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Abstract

Abstract

The widespreadiseof the organophosphoroussecticide chlorpyrifos (CPF)
over recent decades $hpos@ major concerns abouits toxicity in humans
Subcytotoxic concentrations of CPF and its metabolite ©Rén (CPO) were
known to inhibit neurite outgrowth idifferentiating neural cedl but little was
known about their ability to cause neurite retractibhe main aims of this
study wereto investigate the effects of CPF and CPO on the stability of
neurites in praifferentiated mouse N2a neuroblastoma and human ReNcell
CX neural stem cell]sand to elatetoxicity to theregulationof cytoskeletal

proteins inwlved in neural differentiation.

At 3 uM, both compoundeeducedthe numbers of axotlike processes pre
differentiated N2a cells, as indicated byomwhometric analysis of
carboxyfluorescein succinimidyl estiabelled cells Retraction of neuritewas
observed within 2 h of exposure by live cell imaging. Neurofilament disruption
was detectedin treated cells by indirect immunofluorescence with anti
phosphorylated neurofilament heavy chaijpNEH) monoclonal antibody
SMI34, while the microtubule networkvas unaffected. Western blotting
analysis revealed transiently increased levels of reactivity of Ta51 after 2 h
exposurebut reduced levels of reactivity following 8 h treatment with both
compounds, whereas reactivitgf antitotal NFH or anttubulin were
unaffected Altered NFH phosphorylation at 2 h exposure was associated with
increased activation of extracellular signegulated protein kinase ERK 1/2.
Increased levels of phosphatase activity were observed following 8 h treatment
suggesng that organophosphatenduced neurite retraction in N2a cells is
associated with early transient increases in NFH phosphorylation and ERK1/2

activation.

High content analysis of immunofluorescently stained N2a cells showed that
the induction of neurite retraoth by both compounds was concentration
dependent. The same concentrations of CPF and CPO also caused retraction of

neurites in differentiatingneuronal and glial populatior human ReNcells.
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Abstract

Using a cell ELISA technique changes observed in Western tédysas were
confirmed and found to be concentratidependent in N2a cells. In pre
differentiated ReNcells, reducedevels of NFH phosphorylation were
observed, wh er e dubulintaod BRK1/2NdéEtiMation fwérd |
unaffected. Acetylcholinesterasassays suggested that inhibition was not

required for neurite retraction but could affect the severity of such effects.
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Introduction Chapter 1

1 Introdoct.i

1.1 Basic aspects of the nervous system

The mammalian central nervous systé&ncomposed of two common cell
types, neuronal and glial cellsNeurons are one of the essential cells in the
nervous system, being responsible thog perception of stimuli, respding to

those stimuli and transmitting the cellular signals to otheighbouring
neurons or effector cells through synaptic transmission. Neurons are known to
be highly polarised cells in that produce axons and dendrites upon
differentiation. The morphobical features of ax@play an important role in
neurotransmission and axonal transp@arres and Barde, 20P0Glial cells

are the second common type of cells found in nervous system. Although glial
cells are not involved in nervous signal transmission, nor theyotdgenerate
axons, these cells provide fundamental homeostatic, nutritional, structural, and
defensive support to the neurdi@aroneet al., 200). Glial cells in the central
nervous system are composed of a heterogeneous array of cell types of
different origin. These include, microglia, which are derived from the immune
system. Microglia act as specialised brain macrophages that wteaellular
debris and dead neurons after apopt¢Sismpston et al., 1997 The other

glial cells are known aastrocytes and oligodendrocytes, which are mainly
developed after neurogenesis. Both cells types can be found in differentiating

neural stem cell culturd€ompston et al., 199Rice and Barone, 2000

In the adult brain, the ultimate function of astrocytes is to maintainotiie

and trophic balance of the neurons and extracellular environment. Astrocytes
also provide guidance for axons and assembly of synapses during brain
development, and play crucial relex neuronal proliferation, migration and
differentiation(Aschner et al., 1999 Additionally, astrocytes help to regulate
the formation & the bloodbrain barrier and respond to neural injury by
secreting neutoophic factors such as gliaderived neurotrophic factor

(GDNF), which have a protective rodgainstneuronal damagéBarres and
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Barde, 200D Oligodendrocytes synthesise the myelin sheath, amlaitisg
membrane around axons that provides axonal support and allows electrical
signals to be transmitted along axons more efficigi@lympston et al., 1997

As a consequence, any toxicity in these cells could lead to complications in the
development of insulated neurons in marte\&achana et al., 20p8

The peripheral nervous system is also composed of two mages ofglial
cells, Schwann cells and enteric glia. Schwann cellsisoo$ two types,
myelinating and nomyelinating cells. The nemyelinating cells providing
mechanical and metabolic suppdor neurons, while the myelinating cells,
which have similar structure and function to those of oligodendrocytes,
providing an inslating sheath around the axons. Enteric glia are found in the
autonomic gangliaof the gut and havean essential role in synaptic

transmissior{Jessen, 2004

Development of the nervous system involves a series of senaiiy complex
events extending from early embryonic life till adolescence. Theseesses
include neuronal cellproliferation, migration, differentiatign synapse
formation, glial celldevelopment, and apoptosighich areall tightly regulated
within a pecific time frame. Each developmental process has to be complete in
a correct order. This complex structure and function of the developing brain
increases its vulnerabilityand sensitivityto toxic injury by environmental
pollutants such as organophosphw(OPs)insecticides and othetsxic insult
(Grandjean and Landrigan, 2Ql14Exposure to OP toxicity can cause
disruption n the central nervous system which magsult in behavioural
changes and neuropsychiatric disorders include learning difficulties, disrupted
memory, confusion and fatigugotti and Moretto, 2006 OP neurotoxicity

can also have adverse effects on the peripheral nervous system such as
weakness in the lower limbs and subsequent paralidessek and Filipic,
2011).
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1.2 Organophosphorous insecticides

Pesticides 1@ mixtures of chemicals that are used globalgredominatly in
agriculture to proteatrops from insect damage. The consumption of pesticides
worldwide is estimatedat more than five Mlion kilograms (kg) annually,
amongt which organophosphorus inseaies are the most widely used
(Gupta, 2006 FAO, 2013. Some of these commonly used OPs include
parathion malathion methyl paathion chlorpyrifos diazinon dichlorvos and
phosmet OPs are used in many medical, residential and industrial settings (e.qg.
lubricants, solvents and fire retardants) but their main uses are as agricultural
insecticidegHargreaves, 20)2Each year, fouriion kg of OP insecticides,
such aschlorpyrifos are applied in agriculturaldids in different parts of the
world, but ony small amountsof these targepests while the remainder

pollutes the environmeiiGavrilescu et al., 2035

In Europe, several productécluding baby food and processed food are
contaminated with more than 250 different OP chemicals. In addition,
approximately 50%ruits of European originas well asregetabls and cereals
have been reported to contagsdues of OP agen{&C, 2005. Anotherstudy
from the USAhas also reported that arouhdi million kg of OP compounds
(primarily chlorpyrifos, diazinon and malathion) were usechapoduction of
agricultural cops in 1995alone Resdential andcommercialproperties also
consumed a large quantity of insecticidal @npounds@ to 9million kg) in

the same yedAspelin, 1997.

This widespread use of OP compounds and the lymigradverse effestare
posepotential risks to public healtiexposure to these insecticides not only
affectsagricultural workers who deal closely with QRsit also the general
population. Several epidemiological studies have shown that the majority of
consumersare repatedly exposa to low concentratiom of OP compounds
throughout the environment and food sources, which overtienmy may cause
chronc damage to the nervous syst@ihearns et al.,, 1994Stephens et al.,
1995. The increased rate of acute pesticide poisomngumans due to high

exposure tdPsis another major public health concern. Globally, around three
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million people endure unintentionalacute pesticide poisoning and 3@60
deaths per year are report@HO, 200§. The World Health Organisation
(WHO) also reprtedthat two million cases of intentiongbuicidal) pesticide
poisoning occurreeéach yealand around370000 people each year die from
this worldwide (Gunnell et al., 20017 According to a surveillance finding from
the US Sentinel Event Notification System for Occupational Risks (SENSOR)
pesticides program, OP insecticides were responsibladarly 50% of eute
pesticiderelated illnesss (Calvert et al., 2004 In the UK and other western
countries, the incidence of acute pesticide poisoning related deathsigehgla
low (Jamal, 199h However, the rate in developing countries is estimeddusd
significantly highey more thar300,000 deaths/yeafhisis mainlydue to the
wider use of OP pesticidelck of strict regulationsand poor knowledge of
safety procedures by people at riskdeveloping countriegCarkon et al.,
2004 WHO, 2008.

The widespread use of Gfdmpounds together with the emergiogncerns
over their potential impacts on public health has leadhtimpositon of
restrictions or bans onheir uses by the regulatory authorities of some
developed countries. For example, in 2000 the Environmental Protection
Agency (EPA) in the USAhad complatly banned the domestic use of
chlorpyrifos (CPF), which is one of the highly toxic OPs and the n@wind of

this thesis(EPA, 2000. Two years later, the United Kingdom Advisory
Committee on Pesticides (ACP) raised concerns regarding the potential toxicity
of CPF and its impact on food safety and public heghGP, 2002. As a
result of these concerns, all household uses of CPF have been stoppiesl and
use of this pesticideestricted to agricultural application only in cart
countries(Colborn, 2008 Despite these restrictions, CPF remaangopular

pesticide andis still in use in many deveping countries(Salyha, 201D
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1.3 Chlorpyrifos

CPFis one of the most extensively used @Pé&sicidesworldwide. It wasfirst
synthesisedand manufactured commerciallyy the Dow ElancoCompanyin

1965 CPFhas a potent biocide activity to control insects in agricultural fields,
gardens and homd€ox, 1994. Since then it has beewdely distributed into

the world market under several brand names, including Empire, Eradex, Scout,
Brodan, Dursban, Leban, Reldan and otle(Salyha, 201 Around 850
comnercial CPF products were registerfed use in the USAn 1997 according

to the EPA (EPA, 1999. The use of CPF istill authorised in more than 50
countries worldwide, such as Australia, France, Japan, US, Canada, UK, Spain,
Italy, New Zealand and other developed counti&sdyha, 201

CPF is used imwide variety of applications. For example, in thertep CPF is
usedto control insect pests such m®squits, cockroaches, flies, flsand lice.
CPF products are also applied dilgdb sheep and turkeys, animsites, farm
buildings, storage bins, and on lasvand golf coursesin agriculturalsettings
CPF is used over several majopjs in the world for protection. Some thiese
crops includevegetables, fruitscorn, tree nuts, soybeans, citrus fruit and wheat
(Eaton et al., 2008Salyha, 201) According to the NationaCentrefor Food
and Agriculture Policy irthe USA (2000), around 4 million kg of CPFwere
applied every year ithe home and garden matkgNCFAP, 2000. In 2011, the
annual usag®ef CPF was estimated at gpoximately 20million kg in China

alone(Agronews, 2018

1.3.1 Chemical structure and physical properties

Chlorpyrifos (O,Qdiethyl O-3,5,6trichloropyridin-2-yl phosphorothioate, O;0
diethyl O-3,5,6trichloro-2-pyridyl phosphorothionate, chlorpfos-ethyl) is a
colourkss to white crystalline soliith a strong mercaptaike odaur (Figure
1.1). CPF isused as the active ingrediantmany chemical formulations, which
are available in a variety of formssuch asgranules, capsules, powder,

suspesions, emulsifiable concentrates and-lge$ed product@/Nauchope et al.,
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1992. CPFhas a lipophilic nature, whicts poorly soluble in water but it can
dissolve in most organic solvents. Thus, ptoits goplication into animals or
on crops, CPF is usually mixed witplvents such alsenzene, acetone, dist
ether, xylene, carbon disuligle and methandMWauchopeet al., 1992 Eaton et
al., 2008.

Cl Cl

\ S
|I=I'
~ ~
ci N 07/ 0/\0H3
(o]
H,C

Figure 1.1. Chemical structure of chloryrifos.

1.3.2 Chlorpyrifos routes of exposure

CPF can be rapidly absorbed through skin, oral mucosa, and airways, upon
dermal contact, ingestion, or inhalati?dunozQuezada et al., 20L2Humans

and animals are exposed to CPF through breathing pollutedhtzading dust,
contact during preparation or application@s in the workplace, and eating and
drinking of contaminated food and wat@/HO, 200).

A major route of CPRlispersionis the indoor application of pestites and other
types of insectreatment. Inthe US, poison control centsgeceived more than
22,000 cases of CPF exposure between 1985 and 1H8A, 1994.
Additionally, surveys of hundreds of US homes have indicatedsitméficant
presence of CPF residues in dust samples collected from diffdi®mtates
including Florida, Indiana and Seattle. Recently, several reports have highlighted

the detetion of CPF in indoor air, floor dust and carp@sinestad et al., 1993

Occupational exposures another source of CPF poisonif@PF exposure is

quite common among agricultural workers and their family members, sheep

6
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dippers, farmers and pesticide sprayers. However, people and children living in
homes on or near a farm that applies OP insecti@destill at risk of exposure

to these compound$upta, 2006 MunozQuezada et al., 2012Treatmentof
workplaces withinsecticides fortermites or other insect could expose the
employees to lethal doses of CPF. Between 1985 and 1992, more than 1300
cases of workplace exposure to CPF were reported to the US poison control
centre (EPA, 19934. A recent prospective cohort study was carried out to
evaluate the level of occupational exposure workers involved inCPF
manufacture The outcome ofhis study showed a significant incie= in the

level of CPF metabolites in urine sampléglbers et al.,, 2004 These figures

raise a major concern about the implanted guidelines regarding occapation
exposure teCPFE

Another prime route of exposure to CPF is the consumption of contaminated
water and air. Groundwater contamination with CPF residues was reported in
nine US state$EPA, 1992. Similarly, surface water contamination with CPF
was meagred in South Africa and SpaifiThoma and Nicholson, 1989
Moreover, air contamination with CPF at the application sites was noted. For
example, assessment of air samples taken from approximately 1 meter above
cornfield showed that orealf of the applied CPFwas vaporisd and
contaminated the air for more than 25 déy¢hang et al., 992). In addition,

CPF can be carried out and transddrinto the atmosphere from the apgii®n

site. Zabik andSeiber (1993) detected CPF contamination in air samples

collected about 24 kilometres from the application @ik and Seiber, 1993

After CPF is applied inthe environment, it is rapidly absorbei all routes of
exposureoral, inhalation, dermal)As CPF is a lipoplic compaund, it readily
crosesbhiologicd membranes includinthe placenta andhe blood brain barrier.

It enters the bloodstream and distributes into tissues at concentitiidse
able toinduce neural damadgy inhibiting acetylcholinesterase (A(E), one of

the key enzymein the nervous systeiffimchalk et al., 200R In hunmans, OP
half-lives arerelatively short (minute to hours) as they undergo rapid hepatic
metabolism (mainly through conjugation and esterasdiated hydrolysis) and

excretion through urine, faeces)d breatt{Casarett et al., 2001



Introduction Chapter 1

1.3.3 Chlorpyrifos biotransformation

After CPFenters the body, it is metabolically converted into its oxygen form
chlorpyrifos oxn (CPO), in which thesulphur group is replaced by oxygen. This
biotransformation reaction is carried out primarily by the cytochrome P450
(CYP)-dependent monooxygenase system, which mainly exists in the liver
(Costa, 200p CPF can also be converted into CPO directly by brain microsomal
CYP450, although at a 160ld lower rate (Chambers and Chambers, 1989
CPO, in turn, is well absorbed, and exerts toxic effects in animals and humans,
as it is a much more potent AChE inhibitor than the parent comp(otd,
200)). Inthe liver, CPQundergoes furthdmnydrolysis to form less toxic products,
such as diethylphosphate (DEP) and 3{&dhloro-2-pyridinol (TCP) by A-
esterases such as paraoxonase PQ@@dsta, 200% In addition to CPO
bioactivation, CPF is oxidized via CYP450 to diethylthiophosphate (DETP) and
TCP (Figure 1.2). These metabolites are ttietoxified andfiltered through the
kidneys and excreted in the urifieaton et al., 2008

The biotransformation of CPF is mainly mediated@¥P450, whichis present
in humars in several isoformdt has been shown th&tYP2B6 and CYP3A4 are
the most effectie enzymes in the formation of CPO, whil&rP2C19 is the most
importantisoform for TCP production(Croom et al., 2010 The polymorphic
nature of CYPs in humans resul variation in CYP isoform expre®n which
in turn explains the variation in individuélsusceptibility to OP poisoning
(Buratti et al., 200y In addition to the CYP enzymede detoxification of CPO
to TCP and DEP metabolitealso involves plasma A-esterases such as
paraoxonase IPONJ). Severaln vivo studies have shown that low levelsthis
enzyme can increase the susceptibility of humand animals to OP

neurotoxicity(Costa et al., 2093
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Figure 1.2. Metabolic bioactivation of chlorpyrifos.

1.3.4 Chlorpyrifos toxicity mechanism

The principle mechanism of BF toxicity involvesits ability to interactwith and
inhibit the AChEenzyme, which is the key enzyme in the nervous system that
terminates neurotransmission at central and peripheral cholinergic synapses
(Campbell et al., 1995teevens and Benson, 199%he persistent inhibition of
AChE activity causes decreased degradatibmeurotransmitter acetylcholine
(ACh) into choline and acetatend subsequenaiccumulation ofACh in the
synaptic cleft ACh binds to twaypes ofpostsynaptic receptors; the muscarinic
and nicotinic regators. Muscarinic receptors const five subtypes (MAM5)
G-protein coupled receptqgrswvhile ricotinic receptorsare ligandgated ion
channelsn structue (Tata et al., 2014 Details of @ch subtypes and locatiane
summaised in tablel.1. Binding of ACh to its receptrs plays an important role

in transmitting electrical information through postsynaptic muscarinic and
nicotinic receptors from, to and ithin the brain and spinal cordexcess
accumulation of ACltan lead consequently to cholinergic overstimulatidth
various clinical symptoms according to the site at which AChuaudates
(Eaton et al., 20Q8-laskos, 201P2(Figure 1.3)
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Table 1.1. Acetylcholine receptors, subtypes and location.

ACh receptors | Subtypes | Location
Nicotinic N1 or Nm | Neuromuscular junction
receptors N2 or Nn | Autonomic ganglia, centralervous system
M1 Cortex and hippocampus regions of the brain
M2 Heart,brain, spinal cordexocrine gland
Muscarininc
M3 Exocrine glands and smooth muscles
receptors
M4 Central nervous system
M5 Central nervous system
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At the molecular inteaction level, only CPOwhich has a P=O moietys a
potent inhibitor ofAChE, whereas CPF with i8=S moiety lac&this inhibitory
effect. For CPF to become a potarttibitor of AChE, it undergoedsioactivation

in the liver to form CPO, which is the macause of acute toxicity in mammals
(Richardson, 1998jorling-Poulsen et al., 200&aton et al., 2008When CPO
binds to the active site of AChE, a covalent bond is formed between the
phosphate group ahe OP compoundand the hydroxyl group othe serine
within the active site of AChE. This bdns stable and usually persists for hours
or weeks depending on the OP involveKaralliedde, 1999 The
organg@hosphorylation of AChE b PO leads to thanhibition of its normal
function in degrading the major neurotransmitter acetylcholine (ACh) at the
cholinergic nerve endings in the central and peripheral nervous sistette,
19929.

After inhibition by many OPcompoundsyeactivation of AChE usually occurs

by spontaneaa hydrolysis of the ACHOP bond within several houfabou

Donia and Lapadula, 1990However, when AChE is inhibited by CPO, the
AChE-CPO complex subsequently undergoesiamgei ngo mechani sm
loses one of the two alkoxy labidgoups (R, R;) by a norenzymatic hydrolysis
process. When the enzysmhibitor conjugate has aged, inhibition of AChE is
considered to be irreversiblas the enzyme becomemore resistant to
reactivaion, pemanently inhibited and its rewation can oaar only by
synthesis of new enzymenolecules (Abou-Donia and Lapadula, 1990
Karalliedde, 1999 Inhibition of AChE causes a build up of ACh at cholinergic
synapses, which presents all over the body and, consequently, hyperactivation of
both nicotinic and muscarinic cholinergic recept@bou-Donia, 2003 Elersek

and Filipic, 201).

The resultantlinical manifestations of CPF poisoning can be distinguished into
four main categories. These include acutelinbayic syndrome, intermediate
syndrome, delayed neuropathy and other chronic neurological disorders. The
development of a specific neurological syndrome depends on several factors,
including extent and time of exposure, the chemical nature of the coahperch

the onset and clinical symptorfsbou-Donia, 2003.
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1.4 Chlorpyrifos associated neurotoxicity

1.4.1 Acute cholinergic syndrome

Excess accumulation of ACh at the synapses of the peripherakaéereAChE
inhibition lead to hyperstimulation of the cholinergfaicotinic and muscarinic)
recepetordn the central and peripheral nervous systéAisou-Donia, 2003.
The resulting fcidthd mamenedpdnism wderymhg ©PFRe 0O
intoxication which is charactergl by a vaety of clinical symptoms depending

on the site of ACh accumulation. Whanoxic dose of CPF is inhaled, ingested
or absorbed vialermal contagtexcess ACh binds to musaaid receptors. As a
result several musminic effects may develgpincluding hypersalivation,
increased sweatingand lacrimation, bronchocongttion, bronchorrhoea,
hypotension, increased gastrointesinal motility, abdominal cramps, vomiting,
diarrhoea, mosis, visual disorders and lowered heart l{&dgrsek and Filipic,
2011).

Acute cholinergic syndrome develops very rapidly within a few minutes to
several hours from CPF exposulthough sometimes it can appear up to one
day after(Eaton et al., 20Q&8Hargreaves, 2032During this phase, the nicotinic
receptorsare stimulated causingpypertensionuncontrolled muscle contractions
and susequent paralyqiSingh and Sharma, 200&lersek and Filipic, 2031
Clegg and van Geme(1999 reported that severe inhibition of ACHiy more
than 70% of normal levels carlead tothe well characterised symptoms of
cholinergic crisi{Clegg and van Gemert, 1999&n humans, severe exposure to
such OB results in the accumulation of excessive ACh at neuromuscular
junctiors, leading to the development of neurotoxic effects such as
neuromuscular paralysis (i.eeuromuscular blogkthroughout the bodfLauder

and Schambra, P9, Costa, 2006Gupta, 200% Death can occur within a very
short time, and this is usualés a resulof a paralysi®f therespiratory muscles
followed by respiratgrfailure and/or cardiac arre@aton et al., 20Q8-laskos,
2012 Hargreaves, 2032 Central nervous system symptoms may adsize
following severe CPF intoxicatiomhese includeheadache, insomnia, spasms,

confusion, speaking disorders, coma, ataxia, convulsion and blurred vision

12
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(Clegg and van Gemert, 1999botti and Moretto, 2005Elersek ad Filipic,
2011).

In 1997, the EPA reported more than 17,000 cases of people affected by acute
CPF poisoning between 1993 and 19&PA, 1997. In the USalone, 2,593
incidents of acute CPF poisoning were reported among school children between
1998 and 200ZAlarcon et al., 2006 According to a recent EPA report, CPF
was found to bénvolved inmore than 300 cases of acute toxidigtween 2002

and 2011EPA, 2013.

Treatment of acute CPF toxicity has two main purposes, to block muscarinic
receptors and to reactivat®ChE activity. The first aim can bachieved by
administering atropine, which serves as cholinergic muscarinic antagamast,
thus, accumulation oACh on muscarinicreceptors is preventedin orderto
reactivate the AChE enzyma,specific antidotesuch as the oxim@ralidoxime

is administered(Thiermam et al., 1999 Eaton et al., 20Q8Eddleston et al.,
2008. However,oximesare unable to reactivatbe inhibitedAChE oncethe
AChE-CPO complex lasundergone agin{Eaton et al., 2008 Another potential
treatmentfor CPF intoxicationis the use of anticonvulsant drugs such as
diazepam, whichs used to reeve anxiety and convulsiencaused by acute
poisoningfollowing CPFexposureg(Thiermann et al., 199%atonet al., 2008
Eddleston et al., 2008

1.4.2 Intermediate syndrome

Another neurotoxic effect associated with CPF exposure is known as
intermediate syndrome. Senanayake and Karalligd@87) defined it & an
intermediate syndromieecause ibccurredafter the acute cholinergic syndrome
but beforeorganophosphatmduced delayed neuropati@PIDN) (Senanayake
and Karalliedde, 1987 In general,it was reported thaapproximately 20% of
people develogd manifestations of intermediate syndrome following exposure
to OP insecticidegKaralliedde, 2005 The clinical features ofntermediate
syndrome are usually initiaté by respiratory insufficiency, followed by

weakness in respiratory, neck and proximal limb musegon et al., 2008
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These symptomsisually occur within 24to 96 h after acute CPF poisoning
(Yang and Deng, 20Q07For exampe, a typical case of intermediate syndrome
was describedin a 16month old child who developed respiratory arrest and
flaccid paralysis 27 hfter CPF ingestiorfMattingly et al., 2008

Although, the precise mechanism that underlies intermediate syndrome remains
unclear,a number of proposed mechanisimsve beenmeported These include,
prolonged inhibition of AChE, damag® muscle cells (myopathy)down
regulation of ACh receptors and failu ACh release at neuromuscular

junctiors (Yang and Deng, 20Q0Abdollahi and KaramMohajeri, 2012.

The cinical signs of intermediate syndroymguch assevere respiratory muscle
weakness can be addressedby mechanical ventilation and amitoring of
respiratory functioa Other manifestationan be treated by administration of
oximes. In animal studies, oximewere found to prevent myopathy if
administeredimmediately following CPF exposure. However, wheayximes
were not used within two hours of CPF poisonindpey had no effect
(Karalliedde, 2008

1.4.3 Organophosphde-induced delayed neuropathy (OPIDN)

CPF poisoningcan also causea delayed peripheral neuropathy known as
OPIDN. This neurological disorder is a rare neuropathic condition resulting from
single or repeated exposure to CPF and other OP insecticides. OPIDN is well
characterised byelayed onset of ataxia followed by degeneration in the distal
part of long axons and large peripheral newéh a subsequent degeneration of
the myelin sheath in both central and peripheral nervous sgst@bou-Donia

and Lapadula, 19). AbouDonia (1981) first described OPIDNs an
irreversible demyelination syndrome, which was causedabyying baclkd
degeneration of the long myelinated nerve axons of the nervous systbens
Donia, 198). Further investigatianfound that thisdegeneration was associated
with axonal swellings containing aggregates of cytoskeletal proiou-Donia

and Lapadula, 1990
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The clinical effects of OPIDN afte€CPF exposureare typically manifested
following recognised cholinergitoxicity and intermedia syndrome. However,
there canbe a latent period of 6 to 14 days between CPF exposure and the
clinical onset of OPIDNAbou-Donia, 2003 Eaton et al., 20Q8okanovic et al.,
201J). In humans, the early signs of developing OPIDN following exposure to
CPF include vomiting and diammba. After the latency period, this is followed by
the development of progressive weakness of the lower limbs leading to a
neuropathic condition called steppage gaiich involvesboth foot drop and
pointing down ogether with toes, which dragong the bor during walking. In

later stags, limb weakness may also extend to the hands and arms causing
abnormal balance and reflex deterioration of certain diménd eventuallya
flaccid paralysis in severe casédter several weeks, this paralysis may pregre

into spastic paralysis in which the muscles are affected by prolonged spasms as a
result of nerve damag@bou-Donia, 1981 Abou-Donia and Lapadula, 1990
Abou-Donia, 1993aJokanovic et al., 20)1Patients with nerve impairment may
recover gradally following rehabilitation However, theeffects of OPIDN
usually persist for many years even after rehabilitation, as regeneration of
peripheral nerve function isot alwaysreversible(Abou-Donia, 1981 Abou-
Donia, 2003 Jokanovic et al., 20)1

The pathology and symptoms of OPIDN have been imetstd in humerous
animalmodek (Richardson et al., 19930f all animas that have beeselected
to study OPIDN, hensre the preferred model due to theirsensitivity and
development of clinical effects that resemble to a large extent those observed
humans(Abou-Donia, 1981 Honorato de Oliveira et al., 2002In addition,
treatment of hens with OP agents via dermal or oral administratiorthend
screening the clinical symptoms OPIDN is consideredo be arelatively easy
processwith a lack of complicated testéAbou-Donia, 198). Experiments with
hens demonstrated that inhibitiorof neurop#hy target esterase (NTERa
membrane associated enzyofeunknownfunction in neuronswas theprimary
cellular target of OPmediated neuropathyard this was the first proposed
mechanism involved in OPIDNJohnson, 196%ech and Chemnitius, 1987

Using hens as experimental models,whs suggested that CPF was able to
induce OPIDN ifmore than 50% of NTE activity wanhibited(Johnson, 1990
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Lotti, 1991). The previous animal studies were in agreement @Rtf~induced
OPIDN cases in humans, which are mainly based on accidental exposure to CPF
(Eaton et al., 2008 For instance, Osterlodt al (1983)demonstrated low level

of plasma cholinesterase and Naé&tivity in a patient who had ingested Cmir.

that case, lhe patientalso showed minimal acute cholinergic syndrgnfeit
coma,cardiac arrhythmia and death ens@&dhours after poisonin@sterloh et

al., 1983. Moreover Lotti and colleagug¢1986) followed upon a male patient
who had beeraccidentally poisoned by oral CPF (< 300 mg/kg) and developed a
mild axonal neuropathy after 43 days. In this study, the authors conchated t
CPF wa able to induce OPIDN, wdth wasassociated witla lower level of NTE
inhibition thanthatrequired in animaléLotti et al., 1986.

Previous studieson hens also revealed that the onsetlmfical symptoms of
OPIDN occurredollowing two main steps. The first one involves inhibitiof

the enzymatic activity of NTE by phosphorylation, which figantly decreases

the hydrolyss of the enzyméGlynn, 2000. Aging of phosphorylated NTE then
follows and OPIDN is initiated. The process of NTE aging occurs when an OP
with a negatively charged group covalently binds to the NTE actigessrine
residue. By aging of NTE, the activity of the enzyme becomes permanently
inhibited and OPIDN occsr(Johnson, 1990Glynn, 2000. Johnson (1969) and

Du Toit et al (1981) demonstrated that inhibition of NTE in the spinal cordslead
to a spinal syndrme only but not neuropathy. Howeverto develop an
axonopathy such as OPIDN, NTE aging is requif&ehnson, 1969du Toit et

al., 198). NTE inhibition and agingre then followed by several alterations in
peripheal nerve. These include degeneration of long axons, myelin sheath loss,
proliferation of Schwancells and accumulation of macrophagenervesSingh

and Sharma, 2000Therefore, only OPs that are able to inhibit as well as age the

enzymatic activity of NTE can induce OPIDN.

It has been found thdhe inhibition and ageing of NTE may not represent the
only critical early evenin the pathogenesis of OPIDN.muimber of studies have
demonstrated a series of other chemical mechanisms that may be involved in this
delayed neurodegenerative condition.e3é& include the disruptioaf protein

kinases that mediatghosphorylation of cytoskeletal proteins of microtubule and
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neurofilament networkgAbou-Donia, 2003. In addition, activation of calcium
activated neutral protease (CANBEcurs, whichpromotes axonal degeneration
following exposure to OP mediated neuropat{fymerick et al., 2012
Furthermore, increased intracellular free calcium a levels and
phosphorylation otalcium/calmodulirdependent protein kinade (C&*/CaM
kinase Il) were also found to occprrior to the onset of clinical sigref OPIDN.

In this contextanearlier study by Suwita et al. (1986)stghown thatincrease
activity of calcium/calmodulinprotein kinase liwas related tghosphorylation
of microtubule and neurofilament networks in the brain and spinal cord of hens
treated with other OPs such as -4micresytphosphate (TOCP), whickvas
administeredoraly in a sinde neuropathic dos¢Suwita et al., 1986 These
findings suggest thaalterationsin the phosphorylationstatusof cytoskeletal
proteins, destabilisation of mimtubules andsubsequenéixonal degeneratioare
common biochemical events associated with OPIDN develop(&ou-Donia,
19933 Gupta and AbotDonia, 1998 Suwita et al., 1986

The clinical effects of OPIDN can be prevented by administration of NTE
inhibitors such as carbamates, suphtes, and phosphi@s, which can inhibit

the NTE enzyme withoutausingaging (Glynn, 2000. Despite having similar
effects on NTE activityto OPs studies have shown that ptesing withsuch
agentscan protect against the toxic effects of CPF. The basis of this protection is
that these agents form a complex with ACtittis preventing its interaction with
CPF(Johnson, 1975)lohnson, 1982 Johnson and Lauwerys (1969) showeat t

the pretreatment of chickens with these agents protected them from developing
OPIDN whenthey weresubsequentlgxposed to a neuropathic @®hnson and
Lauwerys, 1960 However, these agents could potentially initiate the
neuropathyinducing activity of OPs asLotti (2000) demonstrated several toxic
axonopathies associated with exposure to carbamate and phospbmptainds
(Lotti, 2000.

17



Introduction Chapter 1

1.4.4 Other chronic neurological conditionsassociated with CPF

exposure

In addition to the above described classical neurological syndromesa@PF
certain other O® arecapable of causing number of persistent, long lasting,
chronic neurobehavioral andeuropsychiatric disorders. These deficiige
collectively namedchronic OPinduced neuropsychiatric disorder (COPIND),
andareobserved following acute gife dose or repeated subchroexposure to
CPF (SanchezSanted et al., 2004 COPIND is characterised byehavioural
changes, such afrowsiness, confusion, anorexiathiergy, anxiety, emotional
lability, depression, insomnia, fatigue and irritabil{§alvi et al., 2008 Similar
symptoms of COPIND have been observed in agriculiwcakersaccidentally
exposed to a single dose of CBFwho demonstrated impaired cognitive
functions, abnormalities in neuropsychological tests as well as memory and
attention deficit(Savaye et al., 1988Rosenstock et al., 1998teenland et al.,
1994).

Previous studies have described a variety of neurologicahges in adugt
following long term use of OPs. Stephess$ al (1995) studied farm worker
performance after repeated exposure t@. QRey showedelatively slow speed
of information processing in neurobehayial tests, impaired attention, memory
problens and greater suseptibility to psychiatric disorder(Stephens et al.,
1995. Fiedler and colleageg1997) founddystonic reactions and schizophrenia
amongst people exposed to large daseCPF for long periosl (Fiedler et al.,
1997. In addition, exposure to low lewsdf the same compound was found to
induce neurobehauvimal effects. For instance, high lesebf anxiety were
observed in insecticide sprayers but not in farnfleesin et al., 1975 Impaired
cognitive function of weaning rats was also reported after their exposaudsto
acutedoses of CPF(Jett et al., 2001

The impact of CPF insecticides causing cognitive deficits was also investigated
in children. Several epidemiological studies have demonstratedHitdren and
addescentswho work as pesticidepplicators in agricultural fields such as

cotton crops have significantly more neurological symptoms and lower
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neurobehavioral performance compared to n@P workers(Rohiman et al.,
2001, Rohlman et al., 20Q%Abdel Rasoul et al., 2008These findingdurther
confirm the previously highlighted association between the period and duration
of applying CPF in agriculture and tlextent ofcognitive and developmental
disordersHowever, thepreciseneurological mechanisms underlying the clinical
symptoms ofCOPIND inhumans remain poorly understo@tamel et al., 2003
Rohlman et al., 20Q7

1.5 Developmental neurdoxicity of chlorpyrifos

During gestational development and early childhood, CPF and its metabolite
CPO can cause severe brain deficits, abnlitiesaand permanent impairment,
even if the exposure occurs at lower concentration than those required togprodu
clinical signs ofacuteneurotoxicity in adultgGrandjean and Landrigan, 2006

In humans, exposure to CPF during early brain development has been linked to
several neurodevelopmental disorderscimldren, includingattention deficit
hyperactivity disorder (ADHD), autism, learning disabilities, and other
emotional and behavioural problems. Such deficits may have considerable
impacts on health anthe economy(Grandjean and Landrigan, 2Q0Bngel et

al., 2011 Rauh et al., 2002 About one in six childmre are diagnosed with
developmental disorders worldwid8chettler, 200l Neurobehavioral problems
affect up to 15% of all birth§Grandjean and Landrigan, 2Q14hildren with

these deficits may showarly onset lifelong damage orethyed effects that
appear after a period of time. The severity of the neurodevelopmental effects is
varied and may not be clinicalbbvious For that reason it can only be assessed

in individuals by special applications such as intelligence quotientt@€ing
(Flaskos and Sachana, 2011n animals, severain vivo studies found that
exposured CPF during critical periods of brain development caaseariety of
behavioural abnormalities in developing mice and rats. The neurodevelopmental
effects include changes in locomotor skills and cognitive perform@doerogle

et al., 2004Ricceri et al., 2006
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Developmental neurotoxicity of CPF can occur during the prenatal or postnatal
period. Prenataéxposure to CPF occurs through the placental barrier from the
exposed mother to the foetus or embryo. Postnatal exposure can be direct via the
normal routes of CPF administration, for instance dermal absorption, ingestion
or inhalation, or through an in@ict exposure such as breastfeedi@gandjean

and Landrigan, 2006

Previous studies have shown tlia¢ developing brain is more susceptilbl&an
the mature braito injury caused by the acute toy of CPF(Pope et al., 1991
Pope and Chakraborti, 199®%hitney et al., 1996 For example, Zheng and
colleagus (2000 found that the LB, of CPF in tweekold rats is 16fold lower
than thatin adult rats(Zheng et B, 2000. Similar differences were also
observed between the mamum tolerated dose of CPF in 1 dalg rats and 6 to
9 dayold animalgWhitney et al., 1996

The higher susceptibility of the nervous system to toxic aghmiag foetal life

or the early postnatal periampared to that of the adult is dueataumber of
reasons. Firstly, the developing brain in embryos and infants is more sensitive
than that of the mature nervous systeim adults (Grandjean and Landrigan,
2006 Flaskos and Sachana, 201The second reason is related to the fact that
the foetusis not completely protected against toxic compoubgshe blood
placentabarrier. Since CPF is a lipophilic compoumdth low molecular weight

it can easilycross through the placehtbarrier to the foetal circulation, thus
affecting the developing nervous systéAndersen et al., 20001t has been
found that OPs carapidly cross the placenta and accumulate in umbilical cord
blood at higher concentrations than those normally found in maternal blood
(Sakamoto et al., 2004Whyatt and Barr (2000) also demonstrategh levels

of CPF metabolites ifiaecalsamples ofhewborn children oExposed mothers
(Whyatt and Barr, 2001

Another main factor that increases the susceptibilityheffoetus and young
children to OP neurotoxicitis thatthe blood brain barriers not fully developed
until 6 months afterbirth, so it cannot prevent thetransfer of some toxic

chemicals from thematernalblood to the foetal or infant brainin early life
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(Costa et al., 2004 Furthemore, eposure to CPF during prenatal and neonatal
life was found to be capable of disrupting the stability and integrity of the blood
brain barrier(Yang et al., 201, Parran et al., 2005

Differences in pharmacokinetic aspects sucHrag absorption anthetabolism
following OP exposurebetween the younand adults could also accodot the
vulnerability of the developing brain to developmental neurotoxi¢fjaskos
and Sachana, 201L1n this contat, CPFabsorption indetal brain is higher than
that observedin the maternalbrain This is mainly because of thiate
development of epidermis keratinization and tthiener skin layers ithe human
foetus compared to infant and adulidiich lead togreater toxirabsorption via
skin, lung and intestinal mucog¢iearns et al., 20Q3/idair, 2004. By contrat,
biotransformation of CPF is lower in neonates compared to the @digdtis due

to the decreased levels of detoxifying enzymes in the liver and otherstasue
developing organismswhich lead to increased concentrations of oxon
metabolite For exarple, the activity and amousbf A-esterase PONivhichis

the major plasmaenzyme that hydrolyseCPO to less toxic metabolites
humans and migeis 4fold lower in developing organismghan in adults
(Karanth and Pope, 2000idair, 2004. Karanth and Pope (2000) demonstrated
that A-esteras@®ONZ1activity is lower in neonatal rats than in adultsrét2-, 5,
8-fold lower in plasma, liver, and lung-é@sterasé®ON1 respectively) treated
with 1 mM CPO(Karanth and Pope, 20pMoser et al. (1998provided more
evidence of the ageelated differences in the activity of-ésterasePONL1 in
animals.In that study, t has been found that the activity mihismaPON1in 1
day old rat is 2€fold lower than that in adult rat following 1 mM CPO exposure
(Moser et al., 1998 In humansa 13fold variability in PON1 status has been
observedDavies et al., 1996 Furlong et al. (2006) predicted a rangel@fl to
164-fold variability in CPO sensitivity among 13fregnant womefarmworkes
and their newborns in the Latina cohbesed on their ®N1 statugFurlong et
al., 2006. Therefore, the variation in PON1 level explains the higher susceptibly
observed among mothers and newborns to CPO expdchisefinding clarifies
the observation ofsevere CPO effestin some cases where mother and her

newborn share a low level of POXBurlong et al., 2006
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Brain developmental processes involve a sequence of events including neural
cell proliferation, migration, differentiation, axonogenesis/neurite outgrowth,
synaptogenesis, gliogenesis and apoptosis, which start from embryonic life and
continue to late adolescendegnimals and humans share the same developmental
order. However, the developmental stage at which each of these processes occurs
is different between humans and anin{&kkskos and Sachana, 20Grandjean

and Landrigan, 20)4For example, synaptogenesis and gliogenesis occur during
pregnancy in humans, whereas thesgrodevelopmental processes stafter

birth in rats. Disruption at each event of neurodevelopment provides a window of
susceptibility to CPF toxicityRice and Barone, 20p0Therefore, CPF mediated
developmental neurotoxicitis mainly dependent on the developmental stage at
which the exposure occurs. The timing at which the exposure to CPF occurs has
greater impact in determining the affected regions and fun¢ktaskos and
Sachana, 2031

A number ofexperimentalreports havedemonstrated the ability of CPF and
CPO tointerfere with thenormal development of the nervous systerhich may
in turn lead to developmeadtneurotoxicity. Interference b@PF and CPO ithe
developmental process of neurite outgrowtmeuronal and glial cells and the
involved cytoskeletal proteins are the maocds of this thesjswhich will

discussedn the following part of this chapter

1.5.1 Neurite outgrowth as a morphological target of CPF

induced developmental neurotoxicity

Neurite outgrowth isan in vitro morphological marker of neural cell
differentiation. It involves a series of complex eventeat occurduring brain
development, including differentiation of precursor cells into a terminal
phenotype of neuronal cells, initiation and growth of sliket extensions
(lamellipodia) and the condensation intoninor processes, development of short
dendrites and long axerwith the guidance of the growth cone, and finally
formation of the synapséCraig and Banker, 199%bNormal outgrowth of

neurites is a critical processn the developing brain and nervous system as it
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forms the basis of neuronal connectiiBadio and Mundy, 20Q8Disruption at

any stage of this developmental pattern by a toxic agent would impair the
neuronal differentiation process leading to developaiemturotoxicity, which

has been linked to several neurobehavioral and neurodevelopmental disorders in
humangWebb et al., 2001Ramakers, 2002

The abilty of CPF and CPO tanduce developmental neurotoxicitipy
interfering with neurite outgrowth irthe developing nervous system has been
studied in a number of animal and celluraodels For instance, Slotki et al.
(2006) have shown thattreatment of neonatal rats with CPF at 1 mgdegly

dose (subcutaneoug injected for four days)inhibits neurite outgrowthas
indicated bydecreased levelof choline acetyltransferase€C(AT) activity, a
cholinergic neuroal marker The previousstudy also reported that the effect of
CPF towards neurite outgrowth was not associated with an impact on animal
survival and caused only 20% reduction in doéivity of AChE, which is below

the 70% inhibition levelthat have beershownto induce acute cholinergic
symptoms(Slotkin et al., 2006 In this in vivo study, neurite outgrowth was
evaluated biochemically by measuring the activity of CHAEEmMbrane protejn

and its ratio to total cell proteinAs the neural cell contains a single nusle
measurement of DNA content reflect the nurslodrcells. Thus, cell packaging
density was assessed by measuring DNA concentration. As the neurites expand
and developed into axon and dendrites, it requires contribution of membrane
proteins and other dalar proteins. Therefore, the amount of total protein in

response to cell differentiation was measu(®idtkin et al., 2006

The impact of CPF and CPO oeurite outgrowtthas also beeimvestigated in
in vitro studies using different glial and neuronal cell grdt modelsin most of
these reportsOP-induced effects on neurite outgrowth have been evaluate
morphometrically by microscopyfollowing histological or immunostaining
techniqus, usinghigh-resolution cameras amdher manual counting @pecific
neulite outgrowth analysis softwar&or instancea significant inhibition (by
38%) in neurite outgrowth but not cell viability, in differentiated rat PC12
pheochromocytoma celisasdetected afteR4 hexposure t@3 uM CPFand 3
nM CPQ The observedCPFinduced effect on neurite outgrowth wdstected
in the absence oAChE inhibition. However,the CPO effect on neurite
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outgrowth was associated with 90% inhibition of AChEtivity (Das and
Barone, 1999 In addition, CPF, ata noncytotoxic concentration of 3 pM
impairedneurite outgrowttsignificantly in culture®of differentiatingmouse N2a
neuroltastoma cells after 4 or 8 tneatment with a lack of observed effeat o
AChE activity (Sachana et al., 20p1lin the same cell lineCPO, atnon
cytotoxic concentratios of 5 and 1QuM was found to impair axon outgrowih
differentiating N2a cellsaafter 4 and 24 lexposure although in this study there
was an acutd e v e | of i nhibition ofls)w&hE ( 7
persisted for 24 (Flaskos et al., 2031The ability of CPF and CPO to alter the
neuronal morphogenesis in the previomsvitro studies was seen at relatively
high doses of CPfr at CPO concentrations causing acute levels of AChE
inhibition. However, a number dftudiesdemonstrated that both compounds are
also able to inhibit neurite outgrowth atuch lower concentrations without
AChE inhibition(Howard et al., 2005vang et al., 2008

Howard et al. (2005) showed thaPF and CPGt lower doses (0.001M and
0.01 nM, respectively) than thosequiredto reduce the enzymatic activity of
AChE or cell viability, inhibited the axonaland dendritic outgrowtin primary
cultures of superior cervical ganglia (SCG) rat embryonic neurafter 24 h
treatment(Howard et al., 2005 Under thesame exposure conditignCPF and
CPOalso interfered with axooutgrowthin embryonic culture of dorsal root
ganglia(Yang et al., 2008 At sub-cytotoxic concetrations (210 uM) CPF and
CPO were also found timhibit the extensionsutgrowthin rat C6 glioma cells
after 24 h of inducing cell differentiation and this effect was not associated with
reduced AChE activitySachana et al., 20p8These findingslemonstrate that
neurite outgrowtltan bemore sensitive than the enzymatic activity of ACE
the toxic effects of CPF and CPid these cell models. Since the oejed
alterations in neuronahorphogenesis occurred limththe absencand presence
of changesn AChE activity, it is likely that inhibition of AChE is noin the
main cause othe inhibition of neurite outgrowth by CPF and CPhede
findings suggesthat additional nottholinergic targets are involved in the
developmental toxicity of CPF and CPO. These targdtsbe discussed in the
next section to provida better understandings to how their disruption might

inhibit neurite outgrowth.
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1.5.2 Cellular proteins as molecular target of CPFHnduced

developmental neurotoxicity

Although CPF exerts@soning effects due to the CPR@ediated inhibition of
AChE activity, several other cellular proteins have beepgsed as targets for
the neurtoxicity of CPF andCPO, includiig those involved in cytoskeletal

architecture, cell signalling pathways and growth associated protein.

1.5.2.1 Cytoskeleton

The neuronal cytoskeleton plays fundamental sola controlling the
developmental processes of the nervous system. Thdsdarall proliferation,
migration, differentiation, morphogenesis, neurite outgrowth, elongation of
axons, branching of dendrites, steering of growth somed apoptosis
(Hargreaves, 199Flaskos, 2014 Disruption of cytoskeletal proteins results in
serious damagein these phases of neurodevelopmélaskos, 2014 The
neuronal cytoskeleton is fibrous network of proteins, wisatomposed of three
main classes of filamentous proteins, microtubules (MTs);nmediate filaments
(IFs) and microfilaments (MFs). These compadsest cytoskeletal proteins have
an importantrole in the regulationof axon growth and stability and thus, they

represent potential neurotoxicity targétkargreaves, 1997

1.5.2.1.1 Microtubules

Microtubules (MTs) have importanles in neuron growth and physiology,
being implicated inthe regulation ofneuronal morphology, intracellular
transport, andoutgrowth of axos and dendrite (CambrayDeakin, 1991a
Ginzburg, 1991Lodish et al., 2000aMTs are straight, hollow cylinders formed
by a ring of thirteen protofilamenthat are built by the assembly tw¥o tubulin
heterodimersJ- a n dtub®lin subunits, and MTassociated proteins (MAPS)
(Cleveland, 1993aHargreaves, 1997

MTs represent the largest type of cytoskelstalcture with an average external
diameter of ~ 25 nm and an internal diameter of ~ 14Figure 14) (Tilney et

al., 1973. In mammalian cells, MTs originateom a specific regios calledthe
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centrosome or microtubule organising centres (MTOCS$)Ts are organised in
a polar fashion, where the centrosean¢ t a ¢ h e d mause n dwhile theh e
other is calledhefi p leunsd 6 ( B)i Eachrera hek its own growth rate, for
example, the plus end grows fashlike the minus end which known as the slow
growing end(Heidemann et al., 1981LbDuring cell division and movement,
MTs undergo sevelaearrangements (pghernsation - depolymeisation) that
arefuelled by the enzymatic hydrolysis @uanosine triphosphat&TP), with
the plus end extending towards the extremities of thg(loedlish et al., 2000a
The deelopment of elongating neurons largely deead the orientation of
MTs (Bamburg et al., 198@ulien and Mushynski, 1998For instance, in neural
cells, the plus end of MS extend towards the axon tip and the minus end is
oriented at th&ITOC of the axon. In contrast, in dendrites, the polarity of MTs
is mixed, with both ends being distal to the cell body. In non neuoeatialsuch
as glia, the mias end is associated with MTO@Esach MTOChas the ability to
nucleate anargani® MTs by polymerising the tubulin subun{isodish et al.,
20003.

ﬁ-tUbUhn (X-tUbUhn ® 2000 ASM Press and

Sinaver Associates, Inc.

Figure 1.4. Microtubule structure and composition A schematic diagram of a
showing the structure of 13 protofilaments packed together to forpytinerical wall ir
cross section and a side view of a short section of a microtubule with the
polypeptides aligned into rowgodish, 2000.
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The main componemif MTs is tubulin which had} a n d sulbunits. However,
thereareother subung of tubulin such as -tubulin, which is not presem MTs

but hasan important role in MT nucleation and polar orientatidfartin et al.,

1997. E a ¢ -ha nlHubblin subunithas a molecular weight @pproximately

50 kDa. They consist b several isoforms encoded by a number of genes
(Tischfield and Engle, 200 B ¢ & h dtublin isoforms have an important

role during nervous systemdeV o p ment . For -tububntisatype e, c |
( b {tubulin) is almost exclusively distributed in neuronal celland has an
essential role inc e | | di fferentiation and -neurit
tubulin is one of earliest cytoskeletal proteto be expressed during
neurodevelopmer{Easter et al., 1993

Tubulin binds a variety of MAPs due to its strongcidic carboxy terminal
domain(Cleveland, 1993aHargreaves, 1997 The carboxyl terminal of tubulin
subunitscontains aracidic regionof 40 amino acids. fiis peptide sequence is
believedto harbour the target region of calcium binding, phosphorylation sites
(serine residues) and binding sites MT -stabilisirg proteins, such as MAPs
(Table 1.2) (Luduena, 1998 Several postranslational modifications aralso
involved in the regulation ofubulin polymerformation. The most common
modificationsinclude acetylatioro f -tuttlilin at lysine at position 40 (Lys40),
detyosinatiorityrosination o f -subunitsby the renovaladdition of tyrosine
(Tyr) residus atthe Gterminal. Other postranslational modifications include
phosphorylatioro f -subunitsat a serine residuat position 172 (Serl72) and
polyglutamylationo f -tulfulin subunitsat multiple glutamate residwsgLuduena,
1993 FourestLieuvin et al., 200p (Table 12). Suchmodifications may affect
MT stability and locationg§Janke and Kneussel, 2010
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Table 1.2. Major microtubule cytoskeletal proteins of the nervous systerfadapted
from (Kirkpatric and Brady, 1999) .

: . o Posttranslational
Protein Expression pattern and distribution o
modification

) _ Acetylation,
. ) In all cells but some isoforms preferentially o
Utubulin _ _ Tyrosination
expressed in brain _
Polyglutamylation

In all cells but some isoforms preferentially | Phosphorylation,

b-tubulin _ _ _
expressed in brain Polyglutamylation

o-tubulin | In MTOC of all cells Phosphorylatio

MAP la | Appears latewidely distributed Phosphorylation

MAP 1b | Appears early, then declinempriched in axong Phosphorylation

High molecular weightexpressed in dendrite: _
MAP 2a | Phosphorylation
in mature neurons

MAP 2b | High molecular weightexpresed in dendrites| Phosphorylation

Low molecular weightexpressed in dendrites _
MAP 2c | _ Phosphorylation
in developing neurons

Tau Enriched in axons Phosphorylation

The assembly and stability of MTis strongly dependent upon MAPs, which
regulate the dynaits of tubulin heterodimerf_odish et al., 200QbLodish et

al., 2000 For instance MAPs stimulate MT asddynandare involved in the
interaction with IF and actin filament&Cleveland, 1993 The main MAPs
family members that are known to be important dudegtral nervous system
development include MAP 1, MAP 2, tau and stathmin. Their main function
during neuronal development is to maintain the stabilisation of the grontdsgc
and the dynamics adxonal and dendritic MT§Schoenfeld and Obar, 1994
Other groups of MAPs such as, kinesin andealy can also function as motor
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proteins (ATPases)by driving the intracellular transport of organelles and
proteins from the cell body to the extending axons andyses(Vallee and
Bloom, 199).

MAPs 1 and 2are composed of three different phosphoproteins each (MAP 1a,
1b, 1c, MAP 2a, 2b, 2c), which can be distingetsaccording to theimolecular
weights (Olmsted, 1985 While MAP 1 and MAP 2 are expressed in neuronal
cell bodies and dendrites, taufaaind primarily in axons (Table 2). Tau is also
considered as an axonal marked tau abnormalities@strongly related to the
pat hophysiology of neurodegenerative
(Kolarova et al., 2012

The role of M in organising axonal growth and development is well
edablished. As developing neuritextend, ME begin to be assembled and to be
modulated by posttranslationalmodifications of tibulin (CambrayDeakin,
19913. In this process, MAPs play essential roles, helping to maintain structure,
orientation, and function of MT@eidemann et al., 1981&landell and Banker,
1995 Craig and Banker, 199%aGiven the important roles of MTig neuron
growth and functios, it is not surprising that Malterations odisrupion of MT
protein phosphorylation by toxic agents lead to interference with brain
development and mape involved in the pathophysiological mechanisms of

several neurodegerative diseasgMillecamps and Julien, 20).3

The ability of CPF and CPO to cause developmental neurotoxicityismaption

of the microtubule cytoskeleton has been demonstrated in a number of previous
studies.For instance exposure ofdifferentiating rat C6 glioma cells to sub
cytotoxic neurite inhibitory dosegl-10 uM) of CPFand CPO were found to be
associated with reduceqaioteinlevels of MAP 1ba n dtubllin (Sachana et al.,
2008. Furthermore, AboiDonia (1993)demongrated that hens exposed to OP
exhibitedincreasd phosphorylation of tubuliand MAPs(Abou-Donia, 1993l

In addition, CPOat doses range from 0.1 to 10 pMas shown to induce
alteratiors in MT and MAP ultrastructure in cultured rat brain sli¢Bsendergast

et al., 2007}. Therefore, MTsmay serve as useful biomarkers of Ciduced

neurodegeneration.
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1.5.2.1.2 Intermediate filaments

Intermediate faments (IFs) arean important component othe eukaryotic
cytoskeleton, anare usually identified in cellat studies as markers for naur

cell differentiation. 15 are slightly smaller and molsochemically stable than
MTs. Thus, they provide structlr support for many different cell types
including neurongOmary et al., 2006 A | | | F proteins -cont ai
helical rod domain, flanked by hypervaridle amineterminal head domain and

a carboxyterminal tail (Figure 1.5). Since the central rod domain contains 310
amino acid residues, whidre highly homologouamongst the main IF types,
the variations in amino acid sequence of the two end domainsmiletethe
difference in the molecular weight and molecular interactions of all IF subunits
(Cooper, 2000 IFs are initially congucted from two polypeptide chains wound
together in a parallel fashion to form a coileail dimer,two of whichthen form

a staggered tetramdconsisting of two antiparallel dimers)eading to the
subsequent formation afctamers, protofilaments andesntually large complex

IFs that contain 16 to 32 polypeptides (Figure {Ledish et al., 2000b

Central rod domain
( a helix, 310-350 amino acids)

N terminus
Head Tail
(Variable size and structure) (Variable size and structure)

Figure 1.5. Structure of intermediate filament protein subunits. The
diagram showthe generalized structure of Bhproteinmonomer which contams
a n -helical rod domaircomposed ofround310 amino acid residugan aminc
terminal head domain arnlde carbxy-terminal domain at the tail.
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N Central rod domain

Head l Tail
N

. | C
Dimer %mcmﬁc
N 7
N }@occcm%c
Tetramer

Polypeptide

L < % & % <
Protofilament ; .ﬂ ﬂ" "ﬂ °l .'3 5‘
Filament — = —

Figure 1.6. Assembly of intermediate filaments.A schematic diagra
showing thatiFs are assembled from two polypeptide chaiosind together f
form a parallel coilegtoil dimer. Dimersarestaggered in an antiparallel fast
to form tetramers, octamers, protofilameand eventually large compldxslthar
contain 16 to 32 polypeptides

Although there are more than 50 different IF proteins, which have been classified
into six main groups based on their amino acid sequence homology, two classes
of IFs that are specific to the nervous system are the focus of this dissertation.
These include neurofilament (NFroteinsand glial fibrillary acidic protein
(GFAP), which are mainly expressed in neuronal and astroglial cells,
respectively(Cooper and Hausman, 2000

NFs are composed of three polypeptides chains termed neurofilament heavy
(NFH), medium (NFM) and light (NE) chains, which are categorised according
to their molecular weigist of approximately200, 145 and 70 kDa, respectively
(Ackerley et al., 2008 In mammals, thee triplet proteins are found in mature

neuronsbut arehighly expressedn axons.NFs provide support during axon
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extension and also play major roles in the complex series of interactions that
regulate axonal growth and developmf@me and Cleveland, 1996\Fs shara
similar structure to all othdF proteins in whicheach NF subunits contain head,
central rod and tail domains. The central rod dontla@& comprises 310 amino
acidsplays an important role in NF polymerisatiomhereaghe tail domains of
NFH and NFM are importart the formation ofine lateral projection§Yuan et

al., 2013. The central rod domaiof each NFis co-assembled with other NF
subtypes to forna filamentwith 10 nm in diametefNFL forms the central core

of this filament, while NFM and NFH subunits are situated itsnsurface
forming radial projectionghat interconnect NFs with other cytoskeletal elements
(Rao et al., 2003 Therefore cross bridges between Né#xtensions of the tall
domains and other organelles in the cytoplagabilise the axonal outgrowth
(Hirokawa et al., 1984

The a&onal cytoskeleton contaifdTs, NFs and microfilamets (MFs)that are
assembled in ordered netwerkf filaments interconnected by crodsridges.
Newly synthesised NFs are transportetb ithe axonal space in a slow non
diffuse manner and then rapidly incorporated into the axoytalskeleton. The
process bNF assembly and transpastlauncked within the neuronatell body
and continues as they aransported intoand alongthe axons by axonal
transport(Black and Lasek, 1980

During NF assembly, NRsndergo severapost translational modifications
which involve phosphorylation of the carboxyl terminal domains.
Phosphorylation of NFs isrucial forthe regulation otheir axonal stability and
transport, assembly and disassembly in the @afilliamson et al., 1996
Additionally, it plays an important role in regulatinge interactions between
NFs themselvesndthe interaction of NFsvith MTs (Hisanaga and Hirokawa,
1989 Hisanaga et al.,, 19911t has been demonstrated that increased NFH
phosphorylation is directly related to an increasdehe spacing between NF
subunits and axonal diametédirokawa et al., 1984 Moreover, aberrantly
phosphorylated NFs accumulate in neuronal cell bodies and can be found in axon
from patients with neurodegentve@ d s eases such as Al z
P a r k isudiseasgRudrabhatla et al., 20L1AbnormalNF aggregation islso
a common histological hallmark of OP poisag{Jensen et al., 1992
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Phosphorylation of NFsubunitscan occur at the carboxyl terminal domains,
which contain multiple Lysin&erineProline (KSP) region or phosphorylation
sites. NFH and NFM are known to have the highest number oppbogatable

sites compared to NFL, which is less phosphoryldfarot and Eyer, 2009

This isdue to the extreme length of the tail domain of NFH and NFM and the
presence of large numbers of KSP repeatspared to NFI(Yuan et al., 201

It has been demonstrdtéhat NFscan also be phosphorylated at the antirad
domain However, the phosphorylation sites in the latter are less abundant than
those at the carboxyl domai(fSihag et al., 2007 Phosphoarylation of NFH and
NFM begins after their synthesia the cell body and continsealong their

transport into the axon towards the synagbison et al, 1982.

Phosphorylation othe tail domainof NFH and NFMis regulated by different
protein kinases and phosphatagestein kinases are sebf several enzymes

that have the ability to phosphorylate proteins by adding a phosphate group to
them, such & mitogen activated protein kinagestracellularsignatregulated
kinasel/2 (MAPKS/ERK1/2) (further details in sectioh.4.2.2)(Veeranna et al.,
1998. Phoghatass area group of enzymes that removes a phosphate group
from a protein such as protein phosphathssd2A (PP2Aand PP} (Strack et

al., 1997. In patients with Alzheimed sdisease,NF phosphorylation was
associated with activation status of ERK1/2 and decreased levels of PP1 and
PP2A(Gong et al., 1993Veeranna et al., 2004The mechanissunderlying the

NF phosphorylation mediated by kinases and phosphasasesot completely

understood.

Data from previous studies showed that exposure of differentiatiagciI®s to
subcytotoxic neurite outgrowth inhibitory levels of CPF (3 uM) caused a
significant reduction in the level edtal NFH (Sachana et al., 20Pp1n addition,
the densitometric analysis of western blots in a study by Flaskat (2011)
reported thatneurite inhibitory effects ofZPO were associated with reduced
levels oftotal NFH in a concentration dependent maninek2a cells(Flaskos et
al., 201). However, phosphorylated levels of NFH were unaffectedCBYD
The observed alteration of NFH was further confirmed by dbjgregation
localised in cell bode(Flaskos et al., 20310ther OPs have been also shown to
affect the NF network imifferent ways.Hargreaves et al. (2006) showed that
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subcytotoxic neuriteinhibitory concentration ofphenyl saligenin phosphate
(PSP) were associated with reduced levels of total NFH following 4 and 24 h
exposure in differentiating N2a cells. A transient increase in NFH
phosphorylation after 4 h exposure andudbsequentlecreae after 24 h were

also seentogether with aggregates in the cell bodiasPSRtreated cells
(Hargreaves et al., 20pan the same cell line, inhibition @xon outgrowth was
found to be accompanied with reduced levels of total and phosphorylated NFH
in cells treated with triertho-cresyl phosphate (TOCH)r 24 h(Fowler et al.,
200]). However, increased expression of NFH phosphorylation without
significant changes in total NFH were detected in differentiating N2a cells
exposed to subytotoxic concentrations ofliazinon oxon (DZO)for 24 h
(Sidiropoulou et al., 2009aln ananimal studyjncreaseghosphorylation status

of NFH has been found in the spinal cord of hens treated with TISGWita et

al., 1986 and PSRJortner et al., 1999 This alterationin NFH suggest that

thee OP compounds including CPF and CPO haeeability of to interfere with
molecular expression of axonal cytoskeleton proteins and the arrangement of

cytoskeletal networks within the c€Rlaskos et al., 20QHarris et al., 2009a

GFAP is the major IF protein found in mature astroggifethe nervous system
GFAP can also be found in other types of cells sucas the glial cell of the
digestive system, and theonmyelinating Schwann cells in the peripheral
nervous system, which have similar function to those of astro€ysy and
Wang, 201% GFAP has an imptant role in modulating the shape and motility
of astrocytes by providing structural support for their proce¢geg et al.,
2000. Astrocytescan be activateth response to neuronal damage, brain injury
genetic disordeor neuronal toxicityin a piocess called reactive astrocytosrs
astrogliosis Increasedastraglial cells number andevels of GFAP expression
were found to be the main characteristick astroy t e s @ reGPction
intoxication (O'Callaghan, 1988 During reactive astrogliosis, GFAP is
responsible for the formation and extension of astrocytic proceEseber
studies showed thageneration ofGFAP-deficientmice was associated with
neurological or behavioural abrmalities, abnormal myelination, and reduced
myelin thickness in the spinal cof@Gomi et al.,1995 Liedtke et al., 1996

Other studies detected increased levels of GFAP in brains of humans suffering
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from neurodegenerative conditions such as Alzheimer and Parkirgisease
(Zhang et al.,, 2004 These data suggest th@FAP could be a usefuyrotein
markerof neurological pathophysiology.iu et al., 2012

During brain developmenincreasd expression of GFARs an indication of
glial differentiation from neural precursor cells inéstrocytes, which usually
reaches peakat the second and third poatalweek Thus GFAP has also been
recognised as a biomarker for astrocyte differentiaf@ramanti et al., 2000
Since glid development contineinto adolescence, effects daveloping glia
during postnatatlevelopment due to CPF and Cegposurecould contributdo
developmental neurotoxicityGarcia et al. (2002) showed thatibcutaneous
administration of CPF for 4 days tewkloping ratsat the peak of gliogenesis
and glial differentiation results in decreased GFAP le{@krcia et al., 2002
Similar findings werealso observednicultures of diferentiding rat C6 glioma
cells, whentreated withsulbcytotoxic concentrations {10 uM) of DZO for 24
h. The decreasedGFAP expressiorevel obtained in the previous study is

indicative of OP direct injury on astglial cells(Sidiropoulou et al., 2009b

1.5.2.1.3 Microfilaments

Microfilaments (MFs) are another class oytoskeletal network; they are
composed of actin protein with a molecularigi# of approximately43 kDa.
MFs are formed by polymerisation tfo globular strands of actin monomers
(G-actin)twisted around each other like strings of pearl®rm Factin through
the binding ofadenosine triphosphat&TP) (Theriot, 1994 Hargreaves, 1997
Thus, Factin is formed by the addition of-&tin monomers at the positive end
of Factin (Hargreaves, 1997Actin is found in all glial and neuronal cells and
enriched in presynaptic terminals, dendritic processes and growth cones
(Kuczmarski and Rosenbaum, 197%ctin filaments are relatively thin and
short in length in all regions dhe neuron.However, MFs ee more prominent
and much longer in the axonal branchiagnellipodiaand particularly in the
filopodia of the growth con€Pak et al., 2008_owery and Van Vactor, 2009

The gowth cone is a highly motile structure that explores the extracellular
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environment, determines the direction of growth, and then gtiigeeextension
of the axon in that direction. The mamorphological elements of growth cones
are lamellipodia and filopodia, which arsheetlike and fingetlike protrusions
respectively. They are rapidly foed and later disappearfrom the terminal tip.
Such movements reflect rapid, controlled rearranggentd MFs, which is
thought to be involed inthe control of axonal path findin¢Cooper, 2011

During neuronal developmg actin filaments are dynamand undergo rapid
assemblydisassembly cycles that enable the filopodia to extemchrdsand
retractfrom the growth directio{Cooper and Hausman, 2000he bundles of
MFs in growth cone projections together witie associatedctin network are
thought to benvolved ingrowth conemovement myelinationand cell migration
(Sobue, 1998 MF dynamics occur through the incorporation and releageeof

the exchangedf actin monomer$G-actin) at the eds ofthe polymer(Zhang et

al., 2009. This process is regulated by ATP hydrolysis and the interaction with
actin binding protein such agowth associated prote#8 (GAR43) andactin
depolymerizing factor (ADF)/cofilifMcGough and Chiu, 19991t has been
proposedhat disturbingMF regulationmay be one additional target of OPs. In
this context, Harris et al. (200®pund increased levels of cofilim iN2a cells
induced to differentiate for 24 h in the presence of 10 uM diazinon (DZ). The
observedalterations in théevels of cofilin might suggest a disruption in tiié
dynamic and polymerizatioas well as organization of MF netwofKarris et

al., 2009h. Changes in this actihinding protein could also disrupt the ability of
cofilin to regulate growth cone motility and neurite outgroWindo et al.,
2003.

Other studieshypothesisedthat GAR43 is another proteirthat plays an
important role in the regulation okurite outgrowtt{Skene, 1989ekiner et al.,
1996. GAP-43is found prominently in the growth cones and elongating axons
in the neurongDas et al., 2004 During neurodevelopment, GAFB regulates
the formation of growth cones, interés with the development akons, ands
involved in the plasticity of the synapg§Benowitz and Routtenberg, 1997t

has been demonstrated th&AP-43 synthesis is elevated during axonal
outgrowth (Skene, 1989Pekiner et al., 1996 and thus, inhibitin of neurite
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outgrowth could be reflected by altered expression level of-@3\fas et al.,
2009).

Exposureof differentiating N2acellsto neurite inhibitory conentrtaions oCPF,
CPO and otherOPs have beerassociated with reduced levels of GAB
(Fowler et al., 2001Sachana et al., 200$achana et al., 200$achana et al.,
2005 Sidiropoulou et al., 20G9 Flaskos et al., 2031 The findings of the
previous studies indicated that disturbance in the levels of-@ABynthesis
might possibly affect the transport of this protein to axon and deedmtm the
cell body. Thus, GAR3 could be a common molecular marker of @fkiced
neurite outgrowth inhibitiojSachana et al., 20p5

1.5.2.2 Cell signalling pathwayinvolved in neurite outgrowth

The complex developmental processes of the nervous system are dependent on
precisely controlledactivation or inactivation of several signal transduction
pathwaygqBertrand et al., 2002Mitogen activated protein kinas@g APKs) are

key signalling pathways tht functionally regulate neural cell proliferation,
differentiation, mitosis, survival and apoptogiPerron and Bixby, 1999
MAPKs are serine/threonine kinaseshich activated by extracellular stimuli
such as OP exposyresmotic stress or heat shofWidmann et al., 1999
MAPK activation is dependent on a series of phosphorylation events at both
threonine and tyroseresidues whereas MAPK inactivatioris mediated bya
number of phosphatases that halve ability to hydrolge the phosphate group
and reduce the MAPK activitifshaw and Filbert, 2009

In mammals MAPK pathway is consists of three maisignalling modules
include theextracellularsignal regulated kinases (ERK1/2), the stas$vated
protein kinases p38, and the JUNté&tminal kinases (JNK{Chang and Karin,
200]). Each MAPK signalling group is composed of three acting kinases
MAPK, a MAPK kinase MAPKK) and a MAPK kinase kinase (MAPKKK).
MAPKKKs are phoghorylated and activated by MAPKKwhich in turn
phosphorylate and activate MAPKBigure 1.7) MAPKKK s activation occurs
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through phosphorylation of Ser/Thr residussd/or interaction with small G
protein such as Ras response taxtracellular stimuli(Cargnello and Roux,
2011).

The two MAPK pathways p38 and JNK activation have been linkeghoptotc

cell death(Wang et al., 1998 They are responsive to cellular stress that could be
induced by stress stimuli such as, inflammatory cytokines or heat shattle In
signalling cascades of JNK and p38, each MAPKK can be activated by multiple
MAPKKKSs for instance, MEK3 and MEK6 activates the p38 pathway whereas
MEK4 and MEK7 activate the JNK pathway (Figure 1(Rpbinson and Cobb,
1997).

ERK1/2 are among the most extensively studied kinases of the MAPK pathway
and the MAPKs of interest in this thesis. ERK1 was foisned in 1990s and
consider one of thevell characteried MAPK in mammalgBoulton et al., 19911

It was initially found to be phosphorylated at tyrosine and threonine reasidue
response to growth facto(€ooper et al., 1992 ERK1/2 have similar amino
acid identity and are highly expressedngurons in the mature nervous system
(Boulton et al., 1990 The ERK mthway is controlled by mitogeactivated
extracellular receptors and growth facttrat stimulate neural cell proliferation

and differentiation, and is suppressed in many events leading to apdiosi

al., 2003.

ERK1/2 are activated bgeveral growh factors such as nerve growth factor
(NGF), and epidermal growth factor (EG@oulton et al., 1991 Additionally,
ERK1/2 are activated by cytokine receptorssmotic stress, microtubule
disorganisation, and G protetoupled receptors such as kinase suppressor of
Ras (KSR)(Raman et al., 2007 However, the main route dctivation of
ERK1/2 mainly occurs by cell surface recepteych as tyrosine kinase
receptorsin the ERK1/2 signalling cascadd¢he growth factor receptdround
protein (Grb) Ihksthe tyrosine kinase receptor ¢gmanine nucleotide exchange
factors, such ason of sevenles&SOS), which are proteintbhat canactivate the

small GTPases. Then, the signal is transduced to the small GTP binding protein

(Ras), activating Raf, which then acts as a MAPKKK. This, in turn, activates
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MEK1/2 which actsas MAPKK, which finally activates the termin&lRK1/2 as
MAPK (Figurel.7) (Johnson and Lapadat, 2002

ERK1/2 can phosphorylate many neuronal proteins, suciNEld and other
substrateg¢Shauland Seger, 2007In a previousstudy byVeeranna et al. (1998)

it has beerfound ERK1/2 are capable of phosphorylating all types of KSP
repeats in the @erminal tail domains of NFH and NFM rat brain.In the same
study, it has also been demonstratkdt nhibition of the ERK1/2 by MEK
inhibitor (PD98059) caused a decrease in neurite langthimary culture of rat
hippocampal cells(Veeranna et al., 1998 This implies that ERK1/2 may
regulatethe axonalcytoskeletal proteins involved in neurite outgrowth

Numerousn vitro studieshave demonstrated the effect of CPF exposure on cell
signalling cascades. Caughlan and colleagues (2004) showed thattGab a
cholinergic levels inducedpoptosis in rat cortical neurons by the activation of
ERK1/2, JNK and p38 MAPK pathways. The authors also found that embryonic
neuranal cells wee more sensitive than postnatal cells, which indicate that CPF
is able to disupt the activities of MAPK families involved in neuronal cell
development and survivdCaughlan et al., 2004 Consistent with this finding,
increased activain of ERK1/2 was also observed in primary culslg€human
astrocyts following CPF exposuréMense et al., 2006 Moreover, in human
neuroblastoma SI$Y5Y cells CPF caused induction of JNK and p38 MAPK
activation(Ki et al., 2013.

39



Introduction Chapter 1

e ¥ @0 v 9
.
@ s

Receptor Plasma membrane mACh receptor || nACh receptor
. ) i1
Activation o ool | et

] JCLCCCRCACCCA LA LG R COCECEAR AR ROV CALALLELER LY AFRETERLLERRERTRERNE ATV ERPYRTRREERTLER R ERRR IRy EECELR TR LCCCECELE LT R AR

3
/

MAPKKKs @ MEKK {ml) (m_ M
} ! !
-0 Q P
MAPKKs MEK MKKS MKK4 / MEK1 ™
i Wi Vi
- 0 P
! % i }
MAPKs {ng ﬁag \nixg {ng

Cell Proliferation Stress responses Proliferation Proliferation |
response Differentiation Proliferation Differentiation Differentiation |
Development Differentiation | Apoptosis Development

Development
Inflammation
is

Figure 1.7. Schematic diagram ofthe MAPK signalling pathways. The gener:
mitogenactivated protein kinase (MAPK) signalling cascade includes the activatic
MAPK kinase kinase (MAPKKK) which then activates a MAPK kinase (MAPKI
which activades the terminal MAPK. MAPK pathwayonsists of three main signalli
modules include the extracellaignal regulated kinases (ERK1/2), the stastivater
protein kinases p38, and the JUNt&tminal kinases (IJNK). In the MAPK/EF
pathway,the exposug to CPF and the binding of ACh to muscarinic and nicotinic
receptors activatethe snall GTP binding proteins Ras activates Raf, whialts & ¢
MAPKKK. This in turn, activates MK1/2, which acts as a MAPKKwhich finally
activates the terminal ERK1/22s MAPK.ERK1/2 are linked to cell development, wl
activationof p38 and JNKhasbeen linked to cell apoptosin thesignallingcascades
JNK and p38, each MAPKK can be activated by multiple MAPISKFOr instance
MEKS3/6 activaes p38 pathway, wheas MEKA47 activate the JNK pathway
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1.6 The use ofin vitro mammalian cell models br

assessment of CPF neurotoxicity

The high ethical and economitnpact together with complex and time
consuming process associated wittanimal experiments for neurological
purposs have prompted investigators to identfiyernative methods that could
be used forassessingpoth physiological and pathological processes. Heince,
vitro models provideinvaluable assetand a simplified tool for studying the
neurotoxicity of OP pesticides hothcellular and molecular leve(Silva et al.,
2006. The use ofn vitro cell culture models for neurotoxicity assessment has
some intrinsic limitations, such asminished metabolic capabilityack ofcell

to cell interation (e.g.between neurons and glial cells), and partial involvement
of pharmacokinetic factors, which may not accurately determine the effective
vivo levels (Rice and Barone, 200CFlaskos, 2012 However, theseculture
systemshave many important advantages that make them appropriate approach

in this project.

First, mammalian cell lines have the ability teproduce large numbeiof
homogenous cells by simple preparation. Second, they are easy to gmew, sto
and maintain for an extendeeriods of time (Radio and Mung, 2008 Flaskos,
2012. Additionally, they enable the testing of CPF and CPO at different
concentrations on neuronal and glial cedlsparatgl. Moreover, they also permit
the detection of cellularalterations as well as characterisation of molecular
changegduring a specific neurodevelopmental phase, such as neurite outgrowth.
Furthermore, the differentiatedheuronal cells that express the main
morphological features of neurites including axcand dendrites make it
possible to control the timing and onset of development and adjustgbarch
methodto the needs of the studBanker and Goslin, 1998This advantage has
madenumerousell lines suitable modgfor high throughput screening. Neural
stem cells derived from humans also prouide potentiabenefit of predicting

the neurotoxicity of CPFand CPO ina more physiologicallyrelevantcellular
system However, there is dack of published work to showhat stem cells

derived from humans a@bleto predict human developmental neurotoxiatyy
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betterthan cell lines derived from rodenfRadio and Mundy, 2008 The two
mammalian cell linesused in thisthesis toinvestigate the developmental
neurotoxcity of CPF and CPO are further described below.

1.6.1 Mouse N2a neuroblastoma cell line

The N2acell line has been widely used asnadel for the study of OBxicity

on neuronal differentiation and neurite outgrowitHenschler et al., 1992
Flaskos et al., 199&achana et al., 20p$achana et al., 20pSachana et al.,
2005 Hargreaves et al., 200&idiropoulou et al., 20094&laskos et al., 2011
Sachana et al., 20L4N2a cells were derived from the mouse C1300 tumor
(neuroblastom) and can differentiate into a neurelike morphology that
expreses AChE and many neomal markers, including adrenergic and
cholinergic markergKlebe and Ruddle, 1969In mitotic conditiors, N2a cells
grow as round neuroblastN2a cells are differentiated by removal of serum and
the addition ofdibutyryl cyclic 3', 5monogosphate (dbcAMP) in serum free
medium. Serum withdrawal results in ndividing differentiatng cells that
extend neurite with morphological characteristics of neurons, while dbcAMP
promotes N2aell differentiation by mimicking the action of cCAMnce N2a
cells aredifferentiated they undergo several morphological changes. The most
prominent change involves the formatiohaxonlike processes and dendrites,
which is accompanied by the incredgeerikaryon and nucleus sitelaffke and
Seeds, 1975 The neurites produced by N2a cells are rich in cytoskeletal
proteins such as NEd MTs(Schubert et al., 1969

One drawback othe N2a model is that axons and dendrites generated from this
cell line may not replicate some of the complex characteristics of neurites
observed in original primary neursfRadio and Mundy, 2008 However, the
ability of N2a cells to express NFs, MTs and AChE together with their
commercial availability makeshem an attractive model for screening CPF

neurotoxicity on neurite outgrowth in this study.
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1.6.2 Human neural stem cells (ReNcell CX)

ReNcell CX is hman neural progenitor cell line, whiokas isolated bythe
ReNeuron Group (Guildford, Surrey, UK)The cell line is available
commercially (Merck Millipore) andchas the ability for elf-renewal and to
produce a caulture of neurons and glial cell types including oligodendrocytes
and astrocytegSeaberg and van der Kooy, 200ReNcell CX cells were
derived from the cortical region af 14week gestatiorhuman foetalbrain
which has a normal male karyotypthis cell line has been immortalized by
retroviral transduction of theimyc oncogene to produce unlimited clonal human
neural stem cell{Donato et al., 20Q7Kornblum, 2007. ReNcell CX cell
morphology isthat oftypically round neurospheres tineir undifferentiated state
when grown in uncoated tissue culturbasks However, whencultured as a
monolayer on laminirtoated surfaceim the presence of growth factotbe cell

line maintains its normal diploid karyotype even after prolonged pagSagel

et al., 200J. After removingmitogent growth factors from theulture medium,
neural progenitor stem cells migrate from the neurosphetesatamminin coated
surface extracellular matrix (ECM) coating proteiand can bedifferentiatel

into a mixed populationof three maircell typesof the nervous systenncluding
neurons, oligodendrocytes and astrocykasnblum, 2007. These differentiated
cells areidentical to hose detecteth the human nervous system. In addition,
unlike the N2a cell line, the axons and dendrites elaborated from differentiated
neuronal stem cells have the same complexity of original neyBaisrice et

al.,, 2008 Radio and Mundy, 2008 Therefore, using the neural progeni
ReNcell CX cell line in the curremhesishasenable@ us to investigatéhe effects

of CPF and its metabolite on cell differentiation in a more human relevant

model.
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1.7 Aimsof the thesis

There is considerable evidence that CPF insecticide and its oxon form CPO can
inhibit the outgrowth of extensions and disrupt the levelsytdskeletal proteins

in differentiating neural cell lines. It,iqiowever,known that the toxicity may
depend on the developmental stage at which exposure occurs. The majority of
previousin vitro studies have involved the administration of OPs at tineesa
point of induction of cell dferentiation. However, little wa knovn about the
effects of OPs orells that have been committed to differentiation ahave
alreadyelaborated neuriteSuch a study was performed in the current work in
order to makenoriginal contributon to knowledge, as the toxic effects of these
OPs were tdoe examined at developmental poiotber than those reported in

previous work

Earlier studiesby research colleagaéiad shown that exposingifferentiating
mouse N2a neuroldtoma cellso asublethal concentration of CPihibited
the outgrowth of axonéSachana et al., 20R1By replicating the same culture

conditiors of the prevous studythe aims of this thesis were to:

1. Investigate the effectsf a neurite inhibitory concentration &PF and
CPO oncell viability, AChE and nette retractionin pre-differentiated
N2a cellsover a range of time points

2. Relate the effectsronaurite maintenancéo the levels of expression and
activities of cytoskeletaland associated regulatory proteins in -pre
differentiated N2a cellasingquantitativeWestern blotting

3. Evaluate the sensitivity of different parameters of newitgrowth (e.g.
average cell number, averageurite numberaverageand maximum
neurite length, mean processes and branchesgligand the underlying
effects on cytoskeletal proteindollowing exposure to range
concentrations of both GPy high content analysis antkll ELISA.

4. Apply the same high throughput approaches to ttesteffects of both
compound in a humanneural progenitostem cell model using human

ReNcell CX stem cells that form a-culture ofneuronaland glial cells.
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2 Materials and met hods

2.1 Materials

2.1.1 Reagents

All reagents used in the laboratory were of the highest grade and purchased from
SigmaAldrich Chemical Company, Poole, UK, unless otherwise specifieey

are listed in tables 2.1 and?22.

Table 2.1. List of cell culture reagents

Reagents Code Supplier
Dul beccods bMediunf(DMEW) witra g |
_ BE12-614F
4.5¢g/L glucose and 2mM-glutamine
Lonza, UK
Penicillin/streptomycin
. _ _ _ DE17-603E
(Penicillin 5000 wits/ml, Streptomygin 5,000 wits/ml)
Fodal bovine serum (FBS) South American origin FB-1001 Biosera
3-(4,5dimethylthiazoi2-yl)-2,5 diphenyltetrazolium
( . y y) pheny M2128
bromide (MTT)
N 2-O-Dibutyryladenosine 3',&yclic monophosphate
Y Y PROSP D0627

sodium salt (dbcAMP)

Dimethylsulploxide (DMSO) sterilefiltered hybridoma _ _
D2650 SigmaAldrich

tested

Trypan blue solutio®.4% (w/v) T8154

Laminin from EngelbretiHolm-Swarm murine sarcomi

L2020
basement membrane
L-glutamine
Gibco, Life
Technologies
StemPr8 Accutasé cell dissociation reagent A11105-01 USA
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StemPr& Neural supplement A1050801
KnockOut E -RKEM/ F 12660012
Neurobasdl -A medium, no Lglutamine, L-glutamic
. : . 10888022
acid or aspartic acid
Recombinant human EGF (10 pg) 1380077C
Recombinant human FGFb (10 ug) 1424760B
Table 2.2. List of other reagents and materials.
Reagents Code Supplier
Fisher
3MM chromatography paper CJF240090 Scientific
3,3',5,5Tetramethylbenzidine (TMB) T0440
3-(4,5dimethylthiazoi2-yl)-2,5 diphenyltetrazolium
bromide (MTT) M2128
SigmaAldrich
5, 5 Dithiobis 2nitrobenzoic acid (DNB) D8130
5-Carboxy fluorescein diacetatedliccinimidyl ester 87444
(CFSE)fluorescentell stainingdye
AccuGel 29:1 acrylamide
(40% (w/v) acrylamide/bisacrylamide 29:1 EC852 Geneflow
Acetone 121403/0031 Fisher
Scientific
Acetylthiocholine iodide (ATCh) A5751 SigmaAldrich
Amer sham Pr ot size nitrofelluse & n 10600001 Gener_al
membrane Electric
Ammonium persulphate (APS) A3678
SigmaAldrich
Bicinchoninic acid (BCA) 23223
Blueye prestained protein ladder
(Approx. 0.20.4 mg/ml of proteins in buffe2Q mM , .
Tris-phosphate pH 7,52% wiv SDS, 0.2 mM PM0070500 | GeneDirex
dithiothreitol, 3.6 M urea and ¥ (v/v) glycerol)
Bovine serum lumin (BSA) A1302 Melford
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Bromophenol blue 18030 Fluka
Copper (Il) phthalocyanine C2284 SigmaAldrich
Dimethylsulploxide (DMSO) CHE1854 oonet
Enhanced chemiluminescence reagent (ECL) ME157124 STC?S;E?C
Ethanol 101076H Fisher
Scientific

Glacial acetic acid 200.5807
Glycerol 10% (viv) 15892001C ﬁr‘;gﬁfs
Hydrochloric acid H1000PB17 S;‘:Sﬁgc
Hydrogen peroxide (kD.) H1009

SigmaAldrich
lodoacetamide 1149
Methanol M400/17 ooner
b-Mercaptoethanol M3148

SigmaAldrich
Mineral oil EC2324558
N,N,N,N-tetramethylethylene diamine (TEMED) EC503 dl?laeglr?c?;:c
Paraformaldehyde 4% (w/v) HT501128

SigmaAldrich
p-Nitrophenyl phosphate liquid substrate system SLBC2208V
Protogef resolving buffer (4x) EC892
(2.5 M TrisHCI buffer pH 8.8, 0.4% (w/v) SDS) Geneflow
Protogef stacking buffer (4x) EC893
(0.5 M Tris-HCI buffer pH 6.8, 1% (w/v) SDS)
Sodiumacetate S2889 SigmaAldrich
Sodium azide S2002 SEiI:rr:t(iefric
Sodium chloride B22297 SigmaAldrich
Sodium dodecyl sulphate (SDS) 18299 Melford
Sodium hydroxide (NaOH) 1823 SigmaAldrich
Sodium phosphate dibasic 94046 Fisher

Scientifi

Sodium phospate monobasic 71505 clentiic
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Sulphuric acid (HSOy) 339741
Tris (hydroxymethyl) aminomethane C22561
Triton X-100 T8787 SigmaAldrich
Tween 20 P1379
Urea u6504

. . . Vector
LectaSniel mouning Teu o XS Tee | baaoo | Laboretons

2.1.2 Cell culture plastic-ware

All sterile cell culture plastic ware wersupplied by Scientific Laboratory
Supplies (Nottingham, UK).Cryotube vials (Nunc brand productsyere
purchased fronMerck Ltd. Leicester, UKDisposableHaemocytometer {hip
slides were supplied byabtech International Ltd, UKEightwell 15 eslides for
live cell analysigIbiTreaf), werepurchasedrom Thistle Scientific, UK Ninety
six-well plates (NUNC-immuno platg, were purchased fromihermo Scietific,
UK.

2.1.3 Test compounds

Chlorpyrifos and chlorpyrifos oxon (purity 97.6%) from Chem Service Inc.
(West Chester, PA, USA), were supplied by Greyhound Chromatography
(Birkenhead, UK).

2.1.4 Cell lines

2.1.4.1 Mouse N2aneuroblastoma cells

Neuro 2A (N2a) is a neuroblasna line derived from mouse neural créé®a is
a wellestablished cell line and has widely been used to snglyonal
differentiation, axonal outgrowth and cell signalling pathwé@strea et al.,

2002. It also has the ability to differentiate into neurons within a few days. It
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was purchased from American Type Culture Collection (ATGGroduct no.
CCL-131E, Middlesex, UK).

2.1.4.2 Human ReNcell CX

ReNcell CX luman neural progenitor celirle was derived from cortical brain
tissue of a 14veek gestatintpumanfoetusfollowing normal terminations and in
accordance with nationally UK approved ethical and legal guidelines. It was
purchased from Merck Millipore (MILLIPRE® - calogueno. SCCO07UK).

2.2 Methods

2.2.1 Mouse N2a neuroblastoma cells

2.2.1.1 N2acell maintenance

Mouse NZ2a cells were grown and maintained as a monolayddM&EM
containing4.5g/L glucose and ?hM L-glutamine,and supplemented with 10%
(v/v) FBS penicillin (100 units/ml) andtreptomycin (100 unitsl). Cells were
incubated at 37°C in a humidified atmosphere of 95%béir CG.

Cells were passaged or sabitured when growth reached-80% confluence
(i.e. every 35 days). On reaching 80% confluence, tledl cultures were either
used to seed monolayers on cell culture plates for assays, T75 flasks for Western

blot analysis or passaged to maintain the cell line.

2.2.1.2 N2a cellrestoration from liquid nitrogen storage

When it wasneeded to perform experimepa vial of frozen cells was removed
from liquid nitrogen storage and thawed quickly by incubation in °€ 3vater
bath for 2 min. The ostde of the vialvas sterilisd with 70%(v/v) ethanol The
contents werdaliluted with 1 ml of pre warmedreshgrowth mediumand then
rapidly transferred into a Sterlin tube containing 9 mlpo¢ warmed fresh

growth mediumThe Sterlintube was then centrifuged at 300 g for 5 min and the
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supernatant was decanted to remaany residual cryopreservation medium
(DMEM containng 5% (v/v) DMSO as a@ryopreservatioragenj. The resultant

cell pellet was resuspended in 1 ml of pre warmed growth medium and mixed
gently by slow pipetting up and down befdyeingtransferred into a T25 flask
containing 10 ml of fresh growth mediuells were allowed to recovésr 24 h

at 37C in a humilified atmosphere of 95% aifle CQ,, after which the medium
was changed. They were then culturedtil the growth reached 0680%
confluence. Upomeaching 80%onfluence cells were passaged and trfansed

into T75 flasls and cultured until ready fexperimental use.

2.2.1.3 N2a cell culture

To passage the cell cultures, half of the growth medium was carefully poured off
the flask into a waste beaker without disturbing the attached cell monolayer.
Cells wee mechanically removed from the flask surface usirsgerile Pasteur
pipette to detach the cells by aspirating growth medameh squirting it out on

the monolayer surface of the cell culture flask. Cell suspensiowere then
transferred into Stdin tubes and harvested by centrifugation at 300 g at room
temperature for 5 min. The supernatant was carefully discarded and the resultant
pellet was resuspended in 1 ml of growth medium by passing the cell suspension
several times through a 10Q0 Gilson pipete to break up the pellet. Using a
Pasteur pipette, three to four drops of cell suspension were placed in a T75 flask
containing 40 ml of fresh growth mediumm the case ot 25 flasks, one towo

drops were transferred in 10 ml of growth medium. Cells wengbated at 37°C

in a humidified atmosphere of 95% air/5% £&hd keptuntil the monolayer
becane 80% confluent. Only cells that had not yet reached passage number 20
were used in differentiation experiments because later passages e¥e mo

susceptible tgenetic drift.
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2.2.2 Human neural ReNcell CXstem celé

2.2.2.1 Preparation of coated cell culture ware

All tissue culture flasks, plates or other plastic ware that were used to culture
ReNcell CXcells were coated with laminin for 24 h before the day that cells
neeckdto beseededLaminin is an ECM protein, which suppastand enhance
neural progenitor stem cefldhesion proliferation, differentiation and neurite
elongation (Flanagan et al.,, 2006 For coating, 1mg/ml lamininfrom
EngelbrethiHolm-Swarm murine sarcoma basement memb({&igmd Aldrich)

was thawedat room temperature before udeaminin was diluted o 20 € g/ ml
final concentrationin Neurobas& medium (Giboo) that contaied no L-
glutamine, Lglutamic acid, or aspartic acid. Laminin solution was added to
cover the surface dhe required tissue culture vess&lfive ml volume of this
solution was used to coat a Tit&sk and 2 ml volume for a T25 flask. Ceait
flasks were incubatedt 37°C in a 5% CQ incubator for at least 4 h if these
flasks were going to be used on the same day that cellech¢ede passaged;
otherwise coatedflasks were stored at 4°for 24 h oruntil needed. Just before
using a coatedlask for culturing ReNcell CXcells the laminin solution was

aspirated anflasksrinsed once with sterile PBS.

2.2.2.2 Preparation of ReNcell CX maintenance medium

ReNcel |l CX cell s wer e DMEMI nuttieatimixterd F i n  Kn
12 (DMEM/F12) low osmodlity medium without HEPES buffer. The medium

(500 ml) was supplemented with recombinant humardenal growth factor

(EGF) (20 ngml; Gibco), basic fibroblast growth factor (FGF®O0( ng/ml;

Gibco), StemPrd neurd supplement 2% by volume Gibco), L-glutamine (0.5

mM), penicillin (100 units/ml) andtreptomycin (100 unitsl).

2.2.2.3 ReNcell CX cellrestoration from liquid nitrogen storage

Cells were thawed from the liquid nitreg when a coated laminin flask sva
ready to be used. A vial of ReNcell CX cells sveemoved from the liquid

nitrogen storage and incubated in &@@#vater bath for 1 or 2 min until it
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completely thawed. Theutside of the vialwas wiged with 70% ethanol to
sterilise and the cells were transferred into a Htetube usinga 2 ml sterie
pipette. After the cells hadeen transferred into the tube, 9 ml of maintenance
medium (pre warmed to 32) wereimmediatelyaddeddrop by drop to avoid
osmotic shok that may result in decreasedll viability. The cell suspension
was gently mixed bylsw pipetting up and dowwmith 1000 [ Gilson pipette

and centrifuged at 300 g for 5 min. Following centrifugation, the supernatant was
decanted completely to rem® any residual cryopreservation medium
(Kn o ¢ k ODMER/F-12 medium containing 5% (v/v) DMSO) and the
resultant pellet was resuspended in 1 ml of pre warmed maintenance medium.
The cell suspension was then plated onto a laminin coated T75 flask containing
10 ml of fresh maintenance medium. Cells were allowed to redov@4 hin a
humidified amosphere of 95% air¥ CQO, until the cells wee approximately

80% confluentand the mediumvas changed every 48 bponreaching 80%

confluence, cells were passaged or cryopresedorddter use.

2.2.2.4 Culturing of ReNcell CX cells

ReNcell CX cells were passed) or subcultured by carefully removing the
maintenance medium from the coated flask and rinsing the detached monolayers
with prewarmed PBS. After that, theBS was aspirated and2Lml of eccutase
(Gibco) wereapplied according to the size of flask il for T25 and 2 ml for

T75 flasks) to dissociate the cells. Accutase was pre warmed at room
temperature before use. Flasks were then immediately incubated fori@ anin
37°C incubator and the flask wagently tappedas cell detachment was
monitored using a microscope. Without removing the accutase, fresh
Kn o c k MMENEF-12 maintenance medium was addedhia proportion of

twice the volume of accutase to stop aigtivity, andthe cell suspension was
transferred into a Stédin tube and centrifuged for 5 miat 300 x g at room
temperature. The resultant pellet was resuspended in 1 ml of maintenance
medium by pipettingientlyback and forth to break up the pellet. Using a Pasteur
pipette, three to four drops of cell suspension were placed in a laminin coated
T25flask containing 5 ml of maintenance medium. Cells were incubated at 37°C

in a humidified atmosphere of 95% air/5% £Md monitored untiheyreacled
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70-80% confluenceFor all experiments conducted in this study, ReNcell CX
cells lower tharpassagd5 were used to redutiee possibility of changing cell

features.

2.2.3 Seeding and counting of cells for experiments

To seed the cellgell monolayes were grom to reach 680% confluencethen
detached and harvested by centrifugation @ @ for 5 minas dscribed in
sectiors 2.2.1.3and 2.2.2.4. Cell pellets wereesuspended in 1 ml of growth
medium. Cell dilutiors were then prepared and cells were counted either
manually using a d@mocytometer, oautomaticallyusing an automated cell

counter.

2.2.3.1 Manual cell counting

Cell counting usinga haemocytometer was firstly developed for the quantitation

of blood cells but then became a common and effective tool for counting a
variety of other cell types. However, it can be a time consuming operation and

may resultm poor counting due to low sample concentration or device misuse.

Manual cell counting was uséitially for N2a cells onlyTo seed the cedland

count thenmanually, a 1 in 20 dilution of N2a cell suspension was prepared by

mi xing 10 ¢l eosi dBawcehl 190sp] of fres
Eppendorf tubeA volume ofL 0 ¢ | of cel | intbithe ahbmbern wa s
of adisposable aemocytometefLabtech International Ltd, UK()0.1 mm depth

under the coverslip) wherlls infive squares (far cornes and one centre) of 1

mnt each wee counted at 100x magnificatioBince each square is 1x1 mm and

the depth is 0.1 mm, the volume correction factor for the haemocytometér is 10

The average celhumber per ml ws calculated according tive folowing
calculations:

Cells/ml = average count per square x dilution factor’ 10

Total cells = cells/mk total original volume of cellisspension from whicthe

sample was taken
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N2a ells were then seeded in new flasks/plates to yield a cell den$ty,@30
cells/ml medium and allowed to recovezfore treatmentfor 24 h at 37C in a
humidified atmosphere of 95% ai? CO,(Table 23).

2.2.3.2 Automated cell counting

Over recentyears,automated cell countinbas become the robust alternative
process tamanualhaemocytometer cell counting as it can provide a total cell
count in a fraction othe time. In addition to the rapid performan@tomated

cell countingproduces an accurate, reproducible result and assesses cell viability
in a single stepA TC20 automated cell counter (Bia®& USA) was used in this
study. The device utilisedlrealy preparedlC20 Trypan bluedye, whichwas
composed of 0.4% Trypan blge/v) in 0.81%(w/v) sodium chloride and 0.06%
(w/v) potassium phosphate dibasic solutidmypan blue is a vital stain that
differentiates between live and dead cells. The principfethis dye is based on
the blue acid dye chromophores which react aretaken up by the internal
region of dead (@n-viable) cells through a damaged membrane, whereas live

(viable) cells do not take upis dye

For t hi s |susbénsion iveraodfd ecde |t Drypdn blael soluidn in a

test tube. The tube was thoroughly mixed by pipetting and left to stand for 4 min
to allow for cells tobe expose to the stain. A volume of1 0 ¢ | of this
was then loaded by pipette tip into a chamberhef ¢ounting slide. The slide

was inserted into the slide slot of the TC20 cell counter and cell counting was
automatically initiated as soon as the cell counter datebe presence of the
slide and Trypan blue dye. Whemypan blue was detected in a sampthe

result was adjusted to account fbe 1 to 1 cell dilution. For example, a 1 x®10
cells/ml mixed 1 to 1 with fiypan blue was at a concentration of 5 X dlis/m.

The TC20 takes the diion into account and multiplie®sults by 2. The result

was reported on thenonitor as the estimated concentration of the undiluted
sample: 1 x 10cells/ml. The percentage of live cedllso appearsn the count
screen. Once the cell counter completed the cell count, the slide was removed

from the slide slotrad screemeturnedto home mode ready for another slide.
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Cell counts per ml werased to determine the volume necessary to seed tise cell
at a required cell density in growth medium. Cell density of 50,000 cells/ml was
used to plate out mouse N2a cellsl 00,000 cells/ml was used for ReNcell CX
cells (Table2.3). Flasks were then incubated af@7n a humidified atmosphere

of 95% air/3% CQO; for 24 h to allow for celfecovery.

Table 2.3. Loading cell dengty for experiments with N2a and ReNcell CXcells

N2a ReNcell CX
Type of cell : i
Loading Total cells Loading Total cells
culture ware
volume number volume number
T75 flask 40 ml/flask 2,000,000 10 ml/flask 1,000,000
T25 flask 10 ml/flask 500,000 5 mlfflask 500,000
8 well slide 300 pliwell 15,000 200 pl/well 20,000
24 well plate 500 pliwell 25,000 300 pliwell 30,000
96 well plate 200 pl/well 10,000 200 pl/well 20,000

2.2.4 Induction of cell differentiation

Prior to the induction of N2a or ReNcell Ceell differentiation, mitotic cell
monolayers were detached at8@% confluence and harvested by centrifugation
as previously described in sectiorR.2.1.3and 2.2.2.4 Cell pellets were
resuspended in 1 ml of DMEM (N2a) & n o ¢ k ORMEM/F-12 medium
(ReNcell CX) and cell density was plated out 20,000 cell/ml for N2a or
100000 cells/ml for ReNcell CX according to the required size of flask. Each
cell type was maintained at ®7in a humidified atmospheraf 95% air/5% CQ

for 24 h to allow for cell recovgr The growth medium was then carefully
removed by aspiration from the edge of the culiveee to avoid disturbing the
attached cells. ReNcell CX differentiation was initiated tgplacing the
maintenance culture medium with mitogen free medium. The Ralrnbdgrowth
factors EGF and FGFb from theaintenance culture medium indudesNcell
CX cells differentiate by stopping cell proliferatiad2a cell differentiation was
induced byreplacing growth medium witlserum free medium (i.e. growth

medium minus FB) containing 0.3 mM dibutyryl cyclic adenosine
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monophosphatédbcAMP). The addition of dbcAMP to serum free medium
induces N2a cell differentiation bgecreasingcell division andincreasing
intracellular cAMP, which stimulate thedevelopment ofaxonrlike neurites
(Prashad and Rosenberg, 1978

For this, dbcAMP was dissolved Bsterilefiltered serum free medium from a

stock soltion 30 mM. The final concentration of 0.3 mM dbcAMP was given by
adding 100 ¢l of stock soluti elldnes o 10
wereinduced to differentiatat 37C in an atmosphere &% CQ,, 95% air for

20 h before being treated with without the test OP compounds.

2.2.5 Exposure of cells to organophosphate compounds

CPF and CPO were prepared as-&6818 concentrated stock solutions@MSO

and added to the serum free medium immediately before use. Controls cells were
treated with serum ée medium containinghe same concentration of DMSO
0.5% (v/v). Both compounds were dissolved in DMSO as it provides rapid and

complete absorption.

Following induction of N2a cell differentiation, serum free medium was
removed and replaced with an equallwne of fresh serum free medium
containing 0.3 mM dbcAMP and various concentraiohOP compounds (1, 3

and 10 &M final concentrati ornhe pame Cont r
amount of serum free medium containing 0.3 mM dbcAMP and an appropriate
volume of DMSO (final concentration 0.5% v/v). Cells were returned to the CO
incubator and expodeto the toxins fora further 2, 4 or8 h, dter which cell

pellets or lysates were prepared according to the required assay.

Similarly, ReNcell CX cells werénduced to differentiate by withdrawing the
growth factors EGF and FGFb from the maintenance medium and again various
concentrations of test OP compounds were added to the medium just prior to its
addition to the cells. Plates were then incubated &€ 3icubator for the

required exposure time.
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The 3 M final ©B acormpeunds wastchostar initafwork o t h
on tre basis that it was a swlytotoxic axon outgrowth inhibitory level towards
differentiating N2a cells, as determined by a previgusup study(Sachana et

al., 200).

2.2.6 Cryopreservation of cell lines

In order to store and preserve the cells for loeign use, cells were stored in
liquid nitrogencryovesseluntil needed. Briefly, the contents of a T25 flask of
confluent cells were detached, harvested and resuspended in 1 ml of freezing
medium (DMEM for N2a or knockout DMEM/E2 medium for ReNcell CX,
supplemented witb% (v/v) DMSQ. This cellsuspension was placed intoml

cryo vials andlagged intissue paper beforeeing incubated overnight e80°C

for aminimum of 8 h The cryo vials were then transferred oliquid nitrogen

container {196°C) and stored until needed.

The two step fredng methods carried outinstead of immersing the warm cell
sample directly into liquid nitrogeto reduce the effects dbrming agaseous
nitrogen layer (Leidenfrostffectg, which limits heat transfe{Gottfried et al.,
1966.

2.2.7 Cell viability assessment

Measurement of cell viabilitis considered the cornerstone foetmostin vitro

studies of cellularesponse to toxic agentThe effects of CPF and CPO on the
viability of N2a cells were determined by the MTT-(@5-dimethylthiazoi2-

yl)-2,5 diphenyltetrazolium bromide) reduction assay, which was first described
by Mosmann (1983). MT is a colorimetric assay based on the ability of cellular
dehydrogenase enzymes (mainly succinate dehydrogenase) from viable cells to
cleave the tetrazolium rings of the pale yellow MTT and form purple formazan
crystals These crystalare largely impermable to the cell membrane resulting

in their accumulation within healthy cells. Solubilisation of the crystals by the
addition of DMSO results in their liberation, which can be detected using a

spectrophotometer. The ability of the s¢th reduce MTT promes an indication
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of metabolic activity, as the quantified level of the formazan product is directly
proportional to the number of surviving cells. This in turn may be interpreted as
a measure of deviability.

The MTT approach is safe, sensitive, edsyperform and provide rapid
measurement. Moreover, its reagent yields stable colour and low background
absorbance value in the absence of cells. Additionally, there is a linear
relationship between MTT absorbance and cell number, which allow for an
accuate quantification of changes in cell growth. Therefore, it is widely
accepted among toxicity studies and considesed &eliable tool to determine

cell viability (Mosmann, 1988

2.2.7.1 Preparation of buffers and reagents

2.2.7.1.1 Phosphate buffered saline (PB$

The buffer was gepared in a total volume of 1dontainingl37 mM NacCl, 2.7
mM KCI, 8.1 mM NaHPQ,, 2 mM KH,PO, at pH 7.4.

2.2.7.1.2 (3-(4,5dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide)

MTT

Thiswas prepared by dissolviigmg of MTT perml of PBS Aliquots (1 ml)

were stored frozen a20°C until required.

2.2.7.2 Assay protocol

Cells were plated out @herequired densityn Corning 24 well plateand grown

for 24 h in growth medium prior to the induction of cell differentiation
Differentiating cells were treated without or with different concentrations of CPF
or CPO (1, 3, 1@ Mjor 2, 4 or 8 has described in sectis@.2.1.3,2.2.3, 2.24

and 2.2.5 Thirty minutes prior to the end of tlexperimental incubation time
volumeo f 50 was adiied I each well and cellereincubatedat 37C.

After 30 min, ®rum free medim was t hen aspirated from
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of DMSO were addedo each well Treatment of the cell monolayers with
DMSO results in the liberation of blue, waiasoluble formazan crystals. The
plate was then agitated to dissolve this product completehA t ot al of
each of the resulting solutions was transferred into avélb plate and the
absorbance was read at a wavelength of 570using a microplate reader
(ASYS Expert 96, Biochrom, UK The absorbance then expressed as a
percentage d¥ITT reductionfor the corresponding control.

2.2.8 Measurement of N2a cell differentiation

Differentiation of N2a cells was assessed using thearboxyfluorescein
diacetate Nsuccinimidyl ester{CFSE) fluorescentcell staining dye. The cell
labelling marker has been used anwide variety of different experimental
applications such asmonitoring lymphocytes and bacterial proliferation, cell
migration awl tracking fibroblast divisioiiHoefel et al., 2003.i et al., 2003. In
this study, CFSE labelling was usedaagsew research tool for the detection of

the neurotoxic effects of CPF and CPO on N2a cell differentiation.

Visualisation of cells with fluorescent esterase substrate provides an alternative
to Coomassie BrillianBlue (CBB) staining, whichhas long beemtilised in
determination of cell differentiatiofFlaskos et al., 1998-laskos et al., 1999
Sachana et al., 200%achana et al., 200Sachana et al., 200BHargreaves et al.,
2006 Flaskos et al., 2007 The nonfluorescent molecules of treiccinimidyl
esterpass into viable cellshrough cell membranes armcomeconverted by
intracellular non-specific esterases into fluorescent products. This fluorescein
derived from CFSE covalently binds to cellular components and retained inside
the cells for several week€nce the cells were labelled with this dye,
differentiated cells were monitored rfothe presence of neuritegssing
epifluorescence or confocal microscopiot only isCFSEhighly specific, sthle

and more sensitive than CBR, can also provide a useful marker for visual
identification of both fixed and living cell§Garton and Schoenwolf, 1996
Furthermore, CFSE dye can be used for botkitro andin vivo experiments

(Lyons, 1999. The only drawback of CFSE is that it can be toxic to cells at high
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concentration. However, this problem can be eliminated by determining the
optimum loading time ancconcentration of the dye, which does not affect the
normal furctions of cells and yiekla good fluoresent stain(Parish, 1993

2.2.8.1 Preparation of reagents

2.2.8.1.1 5-carboxyfluorescein diacetate Nsuccinimidyl ester CFSE)

This was preparedtly dissolving ® mM CFSE stock into 0.5%v/v) DMSO to

give a total volume of 1 ml

2.2.8.2 Determination of optimum concentration of CFSE

Working stock concentrations of CFSE were prepare@l 586 (v/v) DMSO (20
mM, 2 mM, 0.2 mM, 0.02 mM and 0.002 mMAfter N2a cells were harvested
and resuspended in 1ml of growth medithey were loaded ira Corning 24
well plate.The date wasincubated at 3TC for 24 h and induced to differentiate
for 20 h as previously describeth section 2.2.4 The different stock
concetrationsof CFSEin 0.5% (v/v) DMSO were applied directly to each well
at 1 to 200 dilutior(5¢ | / tmgive final concentrations of (100 uM, 10 uM, 1
UM, 100 nM, 10 nM)and reincubated for 10 mimt 37 C. Medium including
the dye waghenremoved andhe cell monolayer rinsed with fresh pre warmed
serum free mediumlo check the health status differentiated cells following
exposure to the dyea MTT reduction assay wa performed The optimal
concentration of CFSE was chosen on the basis that this level was not considered
to be cytotoxic towards differentiated cells, as determined by edlicion

assay(see section 2.2.7)

2.2.8.3 Staining of cells with CFSE dye

N2a cells were seeded into asw8ll cell culture slide at an original density of

50,000 cells/ml and induced to differentiate for 20 h as indicated in sections
2.2.1.3, 2.2.3 and 2.2.4. Thesere then incubated for 10 min with the optimum
concentration of CFSE dye (10 gM) in o

il ncubated for 2, 4 or 8 h in the prese
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CPO at 37°C. After the required length of toxin exposoedls were fixed for 15

min at room temperature in pre warmed 4% (w/v) paraformaldehyde followed by
three 10min washes in PBS. Cells were then mounted under glass cover slips
using VectaShield mounting medium for fluorescence and viewed using an
Olympus DP71 epifluorescence microscofeFSE was excited with 488 nm
fluorescein isothiocyanate (FITC)skrline and emitted in greerFrom each
well, five random fields were selected giving a total cell count of-ZID
cells/well. In each well, the total nurer of axorlike processes, whiclare
defined as extensions greater than two cell body diametelength with an
extension foo(Keilbaugh et al., 1991 were recorded and the mean number of

axonlike processes per 100 cells was calculdfdaskos et al., 1998

2.2.9 Acetylcholinesterase activity &say

Measurement oAChE activity is routinely evaluated in cultured cell lines that
areused to model the mechanisms associated with OP neurotoxigityvitro
studies(Flaskos et al., 1994 Inhibition of the enzymatic activity of AChE by
OPs is one of the proposed medbars underlying the effects on neurite
outgrowth. The screening assay is extremely sensitive and suitable for the
detection of the enzymatic activity of AChE arsmall numberof cells (Ellman

et al., 196). The activity of AChE enzyme in cells exposed to OP compounds
was measured in a spectrophotometric assay developed by Ellman and
colleaguesn (1961). The method based on the production of thiocholine by
the action of AChEbn acetylthiocholinewhich forms a yellow coloed product

wi t h-ditBigbiS(2nitrobenzoic acidYDTNB). This colour intensitycan be

measured at 412 nm and it is proportional to the mezgctivity in the sample.

Acetylthiocholine AChE thiocholine + acetic acid

Thiocholine +0O’NB yellow product
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2.2.9.1 Preparation of reagents

2.2.9.1.1 Acetylthiocholine iodide (ATCh)

Thesubstratevas prepared in a total volume of 20 contaning 1.25nM ATCh
and200mMsodiumphosphate buffeat pH 7.4 and kept on iaetil required

2.2.9.1.2 5,5dithiobis (2-nitrobenzoic acid) (DTNB)

This reagenwasfreshlyprepared in a total volume of 20 ml containih@5 mM
DNTB and200mM sadium phosphate budf at pH 7.4 and kept on icatil

required

2.2.9.1.3 Sodium phosphate buffer

The buffer was prepared in a total volume of 200 ml contaid@dtgmM sodium

phosphaterfionobasifand200 mM sodium phosphatdibasiq at pH7.4.

2.2.9.2 Assay protocol

Cells were plated ouat the required density inf75 or T25 culture flaskand

culturedfor 24 h prior to the induction of cell differentiation. Differentiating
cells were treated with different conc
the required length of timas desdbed in sections 2.2.1.3, 2.2.3, 2.2.4 and 2.2.5.
Harvested ells were then, resuspended in 1 ml of ice cold PBS at 42%C an
transferred into a micro centrifugabe. Cells were microentrifuged atL0,000

g for 3 min to remove traces ofilture mediumPBSwasthencarefullyremowed

from themicro centrifugetube and cell pellets were resuspended in 1 ml of ice

cold 200 mM sodium phosphate buffer (pH 7.4) contairirtfo (v/v) Triton

X100 at 4°C.

A vol ume of cell date wak transferred m@96-well plate in 4
replicates. T1H enixture cbritaning&TCh sulfstrate andhe
colour indicatorDTNB were added to each well. The activity of AChE in N2a

cells was determined iraeh sample. Absorbaneeas immediately measured at
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412nm and recorded at 1 minute intervals faotal of 10 min at 25°C using a
microplate reader (ASYS Expert 96, Biochrom, UKphe absorbance in blank
wells (with the assay buffer only) was used asm@troh and subtracted from the
values for those wells with th&ChE reactions.As the absorbance background
was increasing with time, the absorbance intensity value of the blankwaslls
suliracted for each data point.

The amount of wtein was determirk in the remaining cell extract by the
bicinchoninic acid (BCA) assay as described in section 2.2BHA protein
standards were prepared in a range & thg/ml in the sameassaybuffer
(sodium phosphate buffegsthatused to lysehe cell pelletsTablke 25). AChE
data were plotted as absorbance at dit?vs. time in minutes. Specific activity
of AChE (Absorbance change/min/mg protews expressed aspercentage of

the corresponding contrafalue+ SEM.

2.2.10Phosphatase assay

The activity of alkaline posphatase (ALP) was detected usiagagNitrophenyl
Phosphate (pNPP) liquid substrate systergr(fa). The assay principle utdis
pNPP that turns into a yellowolouredproduct (maximal absorbance at 405 nm)
when hydrolysed by ALP. The rate oblour chageis directly proportional to

the enzyme activity.

p-nitrophenyl phosphate (pNPPphosphatase p -nitrophenol + phosphate
—_—>
N2a cells were seeded and induced to differentiate in the presence and absence
of OPs in T75 culture flasks for 2, 4 or &b described in sections 2.2.1.3, 2.2.3
and 2.2.4. Cells were harvested by centrifugation, resuspended in 1-coldce
PBS (pH 7.4) and transferred intoicro centrifugetubes. All tubes were then
centrifuged atl0,000 g for 3 min. The PBS was then reradvand cell pellets
were keptoniceandesuspended in 300 ¢l of i ce
(v/v) Triton X100. Cell pellets were broketown by pipetting and 56 | of each

lysate were transferred into a-@&ll microtitre plate in 4 replicatesThe
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reaction was st ar t e ddsubktete systeinOvere ddded f p N
into each well. The absorbance was then recorded at regular intervals for 30 min

at 405 nmat 25°C using a microtitre plate reader (ASYS Expert 96, Biochrom,

UK) . Protein was estimated iBCAdssap r et a
and specific activity(Absorbance change/min/mg proteips expressed as
percentagef the corresponding contredluetx SEM.

2.2.11Protein determination assay

Total amount of protein in samples was determined usangnodified
bicinchoninic acid(BCA) protein assay kit from Sigraaldrich. The assay is
similar to the method of Lowry with minor modificatioflsowry et al., 1953,
using bovine serum albumin (BSA) as standartie principle othe BCA assay
relies on the formation of a Gl-protein @mplex under alkaline conditisn
followed by reduction of the Gtiions from cupric sulpdte to Ciiby the peptide
bords in a protein. The molecules of BCA then bind witH @©uming a purple
blue product, which can be measured at Br® by spectrophotometrylhe

absorbancés proportional to thamount ofprotein present in the sample.

Using a BQA\ assay kit from Sigmaldrich, the BCA working reagent was
prepared by mixig 50 parts of BCA reagent A¥d (w/v) bicinchoninic acid
sodium salt, 2% (w/v)alium carbonate, 0.16% (w/v) sodium tate and 0.9%
(w/v) sodium bicarbonate in ONI sodium hydroxide at pH 13) with 1 part of
reagent B (% (w/v) copper(ll) sulphate pentahydrate)A light green solution
wasobtained The amount of reagenteeded was dependesm the number of

used wells as indicated {iiable2.4).

Table 2.4. BCA working reagent preparation.

Number of wells to be used in| Amount of reagent A | Amount of reagent B
a 96well plate assay (ml) (el)
40 8 160
80 16 320
96 19 380
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To produce a standard cungerial dilutions of BCA standards ranging from O to

2 mg/mlwere preparedrom a2 mg/ml BSA stock solution ithe same buffer

that was used n preparing the cell lysateThe serial dilutions of BCAvere

prepared in2 ml micro centrifugetube as indicated in Tab5, and vortex
mixed. The assay was performed in a®8ll plate where2 5
mi X e d enwvandirfitub&tedl 0

protein

sampl e

wer e

e | of

stand
e |

for 30 minat 37°C in an LEEC incubator (LSC 2933). Absorbance was then read

at 570 nm and proteinoncentration of each sampleas determinedrom the

average of triplicates using the linear correlation obtained from the BSA standard

curve.

Table 2.5. Preparation of BSA protein standards for protein determination.

Volume of 2 mg/ml | Volume of assay buffer| Final concentration of
BSA (¢l (el) BSA (mg/ml)
0 1000 0
200 800 0.4
400 600 0.8
600 400 1.2
800 200 1.6
1000 0 2

2.2.120ne dimensioral polyacrylamide gel electrophoresis (SDS

PAGE) and Western blotting

2.2.12.1Preparation of buffers and reagents

2.2.12.1.1x4 Laemmli sample buffer

The buffer was prepared in a total volume of 10.2 ml contadh@®g (v/v)
glycerol, &b (w/v) SDS,20% (v/v) b-mercaptoethanol, 0.04 (w/v)

Bromophenol blue and 0.1 M Tris HCI, at pH 6.8.
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2.2.12.1.210% (w/v) Ammonium persulphate (APS)

Thiswas prepared by dissolving 5 mgAPSi nt o of%ll0.¢ |

2.2.12.1.3Running buffer

The buffer was preparad a total volume of 1 Icontaining25.6 mM Tis-base,
192 mM glycine and 0% (w/v) SDS at pH 8.3.

2.2.12.1 4Transfer buffer

The huffer was prepared in a total wwhe of 1 Lcontainingd8 mM Trisbase,
39 mM glycine, 0.03% (w/v) SDS and 20% (v/v) methanol.

2.2.12.1.5Tris-buffered saline (TBS)

The buffer was prepared in a total volume of 1 L contaididgnM Tris and 140
mM NacCl at pH7.4.

2.2.12.1.6Bovine serum albumin (BSA)

The blocking buffer was prepared in TBS containing 3% (w/v) BSA and 0.01%
(w/v) sodium azide.

2.2.12.2Preparation of N2a cell lysates for SDSAGE

N2a cells were plated out at a densityo6f000cells/ml in T75 flaskg2 million

cells/T75 flask) and differentiatd for 20 h before being treatedith OP
compounds for 2, 4 or 8dms described in sectis@.2.1.3, 2.2.3 and 2.2.After

the required period of toxin exposure, serum free medium was carefully removed

from the flasks andadl monolayes wererinsed gently with pre warmed PBS.

Intact cell monolayers were then solubilised by boiling in 2 ml of O(&4%)

sodium dodecyl sulphate (SDS) i18.0 megohmtm nangure water
(Barnst eadd&E NRinommpandE, Llydateswerecdetached e, U k
mechanicallyby cell scraper anttansferred tanicro centrifugetubes, boiled for

5 min and then allowed to cool to room temperature fet3.onin.
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DNA wasthen extracted from each lysate by placih@ 0 ¢ | lysatdintoae | |
spin column(Dutscher Scientific, catalogusgo. 789068)and centrifugingfor

few seconds at0,000 gat room temperature. After centrifugatiahe filter with

the captured DNA was carefully removed and discarded. The supernatant from
the lower chamber was placed irdocleanmicro centrifugetube labelled as
protein lysatesample minus DNAThis step was repeated few times until the
required amount of sampleas obtained.The amount of protein presented in
each sample was then estimated by BCA assay.

When the prot@ concentration of cell lysates was very low, the sample was
precipitated by iceold acetone. In brief, 9 parts of ice caldetone weradded

to 1 part of protein sample in micro centrifugetube, vortex mixed and

I ncuba 0@ ovarrtight.l The tuteewere then centrifuged at maximum

speed 0f10,000 gfor 20 min at 4°C to pellet the precipitated protein. The
acetone was then carefulecantedirom the tube and discarded properly in
non-chlorinated waste botdeand he remaining protein pellets weledt to air-

dry at room temperature for 30 min. After complete acetone evaporation, pellets
were resuspended with 1@0I o f(wh) SIES%n TBS and mixed thoroughly

by a 10Qul Gilson pipette to dissolve the protein. BCA assay was performed
again to estimate the amount of protein presented in each sabmle.the

protein concentration hatleen determined, samples wenegared forSDS
polyacrylamide gel electrophoresis (SPSA GE ) by mixing 150 ¢
|l ysate with 50 ¢l of T4 Laemml. sampl ¢

loading.

2.2.12.3SDSPAGE assay

The resultant proteins from cell lysates were subsequemdyated according to

their molecular weight using SBBAGE.

2.2.12.3.1Preparation of resolving ges

Based on the molecular weight of the investigated proteins, a 1084
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acrylamide resolving gelas prepared in all the experimeiifable 2.6). The

resolving gels also called separating gel, which separtte proteins by sizeA

Bio-Rad mnfPROTEAN |1 1 E el ectwas psed Seesi s
combsand two glassplates of1.5 mm thicknes were washed and wiped
thoroughlywith 70% (v/v) ethanol prior to assebly. One foam pad was placed

c h

in the casting apparatus and glass plates were assembled evenly into the plate

holders. Once the plates were mounted on the casting stands, it was first filled
with water and allowed to stand for 5 min to check for any leakagéhe water

was therremoved before being replaced with the gektures. The 109%qw/v)

acrylamideresolving gel mixture was prepared acaogdto the number of gels
that wee goirg to be usedas indicatedn Table2.6. Acrylamidepolymerisation
was tten initiatedby the addition othe volumes indicated of ¥ (w/v) APS
andTEMED, afterwhichthe mixturewas swirled gentlyThen8 ml of resolving
gel mixure weretransferred into each cast to allow sufficient space &or
stacking gel to be added lat®istilled water wascarefully overaid onthe top
layer of thefreshly pouredyel mixtureto create a smooth interface and prevent

any gel shrinkage. The gel mix was allowed to polymerise at room temperature

for approximately 30 to 4in.

Table 2.6. Preparation of 10% (w/v) acrylamide resolving gel.

10% (w/v) acrylamide resolving gel reagents

Volume (for 2 gels)

Accu gel 29:1

40% (w/v) acrylamide:bisacrylamidg9:1) >0m
Protoge? Resolving buffer 50 m
(1.5 M Tris-HCI buffer pH 8.8, 0.% (w/v) SDS)
Distilled water 9.78 ml
10% (w/v) Ammonium persulphate S 200 ¢l
TEMED 40 ¢l
Total volume 20 ml
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2.2.12.3.2Preparation of stacking gel

The required amount of 4%w/v) polyacrylamide stacking gel was prepared and
polymerised by the presence of 10% APS and TEMEIndicated imable2.7.

The stackinggel solution was mixed gently angouredonto the mlymerised
resolving gel after removing the top layer of distilled walére stacking gel is

used because it allows proteins entry and accumulation at the interface of the
resolving gelAfter filling the chamber wi stackinggel solution, a comiof the
correct thickneswas immediately inserted into the unpolymerisedngetureto

create the wells into which thersples wouldbe loaded. The gel mixture was
then allaved to polymerise for 30 miat room temperaturéfter this, the comb

was carefully removed and wells were rinsed by flushing with running buffer

using al000ul Gilsonpipettebefore loading the samples.

Table 2.7. Preparation of 4% (w/v) acrylamide stacking gel.

4% (w/v) acrylamide stacking gel reagents Volume (for 2 gels)
Accu gel 29:1
(40% (w/v) acrylamide:bisacrylamide (29:1))

1.0ml

Protoge? stacking buffer

(0.5 M TrisHCI buffer pH 6.8, 0.9 (w/v) SDS) 25m
Distilled water 6.4 ml
10% APS 100¢ |
TEMED 20 ¢l
Total volume 10 mi

2.2.12.3.3Preparation of protein samples for loading

Equal amounts of cell protein, as estimated by BCA assare loaded into the

gel to ensure even protein loadindA Bl ueye prestained prot
was loadedalong with the protein samples to allow estimation of molecular
weight. The Blueye prestained protein ladd&eneDirex, UK)used in this study

Is a three colour protein standardwi2 prestained proteins which molecular

weights rangdrom 10 to 245 kDa
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2.2.12.3.4 Separation of proteins in cell lysates by gel electrophoresis

To separate the proteins, gels were placed verticallyhénelectrophoresis
chamber and filled with running bufteElectrophoresis was run initially at05

volts usinga Bio-Rad power pa800 for 10 min. This voltage was used first to
organse the samples in the stacking gel. After that, the voltage was increased to
150 volts ancelectrophoresisllowed to continue untthe dye frontreachedhe

base of the gel platess the dye reachethe end of the gel, theoltage was
switched off. Gels werearefully removed to avoid damaging the glass plates or
the gel.

2.2.12.4 Western blotting

On completion of the separation of proteins by SEESE, the gels were
mechanically removed from the platesdahe stacking gels were cut off. The
remaining resolving gel which contaied the separated proteins, was
electrophoretically transferred onto nitrocellulose membrane filters by wet
blotting (Towbin et al., 1979

Briefly, gel s t o be bl otted, nitrocel
(Hybond G Amersham) and 3 MM filter papers (Whatman® filter paper, from
SigmaAldrich) were soaked in transfer buffer for 5 min. Theesence of
methanol in theransfer buffer is necessary to remove aoyrproteinbound

SDS and to enhance the adsorption of pnote the nitrocellulose membrane.

Filter papers and membrawere carefully cuto the same size dbhe gel to

avoidwastage

A transfer sandwich was then physically built on the side of the transfer cassette
facing the anode (+) starting with a wet sge and followed by three wetted
filter papers, nitrocellulose membrane, the gel, three additional wetted filter
papers and finally a second sponge. Any wrinkles, folds or air bubbles between
the different layers of the sandwich wereoided by rolling a lass rodlightly
across the components. Bulsbleere removed as thegn cause blank spots on

the membrane where no protein transfer occurs. This assembled sandwich was
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then securely fixed in the transfer cassette and immersed in the blotting chamber
(Mini TransBlot® Electrophoretic Transfer cell; BiRad) containing transfer

buffer. A voltage of 30 volts was applied overnight at room temperature.

2.2.12.5lmmunoprobing of nitrocellulose blots

The resultant Western blots were blocked with 3%'v) BSA in TBS
(BSA/TBS), containing 0.01% (w/v¥odium azide as a preservative. Blocking is
essentiato inhibit nonrspecific binding between protein and the membrane. For
this, blots were placed on a shaker (Heidolph Unimax 1010) and agitated slowly
with the blocking soltion for at least 1 h at room temperature. Following the
blocking step, blots were incubated with appropriate dilutions of primary
antibodies maden BSA/TBS at 4°C overnight (Tabl2.8). Blots were then
washed to remove excess primary antibody that casechigh background using
0.05% (v/v) TweeRr20 in TBS detergent solutiofTBS/Tween) This wash was
performed six times (10 min/wash) with constant agitation at room temperature.
After washing, blots were probed with horseradish peroxidase {d&®iygated
secondary antibodies for 2 h at room temperature (T2l Following 6
further washes with TBS/Tween, the unbound secondary antibodies were
removed from the membrane and antibody reactivity was visualized with
enhanced chemiluminescence (ECL) reagémteermo Scientific, UB) in a
G:BOX imager dark system (Syngene, Cambridge, UK). The ECL reagents were
allowed to equilibrate at room temperature before an equal volume of ECL
reagent A and B were mixdreshlyand applied on the membrane to detect the
bard of interest. Adensitometricanalysis of antibody reactivity was then
performed whereband ensities on images of developed blots were determined
using Advanced Image Data Analysis (AlD&dftware(version 4.03 (Raytest
GmbH, Straubenhardt, Germanysing this software, each individual band was
superimposed over the region of interest and a peak profile was constructed. An
arbitrary valueof the area beneath the peawhich representshe antibody
reactivity,was then obtainedll band densities weremeasured and corrected for
background, themormalieed to band densities foB512 reactivity, which was

used as internal contrdData areexpressed aa percentag®f the average value

of the peak areeompared to its corresponding control + SEM.
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Table 2.8. List of monoclonaland polyclonal primary antibodies used in Western

blotting.
Approx.
molecular
Primary antibody | Clone | Dilution | Species| weightof | Code Supplier
target
(kDa)
Cytoskeletal proteins
Anti-phospho i MABS Chemicon
neurofilament H Tasl | 1:1000 Rat 200 448 International
Anti-neurofilament
200 (phos and non| N52 1:250 Mouse 200 N0142
phos)
Anti-growth GAP-
associated proteif3 7810 1:1000 | Mouse 43 G9264
(GAP-43)
Anti-Utubulin B512 | 1:2000 | Mouse 55 T6074
Anti-b | tubulin | 2G10 | 1:1000 | Mouse | 55 | Tes7g| SlgmaAldrich
Anti-tubulin B3 | 1:1000 | Mouse | 55 | T9822
polyglutamylated
Anti-acetylated | 1131 | 1:1000 | Mouse | 55 | T6793
tubulin
. . .| TUB- )
Anti-tyrosine tubulin 1A2 1:1000 | Mouse 55 T9028
Anti-MAP-1B H130 | 1:1000 | Rabbit 200 B1904
Santa Cruz
Biotechnology
Anti-MAP-2 H300 | 1:1000 | Rabbit | 200140 | J1805
Cell signalling proteins
Anti-total ERKL/2 K-23 | 1:1000 | Rabbit 44-42 D1906
Santa Cruz
. Biotechnology
Anti-phosphorylated . SG
ERK1/2 E-4 1:500 | Mouse 44-42 7383
Heat shock proteins
Anti-HSP90 AC16 | 1:1000 | Mouse 90 H1775
SigmaAldrich
Anti-HSP70 BR2M2 1:1000 | Mouse 70 H5147
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Anti-HSP60 LK2 1:1000 | Mouse 60 H3524
Table 2.9. List of secondary antbodies used in Western blotting.
Secondary Antibody Type | Dilution Code Supplier
Anti-mouse 1gG HRP 1:1000 A9044
SigmaAldrich
Anti-rabbit IgG HRP 1:1000 A6154
. ) Jackson Immuno
Anti-goat IgG (H+L) HRP 1:1000 | 805035180 Research
Anti-rat 1gG HRP 1:1000 P0450 DAKO-Cytomation

2.2.13Indirect i mmunofluorescence

Indirect mmunofluorescencestaining is a technique that relies on using

fluorescentlylabeled antibodies to detect specific target antigensvo steps

First, cells are stained with unconjugated m@uign antibodythat binds to the

antigen. hena fluorescentonjugated secondary antibody is usedietect the

primary antibody (Odell and Cook, 2013 The fluorescent dye allows

visualisationand studyof the intracellular distribution of neurofilament and

microtubule proteis by utilising anepifluorescencer confocal microscope

Initially, N2a cells were plated at a density of 50,000 cells/ml on-aelBcell

culture chamber slide (NUNC, Thermo Scientific) in a total volum@& 6f0

e | of

growth medium per well. Cells weriaducedto differentiate for 20 h before
being treatedh the presenceindabsence o8 uM CPF or CPO for 2, 4 or 8 h at
37°Cas mentioned in sectie2.2.1.3, 2.2.3 and 2.2.After the required time of

toxin exposure, the medium was aspirated from each well and cells were fixed to

retain the

shape

and

|l ocations

of al

warmed4% (w/v) paraformaldehydéSigmaAldrich, UK) for 15 min at room

temperature. Cells were therave h e d

t hree

t i mes

wi t h

PBS (2 min/rinse). Cell membrane permeabilisation was then performed by
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incubating the cells for 15 min at room temperature @% (v/v) Tweenr20 in

PBS. This detergent solution created small holes in thenbmane, which
allowedthe antibodyto access the cytoplasm. Following three further snsih

PBS, norspecific binding was prevented by blocking theedc el | s wi t h 5¢C
of BSA/TBS per well forl h at room temperature. After blocking, cells were
incubat ed with 200 el / well of BEATBA)r y ant
against NFH (N52), phosphorylated NFH (SMi2d)dtubulin (B512)overnight

at 4°Cand washed three times with TBS/Tween to remove unbound primary
antibodies. The cells were thenumated for 1 h at room temperature with Alexa
Fluor® antilgG secondary antibody diluted 1/500 in BSA/TBS blocking buffer
(Table2.10). After 3 further washes in TBS/Tween, the chamber partitions and
mounting silicon were carefully removed from the sliBler mounting, antfade
mountant (VectaShiedd mounting medium for fluorescernce Vector
Laboratories Ltd., Peterborough, UK) containing -dli@midino2-phenylindole
(DAPI) counterstain for nuclei visualization was applied to the exposed cell
monolayers dér careful aspiration of excess TBS. A glass cover slip was then
placed in position and air bubbles were carefully removed by gentle pressure. A
layer of clear nail polish was then applied around the extreme edges of the cover
slip to fix it in place. Fially, the slide was viewed using an Olympus DP7
epifluorescencemicroscope systenwhich equipped with an argon/krypton laser
(FITC: Excitation 493/ Emission 528; DAPI: Excitation 360/ Emission 460).
Cell images were acquired using Cedbftware.Negatie controlwas included

in this experimentby incubating non Ofreated cells with the secondary

antibody onlyto confirm the specificityof the primary antibody.

Table 2.10. Secondary antibodies used in indigct immunofluorescence staining.

IF Secondary antibody Targ.et Dilution Code Supplier
species
Alexa Fluof 568 1gG Rabbit 1:500 | A21069

Invitrogen

Alexa Fluof® 488 1gG (H+L) Mouse 1:500 | A21204
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2.2.14Live cell imaging

The real time changes icell morphobgy following OP toxin exposure were
determined byCFSE fluorescentdye and monitored using Leica TCS SP5
confocal laser scanning microscope with epifluorescence optick in an
environmental chabrer. In this experimentlive N2a cells were labelled by
CFSE. SinceCFSEfluorescentdye isdependenbn the activity of esterase, only
live cells are labelled.

N2a cells were plated out at a déeysif 50,000 cells/ml (10,000 cells/well) an

black clear 96well treated plat€BD Bioscience, \$A) and incubated overnight

at 37 C to allow for the cells to adhere to the bottom of the plate. After 24 h of
cell recovery,cells were differentiate for 20 h as indicatedh sectiors 2.2.1.3,

2.2.3 and 2.2.4Aiter the induction oflifferentiation cellswere incubated for 10
min with 10 ¢ M-w&red Bterig YRS at 3v °Qo After CFSE
labelling PBS was replaced by serum free medium including 0.3 mM dbcAMP,
and the plate was transported directly @ Leica TCS SP5 confocal laser
scanning micrasope. Tlis system is equipped with true confocal scanner and
five spectrophotometer channels. The N2a cells were incubated in an
environmental chamber, which controlled the temperatare3?C in a
humidified atmosphere of 95% air/5% gQrollowing incubatbn, Leica
application suite advanced fluorescence lite (LAS AF) was configured for
fluorescence by setting the laser intensity to 25%. The live cell images were
acquired using (xyzt) scanning mode, a frame siz&6I#f x 512 pixels, a
scanning speed at 40@Ha pixel size of 785 x 785 nm and image size of 387.5 x
20 € m. The fluorophore was then selecte
CFSE was excited with88 nmfluorescein isothiocyanaté&kTC) laserline and
emitted in green. Once the laser Hagken activad, nontreatedlive cells were

first observe in order to create a time zero measurement before the addition of
t oxins. After that, a 3 €M concentrat
treatment wellsee section 2.2.59nd the same positions were viewagery 30

min for an interval of 8 h exposure timéhe scanned images were shown at
maximum intensity Zorojections of 25 slices of Inicron thickness. After

collecting a stack of optical sections-¢&ries), the sample was reconstructed in
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three dimensios, then rotated or tilted to view cells that would otherwise be
obscured. The fixed images were then manipulated WSHAF lite and some
neurites were detected adabelled A time-lapse imaging in one focal plane was
then obtained and a play back mowias prepared using Windows Movie Maker

software.

2.2.15Cell ELISA

The levels of and post translational modificationsytimskeletal proteins in both

N2a and RenCell CX cell cultusaverefurther determined and quantified using

a cellbased enzyme linked immasorbent assay (ELISA) techniqumsed on

the approach of Schmuck and Ahr (1997) but withdifications(Schmuck and

Ahr, 1997. The immunoassay uses an enzyme linked to an antibody as a marker
for the detection of a specific antigen in a wet sample. This subsequent reaction
forms a yellow colar product, which can be measured 405 nm by
spectrophotometerThe intensity of the colea changeis proportional to the

protein or antigen present in the saenp

2.2.15.Preparation of buffer and reagents
2.2.15.1.1 100 mM Sodium acetatebuffer

The buffer was prepared by dissolving 8.2 g of sodium see@t®00 ml of

distilled water at pH 6. The final volume made up to 1 L with distilled water.

2.2.15.1.2 5 M Sulphuric acid (H,SOy)

50 ml of HSOy wereadded to 200 ml of distilled water.

2.2.15.1.3 3,3,5,5:Tetramethylbenzidine (TMB)

A total of 10 mg of TMB was dissolved in 1 ml of DM (stock). The
developing substrate was prepatesing TMB and3% (v/v) hydrogen peroxide
(H20,) in 100 mMsodium acetate buffer at pH 6
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2.2.15.1.4 3% (v/v) Hydrogen peroxide (H0,)

A volume of10 pl of 30% (v/v) H:O2 (stock was added to 90 pl of distilled

water.

2.2.15.1.5 Developing buffer

The developing substrate was prepared by the addition gill&0rMB and 30
ul of 3% (v/v) H,Ozinto 20 ml of 100 mM sodium acetate pH 6.

2.2.15.2 Assay protocol

The assay was performed in a sterile flat bottorw®6 plate (Sarstedt, USA

Cells were plated out ahe density of 50,000 cells/ml for N2and 100,000
cells/ml for ReNcellCXi n a total volume of 200 ¢l
four replicates and incubated overnight at@T 5% CQ. After 24 h recovery,

cells were differentiated before being treateth or without OPtest compounds

at different conentrations 1, 3, and 0 M fresh differentiation medium for 2

or 8 h as indicated in sectien2.2.1.3, 2.2.2.4, 2.2.3, 2.2.4 and 2.20Gn
termination of toxin exposure, serum free medium was aspirated from each well

and cell monolayers were fixeby pre warmed4% (w/v) parafemaldehyde

(SigmaAl dr i ¢c h, UK) (200 ¢l /well) for 10 m
then removed and the plate was washed
(2 min/wash). Cells were then incubated in permeabilisation buffer (QvB62o

Tween20 in TBS) for 15 min at room teperatureafter which they wereinsed

twice with TB S . A vol ume oBSATBS (blocking buffed lvds o f

then applied andhe plate was covered and incubated overnight &. 4The

blocking buffer was then removed and 00 / we | | of primary ar
1 to 1000 in blocking solution were addaad incubated overniglt 4 C (Table

2.11).

After removing the primary antibodies, wells were washed again twice with
TBS/Tween,f ol | owe d by 2 h I n c u dilatedi HRRA I n :

conjugatedsecondary antibodie:2000 dilution)at room temperature (Table
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2.12). After the secondary antibodies had been removed from the plate, two final
washes with TBS/Tween 20 were applied for 2 min each and then wash solution
was remoed completely from wells by turning thelate upside down and
tappinggently on a paper towel to remove traces of wash buffer. The reaction
was started by the addit i obofferinfoeatlD0 0 ¢ |
well. After 5 min incubation at roortemperature, a blue calo product was
developed which was then stopped by addin@ O ¢ | suphuricSacidN
Absorbance was measured spectrophometrically using a micro plate reader
(ASYS Expert 96, BiochromUK) at 405 nm. Results were expressed as
antibody binding in treated cells as a percentage of thantireateccontrols (set

as 100%)} SEM. The background level was estimatag omitting the primary
antibodies.The specificityof antibody was confirmed by non @reated cells
incubated with the sendary antibody only.
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Table 2.11. List of primary antibodies used in cell ELISA.
Clone | pilutio
Primary Antibody or n Species Code Supplier
batch
Anti- neurofilament
200 . : .
(phos and non N52 1:1000 | Mouse NO0142 SigmaAldrich
phos)
Anti- phospho | 151 | 11000 | Rat | MAB5448 | Chemicoff
neurofilament H1)
Anti- phospho . .
neurofilament H (2) SMI34 | 1:1000 | Rabbit | 14814302 Covance
Anti-U t ub{ B512 | 1:1000 | Mouse | T6074 | SigmaAldrich
Anti- total ERK1/2 | K-23 1:1000 | Rabbit D1906
Santa Cruz
Anti- Biotechnology
phosphorylated E-4 1:1000 | Mouse | Sc7383
ERK1/2
Anti-b 1 I I t| 2G10 | 1:1000 | Mouse T8578
SigmaAldrich
Anti- glial fibrillary
acidic protein GAb 1:1000 | Mouse G3893
(GFAP)
Table 2.12. List of secondary antibodies used in cell ELISA.
Secondary S :
Antibody Type Dilution Code Supplier
Anti- rabbit 1I9G HRP 1:2000 A6154
SigmaAldrich
Anti- mouse IgG HRP 1:2000 A9044
Anti- rat IgG HRP 1:2000 P50 | DAKO-Cytomation
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2.2.16High-throughput analysis

In the later stageof the project, te cytotoxic effects of CPF and CPO on neurite
outgrowth of N2aand ReNcell CXcells werefurther detemined using the
ImageXpressMicro Widefield High Content AnalysisSystem (Molecular
Devices, USA). This techniqueepnits rapid assessmeot the effects o wide
range of chemicals alifferent concentrations omultiple parameter®f neurite
outgrowth. The screening system integrates inverted epifluoresnce
microxope combined witAutomated image acquisition and analgsifwareto
quantify different sube&llular measurements of neuribaitgrowth such ascell
count, neurite count, neurite length and cell body areggmith and Eisenstein,
2005 Dragunow, 2008

Typicaly, cells were plated out at th#ensity of 50,000 cells/mfor N2a and
100,000 cells/ml for ReNcell CXells in 8-well Ibidi e-slides. The cells were
grown for 24 h in growth medium prior to the induction of cell differentiafan
20 h Differentiating cells were then treated without or with different
concentratios of CPF or CPO(1, 3 and1 0 & M) orf8ohrat 37°C as
previously describedn sectiors 2.2.1.3, 2.2.3, 2.2.4 and 2.2.bollowing OP
exposur e, cells were fiprewamedd% (W¥0 mi n
paraformaldehydéSigmaAldrich, UK) at 37 C. After fixing, cells were washed

t hree ti mes wicdchldB® (@ mie/ringeand dell nerbrane
were permeabilised using 0.5%/v) Tween20 in TBS for 15 min at room
temperature. Following three further risseith TBS, cells were blocked in
BSATBS (500 ¢l / weC. Afjer blockiegrfixed cglhmonotayes 4

were incubated wit200e | o f pr i maForN2aacelsantidoubuline s
(clone B512) and anti pNFH (SMI34 and Ta5) antibodieswere used. For
ReNcell CXcells antineuronal markef b 1 1 | tubul i antrastrod T ab5:

glial marke (GFAP) antibodieswere used. All primary antibodies wedduted

1:1000 in BSATBS andadded to each welhkfter which the fixed monolayers

were then incubated overnight at 4°C. Unbound primary antibodiesre
removed by three was hendor 5 min. Zdhjagated | of
secondary antibodies, Alexa FIfo488 goat antmouse or Alexa Flu6r568

goat antirabbit immunoglobulingboth diluted 1500in BSA/TBS) (Invitroger),
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were added to each well forhilat room temperature. Three further washeswer

then applied using 30@ | of TBS/ Twe e nCell nudlevveere mi n e
labelledwith DAPI counterstain for 1 mirfollowed by a further BS wash.n

the final wash lddes werefilled with TBS containing 0.01% (w/v) sodium azide

as a preservative and stored aC4orior to imageacquisition andanalysis.

Negative control was included in this experiment by incubating no#tré&sted

cells with the secondary antibody only to confirm the specificity of the primary

antibody.

| b i ¢lides werethen loaded intoan ImageXpressMicro Widefield High
Content Screening yStem plate holder for automated image acquisition and
analysis. The system uses vadefield automated mroscope capable of
fluorescencetransmitted light and phasentrast imaging of fixedell assays.
The systenwas séto automatically focus and reconshages from four different
sitesin each individual wellThe size of each well is 9.4 x 9.4 mm, and acquired
image is 741.6 x 587.6 urikluorescence images were produced using multiple
emission filter and matched lasexcitation filters for two different chaels,
(DAPI) for nuclei (ex= 377/50im, em= 447/60 nm) and (FITC) faell body

and neurites (ex= 482/35 nm, em=536/40 nm). Images were acquiredausing
Nikon 10x objectivelens andl.4 megapixel cooled CCD camevath a stand
alone illuminator (Lambda LS) connected to the system, which involves a 175W
Xenonarc lamp, lamp housing, cold mirror and power supply (Sutter Instrument,
USA). The 10xobjective lenswas used in order to acquire aBurites in one

field of view, thusenabling more reliable analysis of neurite outgrowth.

The acquired images were theegmented bynulti-colouredtracing masks on
neurites and cell bodiesSegmentation masks weregenerated usinghe
MetaXpressimaging and analysisoftware(version 5.1.0.46; Molecular devices,
USA), where each neurite segmentgigen the same colouradask as thabf
their parent neuronal cell bodies. The segmentation images werarthbsed
by the neurite outgrowth module integrated within the MetaXpigsging and
analysissoftware using neurite otgrowth configuration setting to measure a
number of morphological parameters includiageragenumber of cellSield,

averagecell body areéield, neurite lengtkcell, mean proesses/cell, mean
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branches/cell,percentage of cells with significant outgrowdnd average
intensity of staining within thepositive cells.Particles from each image were
identified as cells if valid nuclevidth between 5 to 10 urhad beendetected

and cell body widthranged from15 to 20 € m. Out growth was
significant when minimum cetbutg r o wt h was mdappeoximatkeyn 10
half a cell body diameter in lengthifhe measurement ranges for cell bodies and
outgrowtls were determined in preliminary studies using untreatdd em
multiple cultures todevelop settings to excluden-cellular particls from the
analysis. Using a 10xobjective, four fields/well from four independent
experiments were acquired for the analysis of at least 200 cells/well. The cellular
results obained by the analysis software were then transferrea GoaphPad
Prismspreadheet and mailts were plotted as meanSEM. Each ORreatment

wascompared to its corresponding control.

2.2.17 Statistical analysis

All sets of data were based on a minimum ofeparate experiments and
expressed as mean standard error othe mean SEM). The analysis was
conducted usingsraphRd Rism (version 6.0f (GraphPad softwareCalifornia,
USA), a statistics and scientific 2D graphing softwakgerage values for each
treatment were compared to the corresponding ca@ntrobther treatment group
by oneway or two-way analyses of variance (ANOVA)The analysis was
followed by a Tukey post hoc test, which takes into accountultiple
comparisos, with 95% confidence interval Results were considered to be

significantly different whem < 0.05.
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3 Ef fectcshl of pyri fos andowghl ol
neurite out egridwtehr emohuisgetr eNi2 a

neurobl astoma cel |

3.1 Introduction

To this day, CPF remains one of the most extengivsked OP insecticides
worldwide. Despite the strict bans on its household applications, i€BHil
widely used on corn andruits cops posing high risks to farm workers,
applicabrs, families and children livingh close proximity to agricultural area
where this OP is appliedEPA, 2015. Exposure to CPF can cause acute
neurotoxicitysymptoms as a result of thehibition of AChE activity in central
and peripheral cholinergic synapsé&sis inhibition prevens the breakdown of
the neurotransmittelACh, which plays major rolesboth in neurotransmission
and inthe developmental process of the bré@arr and Angerer, 2006As a
result increasd ACh accumulationin the synaptic clefand consequent over
stimulation of muscarinic and nicotinic  receptolsad to convulsions,

neuromuscular block and respiratory fed(Costa, 2006Flaskos, 201

The metabolic activation of CPF to CPO is known to be the paisative esnt
behind most cases of acuteurotoxicity induced by GHn adults(Richardson,
1995. This is due to the fact that CP® much more potent than CPF at
inhibiting the activity of AChEMonnetTschudi et al., 2000 However, there is
a large amountof epidaniological evidence demonstratirigat both CPF and
CPO arealso capable of inding developmental neurotoxicityy developing
organisns through their interferencevith developmental process in the
nervous systeprsuch as neurite outgrow(lCampbell et al., 1997Crumpton et
al., 2000 Flaskos, 201R Severalin vitro andin vivo experimental studiesave
shownthat the toxic action oCPFand CPOon the developing brain is not
limited to hyper activation of the cholinergic system, but that it invobtéer
potential targetqSlotkin, 2004. For example,CPF and CPQwere foundto

interfere with the unige developmental process of the brain and the nervous
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system by causing sevemaorphological changes in the formation of newrite
These neurites hawan essential role in axonal plastic{gndrieux et al., 2002
Wall, 2005. Clinical signs of neurological syndrosassociated with CPF and
CPO induced neuroxicity may arise as a consequerafeits effects on xon

production, especially ithedeveloping brain in children.

To investigate the impact of OPs on neurite outgrowth in neural cell culture
systems, sveralexperimental protocolsavebeen implemented he majority of
previousstudiessharea common dferentiation condition, inwhich cels are
treated with OB at the same tim&s inductiorof cell differentiation(Sachana et
al., 2008 Flaskos et al., 2031 This method known asco-differentiation
exposurecan be usedo evaluatethe ability of OP to inhibit the outgrowth of
neurites. However, little work has been domegardingthe impact ofOPs on
cells that have been committed to differentiation and have alréauhyed
neurites a treatment referred tas postifferentiation exposure Since the
mechanism involved in ORinduced neurotoxicity may vary depending on the
differentiaton condition used,Sachana and colleaguesadopted the post
differentiation exposuratrategy to evaluatéhe effects of CPF othe mouse

N2a neuroblastoma cell lif&achana et al. 0®1, Sachana et al., 20D5

Initially, the neuronal cells we allowed to differentiate for 20 hy the removal

of serum andn the presence of 0.3 mM dbcAMP to exhibit a network of axons
and dendrits, and then treated with or withoutu81 of CPF for 4 and 8h
(Sachana et al., 20pIWork by Sachanat al showed thathis non cytotoxic
concentration of CIP caused significant reduction in the number of axbke
processes in prdifferentiated N2a cells by 50% compared to 4&F treated
controk following 4 and8 h exposure(Sachana et al.,, 200Bachana et al.,
2005. The results obtained from tbe studiesnot onlydemonstrated the ability
of CPF to inhibit neurit®@utgrowth but also its capability to causeetraction of

pre-formed neurites

Althoughthe strategyconductedat sucha developmentastageby Sachanaet al
(2001, 2005 was the leaghvestigatecamong the literatureat provides valuable

information regarding theéoxic effect of OP toxins onthe outgrowth of pre
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formed neurites. Since only the effects of CPRvere investigated on
differentiated N2a cells with prfermed axons,it was of interest to know
whethera similar concentration o€PO acts in thesame manner as CPF on
neurite outgrowthproduced in this cellular system Additionally, it was
important to elucidate whether the neurotoxic actions of boths @R cell
morphologywere asociated with AChE inhibitionPreviously, reduced activity
of AChE was observed in N2a cells exposedt0 uM CPO forup to 24 h
from the point of induction of cell differentiatiofFlaskos et al., 2031
However, it was suggestedha AChE inhibition was not direbt related to
neurite inhibitory effects of CPO.

By applying postdifferentiation exposureconditiors, the aim of the current
studywasto compare the effects of CPO to that seen with CPF towards pre
differentiated N2a cells. Therefore, both compounds ebncentration of 3 pM
were investigated in parallelith respect totheir ability to interferewith the
outgrowth of neuriteproduced from differentiated N2a ceftdlowing 2, 4 and

8 hexposure. To achieve this aim,rangeof experimental techniquesich as
MTT reductionassay, CFSHluorescencecell stainingand live cell imaging
were used in this studyA further aim was to determine wheth the
morphological effects on axeike neurites were relatetb the acute toxicity

target(AChE) using enzymatic activity assay.
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3.2 Results

3.2.1 Effects of CPF and CPOon the viability of pre-

differentiated N2a cells

Mouse NZ2a neuroblastoma celisere induced to differentiate by serum
withdrawal and the adddn of 0.3 mM dbcAMP for 20 eforebeingtreated
without (0.5% v/v DMSOcontrol) orwith 3 uM CPFor CPO for 2, 4 and 8.h
To examine the viability of prdifferentiated N2a cells after beirexposed to
both OR, MTT reduction assay/wereperformed as described in section 2.2.7.
The results demonstratén figure 31 showno effecton thereductionof MTT

by pre-differentiated N2a cellsshen compared to its corresponding congifbér

2, 4, anl 8 h exposure t8 uM CPFor CPQ
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Figure 3.1. Effects of 3 puM concentration of CPF and CPO on pr
differentiated N2a cell viability. After 20 h of differentiation, N2a cells were trec
without (0.5%v/v DMSO control) or with 3 uM CPF or CPO for 2, 4 and 8 h an
levels of MTT reduction were measured to evaluate cell viability. Results are ex
as a mean percentage of the corresponding untreated control at each time poir
from four separ& experiments. Statistical significance of data was analysed usi
way ANOVA. When SEM bar is not apparent, this means that error is smaller tl
symbol size.
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3.2.2 The optimal concentration of CFSEfluorescentdye

N2a cell differentiation was assessecaells stained witlCFSEfluorescent dye.
Sincehigh concentrationof CFSE can be toxic to cells afebd to impairment
in cell division, the appropriateconcentration of the dy@o be used was
determined based on ieffectson MTT reduction Various concentrationsf
CFSErangingbetweenlO nM and 100 pM wergestedfor their ability to inhibit

the MTT reduction assayexplained in section 2.2.§.2

In figure 32, it can be seen thahere was no significantlecreas in MTT
reductionin pre-differentiated N2a cells incubated wit® nM to 1@ uM CFSE
compared tacontrol (no CFSE).On the basis of this ref, 10 uM CFSEwas
considered to be necytotoxic towards N2a cells and was chosen to be the

optimal concentration for staining the gpitgferentiated N2a cells in this study.
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Figure 3.2. Effects of CFSE onMTT reduction in pre-differentiated N2a
cells. After 20 h of induction cell differentiation, N2a cells were labelled
different concentration of CFSE and the levels of MTT reduction were meas!
evaluate cell viability. Results are expressed as a meaceniage of tr
corresponding untreated control + SEM from four separate experiments. St
significance of data was analysed using one way ANOVA. When SEM bar
apparent, this means that error is smaller than the symbol
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3.2.3 Effects of CPF and CPO oncell morphology and neurite

outgrowth in pre-differentiated N2a cells

The previous work by Sachana et al (208&9wedthat CPF af subcytotoxic
concentration of 3 uM had the ability to induce retraction of approxigna®®o

of axonlike processes formed by differentiated N2a celldofwing 8 h of
exposure, as determined by CBEining(Sachana et al., 20R1However, the
effects of CPO on the morphology of mi#ferentiated N2a cells andeurite
outgrowth had not been previously tested. In order to achieve comparable results
to the previous work with CPF, pbfferentiated live N2a cells were stained
directly with 10 uM CFSE dye, exposed to £XBr 2,4 and 8 h, then fixedlhe

cells werethenviewed by using an Olympus DP71 epifluorescence microscope
(see sectin 2.2.8.3). At each time pojriluorescence images of non @eated
controls ad treated cells were taken (FiguB8), and the total number of axon
like neurites was recded (Fgure 3.4).

The fluorescence images in figure33show that pre-differentiated N2a cellin

the absence olboth OP had typical neuronal celimorphology ofround cell
bodies with longextendingaxonslike processesAfter exposure ta3 uM CPF
and CPQ a rdraction oflong axonswas apparentcomparé to control cells.
However, his alteration in neurit@utgrowth was morepronouncedin CPG

treated cells compared toPFand control at each time poims the exposure
time to both OR increasd, the reductionin neurite outgrowthalso increased

compared to the netmeated controlat each time point

These findings were further confirmed lopantitative analysis of the effects of

both OB on neurite outgrowth formely predifferentiated N2a cell§Figure

3.4), which indicateda timedependent ragttion in the outgrowth of axelike

processes following exposure to 3 uM CPF or CPO compared to the non OP

treated controls. Both CPF and CPO at a concentration of 3 uM were able to

induce a significant reduction the number of axons per 100 cells compared to

their corresponidg controls at each time poimt pre-differentiated N2a cells (p
0.0001) . Additionall vy, a significan
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outgrowth was also observed when the CPF treatmastconpared to CPO at

each time poinf{p = 0.005) (Figre3.4).

Control

Figure 3.3. Effects of 3 uM concentration of CPF and CPO on the morpholog
of pre-differentiated N2a cells.Displayed are representative fluorescence imag
N2a cells induced to differentiate for 20 h prior being incipated in the abser
(Control) or presence of 3 uM CPF or 3 uM CPO for 2, 4 and 8 h. Cells were
with CFSE and fixed. Arrows show typical axbke processes detected monOF
treated controls. Scale bar represeftgib
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Figure 3.4. Quantitative analysis of the effects of CPF and CPO on neur
outgrowth. N2a cells were induced to differentiate for 20 h, labelled with CFSE
incubatedwith or without 3 uM CPF or CPO for 2, 4, and 8 h. Data are expres
mean number of axelike processes per 100 cells + SEM for fouddpender
experiments. Asterisks indicate where OP treated cell values were signi
different from the corresppdi ng contr ol (p 0.00
significant differences between CPF and CPO treatments at each time poi
0.005).
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3.2.4 The real time effectsof CPF and CPOon axon stability in
pre-differentiated N2a celk

In order to deterime the time scale of the morphological changes reported in the
previous section,he real time changemduced byCPF and CPQGon axon
outgrowth inpre-differentiated N2a céd were further studied using live cell
imaging approachas described in sectid?2.2.14.The first magesof control and
OP-treatedcell panel were taken at minute 20, whereas subsequentsmwage
recorded at 1 h intervals for a periofl 8 h from the point of toxiraddition.
Neurites were labelled by arrows and numbers to tragkchanges over time.
Time-lapse videos of control and @Reated cells were alsprepared from a
sequence of images at 30 min time intesvahd are provided on a CD

accompanyinghis thesis.

As indicatedin figure 35, there was no observedtractionof neurites innon
OP-treatedcontrok. Following exposure to 3 uM CPF or CP@gurite length
was shown to be highly affected over tic@mpared tcnon ORtreated contra
(Figure 3.6 and 37). Approximately 2560 of neurites retracted within the first 2
to 4 h after treatment with both OPsuggesting that some of these changes were
occurring at a very early stagat 8 h treatment with CPO, the images showed
somecell vesiculation However, no other alterations in cell morphology were
detected, such as chawgin cell body shape or sige both controls and treated
cells(Figure3.5 and3.7).
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Figure 3.5. The real time measurements of neurites in prelifferentiated N2z
cells determined by live cell imagingN2a cells were induced to differentiate fol
h, stained with CFSE then incubated for further 8 h in the absence of OP to moi
real time changes in cell morphology. Shown are digital imagasebresentate/fielc
of view for the non ORreated control The first image was taken at minute
Subsequent images were taken 1 h intervals, using a Leica TCS SP5 confo
scanning microscope with epifluorescence optics. Arflabslled 13 shav typica
neurites in pralifferentiated N2aells (untreated control). Scale bar represedtgrs.
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Figure 3.6. The real time effects of CPF on prdifferentiated N2a cells
determined by live cell imaging.N2a cells were induced to differentiate for 2!
stained with CFSE then incubated for further 8 h in the presence of 3 uM CPF. "
time changes in cell morphology following OP exposure were recorded for a peri
h. Shown are digital images of representative field of CPF treated cells. The
image was taken at minute 20. Subsequent images were taken 1 h intervals.
Leica TCS SP5 confocal laser scanning microscope with epifluorescence optics.

labelled 14 show retracting neugs detected in prdifferentiated N2a cells treated w
CPFfor 8 h. Scale bar representd 3m.
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Figure 3.7. The real time effects of CPO on prelifferentiated N2a cells determine:
by live cell imaging. N2a cells were induced to differentiate for 20 h, stained
CFSE then incubated for further 8 h in the presence of 3 uM CPO. The re
changes in cell morphology following OP exposure wemrded for a period of 8
Shown are digital images of apresentative field of CPO treated cells. The first ir
was taken at minute 20. Subsequent images were taken 1 h intervals, using a L
SP5 confocal laser scanning microscope with epifluorescence optics. Arrows lak
5 show retracting neuritadetected in pralifferentiated N2a cells treated with CR@
8 h. Scale bar representd gm.
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3.2.5 Effects of CPF and CPO exposureon AChE activity of pre-
differentiated N2a celk

To determine whether the observed morphological changes in the outgrowth of
neurites in pralifferentiated N2a cells could be relatedite effect on the acute
toxicity target AChE), the impact of 3 uM CPF and CPO on the activity of

AChE was assesséau paralle] as explained in section29.

After 2, 4, and 8 h exposure of pildferentiated N2a cells t€PQ a sustaied
significant %) ie the specifioattivity of AChBvas observed
compared tahenon ORtreae d cont r ol (F{gye 3.8) HOwe®ef 0 1)
CPFtreated ells showed little or no effect on AChE activitpmpared tahe

untreated contrat al exposure time points.

120-
l HEl Control

3 3 uMCPF
== 3 M CPO
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AChHE specific activity
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Figure 3.8. Effects of 3 uM CPF and CPO on AChE activity in pre
differentiated N2a cells.Mouse N2a cells wer induced to differentiate for 2C
before being incubated with or without 3 uM CPF and CPO for 2, 4, and 8 |
which the activity of AChE was measured. Enzyspecific activity (Absorbanc
changeahin/mg protein is expressed as percentageof the caresponding contr:
value + SEM from four independentexperiments. Asterisks indicate statistic
significant changes compared to the nont@Rted catrol values at each time pc

(p ° 0.0001).
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3.3 Discussion

The noncytotoxic effect observed towards patdgferentiated N2a cells incubated
with 10 uM CFSE suggested that this concentragasptimalfor cell stainingin

this study. The data preséad on neurite outgrowth in CFS&belled cells
demonstrated that both CPF and CPO dduseurite retraction when pre
differentiated N2a cellsvere exposed for 2, 4, and 8 Although inhibition of
neurite outgrowth from N2a cells has been previously iny&®d following
CPF exposuréSachana et al., 2001and other OPs such as leptophos, phenyl
saligenin phosphate (PSP), diazinon and ¢B&rhana et al., 200Blargreaves

et al., 2006 Harris et al., 2009 laskos et al., 203using CBBstaining, this is
the first time that CFSE was used to measure the develo@mdnnaintenance
of neurites by N2a cellsThe current data showed that CFSfovided
comparal# results to CBB, which has been widely used to study the effects of
OPs on neurite outgrowth previously addition,CFSEis highly specific, stable
and more sensitive than CBBnother major advantagef CFSE,is that it can

be usedass auseful markerdr visual identification of both fixed and living cells
(Garton and Schoenwolf, 199 herefore, CFSE labellingorovidesa nowel and
reliable approach to assess cell differentiation and neurite outgrasvtan
alternative taCBB.

The observed retraction of neust@ducedby CH- in cultured N2a cedlunder
postdifferentiation conditionis in good agreement witthat noted irthe same
culture system usin@ similar concentration of CPF under both post and co
differentiation conditiongSachana et al., 20R1n addition, the currenstudy
revealed fotthe first time the potentialbility of CPO toinduce neurite retraction
in pre-differentiated N2a cellsan effectwhich appars to be even stronger than
that of CPEF The fact that CPO was fourtd be more potentin reducing the
lengthof axonlike neurites compared to its parent compoimthe curent work

is in agreement witA number of previous studies. In fidferentiatedrat PC12
pheochromocytomaells CPO at a concentration of 1 nM was 1Qbfesmore
potent in reducing the eurite outgrowththan 1 uM CPF following 24 h
exposure(Das and Barone, 1999Under cedifferentiation conditions, CPO at

the much lowerconcentratiorof 0.001 nM o showedgreater abilitythan CPF
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(0.001 uM) to reduce axaal lengthin primary cultures of sympathetic and
sensory neurons derived from embryonic rat after Z#Hdward et al., 2005
Yang et al., 2008

The inability of either compound to affect MTT reduction after 2, 4 &hdof
exposure suggested that the 3 €M conc
cytotoxic towards predifferentiatedN2a cells Hence, it is likely thagalterations

in neurite outgrowth were not due to cell deatht were a genuineellular

response to OP exposuféis finding is consistent with previous studies, which
employed similar cacentrations of CPF and other OPs such as diazinon and
diazinon oxon andound no significant effects on the viability differentiating

N2a cellswhen exposed fgperiods of up to 24 [Sachana et al., 200Sachana

et al., 2005Flaskos et al., 20QBidiropoulou et al., 2009a

The rapid collapsef neurites observed using live cell imaging further confirms
the neurite inhibitory effect of CPF and CPO towards-gifferentiated N2a
cells. All neurites, irrespective of initial sizexhibited reducetengthswithin 2

h of exposure to both compoundowever, cell body shape and size were found
to berelatively unaffected following OP exposure for the sanmeet periods.
This finding suggests thahe retraction opre-formedaxonsin N2a cells which

is initiated atanearly time pointfollowing exposure t& uM CPF and CPQis

thefirst visible sign ofthe effects of both compousdn neurite outgrowth.

The significant reduction in the specific activity of AChE observed at all-time
points bllowing CPO exposure is in line with a previostsidy by Flaskos et al.
(2011). Theydemonstrated sustained inhibition of AChE in N2a caflsr CPO
exposurgrom the point of induction of cell differentiatidar 4 or 24 h(Flaskos

et al., 201) A reduced activity of AChE was also noted in N2a cells exposed
for 4 h from the point of induction of differentiation to the OP diazinon oxon,
although in that case no sigweiint effecton enzyme activityvas observed after
24 h(Sidiropoulou et al., 2009aHowever, it is unlikely that inhibition of AChE
alone could account fadheobservedthanges in the outgrowth of neurites in N2a
cells, as CPF (as would be expected) had littlectfon AChE in the current

work. A number ofin vivo (Slotkin et al., 2006andin vitro (Das and Barone,
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1999 Fowler et al., 2001Howard et al., 20056studies suggest that OPs that are
weak inhibitors of AChE can alsnduce marked impairment in the development

of neurites. In this respect, the OP todho-cresyl phosphate significantly
inhibited the development of axdike processes in N2a cel({&owler et al.,
2001). However, it is only a weak inhibitor of AChEock and Johnson, 1990
Therefore, inhibibn of AChE enzymatic activity by CPF or CPO is unlikely to

be the main cause of retraction of aike neuries in pre differentiated NRa

cells, although neurite outgrowth data in the current study are consistent with the

possibility that it may contrite to the severity of the effects.

As previously discussed, thpost differentiation conditions may reflect a model
of developmental toxicityT he concentration of M CPF and CPO was chosen
due to itsprovenabiity to induce areductionby 50% in bothneurite outgrowth
and in the number of pfermed neurites in differentiating N2a ceilgthout
affecting cell viability CPOGinduced morphological and biochemical impacts
were also observeid vivo in the developing organism following administration
of similar OP concentrations to those employed in this stutjng meconium
analysis (used to estimate the foetal exposuentronmentatoxicants), about
22.8 UM CPF has been detected in meconium samples oboewchildren
(Ostrea et al., 2002and low micromolar levels of oxon metabolites are
attainable in the developing humtretus(Flaskos, 201R Therefore, the apjgd
OP concentrationn this studyhas clinical relevance to human developmental

neurotoxicity.

With regard to the possible transfertbé oxon form from the maternal tissue to
the foetus, mon metabolites have higher water solubiltgmpared totheir
respectiveparent compoundéSogorb and Vilanova, 20)10This would affect
their ability to ener thefoetusvia the lipid membrareof the placenta The
detection of significant cholinesterase inhibition in the mammafaetus
following in vivo exposure of pregnant animals to organophosphorothionate
pesticides suggests that foetal exposure to C&Doccur(Gupta, 199h The
foetusis thought to berimarily exposedo the parent compoundbut may also
encounteroxon metabdite in the maternal tissue$he relatively low expression

of CYP2B6 (a key enzyme in the process of oxon formation in humans) in
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human placenta suggest that the placenta does not make a major contribution to
oxon formation(Pelkonen et al., 2006=oxenberg et al., 200Croom et al.,

2010. Although CYP2B is presentat low levels in the humaloetuscompared

to later stages of developmef@room et al.,, 201) paraoxonase 1 (PON,1)
which is responsible for hydrolysingnd detoxifyingthe oxon forms otertain

OPs such as CPQis also relatively lowat this stag€Costa, 2006 This could

allow some oxon formation and/or accumulationfoetal tissue. Additionally,
reduced levelsfoserum PON1 due to genetic polymorphisms inRQ@NL gene

is found to beassociated with increased susceptibilitytiie toxic effect othe

oxon metabolitéCosta, 2006

Theob=rved dying back of axann this pre-differentiated N2a cell model could
also reflect what it might occur following OP toxicity in adultss highly likely

that such a concentration of CPO (3 uM), which caused severe inhibition in
AChE levelsto more han 786 would be lethal tdhe foetus(Heilmair et al.,
2008. However, there are numerous case studiggaténtswho have survived
such levels of cholinesterase inhibition with the help of pharmaalbog
intervention such asadrenaline and/or oximadministration only to develop
delayed neuropathyror examplea 19 year old malevho ingesteda large dose

of CPF andwas hospitalised suffering from cholinergic crisis. Aftee was
treated with atropie and pralidoxime, the patient recovered partially from
neurological symptomgNard et al., 200y. Administration of this combined
treatment haan important role in reversinge respiratorymusclesveakness or
paralysis and otheparasympathetieffectsassociated witlOP poisoning(Tush

and Anstead, 1997 However, after 24 h of CPExposure he developed
respiratory paralysis ancequired mechanicalventilation for 16 days. Weeks
later, hehad progressive signs of OPIDBuch agleficits in the lower limbs and
muscularatrophy(Nand et al., 2007 Thus, survivors of acute cholinergic crisis
can beaffected by a delayed neuropathy involving dying back of axons in
peripheral/central neuron€legg and van Gemert, 1999dand et al., 2007
Thivakaran et al.,, 20)2Indeed, it has been shown that CPF administered at
acute levels in animal models can lead to OPI@pta, 200% Therefore the
morphological changes neurite outgrowthfollowing CPO exposurehave

potential clinical relevancim terms ofdelayed neuropathy
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From the results presented in thisaptey it can be concluded thakposingpre-
differentiated N2a cells to a sulytotoxic conentration of CPF and CPO causes
neurite retractionThe findings alsodemonstrateéhat CPO exertsnore potent
effects compred to those of CPF on neurgatgrowth and AChEHowever, the
morphological effects on axeike neurites are natompletelydependent on the
inhibition of AChE Theycould be associated with othesracholinergic targets,
which will be investigated in depth at the molecular leveltie next chapter.
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4 Ef fect s of chlorpyrifos an
cytoskel et al and associ-ated

di fferenti ated N2a cell s

4.1 Introduction

The previous chaptedemonstrated thasubrcytotoxic concentration of 3 pM
CPF and CPnad the capacity to indudbe retraction of axoflike neurites in
pre-differentiated N2a cellsSince the observedmorphological alterations in
neurite outgrowth were nairectly related tothe inhibition of the enzymtc
activity of AChE, it was of interest tinvestigate whether thetractionof axon
like processes g associated withaltered expression and activitieof

cytoskeletal and associated regulatory proteingedifferentiated N2a cells.

The neuronal dpskeleton,and in particulathe microtubuleand neurofilament
networls play an important role in neurigevelopment and stabilitfCambray
Deakin, 1991h Impairmentof neuriteoutgiowth following exposure to OPlsas
been linked with disruptiorof the expression levels of cytoskeletal proteins
(Fowler et al., 1997Flaskos et al., 199&achana et al.,, 200$achana et al.,
2003 Saclana et al., 20Q3Hargreaves et al., 200Blaskos et al., 20QFlaskos

et al., 2011Sachana et al., 20LZarlierreports evaluated treffects of CPFon

a number of cytoskeletal and associated regulatory proiteiNga cells under
different differentiationand exposure conditior{§achana et al., 200$achana
et al.,, 2005 N2a cells treated witlCPF showed increasklevels of HSP70
under co-differentiationexposureconditions, whereaso observed effects were
found on HSP70 levelsin predifferentiated cells(Sachana et al.,, 20D1
Additionally, Sachana andolleagueq2005) showededuced level®f GAP-43

in pre-differentiated N2a cells treated with CRfowever, when N2aells were
exposed to CPF at the point of induction of cell differentiation, it had no impact
on GAR43 expressiorn(Sachana et al.,, 2005The finding of thesestudies
suggest thathe effects of CPF on these proteingepend to some extent on the

differentiation stage of theells.
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With regard to CPOFlaskosand colleagues (2011) investigated the @efated
effects orcytoskeletal proteins in N2a cells usingdifferentiation experimental
protocols. Data obtained from thabrk showed reducedlevels of GAP-43 and
NFH in differentiating N2a cell$ollowing CPO exposurefor 24 h (Flaskos et
al., 201). The effects of CPO on cytoskeletal proteins in-gifferentiated N2a
cells have not been determinedpostdifferentiation experimentsand there is a

lack of quantitative data in the case of CPF.

The aim ofthis chapter was to assess the impacts ofcsibtoxic concentratios
of both CPF and CPO on cytoskeletal and associatpdatery proteins impre-
differentiaked N2a cellsfollowing 2, 4 and 8 rexposure The study focused on
the effects of both Gfon the levels of@ecific microtubule, neurofilamerand
heat shock proteinsyhich weredetermined usingjuantitative Western blotting
Subsequentlyalterationsm the activation status of MAP kinase ERK af#l the
enzymatic activity of phosphatase were investigated to relate toe any
changesobservedin NFH phosphorylation Additionally, disruption of the
intracelldar distribution of microtubule and neurofifent networks was
analysed usingndirect immunofluorescence staininghis work was done in
order to relate the alterations meurite otigrowth observed in the chapter three
to the levels of expression and aites of cytoskeletal andssociated regutiary

proteins inpre-differentiated N2a cells.
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4.2 Results

4.2.1 Effects of CPF and CPOon the expression levels of

microtubule proteins

The molecular changes underlying the morphological effects of 3 uM CPF and
CPO on neurite outgrowth in pofferentiated N2a cells were studigdther by
guantitative Western blotting. For immunoblotting, Western blots of lysates of
pre-differentiated N2a cells exposed to 3 uM CPF or CPO for 2, 4, and 8 h were
probed with antibodies against a range of microtupudgeins. Theséncluded

antibodies to MAP-1B, MAP-2, acetylated andtyrosinated U-tubulin,

polygut amy !l at ed t ub u,las descrbeddi seétibnl 212.12tamdb u | i n
table 2.12.

As indicated in figure 4.1 and tablel4the reactivity of anti-tubulin showed
no significant changes following exposwtcells to both CPF and CP& any
time point Therefore, he band densities for all proteins we@malisedo that

f o rtubulin (using monoclonal antibodglone B512), which was used as
internal control. Similarly, there were no significant effectsnothe cross
reactivity of lysaes of predifferentiated N2a cells witantbodies thatecognise
MAP-1B, MAP-2, acetylated, tyrosinated amblyglutamylatedforms of U-

t ubul i n-tubalm élloviing lexposure to both CPF and CPO at all time

points compared to control.

103



Effects of CPF and CPO on cytoskeletal proteins in N2a cells Chapter 4

2h 4h 8h
kDa Control CPF CPO Control  CPF CPO Control  CPF CPO

200-

MAP-1B
200-
140-

MAP-2

55- Acetylated o-tubulin

Tyrosinated o-tubulin

Pol yglutamylated

Figure 4.1. Detection of microtubule proteins on Western blots of pre
differentiated N2a cell lysates N2a cells were induced to differentiate for 20 h g
to treatment with 3 uM CPBr 3 uM CPQ or withoutOP (Control) for 2, 4, and 8
The N2a cell lysatesvere then subjected to SEFAGE and Western blottings
described in Mterials and method§Shown are typical blots probed with antibo
against MAR1B, MAP-2, b | -tuldulin, acetylated, tyrosinated and polyglutamyl
Utubulin, followed by HRPconjugated secondary antibodies and developed by
reagentsBlots probed with andi-tubulin were used as internal control.
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Table 4.1. Densitometric analysis of Western blots probed with antibodies to
microtubule proteins. Western blots probed with antibodies tihatogniseMAP-1B,

MAP-2, bl-t Wbul i n, acetylated, t y rtabslin. nTag e d an
antibody reactivity s then visualized WitECL reagents as described imtdrials and

methods. Densitometric peak areas were quantified using AIDA software and values are
expressedas a percentage of the corresponding time point control + SEM for four
separate experimentBand densities for all proteins were normalisedlimts probed

with anti-Utubulin. Asterisks indicate significant differences compared to the
corresponding ungsated control.

Densitometric peak area

Anti Incubation
nugens time (h) (% control ° SEM)
3 M CPF 3 ¢M CP
2 98 + 4 96+8
MAP-1B 4 106 + 8 112+13
8 85+ 10 89+11
2 10145 9845
MAP-2 4 10024 10545
8 111+13 89+15
Acetylated tubulin ) 102+2 10344
4 103+4 123+19
8 125+11 102+13
2 103+4 102+2
Tyrosinated tubulin 4 102+1 1057
8 112+5 11010
2 94+6 95+5
Polyglutamylated 4 102+7 89+11
tubulin - N
8 88+18 87+16
2 107412 96+5
bl 11l tubu 4 9945 104411
8 99+6 94+10
5 2 1048 96+7
T ot daubulinU 4 102+4 109+7
8 103+6 1067
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4.2.2 Effects of CPF and CPOon the expression levels of

neurofilament and growth-associated proteins

As indicated in figure4d.2 andtable 42, a transient significant reduction was
observed in the levels @ntibodyreectivity with GAP-43 on blots of lysates

(using monoclonal antibody clone GAP7B10) after 4 h exposucelisfto CPF

(p °~ 0.004), and CPO -43peactivityGvasOufaffected Ho we
following exposure to both Giat the earlier time point (2 h) and seemed to

recover followirg 8 hexposure. Reactivity of cell lysates with atdial NFH
antibody(clone N53 was similar tahe corresponding control at all tirgoints.

In contrast, reactivity with anrpNFH (cloneTa51) was considerably higher than

the reactivity level oflysates fromnon ORtreated contra following 2 h
exposure to bothCE®F(gp "000026). ahhi s
levels of pNFH at 2 h was then followed by a significant decline in comparison

to control valuesf®eer8 h exposure to both CPF (p
0.0002).

2h 4h 8h
Da Control CPF Control  CPF Control CPF

Figure 4.2. Detection of neurofilaments and growth associated proteins
Western blots of predifferentiated N2a cell lysates.N2a cells were induced
differentiate for 20 h before treatment with or without 3 uM CPF or CPO for
and 8 h. N2aell lysates were then subjected to SBSGE and Western blottirag
described in Mterials and method§Shown are typical blots probed with antibo
to NFH, pNFH and GARI3 followed by HRPconjugated secondary antibodies
developed by ECL reagenBlots probed with antt-tubulin were used as inter
control.
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Table 4.2. Densitometric analysis of Western blots probed with antibodies to
neurofilaments and growth associated proteins.Western blotf cell lysates were
probed with antibodies thatecognise NFH, pNFH and GAM3, followed by
visualisation ofantibody reactivity withECL reagents as described inatdrials and
methods. Densitometric peak areas were quantified using AIDA software and values are
expressed as a percentage of the corresponding time point control £ SEM for four
separag¢ experimets. Band densities for all proteins were normalisedlots probed

with antiUtubulin. Asterisks indicate values that were statistically significant from their
corresponding non Ofreated control* p 0 .<002D04, **p- 9 0.002,* p <
0.0002,”p < 0.00086.

Densitometric peak area

_ Incubation
Antigens time (h) (% control ° SEM)
3¢eM CPF 3¢eM CPO

2 107 +9 101+ 8
NFH 4 102 + 18 81+22

8 120+ 12 105 + 16

2 214 + 16* 444 + 90
PNFH 4 84 +7 93 +12

8 36 +13* 30 +7°

2 107 +12 96 +5
GAP-43 4 75 + 10% 60 + 10%+*

8 106 + 11 117 +17

In order to confirm the observadteration in the phosphorylation status of NFH
the phosphorylation ratio wasilculated (pNFH:NFHat all timepoints.As can

be seen in table 3, there was a significant increase in the phosphorylation ratio
following exposure to both CPF and CPO<w.01)for 2 h. Although the level
returnedto normal athe4 h time point, it showed significant reduction t@9%

and 2P0 of normal levelsvith CPF and CPO treatment for 8riespectivelyp <
0.001).
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Table 4.3. The phosphorylation ratio of the change in pNFH:NFH following OP
exposure over time. Bandintensities of pNFH relative to control were calculated as a
ratio to that of NFH. A value of 1 represents normal l@fgdhosphorylatiorof NFH.
Asterisks indicate changélsat were statistically significant compared to normal kvel
*p 7 0<0@1. **p

Phosphorylation Incubation
. . 3¢ M CP 3¢eM CPO
ratio time (h)
2 2.02 £0.23* 4.19 + 0.80*
PNFH:NFH 4 1.03£0.21 1.53 £0.22
8 0.29 £ 0.08** 0.27 £ 0.03**

4.2.3 Effectsof CPF and CPOon the expression levels of heat

shock proteins

In order to determine whetheaiteredlevels of HSB could be indicative of
cellular injuryinduced byOP exposure, tie effects of both CPF and CPO on the
expression levels dhree families oHSPs (HSP-90, HSR70 and HSF60) were
investigatedby quantitative Western blottings described in section 2.2.12.

As illustrated in figure 4.3 and table44.the densitometric analysis of probed
Western blots of prdifferentiated N2a cell lysates treated with 3 uM CPO for 4
h revealed transientignificant reduction in the levels of HS¥® compared to
contros(p °~ 0. 003) . RviahwHS 99 antibodyeas unaffected t y
at the earlier time point (2 h) and seemed to recover following 8 h expdsure
CPQ

Although exposure of lysates ofepdifferentiated N2a cedl treated with CPO
for 4 h hadreducel levels of the HSF0 and HSF60, the effects were not
statistically significant at that time pojmor at 2 or 8 h.In CPFtreated cells, no
significant changein reactivity levels was detesdd with all threeanttHSP

antibodies at all timgoints.

108



Effects of CPF and CPO on cytoskeletal proteins in N2a cells Chapter 4

2h 4h 8h
Da  Control CPF Control  CPF Control  CPF

Figure 4.3. Detection of heat shock proteins on Western blots of pr
differentiated N2a cell lysates.N2a cells were induced to differentiater 20 t
before treatment with or without 3 uM CPF or CPO for 2, 4, and 8 h. N2a cell
were then subjected to SBFBAGE and Western blottings described in Bterials an
methods Shown are typical blots probed withonoclonalantibodies to HSPC
(clone AC16), HSR70 (cloneBRM22) and HSF60 (cloneLK2) followed by HRR
conjugated secondary antibodies and developed by ECL reaBmitsprobed wit
anti-Utubulin were used as internal control.

Table 4.4. Densitometric analysis of Western blots probed with antibodies to heat
shock proteins.Western blotof cell lysatesvereprobed with antibodies thatcognise
HSP-90, HSR70 and HSFB0, after whichantibody reactivity was visualised WiliCL
reagents as described in kterials and methods. Densitometric peak areas were
guantified using AIDA software and values ag®pressed as a percentage of the
corresponding time point control £ SEM for four separate expetgmBand densities

for all proteins were normalised blots probed wittantiUtubulin. Asterisks indicate
values that were statistically significanhangesfrom their correponding non OP
treated control*p < 0.003.

Densitometric peak area

. Incubation
Antigens time (h) (% control ° SEM)
3¢eM CPF 3egM CPC

2 97 +4 96 + 7

HSR0 4 101+ 8 77+ 3¢
8 97+4 94 + 2
2 95+6 96 =5

HSR70 4 92+5 90+ 11
8 109+ 6 106 + 9
2 102 £ 3 97 +3

HSP-60 4 106 £ 6 89+5
8 100 + 12 90 + 26
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4.2.4 Effectsof CPF and CPOon activation status of MAP
kinase ERK1/2

Further analyses were performed to determine whether the altered levels of
reactivity of lysates with antibody to pNFH could be attributed to changes in the
activation status ofMAP kinaseERK 1/2, which is known to be convergence
point of signalling pathways involveth neurite outgrowth ando play an
important role inthe phosphorylation of NFHVeerannaet al., 1998Perron and
Bixby, 1999.

As indicated in figure 4.4 and table 4.5ta from Western blotting analyses
using antitotal ERK antibodyshowed no significant changes in reactivity levels
with lysates from pralifferentiated N2a cells treated with either CPF or CPO
compared @ non OPFtreated controls at any tinmint. In contrast, ampERK
antibodies showed increased reactivity compared to thhesponding control at
all time-points but he changes were only statistically significanthetearly time
point 2 h). The data irtable 4.6,showed thathere was a significant increase in
the phosphorylation ratio following exposure to both CPF and CRO0(@5)at

2 h exposure.

2h 4h 8h
kDa Control  CPF Control ~ CPF Control  CPF

Figure 4.4. Detection ofthe activation status of MAP kinase ERK 1/2 on Wester
blots of lysates from pre-differentiated N2a cels. N2a cels were induced -
differentiate for 20 h before treatment with or without 3 uM CPF or CPO for 2, .
8 h. N2a cell lysates were then subjected to FIA&E and Western blottings
described in Mterials and method§Shown are typical blots probed wiltibodies t«
total ERK (K-23) and phosphorylated ERK ) followed by HRPconjugate
secondary antibodies and developed by ECL reag8lus probed with anti-tubulin
were used as internal control.
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Table 4.5. Densitometric analysis of Western blots probed with antibodies tMAP
kinase ERK1/2 Western blots of cell lysates were probedth antibodies that
recognisetotal ERK and phosphorylateBRK, after whichantibody reactivity was
visualised withECL reagentsas described in Bterials and methods. Densitometric
peak areas were quantified using AIDA software and valuesegpeessed as a
percentage of the corresponding time point control HMSEr four separate
experimeis. Band densities for all proteins were normalisetiitis probed wittanti-U-
tubulin Asterisks indicate values thahowedstatistically significandifferencesfrom
their corrsponding non Ofreated controlf p °~ 0 <0.@1. * * p

Densitometric peak area

: Incubation
0, o
Antigens time (h) (%control ° S.E.M.)
3¢ M CPF 3eM CP

2 106 £ 7 95+11
Total ERK 4 111 + 14 115+ 20

8 1077 1078

2 147 £ 21* 128+ 6**
pERK 4 149 + 33 142 + 34

8 113 £ 15 91+2

Table 4.6. The phosphorylation ratio of the change in pERK:total ERK following

OP exposure over timeBand intensities of pERK relative to control were calculated as
a ratio to thaof total ERK. A value of 1 represents normal level of phosphorylation of
ERK. Asterisks indicatehangeghat were statistically significant compared to normal
leveks ; *p. 0. 05

Phosphorylation Incubation
. . 3¢eM CP 3eM CPO
ratio time (h)
2 1.3+ 0.02* 1.3+0.2*
PERKTERK 4 13+0.21 1.2+0.22
8 1.0+ 0.08 0.8+£0.03
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4.2.5 Effects of CPF and CPO on phosphatase activity in pre

differentiated N2a cells

Since there was a clear relationship between the early changes in reactivity of
artibodies against pNFH and pERiIK OP-treated cell lysateat 2 h further
experiments were carried out to detect the possibleectar the subsequently
significantreductians in NFH phosphorylation following 8 h exposure. For this,
phosphatase activity was detected usimgpNPP liquid substrateystemwith
lysates prepared from ke incubated with or without GfPunder thesamepost
differentiationexposureconditions asdescribed in section 2.2.10

As demonstrated in figure 3l.there wasan observedncrease relative to the
controls in the level of phosphatase activitypne-differentiated N2a&ell lysates
treated with either CPF or CPO f@rand8 h However,this effect appeared to

be statisticallysignificantonly at 8 hexposure( p 0 . CafaB/gedbyw h e n
two-way ANOVA. At 4 h treatmentno noticeablechangesin phosphatase

activity were detected in OReated cellgompared to untreated control

160+

vl 1, = Hl Control

3 3uMCPF
BN 3pMCPO

- -
SN
[ =~}
1 1
I_{

l_|

Phophatase specific activity
(% control)
(<]
b

Exposure time (h)

Figure 4.5. Effects of CPF and CPO on phosphatase activityin pre-
differentiated N2a cells. Mouse N2a cells were induced to differentiate fc
h before being incubated with or without 3 uM CPF or CPO for 2, 4, an
after which the activity of phosphatase was measured as described in v
and methods. Enzyme specific activity is expressed as percentage
corresponding control value SEM from four separate experiments. Astel
in the 8 h treatmerindicatechanges that are statistically significantly diffe
fromthe non ORreatedc or r esponding contr ol

112



Effects of CPF and CPO on cytoskeletal proteins in N2a cells Chapter 4

4.2.6 Effects of CPF and CPO on the intracellular distribution of

cytoskeletal proteins

Since 3 uM CPF and CPO were ablecauseretracton of pre-formed neurites
andinterfere with the expression levels of cytoskeletal protétivgas of interest
to determinewhether they were also capable of disruptihg intracelluhr
distribution of neuronal cytoskeletoproteins The neurotoxic effects of both
OPs on microtubule and neurofilament protein distributiaere studied by
indirect immunofluorescence staining oklifferentiated N2a cell®llowing 2
and 8 h exposuréAs previously explained in section 2.2.18e-differentiated
NZ2a cells were stained with antibodies agaitetl NFH (clone N52), pNFH
(cl one SMI 3dubllin (@one@G16)! 1 |

As shown in figure 4.6 and 47, antib | -tubulin antibody demonstratedtense
stainingin neurites and cell bodies of treated and nont@Bted cellsat both
exposure time point$n the case o&ntitotal NFH, it can be seen that there was
relatively strong staining of axons in control celiss shown by horizontal
arrows,but weakneurite staining was observed in CPF and CPO treatedatells
both 2 and 8 hexposure The staining intensity ofantipNFH in axonswas
similar to that of anttotal NFH in non OPtreated contrel. However,much less
neurite staining was observadd more aggregates were detected in cell bodies

(vertical arrows)with antipNFH in OPtreated cellsat both timepoints

113



Effects of CPF and CPO on cytoskeletal proteins in N2a cells Chapter 4

Control

pNFH
(SMI34)

BIIT tubulin
(2G10)

Figure 4.6. Effects of 2 h expsure to CPF and CPO on the intracellulal
distribution of cytoskeletal proteins in pre-differentiated N2a cells.Following 20 t
of cell differentiation, N2a cells were treated without (control) or with 3 uM CI
CPO for 2 h. N2a cells were then fixed and stained by indirect imftuorescence i
described in Mterials and methods. Shown are digital images of norré&aRe
controk and cellsexposed to 3 uM CPF or CPO stained with dotal NFH (N52)
antipNFH (SMI34) and antb | -tudulin 2G10). Horizontal arrows highlighypical
axonlike neurites and vertical arrows indicatke presence olggregates in ce
bodies. Scale bar represents 30 puM.
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Control

NFH
(N52)

pNFH
(SMI34)

BIII tubulin
(2G10)

Figure 4.7. Effects of 8 h expesure to CPF and CPO on the intracellulal
distribution of cytoskeletal proteins in pre-differentiated N2a cells.Following 20 t
of cell differentiation, N2a cells were treated without (contoslwith 3 uM CPF ¢
CPO for 2 hafter which,cells were fixed and stained by indirect inmofiuorescenc
as described in Bterials and methods. Shown are digital images of nortré&ae
controk and cells exposed to 3 uM CPF or CPO stained withtatétl NFH (N52)
antrpNFH (SMI34) ad antib | -tubulin 2G10). Horizontal arrows highlightpical
axonlike neurites and vertical arrows indicatee presence ofggregates in ci
bodies. Scale bar represents 30 puM.
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4.3 Discussion

The neurie retraction observed in posfferentiated N2a cells following
exposure to a swbytotoxic neurite inhibitory concentration of CPF and CPO
indicated that theseffects wee notrelated toAChE inhibition (Chapter three).
The aim of this chapter was to ealwhetherretraction of neurite outgrowth
was associated with disruption oytoskeletal and associated regulatory proteins
and whether the effects on these {obwlinergic targets could unde the
morphological changesineurite outgrowth producedofm predifferentiated
N2a cells.

Microtubule proteinssuch agubulin and MAPs arenainly involved in neuronal

cell differentiation and neuritdevelopmen{CambrayDeakin, 1991 The fact

that densitometric analysis; the current studyevealeda lack of detectable
changes n t he reactivity of N2 a <ubdln |l ysa
tubulin pogtranslational modifications,blll -tubulin and MAPs following

treatment withCPF and CPOtogether with the lack of effect in indirect
immunofluorescence staining with atdibulin, suggested that thievels of
microtubule proteins we unaffected under our experimental conditid@imilar

findings were observed imprevious studies which found thatthe same
concentration of CPand CPOhad no ef f ect -tubulinwheme | e v
applied topre-differentiated N2a cell§Sachana et al., 20pBr at the point of

induction of cell differentiation(Flaskos et al., 2031 Unchanged evel-s o f l
tubulin havealso been observed following exposure to other OPs such as PSP,
diazinon andhe pyrethroidcypermethriHargreaves et al., 200Blaskos et al.,

2007). The previous data together with the current findings suggestthbat

microtubule networks not a primary target of these OPs.

Neurofilaments, in particular NEHblay a key role imegulating axon gpwth and
stability (Wiliamson et al., 1996 and are increasgly expressed and
phosphorylated sa axons develofgLee and Cleveland, 1994/eeranna et al.,
1998. The importace of NFH phosphorylation is that it regulates titasport
of neurofilamentswithin axons, which playan essential role in axonal growth
and stability(Shaw, 199, Sihag et al., 20Q7 Extensive phosphorylation of NFH
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results ina slower rate of axonal transpofYuan etal., 200§. Thus, it was of
interest to determine whethemneurite retraction could be reflected at the
molecular level by altered levels of phosphorylation of NFH. The observed
increase in the reactivity of antibodies against pNERRd the calculated
phoghorylation ratiosn OP-treated cell lysates at 2 h and the following decline
at 8 h exposure, together with the lack of statistically significant effects of OPs
on the reactivity of antibodies thatcognise total NFH at all tiryggoints are
consistent wh an early transient hyperphosphorylation followed by a reduced
phosphorylation state of NFH, with no overall effect on the total levels of NFH
protein.The transient increase in NFH phosphorylaiiopre-differentiated N2a
cells treated with CPF and CR@irrored the effect of other GRBuch as phenyl
saligenin phosphate (PSBjd tricortho-cresyl phosphate (TOCH) N2a cells
under cedifferentiation conditiongFowler et al., 200,1Hargreaves et al., 206

In animalstudies alteredphosphorylatiorstatusof NFH has also been found in
the spinal cord ofiens treated wititOCP (Suwita et al., 1986and PSRJortner

et al., 1999 Taken together, these findings suggkat several OPs may be able
to disrupt the phosphorylation status of NFH.

The datdor CPF are in agreement with teidyof Sachana et al. (20Q2yhich
revealed little or no effect on the levels of NFH from N2a cells following
exposure to CPF under slar post differentiation condition§Sachana et al.,
200]). However, ina study by Flaskos et al. (2011), where CiR@sadded to
N2a cells at the same time msluction of diffeentiation, immunoblot analysis
indicated significant reduction in NFH protein but the level of NFH
phosphorylation remained close to the control val(ldaskos et al., 20)1
suggesting that the effeof CPOobserved in the current work was specific for
pre-differentiated cells. Thus, the toxicity response apptai®e related to the
developmental stage of cell differentiation dtigh the &posure to OPs occurs,
although the possibility that the longer exposure time (24 h) in the latter study

may have affected the outcome cannot be discounted.

Results obtained from immunoblot analysis using monoclonal antibody
GAP7B1Q which recognise GAP-43, suggested that CPF and CPO induced a

transient reduction in GAR3 after 4 h exposurésAP-43 is a cytoskeleton
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membrane linker that ikighly expressedn the growth cones andxtending
axons in neuronal cells(Skene, 1989 Das et al, 2004 During
neurodevelopment, GAB3 regulates the formation ogrowth cones,and
modulateshe developmenand stabilityof axons (Meiri et al., 1986 Benowitz
and Routtenberg, 199Keiri et al., 1998 It has been demonstrated that GAP
43 synthesis is elevated during axonal outgro(@kene, 1989Pekiner et al.,
1996 and thus, inhibition of neurite outgrowth could d&sociated witlaltered
expression level of GAR3 (Das et al., 2004 Since redued levels of GA43

in the current studyccurred in parallel with #hcollapse in axon outgrowth
obsered by live cell imagindollowing exposure of prelifferentated N2a cells
to CPF and CPO fmapterthred, it could also have contributed to the detaehtn
of the growth conesThis finding is consistent with previous studies, which
showed reduced levels of GARS in predifferentiatedN2a cells &posed to
similar concentratiof CPF andther OR (i.e. CPFmethy) for 4 h(Sachana et
al.,, 2009 and in N2a cells induced to differentiate for 24 h in the presence of
CPO (Flaskos et al., 20)1However, this is the first time that reduced level of

GAP-43 was observednderpostdifferentiationexposureconditions for CPO.

The decreasedevels of GAP-43 were also associated with impaired axon
outgrowth in N2a cells treatetbr 4-24 h from the pointof induction of
differentiationwith different OPssuch asTOCP, leptophos,diazinon and the
carbamate ester carbaffowler et al., 2001Sachana et al., 200Blarris et al.,
20091. Taken together, the current and previous findisigggest that reduced
levels of GAP-43 can be consideredas a common moleculamarker for the
neurite inhibitory effects caused by these OR#erestingly, the observed
recovery in the level of GAR3 at 8 h after its significant reduction in 4 h time
point suggested the ability dtie expression othis protein to recover to equal
levels to that of controlsThe transient reduction in the levels of GAB may
further suggest that this could be due to changes in proteolytic degradation
and/or gene expression, which was then subsequently recovered by increase

synthesis.

The chaperoneole played byHSPs is importantin maintaining the integrity of

neuronal proteins against abnormal protein foldingich may also be related to
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their protective role against apoptosis induced by OP tox{tiigrtl and Hayer
Hartl, 2002 Bukau et al., 2006 Elevatedlevels of theseroteirs were detected

in brains affectedy neurodegenerative disegsétamos et al., 199JAnthony et

al., 2003. In addition, it has been demonstrated that increased levels e7&ISP
could povide a potential marker of toxic injury in mammalian bré@onzalez

et al., 1989 In the current study,he lack of detectable changes ithe
expression levels of HSPO in CPF and CP@reded cellsat all exposurdgime
pointsis compatible with an earlier study conducted under similar experimental
and differentiation conditions, which also showexkffect on the levelsf HSP

70 in CPFtreated pre-differentiated N2acells (Sachana et al., 20p1The
observation tha€CPO had no effects on the levels of HBIin the current study
indicatedthat CPOis actirg in a similar manner aSPFwith respecto this HSP
under the postdifferentiation exposureconditions used However, under co
differentiationexposureconditions raisedlevels of HSP70 compared to control
were detected in N2a celfsllowing exposure to3 uM CPF for 4 and 8 h
(Sachana et al., 20pJand diazinon oxon (1 to 10 uM) for 24(8idiropoulas et

al., 2009 Interestingly, reduced levels of HS® were found in N2a cells
exposed for 24 h to 10 uM diazinon underditierentiation conditiongFlaskos

et al., 200). Takentogether these findings suggest that, with respect to HSP
expression, theffects ofCPFand CPCcould involve distinct mechanisihat

aredependent on the developmental stage at which exposure occurs.

HSP60 is a mitochondrial sess protein which is mainly found in the
mitochondria(Anthony et al., 2008 The currentstudy showed that tHevels of
HSP-60 were not altered ipre-differentiated N2a cells exposed 3opM CPF
and CPO compared tonon ORtreated controk. Previously, increased
immunoreactivity of HSFS0 in brain epithelial cellsvas detected ipatients
with Alzheimet6 gliseasecompared to normal subjecta/hich indicatedthat
mitochondrial damagevas associated withthis neurodegenerative condition
(Anthony et al., 2008 However, he lack of noticeable differencesnothe
expressio of HSPR-60 presented in this studuggestedhat mitochondrial stress
proteins wee nota major targetfor CPF and CPO toxicityn predifferentiated

N2a cellsunder our experimental conditians
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HSPR90 is another chaperompeoteinthatis found abundatty in the cytosolnd
highly expressed imammaliarbrain cells(Gupta et al., 20)0HSPR-90 binds to
cytoskeletal proteins such as tubulin and actin, iarthought tohave a role in
stabilising the neuronal cytoskeletg@sermely, 200 It also interacts with
protein kinaseshat are importanin regulating the cell death and survival
(Sreedhar et al., 20p4Understress conditiomsuch as pesticide exposure, HSP
90 with the assisince of HSR70 plays an important role in degradation of
misfolded, damaged or denatured protgi@sipta et al., 2070 The trarsient
reduction observed in levels of HSP in CPOtreated cells but not CPFeated
cellsin thecurrentstudycouldreflectthe ability of CPO taisrupt the functions
of HSR-90, asit has been reported that decreased levels of8{BEould affect
many cellular processes and increase the mortality of mammalian cells upon
thermal stresBansal et al., 199 opinath et al., 2014

On the other hand, the lack of alterations in the expression of38%#P CPF
treated cellsis inconsistent with previous work, in whicAh much lower
concentration of CPF (5200 nM induced synthesis of HS®0 in
undifferentiatedrat pheochromocytoma PC12 neuronal cells following 24 h
exposure(Bagchi et al., 1996 This discrepancy could be explathby several
experimental differences inthe cell lines, differentiation conditions, sub
cytotoxic OP concentrati@n and/orexposuretimes used With respect to the
latter, the shorter exposure time in the current study, may not have been
sufficient for the threshold levels required to inducpregsion of HSPO0 to be
reached.It is important to membn that the total cellular HSEBontent was
measured this study. It would be beneficial for future work to measure these
proteins in the cytosolic and mithondrial fractions separately after OP

expaosure.

The observed alterations in NFH phosphorylation were consistent with the
possible disruption of cell sighamg pathways involved in cytoskeletal
regulation. In the currergtudy, it was important to relate these changes to the
activation status othe MAP kinase ERK 1/2, since it known as a convergence
point for cell signding pathways involved in neuronal cell differentiation

(Perron and Bixby, 1999This protein kinase is activated in N2a cells following
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induction of cell differentiation by serum withdraw@argreaves et al., 20D6
and such activation isequired for the development of neurites (Singleton et al.
2000; LopezMaderuelo et al. 2001). Moreover, it is known to be important in
the phosphorylation of NFKPerron and Bixby, 1999In the current studyhe
increase in reactivity of arERK and the calculated phosphorylation ratios
with a lack of detectable changes in atgial ERK reactivityafter 2 h exposure

to both compounds suggested that OP mneat lead to increased activation of
ERK, which may account for the changes in NFH phosphorylation at that time
point. However, the lack of significant changesantipERK in ORtreated cells
compared to the control after 4 and 8 h exposure suggesteti¢laRinduced
activation was shoitived. The finding of the current study, with respect to the
activaton status of the MAP kinase ERR, is compatible with @reviousstudy
conducted underco-differentiation conditions, which also showethnsient
increased reactivity of arpERK but notantitotal ERKin N2a cells exposed to
PSP for 4 h(Hargreaves et al., 20p6These data together suggésat several
OPs are capable of inducing transient changes in ERK activation that might

disrupt NFH phosphorylation in treated cells.

Interestingly the data obtained from the measurement of phosphatase activity
were consistent with the possibility that increasedsphatase activity could
account for the observed reduction in NFH phosphorylation at the later time
point. Previously, it has been reported that protein phosphatase 2A from both rat
spinal cord and rabbit skeletal muscle can reduce the phosphorylatiofHdf N
following hyperphosphorylation by cychldependent kinasg (cdk5) in
neurodegenerative disea@&eeranna et al., 1995In addition, redua levels of
protein phosphatas2A and other phosphatases were found to be associated with
alteredNFH phosphorylation in protein aggregates foundih z hei mer 6 s di
(VogelsbergRagaglia et al., 20Q1and amyotrophic lateral sclerosis brain
(Kesavapany et al., 20R7Therefore, protein phosphatase 2A might be one
patential NFassociated phosphatase involved in the reduced phosphorylation of
NFH following 8 h exposure to both CPF and CPO. However, further
investigation is needed to identify specific phosphatases involved in the

regulation of NFH phosphorylation in QReated cells.

121



Effects of CPF and CPO on cytoskeletal proteins in N2a cells Chapter 4

Indirect immunofluorescence findings further confirmed the idea that both
compoundsused in the current studgan impair neurite development and
interfere with the expression levels of cytoskeletal protdihs.relativédy strong
staining & axonlike neuritesfor total NFH in control cells and in cell body
located aggregates with weaker staining of the dkenneurites that remained

in OP-treated cells, may reflect disruption of the neurofilament network in
treated cells. This was everom apparent fronshanges in the stainingattern

with antip-NFH from clear axonal staining in the control cells neainly
aggregates in the cell bodies of treated cells suggested thalhdbphorylated
NFH was more highly affected WyPF and CPO treatmeat both time points (2
and 8 h) This disruption in the intracellular distribution of neurofilaments is
consistent with that observed in previous studies, in which cells were induced to
differentiate for 24 h in the presence and absence elesiél neirite inhibitory
concentrations oPSP(Hargreaves et al., 20p6&diazinon(Flaskos et al., 2007
and CPQFlaskos et al., 201

On the other handst r ong st ai n i-tobylin pandibody ehtamed by i t h
indirect immunofluorescence further confirm the observation of the
densitometric analysis which revealed no changes in the reactivity of pre
differentiated N2a cell lysates with antibodies adaingubulin following
treatment with3 UM concentration oéither compoundThe similar distribution

of tubulin in cell bodies and neurites of treated andtneated cells indicated no

major disruption of the microtubule network, suggesting that micrégabare

not the main target for OP pesticidepne-differentiatedN2a cells.

In summary, the results preged in this chager suggest that Giaduced neurite
retraction in predifferentiated N2a cells is associated with early transient
increasesn NFH phosphorylation, which ishen followed by a decline at 8 h,
and a transient reduction in GAR3 but that the level ofotal NFH and
microtubuleswas unaffected. Increased activation of the ERR MAP kinase
signalling pathwayccouns for the observedlieratons in pNFH at 2 h, whereas
increased levels of phosphatasstivity mediate the dephosphorylati@at 8 h.
Although neither compound waslaho affectthe levels of HSF70 and HSF60,

CPOseemed to causetransient inhibition in levels of HSPO. These findings
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togetherdemonstrate thaat a molecular levekubcytotoxic concentrationof
CPOinduce asimilar pattern of effect® those ofCPFin predifferentiated N2a
cells with respectto the levels and intracellular distribution of cytoskdleta
proteins and on the levels of growth associatedeprs, activation status of

ERK1/2 and phosphatase activity.
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5 Devel opmedt umf glo t hroughput
organophosphian e-girtfofxe rcantyi at e
cell s

5.1 Introduction

Neurite outgrowth is one of the main morphological features of
neurodevelopmentand has beennvestigated innumerousin vitro studies.
Extensionof neurites (axons and dendrifeliring brain development &crucial
factor that determinesheuronal connectivity (Radio et al., 2008 Thus,
disruptionof thiscritical cellular procesas a result of OP exposureutd lead to
neurodegenerative effecia developing organisms(Rice and Barone, 2000
Costa, 2006 Grandjean and Landrigan, 2Q0&\s neurite outgrowthin vitro
exhibits many of the morphological and molecular changes that occur in axon
outgrowth diring nerve regeneratidn vivo, neurotoxirinduced changes in this
phenomenon may also reflect the ability of xenobiotics to cause axon retraction
and/or inhibit nerve regeneration in adult anim@sirgoyne, 1991 Berger

Sweeney and Hohmann, 1997

The neurotoxic effects of CPF and CPO on neurite outgrowth in pre
differentiated N2a cells observed @hapter three were assessed using manual
laboratory techniques, by which the number of akke processes was
guantified per 100 cells following CFSE staining. Although this method
demonstrated the ability of both compounds to induce changes in thegpodces
neurite outgrowth, the acquisition of microscopic images and the subsequent
guantitative analyses were timsensuming and gave information only about
neurites that were longer than two cell body diameters in length only (i.e. axon
like). In addition,the assessment of neurite outgrowth was based on a single
concentration of both compound&ithough this concentration (3 uM) for CPF
waspreviouslydemonstragdto induce 50% inhibition in the outgrowth of axon

like processes in prdifferentiated N2a cé without affecting cell viability
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(Sachana et al., 20R1it provides no information abouthe concentratioweffect

relatiorship of these OPs on the cellularodel.

Therefore high throughpuhigh contentscreening has been developesing
fully automatedntegratedsystens for cell imaginganddataanalyss (Abraham
et al., 2004 Smith and Eisenstein, 200p5This advanced technology provides
reliable, time efficient and rapid measurements of neurite outgroveftoming
the common limitations of manual methagsedin this study Additionally, high
throughput/high content screenirmgn assess theffects ofa wide range of
chemicals and neurotoxicants on multiple parameters of neurite outgsawath
as neurite number, neurite lengtleell body areaand the extent ofneurite
branching Changes in each endpoitein beanalysedand presentedhs average
or total countpereach individual cell in the captured imad®adio and Mundy,
2008. Moreover, high throughput/high content assegn beused with different
cellular models in order to compare and characténseffects obeveralOPs or
other chemicals oneurite outgrowthn multiple cell typegMundy et al., 201D
Earlier reports havealidated thefeasibility of this approachor evaluating the
neurotoxicitypotential of varioushemicals on neurite outgrowth neural cell
lines under postdifferentiation (Wilson et al., 201} and co-differentiation
exposureconditions(Radio et al., 2008Radio et al., 201,0Harrill et al., 2011
Harrill and Mundy, 201

As previously mentioned,he molecular basis of the QGiAduced effects on
neurite outgrowth in prdifferentiated N2a cells observed in chapter four were
examined using immunoblottingchniqus. However,the procedure was time
consuming aneffects ofboth OPs oncytoskeletal proteins and their regulatory
pathways in pralifferentiated N2a cells wasgain based on only one
concentration of both compounds. order toprovide rapid quantitative dose
responseanalysis for the effects of CPF and CPO at different time poants
medium to high throughput method such as cell ELISA easloped as part of

the currenstudy.This ideawas first described by Schmuck and Ahr (1997), who
showedthat cells can be differentiated in the presence and absence of OPs and
the levels of neurite enriched cytoskeletal proteins can be determined by the aid
of cell ELISA (Schmuck and Ahr, 1997 Sone of the advantages of this
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techniquewhenused as aalternaive to Western blottingapproach used in the
previous chapteis the ability to apply several concentrations of both CPF and
CPO simultaneously on a single microtitre platel thus, reducing the amau

of reagents, materials, costs and processing time.

The key aims of this chapter were to develop medium to higloughput assay
in order to examinghe effects ofmultiple concentration®of CPF and CPGat
different time pointson neurite outgrowth cytoskeletal proteins and their
regulatory pathwaysn predifferentiated N2a cellsn a rapid quantitative
analysis This would, in turn,validate theprevious findingsobtained from
analysis of CFSE staining and antibody reactivity with Western blots aif c
lysates treated with a single concentration (3 uM) of both compoandshelp

to determine theoncentration dependence of the response.
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5.2 Results

5.2.1 Development of high throughput assay of neurite

outgrowth

To quantitativdy aralyse multiple parameters ofieurite outgrowth in pre
differentiated N2a cellfollowing CPF and CPO treatmermtells werefixed and
stainedby indirect immunofluorescencgitha nt i b o d i etwulirm(@ona n s t
B512) and pNFH ¢lones Ta51 and SMI34)Monoclonal antibody B512vas
expected to stain microtubules in axons, dendrites and cell bodies, whereas the
antitpNFH antibodies were expected to preferentially stain  mainly
neurdilaments in axons ofieuronalells. These particular antibodies were used
becausehey are neuritenriched cytoskeletal proteins atalis, allowing for the
OP-induced effects onmultiple parameters foneurite outgrowth in pre
differentiated N2a cellso be investigatedimagesof stained monolayers were
acquired usingthe ImageXpressMicro Widefield High Content Screening
System and neurite outgrowth analysis was performed using MetaXpress

imagingand analysis softwaras described isection2.2.16

Figure 5.1 demonstrates the segmentation of acquired images obtained by high
throughput assays used in this part of the current study. All representative images
shown are from non OReated controls stainedith B512, Ta51 and SMI34
Image acquisition waperformed using two wavelengths; FITC to detect cell
body and neurites (green) and DAPI to identify nucleus of all celk field
(blue). The resultaninerged images showed staining distribution of FITC and
DAPI within eachneuronalcell. Image segmeniah was then performed using
MetaXpressimaging and analysis software and displayed as ruibured
masks tracing the neurites and cell bodies in the acquired irRageaccurate
image segmentation, thenalysis setting®f the integrated neurite outgrdwt
application modulevere optimised andonfiguredto catch maximum relevant
detail with minimal background nois@ he following parametersof neurite
outgrowth werechosen for the analysis and measurements were provided in

mathematical algorithms
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1 Average rumber of cellfield (total number of neutacell bodies
averaged by the number of fie)ds

1 Average ell body are#ield (total area of cell bodiem square micron
averaged by the number of fie)ds

1 Average mmber of neuritegtotal numberof neuritesproduced from the
cell bodiesaveraged by the number of fielfls

1 Maximum reurite lengtfcell (the length in microns of the longesturite
from theneuronal cell body to an extreme segnyastt cel)

1 Average neurite length/cell (thietal length in microns ball significant
outgrowthsaveragedy the number of cells
Mean processes/cédveragenumber ofneuriteslonger than 10 preell).
Mean branches/cel(average number of branchewiginating from
neuritesproduced by each cgll
Significant outgrowtl{neurites longer than 10 um in length)
Percentage of cells with significant outgrowfitells with at least one

neurte, 10 Om in length).
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Merged images DAPI wavelength FITC wavelength

Segmented images

Figure 5.1. Segmentatin of stained predifferentiated N2a cells using higl
throughput screening assayg. Cells were fixed and stained with antibodigsognisini
Utubulin (B512) and pNFH (Ta51 and SMI34) followed by Aldxaior® conjugate
antilgG secondary antibodies. Athages shown are from non @feated controlfrom
a single field of viewAcquired images were obtaineding ImageXpresslicro systen
(10x objective) withtwo wavelengths; FITC for cell body and neurites detectior
DAPI for nucleus countingSegmentedniages with multiolouredtracing masks ¢
neurites and cell bodies were generated ugiadleurite Outgrowth Module within tl
MetaXpressimaging and analysisoftware for monitoring differenparameters
neurite outgrowth.
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5.2.2 Monitoring multi-parameters of neurite outgrowthin pre-

differentiated N2a cells

The concentratiorrange (1, 3, 10 uM) effectef CPF and CPQon neurite
outgrowth inpre-differentiated N2a cells were investigated following 2 and 8 h
exposure using high throughput ass®ata of multiparametric analysis of
neurite outgrowth obtained by quantitation 0512 andpNFH (cloneTa5J)
staining are showin this chapter Confrmatory data using another aptNFH
antibody €lone SMI34) are displayed in append({¥igure 8.18.4). The current
studyfocused on the effects of CPF a@&0O at 2 and 8 h time points because
most alterations ni neurite outgrowth and associatguotein changes were

obseved at these two exposure timesarlier chapters.

Figure 52 shows the high throughput data for cell number and cell body area
obtained by analysis of B512 and Ta51 stainatg?2 and 8 h exposur&he
presented data show that all cortcations of CPF and CPO had no effects on
the averageneuronal cell numbéield after 2 and 8 h exposure comparedhe
untreated controlg¢Figure 5.2A1-A4). Similarly, both B512 and Ta51 staining
showed no effects on the measurements of cell body dfedd of pre
differentiated N2a cells following 2 éxposureto both OPqFigure 5.2B1 and
B2). After 8 h treatmentstainingwith both antibodieshowedslight but not
significant decreasan the averageell body are4ield following exposure td

and 3uM CPF and CP@ompared to no®P-treated contro{Figure 5.2B3 and
B4). However, the highest concentration (i) of both OPssignificanty
reduedthis parameteas indicated witlB512( p °~ a@d.T&1()p °~ 0. 0001
staining(Figure 5.2B3 an@®4).
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A. Cell number
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Figure 5.2. Effects of CPF and CPO a cell number and cell body area impre-differentiated N2a cells as asssed by high throughputassag. Cell
were then fixed and stained with B5aBd Ta51, after which data weracquiredusing the ImageXpresdMicro system andhe cell number and cell bo
area were measured usiMgtaXpressmaging and analysis softwaf@ata showdoserelated effects of bothF and CPO on the average cell number,;
(A) and the average cell body area {)field (B) with B512 and Ta51 stainirgf 2 h and 8 hHigh throughput data are represented as mean vaIS&d/
from four independent experiments. Data were analysed usingaywANOVA. The CPF effecs arepresented as blue solid Imwith circles;the CPC
effects arepresented as red dashed diméth triangles. Asteriskindicatechanges that are statistically different from the nort@Rted controls with B5:
(*p ~ 0. 01%p a'n daimitg®B8hkt) SEM baarenot apparent, this means that error is smaller than the symbol size.
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The effects ofmultiple concentrations of CPF and CPO tbe averagenumber
of neurites/fieldandthe percentage of cells with significant outgrowth (ites

10 Om areshdwe in figurd5.3\s indicated in figure BA1-A4, no
effects wereobserved on thaverage neurite number/fieid cells treated witid
UM CPF and CPO, but significant decremase ( p ~ wel@ .d€ieti@ yith
B512 and Ta51tainingat 3 and 10 uM of both compounds at both time points.
Following 2 h exposure, the quantitative analysis of both stains faaviage
number of neurit¢geld in predifferentiated N2a cellshowed thathe treatment
of 3 uM CPF and CPO caused 13#d 18% decline, respectivelgompared to
the correspondingion ORtreatedcontrol (Figure 5.3A1 and A2) In addition,
exposing the cells to a higher concentration of 10 uM reducechvbeage
neurite numbeffield to 30% with CPF and 40% with CPQsing loth stains
(Figure 5.1 and A2)

When predifferentiated N2a cells werexposed toboth OPs for 8 hthe
reduction inthe averageneurite numbéfield detected by Ta51 stang was
greater than those obtained with BE2gure 53A3 and A4) The quantitive
analysis of B512staining for the averagenumber of neuritdfeld in pre
differentiated N2a cells showed thaaBd 10uM CPO resulted in 3@ and 3656
decline, respectivel{fFigure 53A3). However,Ta51 analysis demonstrat83%
and 55% fall inthe average number of axelike neuritecompared tahe nm

OP-treatedcontrok at 3 and 10 uM CPO, respectively (ki@ 53A4).

Figure 53B illustrates the number of cells with neurites length above 1@ijem
significant outgrowth)as quantified by B512 an@la51 staining following OP
treatment for 2 and 8 h. Quantitation of B512 staining showed lack of detectable
changes on the number of cells with significant outgrowth irdifferentiated

N2a cells treated with multiple concentrations of CPF and CPO &nd28 h
(Figure 53B1 and BB). In contrast, Ta51 staining showed dose and -time
dependent decreases in this parameter irr€Red cells at both time points.
The observed reduction in the number of cells with long neurites was statistically
significant at3 and 10 pMCPF and CPO in compare to the non-ttdated

controls (p "0.05). The reduction in
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was greater at 8 than at 2 h for CPO at both 3 and 10 uM concenti@&igue
5.3B2 and B4)
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A. Neurite number
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Figure 5.3. Effects of CPF and CPO on neurite numberand percentage of cds with significant outgrowth in pre-differentiated N2a cells a
assessed by high throughput analysisCells were stained with B512and Ta5], after which datavere acquiredising ImageXpressMicro system an
measured using MetaXpress imaging and amalysitware Data showdoserelated effect®f both CPF and CPO on tlagerage neurite number/field (
and the percentage of cells with significant outgrowthaB2 and 8 h with B512 and Ta51 staining. Data are presented as meant\@akigrom four
independent experimes for both time pointdData were analysed using tw@my ANOVA. The CPF effecs arepresented as blue solid Imwith circles
the CPO effecs arepresented as red dashed $imgth triangles. Asteriskindicatechanges that are stditally different from the non Offreated cotrols
(p °~ 0. 05) . samwtoeappar8nE tis means that error is smaller than the symbol size.
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Further parametsrof neurite outgrowth such as the maximum and average
neurite length per neuronal cell were also assessed using high throughput assays.
Following 2 and 8 h exposure, there was a diegendent decrease looth
parameters of neurite outgrowth in @®Ratedcells compared tdéhe non OR

treated controls. A significant dosee | at ed r educt i ovada( p

two concentration§3 and 10 pM) of both CPF and CRBgure 5.4A and B)

With regard to the measurement of maximum neurite length per neuronal cell,
Ta51 stainingvas more sensitive in detecting long neg than B512 staining
(Figure 54A1-A4). It can be seen thahe maximum neurite lengitell in non
OP-treated controlebtained by B512 stairangedfrom 30 to 37um, whereas,
those measured with Ta51 stain wéfeto 58 pm.Figure 54A1 and A shows

the quantitative analyses of B512 for the doskated effects of both CPF and
CPO on maximum neurite length/ceCPFexposure for 2 thad no significant
effects on this parametett all concentrationgFigure 54A1). However,8 h
exposureto 10 uM CPFsignificantly decreasethe maximum length oB512-
positive neurites/celby 53% compared tahe control ( p O(Figure 0 1)
5.4A3). On the other handra51stainingexhibited adosedependent decline in

the maximum nerite length/cell following CPO treatment for 2 and 8Time
treatment of pralifferentiated N2a cells with 3 and 10 uM CRfused a
significantreductionin maximum neurite length/cell when comparedh® non
OP-treatedcontrol( p = 0. 005 @Q@O0A &t 8 h)(Figueerb4Al and °
A3). Figure 54A2 and A4 shows the measurementsf anaximum neurite
length/cellobtained by the analysis of TaS1aining This indicated thatboth

CPF and CPO at concentrations of 3 andulDwere able to inducsignificart
reductiors in the maximum length of neurites per cell compared to controls at
both time points in preifferentiated N2acellgppl °~ 0. 0P 7 abatR0 G 1
h).

As illustrated in figure 3lB1-B4, both B512 and Ta51 stainingeneratedimilar
trendsfor theimpactsof multiple concentrations of CPF and CPO on the average
neurite length per cell at both time poin®&ollowing 2 h exposuref both
compounds both staining showed thahe average neurite length per cell

measurements were significantlyduced by approximately 2band 406 at 3
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and 10 M, respectively p ~ 0 (F@Wwe®.4B1 and B). A further reduction
iIn average neurite length per cell was observed follogirigexposureto CPF
and CPO. The treatment of 3 uM bbth OPs resulted in 30% decreagep

0.0001)in this parameterwhile a higher concemation of 10 puMsignificantly
reducedthe average lengtbf neuritesper cellt o 45 % ( p (FigureO . 00 O .
54B3 and B).
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Figure 5.4. Effects of CPF and CPO on maximum and average neurite length/cell in pidifferentiated N2a cells as assessed by high throughj
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Further parameters of neurite outgrowth such as the mean number of processes
and branches per neuronallagere also assessed using high throughput assay.

As demonstrated in figure A and B, measuremestwith both B512 and Ta51
stainingshow thatthere was a concentratiatependent decline the numbef
processes and branches/cell in-gifterentiatedN2a cells treated with both CPF

and CPO for 2 and 8 h compared to nont@Rted controls. A significant dose
relateddecreas¢ p ') w@as.obsérved & and 10 uMCPF and CPQt both
exposure time pointsStaining neurites with B512 revealachigher number of
processes and branches/cell than those detected by Ta%igstain

Similar dataon the effects of CPF and CPO on rniuputgrowth parameters

were obtained when another apNFH antibody (SMI34) was used (see
appendix; Figure 8:-8.4).
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A. Mean processes/cell
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Figure 5.5. Effects of CPF and CPO on the mean number of processes and branches/cell in-gdigerentiated N2a cells as assessedy high
throughput analysis. Cells were stained with B512and Ta51 after which datawvere acquiredusing ImageXpresavlicro system andneasured usir
MetaXpress imaging and analysis softwdbata showdoserelated effectef both CPF and CPO on theean processes/cell (A) and the mean branche
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triangles. Asteriskindicatechanges that are statistically different from the noat@Rtedconr ol s ( * p ° 0 .s&réndt appaéntethis mse
that error is smaller than the symbol size.
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5.2.3 Effects of CPF and CPO on the viability of pre

differentiated N2a cells

To ensure that the-10 uM doserarge of CPF and CPO used in this study was
non-cytotoxic towards pralifferentiated N2a cells, MTT reduction assays were
carried out, aglescibed earlier in section 2.2.7The results demonstrated in
figure 5.6A and Bshow that all concentrations of CPF &@EO had no effect on
the reduction of MTT in ORreated cells at either time point when compared to
their correspondingnon ORtreated controls. The results obtained from
traditional MTT viability assayvas compatible withigh throughput data on cell
cownt, which showed that treatment of midferentiated N2a cells with 1, 3 and
10 uM CPF and CPO had no inhibitory effects on cell number.

A.MTTat2h B.MTTat8h

[
-]
]
[
-]
]

-0~ CPF

o-——'-_'qfh—*—'___‘__:_g -2= CPO

= =
=]
(-]
1
= =
=]
=]
1

@
-]
1

809

i
[-]
1
Fy
(-]
1

5]
-]
1

o
2 o
1

-]

MTT reduction (% of control)
3

MTT reduction (% of control)
=]
bt

T T T T T T T T
° ~ o o ° [N ) K

OP concentration (pM) OP concentration (pM)

Figure 5.6. Effects of CPF and CPO on MTT reduction in predifferentiated N2a
cells. After 20 h of differentiation, N2a cells were treated without (0.5% v/v DI
control) or with 1, 3 and 10 uM CPF or CPO for 2 and 8 h. The effects of both (
MTT reduction were measured to evaluate cell viability after 2 h (A) and 8
exposure Data are expressed as a percentage of theDRotreated control + SE
from four separate experiments. Data were analysed using one way ANOVARAH
effects are presented as blue solid lines with circles; the CPO effects are pres
red dashed lines with triangles. The lack of asterisks reflect the faciathttistically
significant changes were fourid MTT reduction in ORreated cells compared to
untreated controls at both time point§hen SEM bars are not apparent, this m
that the error is smaller than the symbol size.
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5.2.4 Determination of concentrationresponseeffects of CPF
and CPO o cytoskeletal and associatedegulatory

proteins using cell ELISA

The effects of multiple concentrations of CPF and CPO on cytoskeletal proteins
and cell signalling pathwagssociated witltheir regulation in neurite outgrowth
were further assessad pre-differentiated N2a cellasing cellELISA technique

for rapid quantificationThe changes in tHainding levelsof these proteins using
monoclonalantibodiesagainstU-tubulin (clone B512), NFH (cloneN52), pNFH
(clones Ta51 and SMI34), and ERK1/2 MAP kinaseere determined and
guantified in controls andOP-treated cells following 2 and 8 h exposues
described insection 2.2.15 These time points were chosen to fecan
conditions under which both OPs induced significant changes in Western
blotting analysis of lysates from cells exposed to a single concentration (3 pM)
of each compound (Chapter 4).

Quantification of B512 eact i vi ty ( whubuwibydet ELESAt s t 0
showed that it was not affected under any of the expesgonditions tested

(Figure 5.A1 and A2) Similarly, treatment of pralifferentiated N2a cells with

all concentrations oboth compoundéad no effect at either time poiah the

binding levels of N52(which recognisgtotal NFH) whencompared to controls

(Figure 57B1 and B2.

Figure 57C1-D2 shows data frontell ELISAs using monoclonal antibodies
Tab1l and SMI34 which both recognisepNFH. In figure 57C1, a dose
dependent increase wases in the levels of Ta5ldinding in pre-differentiated
N2a cells treated with both CPF and CPO for. Zle elevatiorin Ta51 levels

was statistically significant at 3 and M concentrations o€PF (p = 0.007)

and CPO( p ° Oconfpéréx 1tg that of mo ORtreated controlqFigure
5.7C1). After 8 hincubationwith 3 and 10 uM CPF and CPQ@, significant
decline (p ' 0 théIevels ok BaSbindirg s ©P-tkeaad cellsn

in compare to contts (Figure 57/C2). A different epitopeof pNFH (reagnised
by SMI34) showed no significant changes in the levelsantibodybinding to
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pre-differentiated N2acells exposed toall concentrationsof CPF and CPO
compared tanon ORtreatedcontrolsat bah time points (Figure 3D1 and D2).

A1. B512 levels after 2 h exposure A2. B512 levels after 8 h exposure
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Figure 5.7. Effects of CPF and CPO on cytoskeletal proteins in pr
differentiated N2a cells as determined by cell ELISA.N2a cells were induced
differentiate for 20 h before being incubated without (0) or with 1, 3 and 1
concentrations of BF or CPO for 2 and 8 IChanges in the binding levels
antibodiesthatr e ¢ o g-tubutine(B512) (panel A), NFH (N52) (panel B) ¢
pNFH (Ta51 in panel C and SMI34 in panel D) were quantified in controls ar
treated cells following 2 and 8 h eogure using cell ELISAData are presented &
percentage of the no ORtreaed control + SEM (from four independe
experiments at both time poijt¥ata were analysed using eway ANOVA. The
CPF effecs are presented as blue solid Imevith circles; the CPO effecs art
presented ased dashed lirewith triangles. Asterisksnidicatechanges that a
statistically different fromthenonGPr eat ed contr ol s (¢

142



Development of medium to high throughput assays Chapter 5

Since there dosdependent changegre observeth the levels obinding Ta51

antibody to predifferentiated N2a cells treated with CBFCPO for 2 and 8 h, it
was of interest to investigate whether these alterationpNFH could be

associated with changes in ERK 1/2 MAP kinase activation

Figure 58A1 showsdosedependent decreasia the binding levels of total ERK
(tERK) to predifferentiated N2a cellfollowing 2 h exposure to both CPF and

CPO. However, this reduction was onbatsstically significant( p ° Gt 0001)

10 uM concentration®f both compound&/hen compared to the non @feated
controls After 8 hexposure (Figure BA2), treatment of pralifferentiated N2a
cells withup to 10 pMof both OPs showed no effects on the binding levels of
total ERK.

Figure 58B1 and B2demonstrates the desesponse effects of both CPF and
CPO on the levels ofntiphosphorylated ERK (pERK) binding to pre
differentiated N2a cellsExposure to both compounds for 2 h causedilar
concentratiordependent increasein the binding levels of pERK antibody,
which was statistically significant
compared to non OReated control§Figure 58B1). By contrastcompared to
the control, no changewere observed ianti-pERK reactivity with monolayers

of pre-differentiated N2a cells exposéal either OFor 8 h (Figure BB2).
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A1.tERK levels after 2 h exposure A2 tERK levels after 8 h exposure
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Figure 5.8. Effects of CPF and CPO on the activation status of ERK1/2 MA
kinase on predifferentiated N2a cells as degrmined by cell ELISA. N2a cells
were induced to differentiate for 20 h before being incubated without (0) or wi
and 10 uM concentrations of CPF or CPO for 2 and@Hanges intte binding level
of antibodieghatrecognise total ERK (KR3) (panel A) and phosphorylated ERK {
4) (panel B) were quantified in controls and -@@ated cells following 2 an@ r
exposure using cell ELISMata are presented apercentage of theon ORtreatet
control + SEM from four independent experiments at btithe point§. Data wer
analysed using on@ay ANOVA. The CPF effects ar@resented as blue solid &
with circles;the CPO effect arepresented as red dashed $iméth triangles. Asterist
indicatechanges that are statistically different from the Qdhtreatedcat r o |
0.05). When SEM barare not apparent, this means that error is smaller tha
symbol size.
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5.3 Discussion

The main aim of the current chaptemas to developnedium tohigh throughput
assag to examine the effects of several doses of CPF and CP@uttiple
parameterof neurite outgrowthin predifferentiated N2a cells over two time
points. The amount ofdata obtainedisingthe high throughput assays represents
the sensitivityand feasibilityof this technique taletectandquantify ORinduced
changesn neurite outgrowth in @redifferentiated cell modelThe use ofa
fully automated approadh this part of the currenstudyprovided rapid analysis
for the effects of both OPs on neurite gnotvth compared to themanual
approachof measuring neurite outgrowth (CFSE staininggdin chapter three,
which gave robust data butas time consumingnd gave information restricted
to longer neurites onlyAdditionally, the instrumentation of high toughput
analysis validatedhe data obtained from the use ofsingle subcytotoxic
concentration (3 uM) of CPF and CPO at the beginwoihiis thesigchapter3)
and in previous workSachana et al., 20p$achana et al., 20pblaskos et al.,
2011).

In this study both antiC-tubulin (B512) and arpNFH (Ta51 and SMI34)
staining were utilisedn order tocompare ancevaluate the potential of each
marker indetecing the neurotoxiceffects of both OPs on neuritautgrowth.
B512 staning was expressed in cell bod@nd reurites that were both dendrite
like and axorike, whereas Ta51 and SMI3gtaining wasmore specific for
axonlike neurites As indicated in dtaof neurite outgrowth parametesbtained
by high throughput analysi§igure 52), B512 staining deteted morecells and
a large cell body aremomparé to those quantified withTa51 staining.
However, Ta5Wwas more selective than B5%fainingin detectiig long neurites.
Thus, B512stainingwas more effectivethan Ta51for the quantitative analysis
of cel number and cell body area paramet&rkile Ta5lwas more suitable for

axonlike neuriterelated analysis such as neutéegth and number

The high throughput quantification of pd#ferentiated N2a cell number
indicated thatl-10 uM CPF and CP(had no significant effect orthe average

cell numberper fieldat both exposure time point$hedatafrom the automated
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high throughputigreed withithe doseresponse effects of CPF and CROMTT
reductionassayg both in the current study and in previous Wwaor ourlaboratory
(Sachana et al., 200%achana et al., 2005laskos et al., 2031Thus findings
from both assaysonfirmed that all concentratisrof CPF and CPO used in this
study were noitytotoxic towards prelifferentiated N2a cellafter 2 and 8 h
exposureSimilarly, measurements tlie averageell body areger field which
indicate the circular shape of N2a cell bodresealed that both compounds at 1
and 3 pM had no effect othis parameterHowever, theautomated system
detected a reductioin the averageell body area ipre-differentiaed N2a cells
exposed for 8 h tahe highest concentratiofl0 pM) of both CPF and CPO
which may suggest thdteated cellcould becoming moreompactin shape at

that time point

The quantitative assessment thfe averagenumber of neuritesger field
maximum and average neurite lengtr cell, number of processes and branches
per cell, and cells with significant outgrowth aildicatethat pre-differentated
N2a cells respond to bot®PF and CPO in a dosand timedependentanner.
This suggest that the neurite length and branchingdecrease as the
concentrations of both OPs and the exposure time incréhsebservation that
these parametersf neurite outgrowthwere reducedat concentration®f CPF
and CPOthat have no effects on cell number andbility confirms thesub
cytotoxic neurite inhibitory effect oboth compoundsowards predifferentiated

N2a cells.

The analysis of neurite outgrowth using high throughgmsgaysn the current
study can provide a valuable comparison betweatata genetad from this
automated system anibdose obtained usingpanual approaches at the beginning
of this thesis. In this contexhigh throughputmeasurements of maximum and
average neue length per each neuronal cetirrespond most closelyto the
determinaibn of axonlike neuritespreviously measured witthe aid of CFSE
stain following 3 uM CPF and CP(Chapter 3. Although automatedneurite
length measurementwere performed in arapid and more sensitivavay
compared tahe manualgross assessment twing neurites by CFSEstaining

both approaaks were in a good agreement showirtbat there was a dose
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dependent decrease in the neurite lerggtd/or long neurite numben pre
differentiated N2a cells treated with both CPF and CPO for 2 and Thé.
presentd data also suggest that both automated and manual assays are suitable
for asessing neurite outgrowth number and/or neurite lengtwever, the
former facilitates rapid generation of more complex datasets for multiple

compounds, concentrations and pargneneasurements.

As axons extendndareguided to their synaptic targets, they foeomumber of
branches, which play an essential role in connecting single neuron with multiple
neurons(Hjorth et al., 2011 Utilisation of highthroughput assayfor neurite
outgrowth was sensitive enough to support thislgwith additional information
on neurite branchingSucha parametercould not be achieved previolysusing
the manual measurement approach due to time constrairtte current study,
the datashow changes in thactual branching of neurites as anotBensitive
parameter of neurite outgrowth, whigbas affected by both OPs in a similar
concentratiordependenmanner as other measures of neurite outgrowth in pre
differentiated N2a cedl at both time pointsin humans, kerations in the
formation of awnal branches have beemported in brais affected by
neurodegenerative diseas@gsarner, 1995 Kwon et al., 206). The observed
inhibition in the mean branchesper cell might indicate a disruption in
cytoskeletal proteins involved ite formation of neurite branchd=or instance,
increasedVIAP1B was found to be associated witbcrease@xonal branching
in adut dorsal root ganglimeurongBouquet et al., 20Q04Altered expression of
GAP-43 in responseto neurite branchinghas beenalso demonstrated in rat
hippocamphmossy fibregBendotti et al., 1997 Earlier studies also linked the
accumulation of atin filaments in axonsvith the formation of neurite branches
in cultured neurongGallo, 2006 Ketschek and Gallo, 2010Therefore, it would
be of interest to extend this wot investigate the molecular basis underlying
the observed &cts of CPF and CPO on neuriienching.

The current studiras shown that cebased ELISAS a rapid and simple method
to studythe molecular basis of the observédP-induced effects o naurite
outgrowth Quantificationof antitubulin and antNFH antibody bindingn pre
differentiated N2a cellby celtbased ELISA revealed thabth CPF and CPO at
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neurite inhibitoryconcentrationg3 and 10 ypMhad noeffe t s on t he | e v e
tubulin ard total NFH at any timepoint (Figure 55A and B. These data

suggested thatisruption ofthe expression levels of these proteins was$
responsible for the observethhibition in multiple parameters of neurite
outgrowth in predifferentiated NZ2a cells Although these finding are
completely compatible withhe datapresented in chapter four of this thegis

which 3 pM concentration CPF and CPO had effects orthe reactivity of the

same antibodies with Western blots of cell lysatles cel-based ELI@ assay
demonstrated that even higher concentration (10 @¥)both compounds

similarly had no effect

Inhibition of neurite outgrowth was not associated witinificant alteration#n
U-tubulin, whilst further analysis using arRNFH suggestedhat tteremaybe a
change in NFH phosphorylatioin this high throughput part of the stydpe
employedpNFH antibodies(Ta51 andSMI34), which interact with different
phosphorylated epitopesiahe cterminal Lys-SerPro (KSP)repetitiveregion

of NFH, demonsated different resuls in the cell ELISA (Shaw, 1991
LichtenbergKraag et al., 1992Sihag et al., 2007 Using celtbased ELISA, the
binding of antiSMI34 antibody showed that the levelsphosphorylatiorat the
epitope of NFH it recognisavere unaffectedh pre-differentiated N2a cellafter

CPF and CPO exposure. However, the binding levels of Ta51 antibody
demonstrateda significant increase in NFH phosphorylation at 2 h and a
subsequentlecrease at 8 h in pdifferentiated N2a cells treated with 3 and 10
UM CPF and CPOThe quantitative changeon cell ELISAfor this antibodyare
consistent with previously observed results (chapter 4) where Westem blot
probed with Ta51 antibody weresed to evaluate the effects of 3 uM
concentration of both OPs on pNFH in jhfferentiated N2a cedl These
findings suggest that the amount of phosphorylation at the Ta51 epitope changed
much more than that gte SMI34 epitope.

The discrepancy between the SMI34 and Ta51 antibodies demonstrated in the
cell ELISA may be due tdlifferent effects, possibly by diérent kinases, at
different phosphorylatiorsites on NFH. However this finding cannotlter the

fact that there were detectable alterations in NFH phosphorylation at both time
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points as indicated by Ta51 antibodging two different approacheslthough

no significant changes in NFH phosphorylation were observed with SMI34
antibodyusing cell ELISA the fact that SMI34 antibodsevealed decreases in
neurite outgrowth parameters in highroughput studies (Appendix; Figure 8.1
8.4) in thesame manner as TAStronglysuggeststhat the retraction of axen

like neuriteshas occurred in ORreated cultures.

The observedlterations irpNFH together with the lack aéffectson total NFH

a n dtubllin at both time pointssuggest thaaltered phosphorylation stabf

NFH is dose dependent and representgpecific target fothe inhibitory effects

of CPF and CPQon neurite outgrowthin predifferentiated N2a cellsThe
observed increase in the reactivity of antibody against pNFH at 2 h and the
subsequent declineta8 h exposure to both OPs suggest that the
hyperphosphorylation of NFH at early time point is transient and followed by a
reducel phosphorylation state of NFHhis disruption in NFH phosphorylation

is similar to those found in N2a cells treated with PSP 24 h under co
differentiation conditiongHargreaves et al., 20p6Moreover, he reduction in
NFH phosphorylation at 8 h is in agreememth a previous study which
showed reduced levels of pNFH in N2a catiduced to differentiate for 24 h in
the presence afOCP(Fowler et al., 20011 These findings togethendicate that
neurite inhibitory effects cdomeOPs are associated witheir ability to disrupt

the NFH phosphorylation

As NF subunits accumulate the axonthey becme extensively phosphorylated
on the eterminal domain of NFH.Since phosphorylatiorof NFH hasan
important role in axon maturity and stabili($ihag et al., 2007 the changes
observed in NFH phosphorylation at 2 and 8 h could indicateamsent
hyperphosphorylation of NFH causing disruptiarthe neurofilament networks
or abreakdownin ther stability and consequently affectiraxon stability.Ilt has
also been demonstrated that extensive phosphorylation of KSP scigidwiFH
results in theformation of sidearm projections, which subsequently affect the
interactions of NFs with other NF&Eyer and Leterrier, 1988and/or other
cytoskeletal elements sb as MTs (Hisanaga and Hirokawa, 1990

Additionally, phasphorylation of KSP sites found to decrease rdte of slow
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axonal transport and increase the axonal diamgteokawa et al., 1984de
Waegh et al.,, 1992 Of particular interest is the fact that disruption tbé
phosphorylation status of NFRbs been linked with thexonal degeneration that
leadsto thedevelopment of OPIDN following OP exposyfeuwita et al., 1986
Abou-Donia and Lapadula, 1998bou-Donia, 1993 In this context, Suwita et
al. (1986) detected increased phosphorylatioof NFH in spinal cord
neurofilaments isolated from chickereated with TOCPas an early event in
OPIDN pathogenesiéSuwita et al., 1986 Furthermore Jortner et al. (1999)
demonstratededuced\NFH phosphorylation using different antibody to pNFH
(SMI31) in spinal cord of PSRtreated chickenbetweend days of exposurand
the appearance of OPIDN lesions such as degeneration of myelinated nerve
fibers (Jortner et al., 1999 The fact thatalteredNFH phosphorylation has also
beendescribedin vivo for other OP treatmeninderlinesthe capability ofthe
predifferentiated N2a cell model to predict the vivo delayed toxicity
following OP exposure. These findings also sugdgleat several OPs may be
able to disrupt the phosphorylaii status of NFH.

The observed alterations in NFH phosphorylatioonfirmed by the data
presentedn this chapter areonsistent with the possible disruption MAPK
signalling pathwaysThus, the effects of both CPF and CPO on the activation of
the MAP kinaseERK1/2, oneof the MAP kinasefamily responsible for NFH
phosphorylationduring neurite outgrowth in healthy neurpnsere further
investigated irthis study. Thiss due to that fact tha&ERK1/2 is activated in N2a
cells following induction of celdlifferentiation by serum withdraw@iHargreaves
et al., 2009 and this activations essentiafor neurite outgrowth{Singleton et
al., 2000 LopezMaderuelo et al., 2001 Additionally, activatedERK1/2 is
thought tohave a role in NFH phosphorylationby phosphorylatinghe KSP
repeatdocated inNFH protein (Veeranna et al., 1998n the current study, 2 h
exposure to 3 and 10 puM concentrations of botl @RAd CPOwas found to
increasethe levels of antpERK antibodywith eitherno detectable changer a
slight decrease inthe levels of antitotal ERK antibodybinding to pre
differentiated N2a cellsThesefindings suggested thadtoth OP treatmerstlead
to increased activation of ERK, which meyplainthe observed increasa NFH

phosphorylation athe early time point The lack of significant changeas the
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activation of MAP kinas&RK1/2 compared to the contrah pre-differentiated
N2a cellsexposed tahe samedoserange CPF and CPO for 8 h indicates that
OP-induced activatiorof ERK was shorlived. The reduce levels of NFH
phosphorylatiorat 8 hwith a correspading decline in the activatidaRK 1/2to
control levelsat the same timeould be dueat least partly to a transiently
increased activation of ERK 1/2 at 2 h. The fact theteasd levels of protein
phosphatase activitywere found to be associated with decreased NFH
phosphorylation in prélifferentiated N2a cells treated withuM concentrdon

of both compounds for 8 h (chaptdy, suggests thaincreasd phosphatase
activity could also contribute tthe reduced phosphorylation of NFH following 8
h exposure to both CPF and CPO. However, due tianited supply of
phosphatase reagents, thi#eets of 10 uM CPF and CPO on phosphatase
activity at 8 h exposureere notinvestigateacand trtherwork would be needed

to identify the specific phosphatases involved in theodulation of NFH
phosphorylabn in ORtreated cells.

In summary, this chapte demonstrates that high throughput assagn be
successfullyappliedto assess the dosesponse effects of CPF and CPO on
multiple parameters of neurite outgrowith pre-differentiated N2a cellsThis
approach showthat concentration dependeimhibitory effects of both CPF and
CPO on neurite number and length, procesaesl branchesoccur at
concentrationghat have no effects on cell number, the latter being in good
agreement with the lack of effect on cell viability as determined by MTT
reduction. The automated systemot only providesrapid analysisbut also
providesother novel information on neurite outgrowth pameters,not easily
detected manuallyshowingthat bothcompounds inhibit the branchird neurite

in a concentratioependent manneConsistency with data obtained from MTT
reduction and CFSEassaysin chapter threefurther confirms that manual
countingtechnigues were useful and eddle in detecting the neurite inhibitory
neurotoxic effects of both OPm predifferentiated N2a cellsThe study
presentedn this chapteralso illustrates the value oB512, Ta51 and SMI34
antibodiesto detect bimarkersof neurite outgrowthvia high throughput assay

in the N2a cell model. Ata molecular levelthe cell-based ELISAdeveloped in

this chater represents useful alternative ansensitive approach to detect the
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doseresponse changes in togkeletal proteins and associateignalling
pathwaysdisruped by OPs in predifferentiated N2a cells. Findings from this
approach correlatevell with Western blot results,showing that neurite
outgrowth inhibitory effects of both CPF and CP#&e accompanied by
significant alterations in the levels of NFH phosphorylation and disruption in the
activationstatusof ERK 1/2.In order toexaminewhether neuré outgrowthand

the cytoskeleton araffected in a isnilar manner in a more human relevant cell
model,the effects of botlCPF and CP@n a human neural progenitor cell line

are examinedin the next chapter
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6 Testing the effects of c hl c

oxon in a human neur al pr oge

6.1 Introduction

Although the work presented in this thesis has focused mainly on the toxic
effects of CPF and CPO on pdéferentiated N2zaell line of mouse originit

was also of interest ttestthe effects othesetoxins on cell differentiation in a
more human relevant cell moddlhe benefits of using neural progenitor stem
cells derived from human is thateasuring neurite outgrowth in a cedluimodel

that more closely resembles the complexity of the human nervous system
neurondgn sityu, canbe more effective ghredicing the chemicatelated changes

in vivo (Radio and Mundy, 2008

Neural stem cellsvere first isolatedrom different regions oémbryonic human
brain (Vescovi et al.,, 1999 Recent advances have also led to the isolation of
human neuraprogenitorstem cells fron the neocortex region in aduiervous
system(Richardson et al., 2006Since therthe human neural progenitor stem
cells have become valuable tools for neurosciemsearch Evaluating the
toxicity of xenobioticson human neural cells can reduce the level of uncertainty
associated wh cells derived from animal mode{®onato et al., 2007 Ealier
researchusing human eural progenitor stem cells wasstricted because of the
short life spa in cultureandthe limited capacity to maintain a stable phenotype
and genotype across passad®gright et al., 2006 Donato et al., 2007
Development of immortaliseduman neural progenitor stem cells using the myc
oncogenic transcription factorwas highly effective at overcoming these
limitations (Dang et al., 1999Kim, 2004. The ability of these cells to
accommodate sefenewal, which generates large numbers of cells, together
with their genomic stabilitys the key advantageof immortalsation using myc
technology These features haviacilitated the utilisation of these cells for

toxicity screeningdKlemm and Schrattenholz, 2004
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An example of such immortalised human neural progenitor stem cell line is the
commercially availableReNcell CX cell line (Merck Millipore), which was
derived fran a 14week human foetabrain cortex. ReNcell CX cellscan
differentiateinto a mixed population of neurons, astrocytes and oligodendrocytes
upon mitogen withdrawalDonato et al., 20Q7Kornblum, 2007. Due to their
immortalisation with myc oncogene transduction, these cells have the capacity
for selfrenewing as they are multipotends well asphenotypically and
genetically stabléDonato et al., 2007 Thus, ReNcell CX is a useful model for
assessing neurotoxicityn vitro (Breier etal., 200§. Using high throughput
assaysBreier et al (2008 usedReNcell CX cellsin anundifferentiated statt
evaluate the effects of chemicadsich as lead acetate and methyl mercury
chloride on neural stem cell proliferation and viabili{Breier et al., 2008
However, chemicainduced changesni neurite outgrowthin differentiated
ReNcell CX cells are yet to be investigated. Despite ldige number D
potential neurotoxicantsnvestigated orReNcell CX and othehuman neural
progenitor stem cellép date the effects of CPF and ClB@theg cell lineshave

not been evaluatedrherefore, it was of interest to stuthe effects of CPF and
CPO on a humanrelevant cell model It was of wrther interestto determine
whetherthis human neural progenitor stem cell linghich contains mixture of
neuronal and glial cellat early differentiation stage wa affected by both

compounds in a similar mannas predifferentiated N2a cells.

To achievethese aims, ReNcell CX cells weutilised as a cell model in the
current study. Under post differentiatioexposureconditiors similar to those
applied to N2a cellscells wereexposed to multipleoncentration®f CPF and
CPOfor 2 and 8 hHigh thraughput screening assayvereused to assess the
effects ofOPs on multiple parameters of neurite outgrowth, anaddaafirm the
expressiorof matureneural stem celma r k e rtisbulih pNFH and GFAP.
MTT reduction assaywerealso used to assess the viabilityagfls following
OP exposureAdditionally, the effects of both compounds on the enzymatic
activity of AChE of predifferentiated ReNcell CX cells wetestedat both time
points. Finally, cell ELISA assag were caried out to study the molecular
mechanism underlying the neurotoxic effects of both CPF and @P@eurite
outgrowth in predifferentiated ReNcell CXails.
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6.2 Results

6.2.1 Characterisation of differentiated ReNcell CX cells

ReNcell CX cells were induced to diéfrentiate for 20 h before being treated
without (0.5% v/v DMSO control) or with 1, 3 and 10 pM CPF or CPO for 2 and
8 h (section 2.2.2). Upothe removal ofgrowth factorsfrom culture medium,
ReNcell CX cellsare capable ofdifferentiationinto a coculture of neurons,
astrocytes and oligodendrocytédonato et al., 20Q7Kornblum, 2007. To
confirm the phenoypes ofdifferentiated ReNcell CX cellsthesecells were
immunostainedwith DAPI nuclear counterstain, afii | - Itubulin, antipNFH
(clone Ta51)and andGFAP primary antibodiesThese antibodies were chosen
becauseb | -tubulin andpNFH are neuronaspecific markers, which stain the
neuronal cell body and neurites (axon /andlendrites) effectively. GFAP was
alsoselected as is highly expressed by astrocytasdis considered as aseful
marker of astrogliaheurotoxicity(Harry et al., 1998 Utilising high throughput
screening the expression of neuronal and glspecific markeravas examined

and viewedprior commencing the analysis of neurite outgrowth (section 2.2.16).

Figure 6.1 demonstratedpresentative imagef pre-differentiatedReNcell CX
cells Following 20 h ofinduction of cell differentiationReNcell CXcells were
successfully differentiated intsubpopulations oflevelopingneuronaland glial
cellsas indicated by their ability texpressieuronal markerb | -tudulin (Figure
6.1A) andpNFH (Figure 6.1B), andthe astrogliatmarker GFAP (Figure 61C).

Predifferentiated ReNcell CX cells e positive for all neuradell markers.
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Figure 6.1. Characterisation of differentiated ReNcell CX cell line.Cells were induce
to differentiate for 20 h B mitogen removal befordeing fixed and stained wi
antibodiesrecognising h e n e ur o n atlibulim@yakdepNFEH (B), landlthe gl
marker GFAP (¢ followed by Alexa Fluor® 488 conjugated antgG secondat
antibodies. The repsentativeimage shown ardrom untreated control cells from
single field of view, with FITGexcitationwavelength for neurites and cell bodies (gre
Images were acquired usirignageXpressMicro Widefield High Content Screeni
system and captured ngia 10x objective lens and Nikon camera systAmows shov
typical axonlike processes detectedreuronal cells (A and B) and astrocyte extens
(C) in predifferentiatedReNcell CX cels. Scale bar represents 100 pm.
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6.2.2 Effects of CPF and CPO on muiple parameters of neurite

outgrowth in pre-differentiated ReNcell CX cells

Using high throughput analysithe effects of CPF and CP&ere assessed over
a concentration range of10 pM on multi-parameters oheurite outgrowth in
pre-differentiated ReNdeCX cells after 2 and 8 h exposur&he parameters
usedto determinethe effects of both compoundsy ReNcell CX cellswere
similar to those applied in N2a cells experiments, which incluad number,
cell body area, neuriteumber percentages of cslwith significant outgrowth,
maximum and average neurite length and mean processes/cell. Additidmally,
average intensity db | -fubulin, pNFH and GFAP staining withimeurites and
cell bodiesof eachantibodypositive cell were evaluated by high thughput
assayas described in section 2.2.16

Figure 62 demonstrates the segmentation of acquired images obtained by high
throughput assay employed in thgart of the currenstudy. All representative
images shown are from untreated control ReNcell €l drom a single field of
view. Image acquisition was performed using two wavelengths; FITC to detect
cell body and neurites (green) and DAPI to identififg nucleus of all cells in a

field (blue). The resultanmerged images showed staining distributadnFITC

and DAPI within each cell type. Image segmentation was then performed using
MetaXpressoffline analysis software and displayess multcoloured masks
tracing the neurites and cell bodies in the acquired image. It can bthatie
staining pattrns ofa nt i b o d ttubudin, pN&Habdl GFAPwere accurately
detectedallowing for the ORinduced effects omultiple parameters of neurite

outgrowthin pre-differentiated ReNcell CX cell® beevaluated.
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BIII-tubulin

Merged images DAPI wavelength FITC wavelength

Segmented images

Figure 6.2. Segmentation of stained pralifferentiated ReNcell CX cells using hig/
throughput screening assay. Cells were induced to differentiate for 20 h before k
incubated with or without 1, 3 and 10 uM CPF or CPO for 2 and®Hhswere fixed an
stained with antibodiesecognisingt h e n e ur o n aubulimaad pNEH; andtl
glial marker GFAP followed by Alex&luor® conjugated antigG secondary antibodie
All Images shown were from untreated controls from a single field of Aegquirec
images were obtainedsing ImageXpess Micro system (10x objective) witltwo
wavelengths; FITC for detecting cell bodies and neurites and DAPI for nucleus cc
Segmented images with melilouredtracing masks on neurites and cell bodies -
generated usinthe Neurite Outgrowth Modd within the MetaXpress analysis softw
for monitoring different parameters of neurite outgrowth including cell number, cel
area and outgrowtlength for each identified cell
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Figure 63 shows thedoserelatel effects of CPF and CPO following 2 and 8 h
exposure oithe averageell numbeffield andthe averageell body areéield in
pre-differentiated ReNcell CX cells. Thpresentechigh throughput data show
that d concentrations of CPF and CPO had no effect®itrer the average
number ofboth neuronaland glial cellffield or on the averagearea ofcell
bodiedfield after 2 and 8 h exposucempared to untreated contrads indicated
by the analysis o&ntib | -tululin, antipNFH and anttGFAP staining (Figure
6.3A and B).

The average number of non ORtreated neuronal cellSield after 20 h
differentiation wasb et ween 295 and 271 ectdllhs as
marker and between 225 and 200 cells Widb1 staining(Figure 6.3A1A2,

A4-A5). The averagecount of differentiated glial cells ranged betwed&3 30

246 celldfield in controls as indicated bynttGFAP staining(Figure 6.3A3 and

A6). Exposureof predifferentiated ReNcell CX cellso CPF andCPO at all

doses had naignificant effect on theaveragenumber ofnneuronalor glial

cellgfield compared tahe non ORreated contral (Figure 6.3A).

Figure 6.3Bdisplaysthe high throughput easurement ahe averageell body
aredfiled in both newonal and glial cell populatien It can be seen thahe
averageneuronal cell body ardeld is greaterthan glial cell body areaas
indicated byantibody staining ob | -tubulin and GFAPmarkers respectively.
The average euronal cell body aréfeld measured with Ta5%taining was
smallerthan thato bt a i n e-tubulmyThibispiolbablydue tothe fact that
Tab1preferentiallystains axoa The data also demomated that CPF and CPO
at all concentrationdiad no effect onthis parameterfollowing 2 and 8 h

exposurecompared tanon ORtreated controls.
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Figure 6.3. Effects of CPF and CPO on cell number and cell body area of pr
differentiated ReNcells CX cells as assessed by high throughput assa@ells were
fixed and stained with antibodie®cognisingt h e n e ur o n a-tubulimaam
pNFH, and the glial marker GFAP Ifowed by AlexaFluor® 488 conjugatednti-lgG
secondary antibodies. G@Rduced effects omultiple parameters of neurite outgro
were measured using MetaXpress imaging and analysis softiat@.show the dos
related effectsof both CPF and CPO on theverage cellhumbeffield (A), and th
averagecells body area/field B)  wi-tabhlin, pPNFH hnd GFAP staining. TI@&PF
effects are presented as blue solid lines with circles; the CPO effects are present
dashed lines with triangledata are epresented as mean valuesSEM from fou
independent experiments. Both sets of data were analysed usim@apnaBNOVA. Wher
SEM bars are not apparent, this means that error is smaller than the symbol size
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Specific parameters of neurite outgrowth such the average number of
neuritegfield and the percentage of cells with significant outgrowth (cells with
neurites longer than 10 um in length) were also obthiusing high throughput
assay(Figure 64). As demonstrated in figure 6.4A, the data of theelage
number ofneuritegfield (dendrites and axor&ke processes3uggest that, while
the number of neuronal and glial cé#ilsid was unaffected, thaveragenumber

of neuritesin both cell#field was significantl( p ) dé€credséd iQP-treated
cellsafter8 hexposurecompared to controls.

In neuronal cells,he averagenumber ofneurites/field(dendrtes and axonsn
untreated contralanged between 40 and BBuritegfield asobtainedwi t h- b1 | |
tubulin marker(Figure 6.4A1 and A4)Theguantitaive analyss of Ta51 showed

that at least 18f the detectedeuriteswereaxonlike processe the controk

(Figure 6.4A2and A5) In glial cells, GFAP staining demonstratelB to 17
glial-extensions ithe non ORreated controls (Figure 6.4/48d A§.

Exposureof predifferentiated ReNcell CX cells to all concentrations of CPF and

CPO for 2 hhad no effect on theaveragenumber ofneuritesfield generated

from neuronal orglial cells when compared to the untreated conifeigure

6.4.A1,A2 and A3. After 8 h treatment, no change was observed iratlezage

number ofneuritegfield in cells treated with 1 and 3 uM CPF and 1 uM CPO
compared to the non Gireated controa s | ndi c adubulinstaningh b1 | |
However,the same staining detected a signhi ¢ a n t05) (eguction inGthe O

average neurite numiéeld by 24% and 42% in cell treated with 10 uM CPF

and CPO, respectiveompared tahe untreated control (Figure 6.4A4).

As indicatedin figure 6.4A5,pNFH staining showed no effects theaverage
number of axoflike processdfield following 8 h treatment with 1 uM CPF and
CPO. Howeversignificant decrease ( p in th® avéragg number of axon
like processes/fieldwere detected with Ta51 staining at 3 and 10 pM
concentration®f both conpounds #er 8 h exposure The quantitative analysis
of Tab1 staimg showed tha® h treatmentwith 3 uM CPF and €0 caused
20% and2% decline, respectivelgompared tadhe non ORreated controlin

addition, exposing the cells t@0 uM of both compounsifor 8 h reduced the
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number of axoflike processéd$ield to 35% with CPF anb2% with CPOwhen
compared to non OReated control (Figure 6.4A5

The quantitative analysis of GFAftesented in figure 6A6 showed that CPF

and CPO expsure for8 h causea signi ficant (p- "~ 0.
dependent reductioin the number of gliaéxtensionfield in pre-differentiated

ReNcell CX cellcompard to the non ORreated controlAt concentrations of 3

and 10 uM CPF, &ll in the averagglial-extensonsnumbeffield was observed

of 26% and 3%, respectively compared to non Ofeated contral The
averagenumber ofglial extensionfield was furher reduceccompared to non
OP-treated controls by 34% and %5in cells treated with 3 and 10 uM CPO,
respectrely( p = (Figur® 68A6).

Quantificationof cells with outgrowth greater than 10 pm lengthshowedthat
CPF and CPCare capable of inducingeurite retractior{Figure 6.4B) In the
non ORtreated contrgl  Eudbulir staining showe®5% to 70% of neuronal
cells with significant onuirclgding dendntes( out g
and axorike processedHowever, only 40% of neuronal cells contain atike
processes as indicated with Ta51 stainimgter 2 h exposureto both
compounds, thepercemage of b |-tuldulin-positive neuronal cells with
outgrowth greater than 10 pfell significantly ( p ° 0 .9%0ahd) 160boy 8
control valueat 3 and 10 pM, respectivelyFigure 6.4B1).This percentage was
furthersi gni f i ¢ antrédyced(bpl5% and23%0 df rontrol value
following 8 h treatment witt8 and 10 pMconcentration®f both compounds
respectively (Figure 6.4B4)The quantitative analysis of Tab5&taining
demonstratethat CPF and CPO induta significant,dosedependent decrease
in the nunber of neuronal cells #h axorlike processes in cultures @ie
differentiated ReNcell CX cellsalthoughthe observed reduction after 2 h
exposure to both compounds was similar to that detected aAs8ihdicated in
figure 64B2 and B5 no effectwas observedin the percentages of cells with
significant outgrowthefter exposure td uM CPFE However,CPF at3 and 10
UM caused significant p ~  re@uctidrb bhy24% and 33%f untreated control
valug respectively.Similarly, exposure to CPO at 1, 3 add uM resulted in
12%, 25% and 39% inhibition, respectivélyp °~ (Bigur@ 6.4B2 and B5).
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The quantitative analysis of GFAP staining in figure 6.4B3 and B6 showed that
CPO at all doses and CPF at 3 and 10uM thedability to interfere with the

length ofglial cell extensionsn cultures ofpre-differentiated ReNcell CX cells.

As indicated in figure 6.4B3xposure tdl0 uM CPF and CPQignificantly (p

" 0. O Ge@uteypthe pec ent age of gl i al c elbbyl2¥®6 wi t h
and 40% respectivel compared tdhe non ORreated control at 2.Hncreasing

the exposure tim® 8 h,resulted in 44% and 50% decrease in the percentage of
glial cells with significant extensionsompared to untreated consdlFigure

6.4B6).
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Figure 6.4. Effects of CPF and CPO on neuritsmumber and percentage of cells wit
significant outgrowth in pre-differentiated ReNcells CX cells as assessed by h
throughput assay. Cellswere fixed and stained with antibodiexzognisinghe neuron:e
ma k e r gububnlahd pNFH, and the glial marker GFAP followed by Al&taor®
488 conjugatedantiFlgG secondary antibodies. @fduced effects onmultiple
parameters of neurite outgrowth were measured using MetaXpress imaging and
software.Datashow the doseelated effect®f both CPF and CPO on the average ne
numbeffield ( A) , and the number of cell s w-
tubulin, pNFH and GFAP staining. TI@PF effects are presented as blue solid lines
circles; the CPO effects are presented as red dashed lines with triaDglts.ar
represented as mean valdeSEM from four independent experiments. Both sets of
were analysed using twway ANOVA. Asterisks demonstrate changes that
statistically diffeent fromthe nonOR r eat ed control s (*p

not apparent, this means that error is smaller than the symbol size.
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High throughputanalysis furtherevealed the maximurength of neurites per
each neuronal and gliakell after 20 hof differentiation. W t h -tubulinl |
staining, the maximum length of neurited non ORtreated controlranged
between 10 to 14um (Figure 6.5A1 and A4)whereaghe maximumlengthof
Ta5Xpositiveneuriteswas 2 pm (Figure 6.5A2 and A5)In GFAP positive
cells the maximumlength of glial extensionsranged betweerl7-22 pm in
untreated controlé~igure 6.5A3 and A6).

As illustratedin figure 6.5A, therewas a significant dose and tirdependent
reduction in the maximum neurite length per detl both neurons and glien

cultures of predifferentiated ReNcell CX cells followingCPF and CPO
exposure for 2 and 8 . h e a n al ytsulis stamihg dénomsirated that

after 2 h treatment,the maximum length of neuritesper neuronalcell was
significantly reduced by approximatel6% and 336 at 3 and 10 uMCPF
respectively,and by 18% and 28%t 3 and 10 CPQrespetively(p "~ 0. 000 1)
(Figure6.5A1). A greaterreduction in thanmaximum neuritdength pemeuronal

cell was observed following 8 exposure to CPF and CPO. Treatment \8ith

and 10uM CPF resulted ir20% and 3%% decreaserespectively( p 0.0001
while CPO exposure at 3 and 10 plbncentratioa caused33% and 4%

decline, respectively p °~  OFigQr® @5A4). Hbwever, both compounds at

1 uM had no significant edicts upon this parameter at eithiene points (Figure

6.5A1 and A4).

Similar effectsof CPF and CPn the maximum lengtbf Ta5Xkpositive (axon
like) neuriteswas also observed\t concentrationsf 1, 3 and 10 uM, CPO was
found to induce a significant inhibitory effect othe maximum length of
axons/neuronal cells in pdifferentiated ReNdeCX cells after both 2 and 8 h
exposurewith 10 uM CPO causing 39% and 43%duction, respectively p
0.0001) compare to the non ORreated control(Figure 6.5A2 and ADb).
Although CPF at 1 uM had no effect ¢ime maximum length of such neurites
after 2 and 8 h exposurepncentrationsof 3 and 10uM cause significant
reductiors of11%( p =~ af®d200% p =~  @ompaded to controls at both
time points (Figure 6.5A2 and A5).

165



The effects of CPBnd CPO on ReNcell CX cells Chapter 6

Measurements of glial cellsextension lengthwere also obtained using high
throughputwith the aid ofGFAP staining As demonstrated in figure 6.5A3 and
A6, the maximum legth of astrocyte extensioieell ranged between 17 to 22
MM in untreated controlEExposure of pralifferentiated ReNcell CX cells to
CPF and CPO for 2 and 8 h caused a signifi¢apt °~ , ddse @ri )time
dependent decrease in the maximueunite lengthper glial cellcompared to
non ORtreated control(Figure 6.5A3 and A6)The data in ijure 6.5A3
indicated that 2 h exposure 6PF at 1 and 3 pMand CPO at 1 uM
concentrations caused a slight but not significaductionin the maximum
neuritelengthicell compared tahe untreated controldHowever, a significan{p

0 .dérlmeg was observed at 10 uM CPF (24% decrease), 3 and 10 uM CPO
(28% and 36% decline, respectivelgpmpared to the maximum neurite
length/cellin the non ORreated control§Figure 6.5A3)

Figure 6.2\6 showthat after 8 h treatmentthe maximum neuritelengthglial

cell was further decreased compmhte untreated contrgl with 3 and 10 uM

CPF causing 20% and 27% reduction, respectively. In addition, it can be seen

that all concentrations of CPQ, 3 and 10 uM significantly ( p 0.0001
reduced the length odBFAP-positive extension outgrowth by 13%, 29% and

42%, respectively comparedttee non ORtreated contro{Figure 6.5A6)

The data inifjure 65B demonstrated that both compoursignificantly ( p
0.05)decrease the average neue length per cell in prdifferentiatedReNcell

CX cellsin a similar manner as theaximum neurite length per celt both time
points Wi t h -tubulinlstaining, the average length of neurites/cell in non OP
treated control ranged between 8 to 5 pung(Fé 6.5B1 and B4)After 2 h
treatmentthis parametewas significantly reduced by approximately 12.5% and
25% at 3 and 10 uM CRIrespectivelyand by 20%, 36% and 47% at 1, 3 and 10
CPO, respec]}(Figure 6.581)HqweverOno €fféct was obsed on

the average neurite length per cell after 2 h exposure with 1 uM CPF (Figure
6.5B1). A greater reduction in the average neurite length per neuronal cell was
observed following 8 h exposure to CPF and CPO. Treatment with 10 uM CPF
resulted in 41% der ease (p 0.001), while CPO
concentrations caus&$% and50% declingl p =  QOrespe6btiOetchmpared
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to the non ORreated controlgFigure 6.5Bl). However, both compounds at 1
MM and CPF at 3 pivhad no significant effects op this parameter & h
exposurgFigure 6.58l).

The analysis of Ta51 staining demonstrated ®AF at 1 and 3 pM had no
effects on the average length of neurites per neuronahftel 2 hexposure
(Figure 6.5B2) However this parameterwas significatly reduced by
approximately 20% at 10 uM CPFp 1)0andbyld% ( p ~ R4 @) ,
0. 0018%( pando aBa,@ antl )0 CPO, respectivadpmpared to the
non ORtreated controfFigure6.5B2). After 8 h treatment, the average length of
neurites per neuronal cell was significantly decredsedpproximately 17% and
37.5% at 3 and 10 uM CPF, respectively, and by 26%, 38% and 47% at 1, 3 and
10 CPO, respech(Figuel6p).( However) no@ignichnt
changewas observed on the average neurite length peratteil 8h exposure
with 1 uM CPF (Figure 6.58).

Figure 6.5B3 and B6 show that the average length of astrocyte extensions/cell
ranged between 10 to 12 um in the non-@@#ated controls. Exposure of pre
differentiated ReNcell CX cells to CPF and CPO for 2 and 8 h caused a
signf i cant (cpncentratiordepehdent decrease in theerageneurite

length per glial cell compared tihe non ORtreated controlsAs indicated in

figure 6.5B3,CPF exposure a8 and 10 pMconcentrationssignificantly (p
"0.0001) r ed techy t6%tardi2®%6, nespactavatyecompared to the

non ORtreated control at 2 h. In addition, exposure of cells to all concentrations

of CPO (1, 3 and 10 OM) significantly
of GFAP-positive neuriteoy 12.5%, 25% an85%, respectively compared to the

non ORtreated control at the same time point (Figure 6.5B8jilar levels of

reduction in the average neurite length per neuronal cell were also observed
following CPF and CP@xposuregor 8 h (Figure 6.5B6)Treatmentwith 3 and

10 OM CPF resulted in 11% and 29% dect
CPO exposure at 1, 3 and 10 uM concentrations cause®9%#b6,and D%

decline( p =~ r@spebtite}y compareid the non ORreated control¢Figure

6.5B6). However,CPFat 1 uM had no significant effects upon this parameter at

both time pointgFigure 6.5B8 and B§.
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Figure 6.5. Effects of CPF and CPO on the maximum and average neurite lenc
per cell in pre-differentiated ReNcells CX cells as assessed by high through
assay. Cells were fixed and stained with antibodiescognisingthe neuronal marke
b |-tubulin and pNFH, and the glial marker GFAP followed by AldXaor® 48¢
conjugatedanti-lgG secondary antibodies. @fduced effects omultiple parameters
neurite outgrowth were measured using MetaXpress imaging and analysis sditate
show doseelated effects of both CPF and CPO on maximum neurite length/cell (¢
average neurite |-tabulomtpNFHcaad GFAR sBainingwTit@PF
effects are presented as blue solid lines with circles; the CPO effects arequt esere
dashed lines with triangledata are represented as mean valieSEM from fou
independent experiments. Both sets of data were analysed usingaifwdNOVA.
Asterisks indicate changes that are statistically different from the nene@fed catrols
(*p ° 0.05) . When SEM bars are not ¢
symbol size.
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The impacts of multiple concentrations of CPF and CPO on the mean number of
processes per cell weralso evaluated using high throughpamalysis As
indicated in figure 6.6Astaining of prelifferentiated RNcell CX cells with

b I -tubduin, pNFHand GFAP showed that thenere no overall changes on this
parameteof neurite outgrowth following exposure to all des§ CPF and CPO

for 2 or 8 h.Approximately3 processes/cell werdetected with ardd | -tulduin.
However, only oneper cell was detectelly Ta51 staining.This observation
indicates that therewere more dendrites than axonwhich is a typical
characteristic ofdifferentiated neuronal cef. GFAP staining deteetl one
extension per glial cellwhich remained the same after 2 and 8 h exposure to
both OPs.

Data in fgure 6.6BL and B4showthat thee was no significant change in the
aver age i n ttubulirs staining watHin néurohal cellafter CPF and
CPO treatment for 2 and 8 h compareditdreated contrel The data in figure
6.6B3 and B6 demonstrathat the average intensity of GFAP staining within
glial cells was slightly but not significantly increased after both OP treatment for
2 and 8 h compared to contrd@y contrast, a dosdepaxdent decreasi the
average intensity of Ta51 within neuronal cellas observeih OP-treated cells
following 2 and 8 h exposure compared to untreated cotfiglire 6.6B2 and

B5). After 2 h exposure to both compounds, this reduction was statistically
significant (p ' 0.0001) at 3 and 10
respectively compared to untreated conffagure 6.6B2) Further reduction was

also observed in the average intensity of Ta51 staining after 8 h, which was
significant( p °~ Gt 3and Q01uM CPF (11% and 19.5%, respectively) and
1, 3, 10 uM CPO causing 8.5%9% and 28% decrease, respectively (Figure
6.6B5).
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Figure 6.6. Effects of CPF and CPO on the mean number of processpsr cell anc
staining intensity in pre-differentiated ReNcells CX cells as assessed by h
throughput assay. Cellswere fixed and stained with antibodiezognisinghe neuron:e
ma r k e rtubulirband gNFH, and the glial marker GFAP followed by Al&taor®
488 conjugatedantiFlgG secondary antibodies. GRduced effects onmultiple
parameters of neurite outgrowth were measured using MetaXpress imaging and
software.Data show doseelated effects of both CPF and CPO on mean process
(A), and average staining intensityB )  w i-tubtlin, pPNFH &nd GFAP staining. T
CPF effects are presented as blue solid lines with circles; the CPO effects are pre
red dashed lines with triangleBata are represented as mean vatu&EM from fou
independent experiments.of® sets of data were analysed using-tvay ANOVA.
Asterisks indicate changes that are statistically different from the neme@ted contro
(*p ° .0Ovhed GEMLbars are not apparent; it means that the error is small
the symbol size.
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6.2.3 Effects of CPFand CPO on the viability of pre-
differentiated ReNcdl CX cells

To examine the viability of prdifferentiated ReNcell CX cells after being
exposed to both OPs, MTT reduction assays were perforazedescribed in
section 2.2.7Figure 67 shows theoncentratiofrelated effects of CPF and CPO
after 2 and 8h exposure in préifferentiated ReNcell CX ceal The data
indicated that all concentration$ CPF and CPQ@ested had no significant effect
on MTT reductionin predifferentiated ReNcell CX cellehencompared tdhe
untreated controlat both time poiis (Figure 6.7Aand B.

A. 2 h exposure B. 8 h exposure
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% g - CPO
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Figure 6.7. Effects of CPF and CPO on MTT reduction in predifferentiated
ReNcell CX cell. After 20 h of differentiation, ReNcell CX cells were treated wit
(0.5% v/iv DMSO control) or with 1, 3 and 10 uM CPF©@PO for 2 and 8 h. T
effects of both compounds on MTT reduction were measured to evaluate cell \
after 2 h (A) and 8 h (B) exposurPata are expressed as a percentage of theOR
treated control + SEM from four separate experiments. Data amslysed using o
way ANOVA. TheCPF effects are presented as blue solid lines with circles; the
effects are presented as red dashed lines with triangles. The lack of asterisks r
fact thatno statistically significant changes were foundVTT reduction in ORtreate:
cells compared to the untreated controls at both time paiten SEM bars are r
apparent, this means that the error is smaller than the symbol size.
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6.2.4 Effects of CPF and CPO exposure on AChEctivity in pre-
differentiated ReNcell CX cells

To determine whether the obsedsmorphological changes predifferentiated
ReNell CX cells could be rated to areffed on the acute toxicity targ&ChE,
the impact of CPF and CPO on the activity of AChE was assessexplained
in section 2.2.9.

After 2 and 8 hexposure,it can be seen thatPFat 1 and 3 pM had no
significant effect on AChE actiwt of predifferentiated ReNcell CX cells
compare to non ORtreated contral (Figure 6.8A and B). In contrast, CPF at
higher concentration (10 puMsignificantly decreased thspecific activity of
AChE of predifferentiated RenCell CX cellsy 24% and 20%ollowing 2 and 8
h exposurgrespectivelycompared tdhe controlvalue (p = 0.01) Exposure of
predifferentiated ReNcell CX cells t€CPO was also found to cause a
considerabladosedependeninhibition in the AChE activitywith 1, 3, and10
UM causing47%, 58.5%, and7% reductionafter 2 h and 35.5%, 50%, and
62.5% inhibition after 8 h exposurecompared tathe untreatedcontros  ( p
0.0001) As expected, CPO wdsundto bemorepotentin inhibiting theAChE
activity compared to CPFwith an 1Go value (concentration that causB0%

inhibition in AChE) ofapproximately 12 uM at 2 and 8 lexposure
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Figure 6.8. Effects of CA- and CPO on AChE activity in pre-differentiated ReNcel
CX cells. Cells were induced to differentiate for 20 h before being incubated wi¢f)
or with or 1, 3 and 10uM concentation of CPF and CPO for 2 and 8 h, after wt
AChE activity was measude Enzymespecificactivity is expressed aspgercentage
the absthance change/mg protein/min value of the corresponding can8&M from
four separate experimenighe CPF effecs arepresented as blue solid Iswith circles
the CPO effec are presented as red dashed $ingith triangle. Asterisks indicat
statistically significant changes compared to¢baesponding non QReatedcontrok
(*p=0.01withCPF(*p° 0. 0001.with CPO)
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6.2.5 Effects of CPF and CPO on cytoskeletal proteinand
associated cell signaling pathwag/in pre-differentiated
ReNcell CX cells

The neurotoxic effects of CPF and CPO on neurite outgrowth parameters in pre
differentiated ReNcellCX were further studied by evaluatinthe molecudr
changes n cytoskeletal proteins andevelopmentally relatedell signalling
pathwayg. Cell ELISAs were employed taletermine and quantify Giaduced
changes in the binding of antibodies recognising fote-tuldulin (clone 2G10),
GFAP (clone GAS5), pNFH (clone Ta5Xptal NFH (clone N52, total ERK (K-

23) and pERK(clone E4) after 2 and 8 hexposure asdescribed in section
2.2.15.Results withanttGFAP antibody were omitted from this study as poor
albsorbance values were detected in untreated centifod vel low values were
considered umliable to perform accurate qualitative analysis for the effects of
CPF and CPO on GFAP protein.

As demonstrated in figure 6A9and C there were no significant ahges in
antibody bindingo b | -tuldulin and total NFHin predifferentiated ReNcell CX
cells treated withall three concentrations of CRIF CPOat 2 and 8 hcompared

to the non ORreated controlsin contras to the unchanged levels of total NFH
reactivity, the binding level of NFH was significantly decreased OP-treated
cellscompared tahe untreated contrgFigure 6.8B1 and E2; p ). After205
h treatment, it was demomnated that 1 uMCPF and CPO had no effect on the
binding level of pNFH compared to the level ithe non ORtreated control.
However, both compounds at 3 and 10 uM cauwssignificant decline ilNFH
phosphorylatiorevels compare to the non ORtreated control at 2 h exposure
(Figure 6.81). The 8 h exposuref predifferentiated ReNcell CX cells tall
concentrationsof CPO and 3 and 10 uM CPWas also found to cause a
significant reduction irpNFH levels compared to the level imtreated control
(Figure 6.82). However, no significant change was observed on the levels of
pNFH compared to non Offeated ontrol after 8 h exposure with 1 uyM CPF
(Figure 6.9B2).
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A1. plll tubulin levels after 2 h exposure

A2. plll tubulin levels after 8 h exposure
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Figure 6.9. Effects of CPF and CPO on cytoskeletal proteins in prdifferentiated
ReNcell CX cdls as determined by cell ELISA. Cells were induced to differenti
for 20 h before being incubated without (0) or with 1, 3 and 10 uM concentrati
CPF or CPO for &and 8 h.Changes in the bindinlevels of antibodies recognis
b I-tubulin (panel A),pNFH (panel B)and total NFH panel G were quantified i
fixed monolayers using cell ELISMata are presented apercentage of the non €
treated combl £ SEM from four independengxperiments at both time points. C
were analysed using onegay ANOVA. The CPF effects ar@resented as blue sc
lines with circles;the CPO effect are presented as red dashed dineith triangles
Asterisks indicatechanges that ar statistically different from theam ORtreate
controls (p Os afe o} appaiattt, ehis m8aBsMitthtb exror is
smaller than the symbol size.
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With regard to the effest of OPson the ERK1/2 MAP kinase signalling
transduction pathway, it can be seen that @asge CPF and CPO had no effect
on the binding of antibodies recognising total ERK nor pERK in- pre
differentiated ReNcell CX calltreated for 2 or 8 h (Figure 6A@nd B.

A1.tERK1/2 levels after 2 h exposure A2. tERK1/2 levels after 8 h exposure
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Figure 6.10. Effects of CPF and CPO on the atvation status of ERK1/2 MAP
kinase in predifferentiated ReNcell CX cells as determined by cell ELIS/
Cells were induced to differentiate for 20 h before being incubated without
with 1, 3 and 10 uM concentrations of CPF or CPO for 2 and@hhnges in th
binding levels of antibodies recognising total ERK-ZB) (panel A) an
phosphorylated ERK (i) (panel B) were quantified in controls and -@@ate:
cells using cell ELISA. Data are presented as a percentage of the ntaa
control + SBM from four independent experiments at both time oibtata wer
analysed using onway ANOVA. The CPF effects are presented as blue solid
with circles; the CPO effects are presented as red dashed lines with tritngl
SEM bars are not apparettiis means that the error is smaller than the symbol
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6.3 Discussion

The utilisation of human neural stem cdlts neurotoxicityscreeninghas been
demonstrated in a number of earlier studseier et al., 2008Mundy et al.,
201Q Krug et al., 2013Wilson et al., 201 The majority of these reports used
undifferentiatedhnumanderived neuraprogenitor cells(Breier et al., 2008or
differentiated humaiderived neuronal cellsonly (Wilson et al., 2014 In
contrast, the currergtudyutilised humanReNcell CXcells which differentiate
into a ceculture ofneuronal and glial cedlproviding a more relevant modedf
the central nervous syster&imulating the same differentiation conditions and
OP exposre asthe N2a cell model(Chaptes 3, 4 and5), the current work
provided novel information to the literature in terms of the effects of CPF and
CPO on prdormed neuritesn ReNcell CX cells.

The current study indicatd that ReNcell CX cellswere succssfully
differentiated intoa mixed population of neuronal and glialcells, which
exhibited extensivedeveloping neurite newvork upon 20 h of growth factor
removal.The characterisatioof pre-differentiatedReNcell CX cellmorphology
was confirmed by thexpression ob | -tuldulin, pNFH and GFAPneural cell
markers using high throughput assayinduction of ReNcell CX cells
differentiation by mitogen withdrawak in agreement with previous studies
which identifiedthe neuronal and glial cell populatiws n g -tubulin and
GFAP as bianarkergDonato et al., 2007

The high throughputlata presented in this studigowedthat both CPF and CPO
at all concentratios hadno effect onthe averageell numberor cell body area

of neuronal and gliatells per fieldfollowing 2 and 8 h of exposuré&his result
was furthersuppored by MTT reduction assay, which clearly showed that the
doserange used oboth compounds laano effect on predifferentiated ReNcell
CX cell viability at bothtime points The observed lack dioth compound on

cell number, cell body area and viabilsyggestd that the range of CPF and
CPO concentrationemployed, as for N2a experiments, wagcytotoxic

towards praifferentiated ReNcell CX alls and that impacts on neurite
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outgrowthwas a direct response to their neurotoxicayher thara consequence

of cytotoxicity.

The concentraticidlependent reduction in neuritength in predifferertiated
ReNcell CX cellsinduced by treatment withsubcytotoxic concentrations of
both CPF and CPO was seen as early asd28h after exposurelhe observed
changes it€maximumand averageneurite lengthand number of neuritegia
analysis ofantibody ractivity with b | -tubduin, pNFH and GFAP suggestéuht
both compounds causadsignificantand rapid retractionf dendrites, axottike
processes and extensions in neuronal and glial cellkis coculture system
This possibility was further confirmelly the observationhat there were fewer
cells with significant outgrowthunder the same conditionSollectively, high
throughput analysis indicated that exposuresubcytotoxic concentrations of
both compounslhas the ability to induce &traction ofneurites in bothneuronal
ard glial cdls.

The observedreduction n neurite outgrowthn predifferentiated ReNcell CX
cells is consistent with those reported earliar pre-differentiated N2a cells
(Chapter 5)using similar experimental conditiorsnddata analysis techniques
The currentfinding is also in agreement with the study of Sachana et al. (2001),
who founda 50% impairment in the outgrowth of axdike processes in pre
differentiated N2a cell model following 4 and 8 h exposure3tpM CPF
(Sachana et al., 20p$5achana et al., 20p5Additionally, Flaskos et al. (2011)
usedsimilar CPOconcentrabnsto those applied in the currestiudy andound

that when added at thpoint of induction of N2a cell differentiationCPO
reducel the outgrowth of axoflike processes in a doseendent manner after
24 hexposurg(Flaskos et al., 2031 The demonstratedhhibitory effect of CPF
and CPO in gliabxtensions were also determined anpreviousstudy by
Sachana et al. (2008), in whialsimilar concentratiorrangeof both compounds
(1-10 pM) was able to inhbit the extensionoutgrowth produced from
differentiating rat C6 glioma cells after 24 h expos(Bachana et al2008§.
However, thisis the first time that the effect of CPF and CPO towards neurite
outgrowth was investigated in lBuman neural stem cell based modehtt

contains a mixed populatiaf neuronal and glial cells.
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The high throughput datanalysisalso showedhat 2 and 8 h exposure to both
compounds had no effect on the staining intensitgrakblll -tubulin and antk
GFAP, whichis consistentvith the lack of effect observechaneuronabnd glial
cell numbes and cell body arearhis suggests thahere was no change in the
synthesis of thee antigens or in the way they were distributedtheir
corresponding cell typesdowever, the staining intensity with Ta5Iwhich
recognise pINFH was reduced in OReated cellsSince neuronal cell count and
cell body area were unaffected, theuedd intensity of Ta51 staining may have
reflected adecrease ipNFH localisationin neurites which is consistat with the
observedreductionin neuritelengthfollowing CPF and CPO treatmeat both

time points

Quantification of OPinduced changes in cytoskeletal protenigainedby cell
ELISA showed unchanged leged f -fubbulinlin predifferentiated ReNcell
CX cells after CPF and CP&xposure for 2 and 8 h. The lack of an effect on
b I -tudulin level again suggested no overall changes the synthesisof this
neuron specific tubulin isoformThis finding was consistent withhigh
throughput screeningdata using antib | -uldulin  stainingwhich showed no
changein neuronal cell numbercell body areaor stainirg intensityin cells
incubated with antibodyo this isoform In predifferentiated N2a cells, the
leveks of both Ua n dtub6lin were also found to be umltered after 2 and 8 h
treatment with similar concentrations of CPF and CPO (Chapter 4 and 5).
Eviderce of inchanged level o)  a rtubulirb subunitsin pre-differentiated
N2a cells and C@lial cell linesfollowing similar exposuretime with CPF and
CPO was also demonstrated in a number of previous st(@ahana et al.,
2001, Sachana et al., 20p0Sachana et al., 20p8Vioreover, exposure of cells to
other OPs such as PSP, diazinon &mthe pyrethroiccypermethrin under both
co- and postdifferentiationexposureconditions were found to have no effect on

tubulin levels(Hargreaves et al., 200Blaskos et al., 2007

Duringneur onal d e v e-tubulinramthet main ¢bnstituents obT
structure, whichhave an essential role in cell differentwti and neurite
outgrowth(Easter et al., 1993Reductionin thelevels of tubulin subunits after

CPF and CPO exposupsuld indicate a disruption in the MT netwodue to
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reduced subunit and/or polymer levelfwus, heunchanged | evel s o
tubulin found inthis studytogether with previous data suggested OBF and
CPO exposure we not associated with tubulin synthesilterations orMT

networkdisruption

With regard to NB, datafrom cell ELISAS suggesthat CPF and CPO exposure
reducel the level of pNFH (Ta51eactivity) with no overall effect on the level of
total NFH (N52) after 2 and 8 h exposufigne reduction in the level of Ta51
presumablyeflects a decreased phosphorylation statusk protein,whichis

in accordance with the observegtraction ofaxonlike processeand the lower
staining intensity detectadith Ta51 staining via high throughpahalysis The
observed decline in pNFkbgether with the lack of effects on total NFH and
b I -tudulin at both time points suggedthat decreased phosphorylation state of
NFH is a specific target for the inhibitory effects of CPF and CPO on neurite
outgrowth in predifferentiated ReNcell CX cellsThis findingis alsoconsistent
with previous studies which showed reduced levels of pNFH in N2a cells
induced to differentiate for 24 h in the presence of TQRRvler et al., 200lor
PSP(Hargreaves et al., 20p6Trhe fact that CPF and CPO decreased the level of
NFH phosphorylatiorin a similar manneas other OPs suggests thaveral OPs

are able to induca neurite retraction and this effect is associated with reduced

levels of pNFH as an early neurotoxic marker.

The observation of decreased levels NFH phosphorylationin pre
differentiated ReNcell CXells treated with CPF and CPO is also in agreement
with the significant decrease in the reactivity of SMI31 antibody with spinal cord
NFH phosphorylation in chickens treated with P@Brtner et al., 1999 The
altered NFH phosphorylation describéd vivo for PSP and the subsequent
observed degeneration of myelinated nerve fibre indicataty effects in the
clinical lesions of OPIDN(Jortner et al.,, 1999 The fact that altered NFH
phosphorylation has also betundin vivo for other OPtreatmens highlights

the potentialability of pre-differentiated ReNcell CXells to predict thein vivo

delayed toxicity followng OP exposure.
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As NFs accumulate in the axotihey becomextensively phosphorylated on the
C-terminal domain of NFH. This phosphorylation of NFH has an important role
in axon maturity and stabilitfShaw, 1991 Sihag et al., 2007 Thus, the
observedsustainededuction in NFH phosphorylation could indicate a change in
the NF networks or a breakdown MF subunit stabilty and a consequent
decreasen axon stability.In addition, the imbalance in the phosphorylation
status of NFH could cause disruption in the interactions of NFH side arms with
other macromolecules in axoNixon and Marotta, 1984Eyer and Leterrier,
1988 Hisanaga and Hirokawa, 1990

The lack of CPF and CPQCeffectson the levels oNFH in pre-differentiated
ReNcell CX cells is in agreement withe earlier works on predifferentiated

N2a cells (Chapter 5)which revealed no effect on the levels of NFHOP-
treated cells compared to control atttbaime pointsunder similar post
differentiation exposureconditions However treatment of pralifferentiated
ReNcell CX cells with CPF and CPO led to a reduction in pNFH at both time
points which was not the case in {aifferentiated N2a cells where rése in
pNFH level wasnitially observed at 2 h followed by a significant decline at 8 h.
This could be explained by the fact that N2a cells is a routtare cell model
while ReNcell CX cells is a eoulture of mixed neuronal and glial cell types
which @uld influence the outcom&or exampleglial cells prodae and secrete
neurotrophins sth as glial derived neurotrophic facidin, 1996. In a study by

the host laboratory, it was found that conditioned medium from glial cells
protectel differentiating N2a cells fron the neurite inhibitory effects of OPs
(Harris et al., 2009a They also play a role in guiding neurite growth during
neural developmerfDeumens et al., 2004Another reason that could clarify the
observed diversity is the origin of both cells where N2a cells are derived from
the mouseC1300 tumar (neuroblastomajKlebe and Ruddle, 19¢69vhereas
ReNcell CX were produced from humarfoetal cortex (Donato et al., 200)/
Different neuronal cell types from distinct species may respond differently to OP
exposure due to differences in maturation times and/or activities of signalling
pathways and receptors during developméntould also be that a smaub
population of neurons in RenCell CX cultures does actually respond in the same

manner as N2a cells with respect to hyperphosphorylation of NFH.
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The observed reductisnn NFH phosphorylationn both cell modelsndicated

that disruption of signalling mthways could arise following CPF and CPO
exposureHowever, n the current studgn ReNcell CX cellsbothOPs hado
detectable effeston the level®f ERK1/2 phosphorylatiorusing the specified
concentrations and exposure time. This could be due ta¢héhat ReNcell CX
cells differentiate into mixed populations of neuronal and glial cells with each
havinga different responsevith respecto ERK1/2 activationduring neural cell
differentiation The different rate of neuronal and glial cell matunatould also
correspond to different level of expression of signalling pathway and receptors
that activate these pathways. Thiisnay be thathis system is not fully in place

in ReNcell CX cells at this early stage of differentiation. It may also bethka
changes in ERK1/2 activation are occurringhis caoculture modebut in a very
small population of neurons, and thus, the increased ERK1/2 using cell ELISA
could not be observedrurthermoreyegulatory phosphataseould have a key
role in the obkerved reduction in NFH phosphorylatidrherefore, an extension

of this work couldbe conducted toneasure phosphatase activity and, if altered,
identify specific phosphatases involved in the regulation of NFH
phosphorylation following CPF and CPO expasukdditionally, future work
could investigate whether the Gdssociated reduction in NFH phosphorylation
is a result ofthe influence ofother protein kinases such as cyclin dependent
kinase 5 (Cdk5) and p38 MAP kinase.

Exposue of predifferentiated RBcell CX cellsto CPF and CPO induced
concentratiordependent decrease in the activity of ACBiespitebeing classed
as a weak inhibitor oAChE, the highestconcentration of CPF resulted in a
significant reduction in AChE activityl his suggestthat CPFmay partially bio-
activated to CPO bgomemetabolic activity of pralifferentiated ReNcelCX
cells. Howeverthe observed inhibition in AChE following CPF treatment would
not reflect acute toxicityn vivo, sinceAChE inhibitiondid not reach the levels
(70% AChE inhibition) that have been showto induce acute cholinergic
syndromeg(Clegg and van Gemert, 1999In this studyit was also apparent that
the extent ofinhibition of AChE following the exposure of piifferentiated
ReNcell CX cells to CPO was lower than the sustained reductions of AChE

observed in pralifferentiated N2a cells (Chapter 3Jowever, exposure of pre
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differentiated ReNcell CX cells to CP& higher concentration causé@-70%
AChE inhibition which is bordering on acute toxicity. The data also showed that
there is a sign of less inhibition at 8 h than at, 2vhich may suggestcute
toxicity at early time and aecovery of AChEat the latertime. This finding
indicates that caulture of neuroal and glial cells could benore resistant to
acute toxicity than neuronal cells alone. This could be due to the possibility that
CPO is detoxified by the populations of glial cells or undifferentiatech cells

in ReNcell CX model. The ability of glial cells to hydrolyse CPO was previously
demonstrated in the study of Sachana et al. (2008), who found laakdicant
AChE inhibition in rat C6 glioma cells following 4 h exposupeGPO at similar
corcentrationgo those employed in the current sty@®achana et al., 2008t is

well known thatxenobioticmetabolism is mainly locateid the liver. However,
there is evidence suggestitite presence cfome CYP450 isoformsyhich are
involved in the metabolism of oxons differentbrainregion in humangDutheil

et al., 2008 For exampleCYP2B6 was presenih neuronal andstrocytecells

of the cerebral corteas identified byWestern blot andmmmunoblot techniques
(Miksys et al., 2003Miksys and Tyndale, 2004 In addition, CYP3A4 and
CYP1A2 mRNAhas been detected in botteuronal and gliatell types in the
corticaltissueof the brain using real time polymerase chain reactionPRR)
(Farin and Omiecinskil993. Human CYP2D6 associated with neurological
disorders such as Parkinson's disease was also mainly present in cortical
neurons, glial cells ofhe cortex,and otherbrain regions(Gilham et al., 1997
Riedl et al., 1998 The presence of such CYP450s in the glial cells demonstrated
in the previous studiemight explain he discrepancies found between -pre
differentiated Na and ReNcells CX cell: their potential ability for CPO
detoxification. Fature work on the identification of these CYP450 isoforms in

human predifferentiated ReNcell CX cells would be worthwhile.

Thecurrent observation that CPO inducggdnificant reduction in thenzymatic
activity of AChEin predifferentiated ReNcell CX cells at both time points has
been demonstrated in a number of previous studies. For example, sustained
inhibition of AChE was detected in N2a ceiltgluced to diffeentiate for 4 and

24 h in the presence @PO (Flaskos et al.,, 2031 More than 70%AChE

inhibition was also noted iraggregating culture of rat brain cellonnet
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Tschudi et al., 2000and PC12 cell§Das and Barone, 199%eated with CPO.
The finding of this study together with the previous data indicate ttiet
significant reduction in the specific activity of AChE observed following CPO
exposure could possiblgontribute tothe observed neurite retraction and the
uncerlying molecular effects on cytoskeletal proteins. However, it is unlikely
that inhibition of AChE alone coultie related tdhe observed changes in the
outgrowth of neurites in prdifferentiated ReNcell CX cellsasother studies
suggest that lower coentration ofCPOthat had no effect on AChE can also
induce marked impairment in the development of neurltredeed, the fall in
AChE activity could simply accompany rather than cause the retraction of
neurites.In this respeGtCPO was found to cause sificant inhibition in neurite
outgrowth in cultures of embryonic sympathet{tioward et al., 20056and
sensory neuronfr¥ang et al., 2008without affecting the enzymatic activity of
AChE. The notion that the neurodevelopmental effects of CPO is not directly
caused by AChE inhibition could be explainedtbg fact that CP@an directly
interfere with the morphogenic activity of AChE, which is known to be
displayed during the normal press of neurodevelopment, rather tleazymatic
activity of AChE protein(Howard et al., 2005v¥ang et al., 2008 For example,
many types of neurons have been founttaasienly expressAChE along axons
and in growth coneduring the period of axonalutgrowth (Robertson, 1987
Bigbee et al.,, 1999 This expression of AChEhas been linked to its

morphogeit role during neural developmefitang et al., 2008

Thus AChE inhibition may not be the main cause for t68®Cinduced
morphological and biochemical effects ipredifferentiated ReNcell CX.
However, the fact that CPO causadmore severe effecn several parameters
suggestghat AChE inhibition has at least some influence in the severity of its

effect.

In conclusion this part of the currenstudy investigate the effects of CPF and
CPO in adifferentiaing human neural ReNcell CX stem cell mod¢han early
stage of neuronal differentiatioAt sub-cytotoxic concentrations, CPF and CPO
were found to causeetraction of neurites in both neuronal and glial cell

population, and in neuronal cells these alterations were associateckavitted
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level of NFH phosphorylation withoudffecting the levels ototal NFH b I -1 |
tubulin or MAP kinase ERK1/2The obtaineddata alsosuggested that AChE
inhibition may notbe directly involved in the process by whidBPF induce
developmental toxicityn pre-differentiated ReNcell CX cells. Howevesljghtly
strongerCPQGinduced changes weregelated to concentrationthat inhibit the
acute toxicity target by 60-70% of control levels
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7 Genenalcud si on

7.1 Summary of findings

In this thesis] aimed to evaluate thability of CPF and CPO to indugeeurie
retraction and cytoskeletal disruption pre-differentiatedmouse N2a cells and
the human neural progenitdReNcell CX stem cell linelnitially, the ability of

both compounds to interfere with the outgrowtlpodformedneuritesproduced

by differentating N2a cells following 2, 4 and 8 h exposwvas evaluatedsing
single concentration (3 pM). MTT reduction assajpowed that the specified
concentration of CPF and CPO was fuytotoxic towards pralifferentiated
N2a cels. Morphometric analysis ofi¥ed monolayers ofOP-treated cells
labelled with CFSE showed reduced numbers of dkenprocesses compared

to the untreated control. Additionally, retraction of neurites was observed within
2 h of exposure by live cell imaging. The enzymatic actiith@hE assay data
suggested that the morphological effects on dian neurites were not
dependent on the inhibition of AChE in case of CPF. HoweyeaterCPO
induced effectsvere seen at doses that caused severe inhibition of AChE and

thus,mayinfluence the severity of its effects compared to CPF.

The next part of this thesis focused on relating the observed aologital
alterations on neurit@utgrowth to the levels of expression and activities of
cytoskeletal and associated regulatory proteinpreadifferentiated N2a cells.
Using indirect immunofluorescence, neurofilament disruption was observed in
OP-treated cells stained with aiiNFH monoclonal antibody SMI34, while the
microtubule newvork was apparently unaffected, suggesting that neunaditas
were specifically targeted by these agents. The lack of effect on microtubules
was further confirmed by western blotting analysis with-tuthulin antibodies,
which showed no changes in reactivifjhe transientlyincreased levels of
reactivity of Tab1 after 2 h exposure and reduced levels of reactivity of the same
antibody following 8 h treatment with both compounidsthe absence of altered
reactivity with antibodies to total NFHsuggested that there was a transient

hyperphosphorylation of NFH adgling to subsequent hypophoshporylation of
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NFH in ORtreated cells.The fact that theobservedincreasein antipNFH
reactivity at 2 h exposure was associated wittreased activation of ERK1/2,
suggest that this MAPK was disrupted by OP exposthe obsgrvation of
increased levels of phosphatase activity following &R treatment could
account for the reduction in NFH phosphorylation at the later time.pbiase
findings suggest that GiRduced neurite retraction in N2a cells is associated
with early transient increase in NFH phosphorylation and ERK1/2 activation
followed by protein phosphatase mediated dephosphorylakitoreover, the
immunoblot analysis using monoclonal antibody GAP7B10 that recagnise
GAP-43 suggested that CPF and CPO inducedrssigat reduction in GAR3

after 4 h exposure. Thgansiently reduce@xpression level of GAR3 could
account for thecollapse in axon outgrowth observed by live cell imaging
following exposure of prelifferentiated N2a cells to both compounttswill be
interesting in future work to determine whether these alterations in cell signalling
and reduced levels of GA®3 are directly related. The precise nature of the
phosphatase activities involved in NFH dephosphorylation would also be worth

investigating.

The development of high throughput platf@arrhas enabled researchers to
evaluate and quantify the neurotoxin exposure effects in a variety of neural cell
lines. In this studya high throughput assay was developed to investigate the
effects of several CP&nd CPO concentrations on mplé parameters of neurite
outgrowth in predifferentiated N2a cells after 2 and 8 h exposure. Utilising the
fully automated approach, measurements of neurite outgrowth were provided
based orstaining withthree differentcytoskeletorspecific antibodies used in
earlier work(B512, Ta51 and SMI34). The high throughput data indicated that
CPF and CPO at sutytotoxic doses 1-10 uM) reduced the number of
outgrowth, neurite length/cell, mber of processes and branchel/ in a
concentratiordependent mannewithout affecting the cell count or cell body
area in praifferentiated N2a cells at both time points. The data obthirsing

this technique provid&urther confirmation for the effectsbserved foboth OB

on neurite otgrowth monitored by manb@approaches (e.dCFSE staining in
previous chapters. Additionallya cell ELISA approachwas conducted to

determine the doseesponse changes of both compounds on the binding levels of
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cytoskeletal proteis and the relevant ERRR MAP kinase signalling pathway.

The data showed that treatment of-gréerentiated N2a cells with 3 and 10 uM

CPF and CPO resulted in significant incresase NFH phosphorylation at 2 h

and a subsequent decrease after 8 h with lack of effects o\tgtal a-nd U
tubulin levels at both time points. This observed alteration in NFH
phosphorylation at early time point was found to be associated with an increase
level of antipERK antibody. However, the levels atdtal ERK were
unaffected.

Using the samexperimental protocol used on N2a cells, the last part of this
thesis evaluated the effects of both CPF and CPO in ReNcell CXwhith is

more relevant tahe complesties of the developing humarervous systenThe
neuronal and glial subpopulation§ ReNcell CX cells were characterised using
theneuronalspecii ¢ ma r Kubulin ahdopNFhlandthe astrocytespecific
marker GFAP Data generated using high throughput assay showed that CPF at 3
and 10 uM and CPO at 1, 3 and 10 uM concentrations were able to reduce the
outgrowth of neurites in both cell typedifaving 2 and 8 h exposure. However,

the doses used of both ORad no effects on cell number oell body area.
Moreover, viability of ReNck CX cells was found noto beaffected following
treatment with all concentrations of CPF and CR® indicated ¥ MTT
reduction assay. The molecular changes underlying the neurite inhibitory effects
of CPF and CPO idifferentiating humameuronal and glial cells were further
investigated using cell ELISA. Theesults obtained suggesteda selective
inhibition in thelevels of NFH phosphorylation witho detectable effects on
totalN F H, -tubbdlin aind ERK1/2 MAPK transduction pathway after 2 and 8 h
exposure to both compounds. Unfortunatélyyasunableto assess the effect of
both CPs on the binding level of GFARs the amGFAP antibody reactivity

was too weak.This very low expression of GFAHRmay reflectthe early

differentiationstage ofastraglial cellsat this time point

In this study, it is also important to mention that the neurotoxic actoCPF
towards predifferentiated ReNcell CX cells was not relatedsipnificant levels
of AChE inhibition. However,the fact that, as for N2a cell§PGinduced

morphologicaland biochemical alterations were greater than those of CPF
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suggests that the level of AEhinhibition may affect the severity of the

morphological effects.

Figure 7.1 illustrates theommonneurotoxic impact of CPF and CP(Oh re
differentiated N2a and ReNcell Cerived neuronatells. At subcytotoxic
concentrations, both compounds werdeato induce a retraction of neurite
outgrowth in both cell modelwithout affecting the microtubule networkhe
neurite inhibitory effect was associated withdecreased level of NFH
phosphorylation which mediated byincreased phosphatase activity in pre
differentiated N2a cellsHowever, further work need to be carrigd know if
increased phosphatase activity could account for the NFH hypophosphorylation
observed inpredifferentiated ReNcell CX celldollowing CPF and CPO

exposure.
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Figure 7.1. Schematic diagram ofcommon CPF and CPO effects in pre
differentiated N2a cells andand ReNcell CXderived neuronal cells.
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The findings obtained in this studyayalsoreflect the potential impactsf both

CPF and CPO on memoryinse information acquisition and memory storage in
the mammalian nervous system are mainly dependent on changes in the synapses
and their proteircontentsFor examge, increased levels of GAP43 are important
for axonaloutgrowth andneuronal connectivitypy facilitating the formation of
new synapse<$sAP43also plays an essential rale synaptic transmission and
plasticity (Holtmaat et al., 1995 Previously, it has been demonstrated that
decreased levebf GAP43were associated wittnemory impairment in animals
(Rekart et al., 2005 Thus, the protein changesobserved in the current work
could haveinduceal functionaland structuraklterationsin synaptic plasticity
which represents a cellular mechanism le&rning and memory processes
(Mansuy and Shenolikar, 2006I'herefore the cytoskeletadlisruptionobserved

in both N2a cells and human neural progenitor stem cells following CPF and
CPO exposur@é this studycouldreflect a potential to induceemory dsorders

and cognitivedeficits associated with aging, dementias or neurodegenerative

disease.

7.2 Correlations betweenin vitro concentrations and in vivo

exposure

It is difficult to estimate the correlation betweém vivo exposure and the
experimental concentrations used e tcurrent work However, CPHnduced
neurite retraction and cytoskeletal disruptiere observed atoncentrations
similar to those detected vivo in the developindhumars. For instanceusing
meconium analysis (used to estimate the foetal exposurentoonmental
toxicants), about 22.8 uM of CPF has been detected in sataflErsrom new
born children(Ostrea et al., 20021t is important to mention thahis cohort
study was based oR00 pregnant women whavere continuously exposed to
CPF via inhalation andlermal absorptionExposure to CPF viahese rouws
reduced the chance of bawtivating CPF to CPO in the mother's liver
However, itallowed high cortentrations of CPRo reach the foetusvithout

causing maternal toxicitgymptoms(Ostrea et al., 2002In a furtherstudy
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Estevan et al. (2013) sgegstedthat CPF atnon-cytotoxic concentrations of 10
and 20 pM cartause developmental neurotoxicityvivo if the exposure occurs
via skin, which allowed low transformation of CPF to CRExstevan et al.,
2013. Therefore, the applied CP&oncentrations in this study hawdinical
relevance to human developmental neurotoxiomyy if it occurs undesimilar

exposurescenarios to those mentioned above.

With regard toCPQ a previous studyindicated that CP@nduced effects on
neurite outgrowth and cytoskeletal proteatssimilar concentrations {10 puM)

to those used in this studgre clinically relevant to human developmental
neurotoxicity (Flaskos et al., 2031 The research group suggested that low
micromolar concentrations of CPO we attainable in developing organism
since micromolar levels of CPR22.8 uM) were deteable in theabove
mentionedmeconium samples of nelaorn children(Ostrea et al., 20021t is
well establishedhat CPO has high water solubility compartedCH-, which
might reduce itsability to enter the foetus through the lipid membrandhef
placenta(Sogorb and Vilanova, 2010However,the detection of significant
cholinesterase inhibition in the mammalian foetus followmgivo exposure of
pregnant animals to CPF and other @Bspta, 199% providefurther support to
the suggestion dflaskos et al. (2011) findingkat foetal exposure to CPO can

occur .

Moreover, he foetus idikely to be exposedmainly to the parent ampoundbut
possibly also tdhe oxon metabolite in the maternal tissues. Tiin enzyme
responsible for oxon formation in huma(@YP2B6 is present atelatively low
levels in human placentasuggeshg that the placenta does not make a major
contributon to oxon formatior(Pelkonen et al., 2006-oxenberg et al., 2007
Croom et al., 2010 However, &hough CYP2B6 iexpressedt low levels in

the human foetus compared to later stages of developi@esdm et al. 2009
Croom et al., 2010 the level of PON 1which is responsible for hydrolysing
and detoxifying the oxon forms of certain OPs such as CPO, is also relatively
low at this stagdCosta et al., 2005 This could allow some oxon formation
and/or accumulation in foetal tissue. Additionally, reduced levels of serum PON

1 due to genetic polymorphisms in tRON1geneis associated with increased
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susceptibility to the toxic effect ahe oxon metabolite(Costa et al., 2005
Therefore the presence of CPO at low micromolar centrations in developing

animalsis clinically relevant to developmental neurotoxicity

There isarother possible scenari@garding the potential clinical relevance of
CPO concentrations employed in this study. This scer@ivo be related to
OPIDN sine the pre-differentiated cell systeroould also simulate what might
occur following OP toxicity in adultsThe observed dying back of axons in{pre
differentiated N2and ReNcell Cxcells could reflecteventsfollowing OP acute
toxicity in adults. It is higly likely that sut a concentration of CPO-I0 uM),

which caused severe inhibition in AChE levels to more than 70% would be lethal
to the foetugSolomon and Modley, 2007 Heilmair et al., 2008 However,

there are numerous case studies of patients who have survived such levels of
cholinesterase inhibition with the help of pharmacological interventiah as
adrenaline and/or oximes administratiamich develop d&yed neuropathy. For
example, 19 year old male who ingested a ladse of CPFwas hospitalised
suffering from cholinergic crisis. After he was treated with atropine and
pralidoxime, he deveped respiratory paralysis and required mechanical
ventilation for 16 days. Weeks later, he had progressive signs of OPIDN, such as
deficits in the lower limbs and muscular atropfiyand et al., 2007 Thus,
survivors of acute cholinergic crisis can be affected by a delayed neuropathy
involving dying back of axons in peripheral/cehtreeurons(Clegg and van
Gemert, 1999aNand et al., 2007Thivakaran et al., 20)2Indeed, it has been
shown that CPF administered at acute levels in animal models can lead to
OPIDN (Gupta, 200h Therefore the morphological changes in neurite
outgrowth following CPO exposurmay have potential clinical relevance in

terms of delayed neuropathy.

It is important to mention thapreviousstudiesby otherresearchersreported
significantAChE inhibitionfollowing exposure to CP@t nanomolar level For
instance CPO at2 and 4 nMwas reportedo cause 50% AChE inhibitioiCsg)
after 30 min exposurén chicken brain homogenatend SHSY5Y human
neuroblastomaells, respectivelySogorb et al., 2000In vivo, Eyer et al. (200p

demonstrated that the ratio of CPO/CPF in blood samnpfeselfintoxicated
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patients wa in the range of 0.008.025. In this context, cases with &3uM

CPF were causing-Z00 nM concentration of CP@ith about 100% AChE
inhibition andvery severe toxicit{Eyer et al., 2000 Therefore, if we takéhe
CPO/CPF ratio into considation, the CPO doses used in therentstudy may

not beeasily compatible with life ophysiologically relevantHowever, it isnot
known exactly how much of the CPO applied in the current study actually
entered the cellsiorthe rate at which it was destabilised or degradedtro.

7.3 Limitations and future work

This study evaluated the effects of pure CPF and CPO compounds (97.6%
purity) at similar concentration ranges on neurite outgrowth, cytoskeletal and
associated wgulatory proteins in two prdifferentiated cellular models.
However, exposure of the foetus to levels of CPO causing severe AChE
inhibition would be lethal. Therefore, it would be of interest for future work to
investigate the ability of CPO at lower cemtrations to cause dying back of
axonlike process without affecting AChE activity. Additionally, the effects of
combined exposure to a mixture of a similar concentration of CPF and a much
smaller amount of CPO, together with longer exposure times oniteneur
outgrowth are merit investigation. This could be carried out using a ratio of 1:20
CPO:CPF because it has been estimated that about 5% of CPF is converting to
CPO in humangEyer et al., 2000

In the curent study, cells were induced to differentiate for 20 h to reflect the
early stages of neurite outgrowth in neural development or nerve regeneration.
Longer differentiation times could be applied to obtain a more representative
model of OPIDN. Extending thexposure time or using repeat exposures could

also have an impact on the extent of neurotoxicity bothtro andin vivo.

Cytoskeletal related molecular studies were conducted using Western blotting
and cell ELISA approaches. For the most part, deteerated from both assays
were comparable. However, with the cell ELISA approach, it was not possible to
determine the effects of CPF and CPO on the binding level of GFAP 4in pre
differentiated ReNcell CX cells, due to poor reactivity of GFAP antibody with
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fixed cell monolayers. Thus, a more sensitive method is required to repeat to
guantify the protein, such as Western blotting. One approach could be to use
other antiGFAP antibodies to determine whether they are more suited to the
ELISA approach. Alternately, the same primary antibody used in the current
work could be detected by biotiabelled secondary antibodies followed by
HRP-Extravidin to amplify the signal further.

Cell signalling studies indicated that ERK1/2 MAP kinase activatias
increasedn pre-differentiated N2a cells treated with both CPF and CPO for 2 h.
As NFH is a known substrate for ERKI(&2eeranna et al., 1998the activation
status ofthis MAP kinasecould account for thancreasedlevels of NFH
phosphorylation. The detrimental effect on this signaling pathway could be
further expanded by using ERK 1/2 inhibitors prior to OP exposure. Additional
work could also examine the effects dPlEand CPO on upstream regulators of
ERK1/2 by using specific MEK1/2 antibodies. Moreover, the exact mechanism
underlying the impact of CPF and CPO on-giferentiated ReNcell CX cells

would also be of interest.

In predifferentiated N2a cells, the ireased phosphatase activity could account
for the observed reduction in NFH phosphorylation at 8 h. However, this
observation was seen using single concentration (3 pM) of CPF and CPO.
Therefore, it would be of value to -ewvaluate the effect of both OPs on
phosphatase activity using the dose range of each toxin. Additionally, an
extension of this work could include the assessment of phosphatase activity in
ReNcell CX cells following CPF and CPO exposure. Furthermore, future work
will also aim to identify spcific phosphatases associated with NFH
phosphorylation in OP treated cells. For example, protein phosphatase 2A was
previously found to reduce NFH phosphorylation following hyper
phosphorylation by cyclidependent kinasg (cdk5) in animal models
(Veeranna etal, 1995 I n addition, protein aggrec
disease patients highlighted the association of increased NFH phosphorylation
with adecrease in protein phosphatases 2A act(MgelsbergRagaglia et al.,
2001).
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High throughput analysis of ReNcell CX cells could be extendestudy the
effects of OP exposure on individual neuronal and glial cell types in more detail.
This would involve the use of additional image analysis software packages to
determine the effects of exposure on the proportions of cell expressing specific
biomakers (e.g. myelin basic proteins for oligodendrocytes, choline acetyl
transferase for cholinergic neurons, tyrosine hydroxylase for dopaminergic
neurons, etc) above the levels found in -ddferentiated neural stem cells,
which could be further identifeeby countesstaining monolayers with antibodies

to nestin.

7.4 Conclusion

In conclusion the presenttudy used severaimorphological and biochemical
approaches to study the effects of-sytotoxic mwncentration of CPF and CPO
on neurite outgrowth and cytoskeletal proteins in differentiating neural cellular
models.Indeedthe findings showthat pre-differentiated N2a cells represt a
useful cellular systa for neurotoxicity screening. Howevenhet fact that N2a
cells providea monaculture cell modeland arederived froma rodenttumour,
they may not give a true reflection of the complexity tbeé human nervous
system and its response to OP expostihe currentstudy alsohighlights that
evaluatingthe toxicity on human neural progenit&®eNcell CX stem cells
reducel the level of uncertainty associated with cells derived from animal
models. A furthemdvanageof usingsuchhumanderivedneural progenitor stem
cells is that they differentiate intoa-culture incorporating both neuronal and
glial cell types As such, with further development, it shouldrbereeffective at

predicting the toxirrelated changeis vivo.
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