observation was that the damage indueedthé cultures at the
experiments/intervention day was severe in thigeptdout not severe in two previous
projects undertaken in this laboratoRafokun, 2006, Smith, 20p8This turned out to be
related to the cell density obtained after plaahgay zero (higher in this project than in

these previous two projects, see Discussion).
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3.1.3.3 Effect of pH

A reason for suspecting the fresh culture medidaed at the experimental day as the
reason for the seen cell death was the consisbseatgation that the damage tends to be
more severe if this fresh culture medium was logkimore pinkish i.e. more alkaline.
The reason for the fresh culture medium gettinglaik is that this medium bottle was
being opened many times (to take out the neededuminad each time), which was
likely causing release of G@rom the medium, and since bicarbonate (H{@oes not
get released like CQthis will result in the presence of more bicardenthat is not

balanced by C& which will result in the increase of the mediuhi. p

To overcome this problem, a modification was penfed by keeping the fresh culture
medium in a vented cap flask i.e. permeable togyf&sat a closed cap bottle as before)
and keeping it in the incubator (not in the watathbas before). This meant that any
CO; that is released from medium by taking the flaskaf the incubator (and opening
the flask cap to take out the needed amount of un@dgets quickly replenished when
the flask is returned to the incubator. This wagl@wt by the observation that the
medium colour (i.e. Phenol red colour) was keptstant all the time under this
modification. This resulted in considerable impnonat in the viability of cultures and

made it possible to conduct reproducible experisent

Despite the considerable improvement in the vigbby the close adjustment of pH,
the problem of the fresh culture medium toxicityded at the experimental day
remained, and the damage was still severe. Alspetivas an observation that was not
possible to explain, which was that when a platetaiaing the cultures was placed
outside the incubator for more than an hour, alghaihhis made the culture medium that
the neurons were maintained in very pinkish (igryvalkaline) and although this also
likely reduced the temperature of the culturesh® toom temperature, this did not
damage the neurons (at least there was no immethatege observed). So, it seemed
that although the increase in the pH per se (adaty9) of the culture medium that the
neurons are maintained in does not kill the neyrtims increase in pH of the fresh

culture medium added at that day potentiates xity.
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3.1.3.4 Effect of Ethanol and Dimethyl Sulfoxide (MSO)

In parallel to the efforts to know the reason ell death induced at the experimental
day, there were also some experiments set oututty sixidative stress models that
involved addition of different test compounds. Etbleand dimethyl sulfoxide (DMSO)
were used at some stage as hydroxyl radical scavgnigut it was necessary to check
the effect of applying them alone to CGNs beforsig them against any hydroxyl
radical-producing insult. So the following experime with ethanol and DMSO were
not intentionally designed to investigate freshtunel medium toxicity. Surprisingly,
instead of decreasing the viability of the neuramshaving no effects, increasing
concentrations of ethanol or DMSO tried alone (batlded as V/V in fresh culture
medium) resulted in increased improvement in calbiity i.e. these compounds

attenuated the toxicity of the fresh culture medium

Ethanol at 1.5 % V/V attenuated the toxicity ofstieculture medium (Fig. 3-8). Notice
that in this figure (and some other subsequentrdigjy the y axis is not the viability
relative to group A (%), but is rather the improverhin viability relative to group A
(%). Since there will be no improvement in vialyiliof group A relative to itself,
column A gives zero value, as shown (so, zero doésnean that the cultures in group
A are completely dead). Although DMSO at 0.1 or A4 had no effect on the toxicity
of fresh culture medium (data not shown), DMSO air30% V/V greatly attenuated

the toxicity of fresh culture medium (Fig. 3-9).

It is very likely that the attenuation of fresh twwe medium toxicity by these two
compounds was real and was not due to an artefabei Alamar blue viability assay,
for many reasons. The attenuation of the toxicify these two compounds was
undoubtedly clear in the morphological examinateg. when Alamar blue assay
indicated that ethanol protected at 1.5% V/V mbantat 0.3% V/V, it was observed in
correlation under the microscope that there wasubigdly very little damage in the
1.5% V/V group compared to the 0.3% V/V group, &nat there was less damage in
the 0.3% V/V group compared to the group wheretharel was added (i.e. group A).
Also, it is unlikely that Alamar blue was reactimgth these compounds, since at the
end of treatment period, the treatment medium toatained these compounds was
aspirated and the neurons were restored to frelreumedium for at least 16 hr of
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restoration period before adding Alamar blue.sleven unlikely that Alamar blue was
interfering indirectly with these compounds througterfering with their delayed
effects since the neuronal damage/morphology seeleruthe microscope stabilized
within 8 hr of the restoration period (and celld diot deteriorate or recover after that)

i.e. the damage/morphology stabilized at least I8efiore adding the Alamar blue.
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Figure 3-8: Effect of ethanol on fresh culture medim toxicity. It shows that ethanol, probably
through blocking NMDA receptors, protects againgtsh culture medium toxicity in a dose
dependent manner. **p<0.01, ns: not significaim=5).
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Figure 3-9: Effect of DMSO on fresh culture mediumtoxicity. It shows that DMSO, probably through
blocking NMDA receptors, protects substantiallyiagafresh culture medium toxicity. **p<0.01. (n=3)

3.1.3.5 NMDA receptors

Because it was very likely that the serendipitoucovered protection of ethanol and
DMSO against fresh culture medium toxicity was raadl not due to an artefact in the
Alamar blue assay, it was expected that if theae@s of their protective effect is
revealed, this may lead to identifying and solvihg problem of fresh culture medium
toxicity. After searching out the literature, it svound that ethanol can block NMDA
receptors in CGNs and some other types of neurdnsef al., 2003, Dildy and Leslie,

1989, Lovinger et al., 1989, Cebere and Liliequ2€03. This effect of ethanol was shown
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to inhibit the toxicity of NMDA Panysz et al., 1992, Cebere and Liljequist, J00B was
also found in the literature that DMSO preventshbitte action and excitotoxicity of
glutamate in hippocampal neuronal cultures in aeddspendent mannety and
Mattson, 200]L Therefore, a specific NMDA receptor blocker, MK (20uM), was
tried and found to provide substantial protectigaiast fresh culture medium toxicity
(Fig. 3-10), which was also reflected in the moipha@al examination (Fig. 3-11).
Also MK-801 at a very low concentration (20 nM) pided large and statistically
significant protection (improvement in viabilitylagive to the viability in the absence of
MK-801 was 59.4% +10.1, p<0.05, n = 4).
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Figure 3-10: Effect of MK-801 on fresh culture medim toxicity. It shows that MK-801, a
specfic NMDA receptor blocker, blocks fresh culture mau toxicity. **p<0.01. (n=5).
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Figure 3-11: Photos of CGNs showing protection by MI-801 against fresh culture medium toxicity. ACGNs
culture not subjected to any intervention (i.e.aveot touched). All areas in wells in this grouprevas healthy as
the shown ared: CGNs cultures exposed to fresh culture medium atBdafyer plating: severe damage to the cell
bodies and processes is evident. Notice that there still some viable cell bodies. There were saneas in the
wells (not shown) (around 20-30 % of the areashis group that were healthy (not damaged likesti@wn area).
C: CGNs cultures exposed to fresh culture medium at8after plating but with MK-801 (2QM) added. All
areas in wells in this group were as healthy astizevn area. Scale bar = p. For the experimental design, see
Fig. 3-10.
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As mentioned at the beginning of this section, ttuke of NMDA receptors was
discovered before finding that Schramm and co-wsrkg990) reached a similar

conclusion. In the following series of experimemtsre proof is added.

3.1.3.6 Kynurenic acid

In addition to MK-801, another blocker of NMDA rgaters, kynurenic acid, was tried.
Kynurenic acid is an endogenous metabolite knowbldck NMDA receptorsRerkins
and Stone, 1982, Fatokun et al., 20p&nd although this effect is relatively weak &llc
cultures Hilmas et al., 200[1 the mechanism of blocking NMDA receptors by ksenic
acid is somewhat different from that of MK-80Bafokun et al., 2008b Thus it was
useful to try it to see if protection against freshture medium toxicity can be provided
by two different ways of blocking NMDA receptors.héh tried, it provided protection
in a dose dependent manner (Fig. 3-12).
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Figure 3-12: Effect of kynurenic acid (KA) on freshculture medium toxicity. It shows that KA, a
blocker of the NMDA receptors, protects againsslireulture medium toxicity in a dose dependent
manner. **p<0.01, ns: not significant. (n=4).
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3.1.3.7 Glutamic-pyruvic transaminase

It was thought that if glutamate already presenttha fresh culture medium was
responsible for its toxicity, then degrading glutaenshould prevent the toxicity. When
tried, a glutamate degrading enzyme, glutamic-pgriransaminaseMatthews et al.,
2004, provided substantial protection (Fig. 3-13). &k because this enzyme requires
its other substrate, pyruvate, the enzyme along@yorvate alone) was not protective,
and the protection was provided only in the preseat both of the enzyme and
pyruvate (Fig. 3-13). In this experiment, the tneant period (24 hr) was immediately
followed by the viability assay i.e. there was ®storation period. This was done to
avoid, after degrading glutamate, exposing the oreubefore the viability assay to
fresh culture medium (which contains glutamatenpc8iAlamar blue is always added to
the medium around neurons, this experimental de@igioes not apply to the other
experiments) means that Alamar blue was presesthegwith the test compounds (the
enzyme and pyruvate). However, it is unlikely tttes protection by this enzyme was
due to an artefact due to interaction between Atdrhae and the enzyme (or pyruvate),
for two reasons. First, the substantial protectipnthe enzyme was undoubtedly
reflected in the morphological examination of tleurons (long before adding Alamar
blue). Secondly, the enzyme alone or pyruvate attih@ot show significant difference

in the Alamar blue reading compared to its readintpeir absence (Fig. 3-13).
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Figure 3-13: Effect of glutamic-pyruvic transamina® on fresh culture medium toxicity.It shows
that degrading glutamate by this enzyme substnpabtects against fresh culture medium toxicity.
It also shows that pyruvate is a required co-sabstior the enzyme to degrade glutamate. **p<0.01,
ns: not significant. (n=5).

3.1.3.8 Protection by pre-treatment with reduced amunt of fresh culture medium

Since acute pre-treatment (minutes/hours) withbéosic concentration of glutamate in
CGNs is known to protect against a subsequent lletkposure to glutamate itself
[Marini and Paul, 199 (acute preconditioning effect), and since thestireculture

medium used here contains glutamate, it was sdogde if pre-treatment with reduced
amount of fresh culture medium protects againstlasequent exposure to a lethal
amount (full amount) of fresh culture medium itselhich can add more proof to the



conclusion that glutamate already present in fedture medium is responsible for its

toxicity. Interestingly, this was found to be these (Fig. 3-14).
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Figure 3-14: Effect of pre-treatment with reduced anount of fresh culture medium on the toxicity

of a full amount of fresh culture medium itself. It shows that as the amount of fresh culture onadi
added as pre-treatment is reduced more and maeprittection against a subsequent lethal (full)
mount of fresh culture medium increases. **p<0:184,not significant. (n=5).
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3.1.3.9 Further investigation

The experiment shown below in Fig. 3-15 shows nthimgs at once (notice that the y
axis in this figure shows the viability relative gooup A (%) (and not the improvement
in viability relative to group A (%)). It shows thahysical intervention (through
aspirating and replacing solutions) per se doeskilbthe neurons, evident by that
groups B and C which were subjected to physicarugntions (but did not contain
fresh culture medium) gave the same viability valas group A which was not
subjected to any physical intervention (i.e. was toached). Therefore, fresh culture
medium (in particular glutamate already presenttirseems to be required for the
neurons to die (group D). This figure also shovet thhr as an exposure time is enough
for the fresh culture medium to cause significaxidity (group D, notice that after 1 hr
exposure, the fresh culture medium was replacedomglitioned medium). Also, it is
clear from groups B and C that restoring the nesirt; conditioned medium (see
Materials and Methods) does not cause toxicitys Mms an important finding, and in
all the subsequent viability experiments in thisject, the neurons were restored to

conditioned medium at the end of the treatmeniperi
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Figure 3-15: Further investigation of fresh culture medium toxicity. See explanation in the text.
**p<0.01, ns: not significant. (n=5).

3.1.3.10 Externally added glutamate

Taking together, all the above experiments (inise@.1.3 build strong evidence that
glutamate already present in fresh culture mediuas wesponsible, through activating
NMDA receptors, for this medium toxicity at theentention day. The last experiment
performed in order to add more proof to this cosidno was externally applying
glutamate to the neurons, which was also a negessgqeriment to show that these
CGNs are indeed susceptible to glutamate excitotyxi When glutamate (300M)
was applied in a glutamate-free solution (MEM-HEPE for only 1 hr, it caused
significant toxicity to the neurons (Fig. 3-16). tde that MEM-HEPES-sol does not

contain serum, which means that glutamate doeseqoire co-application of serum for
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its toxicity (although serum can potentiate itsi¢dy as was shown in a previous report
[Eimerl and Schramm, 1991 There was also toxicity when the experiment wepseated
but with glutamate applied at 10 times lower comion i.e. 30uM (Mean viability
was 70.8% = 5 of the viability in the absence aiftginate. p<0.05, n = 4).

140
130
120
X
< 110
<100
S 90
o
o> 80
e 70
[}
= 60
8 50
©
> 40
2 2
S
10
0
A B
Neurons maintained in Same as in A
culture medium at day 8 or 9
— e L fro
Culture medium replaced Same as in A but the MEM-HEPES-
1hr < by MEM-HEPES-sol sol contains: glutamate (300 pM)
D [
> 1 }
16-24 Above solution replaced Same as in A
hr < by conditioned medium
(restoration
period)
N — e I R formnennaneane
4 Viability assay Same as in A
hr <
g

Figure 3-16: Toxicity of externally added glutamate It shows that glutamate when applied in
glutamate-free and serum-free medium for only lchn cause significant toxicity to CGNs.
***n<0.001. ( n=5).
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3.2 Oxidative stress experiments performed before

solving the problem of fresh culture medium toxiciy

The experiments that will be shown in this sectimere performed before solving the
problem of fresh culture medium toxicity, which meathat the cultures (including
those in the control groups) were under the infteeaf glutamate excitotoxicity. Also,
some of these experiments were performed befodinfynthat the neurons in next-edge
wells give consistently slightly higher viabilityeadings than the neurons in inside
wells, so some of the treatment groups in theseraxents contained next-edge wells.
For these two reasons, it will be hard to interghet results of these experiments.
However, it was appropriate to show some of thogeeements (performed in that

period) that were consistent and provided someadduinformation.
3.2.1 Examining the susceptibility of CGNs to oxid@se stress insults

In the beginning it was appropriate to examinedhgceptibility of CGNs to different

types of oxidative stress insults.
3.2.1.1 Dose response curve of hydrogen peroxideitmty

When externally applied to CGNs, hydrogen perosidewed a dose dependent toxicity
(Figure 3-17).
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Figure 3-17: Dose response curve of hydrogen perabe toxicity. The experiment was performed as
follows: at day 8 or 9 after plating, the culturedium was replaced by fresh culture medium thasdoe
not contain (control) or contains hydrogen peroxadi¢he indicated concentrations, and left for irho
— the neurons in all groups (including control) wezstored to fresh culture mediwand left for 16-24
hours until the viability assayotice: all treatment groups showed statistically siguaific difference
when compared to the control group. (n=5).

3.2.1.2 Toxicity of the combination of xanthine ancanthine oxidase (X / XO)

The X / XO combination is known to directly generaguperoxide and hydrogen
peroxide, and this type of insult is known to cadaenage to many types of cells (see
Introduction). An experiment was performed to dsiee the best combination of X

and XO that gives consistent and significant tdyidevels, which can be used in

subsequent experiments that use X / XO as a tgxmibdel. It was found that a

combination of X (10@M) and XO (0.02 Units/ml) was the best (Fig. 3-18).
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Figure 3-18: Toxicity of X / XO combinations.The experiment was performed as follows: at day 8
or 9 after plating, the culture medium was replabgdresh culture medium that does not contain
(control) or contains X / XO combinations at theligated concentrations, and left for 1 heurthe
neurons in all groups (including control) were oestl to fresh culture mediuand left for 16-24
hours until the viability assay. *p<0.05 compatedontrol, **p<0.01 compared to control. (n=4).

3.2.1.3 Toxicity of S-Nitroso-N-acetyl-DL-penicillanine (SNAP)

Nitric oxide is a free radical that can exert damggeffects under some conditions.
Therefore, in this experiment a nitric oxide dor®NAP, was tried to see if CGNs are
susceptible to this type of oxidative stress inssiNAP treated for 24 hr showed a dose
dependent toxicity (Fig. 3-19). However, it may that this effect of SNAP was not
due to providing nitric oxide. The reason is tHa SNAP powder was dissolved in
distilled water and the aliquots of the solutiopkia a freezer until the experiment day.
If SNAP in solution instantly generates nitric ogidas expected), this raises the
possibility that the nitric oxide, which is a shbwed free radical, generated would have
been long degraded before the experiment day. ferbetay would have been to
dissolve SNAP powder and then add it to the cultunstantly (see Discussion for

possible explanations for the toxicity observecdhv8NAP).
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Figure 3-19: Dose response curve of SNAP toxicityp<0.05, **p<0.01, ns: not significant. (n=3).

3.2.2 Effect of different antioxidants on the toxitty of oxidative stress

insults

After establishing the susceptibility of the CGNstare to different types of oxidative
stress insults, it was appropriate to examine tfeeteof different antioxidants on these

insults.



3.2.2.1 Antioxidants against hydrogen peroxide

Since hydrogen peroxide can exert its toxicity tigio its conversion to the very
reactive and toxic hydroxyl radical, and since tbiswversion can be mediated by a
metal (usually iron or copper) (see Introductiotije effect of an iron chelator on
hydrogen peroxide toxicity was examined. Deferoxsmi(deferox.) (also called
desferrioxamine) is an iron chelator with high ity for the oxidized form of iron i.e.
Fe’* [Keberle, 1964 Deferoxamine alone had no statistically sigrifit effect on cell
viability (Fig. 3-20), but showed substantial paiten against hydrogen peroxide
toxicity (Fig. 3-21). In this experiment, deferoxia@ was present one hour before and

also during the one hour treatment with hydrogewxde.
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Figure 3-20: Effect of deferoxamine (deferox.) alom on cell viability. It shows that this iron

chelator added alone has no significant effechemieuronal viability. ns: not significant. (n=
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Figure 3-21: Effect of deferoxamine (deferox.) onhe toxicity of hydrogen peroxide.It shows
that this iron chelator substantially protects aghihydrogen peroxide toxicity. Notice that
deferoxamine was present 1 hr before and also gluhiea 1 hr application of hydrogen peroxide.
***n<0.001. (n=5).

This result of deferoxamine suggests that, withexitluding other possibilities, the
toxicity of hydrogen peroxide was due to its intdi@n with an iron ion to produce the
toxic hydroxyl radical. To test the possibility lmfdroxyl radical involvement, one of its
known scavengers, mannitdddbbs and Griffin, 19949 was tried. Although mannitol
alone at 1 and 10 mM has no effect on cell viapilmannitol alone at 100 mM showed
slight but statistically significant toxicity to Q& cultures (data not shown). When
mannitol was tried at 1 or 10 mM, it did not prdtagainst hydrogen peroxide toxicity
(Fig. 3-22). Although the failure of mannitol togbect can be explained by the lack of a
role of hydroxyl radical in hydrogen peroxide tayc there are many alternative

explanations (see Discussion).
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Figure 3-22: Effect of mannitol on the toxicity ofhydrogen peroxide. It shows that this hydroxyl
radical scavenger could not protect against hydrgggoxide toxicity. ns: not significant. (n=3).

3.2.2.2 Antioxidants against X / XO toxicity

Since, as mentioned earlier, X / XO can directlynagate hydrogen peroxide and
superoxide, catalase (Cat.) and SOD-1 were tri@thagthis type of toxicity. Catalase
showed almost complete protection, but SOD-1 faitedhow statistically significant
protection. Also, since as mentioned in the Intcdun that blocking either the site of
X binding or the site of NADH binding on XO preventhe oxidation of X by XO,
allopurinol (a blocker of the X binding site, theoMsite) and DPI (a blocker of the
NADH binding site, the FAD site) were tried agaixst XO toxicity, but they failed to
show statistically significant protection. The et of catalase, SOD, allopurinol, and
DPI against X / XO toxicity are shown in Fig. 3-A3atalase, SOD, allopurinol, and
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DPI had no effect on cell viability when testedradaat the used concentrations and time

interval (data not shown).
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Figure 3-23: Effect of different antioxidants on X/ XO toxicity. It shows that catalase, likely
through deactivating hydrogen peroxide, protectmoal completely against X / XO toxicity.
Although SOD-1 (deactivator of superoxide), allapat (blocker of the Mo site on XO), and DPI
(blocker of the FAD site on XO) seemed to protegaiast this toxicity, their effects were not
statistically significant. The experiment was peried as follows: at day 8 or 9 after plating, the
culture medium was replaced by fresh culture mediush does not contain (control) or contains the
indicated test compounds, and left for 1 hewrthe neurons in all groups (including control) were
restored to fresh culture mediuand left for 16-24 hours until the viability assay*p<0.001, ns:
not significant. (n=5).

Since catalase showed almost complete protectisstiggests that hydrogen peroxide
is a main toxic molecule responsible for X / XO itaty, which makes this toxicity
model somehow similar to the toxicity model of extdly applying hydrogen peroxide.
Since deferoxamine was protective against exteriaglplied hydrogen peroxide, it was
tried against X / XO toxicity. Deferoxamine at tbencentration (and incubation time)
that was very protective against externally applgdrogen peroxide did not show
protection against X (100M) / XO toxicity (Fig. 3-24). However, when X wased at
30 uM instead of 10uM, deferoxamine showed a statistically significanbtection
against X / XO toxicity (Fig. 3-25), suggesting thigferoxamine did not protect in the
experiment shown in Fig. 3-24 because the toxialingas too severe for it to provide

significant protection.
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Figure 3-24: Effect of deferoxamine (deferox., ImM)n the toxicity of X (100uM) / XO. It
shows that deferoxamine, at the concentration nodbiation time that was very protective against
externally applied hydrogen peroxide, could nott@cb against this toxicity level of X / XO
combination. ns: not significant. (n=5).
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Figure 3-25: Effect of deferoxamine (deferox., 1 mMon the toxicity of X (30uM) / XO. It shows
that when the toxicity level of X / XO (that wasostm in Fig. 3-24) was reduced i.e. X was used at
30 instead of 10QM, deferoxamine was able to protect against thigity. *p<0.05. (n=5).

Because deferoxamine is thought to be slow in rgetinside the cellsHorter et al.,
1989, the time of its pre-treatment (that was 1 hthie experiments shown in Figures 3-
24 and 3-25) was increased to see if more proteatam be obtained with prolonged
pre-treatment. A side experiment showed that afjhaleferoxamine at 3QM applied
alone to the neurons for 6 hr had no effect onrtberons, deferoxamine at 1 mM
applied the same way showed slight but statisticaignificant toxicity to CGNs
cultures (Fig. 3-26). Therefore, it was decidettodry prolonged pre-treatment with 1
mM deferoxamine against X / XO toxicity, and a prajed pre-treatment with 3Q0/
deferoxamine against this toxicity was tried indtéa/ith 6 hr pre-treatment (in addition
to the 1 hr co-treatment), deferoxamine at g8 protected against X (100M) / XO
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(0.02 Units/ml) toxicity (Fig. 3-27). Notice thatithv only 1 hr pre-treatment (in addition
to 1 hr co-treatment), deferoxamine at even 1 mMdaot protect significantly against
X (100 uM) / XO (0.02 Units/ml) toxicity (see again Fig.23). This suggests that
prolonged pre-treatment may bring more protectioth wWeferoxamine, and this also
suggests that the site of deferoxamine actiontradellular. Moreover, with 6 hr pre-
treatment (in addition to 1 hr co-treatment), dexamine at 30QuM protected even
more against X / XO toxicity when the toxic insa@incentration was reduced i.e. when
X concentration was reduced from 40 to 30uM (Fig. 3-28).
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Figure 3-26: Effect of prolonged application of degroxamine (deferox.) alone on cell viability.
*p<0.05, ns: not significant. (n=3).
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Figure 3-27: Effect of prolonged pre-treatment (inaddition to the 1 hr co-treatment) of
deferoxamine (deferox., 30uM) on the toxicity of X (100 uM) / XO. It shows that by increasing
its pre-treatment time up to 6 hr, deferoxamind8GipM was able to attenuate a toxicity level of X /
XO that was not significantly attenuated by onliirlpre-treatment with deferoxamine at even 1 mM
(see again Fig. 3-24). **p<0.01. (n=5).
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Figure 3-28: Effect of prolonged pre-treatment (inaddition to the 1 hr co-treatment) of

deferoxamine (300uM) on the toxicity of X (30 pM) / XO. It shows that with both increasing

the pre-treatment time up to 6 hr and reducingdki insult from X (100uM) / XO to X (30uM)

/ XO, deferoxamine brings even more and more ptiotec***p<0.001. ( n=5).
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3.3 Oxidative stress experiments performed after

solving the problem of fresh culture medium toxiciy

After solving the problem of fresh culture mediuaxitity, it was possible to conduct
reliable experiments. In this stage of the projgatyas possible to answer many of the
questions stated earlier in the section on the @ingctives in the Introduction. This
section is divided into two main sections, thetfissa comparison between X / XO and
NADH / XO toxicities, and the second is a furthevestigation of X / XO toxicity.

In this stage, the solution used as a vehicle tbthd compounds is (instead of fresh
culture medium) a serum-free solution: either HERBSor MEM-HEPES-sol., in

order to avoid the excitotoxicity of fresh cultureedium. There were two main reasons
for trying two rather than only one serum-free $iolu as the treatment solution. First,
obtaining the same effect of a compound by usirgdifferent treatment solutions adds
more validity to the result (there were some casbere this was necessary, see
Discussion). Second, since NADH alone at 2 mM vexsctin MEM-HEPES-sol (see

later), this solution was not suitable for expemtsen which there was investigation of
the toxicity of XO / NADH (2 mM) combination. On ¢hother hand, HEPES-sol was
suitable for such experiments, since NADH alon2 atM was not toxic in this solution

(see later).

Notice also that in this stage of the project, thedium to which the neurons were
restored at the end of the treatment period waslitoned medium and not fresh

culture medium, and this was also done to avoiceRuitotoxicity of the latter.

3.3.1 Experimental check on the Alamar blue assay

As mentioned earlier, there was good correlatiotween the Alamar blue viability
assay readings and the morphological examinatiolerutihe microscope. Actually, this
good correlation was the reason for believing thatprotection of ethanol and DMSO
against fresh culture medium toxicity was real antddue to an artefact in the Alamar
blue viability assay, which led eventually to digeong the reason of fresh culture
medium toxicity. Alamar blue was used previouslyd@GNs with an incubation time

between 4-6 hr, where the viability results basedhis incubation time were expected
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to accurately reflect the viability of the cellwlite et al., 1996, Fatokun, 2006, Fatokun et
al., 20078. To add more validity to the assay, 4 and 6 roubation times were
compared, to see if there is a difference betweemt and if so, which one is more
suitable to be used. In this experiment, there wWeree groups: control group, insult
group, and insult with a protective compound grolife result shows that there was no
statistically significant difference between thehilities calculated at 4 hr and 6 hr
Alamar blue incubation times (Fig. 3-29).
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the protective compound

Control Insult
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Figure 3-29: Comparison between viabilities calcuked with 4 hr and 6 hr Alamar blue
incubation times. The experiment was performed as follows: at day 8 after plating, the culture
medium was replaced by HEPES-sol that does notagoiftontrol) or contains the test compounds
(either an insult compound or an insult compounthwi protective compound), and left for 1 heur
the neurons in all groups (including control) weestored to conditioned mediuamd left for 16-24
hours— Alamar blue was added at 10% (V/V) and left fohrd— The Alamar blue readings were
taken on a plate reader and the cultures were inatedy returned to the incubator and left for
additional two hours— The Alamar blue readings were taken again on th& peader. ns: not
significant. (n=3).

3.3.2 Comparison between X / XO and NADH / XO toxites

Since, as mentioned in the Introduction, NADH / X@xicity has rarely been
investigated previously compared to X / XO toxicity series of experiments were

conducted to compare these two toxicity models.
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3.3.2.1 Establishing the toxicities of the X / XOrad NADH / XO combinations

X was not toxic when tried alone in MEM-HEPES-sbB@& or 100uM, and it was also
not toxic when tried alone in HEPES-sol at 15 opuB0(data not shown). NADH alone
was not toxic when tried alone at 2 mM in HEPES({sek later on in Fig. 3-49). When
tried in MEM-HEPES-sol, NADH alone was not toxiclamM but was toxic at 2 mM
(Fig. 3-30). XO was not toxic when tried alone @2 Units/ml either in HEPES-sol
(data not shown) or MEM-HEPES-sol (Fig. 3-31).

The Combination of XO and NADH tried in MEM-HEPES}svas toxic only when the
concentration of NADH was raised up to 1 mM (Fig313. Also, when tried in
HEPES-sol, the combination of XO and NADH was towicen NADH was used at 1
mM (see for example Fig. 3-33), 1.5 mM (see lateiroFig. 3-62), or 2 mM (see later
on in Fig. 3-43 and Fig. 3-54). It is noticed thhe toxicity of the NADH / XO
combination tends to be more severe in HEPES-soipaced to MEM-HEPES-sol,
though (as mentioned) NADH alone at 2 mM was toridEM-HEPES-sol but was
not toxic in HEPES-sol.
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Figure 3-30: Effect of NADH alone on cell viabilitywhen applied in MEM-HEPES-sol.*p<0.05,
ns: not significant. (n=5).

In MEM-HEPES-sol, the combinations of XO and X weogic at X concentrations
much lower than NADH, which is in agreement witleyaous cell-free experiments that
showed that NADH is a much weaker substrate thaiorXovine milk XO [Gilbert,
1963, Liochev et al., 1989, Nakamura, 1p9The X / XO combinations were toxic when
X was used at either 30 or 1Q®. Although these results were consistent throughou
the months, there were some variations. For exanmplsome cases the toxicity of X
(100 uM) / XO (0.02 Units/ml) gave a lower toxicity levédee for example Fig. 3-36)
than the toxicity level of X (3@M) / XO (0.02 Units/ml) combination (see for exampl
Fig. 3-42) despite the fact that all treatment c¢oowks (apart from the lower X
concentration in the latter) were the same in the txperiments. However, this

observed variation was usually between experimemtsyvithin them, so it should not
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affect the validity of the comparisons between geowithin an experiment. Also this
observed variation between experiments was usballyeen those experiments where
one experiment was conducted several months atepleting the other (i.e. separated

by wide intervals during the year).

On the other hand, when tried in HEPES-sol, twaghi were noticed about the
toxicities of X / XO combinations. First, these itikes were more consistent than the
toxicities of X / XO combinations tried in MEM-HERESol e.g. in HEPES-sol, a
combination of X (15uM) / XO (0.02 Units/ml) always produced a consistexicity
level between 50 and 75% cell damage (see alldgywhere this combination was used
at this concentration in HEPES-sol). Second, tixecity of these combinations tended
always to be more severe than when tried in MEM-B&HRol e.g. as mentioned above,
the cell damage induced by only X (1B1) / XO (0.02 Units/ml) combination in
HEPES-sol was never less than 50%.
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Figure 3-31: Dose response of NADH / XO toxicity ilMEM-HEPES-sol. The experiment was
performed as follows: at day 8 or 9 after platitihg culture medium was replaced by MEM-HEPES-sol
that does not contain (control) or contains thecaigéd test compounds, and left for 1 heurthe
neurons in all groups (including control) were oestl to conditioned mediuand left for 16-24 hours
until the viability assay. **p<0.01, ns: not sige#nt. (n=5).
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3.3.2.2 Effects of using XO inhibitors on X / XO ad NADH / XO toxicities

There are two blockable sites on XO, the X bindsitg (the Mo site) and the NADH
binding site (the FAD site) (see Introduction). Th®in point behind trying XO
inhibitors was, using viability studies, to reproduprevious cell-free experiments that
showed that blocking the Mo site does not preveADN oxidation, which may have
important implications in interpreting the resufsstudies that sought a role of XOR in
some diseases. The other point behind using thgrenmhibitors was to prove that the
toxicity of X / XO and NADH / XO combinations wasdeed due to the enzymatic
oxidation of the substrates and not merely dueoto-specific interactions between the

substrates and the enzyme.

Allopurinol (100uM), a blocker of the Mo site on XO, when tried irEM-HEPES-sol,
failed to prevent NADH / XO toxicity (Fig. 3-32).hIs failure of allopurinol was also
obtained when the experiment was repeated usindg=lSEd®l instead of MEM-HEPES-
sol (Fig. 3-33). Allopurinol alone was not toxidter in MEM-HEPES-sol or HEPES-
sol (data not shown).
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Figure 3-32: Effect of allopurinol on the toxicity of NADH / XO combination in MEM-HEPES-
sol. It shows that blocking the Mo site on XO does pogvent NADH / XO toxicity. ns: not

significant. (n=5).
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Figure 3-33: Effect of allopurinol on the toxicity of NADH / XO combination in HEPES-sol. It
shows that also when the experiment was carriedipotHEPES-sol instead of MEM-HEPES-sol,
allopurinol could not protect against NADH / XO toixy. ns: not significant. (n=5).

On the other hand, DPI (100 nM), a blocker of thDFsite on XO, when tried in
MEM-HEPES-sol, prevented the toxicity of the NADEKO combination (Fig. 3-34),
which is expected since blocking this site doeg@wtlprevent NADH oxidation by XO
(see Introduction). This protective effect of DPAsmalso obtained when the experiment
was repeated using HEPES-sol instead of MEM-HER®$F%g. 3-35). DPI alone was
not toxic either in MEM-HEPES-sol or HEPES-sol @abt shown).
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Figure 3-34: Effect of DPI on the toxicity of NADH/ XO combination in MEM-HEPES-sol. It

shows that blocking the FAD site on XO with DPIyeats NADH / XO toxicity. *p<0.05. (n=5).
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Figure 3-35: Effect of DPI on NADH / XO toxicity in HEPES-sol. It shows that also when the
experiment was carried out in HEPES-sol insteadlli6BM-HEPES-sol, DPI protected against NADH
/ XO toxicity. ***p<0.001. ( n=5).

The failure of allopurinol to prevent NADH / XO tmity was not due to the failure of

this compound to block the Mo site, since it wak db prevent the toxicity of the X /
XO combination applied in either MEM-HEPES-sol (F&36) or HEPES-sol (Fig. 3-

37).

DPI when tried in MEM-HEPES-sol, failed to showtistically significant protection

against X / XO toxicity (Fig. 3-38). However, whéme experiment was repeated using

HEPES-sol instead of MEM-HEPES-sol, DPI showedr¢leabstantial, and statistically
significant protection against X / XO toxicity (Fig-39).
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Figure 3-36: Effect of allopurinol on X / XO toxicity in MEM-HEPES-sol. It shows that blocking
the Mo site on XO with allopurinol prevents X / X@xicity. (n=5).
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Figure 3-37: Effect of allopurinol on X / XO toxicity in HEPES-sol. It shows that also when the
experiment was carried out in HEPES-sol insteablBM-HEPES-sol, allopurinol prevented X / XO
toxicity. ***p<0.001. (n=5).
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Figure 3-38: Effect of DPI on X / XO toxicity in MEM-HEPES-sol. It shows that blocking the
FAD site on XO with DPI, although tended to produsretection against the toxicity of X / XO
combination applied in this treatment solution, Idomot produce statistically significant protection
ns: not significant. (n=5).
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Figure 3-39: Effect of DPI on X / XO toxicity in HEPES-sol.lt shows that when the experiment was
performed in HEPES-sol instead of MEM-HEPES-sol,| [pPoduced substantial and statistically
significant protection against X / XO toxicity. *j<0.001. (n=5).

3.3.2.3 Effects of SOD against X / XO and NADH / X@oxicities

Since superoxide is known to be directly generdteth X / XO and NADH / XO
combinations (see Introduction), these two systef®xicity were compared in their
responses to treatment with SOD-1 (Copper,Zinc-SMjch deactivates superoxide
by converting two molecules of it into one molecwé hydrogen peroxide plus
oxygen). SOD-1 alone at 300 Units/ml was not toiiher in HEPES-sol or MEM-
HEPES-sol (data not shown).
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When tried in HEPES-sol, SOD-1 (300 Units/ml) fdileo protect against X / XO
toxicity (Fig. 3-40). Also, when tried in HEPES-sdliron, a known superoxide
scavengerGreenstock and Miller, 1975, Hassan et al., ]]98ailed to protect against X /
XO toxicity (Fig. 3-41). Tiron alone was not tox{data not shown). The failure of
SOD-1 was also obtained when the experiment waorpeed in MEM-HEPES-sol
instead of HEPES-sol (Fig. 3-42).
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Figure 3-40: Effect of SOD-1 on X / XO toxicity inHEPES-sol.ns: not significant. (n=5).
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Figure 3-41: Effect of Tiron on X / XO toxicity in HEPES-sol. It shows that like SOD-1, the
superoxide scavenger, Tiron, has no effect on X /t&xicity. ns: not significant. (n=3).
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Figure 3-42: Effect of SOD-1 on X / XO toxicity ihlMEM-HEPES-sol. It shows that also when the
experiment was performed in MEM-HEPES-sol insteA#iBPES-sol, SOD-1 had no effect on X/

XO toxicity. ns: not significant. (n=5).

When tried in HEPES-sol, SOD-1 at either 300 (daia shown) or only 3 Units/ml
(Fig. 3-43) was substantially protective against DNA / XO toxicity. This was

interesting because, as mentioned above, mostouewell cultures studies found no

protection with SOD-1 co-treatment against X / XRitity. Also when tried in MEM-
HEPES-sol instead of HEPES-sol, SOD-1 at 300 Unlt§t was not tried at 3 Units/ml
in this solution) was protective against NADH / X&Xicity (Fig. 3-44).
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Figure 3-43: Effect of SOD-1 on NADH / XO toxicityin HEPES-sol. It shows that, although
failed to protect against X / XO toxicity, SOD-1bstiantially protected against NADH / XO toxicity.
**p<0.01. (n=5).
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Figure 3-44: Effect of SOD-1 on NADH / XO toxicityin MEM-HEPES-sol. It shows that also when
the experiment was performed in MEM-HEPES-sol iadt®f HEPES-sol, SOD-1 protected against
NADH / XO toxicity. ***p<0.001. (n=5).

To make sure that the protection with SOD-1 agaw®sbH / XO toxicity was due to
its elimination (dismutation) of superoxide and rhte to any of the known non-
specific actions of SOD-1 (see Discussion), twoiteaithl experiments were conducted.
In the first experiment, Mn-SOD, which is known lte free of at least some of the
known non-specific actions of SOD-Bdnkarapandi and Zweier, 1999, Liochev and
Fridovich, 2000, was tried at 3 Units/ml against NADH / XO toxici where it was as
protective as SOD-1 (data not shown). In the se@qeriment, Tiron, which is (as
mentioned above) a known superoxide scavengerineasin HEPES-sol, and showed
substantial protection against NADH / XO toxicitlyig. 3-45) (though Tiron is also

known to be (among other actions) an effective atbelof some metals including iron



and molybdenumHridovich and Handler, 1962 an activity that can not be ruled out as

the reason for its protection).
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Figure 3-45: Effect of Tiron on NADH / XO toxicity in HEPES-sol. It shows that like SOD-1,
although failed to protect against X / XO toxicifliron substantially protected against NADH / XO
toxicity. **p<0.01. (n=3).

The failure of SOD-1 and Tiron to protect against XO toxicity is unlikely to be
because superoxide was not generated from the XO/c®mbination, since (as
mentioned before) this radical is known to be diyegenerated from the X / XO
combination. Also, in a cell-free experiment wheZgtochrome ¢ was used as a
detection molecule (see Materials and Methods), XO combination generated

superoxide, whereas this radical was barely detdot¢he presence of SOD-1 (Fig. 3-



119
46) (also see later on in Fig. 3-50 and Fig. 3-3nme the time course of superoxide

generation is shown).

0.45
0.4
0.35
0.3
2 <
£ 0.25 -
k=l
§ 02| -
= -
O ot T 1 "l S B T
0.1
0.05
0 T T T
Mixture Mixture +X(30 Mixture + X(30 Mixture + Mixture +
uM) uM) + SOD X(100 pM) X(100 pM) +
(300 Units/ml) SOD (300
Units/ml)
Mixture = Cytochrome ¢ (60 M) + XO (0.02 Units/ml) + Catalase (100 Units/ml) + EDTA (100 M) + Deferoxamine (500 uM);
1
|

Figure 3-46: Cell-free detection (using Cytochrome reduction method) of superoxide generation

by the X / XO combination in the HEPES-sol.It shows that, as expected, the X / XO combination
generates superoxide. The experiment was performsetbllows: test cell-free wells contained the
treatment groups in HEPES-sol and left for 1 hteAfhat, the optical density at 550 nm was reabrde
on a plate reader. Deferoxamine and EDTA were daduin the mixture to suppress any unwanted
reactions of possibly contaminating traces of nset@hatalase is included because hydrogen peroxide,
which will be produced in the system, interferethwhe assay. The signal observed in the firstigro
(the mixture only group) is expected, since oxidig®/tochrome c¢ should give such a signal. (r

The protection of SOD-1, Mn-SOD, and Tiron agaiN&DH / XO toxicity suggests
that superoxide generated from this combinatioggpéarole in the toxicity. Superoxide,
as mentioned above, does indeed get generatedtlgifeom the NADH / XO
combination. Unfortunately, it was not possiblectmfirm this generation in cell-free
experiments, because NADH added alone interfered thie two cell-free detection
assays of superoxide that were tried here. So, NAD¢td alone (without XO) caused
increase in Cytochrome c signal. This reductio@wfochrome ¢ was partially inhibited
by SOD-1 (Fig. 3-47). This suggests either thaesoxide was generated spontaneously
from NADH in the HEPES-sol and was then detected Gyyochrome c¢ or that
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Cytochrome ¢ was interacting with NADH where sup@te was generated from such

interaction, which was then detected by Cytochrame
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Figure 3-47: Cell-free experiment showing the effécof NADH alone (without XO) on
Cytochrome ¢ (Cyt c) signal in the HEPES-solThe experiment was performed as follows: test
cell-free wells contained the treatment groups EPES-sol and left for 1 hr. After that, the optical
density at 550 nm was recorded on a plate reaaeB) (

Also, when another cell-free detection method qfesaxide was tried, the reduction of
XTT (see Materials and Methods), NADH added alomighput XO) caused substantial
reduction of XTT. This reduction of XTT was com@ht prevented in the presence of
SOD-1 (Fig. 3-48). Again, this suggests either tlsajperoxide was generated
spontaneously from NADH in the HEPES-sol and wasntbetected by XTT or that

XTT was interacting with NADH where superoxide wagnerated from such

interaction, which was then detected by XTT. Ong Wwatest for that was to see the
effect of adding XTT and NADH to cells. In a viabjl experiment, it was clear that
XTT was not acting as just an innocent detectorsoperoxide, but rather was
interacting with NADH to cause substantial damdige]y through generating ROS, to
the neurons (Fig. 3-49) (notice that in this vidpiexperiment, XTT or NADH were
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not toxic when added alone, but when added togettney caused severe damage to the

neurons).
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Figure 3-48: Cell-free experiment showing the redu@n of XTT by NADH alone (without XO) in
HEPES-sol. The experiment was performed as follows: test-fre# wells contained the treatment
groups in HEPES-sol and left for 1 hr. After ththg optical density at 450 nm was recorded on & pla
reader. (n=3).
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Figure 3-49: Effect of NADH and XTT applied alone o in combination in HEPES-sol on the
cell viability. It shows that the superoxide detector, XTT, intexagith NADH to cause, probably
through generating ROS, severe damage to the neur@x0.01. (n=5).

3.3.2.4 Effects of catalase against X / XO and NADHXO toxicities

Since hydrogen peroxide is known to be directlyegated from X / XO and NADH /

XO combinations (see Introduction), these two systef toxicity were compared in

their responses to treatment with catalase (whieactivates hydrogen peroxide by
converting it into water and oxygen). Catalase @lah 300 Units/ml was not toxic to
neurons either in HEPES-sol or MEM-HEPES-sol (aetasshown).

In the early viability experiments with catalasewas used at 300 Units/ml. however,

some reports in the literature showed that somenoential preparations of catalase are
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contaminated with significant amount of SOBalliwell, 1973, Liochev and Fridovich,
1989, so it was necessary to check if the preparatibrcatalase used here is also
contaminated with SOD activity. Using the cell-frd@ T reduction as a detection
method of superoxide generation in X / XO systeatalase at 3 Units/ml did not seem
to contain significant contamination of SOD acfiviHowever, catalase at 300 or 1000
Units/ml seemed to contain significant contaminatod SOD activity (Fig. 3-50). The
contamination of catalase (1000 Units/ml) by SODvég was also confirmed by the
other detection method of superoxide, the Cytoclerammeduction method (Fig. 3-51)
(notice that contamination of catalase at 300 Umitdy SOD activity could not be
verified in this Cytochrome c experiment becaustalaae at 300 Units/ml was an
essential component of the reaction mixture usegréwent interference of hydrogen
peroxide with the assay (see Materials and Method$)erefore, only those viability
experiments where catalase was used at no more3thamts/ml will be presented in

this section.
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3= XTT (100 pM) + X (100 pM) / XO (0.02 Units/ml) + catalase (3 Units/ml)
4= XTT (100 pM) + X (100 pM) / XO (0.02 Units/ml) + catalase (300 Units/ml)
5= XTT (100 pM) + X (100 uM) / XO (0.02 Units/ml) + catalase (1000 Units/ml)

6= XTT (100 pM) + X (100 pM) / XO (0.02 Units/ml) + SOD (3 Units/ml)

Figure 3-50: Cell-free XTT reduction assay showinghe time course of superoxide production by
the X / XO combination in HEPES-sol.It shows the contamination of catalase with someébSO
activity. The experiment was performed as follotest cell-free wells contained the treatment groups
and the optical density was recorded on a platdereat the indicated time points. Notice that by 10
minutes after starting the reactions, superoxideegdion ceased. The readings are the average®of t
repeats of the experiment (every repeat conducted different day), where both of the repeats gave
very similar readings. Notice that (unfortunatethe first readings were taken after 7 minutes of
starting the reaction, by which the superoxide potidn was approaching its completion. This delay
was due to the time required (after starting thectiens in test tubes) for aliqouting the mixture
solutions into a 96-well plate, and then taking teadings on the plate reader. To observe thaliniti
enzyme kinetics, the groups can be measured indilhidin a spectrophotometer with a single cuvette.
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4= Cytc (60 pM) + X (100 pM) / XO (0.02 Units/ml) + EDTA (100 pM) + catalase (300 Units/ml) + SOD
(3 Units/ml)

Figure 3-51: Cell-free Cytochrome c¢ reduction assaghowing the time course of superoxide
production by the X / XO combination in HEPES-sol.It shows the contamination of catalase
(1000 Units/ml) with some SOD activitfthe experiment was performed as follows: test freé-
wells contained the treatment groups and the dptieasity was recorded on a plate reader at the
indicated time points. The signal at trace 1 iseex@d, since oxidized Cytochrome ¢ should give such
a signal. Notice that by 10 minutes after startimgreactions, as it was the case in the XTT réaluct
assay shown in Fig. 3-50, superoxide generatiosetkaThe readings are the averages of two repeats
of the experiment (every repeat conducted in aerfft day), where both of the repeats gave very
similar readings. For the explanation for why tirstfreadings were not taken until 7 minuters of
starting the reactions, please see Fig. 3-50.

In viability experiments, when tried in HEPES-sahtalase (3 Units/ml) offered
complete protection against X / XO toxicity (Fig:52). Also, when tried in MEM-

HEPES-sol, catalase (up to 3 Units/ml) showed ptime against X / XO toxicity in a

dose dependent manner (Fig. 3-53). When tried iEf=sol, catalase (3 Units/ml)
offered complete protection against NADH / XO togiqFig. 3-54) (catalase was not
tried in MEM-HEPES-sol against NADH / XO toxicity).
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Figure 3-52: Effect of catalase on X / XO toxicityn HEPES-sol.***p<0.01. (n=4).
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Figure 3-53: Effect of catalase on X / XO toxicityin MEM-HEPES-sol. The experiment was
performed as follows: at day 8 or 9 after platitihg culture medium was replaced by MEM-HEPES-
sol that does not contain (control) or containsititécated test compounds, and left for 1 heuthe
neurons in all groups (including control) were oestl to conditioned mediurand left for 16-24
hours until the viability assay. ***p<0.001, ns:trmgnificant. (n=5).
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Figure 3-54: Effect of catalase on NADH / XO toxi¢y in HEPES-sol. ***p<0.001. (n=3).

As seen, the viability experiments with catalasewvshts ability to offer complete

protection against both of the toxicity systems Xeg XO and NADH / XO toxicities.

This suggests that hydrogen peroxide plays a daotein both of the toxicity systems.
Hydrogen peroxide does indeed get generated directn X / XO and NADH / XO

combinations, and should also be produced from dpentaneous dismutation of

superoxide which is directly generated from thesalwnations (see Introduction).

To confirm the production of hydrogen peroxide, socell-free experiments were

conducted. There was also another reason for megsurydrogen peroxide

production/accumulation in the systems. In the a@s®&ADH / XO toxicity, since
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catalase, likely through deactivating hydrogerogiete, provided complete protection
against the toxicity, it was expected that SOD-1d avin-SOD (which convert
superoxide to hydrogen peroxide) should potentiagetoxicity (or at least have no
effect) rather than preventing it as observed. Asfile explanation for this paradox is
that the NADH / XO toxicity was due to a superoxdkpendent hydrogen peroxide-
accumulating free radical chain reaction where rgldbOD to such a reaction can,
although by converting superoxide to hydrogen pieexblock the hydrogen peroxide-
accumulating chain reaction from the start, andcheprevent much larger and toxic
production/accumulation of hydrogen peroxide inglistem (see Discussion). In a cell-
free experiment conducted to detect hydrogen pdeogroduction/accumulation in the
NADH / XO system, adding SOD-1 (3 Units/ml) seemedotently inhibit hydrogen
peroxide production/accumulation in the system .(B#5), which gives support to the
proposed explanation for the above mentioned parddsing the same assay, SOD-1
at either 3 or 300 Units/ml did not seem to infloenhydrogen peroxide
production/accumulation in X / XO system, wherelgparinol (used to confirm the
enzymatic oxidation of X) potently inhibited thisogluction/accumulation (Fig. 3-56).
Almost exactly the same degree of inhibition of ftogkn peroxide
production/accumulation in the NADH / XO system®®D-1 was also observed when
the reaction was carried out in a HEPES-free smiu¢(Dulbecco's Phosphate-Buffered
Saline (DPBYS)) instead of HEPES-sol (data not shown
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Figure 3-55: Cell-free catalase-based assay of hyalyen peroxide production/accumulation from
the NADH / XO combination. It shows that SOD-1 decreases hydrogen peroxidenagation in
NADH / XO system. The reactions were carried in HSFsol. (n=3).
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Figure 3-56: Cell-free catalase-based assay of hyalren peroxide production/accumulation from
the X / XO combination. It shows that SOD-1 does not influence hydrogenoxde
production/accumulation in X / XO system, wheredlsparinol (used to confirm the enzymatic
oxidation of X) potently inhibited this producti@@cumulation of hydrogen peroxide. The reactions
were carried in HEPES-sol. (n=3).

3.3.2.5 Role of metals in X / XO and NADH / XO toxities

Since the viability experiments indicated the imaphent of hydrogen peroxide in X /
XO and NADH / XO toxicities and indicated the invetnent of superoxide in NADH /
XO toxicity, and since hydrogen peroxide and supiele® can exert their toxic effects
through interacting with some metals (see Introdngt a series of experiments were
conducted in order to investigate the involvemehimetals in the studied toxicity

systems.
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Deferoxamine at 30AM was not toxic to CGNs when applied alone in MENPES-
sol as a 3 hr pre-treatment (data not shown). IWMIEPES-sol, when deferoxamine
was applied to CGNs as pre-treatment for 3 hr, k@mdpand replaced by X / XO
combination, it provided protection against theiddy of this combination (Fig. 3-57).
When the experiment was repeated but with only JliButes deferoxamine pre-
treatment instead of 3 hr, it failed to protecttédaot shown). This suggests that
deferoxamine was exerting its protective effeataoeéllularly and also suggests that this

chelator, as expected, needs relatively long mattnent time to get inside the cells.
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Figure 3-57: Effect of deferoxamine pre-treatment o X / XO toxicity in MEM-HEPES-sol. Notice
that deferoxamine was removed before applyingdRie insult. ***p<0.001. (n=5).
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Although the above experiment with deferoxamineolngd pre-treating neurons for 3
hr and then treating for 1 hr in a serum-free megliit is unlikely that withdrawing the
serum from the neurons for 4 hr per se was cawdangage because the neurons in the
control group were looking healthy. Also, in a sepa experiment, serum withdrawal
for 4 hr did not cause statistically significantntiege to the neurons (the viability of
neurons withdrawn from serum for 4 hr was 93.5% af e control neurons (i.e. not
withdrawn from serum), p>0.05, n = 4). When seruas withdrawn for 24 hr, there
was a small but statistically significant damageh® neurons (the viability of neurons
withdrawn from serum for 24 hr was 84.4% + 4.3 bé tcontrol neurons (i.e. not

withdrawn from serum), p<0.05, n =5).

When the experiment with deferoxamine pre-treatni@n8 hr was repeated but with
the toxic insult applied in HEPES-sol instead of MHHHEPES-sol, deferoxamine also
protected against X / XO toxicity (Fig. 3-58). Nmi that in this experiment,
deferoxamine was applied in MEM-HEPES-sol as peattnent before removing it and
replacing it by the toxic insult applied in HEPE&:sThe reason for using MEM-
HEPES-sol as the pre-treatment solution is that Ef=Bol contains low potassium
concentration, and low potassium solutions mighseadamage to the cells if applied to
them for a relatively prolonged time as for the-ppeatment time in this experiment.
MEM-HEPES-sol was therefore preferred as the mrattnent solution in this and other

experiments.

When the neurons were pre-treated for 3 hr witlerdedamine at 30QM, it failed to
protect against NADH / XO toxicity (data not showHpwever, when the neurons were
pre-treated for 3 hr with deferoxamine at 1 mMpibtected against NADH / XO
toxicity (Fig. 3-59).
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Figure 3-58: Effect of deferoxamine pre-treatment it MEM-HEPES-sol) on the toxicity of X /
XO combination applied in HEPES-sol.Notice that deferoxamine was removed before apglyhe
toxic insult. **p<0.01. ( n=5).

The foregoing results show that deferoxamine, ipli@d as pre-treatment at the
appropriate concentration and time interval, catgmt against X / XO toxicity and also
against NADH / XO toxicity, which suggests thatragellular iron ion plays a role in
the damage observed in these two systems. Alteehgtdeferoxamine pre-treatment
may have been protective by blocking intracelluparoxynitrite-mediated effects
[Bartesaghi et al., 20Q4 where peroxynitrite can be produced from reactietween
superoxide (produced by XO or other sources) amit mixide produced by endogenous
nitric oxide synthase. To test this possibilityNIAME (1 mM), a nitric oxide synthase
inhibitor [Patel et al., 1996, Gunasekar et al., 1p9vas used as pre-treatment for 1 hr to

inhibit intracellular nitric oxide-mediated peroxgnite production, but it failed to offer
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protection against either NADH / XO or X / XO tokies. So, in NADH / XO toxicity,
the viability of neurons insulted by NADH (1 mMXO (0.02 Units/ml) was 39.7% +
3.8 of the control neurons, and the viability ourans pre-treated with L-NAME (1
mM) before applying the insult was 41% = 1.2 of twomtrol neurons; the P value for
the difference between the insult and the insulh WwiNAME pre-treatment was > 0.05;
n = 3. In X/ XO toxicity, the viability of neuronssulted by X (15uM) / XO (0.02
Units/ml) was 36.3% = 9.3 of the control neuronsd @he viability of neurons pre-
treated with L-NAME (1 mM) before applying the imiswas 32.3% + 6.1 of the control
neurons; the P value for the difference betweerirtbglt and the insult with L-NAME
pre-treatment was > 0.05; n = 3. L-NAME alone wad¢ toxic (data not shown).
Therefore, the failure of L-NAME pre-treatment tomgect against either NADH / XO
or X / XO toxicities argues against the blockad@efoxynitrite-mediated effects as the

mechanism of protection by deferoxamine pre-treatme
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Figure 3-59: Effect of deferoxamine pre-treatmentih MEM-HEPES-sol) on the toxicity of the
NADH / XO combination applied in HEPES-sol.Notice that deferoxamine was removed before
applying the toxic insult. **p<0.01. (n=5).
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It is commonly observed that traces of metals derotontaminate solutions used in
cell culture studies. Also, some commercial prefiama of XO are known to be
contaminated with iron ion (which is different franon that is an integral part of XO)
[Britigan et al., 1990, Vile and Winterbourn, 1988 hus, a series of experiments were
conducted in order to investigate the involvemehtnmetal contaminants in the
extracellular solutions (or contaminating XO) ir tioxicity of X / XO and NADH / XO
combinations. In the case of NADH / XO toxicity particular, there was another
reason for suspecting the involvement of an exliidae metal contaminant in the
toxicity, which was the observed protection by S@hce SOD-1 and Mn-SOD were
likely producing their protective effects througim @&xtracellular action, and since
superoxide can exert its toxicity through some swrta reaction with metals (see
Introduction), an extracellular toxic interactionetlyeen superoxide (generated
extracellularly from NADH / XO combination) and amxtracellular metal contaminant
was suspected. Two metal chelators were tried |extbgiaminetetraacetate (EDTA, a

non specific cation chelator{itcheson et al., 20Qpand deferoxamine.

Deferoxamine (30QuM) was pre-incubated with XO for 3 hr in HEPES-sola test
tube (this pre-incubation time was without any eshtwith CGNs). After the 3 hr,
NADH was added to the solution in the test tubesftnt the reaction) and the whole
mixture (which contains NADH, XO, and deferoxamineps applied to CGNSs.
Deferoxamine, when tried this way, failed to prot@gainst NADH / XO toxicity (Fig.
3-60) (notice that the volume of HEPES-sol contajndeferoxamine and XO before
adding NADH was 95% of its volume after adding NADH

When the experiment was repeated exactly but wsthguEDTA (at 2uM (Fig. 3-61),
20 uM (Fig. 3-62), or 20QuM (data not shown)) instead of deferoxamine, itt@cted
against NADH / XO toxicity. Interestingly, EDTA los#ts protective effect when XO
was omitted from the solution that was pre-incubdt@ 3 hr with EDTA. In other
words, EDTA (20uM) was pre-incubated for 3 hr in HEPES-sol (with&@) in a test
tube (again, this pre-incubation time was withawy aontact with CGNSs). After the 3
hr, both XO and NADH were added to the solutiothia test tube (to start the reaction)
and the whole mixture (which contains NADH, XO, &f0TA) was applied to CGNSs.
With this protocol, EDTA no longer protected agaiN®\DH / XO toxicity (Fig. 3-63)
(notice that the volume of the EDTA-containing HERgol before adding XO and
NADH was more than 90% of its volume after adding 2nd NADH).
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Figure 3-60: Effect of deferoxamine co-treatment oMNADH / XO toxicity. Natice: in column C,
HEPES-sol including XO was pre-incubated with deftamine for 3 hr (notice that this 3 hr pre-
incubation was in a test tube without any contaithh the CGNs cultures) and then NADH was added
to the solution (to initiate the reaction), andrtliee mixture (including deferoxamine, NADH, and XO
was applied to the neurons as shown in the fignotide that the volume of HEPES-sol containing
deferoxamine and XO before adding NADH was 95%t®fvblume after adding NADH). The same
was done to column B but without deferoxamine, #rel same was done to column A but without
either deferoxamine or the toxic insult. ns: ngh#icant. (n=5)
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Figure 3-61: Effect of EDTA (2puM) co-treatment on NADH / XO toxicity. Notice: in column C,
HEPES-sol including XO was pre-incubated with EDDA 3 hr (notice that this 3 hr pre-incubation
was in a test tube without any contact with the GGNItures) and then NADH was added to the
solution (to initiate the reaction), and then thé&tore (including EDTA, NADH, and XO) was
applied to the neurons as shown in the figure. 3dr@e was done to column B but without EDTA,
and the same was done to column A but without eEfETA or the toxic insult. ***p<0.001. (n=5).
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Figure 3-62: Effect of EDTA (20uM) co-treatment on NADH / XO toxicity. NADH was used

here at 1.5 mM just to show that even at higheictiyxlevel EDTA is still able to provide substaalti

protection against NADH / XO toxicityNotice: in column C, HEPES-sol including XO was pre-
incubated with EDTA for 3 hr (notice that this 3 fre-incubation was in a test tube without any
contact with the CGNs cultures) and then NADH wddeal to the solution (to initiate the reaction),
and then the mixture (including EDTA, NADH, and X®@as applied to the neurons as shown in the
figure. The same was done to column B but withdDTE, and the same was done to column A but
without either EDTA or the toxic insult. ***p<0.001n=5)
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Figure 3-63: Effect of EDTA (20uM) co-treatment when it was not pre-incubated withXO on

the toxicity of NADH / XO combination. Notice: in column C, HEPES-sol (not including XO) was
pre-incubated with EDTA for 3 hr (notice that tBidr pre-incubation was in a test tube without any
contact with the CGNs cultures) and then both X@ WADH were added to the solution (to initiate
the reaction), and then the mixture (including EDT™NDH, and XO) was applied to the neurons as
shown in the figure (notice that the volume of E@TA-containing HEPES-sol before adding XO
and NADH was more than 90% of its volume after agdkO and NADH). The same was done to
column B but without EDTA, and the same was donediomn A but without either EDTA or the
toxic insult. ns: not significant. (n=5).

The effects of deferoxamine and EDTA co-treatmergse also investigated against the
toxicity of the X / XO combination. Deferoxamine2@0uM (Fig. 3-64) or EDTA at 2,
20, or 200uM (Fig. 3-65) was pre-incubated with XO for 3 hrHEPES-sol in a test
tube (again, this pre-incubation time was withawy aontact with CGNs). After the 3
hr, X was added to the solution in the test tulbes(art the reaction) and the whole
mixture (which contains X, XO, and the chelatingaty was applied to CGNs. Neither
deferoxamine nor EDTA, when tried this way, waseatd protect against X / XO
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toxicity. Notice that neither deferoxamine (3a®1) nor EDTA (200uM), when tried
alone this way, was toxic to CGNs (data not shown).
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Figure 3-64: Effect of deferoxamine co-treatment onX / XO toxicity. Notice: in column C,

HEPES-sol including XO was pre-incubated with detamine for 3 hr (notice that this 3 hr pre-

incubation was in a test tube without any contaith the CGNs cultures) and then X was added to
the solution (to initiate the reaction), and thke mixture (including deferoxamine, X, and XO) was
applied to the neurons as shown in the figure. $hme was done to column B but without

deferoxamine, and the same was done to column Awithbut either deferoxamine or the toxic

insult. ns: not significant. (n=5).
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Figure 3-65: Effect of EDTA co-treatment on X / XOtoxicity. X was used here at 10 instead of 15
uM just to show that even at lower toxicity level E® was not able to provide any protection
against X / XO toxicity (also when X was used atuh, EDTA (200uM) could not protect (data not
shown)) .Notice: in columns E, D, and C, HEPES-sol including XO was-incubated with EDTA
at the shown concentrations for 3 hr (notice thét 8 hr pre-incubation was in a test tube without
any contact with the CGNSs cultures) and then X added to the solution (to initiate the reaction),
and then the mixture (including EDTA, X, and XO) svapplied to the neurons as shown in the
figure. The same was done to column B but withdDTE, and the same was done to column A but
without either EDTA or the toxic insult. ns: nogsificant. (n=5).

3.3.2.6 Role of extracellular hydroxyl radical in NMA\DH / XO and X / XO toxicities

Since SOD-1 (and Mn-SOD), catalase, and EDTA catitnents protected against
NADH / XO toxicity, there is a possibility that thexicity was due to a Fenton reaction
where hydrogen peroxide generated extracellulady imteracting with an extracellular
contaminating metal (where this reaction can beiated by superoxide) to produce the
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very reactive and toxic hydroxyl radical. Howevdre treatment solutions used i.e.
HEPES-sol and MEM-HEPES-sol contain at least twdrbyyl radical scavengers:
HEPES (at 20 mM in HEPES-sol and 25 mM in MEM-HEFR¥6§ and glucose (at 3
mM in HEPES-sol and 5 mM in MEM-HEPES-sol). Thisgaes against the
involvement of extracellular hydroxyl radical inetboxicity of either NADH / XO or X
/ XO combinations. To confirm or refute this, threeditional hydroxyl radical
scavengers were tried: mannitol, ethanol, and DMIS@ne of these three compounds
was toxic to CGNs when tried alone at 20 mM (data shown). However, none of
these three compounds was able to provide proteati@inst NADH / XO (Fig. 3-66)
or X/ XO (Fig. 3-67) toxicity.
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Figure 3-66: Effect of co-treatment with hydroxyl radical scavengers on NADH / XO toxicity.
ns: not significant. (n=3).
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Figure 3-67: Effect of co-treatment with hydroxyl radical scavengers on X / XO toxicityns: not
significant. (n=3).

3.3.3 Further investigation of X / XO toxicity

In addition to investigating the toxicity of the N / XO combination (which was
rarely investigated in previous studies) and corngait to the well investigated toxicity
of the X / XO combination, another aim of this @tjwas to address specific questions
regarding those aspects of X / XO toxicity wherer¢his uncertainties about them (see
the section on Aim/Objectives in the Introductioome of these questions were

addressed in the previous section (e.g. the pdiggithat XO is contaminated with
iron/metal).
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Another aspect of further investigation was the mil superoxide in X / XO toxicity. It
was shown in the previous section that SOD-1 amdnTiailed to protect against X /
XO toxicity despite the fact that the cell-free ekments showed that superoxide does
indeed get generated from X / XO combination. Theglete protection found with
catalase indicates that hydrogen peroxide was a tagic molecule in X / XO toxicity.
Also, intracellular superoxide was shown previousty mediate the toxicity of
extracellularly generated/applied hydrogen pergxtieugh this was shown in tissue
cultures other than CGN8d et al., 1992, Kyle et al., 1988, Hiraishi et,a1994. For these
reasons, there is a possibility that intracellidaperoxide is involved in the X / XO
toxicity in CGNs cultures used here, and that dikife of SOD-1 and Tiron to protect
was due to both the failure of SOD-1 (and Tirorthet used concentration and study
design) to enter the cells and also the failuresigferoxide generated from X / XO

combination to enter the cells.

Tiron, although it failed to protect against X / X@xicity when it was applied as co-
treatment at 5QuM (see earlier), was tried here as pre-treatment3fbrr at 2 mM,
aiming to give it a chance to get inside the nesrrionhigh amount. When tried alone
this way, Tiron was not toxic (data not shown). Wheed this way, Tiron provided
protection against X (1pM) / XO toxicity (Fig. 3-68) or X (1QuM) / XO toxicity (Fig.
3-69). This suggests that, as suspected, intrdaefuperoxide might be involved in the
toxicity of X / XO combination. However, it is npossible to rely heavily on the Tiron
result alone, because there is a possibility thée tompound was producing its
protective effect through a mechanism different nfrascavenging intracellular
superoxide e.g. chelating some intracellular mef&lsdovich and Handler, 1962
Another way to test the involvement of intraceltuaiperoxide in X / XO toxicity was
through inhibiting intracellular SOD-1, where thighibition should potentiate the X /
XO toxicity if intracellular superoxide was mediai this toxicity.
Diethyldithiocarbamate (DDC) was tried, which ikreown and cell permeable inhibitor
of SOD-1 (but of low specificity)i{o et al., 1992, Hiraishi et al., 1994, Blum andd®vich,
1983, Benov and Fridovich, 19p@DC pre-treated alone was not toxic (data notst).
The neurons were pre-treated with DDC at 8@ for 1 hr before removing it and
replacing it with X / XO combination, but DDC failéo show statistically significant
potentiation of the toxicity (Fig. 3-70).
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Figure 3-68: Effect of Tiron pre-treatment on the bxicity of X (15 pM) / XO (0.02 Units/ml)
combination. Notice that Tiron was removed before applyingtthéc insult. *p<0.05. (n=5).
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Figure 3-70: Effect of diethyldithiocarbamate (DDC)pre-treatment on X / XO toxicity. Notice
that DDC was removed before applying the toxic inss: not significant. (n=3).

The results with Tiron pre-treatment, deferoxampre-treatment, and catalase co-
treatment (and also the results of many previoudies Batoh et al., 1998.ink and Riley,
1988, Mohsen et al., 1995, Duell et al., 1995, Kinaet al., 1987, Zigler et al., 1985suggest
that the toxicity of X / XO combination was duehgdrogen peroxide generated in the
extracellular space and then entering the neurndgparticipating in a Fenton reaction
with an intracellular iron (where this reaction whisely mediated by intracellular
superoxide) to produce the very reactive and tdwdroxyl radical (or a similar
species). The failure of co-treatment with therbygl radical scavengers tried in the
previous section (mannitol, ethanol, and DMSO)halgh might argue against the

involvement of extracellular hydroxyl radical in /XXO toxicity, does not necessarily
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mean that intracellular hydroxyl radical was notdlved. Therefore it was decided to
use different hydroxyl radical scavengers (mannpéttanol, DMSO, and others) as pre-
treatment (to give them a chance to accumulateentsie cells) before applying the X/
XO combination. As a start, a compound calle€4-Pyridyl N-oxide)-N-tert-
butylnitrone (POBN) was tried, which has the apitit scavenge hydroxyl radical (but
also many other free radicaljigttley et al., 1986, Pérez and Cederbaum, 200inkeect
al.,, 1994. POBN is a member of a large group of compouraled spin traps, which
are used essentially as detectors of free radisdilsre a spin trap can react with a free
radical (e.g. hydroxyl radical) to produce a neveaes (a more stable secondary
radical) that can be detected by a method calledtrein paramagnetic resonance
spectroscopyReinke et al., 1994, Tarpey and Fridovich, 20dm theory (which was also
shown in some viability studies), since these defree radicals by scavenging them,
they might protect tissues from insults that ineolyeneration of toxic free radicals.
When POBN was applied alone as pre-treatment, & med toxic to CGNs (data not
shown). When the neurons were pre-treated with P@BNO0 mM for 1hr before
removing it and replacing it by the X / XO combioat instead of protecting, it
potentiated the toxicity (Fig. 3-71). Surprisinghwhen POBN was applied as co-
treatment rather than pre-treatment, it producediposite effect, showing significant
protection against X / XO toxicity (Fig. 3-72) (sPéscussion for possible explanations

for these opposite effects).
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Figure 3-71: Effect of POBN pre-treatment on the taicity of X / XO combination in MEM-
HEPES-sol.Notice that POBN was removed before applying thxéctinsult. *p<0.05. (n=5).
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Figure 3-72: Effect of POBN co-treatment on the tokity of X / XO combination in MEM-
HEPES-sol.***p<0.001. (n=5).
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4 Discussion

4.1 Culturing and experimental conditions

Please notice that some detailed discussion ofustéication of using neurons and

CGNs in particular was mentioned in the Introduttisectionl.5, pages 43 & 44).
4.1.1 Neuronal morphology

The culturing process produced viable CGNs. Thés agbpeared immediately after
plating as round cells. In the first 24 hr of phati the neurons started to grow processes,
and also started to migrate and group with eackrotbn the other hand, many cells
died in the first 24 hr of plating, even before imddthe cytosine arabinoside. There is
more than one possibility for this death. Firstisitpossible that these cells died as a
result of physical damage in the isolation prodessthe death was due to: chopping
with the blade, trypsin treatment, trituration,.efm attempt was undertaken here to
assess the viability of the neurons immediatelgraftolation (and before plating) by
using the Trypan blue exclusion test (see Intradador the principle of this test), and
it was found that most of the cells were viabletddaere not shown). However, this test
was not clear at all when tried. Neither the deglts avere clearly obtaining the dye, nor
were the viable cells clearly excluding it. The gmece of serum and/or some debris
might have caused this obscurity in observing tbake/exclusion of Trypan blue by
cells. Therefore, it was not possible to proveube out this possibility as the reason for
the neuronal death, though it might be at leagtgigrresponsible.

The second explanation for the death is that, sinedresh culture medium used in the
culturing process contains glutamate, it might hia@en due to glutamate excitotoxicity
after exposure to this medium. However, this isikety, since it was shown that
glutamate does not cause toxicity to CGNs at thryyestage fFrandsen and Schousboe,
1990 (also see later). The third explanation, whiclgimicontribute (at least partially),
Is that the majority of dead cells may did not rseeily die immediately after
dissociation from brain, but rather they may haiex dyradually in the first 24 hr of

plating, where the cells (neurons and non-neuroeldd) that died are those ones which
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could not stand the culturing shock/stress indumeglacing them in a new and strange

environment drastically different from their nornialvivo environment.

After 8 days in culture, the neurons exhibited ammad phenotype, and showed the
known characteristic morphology of cultured CGResr{g et al., 1991, Parks et al., 1991

where most of those cells that died in the firsh24f plating disappeared. The cytosine
arabinoside added after 24 hr of plating shouldehemsured that most of the cells
present after 8 days in culture are neurons. Alse,neuronal nature of these CGNs
cultures, as well as the absence of a significantlyer of glial cells, was confirmed by

immunocytochemistry in a previous project undentaiethis laboratory$mith, 2008

4.1.2 Morphological examination in viability experments

It was a constant observation under the microstiugite after applying a toxic insult and
then restoring neurons to the restoration medibmneurons continue to deteriorate for
up to 4-8 hr with no deterioration/recovery afterdsa Therefore, the restoration period
(at least 16 hr) seemed to be enough for the datoagibilize at a certain level after

which the neurons were unlikely to recover/detater

Morphological examination is a very objective wal assessing the viability of

neurons. However, taking images of the neuronsbeafess objective. The reason is
that an insult-mediated damage to the neurons wédemder the microscope in a well
is, iIn many cases, not homogenous. Therefore, aigpdke area in a well to take a
photo can result in contrasting photos. For exanipla toxic insult caused moderate
toxicity to neurons, it is possible to take the falsaor the control group (from any area
in a well) and the toxic insult group (from an aieraa well that is not damaged) that
make the toxic compound appears as if it was nattdhat non-homogeneity in the
damage observed under the microscope in neurotialresi can occur was noticed

previously Leahy et al., 1994

If so, why it is said above that morphological exzetion is a very objective technique?
The reason is that, to take the above examplepwaitih a well in the insult group will
contain some viable areas (not damaged), it isilplesto move around the well to see
all of its field, which will make it possible to sehat other areas in the well are indeed
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damaged. On the other hand, in the control groaglamage is seen whatever the area

in a well is looked at. This applies to many expemts performed in this project.

There are some cases where taking photos can digeative as observing the damage
under the microscope. This happens when the tosidti is so severe to the degree that
the whole culture in wells is totally collapsed/dagad, and hence there will be severe
damage observed whatever the area is chosen il govtake a photo. This applies to

some experiments performed in this project.

4.1.3 Alamar blue assay

The viability assay used, the Alamar blue reductassay, although not free of
drawbacks, is a reliable and very convenient measdircell viability. It has been
validated previously on its own and against otlegags (e.g. Trypan blue exclusion
method, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenygttazolium bromide (MTT-assay),
or lactate dehydrogenase (LDH) release) in diffetgpes of cell cultures including
CGNs, and using a variety of toxicity models inchgd oxidative stressWhite et al.,
1996, Nakayama et al., 1997, Back et al., 1999 rié&'Bet al., 2000, Gonzalez and Tarloff,
2001, Hamid et al., 2004 Although it is generally thought that Alamar blus
exclusively reduced by mitochondrial enzymes, o#rezymes are known to reduce it
also (e.g. the cytosol is as efficient as the nhitmcria in reducing it)@'Brien et al.,
2000, Gonzalez and Tarloff, 2001, Hamid et al.,40&egardless of the site of its action,
Alamar blue is recognized to be reduced mainlyiting cells: its active ingredient,
resazurin, was introduced more than 70 years agbedood industry to detect and
measure the presence of contaminating living migaasms John, 1939, Nixon and
Lamb, 1945, Straka and Stokes, 1J99he extent of its reduction is expected to ctfibe
viability status of the cultures.

In this project, when the difference in viabilitgtwveen two groups based on Alamar
blue assay results }20%, there is found a good (but not necessaricgxcorrelation
between the Alamar blue viability assay results tsedmorphological appearance of the
neurons under the microscope. There was not ev@ngée case where the neuronal
appearance under the microscope was suggesting Adlaatar blue was giving
misleading false results. Actually, this good ctatien between Alamar blue assay and
the morphological examination was the reason fdrebieg that the protection of
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ethanol and DMSO against fresh culture medium toxiwas real and not due to an
artefact in the Alamar blue viability assay, whidd eventually to discovering the
reason of fresh culture medium toxicity.

Moreover, it is unlikely that Alamar blue was irfeging with any of the treatment

compounds or even interfering with their delayeeas, since the end of the treatment
period (when the treatment solutions that contiaetéest compounds are removed) and
the addition of Alamar blue are separated by atl&é hr of restoration period and also
since, as mentioned above, the cell damage/morghaeemed under the microscope
to stabilize within 8 hr of the restoration peri@pe. at least 8 hr before adding Alamar

blue) and the cells do not deteriorate or recofter ¢at.

As mentioned above, the good correlation betweemal blue viability results and the
morphological examination is only seen if the diéigce between two groups based on
Alamar blue results is 20%. As this difference decreases more and mdosvii20 %,
although the correlation between Alamar blue resatid morphological examination
can be noticed, it will start to be less and ldsarc It is possible that Alamar blue has
the ability to detect small changes in the viapitif cells, where these small changes are

not large enough to cause very clear changes imdrphology.

Also as mentioned above, the Alamar blue viab#éisgay, like any other assay, is not
free of drawbacks. For example, if an experimemta&ios two groups, a control group
and a moderate insult group, then although the Atdrue will be reduced more by the
control group, if the dye is left in the cultures too long a period, then the moderate
insult group (and the control group) may reducertmaaining Alamar blue molecules
that were not reduced initially, resulting in fodlduction of the Alamar blue in the two
groups, and hence equal viability values in the graups. For this reason, an optimal
incubation period and optimal concentration of Aganblue have to be applied.
Previous studies have applied an incubation tintevden 2 and 6 hr (4-6 hr if using
CGNs cultures) White et al., 1996, Fatokun, 2006, Fatokun et 20074, where the
Alamar blue viability results based on this incudattime accurately reflect the
viability status of the cultures. In an experiméiwstaeck performed in this project, there
was no statistically significant difference betweka viability result based on 4 and 6
hr Alamar blue incubation times, which suggests bwih of the incubation times are

appropriate (4 hr was used throughout this project)
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4.1.4 Effect of position in the plate on the viahity of cultures

It was observed that neurons located in the eddis W@k much stressed after 8 days
in culture, which was likely due to a massive evafion of liquids from these wells.

This was evident from the observation that the mm@dvolume was much reduced in
those wells and was also looking very pinkish. €fane, neurons in these wells were

never used in this project.

Importantly, the results show that neurons locatedthe next-edge wells give

consistently slightly (10-15%) higher viability weds in the Alamar blue assay than
neurons located in the inside wells. May be becthesse differences were small, it was
not possible to decisively confirm them by the nimipgical examination under the

microscope, though they were noticeable. If thds&erences were real, they are
somehow unexpected. It is expected that, becagsedbrons in the edge wells were
looking much stressed under the microscope, thieilijaof neurons should decrease
rather than increase as the location of culturés geser to the edge of the plate. A
speculative explanation is that, because the nsurotinose experiments were under the
influence of fresh culture medium toxicity (i.eutdmate excitotoxicity, see later), the
neurons in the next-edge wells (being under tresstof the edge effect, although much
less than the stress of the neurons in the edde)wedre able to activate compensatory
mechanisms during the 8 days in culture that mhdetmore resistant than neurons in
inside wells when they were challenged at day & dny fresh culture medium (i.e.

glutamate) excitotoxicity.

Regardless of whether these relatively small difiees in the viability between next-
edge wells and inside wells were real or were actsfin the Alamar blue assay, it was
clear that such differences could lead to significanisleading conclusions. For
example, if the real difference in viability betweevo treatment groups, one with a
toxic insult and the other with this toxic insulup a protective agent, was around 5% in
favour of the latter group (which might not be istatally significant), placing the
former group in inside wells and the latter grourp riext-edge wells will give a
difference, in the Alamar blue assay, of around@% in favour of latter group, which
can be statistically significant, but misleadingr Ehis reason, next-edge wells were
never used after this finding.
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4.1.5 Fresh culture medium toxicity

It turned out that the immediate damage seen inntheons (including those in the
control group) when they are manipulated at theegrgents/intervention day (i.e. day 8
or 9) was due to glutamate excitotoxicity (throuagtivating NMDA receptors). The
source of glutamate was the fresh serum (which weswnaware of its content of
glutamate) which is present at 10% V/V in the freghure medium that is added to the
cultures at that day. The discovery in this projettthe involvement of NMDA
receptors in the fresh culture medium toxicity veasendipitous. This occurred when
ethanol and DMSO, which were tried for another psg(they were tried as hydroxyl
radical scavengers), prevented this toxicity, anaas found in the literature that they
can block NMDA receptors in neurons and can preghmtamate toxicity Lin et al.,
2003, Dildy and Leslie, 1989, Lovinger et al., 1982bere and Liljequist, 2003, Danysz et al.,
1992, Wegelius and Korpi, 1995, Lu and Mattson,1200Vhen MK-801 Fatokun et al.,
2008b & d, a specific NMDA receptor blocker was tried heitehlocked the toxicity.
After this finding, an early report was foun&chramm et al., 1990that clearly
demonstrated the role of NMDA receptors in frestuisetoxicity (likely through the
activation of these receptors by glutamate alrgaehgsent in fresh serum) in CGNs
cultures. Therefore, we kind of reached the samelasion independently, which gives
it more support. The very low concentration at whiglK-801 was found to be
protective here (20 nM) is in accord with this rapaf Schramm and co-workers (1990)
which found a similar potency with MK-801.

A series of experiments was conducted to substantias conclusion. The first was
using another blocker of NMDA receptors, kynureamd [Perkins and Stone, 1982,
Fatokun et al., 2008b Since the mechanism of blocking NMDA receptorsMi-801
(blocks the ion channel in the receptor) is somevdiiferent from that of kynurenic
acid (blocks the glycine binding site on the reoepjfFatokun et al., 200gbit was useful
to try the latter to see if fresh culture mediumicdy can be prevented by two different
ways of blocking NMDA receptors, which was the ca3ée relatively high
concentration of kynurenic acid needed to blockttxecity (1 mM) is in accord with a
previous study that showed that this activity iatieely weak in cell culturesHilmas et
al., 2003. Kynurenic acid possesses other known activitigs blocking some nicotinic
receptors and blocking non-NMDA glutamate recepiéiibnas et al., 2001, Fatokun et
al., 2008H. However,it is unlikely that non-NMDA glutamate receptorsr&envolved in
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fresh culture medium toxicity, since the specifiMMA receptor blocker MK-801
provided almost complete protection, and also sipoevious studies found that
blocking non-NMDA glutamate receptors does not pré\glutamate toxicity in CGNs
[Eimerl and Schramm, 1991,Fatokun et al., 2008cirRe=t al., 1994

Further evidence for the role of glutamate and NMbB&eptors in fresh culture
medium toxicity came from an experiment in whicbstn culture medium was behaving
like glutamate in producing the so-called precandihg effect. Marini and Paul (1992)
have observed that acute pre-treatment (minutesshwith a subtoxic concentration of
glutamate in CGNs can protect against a subsedeitnal exposure to glutamate itself
(acute preconditioning effect). The same was fobace with fresh culture medium,
where acute pre-treatment with a reduced amouritesh culture medium protected
against a subsequent exposure to a lethal full abafifresh culture medium itself. The
protective mechanism of pre-treatment with subt@litamate in CGNs was shown to
be mediated by a subtle (subtoxic) activation of DMreceptors Marini and Paul,

1997. The experiment performed here with pre-treatnvettt reduced amount of fresh
culture medium shows that as the volume of freslu medium applied as pre-
treatment is reduced, the protection increasedjesimg that with reducing the volume
in the pre-treatment (assuming that glutamate cdretgon is reduced in parallel) the
effect of fresh culture medium (i.e. glutamate) m®waway from a toxic effect towards
a preconditioning protective effect against a sgbeat exposure to full and lethal

amount of fresh culture medium (i.e. glutamatelits

The experiments with ethanol, DMSO, MK-801, kynucescid, and pre-treatment with
reduced amount of fresh culture medium showed pihatection in these experiments
against fresh culture medium toxicity was sustaireen after these protective
interventions were terminated and followed by addiof fresh culture medium (which
contains glutamate) for 16-24 hr before the viapilissay. Although it is possible that
the mechanism of the sustaining of protection dfaedl, DMSO, MK-801, and

kynurenic acid is similar in these experiments dgithey work by blocking NMDA

receptors), this may not necessarily be the samehamesm responsible for the
sustaining of protection of pre-treatment with reglill amount of fresh culture medium

(where this protection was likely mediated by seilagttivation of NMDA receptors).
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When a glutamate degrading enzyme, glutamic-pyrtnansaminaseMatthews et al.,
2004, was used here it provided almost complete ptimecagainst fresh culture
medium toxicity. Since glutamate is present intresrum-containing culture medium
(like the one used here) at concentrations more @& uM [Aronica et al., 1993,
Schramm et al., 1990this effect of glutamic-pyruvic transminase domfs that the
glutamate molecule itself (and not a similar NMDéceptor agonist) was responsible
for fresh culture medium toxicity. This adds a dirproof to the study of Schramm and
co-workers (1990) where they suggested glutamataeetoesponsible for fresh serum
toxicity based on the presence of glutamate inhfresrum and based also on their
finding of protection by blocking NMDA receptorshérefore, the combined results of
these two independent investigations makes it \ikeyy that the toxicity of glutamate
already present in fresh culture medium was exettedugh activating NMDA
receptors. This does not rule out that the toxioftglutamate was potentiated by other
factors in the fresh culture medium. It was showevusly that glutamate toxicity can
be potentiated by serum, where serum albumin vkatylithe component responsible

for this potentiation$chramm et al., 1990, Eimerl and Schramm, 1991

When glutamate was applied here to CGNs in a glatesfree and a serum-free
solution at concentrations of 300 or @M for only one hour, it caused significant
toxicity. This shows that CGNs are indeed suscéptib glutamate excitotoxicity, and
also shows that serum is not required for thisdibxialthough it can potentiate it). It is
worth mentioning that the solution used here aglacle to externally add glutamate
(MEM-HEPES-sol) does not contain added glycine. Ewsv, it is very likely that
glycine was still required for glutamate toxicigmce it is known to be required as a co-
substrate in NMDA receptor-mediated glutamate exaxicity in CGNs Beaman-Hall

et al., 1998 Fatokun et al., 2008b &]c Since the concentration of glycine needed fahsu
an action can be quite low (in nM concentratiots$ amount could easily have been
provided by the cells themselves, as suggestedoudy [Beaman-Hall et al., 1998,
Parks et al., 1991 Also, since kynurenic acid provided substanpabtection (likely
through blocking the glycine binding site), thigggasts that glycine was present and
was activating its kynurenic acid-inhibitable bingi site. Another point worth
mentioning is that, although MEM-HEPES-sol contamagnesium at nearly 0.8 mM
which is known to be a physiological blocker of NMDreceptors, it was shown

previously that under depolarizing conditions, gpli@d here (25 mM potassium
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chloride), NMDA receptors can be activated evethepresence of magnesiumdrini
and Paul, 1992, Eimerl and Schramm, 1p91

By discovering that glutamate already present ia flesh culture medium was
responsible (through activating NMDA receptors) tfie immediate damage induced by
manipulating the neurons at the intervention daynyn previously unexplained
observations in this project seemed to be expléenatbonce. One observation was that
the damage induced to the neurons at the inteoredthy was severe in this project but
not severe in two previous projects undertakerhis taboratory Fatokun, 2006, Smith,
200§. The cell density observed under the microscop@ediately after plating tended
always to be much higher in this project comparethe previous two projects, which
was likely due to a small difference in the culbgriprocedure undertaken at the plating
day (i.e. day zero). It seems now that the highadl @density in this project was
responsible for the severe damage observed by @ddash culture medium (i.e.
glutamate) at the intervention day, since glutaneatatotoxicity was shown previously
to be highly dependent on the neurons density iNE€&ultures Ciotti et al., 199§

Another observation was that the toxicity of theledl fresh culture medium tended
always to be more severe if this medium was lookmage pinkish (i.e. more alkaline).
Although close adjustment of this fresh medium pésuited in a considerable
improvement in cell viability, the damage by addthg fresh medium was still severe.
Also, when a plate containing the cultures was gaacutside the incubator for more
than an hour, although this made the culture medhahthe neurons were maintained
in very pinkish (i.e. very alkaline) and althoudistalso likely reduced the temperature
of the cultures to the room temperature, this ditl samage the neurons (at least no
immediate damage was observed). It seemed atithatthat although increasing the
pH per se (at day 8 or 9) of the culture mediunt tha neurons are maintained in does
not kill the neurons, increasing the pH of the lirealture medium that is added at day 8
or 9 potentiates its toxicity. The increase in dgenhy increasing fresh culture medium
pH can now be explained by the fact that NMDA reoemediated glutamate toxicity
in CGNs is greatly potentiated by the increaseHnpimerl and Schramm, 1981which

is because increasing the pH relieves a protonatextiiblock of NMDA receptors
[Traynelis and Cull-Candy, 1990However, because NMDA receptor-mediated glutamat
toxicity does indeed operate at pH 7Enjerl and Schramm, 1991this also explains the
damage observed here by adding fresh culture mefliamglutamate) even with close
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adjustment of pH (though this adjustment improvee viability). Also, the fact that
NMDA receptors require the ligand (i.e. glutamatexause toxicity may also explain
the observation that the increase in the pH pdatsday 8 or 9) of the culture medium
that the neurons are maintained in (which does aoottain significant amount of

glutamate) does not kill the neurons.

A third observation that was not explained previpugs that the culture medium does
not kill the neurons when they are maintained irbéfore the intervention day.
Although there were many neurons dying in the f#4thr of plating, fresh culture
medium was not suspected to cause this death forréasons. Firstly, this culture
medium is universally used to culture many typesails including neurons, and there
was no reason to suspect that this medium mightiolzec. Secondly, if it was
responsible for the death observed at the platayg(de. day zero), why did it not kill
the viable neurons when they were maintained fnoin day 1 until the intervention
day? Actually this was the reason that in the b@gmpa toxic effect of the added fresh
culture medium was not suspected as the reasorthéordamage observed at the
intervention day, where alternative explanationsenexplored at that time. However,
this can now be explained by the following scenafieevents. In the first few days,
glutamate can not cause damage to neonatal CGiNasashown previouslyFfandsen
and Schousboe, 1990, Resink et al., 19%®hd this is likely because the glutamate
receptors subunits that can mediate the toxiciynat matured/functioning at this early
stage Frandsen and Schousboe, 1990, Resink et al., 1R&#amm et al., 1990, Leist et al.,
1997. Since the brain quickly clears any glutamate thgpresent extracellularly, the
glutamate present in the fresh culture medium iskiyi removed by CGNs as was
shown previously where glutamate concentration slrop fresh serum-containing
culture medium in CGNs cultures from more tharud0to only 5uM in the first 24 hr,
and then drops further in the next two days to mdo2uM and is maintained at this low
level in the subsequent daysrdnica et al., 199B By the time that glutamate receptors
subunits that can mediate toxicity are maturecelilafter 5-6 days of platindgresink et
al., 1994) there will be no significant amount of glutamé&& in the culture medium to
cause toxicity, but when fresh culture medium (Whmontains more than 50M
glutamate) is added to the neurons at the inteiverttay (i.e. day 8 or 9), glutamate

binds to the matured NMDA receptors to induce setexicity to the CGNSs.



162

Schramm and co-workers (1998ave discussed the pathological relevance of the
presence of glutamate in serum (i.e. circulatiamd the potentiation of its toxicity by
some serum components. They proposed that in satielpgical conditions e.g.
hemorrhagic stroke or brain trauma, circulatingtayiuate might contribute to cell
damage. This is a valid proposal and this mightabenique mechanism of in vivo
toxicity, since the exposure of neurons to ciraofatglutamate in such pathological
conditions might initiate toxicity without the prequest of the depolarization/damage-
induced glutamate release from the neurons. The sanmors also speculated that such
a circulating glutamate might cause chronic toxfeas by leaking through the blood

brain barrier (BBB) in elderly people where thisrex is expected to be fragile.

Given the central excitatory role played by glutéena the brain, the wide diversity of
its receptor sub-classes, its presence in thelatron, and its ability to cause neuronal
damage in many situations, it is not surprisingt teaery time a new role is
postulated/discovered for the glutamate system daronal pathological conditions
(studied in vivo or in vitro) that were not showmgpected initially to be related to this
system. Therefore, in studying neuronal patholegieditions thought not to be related
to glutamate system, it should be considered thatmaster, highly diverged, and
widely distributed glutamate system might be irgerfg with the condition under
investigation, and that checking for this involverhenay resolve some unexplained

observations.

4.2 Oxidative stress experiments performed beforeobsing the

problem of fresh culture medium toxicity

The interpretation of the results of the experimediscussed in this section is
complicated by two facts. These experiments werdopeed before solving the
problem of fresh culture medium toxicity, which meathat the cultures (including
those in the control groups) were under the infteeaf glutamate excitotoxicity. Also,
some of these experiments were performed befodinfiyrthat the neurons in next-edge
wells give consistently higher viability readingsah the neurons in inside wells, so
some of the treatment groups in these experimeste wontaining next-edge wells
(which may result in misleading conclusions as wised before). However, it was
appropriate to discuss some of those experimertgofmed in that period) that were
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consistent and provided some valuable informatizure to the uncertainties mentioned
above, there will be only a brief discussion of thsults in this short section, without
detailed discussion on why a compound produced reaxpected effect or failed to

produce an expected effect.

The idea was to test the susceptibility of CGNdgifterent types of oxidative stress
insults, which can lay the foundation for detailed/estigation of XO toxicity.
Hydrogen peroxide externally applied showed toyitcd CGNs in a dose dependent
manner, which is in agreement with previous stutles externally applied this toxic
insult to CGNSs [Fatokun et al., 2007b, Gotz et al., 199®ue to the relatively modest
reactivity of hydrogen peroxide, it usually exatsstoxic effects through its conversion
to more reactive species, usually hydroxyl radigalis conversion to hydroxyl radical,
called Fenton reaction, requires a metal, usuedly or copper (see Introduction). When
deferoxamine, an iron chelator with high affinitr the oxidized form of iron (i.e. B
[Keberle, 1961t was tried, it provided protection, raising thespibility that hydrogen
peroxide toxicity was due to Fenton reaction. Taftcm this mechanism of toxicity, a
hydroxyl radical scavenger, mannitol, was triedt failled to show any protection.
Although the failure of mannitol to protect can éeplained by the lack of a role of
Fenton reaction and hydroxyl radical in the toyicithere are many alternative

explanations (see later in sectibi3).

Another toxic insult, the X / XO combination, waget and it showed significant and
consistent toxicity to CGNs when applied at X (10d) / XO (0.02 Units/ml). The
toxicity of this combination is expected sincesiknown to produce toxicity in different
types of cell culturesHatokun et al., 2007a, Satoh et al., 1998, Link Rildy, 1988, Mohsen
et al., 1995, Duell et al., 1995, Simon et al., 19Bliraishi et al., 1987, Zigler etal., 1985,
Valencia and Moran, 2004 Since this combination is known to directly puocd
hydrogen peroxide and superoxide (hydrogen perosieild also be produced by the
spontaneous dismutation of superoxide that is trgroduced), catalase and SOD-1
were tried against the toxicity of this combinatioBatalase produced complete
protection, but SOD-1 failed to produce protectidviost previous studies in cultures
found that catalase protects whereas SOD does mtgcp against X / XO toxicity
[Fatokun et al., 2007a, Satoh et al., 1998, Link Riléy, 1988, Mohsen et al., 1995, Duell et
al., 1995, Simon et al., 1981, Hiraishi et al., I9&igler etal., 198p
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In the same experiment, in addition to testing effects of catalase and SOD-1, two
XO inhibitors were tried against X / XO toxicitytl@ourinol (a blocker of the X binding
site, the Mo site) and DPI (a blocker of the NADkhdng site, the FAD site) (see
Introduction). Both of allopurinol and DPI faile@ tfprovide statistically significant
protection, which was unexpected since both (eapgcallopurinol) are known to
block X oxidation by XO (but see next sectigh3 for detailed discussion of
experiments performed after solving the problemfreh culture medium toxicity

where these two compounds were tried against X fogxity).

Since catalase provided complete protection againsKO toxicity, this suggests that
hydrogen peroxide is a main toxic molecule, whicikes this toxicity model somehow
similar to the toxicity model of externally applgnhydrogen peroxide. Since
deferoxamine provided protection against externafiplied hydrogen peroxide, it was
also tried against X / XO toxicity. Although defemmine at the concentration (and
incubation time) that was protective against exdiynapplied hydrogen peroxide did
not show protection against X (1Q®1) / XO toxicity, it was protective when the toxic
insult was reduced to X (3@M) / XO, which suggests that it did not protectlie first
experiment because the toxic insult was too severeit to provide significant
protection. Also the protection with deferoxamimgaiast X / XO toxicity was increased
when its pre-treatment time was increased, anaghis chelator is expected to be slow
in entering the cellsHorter et al., 1988 this suggests that its site of action is

intracellular (see sectioh3for more discussion on deferoxamine).

A third type of oxidative stress insults, a nitoxide donor, SNAP, was also applied to
CGNs cultures to see if they are also susceptibthis type of toxicity. Nitric oxide is a
free radical that can cause damaging effects (ptgbandirectly) under some
conditions, which was demonstrated previously inNSGultures I[eist et al., 199]¢
SNAP treated here for 24 hr showed a dose depetmbanity. However, it may be that
this effect of SNAP was not due to providing nitoxide. The reason is that the SNAP
powder was dissolved and the aliquots of the smiukept in a freezer until the
experiment day. If SNAP in solution instantly geates nitric oxide (as expected), this
raises the possibility that the nitric oxide, whisha short lived free radical, generated
would have been long degraded before the experialent A better way would have

been to dissolve SNAP powder and then add it tetifteres instantly.
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There is more than one explanation for the obsenaedcity with SNAP. One
possibility is that it was still due to, at leastripally, nitric oxide spontaneously released
by SNAP at the time of treatment. This is becalssed on the published data on
SNAP stability in solutions under different condits (where SNAP14 can be up to
hours) Megson et al., 1997, loannidis et al., 1996, Siagal., 1996, Mathews and Kerr, 1993,
Arnelle and Stamler 1995 there is still a possibility that the SNAP stosklution
prepared under our conditions (the powder was Wliedoin distilled water to a
concentration of 10 mM at room temperature and antldxygen, aliquoted, protected
from light, and then immediately kept in freezetiuthe experiments day) was still
containing a significant amount of intact SNAP whba frozen aliquots were thawed
and SNAP was applied to CGNs. A second possibailyo assuming the presence of a
significant amount of intact SNAP at the time ofldidn to cultures, is that the toxicity
was not due to nitric oxide spontaneously rele&se8NAP, but rather was due to other
actions of SNAP itself that may or may not invojw®duction of nitric oxide (but not
spontanously released from it). This is consisteith some previous studies which
showed that some biological actions of SNAP, algiomight be due to production of
nitric oxide, are not due to nitric oxide that @ostanously released from Kdwaluk
and Fung, 1990Singh et al., 1996, Mathews and Kerr, 1993, Arnatlid Stamler, 1995 A
third possibility, assuming that SNAP was long @eigid before the experiments time,
is that the toxicity was not due to nitric oxidéegessed spontaneously from SNAP, and
was not due to other actions of intact SNAP itdalit, rather was due to toxic effects of
some degradation products of SNAP (generated béfertime of addition to cultures)
other than nitric oxide.

Overall, these experiments performed before solvimg problem of fresh culture

medium toxicity gave some helpful information. Thephowed that CGNs are

susceptible to perhaps more than one type of ax&latress injury. They also showed
that the toxicity models of both externally applyihydrogen peroxide and externally
applying the X / XO combination are similar in thadbth are completely (but not

necessarily exclusively) mediated by hydrogen pemxwhere an iron ion was likely

mediating hydrogen peroxide toxicity. These expenis leave unanswered the effect
of SOD, allopurinol, or DPI on X / XO toxicity, bat detailed investigation of the effect
of these compounds was carried out in the expetsnparformed after solving the

problem of fresh culture medium toxicity, which Whle discussed in the next section
4.3.
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4.3 Oxidative stress experiments performed after $ang the

problem of fresh culture medium toxicity

After solving the problem of fresh culture mediuaxitity, it was possible to conduct
reliable experiments. In this stage of the proj#atyas possible to answer many of the
questions stated earlier in the section on the @injgctives in the Introduction. This
section is divided into two main sections, thetfissa comparison between X / XO and
NADH / XO toxicities, and the second is a furthevestigation of X / XO toxicity.

4.3.1 Comparison between X / XO and NADH / XO toxity models

Although a combination of XOR and X (or other suwatds that bind to the
molybdenum site) is a widely used model in celtund studies to generate ROS and to
study their effects, the toxicity/effect of the doimation of XOR and NADH (which
binds the FAD site) in cell cultures has not bewrestigated in detail previously. Some
possible reasons for this lack of interest to itigase this combination were mentioned
in the Introduction, and it was also mentioned he tintroduction that the in vivo
effect/toxicity of the oxidation of NADH by XOR ming have been underestimated
previously.

The idea was to compare X / XO and NADH / XO tatyianodels in their potency,
their response to blocking the different sites @,>Xand the type of ROS and metals
responsible for toxicity. The results show thatDiA/ XO and X / XO combinations
are toxic to cultures of CGNs. However, the con@diin of NADH needed to cause
the toxicity was much higher than that of the othastrate, X, which is in agreement
with previous cell-free experiments that showed MA&DH is a much weaker substrate
than X for the bovine milk XO used her@ilbert, 1963, Liochev et al., 1989, Nakamura,
1991]. However, some other forms of the enzyme (eogirte milk XDH, human milk
XO, human milk XDH, human liver XO, rat liver XDHand rat liver XO) have
more/much more efficiency in oxidizing NADH thanetlbovine milk XO used here
[Maia et al., 2007, Sanders et al., 1997, Zhang .et1l89§, and even some of them oxidize
NADH with similar oxidation kinetics to the oxidati of X by the bovine milk XO.

Therefore, much less concentration of NADH mightehbeen enough to cause toxicity
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if some of these other forms were used insteadirawilk XO was used in this project

because of the availability, and also becausetlitasnost studied form of the enzyme.

The NADH / XO combination was applied for only oreur, where lower
concentrations of NADH might have been enough tude toxicity if applied for
longer durations. However, it was not possible ppha the NADH / XO for longer
durations, because a previous study in this laborathowed that XO applied alone for
6 hr caused significant toxicity to CGNs (probattiyough oxidizing xanthine produced

by the neurons, since allopurinol attenuated thigcity) [Fatokun et al., 2007a

In both of NADH / XO and X / XO toxicities (espethathe latter), the damage tended
always to be more severe and more consistent inB3ES®l compared to MEM-
HEPES-sol. There are many differences between thresdreatment solutions which
makes it difficult to know the reason(s) of thiseiresting difference in the susceptibility
to toxicity without a systematic investigation. 8Jsthis is complicated by that the
opposite was observed when NADH was applied alvhere it was toxic at 2 mM (but
not 1 mM) in MEM-HEPES-sol but not in HEPES-sol.if toxicity of NADH alone in
only one of the treatment solutions is also difticio explain without a systematic
investigation. These observations, however, werke considered to affect the main
conclusions drawn from this project. Notice thaisiunlikely that any of the observed
effects of NADH applied alone or in combination KO is due to an artefact due to a
direct interaction (e.g. reduction) between NADHldhe Alamar blue dye used in the
viability assay, since as mentioned before thedestpounds (including NADH) were
not present together with Alamar blue. The test poumds were removed and replaced

by conditioned medium for at least 16 hr beforelydpg Alamar blue.

4.3.1.1 Effects of inhibiting the different sites o XO

In agreement with previous cell-free experimentsyas found that blocking the site of
X binding (the Mo site) with allopurinol failed tprevent the damage induced by the
NADH / XO combination, although it prevented thendae induced by the X / XO
combination. This result is consistent with theviras proposal that the failure of
allopurinol in preventing tissue damage in someviptes studies where XOR-mediated
damage was suspectedi¢n et al., 1990, Benders et al., 2006, Moslealet2005, Coetzee et
al., 1994 might be theoretically explained by the inalyilof allopurinol to prevent



168
NADH oxidation by XOR, and hence its inability toepent the tissue damageefry
and Hare, 2004, Harrison, 2002, Sanders et al.,71%hang et al., 1998

Blocking the site of NADH binding (the FAD site) thiDPI at 100 nM attenuated the
damage induced by the NADH / XO combination appliedeither HEPES-sol or
MEM-HEPES-sol, which was expected since DPI is kmaw block this site. This
(along with the failure of allopurinol to protestyggests that the toxicity of the NADH /
XO combination was mediated/initiated by directyenatic oxidation of NADH by XO
and was not due to merely (or exclusively) non-gpeteraction between the enzyme
and the substrate. DPI also blocked the toxicityhef X / XO combination applied in
HEPES-sol., but failed to show statistically sigrmaht protection against this
combination when applied in MEM-HEPES-sol. In aage, the results show that DPI
can prevent X / XO toxicity in HEPES-sol, whichimsagreement with previous cell-
free experiments that showed that the FAD sitlassite of ROS generation regardless
of whether the reducing substrate binds to the Mo(se. X or HX) or to the FAD site
(i.e. NADH) [Komai et al., 1969, Sanders et al., 1997, Olsoalet1974, Nakamura, 1991,
Berry and Hare, 2004, Harrison, 20p2

4.3.1.2 Identification of ROS and metals responsi for the toxicity

The effects of SOD-1 and catalase on the toxiditthe X / XO and the NADH / XO
combinations were investigated in this study. la dase of X / XO toxicity, although
catalase provided almost complete protection, SOfaded to produce any effect,
implicating that although hydrogen peroxide is ifeeg for this type of toxicity,
extracellularly generated superoxide is not (may dpart from its spontaneous
dismutation to hydrogen peroxide). Also when theesaxide scavenger, Tiron
[Greenstock and Miller, 1975, Hassan et al., 198@as tried as a co-treatment, it failed to
provide protection against X / XO toxicity. The kagf protection by co-treatment with
SOD-1 against X / XO toxicity is in agreement witkany previous culture studies
which have used different types of cell/organ aeiuincluding CGNsHatokun et al.,
2007a, Satoh et al., 199Bink and Riley, 1988, Mohsen et al., 1995, Dueklet1995, Simon
et al., 1981, Hiraishi et al., 1987, Zigler et a1989, but with at least one exception which
found protection with 6 hr co-treatment with SORdainst X / XO toxicity in cultures
of CGNs palencia and Moran, 2004 The protection found by the study of Valenan a
Moran (2004) suggests that SOD-1 co-treatment usdare conditions can protect
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against X / XO toxicity, although no clear diffecenin the experimental conditions was
suspected to account for the difference in the mveskeeffect between this and the many
other studies that did not find protection with SC®treatment.

One may think that the observation (found hereianmdany previous studies) that SOD
does not increase or decrease X / XO toxicity i®aah result. To put it in other words,
SOD should either potentiate the toxicity if itashydrogen peroxide-dependent (and
not superoxide-dependent) (since SOD will convagesoxide to hydrogen peroxide)
or attenuate the toxicity if it is a superoxide-degent, so the result that SOD has
neither of these two effects indeed needs an eaptan That SOD does not attenuate
the toxicity can be explained by the lack of a misuperoxide produced extracellularly
in the toxicity (may be apart from its spontanedisnutation to hydrogen peroxide).
On the other hand, a possible explanation for tiaility of SOD to potentiate the
toxicity (assuming that it is a hydrogen peroxidgendent and not superoxide-
dependent) is that most of ROS produced directlXldyXO (around 80%) are known
to be in the form of hydrogen peroxide, while teenaining 20% will be in the form of
superoxide (although this may change depending hen experimental conditions)
[Fridovich, 1970. Therefore, adding SOD, which will convert two lecules of
superoxide into one molecule of hydrogen peroxwdé,result in only a small increase
in hydrogen peroxide production (around 10%), aadttere will be no significant
increase in the X / XO toxicity. An additional eaphtion for the inability of SOD to
potentiate the toxicity (again assuming that & isydrogen peroxide-dependent and not
superoxide-dependent) is that even in the absehn8©D, all superoxide produced by
X [ XO would quickly and spontaneously dismutate hypdrogen peroxide in the
extracellular compartment (if given the time, whichight be the case because
superoxide may not be able to enter the cells,asnl because superoxide production
ceases long time before the end of the 1 hr tresttnsee later). This means that the
same result (i.e. dismutation of superoxide to bgdn peroxide extracellularly) was

going to be produced regardless of whether SODeisgmt or not.

The fact that superoxide can quickly and spontasigalismutate to hydrogen peroxide
does not of course mean that SOD activity is ngvartant as an in vivo defence
mechanism against oxidative stress, because ihasdifference in the efficiency
between the enzymatic and the non-enzymatic (speate) dismutation of superoxide
that matters Hridovich, 1983. Although a portion of the superoxide producedvivio
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will immediately and spontaneously dismutate to robgeén peroxide, a remaining
portion may stay active and travel relatively lodistance before it eventually
spontaneously dismutates, so unless the very @iticsOD is present, a superoxide-

dependent effect/toxicity may occur.

There is a possibility that the way in which thé XO mixture was added to the cells in
this study may have masked a toxic role of supeegenerated from this combination.
This is because whenever X and XO were added tegaththe treatment solution, this
mixture-containing solution was warmed in the wabath for few minutes before
adding to cultures. The cell-free experiments iguFeés 3-50 and 3-51 clearly showed
that superoxide generation by X / XO combinatioases by less than 10 minutes after
starting the reaction, where after this 10 minutesst of the short-lived superoxide
would have already been spontaneously dismutatbgdimngen peroxide. Therefore, by
the time of adding the mixture to cells (5-10 mewiafter starting the reaction), there
might not be a significant amount of superoxide thauld otherwise produce a specific
toxicity (may be through entering the cells). Atbetway of conducting the viability
experiments was to start the X / XO reaction in\tunity of cells, which would give
the generated superoxide time to be in contact wéls where it may produce a
specific toxic effect through entering the cellsdrectly interacting with them. Not
only this, but also catalase (to deactivate extiadee hydrogen peroxide) should be
present when the reaction is started in the vigioitcells to make sure that an observed
toxicity of X / XO combination is due to superoxi@atering the cells (or directly
interacting with them) and not merely due to itsr&sellular spontaneous dismutation
to hydrogen peroxide. If there is still toxicity sdrved with this experimental design, a

role of superoxide can then be confirmed by usi®pPS

A pilot study was undertaken for the experimentdign detailed above ( n = 1). In this
one trial, the experiment was performed as folloths: reaction of X (10@M) / XO
(0.02 Units/ml) was started in the vicinity of nens in the presence or absence of
catalase (10 Units/ml) in HEPES-sol. Even with thesign, catalase provided complete
protection (data were not shown). It was mentiomedhe Results section that in
HEPES-sol the X / XO combination always producegdaand consistent toxicity at X
concentration of only 1uM, and that it produces almost complete toxicityXat
concentration of 3QuM. Therefore, using X here at 1M was expected to cause
almost complete toxicity (which was the case), andortantly was also expected to
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produce large amount of superoxide in the vicirofyneurons. Notice that in the
viability experiments shown in secti@?3.2.40f the Results section, catalase was tried
at 3 Units/ml, but it was tried in this one triall® Units/ml, and this was done to make
sure that it is able to deactivate most of hydrogeroxide generated from X / XO
combination, especially since X was used at (lB0where large amounts of hydrogen
peroxide were expected to be produced. Althoughvas shown in the cell-free
experiments in the Results section that catalaseorgaminated with some SOD
activity, the contamination was observed at catal@®00 Units/ml) and was less at
catalase (300 Units/ml), with no observed contationaat catalase (3 Units/ml), so it is
unlikely that there was a significant contaminatisith SOD activity at the catalase
level (10 Units/ml) used here. Therefore, the abseof any observed toxicity of
superoxide generated in the vicinity of neuronstfie presence of catalase) suggests
that (as suggested by the completed experimentsbgndhany previous studies)
superoxide generated extracellularly from X / XOmtanation has no role in the
toxicity of this combination (may be apart from iextracellular dismutation to
hydrogen peroxide). However, this was only a sirtigéd experiment (n = 1), so it was

not possible to confirm this observation.

In the case of the NADH / XO combination, the expents were conducted in the
same way as those with the X / XO combination NADH and XO were added to the
treatment solution which was then warmed in theewaith for few minutes before
adding to cultures. However, the reaction betwe&bDN and the bovine milk XO is

expected to be slow (since NADH, is relatively aywseek substrate for this isoform of
XO). Therefore, it is possible that most of thedation of NADH by XO was occurring

during the one hour application to cells (not dgrthe few minutes of warming as in
the X / XO system), although this can not be coméd.

Although NADH / XO toxicity was similar to X / XOokicity in the complete
protection afforded by catalase, the former diffleire that SOD-1 provided substantial
protection. It is likely that, for many reasonsistprotection by the co-treatment with
SOD-1 was due to its elimination (dismutation) gpsroxide and not due to any of the
known non-specific actions of SOD-1 that may natige elimination of superoxide.
Firstly, SOD-1 was protective at concentrationgoas as 3 Units/ml (which is one of
the lowest concentrations tried in previous toxigtudies), whereas the non-specific
actions of SOD-1 are expected to occur at high eotnations [Liochev and Fridovich,
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2007. Secondly, Mn-SOD (3 Units/ml), which is known lbe free of at least some of
the non-specific actions of SOD-%4gnkarapandi and Zweier, 1999, Liochev and Fridoyic
2009, was as protective as SOD-1. Thirdly, SOD-1 wa®tgztive in both
bicarbonate/C@containing solution (MEM-HEPES-sol) and a solusamithout added
bicarbonate/C®(HEPES-sol), which argues against a role for axydase activity of
SOD-1 in the observed protection, since this naesic activity was shown to be
dependent on bicarbonate/€{%oldstone et al., 2006, Sankarapandi and Zwei®g91
Liochev and Fridovich, 20Q4 Fourthly, substantial protection against NADHXO
toxicity was observed by co-treatment with the sopiele scavenger, Tiron (though
Tiron is also known to be (among other actionseHactive chelator of some metals
including iron and molybdenunfrfidovich and Handler, 1962 an activity that can not be

ruled out as the reason for its protection).

It is likely that the protection by SOD-1 (and M©®B) (especially since that it was
used as co-treatment rather than pre-treatment, ithavas protective at a low
concentration (3 Units/ml), and was applied foryohlhr) was due to an extracellular
action of this enzyme. Some previous reports sugdethat SOD-1 is unable to
quickly/easily penetrate the cell membrane evemigh concentrations. In neuronal
cultures, acute co-treatment with SOD-1 (or eventpratment with SOD-1 for 8-24 hr)
did not prevent glutamate-receptor mediated exwrioity, despite the fact that in those
studies, intracellular production of superoxide Weasd to mediate the toxicityhtel et
al., 1996, Lafon-Cazal et al., 1993a & MAlso, using a very specific detection method of
intracellular superoxide, it was shown that SODalthough applied as a 1 hr pre-
treatment (which gave prolonged contact with cells) at a much higher concentration
than 3 Units/ml (up to 100 units/ml), could not wmage intracellular superoxide in
cultures of bovine aortic endothelial cellBhfo et al., 2006 However, uncertainty
remains; since other reports showed clearly thab-3QCcan enter cells under some
conditions. SOD-1 (500 Units/ml) co-treated for riwas able to produce a protective
effect by entering cultured hepatocytes by end®igtfKyle et al., 1988 where this
endocytosis was also observed by another study fdtllatwved it using a different
approach Dini et al., 1993. However, the protection by SOD-1 against a amihsult
using the same cell culture type (rat hepatocy&s)vell as the entrance of SOD-1 to
those cells, was not observed in another stuidf al., 1992, which suggests that small
differences in the experimental conditions may hiavge consequences. In neurons,

there were also some studies where SOD-1 was pragatfects suggestive of it being
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entering the neurons e.g. SOD-1 produced a progeeffect in cultures of spinal cord
neurons against glutamate excitotoxicity, but SOD-that study was not applied as co-
treatment but rather as pre-treatment for 2 hradradhigh doseMichikawa et al., 1994

Although it is more likely that SOD-1 (and Mn-SOf@@as working here extracellularly
rather than intracellularly to produce protectigaiast NADH / XO toxicity, this does
not answer the question of whether SOD was blockimgxtracellular toxic action of
superoxide or was deactivating it extracellularydre it could cross the cell membrane
and exert an intracellular toxic action? This gisests difficult to answer from the
available results. Although superoxide (which isamonic radical) is known to be
generally very poor in crossing biological membmarj€akahashi and Asada, 1983,
Liochev and Fridovich, 20Q5there are some exceptions in which it was shtmmoe able

to do so Liochev and Fridovich, 20Q5Actually, even in CGNs, activating the glutamate
NMDA-receptors was shown to lead to an intraceflydeoduction of superoxide that
was able to exit the neurons and be detected irextracellular compartment.gfon-
Cazal et al.,, 1993bAtlante et al., 199 However, it is unclear if activating NMDA-
receptors in those studies had led to the operfisgroe channels or pores (or to some
defects in membrane integrity) that allowed inttatar superoxide to exit the neurons
through these channels/pores that would be othenwrgpermeable to superoxide.
Therefore, it is unclear if superoxide generateet liemm the NADH / XO combination
was able to enter the cells. The possibility thgtesoxide was not entering the neurons,
and was instead producing its toxic action in thkeaeellular compartment, might be
supported by the observed protection by co-treatméh EDTA. This general chelator
of cations and metalHfitcheson et al., 20Q4s regarded as a biological membrane-
impermeable compoundshzaryan et al., 2007, Frederickson et al., 2002urAa et al.,
2001, Abeijon and Hirschberg, 199(an exceptional previous study showed that EDTA
was able to enter cells by endocytosis, but it used at a very high concentration (6
mM) [West and Brownstein, 1988vhereas EDTA was protective here at concentnatio
as low as 21M). Also the mode of EDTA protection here suggéistt is was blocking
an extracellular metal-dependent toxic action (a&s). Although this effect of EDTA
does not necessarily mean that SOD (and Tiron) Masking an extracellular toxic
action of superoxide, it suggests so. This is b&eau many cases, superoxide exerts its
toxicity through reacting with metals, and sincdghbof SOD and EDTA (which were
likely working extracellularly) were protective, aaxtracellular toxic interaction

between superoxide and a metal might have beeonnstyte for the toxicity.
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If SOD was exerting its protection through blockiag extracellular toxic action of
superoxide, this can be through blocking one of ynaandidate toxic actions of
superoxide. Superoxide can mediate a metal-cathly@acity (as mentioned above)
e.g. through mediating the conversion of hydrogeroxide to the very reactive and
toxic hydroxyl radical (or a similar specie$johg et al., 1976, Halliwell, 1978, McCord
and Day, 197B This conversion in biological systems resultsrirthe reaction between
hydrogen peroxide and a reduced metal ion, usu@ty or copper (Fenton reaction).
Since the extracellular metal ion that might bespre in the treatment solutions as a
contaminant is likely to be in the oxidized fornupgroxide will be required for its
reduction, making it able to react with hydrogemopéle to produce hydroxyl radical.
Even if the metal is present in the reduced statperoxide will be required to reduce it
back when it is oxidized by hydrogen peroxide, hedce to continue the reaction. The
presence of NADH in the system makes this possilitiore likely. This is because it
was shown previously that, in the presence of reducon and NADH, externally
added hydrogen peroxide generates much more hyldradicals than it generates in
the presence of only reduced irdtojvley and Halliwell, 1982 Interestingly in this study
by Rowley and Halliwell (1982), hydroxyl radical iggration was blocked by SOD,
implying that superoxide was both produced andirequmay be to reduce back the
Fe’* that was converted from £eupon oxidation by added hydrogen peroxide. In the
case of the NADH / XO combination applied here, esogide, in addition to its
possible generation by such a reaction, is actalfctly generated by the oxidation of
NADH by XO, and hydrogen peroxide is also diregilpduced by this oxidation and
will also be produced by the spontaneous dismutatiosuperoxide. If a contaminant
metal ion is also present in the system, the requeint for extracellular production of a
large amount of hydroxyl radical from the NADH / X@mbination seems to be
fulfilled.

To test this explanation, two metal chelators wered, deferoxamine and EDTA.
Although co-treatment with deferoxamine did notwrany protection against NADH /
XO toxicity, EDTA co-treatment was able to protees mentioned above, at
concentrations as low asp®. On the other hand, neither deferoxamine (300 nor
EDTA (2, 20, or 20QuM) protected against X / XO toxicity. Thereforegtprotection
by the cell-impermeable EDTA seemed to be speéificNADH / XO toxicity and
enforces the suspicion that the protection offedogdSOD (and Tiron) against this
toxicity was due to blocking a superoxide-dependextracellular toxic interaction
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between hydrogen peroxide and a metal to produckoRyl radical (or a similar
species). The very low concentrations at which EDV&s protective argues against the
chelation of C& (present at 2 mM) or magnesium (Mg(present at 0.8 mM) in the
treatment solution as the reason (or the sole n@deo the protection by EDTA. Also,
EDTA was shown to efficiently chelate iron ions Bve the presence of a large excess
of C&* [Hutcheson et al., 2094

The failure of deferoxamine co-treatment to protegdinst NADH / XO toxicity, even
though it will chelate contaminating iron presemefin the treatment solution (since it
was left with XO for 3 hr in this treatment solutigwithout contact with cells) before
adding NADH and then applying to cells, and alswsi the volume of the treatment
solution containing deferoxamine and XO before agdNlADH was 95% of its volume
after adding NADH), indicates that the NADH / XOxtaty is unlikely to involve an
iron-mediated generation of hydroxyl radicals i textracellular treatment solution.
However there is a possibility that an iron contaanit was associated/bound with XO
and was difficult to remove (to the degree thatnewa hr of contact between
deferoxamine and XO before applying to cells wasemmugh for chelating this iron),
which was able to mediate the toxicity. Iron iokm to contaminate XO by binding
loosely to it, where this iron contaminant has bskeown to resist significant chelation
by deferoxamine while remaining susceptible to otelators (this contaminating iron
influenced ROS generation by X(rltigan et al., 1990

On the other hand, EDTA co-treated the same wajeferoxamine was protective, as
mentioned above, at concentrations as low asl2Interestingly, this protective effect
of EDTA seemed to be dependent on pre-incubatingith XO before starting the
treatment. This is evident from that when the trestt solution (which contains EDTA,
XO, and NADH) was applied to cells but without pramntact between EDTA and XO,
EDTA no longer protected, despite the fact that BDAlas left alone in the treatment
solution for 3 hr (without contact with cells) bedoadding XO and NADH and then
applying to cells, and also despite the fact that volume of the treatment solution
containing EDTA before adding XO and NADH was mtiran 90% of its volume after
adding XO and NADH. This suggests two things, fiizsthat EDTA was protective by
interacting directly with XO, likely chelating a s@aminating metal ion associated with
the enzyme, but not present free in the treatmehitisn and not associated with
NADH. Secondly, the interaction between EDTA and X@st be slow (since prior
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contact for some time (3 hr was tried) between X@ &DTA before starting the

treatment was required for the protection).

The unidentified metal contaminant associated Wit could be iron, despite the fact
that deferoxamine co-treatment failed to protectd éhis is because of the above
mentioned possibility that this iron was associgledsely bound) with XO and was
difficult to remove. Another metal ion which mightave been responsible for the
toxicity is molybdenum, since it has been showrpé#oticipate with superoxide and
NADH in a potentially toxic reactiorDarr and Fridovich, 198% Molybdenum ion may
have dissociated from XO as a result of freezing) luiawing of the enzyme, making it
available to participate with NADH and superoxideai toxic reaction. There may be
flexibility in the dissociation of molybdenum iowfich is an integral part of XO) from
the enzyme, since 40% of the bovine milk XO moleswdre known to be molybdenum-
free [Harrison, 2002. Contaminating copper ion associated with XOlsoa candidate,
especially since EDTA always inhibits copper-mestilatiydroxyl radical generation
[Que et al., 1980, Aruoma et al., 1991, Makrigiorgosl., 1995, Samuni et al., 1983, Shinar et
al., 1983, Cui et al.,, 1994, Lloyd and Phillips,989 while it can (depending on the
experimental conditions) inhibit or stimulate irorediated hydroxyl radical generation
[Graf et al., 1984, Hutcheson et al., 2004, Halliwveind Gutteridge, 1981, Grootveld and
Halliwell, 1986, Engelmann et al., 2003, Gutterid@©87. Also, it can not be ruled out that
a metal contaminant-independent pharmacologicabracdf EDTA was involved,
possibly involving a slowly developing, direct ibition of XO. However, the
possibility of a metal contaminant-independent airnahibition of XO is difficult to
explain in the light of the failure of EDTA to pmat against X / XO toxicity, even if it
is assumed that EDTA was blocking the FAD sitecaiblocking this site (which is
always the site of ROS generation) should blockiohecity of X / XO combination, as
mentioned before. On the other hand, a metal cantaridependent protection by
EDTA can be explained even with the failure of EDT@ protect against X / XO
toxicity, since in the NADH / XO system the presernd NADH might have well led to
an EDTA-inhibitable metal-mediated toxicity as mened before, and as will be
discussed further later on.

Notice that the protective effect of EDTA was likeéxerted in the extracellular
compartment, for two reasons. Firstly, EDTA as nuer@d before is considered a cell-
impermeable chelator, so it is unlikely that it wergtering the cells, especially at the
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very low concentration tried, and especially thatas applied as co-treatment and was
not given any time to be in contact with cells vefapplying the toxic insult. Secondly,
it is unlikely that EDTA was producing its proteti effect intracellularly, because of
the observation mentioned before that XO has t@reeincubated with EDTA in the

treatment solution (before any contact with cdlis)the latter to be protective.

Besides the problem of indentifying the metal remsuiole for mediating the production
of hydroxyl radical, there is also another two peofs in proposing hydroxyl radical
(free in the solution) as the extracellular toxroguct in NADH / XO system. First, is
that hydroxyl radical is a very short-lived specwbere it would degrade/disappear not
far from its site of generation in the extracelfutampartment. Second, is the presence
of at least two hydroxyl radical scavengers in tileatment solutions, namely: HEPES
(at 20 mM in HEPES-sol, and 25 mM in MEM-HEPES-satid glucose (at 3 mM in
HEPES-sol, and 5 mM in MEM-HEPES-soBrpdy et al., 1988, Hicks and Gebicki, 1986,
Halliwell et al., 1987, Shiraishi et al., 1993, tlev and Fridovich, 1991, Sagone et al., 1983,
Luo et al., 200L Even NADH will be a target for hydroxyl radicaAlso, when three
hydroxyl radical scavengers (mannitol, ethanol, BMISO) were tried as co-treatment,
they failed to show any protection against NADHQ Xoxicity (as they failed to protect
against X / XO toxicity). However, it can be argubat the extracellularly generated
hydroxyl radical in the NADH / XO system was scayed by these scavengers, but the
result of that was the production of secondaryaadi(e.g. HEPES-radical and glucose-
radical) where some of these secondary radicalskamvn to be toxic/reactive
themselvesliochev and Fridovich, 1991, Luo et al., 200Therefore, EDTA and SOD,
through blocking hydroxyl radical production, magvie been protective by preventing

the production of hydroxyl radical-derived secorydadicals.

If the NADH / XO toxicity was not due to an extrdo&ar production of hydroxyl
radical, an alternative possibility is that thigitaty was due to a superoxide-dependent
hydrogen peroxide-accumulating free radical chaaction which has been described in
some cell-free systems that contain NADH, supemxi@nd a metal (or a similar
factor), where SOD (although through convertingesagide into hydrogen peroxide)
paradoxically decreases (through blocking the sxee-dependent hydrogen
peroxide-accumulating  chain  reaction from the  ptartthe overall
production/accumulation of hydrogen peroxide. Titerdture abounds with reports of

potentially toxic reactions that involve particijpett of superoxide and NADH_[ochev
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et al., 1989, Liochev and Fridovich, 1989, 1990919Darr and Fridovich 1984, Fridovich,
1989, Chan and Bielski, 1974, Imlay and Linn, 198wley and Halliwell, 1982 Excess of
added NADH (which is a weak substrate for the useah of XO) will not be oxidized
directly by the enzyme, especially in the early gghaof the reaction, and could
participate with superoxide (produced by the direxidation of NADH by XO) to
produce toxicity. However, superoxide does not rate quickly with NADH at
physiological pH except in the presence of a sietaiediating agent such as a metal. In
such a system, the events may proceed throughies sdrfree radical chain reactions
where superoxide and the metal participate in tkidadion of a molecule of NADH,
leading to a long chain procedsidchev et al., 1989, Liochev and Fridovich, 1989,
1990, 1991, Darr and Fridovich 198#&ridovich, 1989,Imlay and Linn, 1988 such as
the following Darr and Fridovich 1984Fridovich, 1989:-

- superoxide + metal—~ metal-superoxide complex 1) (
- metal-superoxide complex + NADH— NAD radical + metal + hydrogen peroxide (2)
- NAD radical + oxygen— NAD" + superoxide 3)

- superoxide + superoxide— hydrogen peroxide (4)

The metal regenerated in (2) and superoxide incg) recycle via reaction (1),
propagating a chain reaction. Hydrogen peroxide at@yimulate in the system because
it is usually the stable molecule to which supedexwill eventually be converted
(equations (2) and (4)Pfrr and Fridovich 1984Fridovich, 1989, Liochev and Fridovich,
1990, Misra and Fridovich, 1972, Marklund and Manktl, 1974, Heikkila and Cohen, 1973
The net effect of adding SOD (which will block thgdrogen peroxide-accumulating
chain reaction from the start) to such reactionsuldiahen be (although through
converting superoxide into hydrogen peroxide) a remze in the overall
production/accumulation of hydrogen peroxide inglgstem. In this situation hydrogen
peroxide, not hydroxyl radical, is a major prodatthe interaction between superoxide,
metal, and NADH (molybdenum ion is a good candida&tal for such a sequence of
reactions Darr and Fridovich 198J). Also in this situation, EDTA protective effect
would be due to blocking such an extracellular tieac(and not due to blocking
extracellular production of hydroxyl radical). Alsmay be due to the absence of such a
NADH-dependent reaction in X / XO system, EDTAtoeatment failed to protect in
that system, although the same metal contaminatfbgvas likely present in the X /

XO system (since this is the same commercial petjosr of XO).
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More support for the possibility that the NADH / XOxicity was due to a superoxide-
dependent extracellular accumulation of hydrogeamyde came from the observation
that, in cell-free experiments, SOD-1 largely inted hydrogen peroxide
production/accumulation in the system. This efi@c6OD-1 seemed to be specific for
the NADH / XO system, since it did not influence dnggen peroxide
production/accumulation in the X / XO system ingheell-free experiments. However,
these assays are catalase-based, and since sdeeioknown to interact significantly
with catalase (inhibits it)qono and Fridovich, 1982 it is not possible to rule out other
confounding mechanisms (other than the proposedhamézm which is the blocking of
superoxide-dependent accumulation of hydrogen j@epxas the reason for the
observed effect of SOD-1 in this assay. The lackefééct of SOD-1 on hydrogen
peroxide production/accumulation in the X / XO sgystin this assay does not
necessarily mean that the NADH / XO system was fvtédhe above mentioned
confounding mechanisms that might involve inte@actibetween superoxide and
catalase. This is because in the X / XO systemthbytime of adding catalase to the
mixture (1 hr after starting the X / XO reaction)| superoxide produced would have
already been spontaneously dismutated to hydrogeoxiple (since, as mentioned
earlier, the superoxide generation from X / XO combon ceases by less than 10
minutes after starting the reaction), so there béllno superoxide present to react with
catalase. On the other hand, in the NADH / XO sysiié possible that superoxide was
still being produced in the system by the time ddiag catalase (i.e. 1 hr after starting
the NADH / XO reaction). In any case, if the effeftadding SOD-1 to NADH / XO
system was due to blocking superoxide-dependeninadation of hydrogen peroxide
in the system and not due to any other confoundieghanism, this supports the free
radial chain reaction explanation for the appayepthradoxical protection by SOD
against the toxicity of the NADH / XO combinatioAlmost exactly the same degree of
inhibition of hydrogen peroxide production/accuntiaa in the NADH / XO system by
SOD-1 was also observed in this assay when théioeasas carried out in a HEPES-
free solution (Dulbecco's phosphate-buffered sgidfeBS)) instead of the HEPES-sol.
This rules out that HEPES, which is know to integfevith many free radical reactions
[Grady et al., 1988, Hicks and Gebicki, 1986, Hadtlinet al., 1987, Shiraishi et al., 1993,
Liochev and Fridovich, 1991, Hodges and Ingold, 208abib and Tabata, 2004, Kirsch et al.,
1999, was responsible for the observed effect of SOD+this cell-free assay.
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Notice that the failure of SOD-1 at even 300 Uniisto influence hydrogen peroxide
production/accumulation in the X / XO toxicity ihdse cell-free experiments (as well
as its failure in the viability experiments at thigh concentration to attenuate X / XO
toxicity) argues against the possibility of the @mination of SOD-1 (especially at 3

Units/ml) with catalase activity.

In accord with the possibility that the NADH / X©xicity was due to a superoxide-
dependent extracellular accumulation of hydrogemoyde is the observation that pre-
treating (but not co-treating) the neurons withedekamine was protective. This effect
of deferoxamine suggests that hydrogen peroxide nsain toxic molecule generated
extracellularly in the NADH / XO system, and thatvas exerting its toxicity through
crossing the cell membrane and then probably mgactvith an intracellular
deferoxamine-sensitive iron ion to produce intriadat toxic hydroxyl radical. Also
deferoxamine might have been protective througlectly scavenging intracellular
hydroxyl radical and/or other radicals e.g. lipatlicals Hoe et al., 1982, Hartley et al.,
199d. Although deferoxamine has the ability to blockgr@xynitrite-mediated effects
[Bartesaghi et al., 20Q4 pre-treatment with an inhibitor of nitric oxidgynthase (L-
NAME, 1 mM) [Patel et al., 1996, Gunasekar et al., 1f9aiming to block nitric oxide-
mediated peroxynitrite production, failed to pratagainst NADH / XO toxicity, which
argues against the blockade of peroxynitrite-media&iffects as the mode of protection
by the deferoxamine pre-treatment. Regardless ef ntechanism of NADH / XO
toxicity that was inhibitable by co-treatment wBi®D, Tiron, catalase, and EDTA (and
by pre-treatment with deferoxamine), this toxicsas likely initiated by superoxide
produced by the direct enzymatic oxidation of NAY XO because both of the
enzyme and the substrate were required and alsmubecas mentioned before, DPI
(which blocks the site of NADH oxidation) was pratige. Fig. 4-1 shows the sequence
of the more likely reactions leading eventuallythe toxicity of the NADH / XO

combination as suggested by the available results.
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Figure 4-1: Diagram showing the sequence of the melikely events leading eventually to cell damage

in the NADH / XO system, in the light of the availhle results Initially, XO directly oxidizes NADH
extracellularly (step 1), which can by blocked byIDThis generates (directly) superoxide,{Oand
hydrogen peroxide (#D,). Superoxide, unless participating in a fasterctiea, can quickly and
spontaneously dismutate to hydrogen peroxide (cudashed black arrow). However, the results suggest
that superoxide participates in a faster reactidrich is likely to be a free radical chain reactiomolving

(in addition to superoxide) both a metal contanmimaiXO (which can be silenced by EDTA) and NADH
(which is likely available from the large excessaoided NADH that is not directly oxidized by XOJhis

free radical chain reaction re-generates superofiiiea much higher amount than the superoxide that
initiates the chain reaction) (Step 2). The majoof superoxide radicals do not enter the cellg] an
hydrogen peroxide, the stable form to which allesogide does eventually convert, accumulates in the
system (Step 3). SOD, through its very efficienaa®ation of superoxide can block (although thioug
converting superoxide into hydrogen peroxide) thairc reaction from the start, and hence can prethent
accumulation of hydrogen peroxide in the systemidiwviis supported by the cell-free experiments).oAls
Tiron, through scavenging superoxide, can previefirom initiating the chain reaction. Catalase otigh
deactivating hydrogen peroxide once produced irstrstem, can prevent its production/accumulation, a
hence can prevent it from entering the cells. Tihal fstep in the toxicity is that hydrogen peroxidadily
crosses the cell membrane, where it participateb imtracellular iron ion (Fé) to generate the very
reactive and toxic hydroxyl radical (QHStep 4), which can be blocked by pre-treatmént fiot co-
treatment) with deferoxamine.

Interestingly, as in the case with NADH / XO toxyci pre-treatment (and not co-
treatment) with deferoxamine was protective agaxnsXO toxicity. This suggests that
hydrogen peroxide was a main toxic molecule produedracellularly in the X / XO

system (as in the NADH / XO system) that was cragsiie cell membrane and exerting
intracellular iron-mediated toxicity. However, hpden peroxide production in the X /

XO system was likely occurring through a mechan{gminly direct production from
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the combination) different from the mechanism ef production in the NADH / XO
system (likely through a superoxide-, NADH-, andtahelependent free radical chain
reaction), since SOD, Tiron, and EDTA co-treatmgmtstected against the toxicity of
the latter but not the former system. In additiothte protection found by pre-treatment
with deferoxamine, X / XO toxicity was similar toADH / XO toxicity in the failure of
the pre-treatment with L-NAME to provide protectjomhich also argues against the
blocking of intracellular peroxynitrite-mediatedfexfts as the reason for the protection
of deferoxamine pre-treatment against this comlonat(see later for further

investigation of X / XO toxicity).

4.3.1.3 Feasibility of in vivo toxicity of NADH oxdation by XOR

The intracellular concentrations of free NADH aeparted to be in the micromolar
range lu and Heikal, 2009 However, there seems to be uncertainty regardiey
concentration of intracellular free NADH, which rhighave been due to the difficulty
in measuring this concentratio@gnelas et al., 2008 The uncertainty also extends to the
ratio of free to bound intracellular NADH. For expal®, Vishwasrao and co-workers
(2005) suggested that this ratio might be highantpreviously estimated, and that as
much as 40% of NADH might be present free intradatly. It is feasible that the
oxidation of NADH by some forms of XOR (other th#me one used here) that are
known to be very efficient in oxidizing this sulzt might produce in vivo toxicity, as
suggested previouslBérry and Hare, 2004, Harrison, 2002, Sanders et 97, Zhang et
al., 1994.

In adding the NADH / XOR combination to cells intrai (like in this study), the
oxidation of NADH by XOR will likely take place ithe extracellular compartment,
whereas lower concentrations of NADH might causéctty if oxidized by intracellular
XOR (because lower levels of ROS are expected twsecaoxicity if produced
intracellularly in the vicinity of critical targetsather than extracellularly). Also, in cell
cultures, many cells die in the first hours of pigt(as in this study), where these might
be those cells that can not resist the culturingsst Hence, in vivo, those cells that are
less resistant to stress/toxicity (which will dremediately if plated in vitro) might be
damaged by lower concentrations of an insult thapplied in vitro. Also, it is possible
that many compensatory protective mechanisms thghtnbe induced in vitro in
response to the culturing stress (that allow maatlg ¢o survive) do not operate in vivo,
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where cells can be killed by the oxidation (by XOdt)lower NADH concentrations
than if applied in vitro. However, it can be argded an opposite possibility, where in
vivo tissues might be better equipped with protectnechanisms (e.g. they have richer
antioxidant environment) to cope with insults thaells in vitro Halliwell, 2003, and
hence higher concentrations of toxic insults migitrequired to Kill cells in vivo than if

applied in vitro.

An important fact that might limit the significanoé the oxidation of NADH by XOR

in vivo is the presence of NAOIN much higher concentrations than NADH, where the
free cytoplasmic NADH/NAD ratio was reported to be very low (< 0.0Chfelas et al.,
2008, Sanders et al., 1997, Park et al., 1998AD", as mentioned before, can potently
inhibit NADH oxidation by the predominant intraagdhr isoform of XOR i.e. XDH
(but notice that NAD is weak in inhibiting XO compared to XDH). Howey&AD"
can not completely inhibit NADH oxidation by XDHinse a previous cell-free study
has shown that XDH is still able to oxidize NADHpgmduce ROS even in the presence

of high concentrations of NADJHarris and Massey, 1997

It is possible that the toxicity of NADH oxidatidoy XOR might occur/increase in
some pathological situations where NADH levelskarewn to increase on the expense
of the decrease of NADlevels. For example, under severe ischemic canditi the
cytoplasmic NADH/NAD ratio in the heart was shown to increase approxeiyp&0-
fold [Park et al., 199B In such a situation, a significant toxicity mighe produced from
the oxidation of NADH by the predominant intracdiuisoform i.e. XDH. Also, even
if NAD™ concentration is so high to the degree that it patently inhibit ROS
generation by XDH, it is known that under some phtbical situations the XO level
increases either by the conversion from XDH or Wy tincrease in the
expression/activity of the total enzyme i.e. XOWidzorek, 1994, Phan et al., 1989,
Osarogiagbon et al., 2000, Thom, 1992, Schréded.eR006, Ischiropoulos et al., 1996, Park
et al.,, 1998, Berry and Hare, 2004arrison, 2002. In such a situation, XO might
significantly oxidize NADH (where NAD is relatively weak in inhibiting this
oxidation) which might lead to significant toxicity

Although there might not be a significant amountN#DH present extracellularly in
vivo, NADH is used in clinical trials as a therapeudrug to treat some chronic

illnesses e.g. Parkinson’s disease, Alzheimer'sadig, and chronic fatigue syndrome
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[Birkmayer et al., 1993, Forsyth et al., 1999, Reale 2004, where administering it will
increase greatly its availability in the circulatidSince XOR is present predominantly
in the XO form in the circulation, a toxic effectight arise under some circumstances
from the oxidation of the administered NADH by X@.d. in some acute pathological
situations where XO levels are reported to incrdpsbundreds-foldHarrison, 2003),
especially since there might not be significant antoof NAD" present in the
circulation to inhibit this oxidation (anyway, NADs a weak inhibitor of the XO form).

Although this investigation of NADH / XO toxicityuggests that it was dependent on a
XO-contaminating metal ion, this does not mean thiattype of toxicity is irrelevant to
the in vivo situations. It is known that, at leassome pathological conditions, traces of
reactive metals are present in vivo either free bmund/chelated to certain
molecules/proteins, where this binding may not pré\the reactivity of these metals
(actually it may enhance their reactivity/toxicity some situations)draf et al., 1984,
Hutcheson et al., 2004, Engelmann et al., 2003tgEdyge, 1987, Sayre et al., 1999, Ong and
Halliwell, 2004, Thompson, 2001, Darley-Usmar andlliwell, 1996, Halliwell and
Gutteridge, 1992, Halliwell, 2096 Moreover, XO was shown to contain a high affinit
binding site for iron, where contaminating iron (ae one proposed in this study) can
bind to it, and it was shown that, as mentionedtegfit is difficult to eradicate this
contaminant iron if present (such a contaminam wall be different from the iron
atoms that are integral parts of XO). This hassieahe authors to discuss the possibility
that this binding site on XO might be occupied byexogenous iron ion in vivo, which

can catalyse toxic reactiongile and Winterbourn, 1986, Britigan et al., 1990

The results suggest that the toxicity of NADH / X@mbination was initiated by
superoxide generated from the direct enzymatic aiiod of NADH by XO (see
before). However, the results also suggest thas ipossible for an in vivo toxic
interaction to occur between NADH and XOR everhim &bsence of direct oxidation of
NADH by XOR. That is, in a situation where XOR puogs superoxide through
oxidizing X (or HX), a toxic effect can result frothe participation of this produced
superoxide, NADH, and a metal in a free radicaircheaction (or other toxic reactions)
even in the absence of direct oxidation of NADH X®R. In such a situation, low
concentrations of NADH might be enough to cause ttacity (since the weak
oxidation of NADH by some forms of XO will not befactor in the availability of

superoxide, and also since the inhibition of NADkidation by XOR (especially XDH)
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by NAD" will not be a factor in the availability of sup&ide). Therefore, in vivo,
NADH can react (in the presence of a suitable fneehelated metal e.g. iron, copper,
etc.) with superoxide (generated by NADH, X, or l8Xidation by XOR) to cause a

toxic effect.

In summary, the toxicity of NADH oxidation by XOR@&ms to be feasible in vivo. The
results in this project can not prove or disprdvs feasibility. However, if the toxicity
of NADH oxidation by XOR does occur in vivo (whichlikely to be the case), then the
results in this project provide some suggestions/bat might be the nature of the toxic
ROS/metals that mediate this in vivo toxicity. lede proving this in vivo toxicity
would require in vivo studies. However, it will lmBfficult to prove or rule out this
toxicity, since the NADH binding site on XOR (th&P site), unlike the X binding site
(the Mo site), still has no specific in vivo blocke Although DPI can block this FAD
site in vivo, this inhibitor is not specific andrcanhibit many other enzymesigrrison,
2002, Berry and Hare, 2004 Therefore, there is a need for developing inovepecific
blockers of this site, especially since, as suggeby this cell-containing and previous
cell-free studies, blocking the Mo site is unlikébyblock a toxicity of NADH oxidation
by XOR, and also since blocking the FAD site cdnbit ROS generated by either X or
NADH oxidation by XOR. Also, in investigating thi®xicity in vivo, it should be
considered that toxicity might result from an irdit interaction between NADH and
XOR.

4.3.2 Further investigation of the X / XO toxicitymodel

In addition to investigating the toxicity of the N / XO combination (which was
rarely investigated in previous studies) and corngait to the well investigated toxicity
of the X / XO combination, another aim of this @ijwas to address specific questions
regarding those aspects of X / XO toxicity whereréhare uncertainties about them (see
the section on Aim/Objectives in the Introductioome of these questions were
addressed (at least partially) in the previousisecte.g. the possibility that XO is

contaminated with iron/metal).
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4.3.2.1 Role of intracellular superoxide in X / XQtoxicity

The results in this and many previous studies sstgti@t, as discussed, superoxide
generated from the X / XO combination in the extlutar compartment has no role in
the toxicity of this combination (may be apart frats extracellular spontaneous
dismutation to hydrogen peroxide). However, somevipus reports showed that
intracellular superoxide production mediates thacity of hydrogen peroxide that is
either produced extracellularly from the X / XO damation or applied directly, though
this was demonstrated in cell culture types othantCGNs Ifo et al., 1992, Kyle et al.,
1988, Hiraishi et al., 1994 To test this possibility in CGNs, the superoxgEavenger,
Tiron (which failed to protect against X / XO toicwhen applied as a co-treatment at
50 uM, as mentioned before), was tried here as a padrtrent for 3 hr at 2 mM, aiming
to give it a chance to get inside the neurons ghmount. With this experimental
design, Tiron was able to protect against X / XQuidity, which suggests the
involvement of intracellular superoxide, especialiyce the Tiron-containing treatment
solution was removed before applying the toxic ingtiowever, Tiron is also known to
be an effective chelator of some metals includinog iand molybdenumFfidovich and
Handler, 1962, an activity that can not be ruled out as thesoeafor its intracellular
protective effect.

An attempt was also undertaken to inhibit intradat SOD-1 by
diethyldithiocarbamate (DDC, a potent and cell-pssbie inhibitor of intracellular
SOD-1 [to et al., 1992, Hiraishi et al., 1994, Blum anddevich, 1983, Benov and Fridovich,
1994, but of low specificity), where this inhibition a8 expected to potentiate the
toxicity of the X / XO combination if intracellulasuperoxide is involved. Although
DDC is not very specific in inhibiting intracellulaSOD-1, it is likely that its
potentiation of hydrogen peroxide-dependent toxidit at least some of previous
studies was indeed due to inhibiting intracelluB®D-1, for many reasons. Firstly,
Hiraishi and co-workers (1994) showed that the midéon of hydrogen peroxide
toxicity closely paralleled its ability to inhibintracellular SOD-1. Secondly, DDC was
not found to inhibit some other intracellular amtdant enzymes e.g. catalase,
glutathione peroxidase, or glutathione reductéteesf al., 1992, Hiraishi et al., 1994, Blum
and Fridovich, 198B Thirdly, Hiraishi and co-workers (1994) showéat DDC did not
potentiate some other types of toxicity that arekmown to be dependent on hydrogen
peroxide/superoxide, and only potentiated hydrogmroxide-dependent toxicity.
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Fourthly, Benov and Fridovich (1996) showed that plotentiation of the toxicity of an
oxidative stress model by DDC was reversed by #&peesmeable SOD mimetic,
suggesting that DDC potentiated the toxicity thtouthibiting intracellular SOD-1.

There was no signficant potentiation of X / XO w# by DDC in this study. There
was no time left in this project to try higher centrations or longer incubation times of
DDC (a previous study showed that increasing teetigatment time of DDC from 1 to
2 hr resulted in a very significant decrease inabivity of intracellular SOD-1lI{o et
al., 1993). Although the failure of DDC to potentiate X OXtoxicity might suggest that
intracellular superoxide was not involved, thislvig difficult to explain in the light of
both the protection found by Tiron pre-treatmend &me results of previous studies.
DDC is known to interact with XO (it can be oxidizenitially by the enzyme, but the
product will inhibit the enzyme)Ffied, 1976, Kober et al., 20P3and although this is
unlikely to influence the activity of our added X€8ince DDC and XO were not present
together), DDC might affect the activity of intricéar XOR. However, it is not clear if
this can explain the failure of DDC to potentiate/ XO toxicity. Fig. 4-2 shows the
sequence of the more likely events leading evelyttal cell damage in the X / XO

toxicity model based on the available results.

The possibility raised by this study (and supportsdthe previous studies quoted
earlier) that intracellular superoxide is involvedX / XO toxicity, suggests that the
failure of SOD co-treatment (and Tiron co-treatmént protect was due to both the
failure of SOD to cross the cell membrane (and bdatefailure to block the toxicity

mediated by intracellular superoxide) and also fidiure of superoxide generated
extracellularly from X / XO combination to crossetltell membrane (and hence its
failure to increase the pool of intracellular supede that was mediating the toxicity).
Therefore, in vivo, in XOR-related disorders, thedation of substrates by XOR,

whether takes place intracellularly or extraceliylamight produce a toxicity that can
be mediated by intracellular superoxide. This \akd targeting superoxide in

investigating/treating disorders where XOR is satguto a play a role.
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Figure 4-2: Diagram showing the sequence of the melikely events leading eventually to cell death in
the X / XO system, in the light of the available rsults. Initially, XO directly oxidizes X extracellularly
which can be blocked by blocking the Mo site on ¥4bh allopurinol, and also probably by blocking the
FAD site with DPI. This oxidation directly produc&OS i.e. hydrogen peroxide {B;) and superoxide
(Oy7) as co-products in this process. The majority @ Rproduced directly will be in the form of hydroge
peroxide (80%), while the remaining will be in thoem of superoxide (20%). Most of the directly puoed
superoxide radicals do not enter the cells, angl #pontaneously dismutate to hydrogen peroxidehén t
extracellular compartment. Hydrogen peroxide predudirectly from XO and also from the spontaneous
dismutation of superoxide readily crosses theroelinbrane to cause intracellular toxicity, whereemally
added catalase can deactivate hydrogen peroxideebiéfcan enter the cells. Notice that althoughrtietal
contaminating XO that was playing a role in NADKX® toxicity was likely present in this system (snc
this is the same commercial preparation of XO} thetal has no role in X / XO toxicity. In the atellular
space, hydrogen peroxide participates with inttatzel reduced iron ion (E& to produce the very reactive
and toxic hydroxyl radical (Fenton reaction), whidn be blocked by pre-treatment (but not co-treatin
with deferoxamine. Intracellular superoxide mediathis intracellular toxicity of hydrogen peroxide
through increasing the availability of the redudedn of iron as shown-6+ve) (or by other mechanisms),
which can be blocked by pre-treatment (but notreattment) with the superoxide scavenger, Tironugimo
Tiron is also known to be an effective chelatosaie metals including iron, which might be an alt¢ive
explanation of its protection, as shown). Intradail SOD-1 limits this toxic action of superoxidedugh
dismutating it to hydrogen peroxide, where this kmmount of hydrogen peroxide is deactivated by th
intracellular hydrogen peroxide-deactivating enzgnieherefore, inhibiting intracellular SOD-1 magué

in the potentiation of the toxicity, but althoudtist potentiation of toxicity by inhibiting intradalar SOD-1
was demonstrated in previous studies by using DiBiS,was not found here (since DDC effect failed to
reach statistical significance in the viability ags
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4.3.2.2 Role of intracellular hydroxyl radical in X/ XO toxicity

The results with Tiron pre-treatment, deferoxampre-treatment, and catalase co-
treatment (and also the results of many previoudies Batoh et al., 1998.ink and Riley,
1988, Mohsen et al., 1995, Duell et al., 1995, Kinaet al., 1987, Zigler et al., 1985suggest
that the toxicity of X / XO combination was duehgdrogen peroxide generated in the
extracellular space and then entering the neurndgparticipating in a Fenton reaction
with an intracellular iron (where this reaction wisely mediated by intracellular
superoxide) to produce the very reactive and tdwdroxyl radical (or a similar
species). The failure of co-treatment with the lbygt radical scavengers (mannitol,
ethanol, and DMSQO) mentioned earlier, although maglgue against the involvement
of extracellular hydroxyl radical in X / XO toxigit does not necessarily mean that
intracellular hydroxyl radical was not involved. 8&rkfore, the idea was to investigate
the involvement of intracellular hydroxyl radicélrough using different scavengers of
it as pre-treatment (to give them a chance to aott inside the cells) before
applying X / XO combination.

Initially, a compound called POBN, which has thdigbto scavenge hydroxyl radical
(but also many other free radicals) was tristbtfley et al., 1986, Pérez and Cederbaum,
2001, Reinke et al., 19p4POBN is a member of a large group of compouraded spin
traps, which are used essentially as detectorseef fadicals, where a spin trap reacts
with a free radical (e.g. hydroxyl radical) to puog a new species (a more stable
secondary radical) that can be detected by a metiatldd electron paramagnetic
resonance spectroscopReinke et al., 1994, Tarpey and Fridovich, 2001]littell and
Whiteman, 200K In theory (which was also shown in some viapiitudies), since these
detect free radicals by scavenging them, they mpgbtect tissues from insults that
involve generation of toxic free radicals. Howewshen the neurons were pre-treated
here with POBN at 20 mM for 1hr, instead of promgliprotection, it significantly
potentiated X / XO toxicity. Surprisingly, when B® was applied as co-treatment
rather than pre-treatment, it produced the oppesieet, showing significant protection
against X / XO toxicity.

The opposite effects exerted by co-treatment aeerpatment with POBN can not be
easily explained. Therefore, the following discassiis mostly speculative. The
potentiation of the toxicity by the POBN pre-treatmh might have been due to the
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accumulation of POBN inside the cells (since theBR&xontaining treatment solution
was removed before applying the toxic insult). Aligh intracellular POBN was not
toxic itself (since pre-treatment with POBN alon@swnot toxic), it was able to
potentiate the toxicity of the X / XO combinatioppdied afterwards. This intracellular
toxic effect of POBN might have or have not beee tlu free radicals (e.g. hydroxyl
radicals) spin-trapping. If it was due to spin-paq a free radical, it is possible that a
species produced from spin-trapping the free rathig@OBN (likely to be a secondary
radical) was more toxic than the free radical bespm-trapped itself. This can happen
e.g. some secondary radicals produced from scawgnbidroxyl radical were
shown/proposed to be more toxic than (or at leagbzic as) hydroxyl radical itself,
may be because they have longer half lives andéoe fipid solubility Luo et al., 2001,
Liochev and Fridovich, 1991 For such a possibility, some authors have wasmgainst
overlooking the effects of secondary radicals poeduin studies that use scavengers of
hydroxyl radical (or other radicals) as a therajenneans [Liochev and Fridovich, 1991
Another fact that suggests that trying to direcbavenge free radicals may not be a
good way to treat oxidative stress-related disarder that, as mentioned in the
Introduction, a free radical (especially hydroxatiical) is generally non selective in its
reactions, so to scavenge it, a scavenger nedmsdpplied in a very high concentration
in order to outcompete the many vulnerable biolalgtargets (i.e. scavengers) of the
free radical. A better way is to prevent the getienaof free radicals (for example by

using metal chelators).

If the potentiation of toxicity by intracellular BB was not due to free radical spin-
trapping, an alternative possibility is that it midhave been due to its known ability to
reduce F& to Fé" [Reinke et al., 1994 This possibility means that POBN in the
intracellular compartment was catalysing the sama similar reaction to that POBN
was supposed to scavenge its toxic product i.etoRaraction.

The opposite effect found by POBN co-treatment (n@tection) is also difficult to
explain, even if it is assumed that it was exeexelacellularly. Since POBN applied as
co-treatment (but not pre-treatment) was presagdther with the X / XO combination,
one explanation for its protection is that it wakibiting XO. However, this explanation
is ruled out by a previous observation that POBBheat 100 mM does not significantly
influence XO activity Britigan et al., 1991 Also, it is unlikely that the protection with
POBN co-treatment was due to spin-trapping supdeoxradicals generated
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extracellularly from X / XO combination because RORBvas shown to be slow in
reacting with superoxideBfitigan et al., 199}, and also because it was shown in this and
many previous studies that extracellular superoigdaot involved in X / XO toxicity.
Moreover, it is unlikely that the protection by PRBco-treatment was due to
scavenging hydrogen peroxide generated in thersysteause POBN does not interact
significantly with hydrogen peroxideBfitigan et al., 1991 Moreover, the hydroxyl
radical scavengers (mannitol, DMSO, and ethan@}lthere as co-treatments had no
effect on the toxicity, as mentioned before, arguagainst spin-trapping extracellular
hydroxyl radicals as the reason for protection ®BR co-treatment. Alternatively, one
might assume that POBN (applied as co-treatmens) exaerting its protective effect
intracellularly, but this is even more difficult texplain, since POBN pre-treatment

potentiated the toxicity.

If additional spin-traps (or hydroxyl radical scagers) were used (especially as pre-
treatment), this would have given both an explamator the observed effects of POBN
and more verification of the proposed role foraegllular hydroxyl radical in X / XO

toxicity (see later for suggestions for future s&sgl

In summary, although it is likely that intracellulaydroxyl radical (or a similar species)
is involved in X / XO toxicity, the preliminary stiies did not support or argue against
trying to directly scavenge hydroxyl radicals asp@ssible means to prevent this
toxicity. However, it seems from the preliminarydies (and from the nature of
hydroxyl radical) that it is better to prevent tpenerations of hydroxyl radicals than to
try to directly scavenger it. This might also baetifor some other radicals. This might
explain the failure of some direct free radicalav@ngers in clinical trials, especially
since in clinical trials the scavengers are usuatiyninistered after the onset of the
attack (e.g. stroke) where the targeted radicalhinftave long been produced and
probably caused its toxic reactions before the dvag able to reach to the damage site.
However, this might be the only feasible way tatriee radicals-induced damage in
the clinical situations, since preventing the gatien of free radicals might not be
feasible. However, it is possible that both tryingrevent the generation of certain free
radicals and even trying to directly scavenge timeight produce beneficial effects in

human diseases where the oxidative stress damageoisic e.g. Parkinson’s disease.
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4.4 Future work

Generalization is difficult in cell culture studje some of the observations found here
might be different under different experimental dibions. Therefore, to obtain more
generalization, more verification of the experin@ntonditions is suggested. In
particular, since the results suggest that a noetialamination of XO was involved in
NADH / XO toxicity, future studies should investtganore the likely contamination of
XO by a metal, which can be achieved through pacstwo lines of investigations. The
first is using many preparations of the bovine mXl (purchased from different
sources), where if EDTA protects against the toyiof all these preparations, it will be
unlikely that all were contaminated with metalsd a@inis would suggest other alternative
mechanisms for EDTA protection. The second is stngevarious metal chelators (in
addition to EDTA) that have different selectivitprf metals against NADH / XO
toxicity. Pursuing these two lines of investigasonill hopefully confirm or rule out a

role for metal contamination of XO in this toxicity

Also, to have more insights into the NADH / XOR iy, it would be very helpful if
some other forms of XOR (that are known to be moare efficient in oxidizing

NADH than the bovine milk XO used here) were used @ompared with each other.

Another suggestion is to exclude HEPES buffer fritw@ treatment solutions (it was
present in both HEPES-sol and MEM-HEPES-sol). HERES the ability to interfere
with many free radical reactions, as mentioned figefeo it is probable that some of the
reactions here might have been mediated, inhibibeddiverted by the presence of
HEPES. The only experiment where the effect of HER¥Eas tested was the cell-free
experiment that investigated the effect of SOD-1 dwydrogen peroxide
production/accumulation in the NADH / XO system, esh the same result was
obtained in the presence and absence of HEPES®&sker). In future viability studies,

it is better to try different buffer solutions (addferent media), since no one seems to

be ideal.

The results of this and many previous studies asig¢hat intracellularly (but not
extracellularly) produced superoxide is involvedXn XO toxicity. For future work,
there are two suggestions. The first is to contine role of intracellular superoxide in
X/ XO toxicity in CGNSs by trying cell-permeable Onimetics (e.g. MnTBAPHatel
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et al., 199¢), and also by trying a better way of assessiegrtiie of intracellular SOD-1
than using the SOD-1 inhibitor, DDC, tried hergg(&knocking out the SOD-1 gene).
The second suggestion is to investigate the prbobatiat intracellular superoxide also
mediates the toxicity of NADH / XO combination asis the case with X / XO
combination (since in both systems, extracellulgstpduced/accumulated hydrogen
peroxide is a main toxic molecule, where intradalisuperoxide was shown to mediate

such a toxicity).

Since the results of this and previous studies asigthe involvement of intracellular
hydroxyl radical (or a similar species) in the XO toxicity, there are two suggestions
for future studies. First, since the preliminarypesiments in this study did not show
that the X / XO toxicity can be prevented by dingcicavenging hydroxyl radical, this
can be investigated by using many spin-traps andrdxyl radical scavengers,
especially as pre-treatment. Second, this investigaan be extended to the NADH /
XO toxicity, since intracellular hydroxyl radicad iikely to be involved in the toxicity

of that system as well.

Investigating the effects of uric acid (which i®guced from the oxidation of X by XO)

on X / XO toxicity might produce interesting resuyltvhich could also have significant
in vivo implications. Uric acid is known to produtmth protective and detrimental
effects Feig et al., 2008, Dimitroula et al., 20p8 One way to do that is through

comparing the toxicity of the X / XO combinationtlwvthe toxicity of the acetaldehyde /
XO combination, since although the substrate ojodaih the two systems takes place
at the Mo site $imon et al., 1991which leads to ROS production at the FAD sites th
oxidation of acetaldehyde by XO will not producecuacid. Substrates other than
acetaldehyde that can bind to the Mo site but traolation does not yield uric acid can
also be tried.

Finally, broader avenues of research that can Bewed include investigating the
interplay of XOR toxicity with other toxic pathways'here are two interesting
examples. First, it was mentioned in the Introduttihat intracellular XOR, through a
non clear mechanism, augmented the toxicity of@hdogenous toxic metabolite, 3-
Hydroxykynurenine (3-HK), when the latter was apglito neuronal cultures.
Therefore, it will be interesting to characterizhe t mechanism of this toxic
augmentation. Also, since 3-HK is just one of mamgducts of a large metabolic
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pathway, the kynurenine pathway, it will be inteirgg to investigate the interplay of
XOR with this pathway, especially since this patiiwa known to be intimately
connected to oxidative stressStgne and Darlington, 2002 Second, since an
augmentative interplay in neurons between glutameateptor-dependent excitotoxicity
and some oxidative stress components was dematsipaeviously, as mentioned in
the Introduction, and also since blocking the ghate NMDA-receptors was shown to
inhibit X / XO toxicity [Satoh et al., 1998 it will be interesting to further characterize
the interplay between X / XOR (and NADH / XOR) toixy and the glutamate system
in CGNs.
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5 Conclusions

A: Conclusions regarding culturing/experimental comlitions

Some culturing/experimental optimizations were fbtm both improve the status of the
cultures and increase the reliability of the vidpilexperiments in CGNs cultures.
These includel) either a serum-free medium or a conditioned medjiugn glutamate-
free serum-containing medium), but not fresh secomtaining medium (which will
contain glutamate), should be used as the veh&ladd test compounds. This is
because glutamate already present in the freshmseontaining medium can cause
severe toxicity to CGNg) for the same reason, conditioned medium can b as¢he
medium to which the neurons are restored at theoérile treatment period. In this
regard, conditioned medium is preferred to seruge-fnedium, since although the latter
has the advantage of being free of glutamate ihtmiguse damage to the neurons if
they are left in it withdrawn from serum (which rhigoe necessary for the viability of
cells) for a prolonged restoration period (like tt&24 hr applied here) the edge
wells in a 96-well plate should not be includedviability experiments in CGNs
cultures, since these will likely be affected bg #dge effect4) if Alamar blue assay is
being used to assess the viability of CGNs, intamdio the edge wells, also the next-
edge wells should not be included in the experisyeautd only inside wells should be
used. This is because it was found here that thewons in next-edge wells give
consistently slightly higher viability readingstime Alamar blue assay than the neurons
in the inside wells, where although these diffeemnare relatively small, they might
lead to misleading conclusions. In this regard,eedglls and next-edge wells should
not be left blank, but a cell-free medium can beeatito them)) if a treatment medium
uses bicarbonate/G@s a buffering system, a harmful rise in the pH easily occur
(due to the release of GPand to overcome this problem, such a mediunbeaplaced

in a vented-cap flask (i.e. permeable to gases)@acded in a C@incubator, and
retuned to this incubator immediately after eadmges
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B: Conclusions regarding investigating XO toxicity

1- The combination of NADH and the bovine milk XO irs damage to CGNs. It is
feasible that the oxidation of NADH by some fornisXx®R (other than the one used
here) that are known to be very efficient in oxidgg NADH might produce in vivo
toxicity. However, it will be difficult to proverorule out this toxicity, since the NADH
binding site on XOR (the FAD site), unlike the Xhbing site (the Mo site), still has no
specific in vivo blockers. Although DPI can blodletFAD site in vivo, this inhibitor is
not specific and can inhibit many other enzymgariison, 2002,Berry and Hare, 2004
Also, blocking the Mo site with allopurinol did nptevent NADH / XO toxicity in this
study, which is in agreement with previous celkefrsetudies, which might have
therapeutic implications. Therefore, there is adnéw developing in vivo specific
blockers of the FAD site, especially since, as sstgfl by this cell-containing and
previous cell-free studies, blocking the FAD siéa ¢nhibit ROS generation regardless
of whether the reducing substrate binds to FAD iee NADH) or to the Mo site (i.e.
X or HX).

2- A possibility raised by this study is that a meftike the one proposed to
contaminate XO used in this study) might contribtteXOR toxicity in vivo, where

such a metal might either potentiate a toxicityuiced by XOR directly oxidizing the
substrate or mediate an indirect interaction betw®R and the substrate. For
example, in vivo, in cases where superoxide is igeee by a direct oxidation of X (or
HX) by XOR, a toxic effect can result from the pagation of this produced

superoxide, NADH, and a metal in a free radicaircheaction (or other toxic reactions)

even in the absence of a direct oxidation of NADHXIOR.

3- Superoxide often mediates XOR toxicity, and thikifa of SOD to prevent X / XO

toxicity in cell cultures does not necessarily rolet a role for superoxide. This is
because in many cases in cell culture studies, B@ht not be able to enter the cells,
where intracellularly generated superoxide (it doe$ need to be generated from
intracellular XOR) can mediate the toxicity of hgden peroxide generated
extracellularly from the X / XO combination. Thiseans that in vivo, superoxide can
mediate the toxicity of XOR when oxidizing substsateither extracellularly or

intracellularly.
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4- The results add support to many previous studi@shwsuggested that intracellular
hydroxyl radical (or a similar species) is involved XOR toxicity. However, the
preliminary experiments did not support or argueirs directly scavenging hydroxyl
radical as a possible means to prevent this tgxi¢itowever, it seems from the
preliminary experiments (and from the nature ofroygl radical) that it is better to

prevent its generation than to try to directly soaye it.
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