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Abstract

Heavy metal poisoning poses a serious health risbng populations worldwide. The
symptoms presented by exposure are varied and deypem the species of the metal, the age
of the individual and the exposure dose. All heawtals have debilitating effects on the
CNS. Children are especially sensitive to the nlegroal effects due to the intense growth
and activity of a developing nervous system andéngaately developed defences.

The aims of this study were to determine the effeftsub-lethal concentrations of numerous
heavy metals on neuronal and glial cell differamdgia Using established cellular models, the
toxicity of zinc, lead, mercury, methylmercury athémerosal were investigated using assays
of cell viability and morphology on differentiating2a and C6 cells. Initial research revealed
thimerosal, methylmercury and cadmium to be thetrtwsc compounds tested, in terms of
their ability to inhibit the outgrowth of neurit@s both cell lines at sub-lethal concentrations.

Although cadmium chloride showed similar patterfigoxicity to the mercury compounds,
thimerosal and MeHgCIl were chosen for further itigasion at a molecular level.
Methylmercury chloride a common environmental pialhi and thimerosal; a preservative
found in many medicines, were chosen for furtheregtigation, as previous work has
demonstrated the health risks posed by the twon@rgaercury compounds but little is
known about non-lethal changes that occur in tleaus system, especially with thimerosal.

Both thimerosal and MeHgCI inhibited MTT reductiand neurite outgrowth after 4 and 24
hours exposure at sub-lethal concentrations (0d BnuM). The inhibition of neurite
outgrowth by sub-lethal concentrations of MeHgCH ahimerosal was accompanied by
cytoskeletal changes in the cells. At 4 hours incElls there was no change in the levels of
tyrosinatedo-tubulin, whereas in N2a cells the level of tubujmosination was shown to be
reduced compared to the control. Both cell lindsilgied a fall in totabi-tubulin, tyrosinated
a-tubulin and totalp-tubulin after 24 hours of exposure to organic mgrccompounds,
indicating proteolysis and/or reduced synthesitheftubulin subunit. N2a cells also showed
a decrease in the levels of phosphorylation inningrofilament heavy chain after 4 hours of
exposure to thimerosal and MeHgCI, whereas aftand#s there appeared to be proteolytic
degradation, as the total neurofilament heavy chaiels were reduced compared to the
untreated controls. Reduced levels of tubulin and-HN were confirmed by
immunofluorescence staining of fixed cell monolayer

Western blotting analysis also indicated incredsR& activation in glial cells incubated with
0.1 and 1 pM thimerosal for 4 hours, followed bgtueed activation after 24 hours exposure,
whereas exposure to MeHgCIl decreased the levdER&f activation at both time points. In
the neuronal cell line ERK activation was supprdsseboth 4 and 24 hours and with both
concentrations of the organic mercury compoundsERK activation plays a key role in the
regulation of neurite outgrowth and NFH phosphdigta both of which were inhibited by
the addition of thimerosal and MeHgCl, the findirage consistent with a role for disrupted
ERK signalling in the sub-lethal toxicity of thesempounds.

Both thimerosal and MeHgCI caused redistributioSERCA and ryanodine receptors, both
of which are mechanisms by which intracellula®Gaoncentrations are maintained. As the
endoplasmic reticulum (ER) houses both SERCA aadagline receptors, the reorganisation
may indicate that organic mercury compounds caegistribution of the ER. Such disruption
may lead to sustained increases in intracellulaf’,Gzausing elevated activity in €a
dependant enzymes. Indeed, western blotting asadysl enzyme assays showed that calpain
activity (particularly calpain 1) increased in respe to sub-lethal concentrations of the
organic mercury compounds. As calpains target kglesal proteins, the increased activity
may be at least partly responsible for reduceddesietubulin and NFH.
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1.1: Heavy Metals

Heavy metals can be broadly definedneetallic elements that have a
molecular weight greater than 50 Daltons and ate &bform polyvalent cations.
These cations are extremely reactive and manyeoh thave an affinity for sulphydryl
groups (Foulkes, 2000). Heavy metals can not baloésed by the body and if they
accumulate in tissues faster than the body caniredie them, they will gradually
reach toxic levels and cause numerous and seveéhharoblems. Heavy metal
elements can be assigned to four distinct clasdlass A metals are essential for life
in high concentrations (e.g. iron). Class B hasclear biological role and in low
concentrations is not toxic, (e.g. strontium). Gl& metals are essential in trace
amounts for some living systems (e.g. zinc and egpgut can be toxic at higher
concentrations. Class D have no recognised bicdbgate and are toxic even at low
concentrations (e.g. lead, cadmium and mercury gstasthers) (Foulkes, 2000). The
metals investigated in this thesis were lead arel tthnsition metals cadmium,
mercury and zinc.

In the environment, toxic metals cangioate from natural sources and
industrialisation. Heavy metals such as mercud €admium and zinc are common
environmental pollutants and can accumulate inogichl systems. The symptoms of
heavy metal poisoning vary according to the heaeyamthe age of the individual
and whether the dose of the metal was acute onh(Redwood, 2001). The toxicity
produced by exposure to heavy metals tends to veviokurotoxicity, hepatotoxicity
and nephrotoxicity (Stohs & Bagchi, 1995).

1.1.1: Mercury and Methylmercury

Since mercury is present in the envitent from the normal degradation of
the earths crust, everyone is exposed to tiny amsooh background mercury.
However, industrial accidents, consumption of comieted food and exposure in the
workplace can result in individuals and populatidresng exposed to a higher than
normal dose. For example, the earliest recordedilisgercury as a preservative was
in Spain 5000 years ago where it was used in embgl(Myerset al., 2000). In the
1800s it was common practice in the hat makingstryuo use a mercury solution in

the process of turning fur into felt. The symptoafignercury poisoning suffered by



the workers became known as ‘mad hatter’'s disedgercury was also widely used
as a treatment for syphilis (Baldwin & Marshall,989. More recently in Minamata
bay in Japan in the 1950s residents ingested sgdftad was contaminated with
methylmercury from a local industrial plant (Cadioét al., 2001). Toxic effects
including damage to areas of the brain controllimgtor function and mental
impairment were observed in adults and in infats lafter the industrial accident. It
was later found that methylmercury was able to @edgongenital poisoning via
transplacental transfer (Castoldi al., 2001). In the 1970s another incidence of
methylmercury poisoning occurred in Iraq, when mgrigat had been treated with a
methylmercury fungicide was used to make bread (§gteal., 2000).

There are three forms of mercury (Hgganic, inorganic and elemental.
Elemental mercury occurs naturally, is liquid atmotemperature and vaporises when
heated. Elemental Hg is released during volcaniptens in the form of vapour.
Contact with excessive amounts of the metal cao afise from human activities,
such as the burning of fossil fuel or exposurednotdl amalgams. Mercury tends to be
more hazardous as vapour; exposure can cause etyvafi symptoms, including
pleuritic pain, shortness of breath, fever, tiresfndremors and delusions (Baldwin &
Marshall, 1999). Children and adults show simifanptoms but poisoning of infants
is extremely rare in modern society (Counter & Bar@dn, 2004).

Exposure to inorganic mercury or cogy salts can come from soaps, skin
creams, and traditional Chinese and Indian medsicifikere have even been cases of
infants presenting with classic signs of mercurigpoing linked to a teething powder
containing mercury (Counter & Buchanan, 2004). Byeptoms of inorganic Hg
exposure are not dissimilar to the symptoms presenith the other forms of Hg
poisoning.

The organic form of methylmercury is coesed the most dangerous and
common source of mercury toxicity (Gopal, 2002)wdweer it is far from clear why
organic mercury compounds like methylmercury arecimmore toxic than the
inorganic mercury species. The difference in tdyiaf inorganic mercury and
organic mercury compounds should be related toragibms in their chemical
structure and reactivity. The principal featureoofjanic mercury is the presence of
both the metal centre (Hg) and the organic moieim&lently bonded to the mercury
atom in their molecules (Milaeva, 2006). The orgagrioup attached to the mercury

makes the compound more lipid soluble, which makassport into cells easier.



Nowadays, widespread exposure to methylmercurgns, however methylmercury
remains a significant threat, mainly from low doseposure as a result of the
consumption of contaminated sea food (Atchison520Morganic mercury deposits
are converted to methylmercury in the aquatic @mirent by microorganisms,
which are then ingested by larger species leadingdthylmercury accumulation in
the food chain (Counter & Buchanan, 2004). In husr@0+100% of methylmercury is
absorbed through the gastrointestinal (Gl) tract i@ato the bloodstream, where it is
then transported round the body. Methylmercury @ass the blood-brain barrier via
the neutral amino acid transport system L as a Meldgsteine complex. There it is
partially demethylated to inorganic mercury (Allenal., 2002). Once in the brain
methylmercury induces loss of neurons and has Blewn to accumulate within
astrocytes (Allenet al., 2002). In adults, the main symptoms of methylmagrc
poisoning are the loss of sensory, visual and andftinctions, weakness and damage
in areas of the brain controlling motor functioreuMological disturbances have been
report in populations with a high consumption adfsed at Hg concentrations as low
as 50ug/g (Zahiret al., 2005). In prenatal exposure, the main symptorasaverely
impaired motor and mental development, general lysigsa and cerebral palsy
(Jacobson, 2001; Sanfeliet al., 2001). Epidemiological data has correlated Hg
concentrations in maternal blood with impaired oégical development of
neonates. Mothers with blood concentrations of 2dl peflected in neurological
impairment in the child (Grandjeas al., 1994). Treatment for all mercury species
involves the use of dimercaprol, oral penicilliamiand the newer chelating agent
2,3-dimercapto-1-propansufonic acid (DMPS) (Baldwén Marshall, 1999). The
minimum risk level for mercury consumption was bbthed by the Agency for
Toxic Substances and Disease Registry as 0.3 jpgkday in children (Castoldi
al., 2001).



Table 1.1: A comparison of the different forms afngury

Elemental Mercury

Inorganic mercury

Organic Mercury

(Methylmercury)
Sources of Dental amalgams, Oxidation of elemental | Fish, marine mammals,
exposure occupational exposure, mercury or crustaceans, animals an
Caribbean religious demethylation of MeHg; poultry fed fish meal.
ceremonies, fossil fuels, exposure to HgGl
incinerators.

Biological Urine and blood. Urine and blood. Hair, blood, cord blood.
monitoring

Toxicokinetics

Is readily absorbed when
inhaled.
Absorption via the Gl tract
is poor. Can also enter the

body from skin contact.

Exposure can occur in
the form of aerosols, 7-
15% of the ingested dos
of HgCl, will be
absorbed in the Gl tract
whilst 2-3% of applied
dose can be taken up vi
the dermal route.

Methylmercury vapours
can be inhaled.
e Poisoning can occur from
diet, particularly a diet rich
in sea food, where organi
mercury is absorbed in th
Gl tract and can be

absorbed via contact with
the skin.

a

Distribution

Rapidly distributed
throughout the body since i
is lipophilic.
Half-life in blood, 45 days
(slow phase); half-life
appears to increase with
increasing dose
Readily crosses blood— bra
and placental barriers

Highest accumulation in
t kidney
Half-life in blood, 19.7-
65.6 days;
Does not readily
penetrate blood— brain @
placental barriers.
n

Distributed throughout
body since lipophilic;

approximately 1-10% of

absorbed oral dose of
MeHg distributed to blood
r90% of blood MeHg in red

blood cells Half-life in
blood, 50 days; Readily
crosses blood-brain and
placental barriers.

15

O

Biotransformation

Hg in tissue and blood
oxidized to H§" by catalase
and hydrogen peroxide.

Vapor is exhaled
following oral
administration of
mercuric Hg. Mercuric
Hg is not methylated in
body tissues but Gl
micro-organisms can
form MeHg.

MeHg slowly
demethylated to mercurig
Hg (Hgf"). Tissue
macrophages, intenstina
flora, and foetal liver are
sites of tissue
demethylation.

Excretion

Excreted as Bin exhaled
air, sweat and saliva, and 8
mercuric Hg in faeces and

Excreted in urine and
1S faeces; also excreted in
saliva, bile, sweat,

Major route is bile and
faeces; 90% excreted in
faeces as Hg; 10%

urine exhaled air, and excreted in urine as Hg
Half life elimination: 58 breast milk Half-life elimination:
days. Half life elimination: 1- | (Whole body) 70— 80 days.
2 months.
Toxicodynamics brain and kidney. Kidney. Brain, lhdind foetal.

Table 1.1 Differences between organic, elemental and inorganic mercury, from

sour ces of exposur e to excretion (Counter & Buchanan, 2004).



1.1.2: Thimerosal

The organic ethyl mercury compound Sodiuthylenercuri-thiosalicylate
(thimerosal), is the sodium salt of the complexrfed between thiosalicylic acid and
ethylmercuric ion (Tan & Parkin, 2000). It has bathtifungal and antibacterial
properties and is widely used as an antiseptic taged preservative in cleaning
solutions for contact lenses, cosmetics, eye drapgscal medicines and vaccines
(Elferink, 1999). Part of the physiological respers thimerosal is due to its ability
to bind to SH and disulphide groups in various @t (Nishio, 1996). Whilst not
much is known about the metabolism, excretion a&ictty of thimerosal it's use in

some infant vaccines as a preservative is of concer

COONa

S| Hg-CH,CH; |

Thimerosal

Figure 1.1. The structure of thimerosal. The etleylrary radical is highlighted with
the dashed line (Van't Veen, 2001).

In 1999, the US Public Health Service and the Aozri Academy of Pediatrics
(AAP) called for the reduction or elimination ofirtterosal from vaccines due to the
amount of mercury that children were exposed to angotential link to autism
(Blaxill et al., 2004). However the World Health Organisation (@)Hin 2002
recommended the continued use of vaccines congathimerosal, as they stated that
the benefits of immunization out way any theorétitsks (Knezevicet al., 2004). At
present the connection between autism and meroxigity from infant vaccines is
controversial since there appears to be little v to either confirm or refute these
links.

Vaccines containing thimerosal have beeported to cause sensitivity
reactions in some recipients, such as dermatitiscanjunctivitis (Van't Veen, 2001).



There is also evidence to suggest that exposutarge amounts (ranging from 3-
several hundred mg/kg) of thimerosal causes tgxaid death in humans (Batlal.,
2001; Redwood, 2001). Various studies indicate tihiaterosal has similar effects to
methylmercury on biological events such as calchwmeostasis (Wiktorekt al.,
1996; Elferink, 1999; Ucha-Ishibashki al., 2004). It is thought that thimerosal is
converted in to inorganic mercuiy vivo, but does not have the same transport
mechanism across the blood-brain barrier as metrgmny (Van't Veen, 2001). In
addition ethylmercury (of which thimerosal is anample) has a larger molecular
weight and faster decomposition rate than methydorgr (Counter & Buchanan,
2004).

1.1.3: Lead

Lead is a potential neurototanwhich most people are exposed, albeit
at differing concentrations (Erdadétlal., 2000). Lead is found in mineral deposits and
therefore naturally released into the environmé&he toxicity of lead has been known
since roman times, when it was common practice de kead in wine and food
because of its sweet taste (Toscano & Guilarte520A@ad is also used in a variety of
industrial activities, and was until recently, coomty used in petrol and paint.
General marketing of lead in petrol was banned amuary 2000 in the UK
(Papanikolaowet al., 2005), and the use of leaded paint ceased in {B8ano &
Guilarte, 2005). Lead exposure comes from a vamétgources including cigarette
smoke, occupational exposure and old lead watesspipead gains entry to the body
via inhalation, through the skin or by direct swaling and ingestion, after which it is
absorbed and transported by the blood stream tousaorgans and tissues. Lead can
accumulate in three areas; blood, soft tissue ame.bLead excretion is low, with a
half life of approximately 10 years. However, thgeewf chelating agents such as
dimercaprol can increase the rate of lead excréBapanikolaoet al., 2005).

At low levels lead poisoning does pobduce obvious symptoms but can
cause long term impairment of cognitive functioniK®et al., 2000). In an adult
central nervous system lead crosses the blood-bairer rapidly in the form of a
Pb-OH complex and through cation channels (Mazzadinal., 2001) The earliest

lead induced neurological damage is seen withirettfothelial cells of microvessels,



which form the major structural component of thedudl-brain barrier (Finkelsteiet

al., 1998). Once in the brain lead accumulates witstrocytes, which appear to
sequester lead away from the mitochondria, thepbtecting their respiration and
potentially that of neighbouring neurons (Mazzokhil., 2001). Lead is thought to
initiate apoptosis by depolarising the mitochondma@mbrane leading to the opening
of the permeability transition pore. This then akothe release of cytochrome c,
resulting in the activation of the caspase caseamkcell death (Pulido & Parrish,
2003). Apoptotic cell death is a regulated prodass involves a series of molecular
events, such as cell shrinkage, chromatin condensahembrane blebbing, caspase
activation and the formation of apoptotic bodiesafWet al., 2005). Caspases are
aspartate-specific cysteine proteases that iniiateensure the efficacy of apoptosis.
The family can be grouped into the initiator cagsasuch as caspase 8, 9 and 10.
This group initiates and amplifies cellular deaitpnals from receptors such as the
tumor necrosis factor receptor (TNFR) and Fas (Wa080). Effector caspases such
as caspases 2, 3, 6 and 7 degrade vital cellulapaoents (Wangt al., 2005).

Lead effects numerous biological systesuch the reproductive, nervous,
gastrointestinal, immune, renal, cardiovasculaeletlal, muscular and hematopoetic
(Boutonet al., 2001). The adverse affects of lead can be setmomncentrations as
low as 10ug/dl (Papanikolaowt al., 2005) The symptoms of lead exposure include
paralysis, seizures (Dast al, 2001), restlessness, irritability, headaches, cteus
tremors abdominal cramps and loss of memory atesarations of around 100-120
ug/dl (Papanikolaoet al., 2005). Impaired hearing has been reported withdlead
concentrations of around 10-20/dl (Staessert al., 1994). Lead has been shown to
inhibit myelination processes in brain tissue attdrahe number of synapses per
neuron, thus disrupting signal propagation in ttNSGCrumptoret al, 2001). Lead
may also have the ability to cause cancers in hgmsince epididemeological data
indicates that individuals with a blood lead cortcation of 20ug/dl and above have
an increased risk of cancer and heart diseasecaro@ogenic properties of lead have
not yet been fully elucidated but it may be by biting DNA repair mechanisms or
by replacing zinc in DNA binding proteins (Silbeldie2003). In addition it may
factor in diseases such as Alzheimer’s that effeeztaged as during osteoporosis, lead
is released from bone storage (Bresslal., 1999). The Centres for Disease Control

and Prevention defined elevated levels of lead akOxug/dl and recommended



treatment for concentrations greater thas gpg/dl in adults and 20 ug/dl in children
(Toscano & Guilarte, 2005).

1.1.4: Cadmium

Cadmium is a significant industréald environmental toxin and is ranked
sixth out the top ten hazardous substances (Hi&kl®@sborne, 1994; Lawt al.,
2006). Exposure to cadmium can occur via cigarstteke, contaminated food,
drinking water, soil. It is used in various indugtrprocesses, for example in the
production of certain pigments in paints and ptastind in the production of nickel-
cadmium batteries. The importance of cadmium asompound detrimental to
humans was evident at the Jinzu River in Japan evhiex out break of a severe
disease known as ltai-Itai disease was linked ttmoam contaminated food. The
disease caused bone pain, fractures, proteinudaoatoemalacia (Waisber al.,
2003).

Cadmium can produce genotoxic and muiiagevents at high concentrations
of 10-40 uM (Waisbergt al., 2003). In 1993 cadmium was classified as a human
carcinogen by the International Agency for Reseamh Cancer. The exact
mechanism by which cadmium causes malignancieotisyet known. It has been
proposed that it may interfere with the expresbrearly genes like c-jun or the
tumour suppressor gene p53 (Waisbeirgl., 2003). Cadmium toxicity is thought to
occur in numerous ways. Like other heavy metaldpgam has an affinity for SH
groups and is able to bind tightly to proteinsisitalso able to replace calcium in
calmodulin and a variety of calcium binding enzymeswell as substituting for zinc
in zinc containing enzymes (Hinkle & Osborne, 1994admium can enter cells via
calcium channels and can also block calcium uptakeells (Hinkle & Osborne,
1994). It can also affect gene expression througitalmesponsive upstream
regulatory elements (Watjen, 2001). It can alsodpce reactive oxygen species
(ROS) leading to cell death in neurons via the asspathway (Lopeet al., 2006).
The susceptibility of cells to cadmium mediated@psis is however dependent upon
levels of metallothionein. This protein binds todeaum thereby restricting
intracellular availability and reducing toxicity {fdo & Parrish, 2003). The
mitochondria are possibly the initial target fordoaum induced apoptosis, studies

have shown that the disruption of the mitochondmaimbrane causes the release of



cytochrome c and the subsequent activation of caspgHabeebat al., 1998). The
kidney is the critical target organ for cadmiumitity (Lermioglu & Bernard, 1998),
but exposure to cadmium may result in damage toenons organs, bone, lungs,
reproductive organs and the central nervous systéma.neurological symptoms of
cadmium poisoning include cerebral bleeding and mege hyperactivity,

aggressiveness and decreased ability to learn ga@é., 2006).

1.1.5: Zinc

Unlike the other heavy metals mentiearlier, zinc is an essential element.
It is the second most prevalent metal in the bdfgi§set al., 2000), and whilst an
excess of zinc is toxic, zinc deficiency is alsdetirious to health. (Maret &
Sandstead, 2006) estimated that over 25% of thédwqguopulation is at risk from
zinc deficiency. The normal zinc concentrationhivita healthy adult range from 2-
3g throughout the body and daily intake is recomueenat 0.25 mg/kg (Sandstead,
1993). Zinc is an important catalytic and strudtucamponent of hundreds of
enzymes involved in metabolism and gene expresfioman et al., 1997). It is
essential for normal growth and development anavslved in cellular proliferation,
differentiation and apoptosis (Rossal., 1997). The immune system, metabolism,
reproduction, vision, taste and behaviour all esaliyrequire zinc (Fraga, 2005). In
addition zinc has a role neuronal growth and trassion (Maret & Sandstead, 2006).
The brain has the highest zinc content aroundh@dgihigher than the concentration
found in plasma. The vast majority of zinc in theaib is bound to zinc
metalloproteins, around 10% of zinc is free or &pdound and is found mostly in
certain synaptic vesicles (Mathgeal., 2005). These zinc rich vesicle are only found
in glutamatergic neurons (Frederickson & Bush, 3@J concentration estimated to
be around 30QM (Takedaet al., 2003). Zinc is present in vesicles within exatst
nerve terminals and when released in a calcium rakgg manner, can reach
concentrations of 10(M in the extra cellular space (Geeal., 2002). Synaptically
released zinc can then modify the activity of darfgoteins such as glutamate and
aminobutyric acid (GABA) receptors (FredericksonBfsh, 2001; Mathieet al.,
2005).

However an excess of extra cellziac is damaging and is implicated in

cell death following an ischemic period or seiz(ifark & Koh, 1999; Kimet al.,



2000). An excess of zinc during pregnancy can ketdgenic and sometimes lethal.
Toxic doses in adults of around 325-650 mg cauaase®, abdominal pain, vomiting
and diarrhoea (Maret & Sandstead, 2006). Changesnim homeostasis within the
brain has been linked to the occurrence of seizarepileptics, this is part due to the
discovery that prior to a seizure zinc concentrti@are higher in the brains of

epileptic mice than in control mice (Matheeal., 2005).

1.2: Cellular Responses to Heavy Metals

Once heavy metals have entered the,ltbéycellular machinery attempts to
detoxify and/or remove them from the cell via a bomation of processes collectively
known as metalloregulation (Castigliosi al., 2001). This is mediated by metal
chelating proteins such as metallothioneins. Ottetoxification pathways involve
removal of the metal from within the cell via diion, or through the action of P-type
ATPases. These are energy dependant pumps whicllextations into or out of the
intracellular matrix or intracellular compartmentisereby protecting internal cellular
mechanisms from heavy metal damage (Lutsenko & atgpl995). In addition toxic
metals can also be mineralised within mitochondridysosomes (Castiglioret al,
2001). Another mechanism of detoxification in marimvertebrate has been
speculated and it is the formation of insoluble ahkeglcium precipitates (Mason &
Nott, 1981). Metallothionein is a highly conserded molecular weight intracellular
protein. It is known to be important in the det@ation of heavy metals and can bind
to at least 18 different elements including zinedmium and mercury (Baldwin &
Marshall, 1999). Metallothioneins store and releassential metals such as zinc and
copper; thus maintaining the low intracellular cemication of free essential metals.
Metallothioneins have a regulatory capacity anduarice transcription, replication,
protein synthesis, metabolism, as well as othet-dependent biological processes.
Increasing cellular expression of metallothionerotgcts the cell from heavy metal
damage (Yaat al., 1999). Lead and mercury exposure gives risedolimle protein
bodies in the kidneys, however the precise natfithese protein inclusions remains
uncertain, they could be an excretory process ssipa shedding of cells (Baldwin &
Marshall, 1999). If the exposure of the individuahches pathological levels heavy

metals can be deposited into tissue. An exampii®is mercury which can be found
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deposited in a wide variety of body tissue, whicbuld account for the variety of
symptoms that accompany mercury poisoning.

The central nervous system is extrenselgceptible to heavy metal toxicity.
The brain already contains significant amountsio€,ziron, copper and magnesium
(Castiglioniet al. 2001). Normal copper concentrations in the beaearound 0.2-1.7
MM but can exceed this level at the synaptic ctefiching concentrations of 200 uM.
Compared to all other organs the brain has theelsiglconcentration of zinc at
concentrations of 100-150 pM. Therefore the brageds effective protective
mechanisms in order to allow these metals to @righe nervous system without
causing any damage. One such protective systetraigll activity. Astroglia have
high levels of metallothioneins I, Il and type INyhich is unique to the CNS.
Neuronal cells have been shown to express very lexgls of metallothioneins,
making them susceptible to heavy metal damage.l @kHls express levels of
metallothionein | 10 times greater than that ofroeal cells, 538 pg metallothionein
I/ug protein in glial cells compared to just 49 pg/orotein in neuronal cells (Hidalgo
et al., 2000). Metallothioneins are cysteine rich pragewith a high affinity for metal
ions, which may allow glial cells to chelate heamgtals. Exposure to heavy metals
induces metallothionein synthesis in astrocytesac Zxposure of 50 uM increased
metallothionein | concentrations by 3.5 fold in rens and 2.5 in astrocytes (Hidalgo
et al., 2000). Astrocytes protect neighbouring cellsudahg neurons from oxidative
damage. They are rich in glutathione (GSH), whgla ipowerful anti-oxidant and in
addition they provide GSH precursors to neuronskie et al., 2004). GSH
concentration within mature astrocytes is aroundM (Castiglioni & Qian, 2001).
Glial cells provide protection to neurons againgtitoxicity, caused by an excess of
the neurotransmitter glutamate (Glu). Exposuredaviy metals reduces the ability of
astrocytes to take up Glu (Aschner, 1996). Sirz cells line the ventricles of the
central nervous system they are the first cell¢ tweme into contact with metals
crossing the blood-brain barrier. Hence, despitr tprotective roles, the heavy

metals may overwhelm the regulatory capacity ofgiiee (Castiglioni & Qian, 2001).

1.3: The developing nervous system

Children tend to be more suscepttbleéhe toxic effects of heavy metals
since their nervous system is still developing (Git@l, 1989, Castoldet al, 2001).
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Hence exposure to heavy metals can have a devastaffect on the normal
development of an infant. Many studies have repldtiat even very low doses of 0.1
uM lead and methylmercury can affect growth and tgpraent (Crumptoret al.,
2001; Moreiraet al., 2001). Both metals can cross the placenta. Theesdration of
heavy metal in foetal blood is assumed to be ptapwl to that in maternal blood. In
adult brain tissue mercury damage tends to beicksirto areas of anatomical
importance such as the visual cortex but in a dpmey CNS the damage is more
extensive (Castoldat al., 2001). The major difference between a mature @GN& a
developing one is the intense cellular prolifenatitbat occurs during development.
The toxicity of methylmercury, mercury and lead wsc by the compounds
interfering with normal biological processes, sashcalcium homeostasis, interaction
with the cytoskeleton and/or protein SH groupsnayenes. Cytoskeletal proteins like
tubulin are important in a developing nervous systnce it is subject to intense
cellular proliferation and differentiation. Any arference in these processes are liable
to damage the CNS. In addition mercury affects otidyule formation during the cell
cycle (Miuraet al., 1999). It has also been suggested that methylmertas an
inhibitory effect on axon formation and that thaibition is partly responsible for the
resultant developmental problems seen in casesafury poisoning (Heidemaret
al., 2001).

Lead is known to impair the cytoarctiteal development of the nervous
system, particularly an immature CNS (Erdad#l al., 2000), infants have an
inadequate blood-brain barrier (Moreetaal, 2001). In addition there is evidence that
children do not form lead-protein complexes, agrbve process that is used to bind
lead in adult brain (Moreirat al, 2001). The plasma lead concentration of children
should remain below 1@/dl. The Centre for Disease Control (CDC) recomasen
treatment for levels over R@/dl, while 7Qug/dl is considered a medical emergency
(Kaufman, 2001). Data from a national health antriten survey indicated that
blood lead levels had an inverse correlation witkight, weight and chest
circumference in children in the U.S.A (Tonner &iian, 1997). It was found that
lead exposure reduced the secretion of both tlgeoith hormone and growth
hormone, which would account for the reduction ieight, weight and chest
circumference seen in that survey (Huserdiaal., 1992). Lead has been shown to

alter the expression of various receptors on thiesagace, altering normal signalling
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pathways. It can inhibit NMDA receptor-receptor ieshannel function which is
thought to be involved in learning and memory, whig a classic indication of lead
toxicity (Finkelsteinet al., 1998). Like mercury, lead is also able to créespglacental
barrier. Concentrations in the umbilical cord wirend to be 80-100% of that found
in maternal blood. During pregnancy bone turnowar mcrease, which can release
the lead taken up by bone potentially leading twit lead toxicity in both mother
and baby (Papanikolaatal., 2005).

1.4: Potential mechanisms of heavy metal toxicity

1.4.1: Oxidative stress

Oxidative stress is caused by an ianz@ between the production of reactive
oxygen species (ROS) and the anti-oxidant defeatdise cell. Normal metabolism
in a healthy CNS is high and generates large ams@friROS. This is counteracted by
high concentrations of antioxidants, such as redlgbetathione (GSH). The increase
in levels of ROS can damage cellular componentfudig proteins, membrane
lipids and nucleic acids (Halliwell and GutteridgE989). When the anti-oxidant
defences are overwhelmed, ROS can cause catastragmage to cellular
components leading to necrosis or apoptosis. (Yé&&h&i, 1996.) suggested that the
mitochondria is one of the earliest sites of hemstal accumulation. Disruption to
the mitochondrial electron transport chain is pagsa major cause of free radical
production, which would deplete the cell's energyels.

Production of free radicals is a comnioric mechanism for many heavy
metals including lead, cadmium and mercury. Cadmilo®s not appear to generate
free radicals but lipid peroxidation in an earliedicator of cadmium exposure
(Mancaet al., 1991). In the case of cadmium exposure ROS damagle occur via
depletion of anti-oxidant systems rather than tieaton of the radicals themselves as
glutathione levels have been shown to be depldiedt @l., 1993). In contrast zinc
appears to prevent the formation of ROS by pratgcsulphydryl groups from
oxidation (Bray & Bettger, 1990). Lead, mercury asttler heavy metals have high
affinities for sulphydryl (SH) groups in proteinBhe binding of heavy metals to SH
groups in anti-oxidant enzymes, such as superakgiautase (SOD) and GSH would

seriously affect the ability of cells to cope witte ROS. It would also leave cells
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more susceptible to further oxidative damage (HsuG&o, 2002). For example
methylmercury has high thiol reactivity, which wdulender GSH ineffective as an
anti-oxidant (Gattet al., 2004).

The generation of ROS may also be dnghe mechanisms thorough which
heavy metals affect calcium homeostasis.(Burlagtdal., 1997b) demonstrated that
increased levels of free radicals can lead to asivagelease of calcium from the
sarcoplasmic reticulum stores via the ryanodineeptwr. The evidence for ROS
playing a part in metal toxicity is supported by thbservation that the addition of
certain anti-oxidants like vitamin E, CgRBnd selenium, can increase the protection
for cells that have been exposed to heavy metath$S& Bagchi, 1995; Daret al.,
2000; Gurer & Ercal, 2000).

Numerous studies suggest that oxidatress is an important mechanism of
damage for all of the metals that are of interesthis research. There are however

other pathways that are also relevant

1.4.2: Interaction with the cytoskeleton

The neuronal cytoskeleton is a com@esl dynamic structure that extends
through the cell cytoplasm. The main componenthefcytoskeleton within the cells
of the central nervous system are microtubules rafilaments and intermediate
filaments. Together these components are respenddr cellular organisation,
communication, transport and cell stability. Eacbmponent of the neuronal

cytoskeleton has different biochemical propertied functions within the cell.

1.4.2.1: Microtubules

Both neuronal and glial cells contairtrotubules. Microtubules are hollow
cylindrical organelles, approximately 25nm in dideme They are labile polymers
assembled from heterodimeric subunitseefand B-tubulin, each with a molecular
weight of around 50 kDa (Graét al., 1997). Tubulin is an acidic protein of which
there are two main isotypas, andp-tubulin. The heterodimeric subunit comprised of
these two isotypes is the principle constituenmnafrotubules. Microtubule formation

occurs via the binding of th@p-subunit to two molecules of GTP. One molecule of
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GTP binds toa-tubulin and the other is reversible bound ffd@ubulin and is
hydrolysed during microtubule formation (Hargregv&897). Tubulin synthesis is
regulated by the pool of unpolymerised tubulin, fample when microtubule
assembly is high the pool lowers and tubulin sysighes increased so that the pool of
unpolymerised tubulin remains the same and whemotoisule assembly is low the
opposites occurs (Dhamodharan & Wadsworth, 1995).

Microtubules are made up of 13 Ilamgnally arranged polar
protofilaments (Figure 1.2). The polarity allowsetlends of the protofilaments to
display differences in subunit addition and losslyRerisation occurs via the
addition of tubulin subunits to the polar end ouspknd of the microtubules until
equilibrium is reached, where the gain of tubulibbunits at the plus end is equal to
the loss of subunits from the minus end (Hargread€97). Microtubules are
dynamic in most interphase cells. Tubulin subuaits constantly polymerising and
depolymerising. However some cell types, like neatoand glial cells contain
microtubules that are able to resist depolymensatind are termed stable. Stable
microtubules have a role in maintaining cell pdiaand the complex architecture in a
mature brain (Graffet al., 1997). Microtubule stability is achieved via
posttranslational modification of the-tubulin subunit, modification such as
detyrosination and acetylation (Gundersen & Buling®86). The detyrosination of
microtubules involves the removal of a tyrosinades from the C-terminal of the-
tubulin subunit; the subunit can also be acetylaiadthe lysine side chain. The
addition of various microtubule associated prot¢M#&Ps) such as Tau can further
stabilise microtubule networks within cells (Bunleal., 2004).

The integrity of the motubule network is vital in neuronal
migration. Studies have shown that concentratiamging from 0-1QuM of MeHg
inhibit the migration of external granule cells &g the internal granule layer in a
concentration dependant manner (Kunimoto & Suz@RB7). Methylmercury can
disrupt the cell cycle by interfering with microtulbs and, through its interaction with
the microtubules, cause the induction of apopt¢slgira et al., 1999).In vitro
studies have indicated that MeHg produces thisceffiy binding to tubulin SH
groups, which either depolymerises the microtuboleprevents the polymerisation
of tubulin (Vogelet al. 1985; Sager, 1988; Graét al. 1997). The sensitivity of

neuronal cells to mercury toxicity may be relatedhe high concentration of tubulin
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and microtubules in vertebrate brain, which is ity due to their high density in

axons where they mediate the process of axonagoah
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Figure 1.2 Microtubule structure

Microtubules are comprised of 13 longitudinallysanged protofilaments. Each protofilament
contains alternate. and B subunits. Subunits are constantly added and retnéreen the
microtubule structure during the steady state. Wthermicrotubule is elongating there is no
removal of subunits only additions.

1.4.2.2: Microfilaments

Another important cytoskeletal compuinés microfilaments, which are
composed of the 42 kDa protein actin. Actin has-liml structure and is arranged
helically during polymerisation (Hargreaves, 199actin is the finished filament; it
has an outer diameter of 5-7 nm and appears toin@rised of twisted beads due to
the helical arrangement of the actin protein. A@tiabundant in muscle cells where it
forms stable thin filaments that enable muscle reatibn; it also forms labile
microfilament structures in non-muscle cells in tbem of stress fibres, lamellipodia
and other networks. F-actin formation occurs byieleated condensation mechanism

in which polymerisation occurs via the additiomodnmeric actin subunits, known as
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G-actin at the positive end of F-actin filamentafgteaves, 1997). Actin is important
in the process of axon branching where it formgpfildia and lamellipodia in the axon
growth cone (Gitler & Spira, 1998). Actin filamenindergo rapid cycles of
polymerisation and depolymerisation that enablepbdia to probe the extracellular
space (Kornack & Giger, 2005)

1.4.2.3: Neurofilaments

Apart from microtubules and microfilaments, neuldoaad glial cells also
contain a number of unique intermediate filame@isal cells contain glial fibrillary
acidic protein (GFAP) and neuronal cells containroBlaments, of which there are
three main types in mammals, neurofilament lighdich(NF-L) with a molecular
weight of around 60 kDa, neurofilament medium ch&#&-M), molecular weight of
around 102 kDa and neurofilament heavy chain (NRvkich has a molecular weight
of approximately 112 kDa (Ackerlegt al., 2003). All NF subunits consist of a
globular amino-terminal ‘head’ domain, anrthelical rod domain and a globular
carboxy-terminal ‘tail’ domain (Figure 1.3). Thenteal rod domain consists of 310
amino acid residues and is consistent betweenhtiee imain NFs, so the differences
in molecular weight are primarily down the diffeces in the head and tail domains.
The central rod domain of the NF subunits is imeréd in order to form dimmers
which then form tetramers, the tetramers combindoton protofilaments, which

finally assemble to produce the NF (Figure 1.4).
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Figure 1.3 Structure of the neurofilament protein

NF-H is one of the most extensively phosphorylatedrofilaments it contains
over 50 acceptor serine/threonine sites in the K&fon within the C-terminal
(Ackerley et al., 2003). Neurofilament phosphorylation is assodiaigth axonal
stability, the neurofilament proteins extend alaihg axon and are the primary
component of its cytoskeleton and in addition ® $kabilisation of axons, NF-H also
controls axon girth (Williamson, 1996). NFH phosphHation is also involved with
neurofilament transport within the axons (Petrdl., 2000).

Although there is evidence that methylmercury affeexon production
(Gopal, 1995) there are very few vivo or in vitro studies that have assessed the
effects of non-lethal doses of methylmercury onrexatgrowth and the proteins
involved in axon stability (Heidemaret al., 2001). Most investigations have simply
determined the mechanism by which lethal doseseceel$ death. One of the aims of
this study is to determine whether sub-lethal catretions of various heavy metals
affect neurite outgrowth in differentiating N2a a@@ cells and the levels of proteins
known to be important in the outgrowth and mainteeaof axons formed by mouse

neuroblastoma (N2a) cells and processes formedratyglioma (C6) cells.
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Figure 1.4: Neurofilament Assembly.

The central rod domain of the NF subunits is imened in order to form dimers. The dimers
are sorted in an anti-parallel fashion and fornrateers. Tetramers combine to form
protofilaments, which finally assemble to produae 10 nm thick NF. Diagram adapted from
(Petzold, 2005).

1.5: The Role of Calcium in Heavy Metal Toxicity

Numerous studies have shown thaictewncentrations of heavy metals
have an effect on calcium homeostasis (Viaregig, 1999; Nathensogt al, 1995;
Szucset al, 1997; Leonhardit al, 1996). These imbalances in calcium can thentaffec
cell signalling mechanisms and impair the actiwafycalcium dependent enzymes
(Panfoliet al, 2000; Watjeret al, 2001).

Calcium is known to be involviedthe regulation of many physiological
processes (Sainet al., 2002). It is also widely used as an intracellidaggnalling
molecule. The concentration of free calcium withire cytosol is approximately
0.1uM, whereas the extracellular calcium concentrat®around ten thousand fold

higher. This difference in calcium concentratioeates a chemical gradient greater
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than that of any other ions. In addition, the negdy charged interior of the axonal
plasma membrane forms an electrical gradient tlogether creates a large
electrochemical force for the entry of calcium irttee cell. The electrochemical
gradient for calcium entry is opposed by*@& Pases. These are ATP dependant
C&* pumps that actively remove €drom the cytosol by pumping it into the extra
cellular medium or sequester Canto various organelles such as the mitochondria
and the endoplasmic or sarcoplasmic reticulum. TWwhen the calcium concentration
within the cytosol increases by the entry of @arough voltage gated €achannels,
when the cell membrane is depolarised or by thalibgn of an extra cellular
signalling molecule to a cell surface receptogaherates an intra cellular response
such as the activation of inositol triphosphates (Bgure 1.5 for diagram of calcium
signalling). With the subsequent stimulation of Q=lease, C& dependent pathways
are then activated within the cell. In the nervaystem, C# is involved in the
transmission of action potentials across synaptictjons. When the action potential
reaches the pre-synaptic terminal calcium ionsretite depolarised pre-synaptic
terminal via voltage gated €achannels and activate the exocytotic pathways
resulting in the release of a neurotransmitter itite synaptic cleft (Kostyuk &
Verkhrastsky, 1995).

The alteration of calcium homeostasis in cells lubeavy metal exposure has
been noted by a number of different studies (H¢aet., 1993; Abramsomt al., 1995;
Marchi et al., 2000). This rise in intracellular €4s generally caused by the opening
of C&* channels in the cell membrane (Burlareical., 1997a; McNulty & Taylor,
1999; Gopal, 2002). The opening of the voltage dj@&* channels may be due to
the binding of the metals to the SH groups witlia thannels proteins (Atchison &
Hare, 1994). The rise in €avould be further augmented by any interaction betwe
the metals and the SH groups within both the plasmeabrane and SERCA €a
ATPases (SERCA GhATPases are calcium pumps that remove calcium fimms
the cytoplasm into the ER or SR). The cell wouldntthave a reduced ability to
remove C&' entering via the open channel (Cangsil., 2000). Methylmercury has
been shown to increase intracellular calcium viairgtux from the extracellular
medium as well as from intracellular stores. Intcast mercury caused an influx from
the extracellular medium alone. Hence althouglotiteome of increased intracellular
calcium was the same, the mechanisms by which s achieved was different for

organic and inorganic mercury (Stohs & Bagchi, J99%e resultant change in €a
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concentrations would affect €adependent enzymes within the cell. Methylmercury
induced rises in [G4]; can cause the spontaneous release of the newmitsr by
depolarising the plasma membrane, causing it torhecmore permeable to calcium
ions (Atchison & Hare, 1994). Limited research shdhat thimerosal also increases
[C&®"; though not as potently as methylmercury (Nishid®8dJcha-Ishibashét al.,
2004).

VOCC
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Figure 1.5: Calcium homeostasis

Diagram shows C& homeostasis in a glial cell. Extracellular calcigan enter the cell via
voltage activated calcium channels (VOCC). Calcitan also be released from intracellular
stores via the binding of an extracellular sigmgllimolecule such as glutamate to a cell
surface receptor such as the glutamate receptoluf®)GThis generates the hydrolysis of PI
4, 5-bisphosphate (PJPto inositol triphosphate (HP and diacylglycerol (DAG). IPleaves
the cell membrane and diffuses through the cytostlere it interacts with an inositol
triphosphate receptor @R) on the membrane of the endoplasmic reticulum) &Rsing the
release of calcium. €acan be released from the ER via the ryanodingptec¢éRyR). RyR
are regulated by positive feedback, where the bidif C&* to the receptor increases*a
release. Stores within the mitochondria (mito) r@leased via a uniporter; which utilises the
large negative potential to translocate calciumpugh a C&/Na’ exchange and through the
calcium permeable ‘permeability transition poretracellular extrusion of calcium occurs
through C&'ATPase pumps in the plasma membrane, through dastoic and endoplasmic
reticulum C&'ATPases (SERCA) and through a 1T2Na" exchange. Diagram adapted from
(Deitmeret al., 1998)
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Lead can mimic calcium inlselt enters cells via the calcium channel
and can activate protein kinase C (Loikkareeral., 1998; Raunio & Tahti, 2000).
Lead functions as a substitute for calcium in niieiaction with other proteins, such
as calmodulin and the synaptic vesicle protein gigtagmin 1. This can lead to an
abnormally functioning protein, with potential dieleous effects on cell pathways
and gene transcription (Boutah al., 2001). Lead is so effective as a substitute for
calcium, that on most protein targets the affimtyhe binding sites is greater for lead
than for calcium (Mikeet al., 2000).

Alterations in calcium homeostasis, loaffect the regulation of calcium
dependent enzymes within the cell. Calpains areiwal dependent intracellular
cysteine proteases. Since the discovery of theataljamily 14 members have been
identified, some of which are tissue specific whdthers are ubiquitously expressed
(Nixon, 2003). Calpains are comprised of large B@ katalytic subunit and a small
30 kDa regulatory subunit (Sorimagttial., 1997). The two most widely distributed
isoforms are p-calpain and m-calpain, sometimesvknas calpain 1 and calpain 2.
These two forms have virtually identical substradad are so far only distinguished
by their calcium requirements for activation ansstie distribution (Nixon, 2003),
calpain 1 requires 5-50 uM and 2 requires 200-10@0of calcium (Reverteet al.,
2001). Once activated it has been suggested thaica are modulated by a protein
inhibitor called calpastatin (Nixon, 2003).

Calpains exist in an inactive stidi@t requires a conformational change to
align the active site residues to form the catalyentre. Calpain activation is
dependent upon the binding of calcium to severahsrtranslocation to the cell
membrane and autoproteolysis, upon activation #ggulatory subunit is cleaved
(Huang & Wang, 2001).

Calpains act on various cytoskeletal giret, and are involved in the regulation
of cell adhesion, cell spreading or migration amdcpss outgrowth (Khorchid &
Ilkura, 2002). Calpains interact with various mtatmile associated proteins (MAP)
such as tau and MAP 2. As MAP’s are important m gtabilisation of microtubules,
then their degradation by calpain or abnormal phosgation by the cdk5-p25
complex would result in disruption of the microtldwnetwork. Calpains are also
involved in the processing of p35 to p25. This tfems the cdk5-p25 complex that
is involved in the phosphorylation of many proteinsluding tau and neurofilaments
(Sakaueet al., 2005).

22



Limited research into heavy metal infloeron calpain activation indicates that
methylmercury exposure increases calpain activatiaell culture systems (Zharm
al., 2003; Sakauet al., 2005). Abnormal calpain regulation is probablysed by the
changes in calcium homeostasis induced by expdsureavy metals.

A possible pathway for the over activatad calpain is via excessive glutamate
build up (see Figure 1.6). Glutamate (Glu) is a e@wn neurotransmitter, but an
excess can lead to over stimulation of cells, tegyin cell death. In nerve terminals
Glu arises from glucose, through the Krebs cycle ianalso secreted by astrocytes.
Stimulation of the glutamate receptor (GluR) causes influx of calcium and
depolarisation of the cell. Astrocytes are alsgpoesible for facilitating the removal
of Glu from the extracellular matrix. Both mercuagd lead affect Glu transmission
but in different ways. Mercury causes an incre&sglihg to excitotoxicity. It has
been suggested that the increase in Glu is dueetmhibitory effect that mercury has
upon astrocytes to clear the extracellular spadelof Conversely lead decreases Glu

release by acting as a non competitive inhibitotlie receptor.
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Figure 1.6: Methods by which heavy metals may campse cell function via

calpain activation.

Figure 1.6 shows the mechanism by which exposuhed&wy metals may cause cell death via
elevations of calcium concentrations and activatbrcalpains. Exposure to heavy metals
such as mercury causes a build up of the neuratittes Glu. This leads to over stimulation
of the cell, which is known as excitotoxicity. Thesultant excessive build up of glutamate
over activates ionotropic glutamate in the postptinamembrane and causes a sustained
influx of Ca* through these receptors. Because of membrane at&gadion, voltage-gated
Cd"* channels open, enabling#o enter, resulting in a massive calcium overlddds then
activates several calcium-dependent enzymes, edigecalpain 1 and 2. Over activated
calpain could lead to uncontrolled degradationytbskeletal proteins, cytosolic and nuclear
enzymes and, ultimately, neuronal death (Huang &§ya001).
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1.6: The Effect of Heavy Metals on the Mitogen Aated Protein Kinase Signalling
Pathways

The Mitogen activated protein kinafd#\PKs) are serine/threonine kinases
that are ubiquitous enzymes of signalling pathwayey were first discovered in the
1980’s in the pheromone-induced mating pathwayemsy (Callawayt al., 2005) and
were later found to be involved in cell cycle preggion, proliferation and
differentiation in all organisms. They are activhtea reversible phosphorylation and
are vital in connecting cell surface receptorsdaous targets within the cell (Hirsch
& Stork, 1997). Most cell surface receptors involeee or more of the MAPK
cascades in signal transduction. MAPKs are underctntrol of G-protein-coupled,
growth factor and cytokine receptors (Weetyal., 2005). The MAPK family consists
of three main groups, the extracellular-signal teglaprotein kinases (ERK), the
stress-activated protein kinases (SAPK) p38, ardSAPK c-jun N-terminal kinases
(INK) (Chang & Karin, 2001). The signalling cascader these enzymes are quite
complex and are not understood. Each MAPK is aiEt/dby a specific Mitogen
activated protein kinase kinase (MAPKK), MEK1/2 iaates ERK1/2, MKK3/6
activates p38 and MKK4/7 for JNKs. However each Nk&KPcan be activated by
more than 1 MAPKKK (Robinson & Cobb, 1997).

JNK and p38 pathways are involved va#llular responses to stress. The
activity of these pathways respond to inflammatoyyokines and stress and have
been linked to apoptosis (Waepal., 1998). ERK activity is controlled by mitogens
and growth factors to stimulate cell survival anifledentiation, and is suppressed in
many events leading to apoptosis (iral., 2002). In recognition of the variety of
biological processes that involve the MAPK sigmaglia large numbers of studies are

being carried out on the potential of the signglleascades as therapeutic targets.
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Figure 1.7 schematic diagram of the ERK, JNK an@l gignalling pathways

The diagram shows the complexity of the signalloagcades. Not only can the MAPKs
become activated by their traditional pathway, éhean also activation via cross talking from
other pathways, for example Raf can be activateRdyyin the ERK pathway and Rac/Cdc42
from the JNK pathway. Heavy metals can interferh lRK1/2 activity, either inhibiting or
stimulating the pathway depending on the conceatradf the metals. In addition heavy
metals have been shown to stimulate the stresgasatdi pathways. Diagram adapted from
(Robinson & Caobb, 1997).

Heavy metals affect various signallipgthways including the MAPK
signalling cascade shown in figure 1.7. A low expesto cadmium decreases ERK
activity, whilst high concentrations have been shaw increase ERK activity. In
contrast p38 is increased by both high and low ¢aainconcentrations (Pulido &
Parrish, 2003). Non toxic concentrations of methgdoary also inhibit ERK
activation (Parrasmt al., 2004). Exposure to zinc and lead caused activaidcRK at
concentrations ranging from 1-10 uM (Setcal., 2001; Cordovaet al., 2004). JINK
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activation has been found to increase during mgrexposure (Matsuokat al.,
1999; Drzewieckat al., 2005). However, a separate study found no chang&lK
activation (Barnes & Kircher, 2005), indicating thENK plays an inconsistent or a

duel role during exposure to mercury compounds.

1.7: Neuronal and glial cells

Due to the complexities of the kinetmfsheavy metals, and the issues of
absorption, distribution, metabolism and excretiwat occur in a multi organ system,
many studies have utilised cellular models. Itheréfore of value to outline the
rationale and properties of the cells lines usethis project.

Neuronal and glial cells are both gatedt by neural stem cells that are
present in both an adult and developing CNS (Tasnah., 2006). Neuronal and glial
cells have very different functions in the nervosigstem. Neuronal cells are
responsible for the perception of stimuli and tesponses to that stimulus. Neurons
are argued to be the most polarised cell in thedmbody, they form two distinct
types of processes, axons and dendrites (Barrear8leB 2000). Glial cells represent
the most numerous group within the brain (Bezzi &lt¥rra, 2001). It includes
astrocytes and oligodendrocytes in the CNS (AscHr#96). They provide structural,
metabolic and trophic support to neurons. It isyarcently that the role of glial cells
has been uncovered. It was originally believed tieatrons were the excitable cells
within the CNS, it has now been discovered tha ghve active properties and may
communicate with neurons during synaptic transmrsgscemes, 2001). Astrocytes
respond to neuronal activity by an increase inacgHular calcium concentrations,
which trigger the release of chemicals which camtimfluence neuronal cells (Barres
& Barde, 2000). By using both neuronal and glidlscthis study will determine the

importance of cell specific toxicity.

1.8: Cellular models

Whilst cultured cell lines are udeh the study of heavy metal toxicity, the
mechanism of toxicity of such compounds at subalettoncentrations is still poorly
understood. This study utilised differentiating N@aouse neuroblastoma cell line)

and C6 cells (a rat glial cell line) in order tovéstigate the toxic action of heavy
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metals on the nervous system. Both N2a and C6 asdlsvidely used to investigate
the cellular mechanisms of neurotoxicity (Castigijo1993; Flaskost al., 1998;
Allen et al., 2001; Fowleget al., 2001; Sachanet al., 2001; Sachanet al., 2003).

1.8.1: Neuroblastoma (N2a) cell line

The N2a cell line was derived froine C1300 neuroblastoma (Klebe &
Ruddle, 1967). N2a cell morphology is typically nouwhen in suspension or
undifferentiated. However, when attached to a bietgurface N2a cells undergo a
striking morphological changes, the most prominsging cellular extrusions. Cells
produce one to four processes known as neuriteslamad an increase in the size of
the nucleus and perikaryon (Haffke & Seeds, 19These neurites contain large
numbers of neurofilaments, which are characterwtimature neurones. The growth
of the neurite can be further augmented by seruthdnawal and the addition of
dibutyryl cyclic 3’, 5-monophosphate (dbcAMP). 8er withdrawal causes a
reduction in cell division and promotes differetiba and docAMP mimics the effect
of CAMP to promote differentiation. Together boklese processes cause N2a cells to
differentiate morphologically and biochemicallyrtomic a mature phenotype (Prasad
& Sinha, 1976).

In addition to the changes in morphololyga cells can also develop some
other biochemical characteristics of mature newsoRer example they are capable of
spontaneous and repetitive depolarisation, as agelthe ability to generate action
potentials in response to stimulation (Haffke & &&€1975).

Biochemically, N2a cells are clasasdn adrenergic neuroblastoma cell line
containing high concentrations of tyrosine hydrasg. This enzyme is involved in
the production of catecholamines and shows inctedseels when N2a cells are
differentiated via the addition of docAMP (Waymeteal., 1972). N2a cells have also
been shown to express dopamine, norepinephrinsenotonin in low concentrations
(Narotzky & Bondareff, 1974).

All heavy metals have been reportedduse neuronal death and N2a cells
display characteristics of primary neuronal ceNgethylmercury in particular has
been reported to effect cytoskeletal proteins; thus to the ability of N2a cells to
produce neurites, rich in cytoskeletal proteinshsas neurofilaments makes them an

ideal cell line by which to investigate the toxycaf heavy metals.
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1.8.2: C6 Gilial cell line

The C6 cell line was cloned from astar rat glial tumour. This cell line
possesses antigens and enzymes characteristitrofydes and oligodendrocytes
vivo and in primary cultures; enzymes such as glutanspethetase, glycerol
phosphate hydrogenase and lactate dehydrogenasayré¢hthought to be involved in
myelination and ammonia detoxification (Kumetr al., 1984). The cell line also
produces the S-100 protein, which is unique torbgdial tissue in vertebrates, it has
also been found in brain tumours of humans and a@simC6 cells have been
employed in a variety of studies into neurotoxigglavhere they have shown similar
responses to primary cells (Cooksenal., 1995). Morphologically C6 cells are
astroblastic in appearance; they are epitheliodhape with spherical nuclei. Like
N2a cells they can also be induced to differentisging serum withdrawal and the
addition of sodium butyrate which causes reversibl@nges in morphology, growth
and enzyme activities (Kruh, 1982). The compounasea cells to flatten, a process
associated with the distribution of the cellulatoskeleton. The compound induces
hyperacetylation of chromatin proteins, which caralssociated with gene expression
and protein synthesis (Kruh, 1982). When differateti C6 cells develop short
processes and increased expression of a spe&iimiotein related to fodrin which;
it has been speculated, is involved in the orgéinisaf the cytoskeleton within these
processes (Cooksahal., 1995)

Glial cells are thought to be an impatttarget for heavy metals as research
has indicated that the cells accumulate metalsraag play a role in the death of
neuronal cells, these features taken together rGékeells a useful investigative tool
that have been utilised by previous researchetiseim investigation of heavy metals
(Cookson & Pentreath, 1996). The use of both aa#isl will enable a comparison to

be made on their relative susceptibility to medaidity.
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Putative mechanisms of mercury toxicity

Figure 1.8 is a diagrammatic represeriaif possible mechanisms of mercury
toxicity. It is expected that at non-lethal concatibns the organic mercury
compounds selected for further investigation wiluse disturbances to the neuronal
and glial cytoskeleton, as well as changes to tgealling cascades that control
cytoskeletal organisation within the cells. In ddbsh it is thought that the heavy
metals will alter calcium homeostasis within thdlsceausing an increase in the
activity of the calcium dependant enzymes, calp@iapain activation via increases
intracellular calcium may occur through the actdrROS damaging cell membranes
allowing the inflow of calcium. An increase in calm can also occur through a build
of glutamate causing over activation of the gluteameeceptor and increases in
calcium concentrations. Damage to membrane pumgseueptors involved in the
control of calcium homeostasis may also contridotealcium overload within the

cell.
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Figure 1.8: Possible mechanisms of Mercury toxicity

Hg' enters the cell via the €achannel, MeHg diffuses across the cell membrandoas
Hg’. Once inside the cell the metal can cause theustmmh of ROS which attacks the
mitochondrial membrane (mito) leading to the red¢ealscytochrome ¢ and the initation of the
caspase pathway leading to cell death. Mercury sxgohas also been shown to interfere
with cytoskeletal proteins leading to disruption the architecture of the cells. This
interference may be caused by direct interactiothefmetal with protein SH groups or via
ROS production. In addition to stimulating ROS preoiibn, heavy metals like mercury can
also inhibit cellular defences against free radichirther exacerbating the damage caused by
ROS Exposure to heavy metals has also been shown nopdithe uptake of glutamate by
glial cells, which can lead to the death of neuraedls by excitotoxicity.

31



AIMS

To determine the effects of heavy metals on thevtirpviability and differentiation of
N2a and C6 cells using MTT reduction assays anghwogy studies. Using established
methods the sub-lethal concentrations of the saddoeavy metals will be investigated to
enable the selection of compounds for further stidyo the sub-lethal effects of the
chosen metals.

To establish the molecular changes in the cytoskelassociated with any sub-lethal
changes in morphology that was highlighted by trephology studies. The sub-lethal
effects would be carried out on two compounds setefrom the range of heavy metals
investigated in the initial studies into cytotoxyci Western blotting and confocal
microscopy will be used to highlight any changesthe levels and distribution of
cytoskeletal proteins such as tubulin and neunoiat proteins.

Using western blotting the signalling pathways thantrol the regulation of the cell
cytoskeleton is to be investigated to determinethdreany alterations in the levels and
distribution of cytoskeletal proteins are precedydchanges to the normal signalling
pathways.

Previous studies have shown that treatment withryheegetals impairs the cells ability to
regulate intracellular calcium concentrations. Sngtd elevations in intracellular calcium
concentrations would cause unregulated activatiaalcium dependant enzymes such as
calpains. Calpains are known to target cytoskefmtatieins for degradation, so the fourth
aim of this thesis was to investigate changes Ipaga activity, in an attempt to explain
the degradation of the cytoskeleton. The distrdoutof certain proteins essential for
calcium homeostasis will also be looked at usingf@oal microscopy.
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2.1: Materials

2.1.1. Specialised Reagents

Dulbecco’s modified Eagle’s medium (DMEM) and fdetalf serum (BioWhittaker,
Wokingham, UK)

Glutamine/penicillin/streptomycin was purchasedrfr8igma-Aldrich (Poole, UK).
Bodipy thapsigargin, Bodipy ryanodine, calpain dtdie and ER tracker were from
Invitrogen, (Paisley, UK).

Vectashield mounting medium was supplied by Vebwl@§Peterborough, UK).

2.1.2. Antibodies

Mouse monoclonal antibodies to NF-H (N52), taialubulin (B512), tyrosinated-
tubulin (T1A2), B-tubulin (Tub 2.1), anti-phosphorylated serine (PER and anti-
phosphorylated threonine (PTR-8) were suppliedigym&-Aldrich (Poole, UK)

The mouse hybridoma cell line producing antibodwiast phosphorylated NF-H
(RT97) was originally purchased from The Developtakidybridoma Bank and
culture supernatant produced ‘in house’.

Mouse monoclonal anti-phosphorylated NF-H (SMI-34as from Sternburger
Monoclonals, Ltd. (Maryland, USA)

The goat polyclonal anti-calpain 1 antibody (C-261 mouse monoclonals anti-JNK
(D-7) and anti-phosphorylated JNK (G-7) and antiASR 65 were purchased from
Autogen Bioclear (Wiltshire, UK)

Alkaline phosphatase-conjugated polyclonal rabti-amouse, TRITC-conjugated
polyclonal rabbit anti-mouse and horse radish pdase-conjugated goat anti-rabbit

were all purchased from DakoCytomation (Ely, UK).
2.1.3. Tissue Culture Plastic-ware

All sterile tissue culture plastics were of the Hegt quality and purchased from
Scientific Laboratory Supplies (Nottingham, UK)
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2.1.4. Reagents

All general chemical reagents were purchased fragm&-Aldrich (Poole, UK) or
BDH (Leicester, UK), unless otherwise stated intthé.

2.1.5. Cél Lines
Rat C6 glioma cells and mouse N2a neuroblastomalices were obtained from
Flow Laboratories (Irvine, UK)

2.2: Methods

2.2.1: Céll culture and maintenance

N2a cells and C6 cells were both maintained as magacs in T25 flasks containing
DMEM supplemented 10 % foetal bovine serum (FBS) 2€mM L-glutamine, 100
units/ml penicillin and 100ug/ml streptomycin (Growth medium). They were
incubated at 37C in a humidified atmosphere of 5 % €005 % Q. Both cell lines
were maintained in the logarithmic growth phase passaged every 3-4 days, when
the monolayer was approximately 80 % confluent. Thlks were detached gently
using a sterile pasture pipette and the cell suspemwas centrifuged for 5 minutes at
300 rpm. The supernatant was discarded and theekdt was suspended in 1 ml of
fresh growth medium. 1-2 drops of the cell suspemgiere placed in a new T25 flask
along with 10 ml of fresh growth medium. Cells weoaitinely kept and used for
approximately 30 passages following revival froquld nitrogen storage, after which
they were discarded and a new batch thawed.

2.2.3: Cryopreservation of cell lines

Cells were detached from the surface of the flamk@entrifuged for 5 minutes at 300
rpm. The supernatant was discarded and the péltatlls was resuspended in 1 ml of
freezing medium [69 % (v/v) DMEM, 25 % FBS, 5 % @itnylsulphoxide (DMSO),
2 mM L-glutamine, 100 units /ml penicillin and 1@@/ml streptomycin]. The cell
suspension was transferred to a freezing vial ém@d at -70°C overnight and then

into liquid nitrogen for long term storage.
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2.2.4: Restoration of cells stored in liquid nitrogen

Cells were removed from liquid nitrogen and thawsdquickly as possible in warm
water. The freezing medium containing the cells wasediately diluted in 10 ml of
growth medium and centrifuged for 5 minutes at Bf/@. The supernatant was gently
poured off and the pellet was resuspended in 16frinesh growth medium. The cell
suspension was centrifuged again and then resusgandl ml of growth medium
before being transferred to a sterile T25 flasktammg approximately 5 ml of
growth medium. The cells were left to recover fer Rours, after this time the
medium was replaced or if the monolayer was 80 %flgent the cells were

passaged. Cells were considered fit for experintientafter 1-2 passages.

2.2.5: Seeding of cellsfor experiments

Both cells lines were used for experimental analygihen they were approximately
60-80 % confluent. The cells were detached usisggile pasture pipette and growth
medium. The cell suspension was transferred tdeailia’ tube and centrifuged at
300rpm for 5 minutes. The cell pellet was resuspdnid 1 ml of growth medium
using a 1000 ul Gilson pipette. A total of 20 ultbé cell suspension was removed
and added to 180 pl of growth medium in an Eppentdre (1:10 dilution) and a
haemocytometer count was carried out to determeledensity. Cells were then
plated out at a typical cell density of 50,000 /efil. Cells were then incubated at 37
°C in a humidified atmosphere of 95 % @nd 5 % CQto allow recovery. Cell
viability was determined by the general appearasfcine cells and the trypan blue
exclusion test. Trypan blue is taken up by deats ahere it stains the cytoplasm,
causing the cells to shine blue under a light nsicope. A 1:10 dilution of cell
suspension was made in trypan blue solution (0[%/%) typically 180 ul of trypan

blue and 2Qul of cell suspension.
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2.2.6: Cdll differentiation

Mouse N2a neuroblastoma cells

N2a cells were seeded as described previously.r Afte recovery incubation
overnight, N2a cells were induced to differentiég serum withdrawal and the
addition of dibutyrl cyclicAMP (dbcAMP) at a finatoncentration of 0.3 mM

(Flaskos et al. 1998 etc). For this, the growth imn@dwas carefully removed and
replaced with an equal volume of serum-free DMEN)pdemented with 2mM L-

glutamine, 100 units/ml penicillin and 1@@/ml streptomycin (serum-free medium)
and dbcAMP.

Rat C6 glioma cells

C6 cells were seeded as described previously. Afeerecovery incubation, C6 cells
were induced to differentiate using serum withddaard the addition of sodium
butyrate at a final concentration of 2 mM. For flilee growth medium was carefully
removed and replaced with an equal volume of sérammbMEM supplemented with
2 mM L-glutamine, 100 units/ml penicillin and 1@@/ml streptomycin (serum-free

medium) and sodium butyrate.

2.2.7. Exposure of cellsto heavy metals

All toxins except methylmercury chloride, which waslubilised and diluted in
dimethyl sulphoxide (DMSO), were diluted in sterdistilled water to make a master
stock concentration of 20 mM, from which workingak solution were prepared by
further dilution. Cells were seeded as describedipusly. The growth medium was
removed and replaced with serum free medium cantithe compounds to final
concentrations of 0.01, 0.1, 1, 10 or 1@M. The equivalent amount of sterile
distilled water or neat DMSO was added to the adrdells (final concentration 0.5

% VIv).
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2.2.8. Methyl blue tetrazolium (MTT) reduction assays

The MTT assay is based upon the cleavage of awasdkdtrazolium salt to purple
formazan crystals which can then be read in a sggubtometer by lysing the cells
with DMSO (Mosmann, 1983). The MTT assay has bdsowa to be a useful
indicator of cell viability when looking at heavyetals (Cooksoret al., 1995).
Cleavage is thought to be carried out mainly byootibndrial dehydrogenases. Cells
induced to differentiate in the presence and alesefdeavy metals, as described
earlier, were incubated for the final 30 minutedhs required exposure time in the
presence of MTT (5Qu of a stock solution at 5 mg/ml in DMEM). After redully
removing the medium, 1 ml of dimethyl sulphoxideMBO) was added to each well
to solubilise the reduced dye. The absorbance wad m a spectrophotometer at
570nm.

2.2.9: Quantification of neurite outgrowth

The cells were seeded into 24-well plates and rdiffieated in the presence and
absence of heavy metals. After incubated period wasplete the medium was
removed and the cells were fixed for 10 minutes-2@ °C with 0.5 ml of 90 %
methanol in TBS (10 mM Tris, 140 mM NacCl, pH 7.€glls were stained using 0.5
ml of Coomassie brilliant blue stain (1.25 g Coosmra®blue-R250, 10 % (v/v) glacial
acetic acid, 40 % (v/v) methanol, 50 % (v/v) dietll water) for approximately 2 min
at room temperature. The Coomassie stain was raimawed the wells were gently
washed with distilled water and then allowed today. Cell counts were carried out
on an inverted microscope at x200 magnificationeHields were counted per well;
the counts included total number of cells and nuneb@xons, which were defined as
neuronal outgrowths over two cell body diametergeirgth in the case of N2a cells
(Keilbaughet al., 1991, Flaskost al., 1998). In the case of C6 cells, all neurites were
counted (Flaskoet al., 1998).

2.2.10: Preparation of cell lysates

N2a and C6 cells were differentiated for 4 h ori2#h the presence and absence of

two sub-lethal concentrations of methylmercury ddie or thimerosal (0.uM or 1
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MM). After the required period of exposure, cellsrevéysed by the replacement of
medium with 0.5 % w/v SDS in TBS, which had beee-peated in a boiling water
bath. The lysate was then transferred to an Eppétume and boiled for 5 min. The
protein concentration of cell lysates was deterchinging the assay of (Lowset al.,
1951) modified to a microtitre plate format.

2.2.11: Mini-Lowry assay to determine protein concentration in cell extracts

Protein estimation was carried out using an assay described by (Lowryt al.,
1951). The mini-Lowry assay has been used routiimellje lab. The typicafrfor the
calibration curve was 0.9883. The protein assayal&s been used in previous work
using the same cell lines (Sachabal., 2001). A series of standards were produced
in triplicate using bovine serum albumin (BSA). Tpetein mass in the standard
assay tubes was from 0O to 4. In addition to the appropriate BSA amount, stadd
assay tubes also contained [B0of extraction buffer (0.5 % w/v SDS in TBS) and
made up to 0.1 ml with distilled water. The unknosamples, which were set up in
duplicate, contained 3(l of cell lysate in extraction buffer and {0 of distilled
water. Solution A [2 % (w/v) N&LOs, 0.4 % (w/v) NaOH]. Solution B [1 % (w/v)
CuSQ. 5H,0] and solution C [2.7 % (w/v) sodium potassiuntregae] were combined
to make a working solution comprising 50 ml of ¢mo A and 1 ml of solutions B
and C. A volume of 1 ml of the Lowry working soluti was added to the standards
and the cell extracts, vortex mixed and left for rhihutes at room temperature.
Following incubation, 10Qul of Folin-Ciocalteu reagent (freshly diluted 1:lithv
distilled water) were added, vortex-mixed and fefta further 30 min. A total of 100
pl of each sample from the Eppendorf tubes was fiearesl to a 96-well microtitre

plate and read the absorbance read at 750nm.

2.2.12: SDS-PAGE and €lectrotransfer of cell lysates

Lysed cell extracts with an equal protein conceiumnaof 20-60ug were diluted in an
equal volume of x2 concentrated Laemmli electropbisr sample buffer (10 % wi/v
SDS, 0.5 M Tris-HCI pH 6.8, 10 % v/v glycerol, 0.9¢ w/v bromophenol blue and

10 % v/v-mercaptoethanol and boiled for 5 min. Samples wieea loaded in to
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sample wells using gel loading tips. Proteins froefl extracts were separated on a
7.5 % or 10 % w/v polyacrylamide gel, the recipevidnich can be seen in table 2.1,
overlaid with a 4 % w/v polyacrylamide stacking geaemmli, 1970). The samples
were equally loaded on to the gel through electoogsdis running buffer (0.0256 M
Tris base, 0.192 M glycine and 0.1 % w/v SDS).

The samples were electrophoresed in parallel withR&d precision blue pre-stained
standards in a mini Protean 3 electrophoresisfagellO min at 50 V and then at 200
V until the dye front reached the bottom of the (ehich normally takes about 1
hour). The electrophoresed proteins were then femesl to a nitrocellulose
membrane filter using the wet blotting procedursadiéed by (Towbiret al., 1979)
with modifications, using a ‘tank’ buffer systemollewing electrophoresis, the gel
was immersed in continuous transfer buffer (CTBn3@ glycine, 48 mM Tris base,
0.1 % w/v SDS, 20 % v/v methanol in distilled water allow partial removal of
SDS. Four pieces of blotting paper (3MM Whatmanoohatography paper) per gel
were soaked in continuous transfer buffer alondhwaitsheet of nitrocellulose (pore
size 0.45 mm) all were cut slightly larger than ges itself. Two pieces of blotting
paper were placed on the sponge at the bottomeofvidt blotter cassette then the
nitrocellulose membrane filter was placed on toghef blotting paper, followed by
the gel. The sandwich was completed by a furtherdlaeets of blotting paper and the
blotter sponge. Each blotting cassette was cayefadisembled to minimised air
bubbles between the individual layers. The casseteplaced in the wet blotter tank
(nitrocellulose facing towards the positive anodd)e transfer was run overnight for

approximately 16 hours at 30 V.

2.2.13: Staining of Western blots

The resultant blots were stained using 0.05 % wfwper pthalocyanine in 12 mM
HCI to ensure that the transfer was successfultlzaicthe protein loading was indeed
equal. Blots showing unequal protein loading weiscatded or the differences in
protein concentration within the wells were coreecfor by densitometric analysis of
the bands. Unequal protein loading was standardigadhst the control by adding or
subtracting the differences in absorbance obtafoe@ach band. The nitrocellulose
was then destained using 12 mM NaOH, followed hytnadisation in TBS.
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Table 2.1 Formulation of SDS-PAGE minigels

Resolving gel Volumes for patrylamide gel concentrations

(ml)

7.5 % 10 % 12 % 13%
40 % w/v Acrylamide stock 1.9 2.5 3.0 7.
1.5 M Tris buffer, pH 8.8 2.5 2.5 2.5 2.5
10 % w/v SDS 100 pl 100 pl 100 pl 010
Millipore water 5.5 4.9 4.4 3.65
TEMED 10 pl 10 pl 10 pl 10 pl
10 % w/v Ammonium persulphate (APS) 100 pl O 0 100 pl 100 pl

Formulafor stacking gel (10 ml)

Volume (ml)
40 % w/v Acrylamide stock 1
0.5 M Tris buffer, pH 6.8 2.5
10 % w/v SDS 0.1
Distilled water 6.4
TEMED 40 pl
10 % w/v APS 100 pl
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2.2.14: Immunoprobing of nitrocellulose blots

Unoccupied protein binding sites were blocked in%3 w/v Marvel in TBS
(Marvel/TBS) for at least one hour at room tempamtAfter blocking, the blot was
left overnight at £C in the primary antibody diluted to the approgiabncentration
in 3 % w/v BSA or Marvel/TBS. After incubation, anynbound antibody was
removed by 6 x 10-minute washes in TBS/Tween (00%ween-20 in TBS). After
washing, the blot was incubated at room temp féeadt 2 hours with the appropriate
alkaline phosphatase-conjugated secondary antibadiych was used at 1/1000
dilution in Marvel/TBS. The secondary antibody wamoved by washing as for the
primary antibody. Then the blots were incubatethm substrate buffer for at least 2
min before the addition of developer, containingr@0substrate buffer (1.5 M Tris
pH 9.5), 33yl 5-Bromo-4-chloro-3-indolyl-phosphate disodium ts@BCIP — 50
mg/ml in distilled water) and 44l nitro blue tetrazolium (NBT — 75 mg/ml in 70 %
dimethyl formamide). Once the bands had developethe probed blot, the reaction
was stopped by submerging the blot in distilledenalhe blot was then dried with
filter paper and a digital image was recorded. Védlich use of a new antibody a non
primary control blot was carried to ensure theres wia binding of the secondary
antibody to the electrotransfered proteins on testern blot.
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Table 2.2 Antibodies

Working Dilutions

Antibody Western blotting immunofluorescence
Anti-total  neurofilament 1:1000 1:200
heavy chain (N52)

Anti-phosphorylated 1:10 1.5
neurofilament heavy chain

(RT97)

Anti-phosphorylated 1:1000 1:200
Neurofilament heavy chair

(SMI 34)

Anti-calpain 1 (C-20) 1:500 -
Anti-JNK (D-2) 1:500 -
Anti-phosphorylated JNK 1:500 -
(G-7)

Anti-ERK 1:500 -
Anti-phosphorylated ERK | 1:500

Anti-phosphorylated serine 1:500

(PSR-45)

Anti-phosphorylated 1:500

threonine (PTR-8)

Anti-3- tubulin (Tub 2.1) | 1:500

Anti-total a-tubulin (B512) | 1:1000 1:200
Anti-tyrosinated a-tubulin | 1:1000 1:200
(T1A2)

Anti-GRASP 65 protein 1:200
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2.2.15: Immunofluorescence staining of cells
Antibody staining

Cells were seeded into chamber slides at a dew$ity0,000 cells per ml and
differentiated for 24 hours as before. Cells wérentfixed using ice cold 90 % v/v
methanol in TBS for 10 minutes at -2C. After fixing the cells were rehydrated
using TBS for 20 minutes and then blocked in 3 % BSA in TBS overnight at -4
°C. After the blocking, the appropriate dilution pfimary antibody (see table 2.2)
was added and incubated overnight atC4 All antibodies were diluted in 3 % w/v
BSA or Marvel/TBS. Unbound primary antibody was osed by 3 x 15-minute
washes with TBS/Tween using gentle agitation. TRITC-conjugated secondary
antibody was used at a dilution of 1/40 and wasibated for 2-3 hours at room
temperature, in the dark. Unbound secondary anyibmds removed as for the
primary antibody. The slides were then dried andumbed using an anti-fade
mountant. Once the cover slips were dry, the shder® viewed using a Leica CLSM
confocal laser scanning microscope fitted with lepiiescence opticsat a
magnification of x 600. FITZ conjugated secondanrtitaodies were viewed at 488nm
excitation and TRITZ conjugated at 532nm.

BODIPY dye staining

Cells were seeded into chamber slides at a dew$ity0,000 cells per ml and
differentiated for 24 hours. Cells were then fixeging ice-cold 90 % v/v methanol
for in TBS 10 min at -20C. After fixing the cells were rehydrated using T&®® 20
minutes and then blocked in 3 % w/v BSA in TBS ovght at 4°C. BODIPY-
thapsigargin was used at a concentration of 10 pfJBODIPY-ryanodine was used
at 1 uM; both were diluted in 3 % w/v BSA in TBSha BODIPY dye was applied
after blocking and incubated with the fixed celigemight at 4°C. To prevent the
fluorescence from fading, the slides were wrappetbil at all times. The stain was
removed by 3 x 15-minute washes with TBS/Tweemaigentle agitation. The slides
were then dried and mounted using an anti-fade taottnOnce the cover slips were
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dry, the slides were viewed at a magnification @00 using a Leica CLSM confocal

laser scanning microscope fitted with epifluoreseeoptics at 488nm excitation.

2.2.16: Calpain Assay

N2a and C6 cells were seeded into T25 flasks awviqualy described and
differentiated for 4 and 24 hours in the presencd absence of 0.1 and 1 uM
thimerosal and methylmercury chloride as beforgeAthe incubation, the medium
was gently removed from the monolayer and replagédthe homogenisation buffer
(20 mM Tris-HCI pH 7.2, 0.04 % v/v igepal, 2 mM EBRTpH 7.2 and 20 % v/v

glycerol). The cells were gently removed using d seraper, transferred to an
eppendorf and placed on ice. Cells were lysed loycation, prior to the assay to
release the contents. The calpain assay was caouédn black 96 well plate
containing 3Qul of sample or 3Qul of homogenisation buffer for control wells, 10

of 50 mM CacCl, 4Qul of 120 mM imadizole buffer pH 7.3 and 20 substrate. The

substrate was added to the wells immediately befloeeplate was placed in the
machine. The assay was carried out over a perid@ hafurs with readings obtained

every 5 minutes. The fluorescence was read in ad@dtakr OPTIMA at 521nm.
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3: Effects of heavy metals on cell growth and ddfgiation

Introduction

Assays to determine cell viability arevaluable research tool when studying
the toxicity of various compounds. Previous resears have used a variety of cell
viability assays in order to determine the toxiaitfy heavy metals. Numerous cell
viability assays exist such as the lactate dehystrage (LDH) assay, based upon the
detection of the cytosolic enzyme lactate dehydnage (Moriet al., 1995). The
activity of the enzyme enables conclusions to bderabout membrane integrity and
thus cytotoxicity. The propidium iodide stain cae bsed as a marker of dead of
dying cells, since it is unable to penetrate thenfrane of living cells (Braeckmagt
al., 1997). With the CellTitre blue assay, the norofeéscent resazurin is reduced to
resorufin by mitochondrial and cytosolic enzymesd aims measured by
spectrofluorometry (Bigét al., 2007). The MTT assay is based upon the cleavhge o
yellow tetrazolium salt to purple formazan crystalkich can then be read in a
spectrophotometer by lysing the cells with DMSO r(tethdsonet al., 1988).
Cleavage is thought to be carried out mainly byoofibndrial dehydrogenases. All
these assays have their technical advantages aadvdntages and comparative
experiments show that they may give slightly defarresults. A study by (Bigk al.,
2007) looked at the LDH, CellTitre blue and MTT agsall assays gave different
toxicity results. This does not render these assasid as a research tool as long as
the variable is controlled by the use of the sassaythroughout the experiments. It
does however make the comparison of research ubffegent assays problematic.
The MTT assay was used in this work as it is sdifan the use of radioactive isotopes
and gives less background. The MTT assay is alsmdecible and the absorbance
correlates strongly with cell number. It is als;@@ve enough to detect low cell
numbers. In addition the assay is also relativeliclgand simple to carry out. The
MTT assay has also been used by previous reseavapgto investigate the toxicity
of heavy metals (Cooksoet al., 1995; Sanfelitet al., 2001; Crespo-Lopeet al.,
2006).

Changes in cell morphology have begromed by numerous researchers in
both neuronal and non-neuronal cells lines durkmpsure to heavy metals (Schwartz

et al., 2000; Bonackeet al., 2004). The process of neurite formation in nealtaells
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is essential in axonal plasticity that accompamesnal development of the CNS
(Andrieuxet al., 2002; Wall, 2005). Symptoms of neurological inmpegnt seen with
cases of poisoning with most heavy metals may rhlpadown to the effect on axon
production, especially with developing children. thl@ds of looking at cell
morphology mainly involve some form of microscopythwcell permeable stain or

immunofluorescence.

Methods

The initial aim of the research was todgtthe effects of the chosen heavy
metal compounds on viability, and to establish Wwhetsub-lethal concentrations
affected the morphology of N2a and C6 cells. Thasachieved using the established
methods of MTT reduction assays (Mosmann, 1983;k€moet al., 1995) and
guantification of neurite outgrowth (Flasketsal., 1998; Sachanet al., 2003). Cells
were differentiated via serum withdrawal for 4,&% 48 hours for the viability assay
in the presence and absence of 6 heavy metalssasl®® in methods section. The
concentrations of heavy metals used were 0.01,10.10 and 100 uM, produced by
serial dilution of a stock concentration of 10 miach individual experiment was
carried out in a 24 well plate containing the 4lsvef control cells and the range of
heavy metal concentrations with 4 wells for eacth @ach experiment was repeated 4
times (see Methods for a detailed description).

Due to the inability of the cell linesed to maintain neurite stability beyond
24 hours, the quantification of neurite outgrowthswneasured at 4 and 24 hours. To
compare early and late events that occurred walekposure of the toxins. The cells
were fixed using ice cold methanol and stainedgi§lnomassie blue (see Methods).
Quantification of neurite outgrowth used the samege of concentrations as the
MTT assays in order to establish whether non-t@aoncentrations had any effect
upon neurite number. In N2a cells, axons were ethss processes over two cell
body diameters in length. All processes of the ifyiag length and over were
counted and the numbers were normalised againstah&ol cell numbers. In the
case of C6 cells, all processes were counted aaith agrmalised against the control
cell number. Five fields per well were counted ahdre were 4 wells for each
experimental condition. Each experiment was repeateleast 3 times. Data was

expressed as % of control for each time point, twmi@s calculated for each well,
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then for each separate experiment. All data ingbition are shown as mearSEM.
The results were analysed statistically using 2 AM¥DVA to compare differences in
data sets followed by post hoc Bonferroni’'s coimectfor pair wise multiple
comparisons. In the results n = x refers to the emof times the experiment was
carried out using cells seeded on different days.

3.0: C6 and N2a cell morphology

Figure 3.0.1 shows typical images of healthy C6afa N2a (b) cells differentiated

for 24 hours with no heavy metals present in theieelrhe C6 cell line produces on
average 2-4 processes of varying length per céitated by the blue arrows in image
a. N2a cells (b) typically produce 2 to 5 process&s all of the processes produced
by the N2a cells were counted; the shorter proseasendicated by the green arrow
were not classed as axons and were excluded fremetlrite counts.

Figure 3.0.1: C6 and N2a control cell morphology

C6 (a) and N2a (b) cells were induced to diffemstifor 24 hours as described in Methods.
The cells were fixed and stained with Coomassi#i@tt Blue. Blue arrows indicate cellular
processes and the red arrows point to the cell .bdohages were taken at x 400
magnification.
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3.1: The effect of zinc chloride on MTT reductiamdaneurite outgrowth

Zinc chloride up to 100 pM had no effect on thdigbof either C6 or N2a cells to
reduce MTT to a coloured product measurable byeatspphotometer (Figure 3.1.1)
when compared to the control, differentiated uritier same conditions as the cells
exposed to zinc chloride but in the absence of heastal. The data was normalised
against the control value for the correspondingetipoints, with typical control
absorbance between 0.708 and 0.932, absorbanaaggdadr cells exposed to 1 uM
zinc chloride ranged from 0.766 to 0.850. A 2 wayy@VA test confirmed that there
were no significant differences in either the £d4rhour data sets (p value 0.94). The
presence of zinc chloride in 1 ml of DMSO alone dat alter the absorbance of the
spectrophotometer from that of a DMSO blank.

Control cells differentiated for 4 and 24 hoursg{ife 3.1.2 a & b) appear flattened as
they are attached to the surface of the well whtbrtsprocesses. Treatment with up to
100 uM of zinc chloride for 4 and 24 hours did gatise any reduction in neurite
number or changes in cell morphology. The imagesvehare representative of 5

separate experiments and reflect the effects seeach.

Similarly exposure of C6 cells to up to 100 uM zahdoride (Figure 3.1.3) caused no
statistically significant alterations in neuritetgrowth at any concentration or time
point. In untreated or control cells the numbeneirrites was between 19 and 30 per
100 cells and 16-18 in cells exposed to 100 uM zimloride. Statistics confirmed
that there were no significant changes from thetrots (p value 0.39). Statistical
analysis of time differences was also insignificlr@ p value for the comparison of 4

and 24 hours was 0.75.

N2a cells differentiated in the absence of zinokgbe (Figure 3.1.4 a-b). The cells
appeared round in shape with long axon-like praesxtending outwards from the
cell body. Treatment with 100 uM zinc chloride dmbt appear to cause any
significant reduction in neurite number or changesell morphology. The images
shown are representative of 4 separate experingrdsreflect the effects seen in

each.
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Figure 3.1.1: Effects of zinc chloride on MTT retlan in differentiating C6 and N2a

cells

C6 (a) and N2a (b) cells were induced to differstifor 4, 24 and 48 hours in the presence
and absence of zinc chloride as described in Methdthe Data is expressed as mean
percentage of the corresponding controBEM (n = 5). Data was analysed using a 2 way
ANOVA.
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Figure 3.1.2: Effects of zinc chloride on differatéd C6 cell morphology

C6 cells were induced to differentiate for 4 (aanyl 24 (b, d) hours in the presence (c, d) and
absence (a, b) of zinc chloride. The cells werediand stained with Coomassie Brilliant
Blue as described in Methods. Images of typicat€& were taken at x 200 magnification (n

= 4).
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Figure 3.1.3: Effect of zinc chloride on neuritégrowth in differentiated C6 cells

C6 cells were induced to differentiate for 4 andn®dirs in the presence and absence of zinc
chloride as described in Methods. The Data reptasezxpressed as mean percentage of the
corresponding control SEM (n = 5). Statistical analysis was carried aaing 2 way
ANOVA.

Zinc chloride up to 100 uM caused no statisticailynificant alterations in neurite
outgrowth at any concentration or time point (Fegg3r1.3). Typical neurite numbers
for control cells differentiated for 24 hours wdyetween 21 and 37 per 100 cells.
Exposure to 100 uM zinc chloride caused no sigaificchange in neurite number
with neurites produced numbering between 26 anded@ite per 100 cells. Statistical
analysis of the different time points was alsognsgicant with a p value of 0.25 when

comparing neurite number at 4 and 24 hours.
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Figure 3.1.4: Effect of zinc chloride on differeateéd N2a cell morphology

N2a cells were induced to differentiate for 4 (paod 24 (b, d) hours in the presence(c, d)
and absence (a, b) of zinc chloride. The cells igesl and stained with Coomassie Brilliant

Blue as described in Methods. Blue arrows indicallular processes. Images of typical N2a
cells were taken at x 200 magnification (n = 4).
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Figure 3.1.5: Effect of zinc chloride on neuriteégrowth in differentiated N2a cells.

NZ2a cells were induced to differentiate for 4 addchdurs in the presence and absence of zinc
chloride as described in Methods. The Data is esgg@® as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried aaing 2 way
ANOVA.

3.2: The effect of lead chloride on MTT reductiordaneurite outgrowth

Figure 3.2.1 shows the effect of lead chloride lom &bility of C6 and N2a cells to
reduce MTT. Data is expressed as % difference fommesponding control. The
typical absorbance obtained for controls was betB74 and 0.967. Lead chloride
caused a significant increase of around 35-65 %71 reduction at 100 uM in both
C6 and N2a cells at all time points (p<0.05). Atfuaralues were between 0.03674
and 0.04571. Concentrations below 100 pM had naifsignt effect on MTT
reduction. There was no significant difference lestw the values obtained for the
different time points a comparison of the time p®iat gave a p value of 0.78. The
presence of lead chloride in 1 ml of DMSO alone wiid alter the absorbance of the

spectrophotometer from that of a DMSO blank.
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Figure 3.2.1: Effect of lead chloride on MTT redantin differentiating C6 and N2a
cells.

C6 (a) and N2a (b) cells were induced to diffemstifor 4, 24 and 48 hours in the presence
and absence of zinc chloride as described in Methdthe Data is expressed as mean
percentage of the corresponding contrdbEM (n = 5). Data was analysed using a 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, * p < 0.1
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Figure 3.2.2: Effect of lead chloride on differeiéid C6 cell morphology

C6 cells were induced to differentiate for 4 (§ and 24 (b, d) hours in the presence (c, d)
and absence (a, b) of lead chloride. The cells Viree and stained with Coomassie Brilliant

Blue as described in Methods. Blue arrows indicaféular processes. Images of typical C6
cells were taken at x 200 magnification (n = 4).

Control cells differentiated for 4 and 24 hours édermed numerous processes and
have differentiated together in clusters (Figur2 3a-b). Exposure to 1QoM lead
chloride did not appear to have reduced the nurabprocesses formed between the
cells when compared to the control cells of theodrhincubation time (Figure 3.2.2
c). In Figure 3.2.2 d the cells have been exposdd®uM lead chloride for 24 hours,

it appeared that the numbers of processes wereedduhen compared to the control.

There was also evidence of cell debris (red arrdhet)was not visible in Figures a-c.
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The images are representative of 4 separate exgatsnand reflect the trends that

were seen in each one.
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Figure 3.2.3: Effect of lead chloride on neuritégvawth in C6 cells.

C6 cells were induced to differentiate for 4 and 24iisan the presence and absence of lead
chloride as described in Methods. The Data is esge@® as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried aaing 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, ** p < 0.1.

In Figure 3.2.3 neurite number is expressed asreepwge of the corresponding
control which was calculated per well and then g@agreriment. Incubation with lead
chloride had no significant effect (p < 0.05) on &Il morphology up to

concentrations of 100 uM (Figure 3.2.2 c¢). Statédtianalysis of the data obtained
from cells exposed to 100 uM gave a p value of @173 Typical neurite number in
control cells were in the range of 13-34 procegssl00 cells. Exposure to 100 pM
lead chloride for 24 hours caused a significanticgidn of 25 % (p = 0.03429), with
a corresponding range of neurite number of betvéeand 20 neurites per 100 cells.

However there were no significant differences betwé and 24 hours (p = 0.09862).
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Figure 3.2.4: Effect of lead chloride on differetéid N2a cell morphology.

N2a cells were induced to differentiate for 4 @ and 24 (b, d) hours in the presence (c, d)
and absence (a, b) of lead chloride. The cells Viree and stained with Coomassie Brilliant
Blue as described in Methods. Blue arrows indicallular processes. Images of typical N2a
cells were taken at x 200 magnification (n = 4).

Control cells differentiated for 4 and 24 hourstle absence of lead chloride were
spherical in shape with long axon-like processegraeing out from the cell body
(Figure 3.2.4 a-b). The neurites were not contisutiiey had shorter branches along
their length. When exposed to 100 pM lead chlorithe, number of the neurites
appeared reduced when compared to the control. CHllesre appeared to be no
obvious changes in the morphology of the cell aft&m exposure. The images were
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representative of 4 separate experiments and tdafecmajor trends seen in each

separate one.
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Figure 3.2.5: Effect of lead chloride on neuritégvawth in N2a cells.

N2a cells were induced to differentiate for 4 addchdurs in the presence and absence of lead
chloride as described in Methods. The Data is esgg@® as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried aaing 2 way
ANOVA. * indicates significant differences from tigentrol, * p < 0.5, ** p < 0.1.

Neurite number in the control cells at 4 and 24rBavas between 16 and 28 neurites
per 100 cells. When exposed to 100 uM lead chldod@4 hours, axon number was
reduced in N2a cells (Figure 3.2.5). Statisticalgsis using a 2 way ANOVA and
Bonferroni’'s post hoc test gave a p value of 0.0&kfirming that there was a
significant change from the control values. Theuaktnumber of neurites was
between 10 and 17 neurites per 100 cells. Thereavggnificant difference between
the 4 and 24 hour time points (p = 0.026) but anlgells exposed to 100 uM lead
chloride. After 4 hours of treatment, there werestatistically significant (p<0.05)

events with concentrations of lead chloride up@6 M (p = 0.78).
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3.3: The effect of cadmium chloride on MTT redunteEnd neurite outgrowth

The typical absorbance for the controls was 0.8#8vever, exposure to 10 and 100
UM for 4, 24 and 48 hours (Figure 3.3.1) causedgaifgcant decrease in MTT

reduction (p<0.01) in both C6 and N2a cells. Cagmithloride, at concentrations
below 10uM for up to 48 hours had no effect on MTT reductioreither cell line.

There were significant differences between thedlzhhours data obtained from the
exposure of the C6 cells to 10 and 100 pM cadmibharide (p = 0.013 and 0.028
respectively). There were no significant time diéieces with N2a cells (p = 0.67).
The presence of cadmium chloride in DMSO did né¢rathe absorbance from a

DMSO blank in the spectrophotometer.

Control C6 cells differentiated for 4 and 24 hotespectively were flattened due to
the attachment on the surface of the well. Thesagifferentiated in close proximity

and appeared in clusters (Figure 3.3.2 a-b). Wkposed to 1 uM cadmium chloride,
processes formed by the cells appeared to be réduicen compared to the control
cells of the same incubation time (Figure 3.3.2)c-Staining highlighted cell debris

(red arrow) which was not evident in control c€isgure 3.3.2 ¢). The images are
representative of 4 separate experiments and téflecrends seen in all experiments.
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Figure 3.3.1: Effect of cadmium chloride on MTT wetlon in differentiating C6 and
N2a cells

C6 (a) and N2a (b) cells were induced to differstifor 4, 24 and 48 hours in the presence
and absence of zinc chloride as described in Methdthe Data is expressed as mean
percentage of the corresponding controBEM (n = 5). Data was analysed using a 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, ** p < 0.1.
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Figure 3.3.2: Effect of cadmium chloride on diffetiated C6 cell morphology

C6 cells were induced to differentiate for 4 (3 and 24 (b, d) hours in the presence (c, d)
and absence (a, b) of cadmium chloride. The cedlseeviixed and stained with Coomassie
Brilliant Blue as described in Methods. Blue arrowvdicate cellular processes. Images of
typical C6 cells were taken at x 200 magnificatjore 4).

Exposure to cadmium chloride caused a concentratohtime dependent reduction
in neurite outgrowth in C6 cells (Figure 3.3.3) eTdwerage number of neurites for the
control cells was 26 after 4 hours of differenbatiand 31 after 24 hours.
Concentrations of cadmium chloride below 1 uM hadsignificant effect on neurite
number when compared to the control (p = 0.04568)0Bxposure to 1 uM cadmium
chloride caused a 25 % - 55 % reduction in neumitmber at 4 and 24 hours (p =
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0.032 and 0.005 respectively). The higher conceatra of 10 and 100 uM reduced
the number of neurites by 55-90 % at both time tsoiAnalysis of the data using a 2
way ANOVA test and post hoc test confirmed statatsignificance; p values were
between 0.0001 and 0.008. The 2 way ANOVA test dglighted significant

difference between the different time points; gust Bonferroni’s test confirmed that
there were significant differences with exposurdtb00 uM cadmium chloride (p =

0.034 for a comparison of the 10 uM data).
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Figure 3.3.3: Effect of cadmium chloride on neudtggrowth in C6 cells.

C6 cells were induced to differentiate for 4 andhars in the presence and absence of
cadmium chloride as described in Methods. The Ba&éxpressed as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried aaing 2 way
ANOVA. * indicates significant differences from tlentrol, * p < 0.5, * p<0.1,aand b
indicates significant differences between the 4 2htour time points.

Control cells differentiated for 4 and 24 hoursthe absence of cadmium chloride
were spherical in shape with long axon-like proesssxtending out from the cell
body (Figure 3.3.4 a- b). When exposed to 0.1 phhsam chloride the number of
the axons appeared reduced when compared to thelcoells (Figure 3.3.4 c-d).
The images are representative of 4 separate exgeisnrand reflect the trends seen in

each one.
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Figure 3.3.4: Effect of cadmium chloride on diffietiated N2a cell morphology

N2a cells were induced to differentiate for 4 & and 24 (b, d) hours in the presence (c, d)
and absence (a, b) of cadmium chloride. The cedlseeviixed and stained with Coomassie
Brilliant Blue as described in Methods. Blue arrowdicate cellular processes. Images of

typical N2a cells were taken at x 200 magnificatjorr 4).
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Figure 3.3.5: Effect of cadmium chloride on neudtggrowth in N2a cells.

NZ2a cells were induced to differentiate for 4 and 24iisoin the presence and absence of
cadmium chloride as described in Methods. The Bagxpressed as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried aaing 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, ** p < 0.1.

Incubation with cadmium chloride caused a concéntrtadependent reduction in
axon outgrowth in N2a cells (Figure 3.3.5). Therage number of neurites for the
controls cells was 17 after 4 hours of differembiatand 26 after 24 hours. The lowest
concentration that had a statistically significafiect (p<0.05) on neurite number was
0.1 uM. After 4 and 24 hours exposure 0.1 pM cadmiahloride caused
approximately a 38-40 % decrease in neurite nun{pe= 0 .072 and 0.055
respectively). Exposure to 1 uM cadmium chloridaseal a 68-70 % decrease (p =
0.044 and 0.047 for 4 and 24 hours). Treatment W@huM, cadmium chloride
reduced neurite outgrowth by 70 — 80 % at 4 andd4#s (p = 0.00031 and 0.00056
respectively). Concentrations of 100 uM cadmiumocde caused a 74-88 %
reduction at 4 hours and 24 hours. Concentratiboadmium chloride below 0.1 uM
had no significant effect on N2a morphology (p 91). A comparison of the two
time points showed that the data obtained at 10 Ho@ uM was significantly
different (p = 0.049).
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3.4: The effect of mercury chloride on MTT reduatimnd neurite outgrowth

There was a significant decrease in MTT reductibaround 55-67 % with exposure
to 10 uM mercury chloride (p = 0.034, 0.046 andLO.fbr the 4, 24 and 48 hour time
points respectively) and 70-85 % with exposure@0 itM in C6 cells at 4, 24 and 48
hours (Figure 3.4.1 a). Concentrations below 10had no effect on MTT reduction
(p = 0.45, 0.78 and 0.43 for the 1 uM concentratiohmercury chloride at the 4, 24
and 48 time points). The average absorbance fo€éheontrol wells was 0.354 and
for the N2a 0.475. In N2a cells (Figure 3.4.1 b)] Mreduction was significantly
decreased by 43-55 % with exposure to 10 uM (p046).0.033 and 0.022 for the 4,
24 and 48 hours respectively). Exposure to 100 pddcary chloride significantly
decreased MTT reduction by 57-75 %. A 2 way ANO\gAtthighlighted significant
differences between the 4 and 24 hour time pomtsoih cell lines with a p value of
0.045 at 100 uM in N2a cells and 0.030 in C6 cdlle presence of mercury chloride
alone in DMSO did not alter the absorbance from\MSD blank.

C6 cells differentiated for 4 and 24 hours withthet presence of mercury chloride
appeared flattened due to attachment to the wdlld#fiferentiated in close proximity

to each other (Figure 3.4.2 a — b). Cells treatéd WO uM mercury chloride for 4

and 24 hours (Figure 3.4.2 c-d) appeared similaiphwlogically to the control cells

but with less processes. In Figure 3.4.2 c themears to cell debris that is not
evident in the images showing the control cells.
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Figure 3.4.1: Effect of mercury chloride on MTT vetion in differentiating C6 and
N2a cells

C6 (a) and N2a (b) cells were induced to diffemstifor 4, 24 and 48 hours in the presence
and absence of zinc chloride as described in Methdthe Data is expressed as mean
percentage of the corresponding contrdbEM (n = 5). Data was analysed using a 2 way
ANOVA. * indicates significant differences from tlentrol, * p < 0.5, * p<0.1,aand b
indicates significant differences between the tponts.
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Figure 3.4.2: Effect of mercury chloride on diffetiated C6 cell morphology

C6 cells were induced to differentiate for 4 (aaoyl 24 (b, d) hours in the presence (c, d) and
absence (a, b) of mercury chloride. The cells Viigezl and stained with Coomassie Brilliant
Blue as described in Methods. Blue arrows indicaféular processes. Images of typical C6
cells were taken at x 200 magnification (n = 4).
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Figure 3.4.3: Effect of mercury chloride on neuotegrowth in C6 cells.

C6 cells were induced to differentiate for 4 andhars in the presence and absence of
mercury chloride as described in Methods. The Datxpressed as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried aaing 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, ** p < 0.1.

Exposure to mercury chloride induced a statistycaifnificant (p<0.05) reduction in
neurite number in C6 cells at concentrations oftM and above (Figure 3.4.3). The
actual numbers of neurite ranged between 12 anuke2300 cells in control cells and
in cells treated with 10 uM mercury chloride thenbers were reduced to the range
of 5 to 12 neurites per 100 cells. Incubation withuM mercury chloride caused a
reduction in neurite number of approximately 55 fiera4 hours (p = 0.042) and 49
% after 24 hours (p = 0.022). Exposure to 100 uMcomy chloride significantly
reduced neurite outgrowth by around 25 % at 4 ahd@urs. Statistical analysis
confirmed that concentrations of 0.01, 0.1 and 1 pidrcury chloride had no
significant effect on neurite outgrowth after eitideor 24 hours exposure time (p =
0.98 and 0.56 for the 4 and 24 hour incubation WighM). The 2 way ANOVA test
also confirmed that there were no significant ddfeces between the 2 time points at

any concentration (p = 0.33 for a comparison of 1.
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N2a cells differentiated for 4 and 24 hours in #fisence of mercury chloride were
spherical in shape with long neurites extendingfoarh the cell body (Figure 3.4.4 a
- b). When exposed to 10 uM mercury chloride (Feg8rl.19 c - d), the number of
the long (axon-like) neurites appeared reduced veloempared to the control cells.

Exposure of N2a cells to mercury chloride inducestagistically significant (p<0.05)
reduction in neurite number at concentrations oftland above (Figure 3.4.5). The
average numbers of neurites in control cells was@®&ites per 100 cells. Exposure
to 10 uM mercury chloride caused a reduction inritewutgrowth of 50 % after 4
hours (p = 0.043) and 52 % after 24 hours (p =%).0Bxposure of N2a cells to 100
KM mercury chloride reduced neurite outgrowth byt 4 hours and 70 % at 24
hours. Statistical analysis confirmed that coneadins of 0.01, 0.1 and 1 uM
mercury chloride had no significant effect on neuoutgrowth after either 4 or 24
hours exposure time (p = 0.87 for 1 uM). Analydishe 4 and 24 hour data using the
2 way ANOVA test confirmed that there were no digant differences in the
toxicity of mercury chloride with the different inbation times.
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3.4.4: Effect of mercury chloride on differentiatsd@a cell morphology

N2a cells were induced to differentiate for 4 (pand 24 (b, d) hours in the presence (c, d)
and absence (a, b) of mercury chloride. The celisewiixed and stained with Coomassie
Brilliant Blue as described in Methods. Blue arrowdicate cellular processes. Images of
typical N2a cells were taken at x 200 magnificaijorr 4).
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Figure 3.4.5: Effect of mercury chloride on neuategrowth in N2a cells

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
mercury chloride as described in Methods. The Datxpressed as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried aaing 2 way
ANOVA. * indicates significant differences from tigentrol, * p < 0.5, ** p < 0.1.
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3.5: The effect of thimerosal on MTT reduction aredirite outgrowth

Exposing C6 cells to thimerosal caused a concémtralependent decrease in MTT
reduction after 4, 24 and 48 hours incubation (f@gw.5.1.a). The average
absorbance obtained for cells untreated with thoserwas 0.645. Exposure to 10
UM thimerosal caused a significant reduction o=/ % after 4, 24 and 48 hours of
exposure (p<0.01). Exposure to 100 uM thimerosabed significant reductions at
all time points of 80-95 %. A 2 way ANOVA test canfied that exposure to 0.01, 0.1
and 1 puM thimerosal had no significant effect onTW€&duction (p = 0.98 for 1 uM).

Statistical analysis also confirmed that there wasignificant difference between
MTT reduction at 4 and 24 hours with exposure touM thimerosal (p = 0.032)

which was not seen with any other concentrationNfa cells, (Figure 3.5.1.b.),

exposure to 10 uM thimerosal caused a significactehse of 79 - 92 % after 4, 24
and 48 hours (p = 0.0034, 0.0089 and 0.0044 f&44and 48 hours respectively).
There were no significant differences from the oolstwith exposure to 0.01, 0.1 and
1 uM thimerosal after 4 for 24 hours (p = 0.67-0.94owever, after 48 hours

incubation, 1 uM thimerosal caused a significantrelase of 34 % in N2a cells’

ability to reduce MTT (p = 0.043). Statistical aysa$ showed significant differences
between the data obtained at 24 and 48 hours dwxpgsure to 1 - 100 pM

thimerosal (p = 0.033 for 1 uM).

C6 cells differentiated for 4 and 24 hours in thsence of thimerosal are flattened
and have formed short processes connecting individells in a network (Figure
3.5.2 a-b). In Figure 3.5.2 ¢ and d it appearedl tthea processes formed between the
cells were reduced in number when compared to trra cells of the same

incubation time.
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Figure 3.5.1: Effects of thimerosal on MTT reduntia differentiating C6 and N2a

cells

C6 (a) and N2a (b) cells were induced to diffemstifor 4, 24 and 48 hours in the presence
and absence of thimerosal as described in MetAdasData is expressed as mean percentage
of the corresponding control $EM (n = 5). Data was analysed using a 2 way ANOYA
indicates significant differences from the contfop < 0.5, ** p < 0.1, a, b and c indicates
significant differences between the time points.
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Figure 3.5.2: Effect of thimerosal on C6 cell masjayy

C6 cells were induced to differentiate for 4 (aaoyl 24 (b, d) hours in the presence (c, d) and
absence (a, b) of thimerosal. The cells were fixed stained with Coomassie Brilliant Blue
as described in Methods. Blue arrows indicate tzellprocesses. Images of typical C6 cells
were taken at x 200 magnification (n = 4).

Thimerosal caused a dose dependent effect uponteeautgrowth in C6 cells
untreated with thimerosal. Cells produced an aveddgl6 neurites per 100 cells. The
lowest concentration that produced a significaféafon the neurite outgrowth was 1
MM which caused a 60 % reduction in processes dt éxposure times (p = 0.036
and 0.027 for 4 and 24 hours respectively). Exposarl0 and 10QM thimerosal
significantly reduced neurite numbers by approxetya®5 % at both 4 and 24 hours.
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Statistical analysis confirmed that there were igaicant differences between the 4

and 24 hour time points (p = 0.57).
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Figure 3.5.3: Effect of thimerosal on neurite ootgth in differentiated C6 cells

C6 cells were induced to differentiate for 4 andhrs in the presence and absence of
thimerosal as described in Methods. The Data isemged as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried asing 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, ** p < 0.1.

NZ2a cells differentiated for 4 and 24 hours indbsence of thimerosal were spherical
in shape with long axon-like processes extendirigrom the cell body (Figure 3.5.4
a-b). When exposed to 1 uM thimerosal, the numiper langth of the neurites

appeared reduced when compared to the control(Eeédjsre 3.5.4 c-d).
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Figure 3.5.4: Effect of thimerosal on differenttd2a cell morphology

N2a cells were induced to differentiate for 4 (aand 24 (b, d) hours in the presence (c, d)
and absence (a, b) of thimerosal. The cells wesfand stained with Coomassie Brilliant
Blue as described in Methods. Blue arrows indicatlular processes. Images of typical N2a
cells were taken at x 200 magnification (n = 4).

The data in figure 3.5.5 shows that exposure tméhbsal had a concentration
dependent effect upon neurite production in N2dscélhe average number of
neurites per 100 cells after 4 and 24 hours oferkfitiation was 16 and 22
respectively. After 4 hours of incubation there wassignificant inhibition of neurite
outgrowth at concentrations below 1 pM thimero&thtistical analysis gave a p
value of 0.78 for a comparison of the 1 uM datapdsure to 1uM thimerosal

significantly reduced the number of neurites by685% after 4 and 24 hours of
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incubation. After 24 hours of thimerosal exposureyrite number was significantly
reduced at 0.1 uM by approximately 30 % (p = 0.04%¢atment with 10 and 100
MM thimerosal inhibited neurite outgrowth by 90 %here were no significant
changes in neurite number between the 4 and 24 dxpasure times (p = 0.55 for 1

UM).
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Figure 3.5.5: Effect of thimerosal on neurite ootgth in differentiated N2a cells

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
thimerosal as described in Methods. The Data isemged as mean percentage of the
corresponding control SEM (n = 4). Statistical analysis was carried asing 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, ** p < 0.1.

3.6: Effect of methylmercury chloride on MTT redioct and neurite outgrowth

Incubation with methylmercury chloride caused acemtration dependent decrease
in MTT reduction after 4, 24 and 48 hours in CadséFigure 3.6.1.a). The typical
absorbance value obtained for control cells wa®$3).MeHgCl caused significant
decreases (p<0.01) in MTT reduction of 80-90 %0aadd 100 uM but no significant
changes below those concentrations. Statisticdysinagave a p value of 0.094 after
48 hours of incubation confirming that the celldligbto reduce MTT was not
significantly altered from the control. Analysis thfe data using the 2 way ANOVA

test showed that there were no significant timéeddhces. Figure 3.1.2.b. shows
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MTT reduction in N2a cells; the cells showed nmgigant changes at concentrations
lower than 10 uM after 4 and 24 hours of exposAfeer 48 hours exposure, 1 uM

MeHgCI caused a significant decrease of 33 % in Ma&duction that was restricted

to N2a cells (p<0.05). Statistical analysis showhkdt there was a significant

difference in MTT reduction between 4 and 24 tiroeis after exposure to 10 uM (p
=0.016).

Control cells differentiated for 4 and 24 hoursthe absence of MeHgCl, appeared
flattened with short neurites emanating from thdseof the cell (Figure 3.6.2 a — b).
After treatment with MeHgCI (Figure 3.1.27 c-d)appeared that there was a slight
reduction in the number of neurites compared tdrots
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Figure 3.6.1: Effect of methylmercury chloride omMreduction in differentiating

C6 and N2a cells

C6 (a) and N2a (b) cells were induced to diffemstifor 4, 24 and 48 hours in the presence
and absence of methylmercury chloride as desciimedethods. The Data is expressed as
mean percentage of the corresponding contr8EM (n = 5). Data was analysed using a 2
way ANOVA. * indicates significant differences frotine control, * p < 0.5, * p< 0.1, a and

b indicates significant differences between thestpoints.
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Figure 3.6.2: Effect of methylmercury chloride affetentiated C6 cell morphology

C6 cells were induced to differentiate for 4 (aaoyl 24 (b, d) hours in the presence (c, d) and
absence (a, b) of methylmercury chloride. The ogtise fixed and stained with Coomassie

Brilliant Blue as described in Methods. Blue arrowdicate cellular processes. Images of

typical C6 cells were taken at x 200 magnificatjore 4).
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Figure 3.6.3: Effect of methylmercury chloride cgunite outgrowth in differentiating
C6 cells

C6 cells were induced to differentiate for 4 andhars in the presence and absence of
methylmercury chloride as described in Methods. Diaga is expressed as mean percentage
of the corresponding control SEM (n = 4). Statistical analysis was carried wsihg 2 way
ANOVA. * indicates significant differences from tilgentrol, * p < 0.5, ** p < 0.1.

Figure 3.6.3 shows that exposure to MeHgCI prodacdsse dependent inhibition of
neurite outgrowth. The average number of neuritedyced by C6 cells was around
19 after 4 hours of differentiation and 23 aftertitirs. MeHgCI displayed no ability
to significantly reduce process formation belowM at either time point. Statistical
analysis confirmed this with a p value of 0.075 &7 for 4 and 24 hours treatment
with 1 uM respectively. Treatment with IM MeHgCI caused a significant (p<0.05)
reduction in neurite outgrowth of 60-65 %. Thereswatually complete inhibition of
at least 90 % in process outgrowth following expedo 10 and 10QM MeHgCl for

4 and 24 hours. Statistical analysis indicatet ttiexre were no significant differences

between the 2 incubation times.

N2a cells differentiated for 4 and 24 hours in #diisence of MeHgCI were spherical
in shape with long axon-like processes extendirigrom the cell body (Figure 3.6.4
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a and b). When exposed to 1 uM MeHgCl, the numlbehese processes appears
reduced when compared to the control cells. Thppeared to be a large number of

shorter neurites that were not classed as axongesonot counted (green arrows).

Figure 3.6.4: Effect of methylmercury chloride dffetentiated N2a cell morphology

N2a cells were induced to differentiate for 4 (pand 24 (b, d) hours in the presence (c, d)
and absence (a, b) of lead chloride. The cells Viree and stained with Coomassie Brilliant

Blue as described in Methods. Blue arrows indicatlular processes. Images of typical N2a
cells were taken at x 200 magnification (n = 4).
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Figure 3.6.5: Effect of methylmercury chloride ogunite outgrowth in N2a cells.

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
methylmercury chloride as described in Methods. Diaga is expressed as mean percentage
of the corresponding control SEM (n = 4). Statistical analysis was carried wsihg 2 way
ANOVA. * indicates significant differences from tleentrol, * p < 0.5, ** p < 0.1.

Methylmercury chloride exposure induced a concépmadependent reduction in
axon number (Figure 3.6.5). After 4 and 24 houcslliation there was no significant
reduction in neurite number at MeHgCI concentraidrelow 1 uM (p = 0.088).
Exposure to 1 uM MeHgCI caused a 60 % reductionearite outgrowth at 4 hours
and a 70 % reduction at 24 hours. Statistical amalghowed both reductions to be
significant with p values of 0.042 and 0.0034 resipely. The higher concentrations
of 10 and 100 uM significantly inhibited neuritetgrowth by 80-90 %. There were
no significant differences between the levels diibition at the different time points
(p =0.98 and 0.72 for 0.01 and 100 uM respectjvely
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3.7: Dose response curves

All of the dose response curves contaimedeiction 3.7 were created from the
MTT reduction assays shown as % of correspondimgrabin the previous sections

of the chapter.

The dose response curves for C6 and N2a cells ed@pims concentrations of zinc
chloride up to 100 puM indicated that there was mgmniBcant effect on MTT
reduction (Figure 7.1) (p = 0.35641-0.82984)
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Figure 3.7.1: Dose response curve showing C6 aral ¢d¢lls differentiated for 48

hours in the presence and absence of zinc chloride.

N2a and C6 cells were induced to differentiatehia presence and absence of zinc chloride
for 48 hours, after which the MTT assay was perfairas an assessment of cell viability, as
described in Methods. Data is shown as averagelzste + SEM. Statistical test used was
the 1 way ANOVA, followed by post hoc Bonferronit®rrection for pair wise multiple
analysis.

Both cell lines were affected by lead chloride ls#¢ same concentration of 10 uM
(Figure 3.7.2). MTT reduction increases in an alimdentical curve for both cell
lines. Statistical analysis using a 1 way ANOVAt teslicated that the response seen
at 10 and 100 pM were significantly different fratre control (p = 0.02343 and
0.01946 respectively). The dose response curve gaveC50 value of 1.4x10-5 M
for C6 cells and 1.1x10-5 M for N2a cells.
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Figure 3.7.2: Dose response curve showing C6 aral ¢d¢lls differentiated for 48

hours in the presence and absence of lead chloride.

N2a and C6 cells were induced to differentiatehi@ presence and absence of lead chloride
for 48 hours, after which the MTT assay was perfairas an assessment of cell viability, as
described in Methods. Data is shown as averageladrsoe + SEM. Statistical test used was
the 1 way ANOVA, followed by post hoc Bonferronitorrection for pair wise multiple
analysis { p < 0.05 for C6 cells, * p < 0.05 for N2a cells).

The dose response curve for C6 and N2a cells diffeted for 48 hours with
cadmium chloride shows that MTT reduction begaddorease significantly at 1 uM
in both cell lines (Figure 3.7.3). Statistical ays#$ indicated that significant decreases
occurred at 10 and 100 uM (p = 0.00895 and 0.00@89C6 and N2a cells
respectively at 100 uM). The dose response cumesgin EC50 value of 4.6x10-6 in
C6 cells and 3.6x10-6 in N2a cells.

The dose response curve in Figure 3.7.4 beginepe slown at log 1 uM for both C6
and N2a cells. Statistical analysis using a 1 wAl§ONA indicates that the ability to

reduce MTT was not affected significantly until 46d 100 uM (p = 0.008760 and
0.004536 for C6 and N2a cells respectively at 1M).rhe EC50 value in the C6
cell line was 6.6x10-6 and in N2a cells 6.5x10-6.
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Figure 3.7.3: Dose response curve showing C6 aral ¢¢lls differentiated for 48
hours in the presence and absence of cadmium délori

N2a and C6 cells were induced to differentiatetia presence and absence of cadmium
chloride for 48 hours, after which the MTT assaysvperformed as an assessment of cell
viability, as described in Methods. Data is shownagerage absorbance + SEM. Statistical
analysis was carried using a 1 way ANOVA, follovmdpost hoc Bonferroni’'s correction for
pair wise multiple analysis p< 0.01 for C6 cells, ** p < 0.01 for N2a cells).

The dose response curve for C6 and N2a cells edpwséhimerosal for 48 hours
(Figure 7.3.5) begins to decline after 0.1 uM ia ti2a cell line. With C6 cells the
decline is less steep and occurs in between 0.1 arid. Statistical analysis using a 1
way ANOVA indicated that in the C6 cell line sigodnt inhibition of MTT
reduction did not occur until 10 and 100 puM. In Mia cells line MTT reduction was
significantly inhibited at 1 (p = 0.0231 uM). Th€&0 value for C6 cells was 3.7x10-
6 and for N2a cells 9.9x10-6 M.

The dose response curve in Figure 7.3.6 showsvibkitgCl begins to inhibit the N2a
cells ability to reduce MTT between 0.1 and 1 uMtRAC6 cells the curve begins to
decline at the same range as N2a cells but lesplgteStatistical analysis using a 1
way ANOVA indicates that in the C6 cell line thavas significant inhibition of MTT
reduction 10 and 100 uM (p = 0.002458 and 0.005&%pectively). In the N2a cell
line significant inhibition occurred earlier at Mu(p = 0.03464). The EC50 value for
C6 cells was 3.8x10-6 and for N2a cells 1.2x10-6.
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Figure 3.7.4: Dose response curve showing C6 aral ¢d¢lls differentiated for 48
hours in the presence and absence of mercury dhlori

N2a and C6 cells were induced to differentiate ia presence and absence of mercury
chloride for 48 hours, after which the MTT assaysvperformed as an assessment of cell
viability, as described in Methods. Data is showragerage absorbance + SEM. Statistical
analysis was carried using a 1 way ANOVA, follovidpost hoc Bonferroni’'s correction for
pair wise multiple analysis (p< 0.05,** p< 0.01 for C6 cells, * p < 0.05, ** p < 0.01 for
N2a cells).
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Figure 3.7.5: Dose response curve showing C6 aral ¢d¢lls differentiated for 48

hours in the presence and absence of thimerosal.

N2a and C6 cells were induced to differentiatehim presence and absence of thimerosal for
48 hours, after which the MTT assay was performedia assessment of cell viability, as
described in Methods. Data is shown as averageladrsme + SEM. Statistical analysis was
carried using a 1 way ANOVA, followed by post hoorBerroni’s correction for pair wise
multiple analysis** p< 0.01 for C6 cells, * p < 0.05, ** p < 0.01 fRa cells).
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Figure 3.7.6: Dose response curve showing C6 aral ¢d¢lls differentiated for 48

hours in the presence and absence of methylmectioyide.

N2a and C6 cells were induced to differentiatehm presence and absence of methylmercury
chloride for 48 hours, after which the MTT assaysvperformed as an assessment of cell
viability, as described in Methods. Data is showraserage absorbance + SEM. Statistical
analysis was carried using a 1 way ANOVA, follovisdpost hoc Bonferroni’'s correction for
pair wise multiple analysis p< 0.01 for C6 cells, * p < 0.05, ** p < 0.01 fRa cells).

3.8: Discussion

This chapter determined the lethal aob-lethal concentrations of various
heavy metal compounds and investigated their effentthe cell morphology of C6
and N2a cell lines. There are no previous studias have compared the toxicity of
such a large number of heavy metal compounds irsdn@e differentiating cell line.
However previous studies have investigated smalieups of compounds or
individual metals (Monnet-Tschuet al., 1996; Braekmaret al., 1997; Allenet al.,
2001).

The cytotoxicity studies (section 3.1 :6)3 determined that MeHgCl,
thimerosal and cadmium chloride were the most tafithe heavy metals and that
they had the most profound effect on both MTT reidicand neurite outgrowth in

both cell lines.
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Zinc chloride had no significant effeots MTT reduction or neurite outgrowth
in either cell lines at any concentration used ({Feg3.1.1-3.1.5). Zinc is the only one
of the heavy metals studied that is essential ennigrvous system. Zinc is present in
vesicles within excitatory nerve terminals and wineleased in a calcium dependent
manner, can reach concentrations of 100 uM in ¥t eellular space (Ges al.,
2002). Synaptically released zinc can then modiéydctivity of certain proteins such
as glutamate angaminobutyric acid (GABA) receptors (FredericksorB&sh, 2001;
Mathie et al., 2005). This may be why the toxicity seen with tteer metals in this
study was not apparent with zinc exposure of ud@® pM. Our findings are in
agreement with those of Park and Koh (1999), weaté&d mitotic primary cultures of
neuronal and glial cells with concentrations of 30@ zinc chloride before detecting
a reduction in cell viability. In their study expoe to 100 pM zinc chloride had no
significant effect on cell viability after 8 hoursnfortunately they did not extend the
incubation time beyond 8 hours. Hence it is notspgie to directly compare their
results with the present study after 24 and 48 shi@xposure. Park & Koh, (1999)
observed no reduction in cell viability after 8 Inguwhich is consistent with the 4
hour exposure time. Schwargt al., (2000) found that in the human neuronal
SHSY5Y cell line, neurite length remained unalteiredells exposed to 50 uM zinc
chloride. However the study did not use any higlmrcentrations of zinc to examine
whether changes occurred above that concentrdqrosure to 100 uM zinc did not
alter cell viability in PC12 cells. Following 24 s of exposure to 250 uM zinc, cell
viability was reduced in mitotic PC12 cells (Watj@®01). Thus, the lack of toxicity
of zinc chloride in the experiments presented ia thesis is in good agreement with
the findings of other workers.

Lead chloride induced significant chesmg@nly at the highest concentration of
100 puM (Figures 3.2.1 - 3.2.6). MTT reduction assaflowed an increase in the
amount of MTT reduced by N2a and C6 cells at atletipoints (Figure 3.2.1). This
increase in the metabolic activity of the cells niya stress response to reduce lead
toxicity. Lead can also have a proliferative effeatcells (Castiglioni, 1993), which
would explain the increase in MTT reduction seemath C6 and N2a cells treated
with lead chloride. However, cells viewed with awverted microscope did not show
any evidence of increased proliferation (see Figu2e3 and 3.2.5). Cordow al.,
(2004) found that concentrations of lead up to Mhad no significant effect on the
viability of slices of rat brain when incubated fagp to 3 hours. Whilst they did not
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use as high a concentration as 100 uM lead. Treetsfbf the lower doses do agree
with the findings of the present study. Since ttamdard error of the mean for the 24
hour exposure to lead chloride (see Figure 3.2d4nn both cell lines were bigger
than the 4 hour exposure which may reflect diffeesnin the batches of cells as the
experiments were done at different times. The nusmb&neurites were not the same
in each individual experiment. Despite the differes in absolute values the trends
remained the same.

It required a concentration of Cadmiwhloride 10 pM or above to
significantly decrease MTT reduction in both C6 aN@a cells (Figure 3.3.1).
Watjen, (2001) found that exposure to 15 uM cadmnesulted in decreased cell
viability after 24 hours of exposure in PC12 celig, adrenal chromaffin cell line.
This difference in lethal concentration could be dugreater susceptibility of C6 and
N2a cells to the toxic effect of cadmium. Cadmiumodde was the only heavy metal
that induced any significant effect in neurite aatgth below 1 uM (see Figure
3.3.5). A concentration of 0.1 uM cadmium chlorigeluced neurite outgrowth in
N2a cells by 40-50 % after 4 and 24 hours exposthes reduction was not seen in
C6 cells (Figure 3.3.3), indicting that glial cedlee less susceptible than N2a cells to
the neurite inhibitory effects of cadmium chloride.

Mercury chloride decreased MTT redutctamd neurite outgrowth at 10 and
100 uM (Figures 3.4.1 - 3.4.5). Unlike the orgamiercury species, mercury chloride
did not induce any sub-lethal alterations in neuotitgrowth, as inhibition of neurite
number was seen only at concentrations that redgeddviability. A study by
Bonackeret al., (2004) found tubulin assembly to be inhibited 1y uM mercury
chloride in both a cell free system, and in V79lscehicrotubule assembly was
completely inhibited by treatment with 100 uM mascichloride. Microtubules
comprise part of the cytoskeleton within cellstod NS and are a major component
of the neurites produced by neuronal and glialsc@lhus, this inhibition of tubulin
assembly could account for the neurite inhibitiearswithin this thesis. However, the
study by Bonackeet al., (2004) made no mention of any inhibitory effeictshe cell
system below 100 uM, whereas the data presentiuikithesis found neurite number
to be reduced by approximately 50 % with 10 uM merchloride and 60-70 % with
exposure to 100 uM mercury chloride. One possikfgamation of this discrepancy is
that exposure to 10 uM mercury chloride tends tardethe tubulin subunits within

the neurites, rather than the cell body.
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Thimerosal and MeHgCI had a similar efffe® each other on MTT reduction
(Figures 3.5.1 and 3.6.1). Both organic mercury poumds caused a decrease in
MTT reduction at 10 and 100 pM in C6 cells and @,ahd 100 uM in N2a cells.
Sanfeliu et al., (2001) used mitotic cells and found that MeHg@crased cell
viability at 5 uM in both primary neurons and SHYYBeuroblastoma cells and 10
MM in primary glial cells. The viability of glialaells was also reduced by 50 %
following 24 hours exposure to 9 uM MeHg (Garg &ang, 2006). Crespo-Lopez
et al., (2006) found a 20 % decrease in the viability niuroblastoma and
glioblastoma cell lines treated with 0.1 and 1 uMHY{ for 24 hours. The present
study did not find any significant decrease in MT€duction with these
concentrations, perhaps due to different cell lineed and the fact that they were
mitotic during experimentation in the case of Ceekppez et al (2006). The two
organic mercury compounds had an inhibitory eftecheurite outgrowth in both cell
lines (Figures 3.5.3, 3.5.5, 3.6.3 and 3.6.5) atceatrations not inhibiting the
reduction of MTT. This suggests that the changemanphology observed were sub-
lethal events that were occurring before cell de&tlre reduction in the numbers of
neurites may also be caused by changes in theaeline. Research has shown that
heavy metals can cause damage to cell membranednfeet al., 2006), which may
allow fluid to enter causing the cells to swell andrease in size causing the neurite
to appear shorter. However during examination 8§ e@th a light microscope there
did not appear to be any in cell volume when comgao the control.

Comparison of the three mercupmpounds using MTT assays and
neurite outgrowth shows that the inorganic compaigmercury chloride) is less toxic
than the organic compounds (MeHgCIl and thimerogalpumber of studies have
noted the differences in the toxicity of inorgamaied organic mercury (Chetty al.,
1996; Monnet-Tschudt al., 1996; Allenet al., 2001; Ochi, 2002). However, none of
these studies have directly compared the lethaslobthe heavy metals.

Sanfeliwet al., (2001) found that neuronal cells were more smmestio the
effects of MeHQgCI using the MTT reduction assaye Thesearch showed that the
lowest dose at which cytotoxicity was seen was 5ipMeuroblastoma cells and 10
KM in astrocytes. The work in the present studyfbaed that exposure to thimerosal
and MeHgCI appeared to be more debilitating to N2#s after 48 hours of
incubation with the organic mercury compounds. @ls are also more susceptible

to the sub-lethal effects of cadmium chloride, aarite outgrowth in N2a cells was
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reduced at concentration 100 times less than tmémmam concentration needed to
reduce neurite outgrowth in C6 cells. Braekneaal., (1997) compared the toxicity
of cadmium chloride, mercury chloride and MeHgClaminsect cell line exposed to
the different heavy metals for 3 hours. MeHgCI i@asd to be the most toxic of the
three metals with sub-lethal concentrations of 2 ahdl below. Unlike the current
study, Braekmaret al., (1997) found cadmium to be the least toxic of thetals
tested, with lethal concentrations of 44 uM andvab@his is a higher than the lethal
concentration determined by the present work. Biterénces could be explained by
the differences in cell lines used, incubation tamel the cell viability assay used, as
Braekmanet al., (1997) used a propidium iodide cell exclusion tAstcomparison of
cell viability assays indicated that each assayipgem slightly different results,
making a comparison of toxicity difficult if a défent assay was used (Bmlal.,
2007).

The dose response curves containedciioge’.7 used the data obtained from
MTT reduction assays and the EC50s are summarnistable 3.1. The re-plotting of
the MTT reduction data using log concentrationsb&th the EC50 values of the
different compounds to be calculated and a compari® be made. The EC50s
clearly demonstrate that N2a cells are more segeditian C6 cells particularly for the

organic mercury compounds.

Heavy Metal EC50 (M)
C6 N2a
Lead chloride 1.5x10-5 1.1x10-5
Cadmium chloride 4.7x10-6 3.6x10-6
Mercury chloride 6.6x10-6 6.5x10-6
Thimerosal 3.7x10-6 9.7x10-7
Methylmercury chloride 3.8x10-6 1.2x10-6

Table 3.1: EC50 derived from dose response curVBBd reduction.
The EC50 represent 50 % of the metalscéffe concentration and were

calculated by the graph pad prism program usedgate the dose response curves.
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From the initial cytotoxicity screeg studies in this thesis, it was decided
that the two organic mercury species thimerosal ietHgCl would be studied in
more detail. Both were highly toxic and in additéhimerosal as a potential source of
mercury exposure is relevant and controversial rasgnt due to its presence in
vaccinations, the concerns about the health riskisit poses and because very little is
known about its potential neurotoxicity.

The aim of the following chapters wasinwestigate sub-lethal events that
preceded cell death. From the MTT reduction assaywas determined that
concentrations of 10 uM thimerosal and MeHgCI anova were unsuitable because
of the significant reductions in cell viability théney caused. The concentrations used
for further work were 1 and 0.1 uM, as they causededuction in cell viability at 4
and 24 hours but 1 pM affected on neurite outgroafter 4 and 24 hours of

exposure.
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Chapter 4: Effects of organic mercury compoundstimm neuronal and glial cell

cytoskeleton

Introduction

The previous chapter demonstrated dinganic mercury compounds had a
detrimental effect upon the production of cellularocesses. Major protein
components of the processes formed by both neurmmalglial cells are various
cytoskeletal proteins. Since changes in neuritgtleand number were observed in
chapter 3, the aim of the work presented in theptér was to determine whether the
reduction in the number of processes was accomgbdoyienolecular changes in the
proteins that make up neuronal and glial cell psses.

The cytoskeletal network of the CNS asmprised of microtubules,
microfilaments and intermediate filaments (i.e. noéilaments in neuronal cells and
glial fibrillary acidic protein in glial cells). Mirotubules are comprised of
alternatively arranged andp tubulin sub-units, organised into protofilamertatt
form a cylindrical shape that is the microtubuleusture (Hargreaves, 1997).
Microtubules are dynamic structures that can polygeeand depolymerise; by post-
translational modification of the-tubulin sub-unit, microtubules can become stable
and resist depolymerisation (Dhamodharan & Wadswdr995). Post-translational
modifications include acetylation or detyrosinatioDetyrosination involves the
removal of a tyrosine residue framtubulin subunit though the action of the enzyme
tubulin carboxypeptidase which releases the COQ@Hital tyrosine. Detyrosination
is a reversible modification and the subunit candsgyrosinated as it depolymerises
from the microtubule. A tyrosine residue can beeaddo the same position by
tubulin:tyrosine ligase (Sironet al., 2000) Previous studies have shown that
treatment with mercury disturbs microtubule forraatand function (Stoibegt al.,
2004). Mercury has been shown to possess a highityaffor tubulin sulfhydryl
groups (Sageet al., 1983; Vogekt al., 1985; Graffet al., 1997) which may account
for the disturbed formation and function of miciotles. Methylmercury can both
prevent depolymerisation (Abe al., 1975) of microtubules and inhibit assembly
(Sager, 1998).

The effects of thimerosal and methyltney chloride on tubulin levels,

microtubule organisation and dynamics were invastigg by measuring totat-
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tubulin, tyrosinateda-tubulin and totalp-tubulin, Neuronal cells also contain an
intermediate filament network known as neurofilaisefiNFs) that is unique to this
cell type. NFs confer strength and stability torak&e structures formed by neuronal
cells. There are three main forms of the NF chaimnimal cells, NFH, NFM and
NFL (Yuanet al., 2006). The three forms of NF are distinguishedHgyr molecular
weight, which is due to differences in their heaud @ail domains (Ackerlewt al.,
2003). This thesis looks at NFH rather than NFM &l as NFH is the most
extensively phosphorylated form of the NFs angbitssphorylation is associated with
axon stability and maturity (Williamson, 1996). NbRosphorylation also regulates
transport within the cell, the more extensive thegphorylation the slower the rate of
transport (Yuaret al., 2006). Previous studies have noted the effech@fcury on
axon outgrowth but have not looked at the cytoskef@oteins that make up the axon
(Gopal, 2002). Using antibodies that recognisegh@®teins, this chapter aimed to
determine whether organic mercury compounds discuptie cytoskeletal network

within the differentiating cell lines.

Methods

The previous chapter established that eainations of 0.1 and 1 uM of
thimerosal and methylmercury chloride were subdetifhe two organic mercury
compounds were chosen due to their enhanced txagr inorganic mercury and
the opportunity to compare the differences in thechanisms of toxicity that the
methyl and ethyl groups confer to the compounde. Géil lines were differentiated in
the presence and absence of the organic mercurgaiomds. After the 4 and 24 hour
incubation periods had lapsed the cell extracteviygsed by boiling 0.5 % SDS in
TBS (Methods section 2.212). SDS-PAGE followed bestern blotting was
completed on 6 independent cell lysates for eatiba@dy. SDS-PAGE was used to
separate proteins by molecular weight and westkattirng was used to probe lysed
cell extracts with various antibodies. The antilesdused on western blots created
from lysates of both cell lines were B512 (antatet-tubulin antibody), T1A2 (anti-
tyrosinated a-tubulin antibody) and Tub 1.2 (anti-totf-tubulin antibody). In
addition, antibodies against N52 (anti-total NFHilaody), RT97 and SMI34 (anti-
phosphorylated NFH antibodies) were used to probstevn blots created from N2a
cell lysates. These antibodies were chosen dubetdiigh content of cytoskeletal
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proteins within the nerve and glial cells and thgre all well established within the
lab. All antibodies were used at a dilution of 0Q0n either 3 % BSA or Marvel.
The resultant blots were quantified using AIDA ste.

The same antibodies were also usediianunofluorescence staining of fixed
cells at dilution of 1/200 with 3 % BSA. The secang antibody was either
conjugated with TRITZ which gives a red fluoresenader the microscope or FITZ
which was green. Images of the stained cells wéaimed using a confocal
microscope at x600 magnification. In the resultstisa the number of times the
experiment was carried out using separate celbetgrwas indicated by the n = x in
the figure legend. The data shown is the averagsitenetric value for 6 western
blots created from 6 gels of independent cell ex¢tarhe lane on the blot labelled O
is the control extract with no added metal. For tthienerosal treated corresponding
control sterile distilled water was added at th@esaolume as the metal in the treated
cells and with MeHgCI DMSO was added at the santenve as with the treated cells
as the MeHgCI was dissolved in DMSO due to pooulsibty in distilled water.
Statistical analysis was carried using 2 way ANOMHowed by Bonferroni's post

hoc correction for pair wise multiple analysis.

4.1: Effects of organic mercury compounds on theele and distribution of

microtubule protein in differentiated C6 cells

Densitometric analysis of the western blots credteth lysed C6 cell extracts in
Figure 4.1.1 showed that the levels of B512 redgtwere not significantly altered
when compared to the control in cells treated with or 1 pM thimerosal or
MeHgCIl. The average densitometric absorbance fer dbntrol cell extract was
0.78359 and the average absorbance for the treatisdvas in the range of 0.67849-
0.89496 (p = 0.077 - 0.65 for both concentratiohdah heavy metals). After 24
hours, there was a significant reduction (p<0.05)hie reactivity of B512 following
exposure of cells to 1 puM concentrations of botimérosal and methylmercury
chloride. A 2 way ANOVA test followed by post homierroni’s test confirmed
significance (p = 0.0231 and 0.0364 for 1 pM thiosat and 1 pM MeHgCl,
respectively). Both compounds caused approximaeRp % reduction in antibody
reactivity. Thimerosal alone caused a significaetuction of around 35 % in

antibody reactivity at the lower concentration of @M. Statistical analysis of the 4
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and 24 hour data showed that there were no significlifferences between the
incubation times with exposure to both concentretimf thimerosal and 1 uM
MeHgCI (p = 0.9323 for 0.1 uM thimerosal).

4 hours 24 hours
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Figure 4.1.1: Western blots of lysates from thefedéntiated glial C6 cell line
following exposure to either thimerosal and methgdoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditubbthe B512 anti- total-tubulin
antibody. Quantification of the antibody reactivityas carried out using AIDA
software.

C6 cells were induced to differentiate for 4 andhrs in the presence and absence of
thimerosal and MeHgCI as indicated. The resultagstern blots of cell extracts were then
probed with the antibodies indicated. Data represeean levels of antibody reactivity,
expressed as a percentage of difference from thespmnding control +SEM (n = 6).
Untreated cell extracts are indicated on the wedbdots by 0. Asterisks indicate statistical
significance from the control (* p value <0.05).ba,c and d indicates statistical significance
between the 4 and the 24 hour data. Statisticalfgignce was determined using a 2 way
ANOVA test, followed by post hoc Bonferroni’'s cocton for pair wise multiple analysis.
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10 um
Figure 4.1.2: Immunofluorescence images of C6 cshéned with the anti-total-

tubulin antibody B512

C6 cells were induced to differentiate for 24 hourghe absence (a) or presence (b-e) of
thimerosal and MeHgCI, with 0.1 (b) or 1 pM (c) tfimerosal, 0.1 (d) and 1 uM (e)
MeHgCI. Cells were then fixed on a slide and sthiméth B512, an anti-totad-tubulin
antibody as described in Methods (n = 3). Greeovesrindicate cellular processes and
turquoise arrows indicate tubulin networks in teé body.
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Figure 4.1.2 a shows control C6 cells differentlater 24 hours. The MT network
was clearly visible in B512 stained cells and wasriganised strands around the cell
body, extending in to the cellular processes. Its ¢bat had been exposed to QNI
thimerosal for 24 hours (Figure 4.1.2 b), the MTweek was still clearly visible, but

it appeared less organised and the staining wasinésnse. Cellular processes were
still brightly stained at this concentration of tterosal. Cells treated with 1 uM
thimerosal exhibited reduced staining with the BHribody (Figure 4.1.2. c).
Fragmented strands of MTs were still visible in tlell body but the staining was less
intense. There were no densely stained processbsasuthose observed in the control
cells. The MT network was less organised when coethao the control in cells
exposed to 0.1 uM MeHgCI (Figure 4.1.2. d). Intestséning was still apparent in the
processes but in some cells the cytoskeleton wasntiag to fragment. Cells
exposed to 1 uM MeHgCI were still brightly stained)ike the cells treated with the
same concentration of thimerosal (Figure 4.1.2.vd)ere there were no stained
processes and MT architecture was disrupted bix¢hey metal (Figure 4.1.2. c) The
difference in the colour of the green fluoresceseen in images d-e is due to the use
of a FITZ conjugated secondary antibody. The TRtbAjugated secondary antibody
that gave red fluorescence was no longer availdlble.secondary antibodies were the

same barring their fluorescent conjugate.

The levels reactivity with the anti-tyrosinatedubulin antibody was not significantly
altered after 4 hours of exposure to either thisa&ror MeHgCI (Figure 4.1.3). The
average absorbance for antibody reactivity withdbwetrol cell extracts was 0.97332.
Statistical analysis confirmed lack of statisticanificance (p = 0.0876, 0.9654,
0.7654 and 0.8743 for 0.1 and 1 puM of thimerosal BteHgCI respectively). The
average densitometric absorbance for these comtents was 0.84563 and 0.91145
respectively. After 24 hours of exposure, there swagynificant reduction (p<0.05) of
approximately 40 % in the reactivity of the antieginateda-tubulin antibody with
cells exposed both concentrations of thimerosalMaHgCI. (p = 0.0234 and 0.0354
for 1 uM thimerosal and MeHgCI respectively). Sttitial analysis confirmed that
there were significant differences between the ¢ 24 hour data (p = 0.0124 to
0.0433).
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Figure 4.1.3: Western blots of lysates from thefedé@ntiated glial C6 cell line
following exposure to either thimerosal and methgidoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditubbthe T1A2 anti- tyrosinated
tubulin antibody. Quantification of the antibodyao#ivity was carried out using
AIDA software.

C6 cells were induced to differentiate for 4 andhars in the presence and absence of
thimerosal and MeHgCI as indicated. The resultaes¥tn blots of cell extracts were then
probed with monoclonal antibody T1A2. Untreated egtracts are indicated on the western
blots by 0. Data represent mean levels of antibedgtivity, expressed as a percentage of the
corresponding control + SEM (n = 6). Asterisks gade statistical significance from the
control (* p value <0.05). a, b, ¢c and d indicagestistical significance between the 4 and the
24 hour data. Statistical significance was deteeahinsing a 2 way ANOVA test, followed by
post hoc Bonferroni’s correction for pair wise njli analysis.
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10um
Figure 4.1.4: Immunofluorescence images of C6 &ttimed with the anti-tyrosinated

a-tubulin antibody T1A2

C6 cells were induced to differentiate for 24 haarghe absence (a) or presense (b-e), of 0.1
UM (b) and 1 uM (c) of thimerosal and 0.1 uM (dddhuM (e) MeHgCI. The cells were
stained with T1A2, an anti-tyrosinateeubulin antibody as described in Methods (n = 3).
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Figure 4.1.4 a shows that control cells differaetiain the absence of thimerosal
exhibited intense staining in the processes andithenetwork in the cell body. In
cells in exposed to 0(M thimerosal (Figure 4.1.4 b), MT staining was legense
than that observed in control. The bright spothe tmage (indicated by yellow
arrow) is where the fluorescent secondary antibloaly aggregated during storage.
The secondary antibody was spun in a bench cegérifout some aggregates
remained. Figure 4.1.4 ¢ shows cells treated wifiMLthimerosal. There were no
distinguishable staining processes and the MT métwas disrupted. Cells exposed
to 0.1 uM MeHgCI (Figure 4.1.4 d) were more intépstained than control cells.
Unlike cells exposed to the same concentratiorhiofidrosal, there was no obvious
fragmentation of the cytoskeleton. Certain celigligated by pink arrow) had very
intense areas of staining within the cell body #relprocesses were brightly stained.
In Figure 4.1.4 e (1 uM MeHgCI) there were no obrgichanges in the intensity of
the staining with the T1A2 antibody when compam@the control cells. The number
of MT networks surrounding the cells was reduceadraéxposure to 1 uM MeHgCI.
However, there did not appear to be the reduchgorecess staining that is seen with
thimerosal. The images are representative of thegarate experiments and reflect

the trends seen in each individual experiment.

Analysis of Western blots probed with Tub 2.1 irded that after 4 hours exposure
there were no significant changes in the reactivityhe antibody with the C6 cell

lysates (Figure 4.1.5). Statistical tests confirrteal lack of significance (p = 0.2563
to 0.8769). The average densitometric absorbarrcthéo4 hour control extracts was
0.77859. After 24 hours exposure to 0.1 pM thimarbsid no effect upon reactivity

(p = 0.7654) but 1 uM thimerosal decreased antilimdging by approximately 25 %.

A 2 way ANOVA, followed by post hoc Bonferroni’ssteindicated significance (p =

0.0234). Both concentrations of MeHgCI significgndecreased antibody reactivity
by 30-40 % at this time point. A two way ANOVA teshowed that there were

statistically significant differences between theaAd 24 hour data, post hoc
Bonferroni’s test indicated that the significantfeliences occurred with exposure to
0.1 uM MeHgClI and both 1 uM thimerosal and MeHg&H(0.02456, 0.04653 and

0.01984 respectively).
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Figure 4.1.5: Western blots of lysates from thefedé@ntiated glial C6 cell line
following exposure to either thimerosal and methgidoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditutad the Tub 2.1 anti- totg-
tubulin antibody. Quantification of the antibodyao#ivity was carried out using
AIDA software.

C6 cells were induced to differentiate for 4 andhars in the presence and absence of
thimerosal and MeHgCI as indicated. The resultaestiéfn blots were then probed with the
antibodies indicated. Untreated cell extracts addcated on the western blots by 0. Data
represent mean levels of antibody reactivity, esped as a percentage of the corresponding
control + SEM (n = 5). Asterisks indicate statistical siggahce from the control (* p value
<0.05). a, b and c indicates statistical signifam@rbetween the 4 and the 24 hour data.
Statistical significance was determined using a& WNOVA test, followed by post hoc
Bonferroni’s correction for pair wise multiple apsiks.
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4.2: Western blot analysis and immunofluorescemingtg of microtubule and

neurofilament proteins in N2a cells treated withmiérosal and methylmercury

chloride

Exposure to 0.JuM thimerosal had no significant affect upon antipdainding at

either 4 or 24 hours (p = 0.9354 and 0.3556) (Fgdr2.1). The average
densitometric absorbance for antibody reactivitthwdontrol N2a cell extracts was
0.6438. Exposure to 1 uM thimerosal had no effee laours (p = 0.4534) but after
24 hours incubation, antibody reactivity was siguaiftly reduced by approximately
78 % of control values. The average absorbance tivishconcentration was 0.2148.
Neither MeHQgCI concentration had an effect uponbaly reactivity at 4 hours (p
values 0.45342 and 0.0786) but after 24 hours iaioi, 0.1 uM and 4M MeHgCI

significantly reduced band intensity by 46 % and%,7respectively (p = 0.0442 and
0.0243). Statistical tests showed that there wigmgficant differences in the effects
seen at 4 and 24 hours with both concentrationdVleHgCl and the higher

concentration of thimerosal

Figure 4.2.2 (a) shows immunofluorescence staiofngpntrol cells differentiated for
24 hours in the absence of thimerosal or MeHgCe Télls displayed clear tubulin
networks around the nucleus of the cell and in soefls, the microtubule organising
centre can be visualised as an intense spot locet@dthe nucleus (indicated by the
yellow arrows). The axon-like processes were cjearsible and were intensely
stained as areas with high levels of tubulin. Fegdi2.2 (b) shows differentiating N2a
cells exposed to 0.1 pM thimerosal. The axons wglevisible and brightly stained,
as was the microtubule organising centre. In soetis the MT network was losing
organisation and spreading out. Figure 4.2.2 (@wshcells exposed to 1 uM
thimerosal. The staining was weak in both the loetly and the neurites. Microtubule

organising centres were no longer clearly visible.
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Figure 4.2.1: Western blots of lysates from thdedéntiated neuronal N2a cell line
following exposure to either thimerosal and methgidoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditubbthe B512 anti- total-tubulin

antibody. Quantification of the antibody reactivityas carried out using AIDA

software.

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
thimerosal and MeHgCI as indicated, then sepafaye8DS PAGE and Western blotting as
described in Methods. Untreated cell extracts adicated on the western blots by 0. Data
represents mean levels of antibody reactivity, exped as a percentage of the corresponding
control + SEM (n = 6). Asterisks indicate statistical sigrahce from the control (* p value
<0.05). a, b and c indicates statistical signifem@rbetween the 4 and the 24 hour data.
Statistical significance was determined using aa WwNOVA test, followed by post hoc
Bonferroni’s correction for pair wise multiple apsiks.
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10 um
Figure 4.2.2: Immunofluorescence images of N2ascsthined with the anti-total

tubulin antibody B512

N2a cells were induced to differentiate for 24 lsomrthe absence (a) or presence (b-e) of 0.1
UM (b) and 1 uM (c) of thimerosal and 0.1 uM (dddhuM (e) MeHgCI. The cells were
stained with B512, an anti-totattubulin antibody as described in Methods (n = 3).
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The cells incubated with 0.1 uM MeHgCI have sturasdn-like processes and the
MT network appeared to randomly cover the wholé (E&gure 4.2.2. d). There were
visible microtubule organising centres in the imagewell as some areas of intense
fluorescence, where there appeared to be highsi@rglbody staining. Cells exposed
to 1 uM MeHgCI (Figure 4.2.2. e) have weaker stgjrihan in the control (Figure
2.2.a). There was patchy staining along the aXanrocesses and in the cell body,
where the MT network staining appeared to havenfiexged. There was still some
staining of microtubule organising centres in 2loé cells (indicated by the yellow
arrows). The images are representative of threaragpexperiments and reflect the

major trends seen in each one.

Densitometric analysis shown in Figure 4.2.3 shdveg 0.1uM thimerosal had no
significant effect upon the reactivity of the atyiesinateda-tubulin antibody at
either 4 or 24 hours (p = 0.0678 and 0.9756 fond 24 hours respectively). The
average absorbance obtained from the densitomedisy W799342 for the control
extracts and 0.482618 for cell lysates exposed oML thimerosal for 4 hours.
Exposure to 1 uM thimerosal caused a significatiicgon (p<0.05) of 55 % in band
intensity at 4 hours and a 46 % reduction aften@4rs. Exposure to 04dM MeHgCI
for 4 hours caused a significant reduction of 42-% in antibody reactivity after 4
hours (p = 0.0445) and 24 hours (p = 0.0265). Stedl analysis of the data obtained
from the two incubation times indicated that therere no significant differences
between the effects seen at 4 and 24 hours (p756)9
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Figure 4.2.3: Western blots of lysates from thdedéntiated neuronal N2a cell line
following exposure to either thimerosal and methgidoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditubd the T1A2 anti-tyrosinated-
tubulin antibody. Quantification of the antibodyac#ivity was carried out using
AIDA software.

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
thimerosal and MeHgCI as indicated, then sepadaye8DS PAGE and Western blotting as
described in Methods. Untreated cell extracts adicated on the western blots by 0. Data
represents mean levels of antibody reactivity, exped as a percentage of the corresponding
control + SEM (n = 6). Asterisks indicate statistical siggahce from the control (* p value
<0.05). Statistical significance was determinechgisi 2 way ANOVA test, followed by post
hoc Bonferroni’'s correction for pair wise multiealysis.
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Figure 4.2.4: Immunofluorescence images of N2ascsliained with the anti-
tyrosinatedu-tubulin antibody T1A2

N2a cells were induced to differentiate for 24 woiarthe absence (a) or presence (b-e) of 0.1
UM (b) and 1uM (c) thimerosal and 0.1 uM (d) anduM (e) MeHgCI. The cells were
stained with T1A2, an anti-tyrosinateetubulin antibody as described in Methods (n = 3).
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Figure 4.2.4 (a-e) shows immunofluorescence stgimiith the anti-tyrosinated-
tubulin antibody T1A2. The images shown are repriedve of typical trends
obtained from 3 separate experiments. Figure 4.2Raws control N2a cells
differentiated for 24 hours in the absence of thiosal or MeHgCI. The cells had
clearly stained networks of tyrosinateetubulin within the cell body and densely
stained long axon-like processes. The microtububparmising centre was clearly
visible within the cell (indicated by green arrow)gure 4.2.4 (b) shows cells treated
with 0.1 puM thimerosal. Staining with T1A2 appeateds intense within the axon
and the cell body compared to the control. The otudyule organising centre was no
longer visible within the cells and the microtubaleays were less defined. The cells
in figure 4.2.4 (c) had been exposed to 1 pM thasak for 24 hours. Again, the
staining was weaker than that seen in untreatdd @ehage a). Whilst axon-like
processes were still visible they had patchy stgimind appeared broken instead of a
continuous strand. Cells exposed to 0.1 uM MeHgl less visibly stained strands
of tyrosinatedu-tubulin (Figure 4.2.4. d). The microtubule orgamgscentre was not
visible within the cells at this concentration oEMgCI. The cells in Figure 4.2.4 (e)
had been incubated with 1 uM MeHgCI for 24 hourke Tyrosinatedu-tubulin
network had disintegrated, there were no visibtangts. There were some neurites
that were weakly stained for tubulin but they wdeformed when compared to the
untreated cells in image (a).
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Figure 4.2.5: Western blots of lysates from thdedéntiated neuronal N2a cell line
following exposure to either thimerosal and methgidoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 difutbthe Tub2.1 anti-totfl-tubulin

antibody. Quantification of the antibody reactivityas carried out using AIDA

software.

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
thimerosal and MeHgCI as indicated, then sepafaye8DS PAGE and Western blotting as
described in Methods. Untreated cell extracts adicated on the western blots by 0. Data
represent mean levels of antibody reactivity, esped as a percentage of the corresponding
control + SEM (n = 6). Asterisks indicate statistical siggahce from the control (* p value
<0.05). a, and b ndicates statistical significanesveen the 4 and the 24 hour data. Statistical
significance was determined using a 2 way ANOVA, tislowed by post hoc Bonferroni’s
correction for pair wise multiple analysis.

Figure 4.2.5 shows that after 4 hours there wersigmificant differences with either
concentration of the 2 compounds. Statistical aglysing a 2 way ANOVA test
confirmed that there were no significant changesamtibody reactivity when
compared to the control (p = 0.07867). After 24 risoof exposure to 0.1 uM

thimerosal and MeHgCI, there were also no changemiibody reactivity. Post hoc
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Statistical analysis using a two way ANOVA test|/ldaved by Bonferroni’'s test
indicated that there was a significance differertzetsveen the effect seen after 4 and
24 hours of exposure to 1 uM of both thimerosal MeHgCl (p = 0.032131and
0.008956 for thimerosal and MeHgCI respectively).

Figure 4.2.6 shows densitometric analysis of wasbéwts probed for total NFH. The
average absorbance obtained for the control estraas 0.59527 and 0.58852 for 4
and 24 hours respectively. The data indicateddftat 4 hours incubation time with
thimerosal and MeHgCI there was no alteration i ititensity of the bands when
compared to the control. A 2 way ANOVA test confaunthe lack of statistical
significance from the control (p = 0.78695). Afat hours there was a reduction in
the reactivity of the antibody with cells exposedibth thimerosal and MeHgCI. The
band intensity was significantly reduced by arouBsl % when treated with
thimerosal. MeHgCI significantly reduced antibo@gctivity by 32 - 40 %. Statistical
analysis highlighted significant differences in tthata obtained from the 4 and 24
hour exposure times for all concentrations. A comspa of the data obtained from
exposure to 1 uM of both thimerosal and MeHgCl (0.602439 and 0.004543

respectively).
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Figure 4.2.6: Western blots of lysates from thdedéntiated neuronal N2a cell line
following exposure to either thimerosal and methgdoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditutad the N52 anti-total NFH
antibody. Quantification of the antibody reactivityas carried out using AIDA

software.

N2a cells were induced to differentiate for 4 (ajl 24 (b) hours in the presence and absence
of thimerosal and MeHgCI as indicated, then sepdray SDS PAGE and Western blotting
as described in Methods. Untreated cell extraesraticated on the western blots by 0. Data
represents mean levels of antibody reactivity, exped as a percentage of the corresponding
control + SEM (n = 6). Asterisks indicate statiatisignificance from the control (* p value
<0.05). a, b, ¢ and d indicates statistical sigaifice between the 4 and the 24 hour data.
Statistical significance was determined using aa WNOVA test, followed by post hoc
Bonferroni’s correction for pair wise multiple apsiks.
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Figure 4.2.7: Immunofluorescence images of N2ascsiained with the anti-total

NFH antibody N52

N2a cells were induced to differentiate for 24 soiarthe absence (a) or presence (b-e) of 0.1
UM (b) and 1uM (c) thimerosal and 0.1 pM (d) and 1 pM (e) MeHgThe cells were
stained with N52, an anti-total NFH antibody ascdiéed in Methods (n = 3).
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Differentiated control N2a cells stained with artidotal NFH antibody were heavily
stained with the anti-total NFH antibody, as weeetain areas within the cell body
(Figure 4.2.7. a). After exposure to QuM thimerosal (Figure 4.2.7 b), intensely
stained neurites were still visible but it appeatieat the distribution of the staining
had changed. The axon staining was fragmented @hthwhe cell body there were
areas where the antibody stain was more intenspodtixe to 1uM thimerosal
(Figure 4.2.7 c) reduced the staining within tharites. The staining within the cells
became widespread instead of being localised taioesreas as it was in control cells
(a). After 24 hours of exposure to ul MeHgCI (Figure 4.2.7 d) axon staining was
still visible but they were more weakly stainedrtha the control cells. Also NFH
staining filled the whole of the cell body insteafl the discrete areas that were
observed in the control cells. Figure 4.2.7 e shoelts treated with 1 uM MeHgCI.

The cells were weakly stained and there were riblgiaxons.

Densitometric analysis in Figure 4.2.8 of westeftatd prepared from N2a cell
extracts and probed with the anti-phosphorylatedd N#atibody RT97 showed that
band intensity was unaffected by 0.1 uM thimeradéér 4 hours exposure (p =
0.67534). The average densitometric absorbancthéocontrol cells after 4 hours of
differentiation was 0.720843. Exposure to 1 uM #riosal and both concentrations
of MeHgCI for 4 hours did significantly reduce dudy binding by 60-70 %.
Statistical analysis confirmed significance (p 82562- 0.04532). Exposure to both
compounds for 24 hours significantly reduced amibreactivity by 20-60 % at both
concentrations. A 2 way ANOVA test comparing tharl 24 hour data confirmed
that there significant differences in the data mad from the 2 time points. Post hoc
Bonferroni’s test confirmed that there were sigrfit differences with the 0.1 uM
data with both compounds (p = 0.02243 and 0.035422.1 pM thimerosal and
MeHgCl respectively).
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Figure 4.2.8: Western blots of lysates from thdedéntiated neuronal N2a cell line
following exposure to either thimerosal and methgdoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 dilubbthe RT97 anti-phosphorylated
NFH antibody. Quantification of the antibody reait$i was carried out using AIDA

software.

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
thimerosal and MeHgCI as indicated, then sepadaye8DS PAGE and Western blotting as
described in Methods. Untreated cell extracts adicated on the western blots by 0. Data
represent mean levels of antibody reactivity, esped as a percentage of the corresponding
control + SEM (n = 6). Asterisks indicate statistical siggahce from the control (* p value
<0.05). a and b indicates statistical significabetveen the 4 and the 24 hour data. Statistical
significance was determined using a 2 way ANOVA, tislowed by post hoc Bonferroni’s
correction for pair wise multiple analysis.
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Figure 4.2.9 (a) shows control cells differentiafed 24 hours in the absence of
thimerosal or MeHgCI and stained with RT97. Thdscelere brightly stained for
phosphorylated NFH in certain areas of the cellybadd long stained axon-like
processes extending from the cell body. Exposu®tqiM thimerosal (Figure 4.2.9
b) strengthened the intensity of the staining md¢kll body. At this concentration the
cells did not exhibit significant staining long neurites. There was one extremely
stunted outgrowth visible indicated by the yellowos. Incubation with 1 uM
thimerosal (Figure 4.2.9c) dramatically reduced tfgble staining within the cells
and prevented staining of the axon-like processksigCl exposure caused patchy
staining within the cell body at 0.1 uM (Figure £.2l). The cells produced a number
of axon-like processes that were brightly stainedpghosphorylated NFH and there
was also evidence of aggregate staining withincetle body. Figure 4.2.9 e shows
cells exposed to 1 uM MeHgCI, which inhibited axpoduction and staining within
the cell body was patchy with areas of intensenstgi where the antibody has
accumulated. The images are representative of ta@rntrends seen with three

separate experiments.

The densitometric analysis contained in Figurel®.4hows that 0.1 puM thimerosal
had no effect on band intensity at 4 or 24 hours p56748 and 0.09833 for 4 and 24
hours respectively). However exposure to 1 uM thosal caused a significant
reduction of approximately 30 % compared to thetrmbrat both 4 hours and 24
hours. The average densitometric absorbance obtdime the reactivity of the
antibody with control extracts for both 4 and 24 sw8.76851 and 0.89413
respectively. Exposure to 0.1 uM MeHgCI caused @aprately a 35-38 % reduction
in antibody reactivity. Statistical analysis confed significance from the control (p =
0.04542 and 0.01784 for 4 and 24 hours respecjivelyposure to 1 uM MeHgCI
caused a 30 % reduction in band intensity afteodrrand a 35 % reduction after 24
hours. A 2 way ANOVA test indicated that there svero significant differences
between the 4 and 24 hour data (p = 0.95674).
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Figure 4.2.9: Immunofluorescence images of N2ascsliained with the anti-
phosphorylated NFH antibody RT97

N2a cells were induced to differentiate for 24 woiarthe absence (a) or presence (b-e) of 0.1
UM (b) and 1 uM (c) thimerosal and 0.1 uM (d) angdM (e) methylmercury chloride. The
cells were stained with RT97, an anti-phosphordai&H antibody as described in Methods
(n=3).
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Figure 4.2.11 (a) shows N2a cells differentiatedthe absence of thimerosal or
MeHgCI. The cells were brightly stained with SMI iBdboth the cell body and within
the long neurites. The image showed a number @f éxon-like processes (indicated
by green arrows) that had a greater intensity ahstg than the majority of the cell
bodies. There were also visible patches of verghtly stained areas within the cell
body, highlighting areas that have a greater le¥gdhosphorylated NFH (indicated
by blue arrows). The cells in Figure 4.2.11 (b) @vexposed to 0.1 uM thimerosal for
24 hours. There was less neurite staining in Figu?2ell (b) when compared to the
control Figure 4.2.11 (a). The cell body also hamrenintense spots of fluorescence
spread over the whole of the cell body insteachefdatches seen in Figure 4.2.11 (a).
Figure 4.2.11 (c) shows cells exposed to 1 uM thased for 24 hours. There was
only 1 visibly stained short neurite and there weneumber of weakly stained cells
that appeared to be fragmenting. In addition thegee some intensely stained cells.
Figure 4.2.11 (d) shows cells exposed to 0.1 uM §teHor 24 hours. The axon-like
processes in this image were malformed with cluofgiorescence along the length
of axon-like process. Within the cell body therereavemall areas of intense staining
distinct from those in cells exposed to 0.1 uM thiosal. Figure 4.2.11 (e) shows
cells exposed to 1 uM MeHgCI for 24 hours. Thereen® visible neurites and the

cells were weakly stained barring some bright areas
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Figure 4.2.10: Western blots of lysates from théetentiated neuronal N2a cell line
following exposure to either thimerosal and methgdoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 difutiof the SMI 34 anti-
phosphorylated NFH antibody. Quantification of @r&ibody reactivity was carried
out using AIDA software.

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
thimerosal and MeHgCI as indicated, then sepadaye8DS PAGE and Western blotting as
described in Methods. Untreated cell extracts iagécated on the western blots by 0 and PS
indicates the protein standards. Data represeras teeels of antibody reactivity, expressed
as a percentage of the corresponding contr@EM (n = 6). Asterisks indicate statistical
significance of difference from the control (* plwe <0.05). Statistical analysis was carried
out using a 2 way ANOVA test, followed by post HBanferroni’s correction for pair wise
multiple analysis.
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Figure 4.2.11: Immunofluorescence images of N2dscslained with the anti-

phosphorylated NFH antibody SMI 34

N2a cells were induced to differentiate for 24 lsomrthe absence (a) or presence (b-e) of 0.1
UM (b) and uM (c) thimerosal and 0.1 uM (d) anduM (e) methylmercury chloride. The
cells were stained with SMI 34, an anti-phosphdedaNFH antibody as described in
Methods (n = 3).
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4.3 Discussion

The reduction in neurite outgrowth caused by expodo the organic mercury
compounds, thimerosal and MeHgCI indicated thaseéh&vo compounds had a
detrimental effect upon the production of cellujanocesses by some unknown
mechanism (Chapter 3). This chapter aimed to déterrwhether this unknown
mechanism of inhibition was due to the ability lointerosal and MeHgClI to interfere
with cytoskeletal proteins, a major component ahhihe processes produced by C6
cells and N2a cells.

Previous studies have determined iti@tbation with 5 uM MeHgCI for 3
hours causes the complete disappearance of miciesibn mouse glioma cells and
rat pheochromocytoma cells (Miura & Imura, 1989uhdiet al., 1999). Experiments
in this chapter determined that lower concentration0.1 and 1 uM of both MeHgCl
and thimerosal caused disruption of the microtuméevork in N2a and C6 cells
without its complete disintegration.

Western blots of C6 cells probed vatitibodies against totattubulin and
tyrosinateda-tubulin have shown that after 4 hours there washenge in the levels
of total a-tubulin (see Figure 4.1.1 (a) and 4.1.2), or tyrateda-tubulin (see Figure
and 4.1.5). After exposing C6 cells to the organgrcury compounds for 24 hours
western blot analysis indicated that there wasdaatgon in the levels of both total
(see Figure 4.1.1 (b) and 4.1.2) and tyrosinatédbulin (see Figures 4.1.4 (b) and
4.1.5.). Normally the levels of totattubulin would not change as the tubulin subunits
are constantly being replenished to keep the pbahpolymerised tubulin the same.
However polymerisation of MTs does not occur if t&eels of free tubulin drops too
low (Hargreaves, 1997). The observed decreaseaitividy with antibodies against
both total (B512) and tyrosinated (T1AZ)}tubulin indicated that there may be
proteolytic degradation or reduced synthesis ofilintat the later time point.

Confocal microscope images of cellsubated with anti-totadi-tubulin, anti
tyrosinateda-tubulin and the appropriate secondary antibody wifluorescent label
(see Figures 4.1.3 and 4.1.6) confirmed the digmaten of microtubules. The
microtubule arrays within the cells treated withinterosal and methylmercury
chloride appear very different from the controls.untreated cells the microtubule
network was clearly visible within the cell bodydatine processes extending out from

it. When exposed to thimerosal or methylmercurpite there were less defined and
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organised microtubule arrays. The disruption of M& network became more
marked as the concentration of the compound ineteds C6 cells, the levels of both
tyrosinateda-tubulin and totaki-tubulin were reduced after exposure to the organic
mercury compounds. It would appear that tyrosin&tdd were more susceptible to
thimerosal, as the disruption of tyrosinated tubweemed more apparent in the
confocal images shown in Figure 4.1.6 (b and c).iltependent study by Sager
al., (1983) found similar disruption of the microtubuhetwork after 22 hours of
exposure to 0.2 UM MeHg in fibroblast cells. Uniorately, in the work presented in
this thesis, confocal images could only be obtaiaker 24 hours of differentiation.
The cells differentiated more slowly on the slidsgd for confocal imaging and after
the 4 hour time point very few processes had dgeslo

The levels of-tubulin remained unchanged from the control levatisA
hours. As witha-tubulin, the levels of reactivity with the artitubulin antibody
decreased after 24 hours of exposure to both ctratciems of MeHgCl and LM
thimerosal (Figure 4.2.5). The levels @itubulin should remain unchanged @s
tubulin subunits are constantly synthesised to kbkeppool of unpolymerised tubulin
consistent. Thus the reduction in the levels oalt@ttubulin at 24 hours may be
caused by a proteolytic event that is targetingniierotubule network or the organic
mercury compounds are affecting tubulin synthdResactivity with the antp-tubulin
antibody TUB 2.1 was less sensitive to thimerosal leHgCI exposure than that of
the antie tubulin antibodies used in this thesis as lessiggoh in reactivity was
observed with the3-tubulin at 24 hours. The difference antibody reatgt could
indicate sensitivity differences in the two subtsror it could reflect a less sensitive
anti-B-tubulin antibody as the background on the 8riitoulin blots was higher.
Reactivity with the Tub 2.1 antibody was not asaclas the aniitubulin antibody
B512.

As with C6 cells, total andp-tubulin levels in N2a cells were not significantly
altered after 4 hours exposure to both organic wmgrcompounds. However,
tyrosinatedu-tubulin levels were significantly reduced whenls&ere treated with 1
KM thimerosal and both concentrations of MeHgCle Tdetyrosination of the-
tubulin subunit, along with various other post-gi@ational modifications, is a
mechanism by which microtubules resist depolym&deaand achieve stability.
Tyrosinated tubulin is associated with labile mtakwules (Graffet al., 1997) and the
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changes in tubulin tyrosination may indicate thag¢ tmercury compounds affect
microtubule dynamics at the earlier time point. #acge in the tyrosination state of
o-tubulin has also been recognised in an animal in@dleida et al., 1997). These
workers found that the levels of tyrosinatetubulin were reduced in rats exposed to
10 mg/kg methylmercury per day. The observatiort tha tyrosination state of
microtubules remained unaltered in the glial deklat 4 hours, indicates that altered
tubulin tyrosination may represent an early neurapeecific marker for toxicity.
Confocal images of N2a cells stained for total gymdsinatedu-tubulin confirmed the
reduction of tubulin levels determined by westetot kanalysis (Figure 4.2.12).
(Hunter & Brown, 2000) also found that 2 hours esqoe to 1 uM MeHgCI almost
completely disrupted the-tubulin network in mouse neuronal P19 cells.

Tyrosinated-tubulin is more sensitive to the effects of thahemetals than
total a-tubulin (see Figure 4.2.15). Cells treated with @M thimerosal have weaker
staining within the axons and the cell bodies. Sainthe axonal microtubule were
fragmented, an effect that was not highlighted bg total a-tubulin antibody.
Tyrosinated microtubules have been found to bertbst susceptible form of MTs to
the effects of MeHQgCI (Grakét al., 1993; Graffet al., 1997). For example, exposure
to 2 uM MeHgCI for 1 hour caused an almost comptitguption of tyrosinated
MTs, while detyrosinated microtubules were lesse@##d. The difference in
incubation conditions probably accounts for thehbkig concentration needed to
disrupt microtubules than which was determinedtby investigation. However, the
detrimental effect of MeHgCI upon the microtubuletwork was noted in both
investigations.

In N2a cells the levels @ktubulin remained unaffected after 4 hours of
exposure to both concentrations of thimerosal aetHyCl (Figure 4.2.10). After 24
hoursp-tubulin levels were not significantly altered bypesure to 0.1 uM thimerosal
or MeHgCI but they were significantly reduced by thigher concentrations of both
organic mercury compounds (Figure 4.2.10). Theléeg€o andp-tubulin should be
equal as they have equal distribution within thecrotubule structure. However
densitometric analysis of western blots probed \aitii-o and p-tubulin antibodies
indicated that the two sub-units were not reducedhe same extent by MeHgCI

treatment. Theu-tubulin sub-unit was more susceptible to MeHgCltlmmerosal
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exposure. The difference betweemndp-tubulin could be caused by the differences
in the sub-units’ sensitivities or the lesser redtgtof the B-tubulin antibody.
Wasteneyat al., (1988) found that treatment with MeHg for up tdh@urs
caused a time and concentration dependant disakseshbMTs in embryonal
carcinoma cells. Using immunofluorescence theyadisted that concentrations of
0.1 uM had no effect on microtubules. Exposure gdMLcaused what they classed as
slight disruption; in that the staining pattern etved was less intense than with
untreated cells. Western blots using anti-tatahdp-tubulin antibodies did not agree
with this finding, as only tyrosinatedttubulin was affected after 4 hours. However,
as the study by Wastenews al., (1988) used immunofluorescence staining, it is
possible that despite the slight disruption inrstegy of the microtubule network, the

absolute levels of tubulin were unaltered.

Heavy Metal N2a cells C6 Cells
ConcentrationyM) | 4 hours 24 hours | 4 hours 24 hours
0.1uM Thimerosal 1:1 1:1 1:1 1:1

1 uM Thimerosal 0.4:1 1.6:1 0.8:1 2:1
0.1uM MeHgCl 0.5:1 1:1 0.8:1 0.8:1

1 uM MeHgCl 0.4:1 11 11 151

Table 4.1: Table o#i-tubulin tyrosination to totak-tubulin ratios for N2a and C6 cell
lysates.

Table 4.1 shows the ratio of tyrosinatetubulin to totala-tubulin in N2a and C6 cell
extracts treated with thimerosal and MeHgCI forntl 24 hours. The ratios were
obtained from the densitometric data containedhiapter 4. The tyrosination ratios
were calculated for each individual extract usimg ¢quation:

% relative to control tyrosinategtubulin

% relative to control total-tubulin

The ratios were then averaged for each metal coratiem and time point. The ratios
enable a direct quantifiable comparison to be nadmbeit the changes in the levels of
tyrosination.

The ratio of tyrosination confirms that at 4 houvesluced levels of tyrosinated
tubulin is restricted to N2a cells at the highemmiérosal concentration and both

concentrations of MeHgCI. After 24 hours the highmncentrations of both
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compounds actually increased the ratio of tyrosihattubulin to totala-tubulin in
C6 cells. Western blotting showed that levels d¢dlta-tubulin were reduced. In N2a
cells there is no difference in the ratio with QUM thimerosal exposure and both
concentrations of MeHgCI but with 1 uM thimerodaé tratio shows that levels of
tyrosinatedu-tubulin is higher than total-tubulin. This may highlight a difference in
the way thimerosal disrupts the microtubule networthe cell lines.

In addition to microtubules, N2alls also contain the neuron specific
class of intermediate filaments called neurofilategiFs). The neurofilament heavy
chain (NFH) is the most phosphorylated of the thkfes and is important in the

stabilisation and growth of the axon.

Heavy Metal 4 hours 24 hours

Concentration (LM)

0.1 uM Thimerosal 11 11
1 uM Thimerosal 0.4:1 1.5:1
0.1 uM MeHgCl 0.3:1 1:1
1 uM MeHgClI 0.3:1 1:1

4.2: Table of NF-H phosphorylation to total NF-Hioa for N2a cell lysates

Table 4.2 showshe ratio of phosphorylated NFH to total NFH ind\@xtracts treated
with thimerosal and MeHgCI for 4 and 24 hours. Tatos were obtained from the
densitometric data contained in chapter 4. Theosatvere calculated for each
individual extract using the equation:

% relative to control Phosphorylated NFH

% relative to corresponding control total NFH

The ratios were then averaged for each metal coratem and time point. The ratios
enable a direct quantifiable comparison to be nadmbeit the changes in the levels of
NFH phosphorylation.

The ratio of Phosphorylated NFH to total NEbhfirms that with exposure to
organic mercury compounds the level of phosphoedl@aiFH was either less than or
equal to total NFH. Only exposure to 1 pM thimetaszually gave a ratio where
phosphorylated NFH was greater than total NFH citedi that the effect on NFs was

dependant upon the type and concentration of thalme
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The levels of total NFH remaimsliered after 4 hours of incubation with
thimerosal and MeHgCI (Figure 4.2.10), which in egnent with the study by
Funchalet al., (2006). The levels of phosphorylated NFH (Figutes13, and 4.2.16)
were significantly reduced after 4 hours of incutratwith 1 uM thimerosal and
exposure to MeHgCI significantly reduced levelspbbsphorylated NFH at both 0.1
and 1 uM. Two different neurofilament antibodiesreveised and gave a virtually
identical result. The two phosphorylated NF-H amtiles (RT97 and SMI34)
recognise different epitopes on the NFH chain, dmth indicated a change in NFH
stability. The phosphorylation of NFH is associatgth the maturity and stability of
the axon (Williamson, 1996). Since the axon hakelprotein synthesis machinery,
these NF are synthesized in the cell bodies andspesnbled as insoluble hetero-
oligomers and/or short filaments they are trangubrnhto and through axons by
axonal transport. As stable synapses are estattlidheng postnatal development,
neurofilaments accumulate in axons, which are apemed by extensive
phosphorylation on the carboxyl terminal tail donsaiof both NFH and NFM
subunits and increased radial growth of axons. fpthmylation at serine residues of
multiple KSP repeat motifs along these tail domammediated by several proline-
directed protein kinases (Ray al., 2000). The reduction NFH phosphorylation is
indicative of the breakdown of NFH stability andishaxon stability. After 24 hours
exposure to thimerosal and MeHgCI the levels diitbiFH were reduced with both
compounds and at both concentrations. As with tobitl seems that proteolysis is
occurring after 24 hours of exposure time and,ak BIF-H and tubulin are affected
by this event, it appears that it may be targetiregcytoskeleton in general.

Confocal images of cells stained wititi-total and phosphorylated NF-H
antibodies confirm that the cytoskeletal proteircdmees more degraded as the
concentration of thimerosal and MeHQgCI increaseseBmanet al., (1997) found
that 2 uM MeHg altered the length of axons aftéo8rs of incubation. Presumably
the axon shortening would have been accompanieddinange in NF levels but since
the study only used a light microscope to view catirphology this could not be
confirmed. The slightly lower concentration fourtddffect neurite outgrowth in the
present study could be due to a longer incubatme &nd the different cell line used.

The cytoskeleton of both N2a and CBscare equally vulnerable to the
effects of the organic mercury compounds used a#tdnours of exposure. After just

4 hours of thimerosal and MeHgCI treatment thegntg of the neuronal and glial
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cell cytoskeleton was compromised but there weresigoificant changes in the
tyrosination ofa-tubulin in C6 cells. This indicates that glialllsemay be slightly
more resistant than N2a cells or that the mechawsorganic mercury compound
toxicity may be different in glial cells. Sager §\&rsen, (1984) looked at the effects
of MeHg on microtubule disassembly in neuronaklglind fibroblast cells and found
no differences in the MT staining of the three £éjlpes at concentrations of 5 uM.
At lower concentrations of 1 uM the MT network d¢fetneuronal cell was more
sensitive. Kimet al., (2002) found that exposure to 201 thimerosal for 1 hour
produced changes in the cytoskeleton. Images & s¢hined for f-actin showed
reduced levels of actin fibres in serum starved ddetlls, indicting that the disruption
of the cytoskeleton occurs in all three of the maetwork types, NFs, microtubules
and microfilaments.

The regulation of cytoskeletal pnogeis controlled by various signalling
pathways. The next stage in the investigation thimerosal and methylmercury was
to determine what effect the compounds had uponVA@K signalling pathways.
ERK1/2 is known to regulate the cell cycle and Jahd P38 are important in stress
responses (Robinson & Cobb, 1997). Furthermore, ERKias a role in neurite
outgrowth and neurofilament phosphorylation (Veaesgt al., 1998), both of which
have been shown to be altered during exposuregemar mercury compounds.
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Chapter 5: Effects of organic mercury compoundsceh signalling pathways in

differentiating N2a and C6 cells

Introduction

Previous chapters demonstrated that eafhiadl concentrations of both
thimerosal and MeHQCI had an inhibitory effect osunte formation. Chapter 4
indicated that the inhibition was associated witbruption of microtubules and
neurofilaments. Due to the changes highlighted bestern blotting and
immunofluorescence staining, it was decided to stigate cellular signalling
mechanisms that are known to be linked with theskgleton.

The cytoskeletal protein-tubulin comprises 450 amino acid residues. The
sequence contains areas abundant in serine andnitmee residues targeted by
activated ERK1/2. The COOH region of 66 residues devoid of asparagine,
glutamine, threonine, cysteine, proline, and isolee, and the last 40 positions have
47 % acidic side chains, 16 glutamic and threeréispaendering this segment one of
the most acidic part of the protein (Ponstieighl., 1981). The NFH protein contains a
region that has repeats of the motif lysine-sepr@ine (KSP repeats). It is in this
KSP region that the filament is phosphorylated byious kinases including ERK1/2
(Ackerleyet al., 2003).

The mitogen-activated protein kinase alljmg cascades have roles in various
cellular functions. They are serine/threonine kasathat are ubiquitous enzymes of
signalling pathways. They are activated via re\desphosphorylation and are vital in
connecting cell surface receptors to intracellui@rgets (Kaminska, 2005). The
MAPK family consists of three main groups, the axtellular signal related protein
kinase (ERK 1/2), the stress activated proteinsasa SAPK) p38, and the SAPK, c-
jun N-terminal kinases (JNK). Each MAPK is activhtby a specific mitogen
activated protein kinase kinase (MAPKK), MEK1/2 ieates ERK1/2. ERK1/2 has
roles in cell cycle progression (Robinson & Cob®97) and cytoskeletal organisation
(Reszkaet al., 1995). The ERK1/2 signalling pathway is also knaw be important
in neurite outgrowth and NFH phosphorylation (Veer@et al., 1998), whereas JNK
and p38 are stress activated kinases (Watrad., 1998). Activated ERK1/2 targets

cytoskeletal proteins for phosphorylation such agsNand Tau. ERK also
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phosphorylates m-calpain at Ser50 bwothvitro andin vivo even in the absence of
millimolar concentrationsf C&* (Gladinget al., 2001).

Previous studies have shown that heavglsiean affect the MAPK signalling
pathway. Exposure to mercury has been to showrotio increase the activation of
JNK (Matsuokaet al., 1999) and not alter the activation of the pathWRsrnes &
Kircher, 2005). Mercury exposure has been shownntwease ERK activation
initially after 2.5 minutes of exposure to methyhowgy then cause levels to decrease
(Parranet al., 2004).

Activated ERK1/2 targets serine and thnreemesidues for phosphorylation so it
was of interest to the investigation to determinbetlier changes in ERK1/2
activation were accompanied by changes in subspiadsphorylation levels in the
neuronal and glial cell lines. It was anticipatéattthat these blots may highlight
changes in protein phosphorylation in addition ke tdecreases seen in NFH

phosphorylation, which could then be investigatechore depth.

Methods
N2a and C6 cells were differentiated 4 and 24 hours in 0.1 and 1 uM

thimerosal and MeHgCI. Each incubation time hadgasate control of differentiated
cells untreated with the organic mercury compouiMsthods section 2.2.10). The
cells were extracted in boiling 0.5 % SDS in TBS &rsed by a further 5 minutes of
boiling. Lysed cell extracts were diluted in x2 centrated Laemmli electrophoresis
sample buffer (see Methods section 2.2.12 for fJetaid loaded on to 10 %
acrylamide gel at a protein concentration of 30 uM.

Levels of total ERK1/2, phosphorylateBK total JNK and phosphorylated
JNK were investigated using western blots of N2d @6 cell lysates probed with
antibodies against total ERK1/2 (K-23), phosphdsdaERK (E-4), total JNK (D-2)
and phosphorylated JNK (G-7). All antibodies werellvestablished in the lab as
effective with the cell lines used. In additione tlevels of phosphorylated serine and
threonine levels were also investigated by wedbéstiing analysis. Antibodies raised
against phosphorylated serine (PSR-45) and phoglabed threonine (PTR-8) were
used to probe the western blots to determine whétledevels of the phosphorylation
states indicate other protein kinase substrates akered. All secondary antibodies
were tested for non specific binding using a namary control western blot. The

resultant western blots were then probed with titbadies indicated and the reactive
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bands were scanned densitometrically using AIDAvsarfe. Each experiment was
repeated at least 5 times with separate cell estrache number of times the
experiment was carried out on individual cell egtsawas indicated in the figure
legend by n = x. Data represent mean levels obadti reactivity, expressed as a
percentage of the corresponding contréBEM. Statistical test used was initially a 2
way ANOVA to highlight significance differences dose and time data sets. Post hoc
Bonferroni’s correction for pair wise analysis wased to establish significance
between individual doses and times. Asterisks mtdicstatistical significance of
differences from the control (* p value <0.05). Thata shown is the average
densitometric value for 6 western blots creatednfrb gels of independent cell
extracts. The lane on the blot labelled O is th&rod extract with no added metal. For
the thimerosal treated corresponding control gatistilled water was added at the
same volume as the metal in the treated cells atidMeHgCl DMSO was added at
the same volume as with the treated cells as thdg@é&was dissolved in DMSO due

to poor solubility in distilled water.

5.1: The effect of thimerosal and methylmercuryodlle on the levels and activation
of ERK1/2 in C6 cells

The densitometric analysis in figure 5.1.1 confidtieat, after 4 hours of incubation
with thimerosal and MeHgCI there was no changéhednti-total ERK1/2 antibody
reactivity with C6 cell lysates. The average demsétric absorbance obtained from
the control was 0.823034 for cell lysates probethvRK1/2 and 0.827393 for
phosphorylated ERK1/2. Statistical analysis usirijveay ANOVA test and post hoc
Bonferroni’s test confirmed that there were no gigant changes when compared the
control (p ranged from 0.06944-0.4180). Howeveerehwas a 45-65 % increase in
the reactivity of the anti-phosphorylated ERK aatlp with cells exposed to 0.1 and
1 uM thimerosal respectively. A 2 way ANOVA confieeh that the increase was
statistically significant (p = 0.04678 and 0.02980 0.1 and 1 puM respectively). In
contrast exposure to MeHgCIl significantly decreasmatibody reactivity by
approximately 25-30 % (p<0.05). Statistical anaysbnfirmed that there were
significant differences between the effects seed hAburs and those seen after 24

hours (Figure 5.1.2) of incubation.
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Figure 5.1.1: Western blots and densitometric amlpf lysed C6 cell extracts
exposed to thimerosal and MeHgCI for 4 hours. Tiwgins were visualised with a
1/1000 dilution of an anti-ERK1/2 and phosphorytatERK1/2 antibody and
compared with the corresponding control that waseated with the organic mercury

compounds.

C6 cells were induced to differentiate for 4 hourshe presence and absence of thimerosal
and MeHgCl as indicated, then separated by SDS PaéE~restern blotting as described in
Methods section 2.2.10-12. Data represent meaislefentibody reactivity, expressed as a
percentage of the corresponding controlSEM (n = 6). Asterisks indicate statistical
significance of differences from the control (* plwe <0.05). Statistical significance was
determined using a 2 way ANOVA test, followed byspboc Bonferroni’'s correction for pair
wise multiple analysis
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After 24 hours of exposure to thimerosal and MeHg@&re was no significant
(p<0.05) change in the reactivity of the anti- ERKantibody with C6 cell lysates
(Figure 5.1.2). The average control absorbanceirsdatafrom densitometry of the
phosphorylated ERK western blots was 0.946631 aneéxtracts exposed to 0.1 pM
thimerosal 0.543821. After 24 hours the reactivfythe anti-phosphorylated ERK
antibody was significantly reduced by 45-50 % wihposure to thimerosal.
Statistical analysis confirmed the difference frahe control as significant (p =
0.03414). Exposure to 0.1 uM and 1 uM MeHgCI sigaiitly reduced (p< 0.05) the
binding of the anti-phosphorylated ERK antibody asound 38 % and 40 %,
respectively. A statistical comparison of the 4g(fe 5.1.1) and 24 hour data
indicated that there was a significant time compona the reactivity of the

phosphorylated ERK1/2 antibody with exposure tchbmincentrations of thimerosal
(p = 0.03428 and 0.02369 for 0.1 and 1 uM respelgtiy but not with exposure to
MeHgCl.
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Figure 5.1.2: Western blots and densitometric amlpf lysed C6 cell extracts
exposed to thimerosal and MeHgCI for 24 hours. pgiueeins were visualised with a
1/1000 dilution of an anti-ERK1/2 and phosphorytatERK1/2 antibody and
compared with the corresponding control that waseatted with the organic mercury
compounds.

C6 cells were induced to differentiate for 24 hauarthe presence and absence of thimerosal
and MeHgCl as indicated, then separated by SDS Pa@Ewvestern blotting as described in
Methods section 2.2-10-12. Data represent meanslefentibody reactivity, expressed as a
percentage of the corresponding controlSEM (n = 6). Asterisks indicate statistical
significance of differences from the control (* plwe <0.05). Statistical significance was
determined using a 2 way ANOVA test, followed byspboc Bonferroni’'s correction for pair
wise multiple analysis.
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5.2: The effect of thimerosal and methylmercurydhle on ERK and phosphorylated
ERK in N2a cells

After 4 hours there were no significant changeshm levels of bound anti-ERK1/2
antibody to the N2a cell lysates with either thiosad or MeHgCI (Figure 5.2.1).
Statistical analysis using a 2 way ANOVA and past Bonferroni’s test showed p to
be in the range of 0.05446-0.92251. The averagsitdemetric absorbance obtained
for cells extracts probed with the anti-ERK1/2 batly was 0.729491 at 4 hours and
0.945816 with the western blot of the 24 hour dédfeaiated cells. By contrast,
exposure to both concentrations of thimerosal amHyC| caused approximately a
40 % decrease in the reactivity of the anti-phosglhted ERK antibody, which was
statistically significant (p = 0.015529-0.043316).

Figure 5.2.2 shows that after 24 hours there wersignificant changes in the levels
of bound anti-total ERK1/2 antibody to the NZ2a clgitates treated with either
thimerosal or MeHgCI (p = 0.744719).. Densitometialysis of the western blots
gave an average absorbance of 0.773096 for theotaels reacted with the anti-
phosphorylated ERK1/2 antibody and 0.438926 foraex$ exposed to 0.1 uM
thimerosal. After 24 hours exposure to 0.1 uM thimseal the anti-phosphorylated
ERK reactivity was significantly reduced by 45 %=®.003425). Exposure to 1 uM
thimerosal caused also caused around a 48 % deciraantibody reactivity.
Exposure to MeHgCI significantly reduced the intgnsf the anti-phosphorylated
ERK antibody by 38-50 % (p = 0.03528 and 0.262810f@ and 1 uM respectively).
A statistical comparison of the 4 and 24 hour ddtawed that there were significant
differences between both compounds and concentgaf= 0.19567-0.38461).

136



Anti-total ERK1/2 Anti-phosphoERK1/2

ERK 1 (44 kD . 3 —— R 4
ERK 2 (42 kD . . - : e
0.1 1 0 10 1

Antibody 100 7
Reactivity 80 -

0 0 0.1 1 0 10

Thimerosal MeHgCl Thimerosal MeHgCl

1) 1)

140 +
120 -

B Anti-total ERK

(% of 60 - * * '
control) O Anti-phos ERK
40
20 ~
0 _
0.1 1 0.1 1
Thimerosal eNgCl
ConcentratiqriV)

Figure 5.2.1: Western blots and densitometric amslpf lysed N2a cell extracts
exposed to thimerosal and MeHgCI for 4 hours. Tiogins were visualised with a
1/1000 dilution of an anti-ERK1/2 and phosphorydatERK1/2 antibody and
compared with the corresponding control that waseated with the organic mercury

compounds.

NZ2a cells were induced to differentiate for 4 hauarghe presence and absence of thimerosal
and MeHgCl as indicated, then separated by SDS Pa@Ewvestern blotting as described in
Methods section 2.2.10-12. Data represents meafsleV antibody reactivity, expressed as a
percentage of the corresponding controlSEM (n = 5). Asterisks indicate statistical
significance of difference from the control (* plwa <0.05). Statistical significance was
determined using a 2 way ANOVA test, followed byspboc Bonferroni’'s correction for pair
wise multiple analysis.
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Figure 5.2.2: Western blots and densitometric amlpf lysed N2a cell extracts
exposed to thimerosal and MeHgCI for 24 hours. pitmeeins were visualised with a
1/1000 dilution of an anti-ERK1/2 and phosphorytatERK1/2 antibody and
compared with the corresponding control that waseatted with the organic mercury

compounds.

NZ2a cells were induced to differentiate for 24 lsoarthe presence and absence of thimerosal
and MeHgCl as indicated, then separated by SDS Pa&@Ewvestern blotting as described in
Methods section 2.2.10-12. Data represents meatsle¥ antibody reactivity, expressed as a
percentage of the corresponding controlSEM (n = 5). Asterisks indicate statistical
significance of difference from the control (* plwa <0.05). Statistical significance was
determined using a 2 way ANOVA test, followed byspboc Bonferroni’'s correction for pair
wise multiple analysis.
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5.3: Effects of thimerosal and methylmercury chderi on the levels of

phosphorylation in serine and threonine residues

Figure 5.3.1 shows that there was a complex patbérreactivity reflecting the
multitude of proteins with serine residues thatldquotentially be phosphorylated by
activated ERK. The cell extracts exposed to 1 pivhénosal appears to have caused a
reduction in antibody reactivity. However statiati@analysis did not highlight the
reduction as significant (p = 0.06692 and 0.148264f and 24 hours respectively).
There were changes in the pattern of reactivitthefphosphorylated serine antibody
with C6 cells differentiated for 4 and 24 hourstekf24 hours of differentiation the
highest molecular weight band of 230 kD evidentha 4 hour incubation was no
longer visible the highest molecular weight proteias 100 kD. The 80 kD band
visible at 4 hours was not evident after 24 hodiisa@ubation and there were bands of
74 and 60 kD that were not there after 4 hours. él@wn, there were no obvious or
consistent differences in reactivity between thatad and the organic mercury
treated cells for individual time points or treatitee The pattern was considered too

complex to perform detailed quantitative analysis.
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Figure 5.3.1: Western blots of lysates from thefedéntiated glial C6 cell line
following exposure to either thimerosal and methgdoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditutiof the PSR-45 anti-
phosphorylated serine antibody. Quantificationhef &intibody reactivity was carried
out using AIDA software.

C6 cells were induced to differentiate for 4 (ajl @4 (b) hours in the presence and absence
of thimerosal and MeHgCI as indicated and extrastse separated by SDS PAGE and
western blotted as described in Methods sectiori2.Z'he blots were probed with an anti-
phosphorylated serine residue antibody. Molecuksiglt markers are in lane S.

Heavy metal Molecular weight of band (kD)
concentration
(HM) 230 100 80 70 25
0.1puM thimerosal | 99+25.1 9949.2 10523.1 12494.9 10448.5
1 uM thimerosal 78+27.1 8944.1 10422.4 9948.9 9824.3
0.1 uM MeHgClI 137+12.6 9629.2 113475 12345.3 9649.8
1 uM MeHgCI 94423.0 10326.7 8382.3 10581.7 10744.0

Table 5.3.1: Densitometric analysis of the effedtshimerosal and MeHgCI on the
levels of phosphorylated serine in C6 cells diffetigted for 4 hours.

C6 cells were induced to differentiate for 24 hoarghe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods section 2.2.10-12. Data represents r@aals of antibody reactivity, expressed
as a percentage of the corresponding cont®EM.
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Heavy metal Molecular weight of band (kD)
concentration
(LM)

100 74 70 60 25 15 10
0.1uM 103+#18.0 | 10423.5 | 9849.0 12383.3 | 12642.3 | 10523.6 | 108£9.6
thimerosal
1 uM thimerosal | 123+13.1 | 8648.2 97°1.1 10547.6 | 13548.6 | 103#42.4 | 9780.3
0.1 uM MeHgCl | 106428.4 | 12381.8 | 104-80.1 | 8749.1 9548.5 114925 | 12247.9
1 puM MeHgClI 9821.2 10442.6 | 12340.9 | 13920.1 | 9848.9 10324.1 | 11049.1

Table 5.3.2: Densitometric analysis of the effedftshimerosal and MeHgCI on the

levels of phosphorylated serine in C6 cells diffeie@ed for 24 hours

C6 cells were induced to differentiate for 4 hourshe presence and absence of thimerosal

and methylmercury chloride, then separated by SBGEFPand western blotting as described
in Methods section 2.2.10-12. Data represents nwagls of antibody reactivity, expressed

as a percentage of the corresponding cont®EM.

Tables 5.3.1 and 2 shows that there was no chanigenid intensity at any molecular

weight with C6 cell extracts incubated with theamig mercury compound for 4 and
24 hours (p = 0.0798 and 0.5621 for 4 and 24 hassectively).
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Figure 5.3.2: Western blots of lysates from thefedé@ntiated glial C6 cell line
following exposure to either thimerosal and methgidoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 difutiof the PTR-8 anti-
phosphorylated threonine antibody. Quantificatidntlee antibody reactivity was
carried out using AIDA software.

C6 cells were induced to differentiate for 4 andhrs in the presence and absence of
thimerosal and MeHgCI as indicated and extracteweparated by SDS PAGE and western
blotted as described in Methods section 2.2.12. Bles were probed with an anti-
phosphorylated threonine antibody for 4 hours (@)l 24 hours (b). Molecular weight
markers are in lane S.

Figure 5.3.2 shows that, as with the phosphorylatedne antibody, probing the
western blot with an anti-phosphorylated threonimatibody produced a very
complicated pattern of reactivity. After incubatitite C6 cells with thimerosal and
MeHgCI for 4 hours, there were no statisticallynsfigant changes reactivity of the
antibody. The pattern of reactivity became lesmglex after 24 hours of treatment
with the organic mercury compounds. Some of thelbatsible at 4 hours incubation
were no longer visible after 24 hours, the 52, 839 and 150 kD bands were all
absent from the western blot of the 24 hours gesthtes. There were no significant
changes in the levels of reactivity after 4 or 2duis of exposure with either
compound. As with the phosphorylated serine wedbdoty quantification was only

carried out on the major bands.
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Heavy metal Molecular weight of band (kD)
concentration

(LM)

150 109 100 64 52 15 10

0.1uM thimerosal] 91%7.6 | 8749.7 10841.9 | 8994.8 | 92424 | 129483 13444.3

1 uM 124428.4 9442.6 8684.2 96R7.5 8348.7 12392.8 103R7.7
thimerosal

0.1 uM MeHgCl | 103#19.1 | 9120.6 9725.3 9549.1 8949.6 10581.6 11843.8

1 UM MeHgCl | 109+28.4 | 9743.9 | 9546.9 | 116293 | 95€9.1 | 10321.9 9595.9

Table 5.3.3: Densitometric analysis of the effedftshimerosal and MeHgCI on the
levels of phosphorylated threonine in C6 cellsad#htiated for 4 hours.

C6 cells were induced to differentiate for 4 hourshe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods section 2.2.10-12. Data represents r@aals of antibody reactivity, expressed
as a percentage of the corresponding cont®EM (n = 5).

Heavy metal concentration Molecular weight of band (kD)
(LM)
100 64 15 10
0.1uM thimerosal 9429.9 892.2 8748.1 108-80.3
1 uM thimerosal 102+26.2 10447.2 9848.5 133£8.6
0.1 pM MeHgCl 107+15.1 982.8 10247.1 11380.3
1 uM MeHgCl 115+25.8 86419.8 988.6 11997.1

Table 5.3.4: Densitometric analysis of the effedftshimerosal and MeHgCI on the
levels of phosphorylated threonine in C6 cellsatightiated for 24 hours

C6 cells were induced to differentiate for 24 hoarghe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods section 2.2.10-12. Data represents r@aals of antibody reactivity, expressed
as a percentage of the corresponding cont®EM (n = 5).

Tables 5.3.3 and 4 shows that there was no statligtisignificant change in band

intensity at any molecular weight with C6 cell extis incubated with the organic
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mercury compound for 4 and 24 hours (p = 06887 @Od@35 for 4 and 24 hours

respectively).

Figure 5.3.3 shows that after 4 (a) and 24 (b) s@frdifferentiation in the absence
and presence of the organic mercury compounds,atitephosphorylated serine
antibody reacted with numerous proteins of varyimglecular weight. The pattern of
reactivity did not alter after treatment with eitlibimerosal or MeHgCI after 4 or 24
hours of exposure. Statistical analysis of the glem®tric data showed that neither 4
nor 24 hours of exposure caused significant chafrges the control (p = 0.518329
and 0.802471 for 4 and 24 hours respectively). Hewéhe molecular weight of the
proteins recognised by the antibody changed wiéhdifferent differentiation times
(Table 3.3.3-4). After 24 hours of differentiatitime bands seen at 200 and 50 kD
after 4 hours of differentiation were no longeriblis. There were bands visible at 79
and 55 kD that were not seen with the western biteated from cell extracts
differentiated for 4 hours. As with C6 cells thdtpen of reactivity was considered to

complex to perform detailed quantification.
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Figure 5.3.3: Western blots of lysates from thdedéntiated neuronal N2a cell line
following exposure to either thimerosal and methgdoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditutiof the PSR-45 anti-
phosphorylated serine antibody. Quantificationhe &intibody reactivity was carried

out using AIDA software.

N2a cells were induced to differentiate for 4 (ajl 24 (b) hours in the presence and absence
of thimerosal and methylmercury chloride and extragere separated by SDS PAGE and
western blotted as described in Methods sectiori2.Z'he blots were probed with an anti-
phosphorylated serine residue antibody. Molecukiglt markers are in lane S.
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Heavy metal

Molecular weight of band (kD)

concentration

(HM)

200 150 100 90 65 50 25 15 10

0.1uM 96+16.4 | 9644.02| 11244.2| 9842.9 10448.8| 124209 | 10347.8| 10341.5| 7544.3
thimerosal
1uM 110+11.7 | 10446.9| 8644.4 | 95R2.2 | 9746.1 | 9548.2 12444.7| 87£8.1 | 87485
thimerosal
0.1 uM 91+18.4 | 10845.9| 104#9.2| 10644.1| 11144.3| 103£3.0| 10444.6 | 9448.8 | 9646.9
MeHgCl
1 uM MeHgCI| 8643.2 | 94#9.2 11287.6 | 11483.7 | 10996.4| 9244.6 115P1.5| 7442.6 | 104£0.7

Table 5.3.5: Densitometric analysis of the effeftshimerosal and MeHgCI on the

levels of phosphorylated serine in N2a cells défgrated for 4 hours

NZ2a cells were induced to differentiate for 4 hauarghe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods section 2.2.10-12. Data represents nwagls of antibody reactivity, expressed
as a percentage of the corresponding cont®EM (n = 5).

Heavy metal Molecular weight of band (kD)
concentration
(LM)
150 100 90 79 65 55 25 15 10
0.1uM 104+22.2 | 10445.5| 8846.2 | 10948.2| 9248.3 | 10581.3| 11728.2| 10227.3| 10242.8
thimerosal
1uM 102+12.0| 8945.2 | 9745.6 | 12342.1| 102®1.2| 11748.9| 10421.3| 11346.2| 10949.6
thimerosal
0.1 uM 115+21.8| 7849.5 | 103#42.3| 9846.4 | 114#8.5| 99#41.6 | 12285.9| 9829.4 | 9340.7
MeHgCl
1 uM 92+24.2 | 10846.6| 12043.6| 8847.0 | 12220.5| 90R2.2 | 9747.6 | 87855 | 1128.3
MeHgCl

Table 5.3.6: Densitometric analysis of the effedftshimerosal and MeHgCI on the

levels of phosphorylated threonine in N2a cell$eténtiated for 24 hours

N2a cells were induced to differentiate for 24 tsoiarthe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods section 2.2.10-12. Data represents r@aals of antibody reactivity, expressed
as a percentage of the corresponding cont®EM (n = 5).
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Tables 5.3.5 and 6 shows that there is no changatibody reactivity with C6 cell
lysates incubated with thimerosal and MeHgCI faartl 24 hours (p = 0.0688 and
0.1358 for 4 and 24 hours respectively).

a) b)

<4———150kD
110kD
e <——95kD

<4— 65kD
<4+——55kD

<4+—15kD

S 0 01 1 0 011 S0 011 0 01 1
Thimerosal MeHgCI Thimerosal MeHgCl

) HM)

Figure 5.3.4: Western blots of lysates from thdedéntiated neuronal N2a cell line
following exposure to either thimerosal and methgidoury chloride for 4 or 24 hours.
The proteins were visualised using a 1/1000 ditutiof the PTR-8 anti-

phosphorylated threonine antibody. Quantificatidntlee antibody reactivity was

carried out using AIDA software.

NZ2a cells were induced to differentiate for 4 (a§l 24 (b) hours in the presence and absence
of thimerosal and MeHgCI as indicated, and theaex$r were separated by SDS PAGE and
western blotted as described in Methods sectiori2.Z'he blots were probed with an anti-
phosphorylated threonine residue antibody. Moleontght markers are in lane S

Figure 5.3.4 indicates that that the reactivitytloé anti-phosphorylated threonine
antibody did not alter when cell extracts were equb to either thimerosal or
MeHgCI. As with the anti-phosphorylated serine lamdiy, the pattern of reactivity
appeared to change with the different differentiatiimes. The numbers of proteins
recognised by this antibody were not as numerouwits the anti-phosphorylated
serine antibody, but the pattern of reactivity wasl fairly complex. There no

significant reduction in antibody reactivity withk@osure to the organic mercury
compounds. Unlike the phosphorylated serine anyiibd molecular weights of the
phosphorylated proteins did not appear to changh the incubation times. The
images show evidence of a number of bands that earsidered too faint to obtain

accurate quantification.
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Heavy metal Molecular weight of band (kD)

concentration

(M) 100 64 52 15 10
0.1uM 101+23.1 | 11048.6| 9846.3 | 94455 | 10216.6
thimerosal

1 UM thimerosal| 108+18.3 | 9823.4 | 9649.5 | 96485 | 11846.3

0.1 uM MeHgCl| 117+19.3 | 103#3.6| 8947.4 | 10822.1| 9848.9

1pM MeHgCIl | 95+20.3 12940.8| 1116.3 | 11620.6| 10521.1

Table 5.3.7: Densitometric analysis of the effamft¢himerosal and methylmercury
chloride on the levels of phosphorylated threorimé&N2a cells differentiated for 4
hours

NZ2a cells were induced to differentiate for 4 hauarghe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods section 2.2.10-12. Data represents nwagls of antibody reactivity, expressed
as a percentage of the corresponding cont®EM (n = 5).

Heavy metal Molecular weight of band (kD)
concentration
(LM)
100 64 52 15 10

0.1uM thimerosal 10123.1 11048.6 9846.3 9445.5 10246.6
1 pM thimerosal 108+18.3 9823.4 9649.5 9648.5 11846.3
0.1 pM MeHgCl 117+419.3 10343.6 89417.4 10822.1 9848.9
1 pM MeHgCl 95+20.3 12940.8 11190.3 1160.6 105®1.1

Table 5.3.8: Densitometric analysis of the effemftshimerosal and methylmercury
chloride on the levels of phosphorylated threonm&l2a cells differentiated for 24
hours

NZ2a cells were induced to differentiate for 24 Isouarthe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods section 2.2.10-12. Data represents nwagls of antibody reactivity, expressed
as a percentage of the corresponding cont®EM (n = 5).

Tables 5.3.7 and 8 show that there was no chanband intensity at any molecular
weight with N2a cell extracts incubated with thgamic mercury compound for 4 and
24 hours (p = 0.4526 and 0.7206 for 4 and 24 hassectively).
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5.5: Discussion

One possible signalling cascade thatinvolved in both cytoskeletal
organisation and cell death is the MAPK pathway.KERas been shown to
phosphorylate cytoskeletal proteins such as NFHe(&fenaet al., 1998; Perron &
Bixby, 1999; Pantt al., 2000) and Tau (Robinson & Cobb, 1997). Tau is APV
which confers stability to microtubules by bindiatpng the length of the structure.
The data in chapter 5 shows that the activatioBRK was inhibited by the organic
mercury compounds thimerosal and MeHgCI, whilstelsvof total ERK1/2 were
unaffected.

Until recently it was thought thaRE activation opposed cell death whilst
JNK and p38 activated it (Subramaniam & Unsick€0&. However, it has been
discovered that ERK may also have a death-promatieyin neuronal cells under
various conditions, such as glutamate-induced de#ith and ROS-induced death
(Chinet al., 2004). In this study ERK activation (phosphotigia) increased after 4
hours exposure of differentiating C6 cells to bdtiimerosal concentrations and
decreased with MeHgCIl exposure, indicating a dffiéimechanism of toxicity for the
organic mercury compounds (Figures 5.1.1(b) and2h.1t could be that cells
exposed to MeHgCI are beginning the apoptotic @®cas it has been noted that in
many conditions leading to apoptosis, ERK actiistguppressed (Wargal., 1998).
However, MTT reduction assays in chapter 3 didfimat any evidence of decreased
cell viability or changes in cell morphology withet lower concentration of 0.1 uM.
Another possibility is that the transient increaseERK activation, as seen with
thimerosal exposure occurred earlier in C6 cellsosed to MeHgCl and would not
be detected at 4 hours. Work carried out by Pagtah., (2004) showed that ERK
activation and inhibition changes throughout therse of mercury exposure, thus the
pattern of ERK inhibition could be different forehwo compounds. Further work
needs to be carried out on apoptotic markers ssi@daspase activation to clarify this.
The increase in ERK activation seen with thimerasalld also be indicative of
cellular damage as ERK has been found to be aetivatcertain stressful conditions,
such as insult from ROS (Robinson & Cobb, 1997; Wvanal., 1998). Previous
studies have shown that mercury exposure doesaseréevels of ROS in cells
(Burlandoet al., 1997; Dareet al., 2000), which may account for this increase. MTT

reduction assays in chapter 3 did not find cellbVigy to be decreased, so it is
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unlikely that ERK activation has a death promotiote in this instance. The rate

constant for ERK phosphorylation is 0.75@nd the maximal rate for ERK

dephosphorylation is 1810° M®! (Maly et al., 2004). As organic mercury

compounds inhibit ERK activation it would be exmetthat they would decrease the

rates of phosphorylation and dephosphorylation.

Heavy Metal N2a cells C6 Cells
ConcentrationyM) | 4 hours 24 hours | 4 hours 24 hours
0.1uM Thimerosal 0.5:1 0.5:1 1.7:1 0.4:1

1 uM Thimerosal 0.5:1 0.46:1 1.5:1 0.5:1
0.1uM MeHgCI 0.52:1 0.5:1 0.6:1 0.55:1

1 uM MeHgCl 0.46:1 0.5:1 0.8:1 0.56:1

Table 5.9: Ratios of phosphorylated ERK to totaKER C6 and N2a cells.

Table 5.9 shows the ratio of phosphorylated ERKa@/®btal ERK1/2 in N2a and C6
cell extracts treated with thimerosal and MeHgCIl4aand 24 hours. The ratios were
obtained from the densitometric data contained lmpter 5. The ratios were

calculated for each individual extract using theatwpn:

% relative to control Phosphorylated ERK1/2

% relative to control total ERK1/2

The ratios were then averaged for each metal coratiem and time point. The ratios
enable a direct quantifiable comparison to be nadmbeit the changes in the levels of

phosphorylation.

The ratios show that apart from 4 hour thimerossdtment in C6 cells, exposure to

organic mercury compounds causes the levels ofpbluoglated ERK to decrease in

comparison to the levels of total ERK. This conBrnthe western blots and

Quantiscan data. This decrease in the activityRKE?2 corresponds to the decrease

in NFH phosphorylation seen in chapter 4.

Exposing N2a cells to MeHgCI fondurs had a similar effect of inhibiting

ERK phosphorylation as was seen with C6 cells atstime time point (see Figure
5.2.1 b and 5.2.2). ERK activation decreased wdth lzoncentrations of MeHgCI.

However, both concentrations of thimerosal causeld@aease in activated ERK in

N2a cells as opposed to the increase in the lefgidhosphorylated ERK seen with

the same concentration and time point in C6 cé&liés perhaps highlights a possible
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difference in the toxicity of thimerosal in the tveell types, either at the level of
sensitivity in the cell lines or differences in ttime course of response in the actual
mechanism of toxicity in the two cell lines.

After 24 hours of exposure in Caséhe levels of activated ERK remained
reduced with both concentrations of MeHgCI. Bothantrations caused a reduction
in activation in contrast to the transient incressen at 4 hours. After 24 hours levels
of activated ERK were decreased with both conceatra of thimerosal and MeHgClI
in N2a cells (see Figure 5.2.3 (b) and 5.2.4). Thughe neuronal cell line ERK
inhibition was a sustained event. Pargtral., (2004) looked at ERK activation in
PC12 cells and found that total ERK remained atrobirevels throughout treatment
with mercury for 1 hour, the present study indécathat the levels of total ERK
remained unchanged at both 4 and 24 hours in beth lmes, with both
concentrations of the organic mercury compounds.

Generally ERK signalling was inhibited Hye addition of organic mercury
compounds; there was only a transient increasegicells at the 4 hour time point.
Sustained ERK activation is known to be essental the promotion of neurite
outgrowth and stabilisation, as is NFH phosphoiytat(Veerannaet al., 1998).
Decreased ERK activity coincides with a decreaseNkH phosphorylation (see
chapter 4), which occurs during neurite outgrow#h.relative decrease in the
reactivity with the anti-phosphorylated ERK antilgaday mean decreased activation,
but it is not conclusive evidence in itself. Howevamilarly altered phosphorylation
of a known substrate (also known to be importamtdarite outgrowth), is supporting
evidence of an effect on the ERK1/2 signalling eagc A similar study using 2.5 uM
phenyl saligenin phosphate (PSP) found ERK actwatio be increased during
exposure to the organophosphate in N2a cells. Tiuseased activation in the
signalling pathway was accompanied by an increadba phosphorylation of NFH
(Hargreavest al., 2006). Thus, PSP had the opposite effect on Nikd$phorylation
and ERK1/2 signalling to the organic mercury commsuused in the present study.

Cordovet al., (2004) found that inhibiting ERK activation proted cells
from lead induced cell death. Hence the inhibit@dinERK activation seen in this
study could be a protective mechanism employedécells.

In contrast to the study by Cordostaal., (2004) other investigations have
shown that the activation of ERK can also confsumvival advantage to cells (X&
al., 1995; Guytoret al., 1996; Wanget al., 1998). Thus the activation of ERK at 4
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hours might give the glial cells a survival advageatan response to thimerosal that is
not possible after the longer exposure time. It danf interest for further work if a
larger range of concentrations and more incubdtmas between time 0 and 4 hours
were used to monitor the activation or suppressidche ERK1/2 pathway.

Ziembeet al., (2006) found ERK activation was prevented in Tiscby the
failure of Ras to become properly activated aftetqposure to non-lethal
concentrations of mercury. An investigation inte #ffect of MeHg on protein kinase
C (PKC) activity showed that exposure to organid aorganic mercury inhibited
PKC activity in purified extracts from rat brain gRnnaet al., 1995). PKC is
involved in a G-protein mediated pathway to ERK\ation. PKC becomes activated
by a G-protein and phosphorylates the Raf kinasmitory protein (RKIP) causing it
to disassociate from Raf allowing ERK signallingdocur (Werryet al., 2005). If
mercury disrupts PKC in the N2a and C6 cells liiamay cause the inhibition of
ERKZ1/2 signalling pathway seen in this thesis. &aet al., (2004) found levels of
phosphorylated ERK to be reduced in differentid®&il2 cells after 2.5 minutes of
exposure to 0.1-0.3 uM MeHgCl, then activation d®KEincreased rapidly and
peaked at 5 minutes before falling, indicating thiaHgCl treatment produces earlier
transient signalling events. The time course ditlexxeed 1 hour so it can not be
determined whether the activity of ERK would coo#gnto fall to levels below the
control as with the N2a cells in the present study.

Studies into the effects of other heawtals on ERK activation indicate that
responses are varied. Exposure to 300 uM zinc teldvievels of phosphorylated
ERK in a mixed culture of neuronal and glial cdths up to 8 hours (Park & Koh,
1999). A separate study attributed this increadeRIK activity to damaged caused by
ROS (Seatt al., 2001). Exposure to mercury caused no alteratidhe activation of
ERK but caused an increase in the levels of aet/pB8, highlighting the difference
in toxicity between the organic and the inorganiercary species (Kim & Sharma,
2005). Cadmium can both inhibit and activate theKEsathway depending on the
concentration. Low levels of cadmium inhibit ERK tiaation, whilst high
concentrations activate ERK signalling (Pulido &ri&dn, 2003).

Activated ERK phosphorylates a variet different substrates such as NFH
(Veerannaet al., 1998), Tau and calpain (Subramaniam & Unsick@06). ERK
targets serine and threonine residues for phosfdtmny. Western blots of C6 cell

lysates probed for phosphorylated serine and tlmeoresidues (Figures 5.3.1 and
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5.3.2) show no changes in the gross levels of giwstated serine or threonine with
either concentration of thimerosal or MeHgCI. Tisido be expected if there was an
inhibition in ERK activity as with MeHgCl. HowevétRK activity increased in C6
cells after 4 hours incubation with both conceimrat of thimerosal, but the increase
does not correspond to a rise in substrate levelsauld be expected. It is possible
that the affected proteins were in too low abundaicbe detected by the antibody.
As with C6 cells there were no alterations in tbeels of phosphorylated serine and
threonine residues in N2a cells (Figures 5.3.3@Bd4). This result suggests that the
change in substrate phosphorylation involves a itcateindance protein that shows
lower specificity for the anti-phosphoserine anctimine antibodies. As the numbers
of phosphorylated proteins within cells is so higivas unlikely that the western blots
would pick up the proteins such as NFH that argetimd by ERK1/2. However an
attempt was considered to be worth while on thecbfince that it presented any
interesting data. Future investigations could imeothe use of 2D gels to provide
better separation of proteins.

Attempts to investigate the effect of engamercury compounds on the JNK
pathway are shown in the appendix. Unfortunatedyréactivity of the antibody was
rather poor under the conditions used in this ptojeurther work needs to be carried
out to optimise the procedures for this antibodgwidver, Quantiscan analysis was
completed on the western blots and indicated thatet was an increase in JNK
activation with both concentrations of the orgamiercury compounds, but reactivity
was to low to allow for a confident conclusion (sgpendix).

Investigations into the effect of orgammercury compounds on the p38
pathway were unsuccessful despite numerous atteifipése antibody displayed very

low reactivity with both C6 and N2a cell lysates.
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Chapter 6: The effect of thimerosal and methylmeralnloride on the organisation

of the cell and calpain activity

Introduction

It has been shown in previous chaptieas the cytoskeletal organisation of
C6 and N2a cells was disturbed following exposarthimerosal and MeHgCI. Given
that the endomembrane system, which is dependerDnrntegrity (Waterman-
Storer & Salmon, 1998), houses intracellula®’Cstores; it was of interest to this
investigation to determine whether the organisatibrell organelles were affected
by the exposure to organic mercury compounds. Uairapdipy labelled probe to
recognise the endoplasmic reticulum (ER) and aib@ay against a Golgi apparatus
protein called GRASP 65, confocal microscopy wagiea out to visualise any
disruptions caused by the mercury compounds.

Both the ER and the Golgi apparatus deépgron MTs for their positioning
within a cell and MT based motors such as kinesid dynein are involved in
membrane trafficking (Presley al., 1997). The Golgi apparatus of mammalian cells
is organised into stacks of cisternae. Each stankamns an average of 4-8 cisternae,
and about 40-80 such stacks are attached to edwhr anhd anchored in the
pericentriolar region. When mammalian cells ent@&osis, the pericentriolar stacks
of Golgi cisternae undergo extensive fragmentatéorg the fragments adispersed
throughout the cytosol. This process is mediatedniggen-activated protein kinase
kinase 1 (MEK1). GRASP 65 (Golgi reassembly stagkmmotein of 65 kDa) is a
Golgi associated protein that is required for niit@olgi fragmentation (Sutterligt
al., 2002).

Changes in intracellular calcium cemications disrupt calcium dependent
signalling mechanisms and enzyme activity. The ogame receptor mediates the
release of calcium from ER stores and is activdigdraised levels of cytosolic
calcium of around 100 pM in a process known a& @aluced C& release (Fabiato,
1985). The ER is an important organelle in the ne@mance of calcium homeostasis in
both neuronal and glial cells. Previous work hasashthat disrupting the ER hinders
the cells ability to maintain intracellular concextions (Doutheikt al., 1997; Leeet
al., 2006). Calcium is removed from the intracellulaatrix by a variety of

mechanisms. These include SERCA; an energy depemuenp that sequesters
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calcium within the ER. SERCA is important in thgu&tion of intracellular calcium
as research has shown that overexpression of SEHRCRases the time period of a
calcium wave (Falcket al., 2003). Thapsigargin is a plant derivative thatdsi to
SERCA; using fluorescently labelled bodipy thapsiga and bodipy ryanodine
allowed the capture of images showing the distrdnuof SERCA and ryanodine
receptors within cells. In this chapter experimemége carried to determine whether
the addition of thimerosal or MeHgCIl changed thstribution of the ryanodine
receptors and SERCA within differentiating C6 arzaltells.

One possible consequence of raised celftdar calcium levels is the
activation of calpains. Calpains are calcium a¢éistaenzymes that are known to
target cytoskeletal proteins (Huang & Wang, 200l)ere are two main forms of
calpains in vertebrate cells; calpain 1 and 2 dwel tare distinguished by their
calcium requirements for activation. Calpain 1 ieggi concentrations of 5-50 uM
and calpain 2 requires concentrations of 200-1000fpr activation (Wang, 2000).
Calpains are known to be involved in the formatudrprocesses and cells adhesion,
they are also known to degrade various MAPs. MARs iaportant in the
stabilisation of MTs and their degradation by calpaay have an adverse affect on
MT stability (Sorimachiet al., 1997). Due to the degradation of the cytoskeletal
network seen in chapter 4, it was of interest eostudy to determine if the addition of
the organic mercury compounds affected the actimatif calpain 1, as changes in
activity may indicate a possible role for calpairorganic mercury induced disruption

of the cytoskeleton.

Methods

The concentrations of thimerosal and MeHgged for the western blotting and
confocal microscopy in this chapter were the sasgravious chapters 0.1 and 1 pM.
Cells were seeded into an 8 well chamber slide N&sthods section 2.2.14-15), there
were 2 wells for the control and each concentratainthe organic mercury
compounds (0.1 and 1 pM). Each experiment was tegpeaminimum of 3 times and
the images contained in the chapter represent wiagt seen in each individual
experiment. All antibodies and probes were dilute® % BSA (see Methods for
detail). The calpain 1 antibody (sc-7530) was uaed dilution of 1/1000 and the
secondary anti-goat antibody was used at 1/2008 .dilation factor for the anti-golgi

antibody was 1/200; Bodipy thapsigargin was diluted10 uM and the final
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concentration of Bodipy ryanodine was 1 uM. Eacbegxnent was completed in
triplicate using different batches of cells.

For the calpain assay the cells were seatléde normal density in T25 flasks
and then extracted in the homogenisation buffecrilesd in the methods section with
a cell scraper. The cell suspension was kept omoigrinimise enzyme activity and
sonicated for 5 minutes. A mini-Lowry protein estition was carried out on the
sonicates so that the activity could be correctegfotein concentration. The lane on
the blots labelled O is the control extract with added metal. For the thimerosal
treated corresponding control sterile distilled evatas added at the same volume as
the metal in the treated cells and with MeHgCl DM&&s added at the same volume
as with the treated cells as the MeHgCI was diggbla DMSO due to poor solubility
in distilled water.

Figure 6.1 (a) shows control cells differentiated 24 hours without the addition of
heavy metals. The probe bodipy thapsigargin stacefidoodies and outgrowths in a
punctate manner. The brightest staining was locatednd the nucleus of the cell,
where the highest concentration of ER would be etgue Figure 6.1 (b) shows cells
differentiated for 24 hours in the presence of M thimerosal. The cells exhibited a
relatively diffuse staining pattern. In some céfis bright area of staining circling the
nucleus was no longer visible, although the prozesgere still visibly stained at this
concentration. The cells exposed to 1 uM thimerdsal24 hours (figure 6.1 c),
exhibited very intense punctate staining and litteno staining of neurites. The
perinuclear organisation was no longer visible uFég6.1 (d) shows cells exposed to
0.1 uM MeHgCI. There was little difference betweke cells in this image and those
treated with the same concentration of thimeroBag. cells still had stained processes
and the bright area around the nucleus was eith&s Intense or had become
disrupted. Cells exposed to 1 uM MeHgCI for 24 Ispuno longer displayed visibly
stained processes, but the nuclei were more diabkrrthan in the image of cells
treated with the same concentration of thimeroBaé images are representative of 3

separate experiments and reflect the major treeels & each one.

156



C) 10 um d)

Figure 6.1: The effect of thimerosal and MeHgCltloa distribution of SERCA in C6

cells

C6 cells were induced to differentiate for 24 hoarshe absence of thimerosal (a), with 0.1
(b) and 1uM (c) of thimerosal and 0.1 (d) anduM (e) methylmercury chloride. The cells
were stained with bodipy thapsigargin, which bindsSERCA as described in Methods
section 2.2.15 (n = 3).
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Figure 6.2 (a) shows N2a cells differentiated férridurs in the absence of thimerosal
and MeHgCI. The cells were stained in neurite agns but the strongest of the
staining was observed on one side of the nucleadipg thapsigargin appeared to
have stained N2a cells in a less punctate manaartttat observed in C6 cells. Figure
6.2 (b) shows cells exposed to 0.1 uM thimerosaRfbhours. The cells were stained
more weakly with the bodipy thapsigargin but thesinmtense staining was still

localised around the nucleus of the cell but gilectable in neurites. Cells exposed
to 1 uM thimerosal for 24 hours, exhibited no Misibeurite staining and the staining
within the cell body was punctate and relativelgpdirse. Figure 6.2 (d) shows cells
incubated with 0.1 pM MeHgCI for 24 hours. The sellere weakly stained in

comparison to the control cell, but still exhibitBdorescent staining in cell bodies

and neurites. In the vast majority of cells, th@msgjest staining was still around the

nucleus, but in one cell the bodipy thapsigargiveced the whole cell.
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Figure 6.2:The effect of thimerosal and MeHgCI on the disttibb of SERCA in

NZ2a cells

N2a cells were induced to differentiate for 24 hoarthe absence of thimerosal (a), with 0.1
(b) and 1uM (c) of thimerosal and 0.1 (d) anduM (e) methylmercury chloride. The cells
were stained with bodipy thapsigargin, which bindsSERCA as described in Methods

section 2.2.15 (n = 3).
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In figure 6.2 (e) the cells have been treated WifM MeHgCI for 24 hours and like

the cells exposed to the same concentration ofafuisal, there was no visible neurite
staining and staining in the cell body was moréud# than in the control. The images
shown are representative of three separate expasmaead reflect the changes seen in

each one.

Figure 6.3 (a) shows that bodipy ryanodine staimh@6 cells differentiated for 24
hours without the addition of thimerosal or MeHy@ls detected throughout the cell
body and extended into the processes in a punctataer. In cells exposed to 0.1
MM thimerosal for 24 hours (figure 6.3 (b)), thaising did not appear as intense as
with the control cells but the distribution of tmganodine receptor staining was
similar to that of untreated cells. The cells igufie 6.3 (c) have been exposed to 1
MM thimerosal for 24 hours. At this concentratibere were very few weakly stained
processes and the distribution of the ryanodinepter within the cell body had
changed when compared to control cells. There wasmger a defined nucleus due
to the disperse staining pattern. The punctat@istavisible within control cell was
no longer evident. Cells exposed to 0.1 uM MeHg€lZ4 hours show that there is
little difference from the control apart from th&ensity of the staining. The cells in
figure 6.3 (e) have been exposed to 1 uM MeHgClZérhours. There were no
visible processes in the image and the nucleus neasas clearly defined as with
control cells. The images shown are representafiieree separate experiments and

reflect the major changes seen in each individga¢éement.
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Figure 6.3: The effect of thimerosal and methylmeychloride on the distribution of

ryanodine receptors in C6 cells

C6 cells were induced to differentiate for 24 hourshe absence (a) and presence (b-e) of
0.1 uM (b) and 1 uM (c) of thimerosal and 0.1 uMddd 1 uM (e) MeHgCI. The cells were
stained with bodipy ryanodine, which binds to rydine receptors as described in Methods
section 2.2.15 (n = 3).
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Figure 6.4 (a) shows that N2a cells differentiai@d24 hours without thimerosal or
MeHgCIl exhibited ryanodine receptor staining in tel body with the greatest
intensity around the nucleus, and also stainincdhiwithe neurites. The staining
pattern appeared punctate. The cells in figure(®)have been exposed to 0.1 uM
thimerosal for 24 hours. The cells in the image dad appear different from the
control. The neurites were still visible and thétga of staining within the cell body
appeared unaltered from the control cells. Figude(é) shows cells incubated with 1
KM thimerosal for 24 hours. The cells had no visgthined neurites and the staining
pattern was different from the control in that thavas a disperse distribution of
staining such that the nucleus was no longer distd¥e. Figure 6.4 (d) did not
appear radically different from the control celtbere was still a visible nucleus
within the cell body and the staining was quitengitar. However in agreement with
neurite outgrowth in chapter 3, neurites were gahemore stunted but the pattern of
staining was similar to controls. Cells incubatethwi uM MeHgCI for 24 hours
(figure 6.4 (e)), displayed very few visibly stathexons and they were extremely
stunted. There did appear to be a redistributionyahodine receptor staining with
this concentration in that there appeared to b&caomulation of the receptor staining
on the edge of the nucleus. The images shown aresentative of three separate

experiments and reflect the changes seen in each on

Figure 6.5 (a) shows C6 cells differentiated forhi@urs in the absence of thimerosal
and MeHgCI. The cells had been incubated with arireéker. The distribution of the
ER in C6 cells appeared to be cell wide. Figure(b)sshows N2a cells differentiated
for 24 hours without the addition of heavy met&f staining was localised to the
area surrounding the nucleus and to a lesser exteneurites. When the cells were
differentiated in the presence of the organic mgraompounds the fluorescence
staining was too weak to be captured on digitalgeneStaining with the ER tracker
was attempted on three separate occasions andiegcktaining only occurred in the

control cells without the presence of thimerosal kleHgCI.
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Figure 6.4: The effect of thimerosal and methylmeychloride on the distribution of

ryanodine receptors in N2a cells

N2a cells were induced to differentiate for 24 tsour the absence (a) and presence (b-e) of
0.1 uM (b) and 1 uM (c) of thimerosal and 0.1 pMddd 1 pM (e) MeHgCI. The cells were
stained with bodipy ryanodine, which binds to rydine receptors as described in Methods
section 2.2.15 (n = 3).
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Figure 6.5: The distribution of ER in C6 and N2dlseaintreated with organic
mercury compounds.

N2a and C6 cells were induced to differentiate2rmours in the absence of thimerosal and
methylmercury chloride. Cells were then stainechvR tracker and fixed with ice cold
methanol as described in Methods section 2.2.553n

Figure 6.6 (a) shows control C6 cells differentiater 24 hours in the absence of
thimerosal and MeHgCI. The anti-Golgi apparatusbaaty was punctate throughout
the cell body and was patrticularly intense in tle#l processes. The widespread
staining pattern indicated that the antibody hadted with other cellular components
as well as the Golgi apparatus. Figure 6.6 (b) shaoells exposed to 0.1 uM
thimerosal for 24 hours. Treatment did not appearause disruption when compared
to the control. In cells incubated with 1 uM thimsal for 24 hours (figure 6.6 (c)),
the organisation of the cell appeared differenthtt of the control. With the higher
concentration there appeared to be minor disruptidhe cell body staining. Figure
6.6 (d) shows cells exposed to 0.1 uM MeHgCI fohadrs. There did not appear to
be any radical changes to the antibody staining,thiere does seem to be a slight
disruption in the cell body staining. Figure 6.9 ¢dows cell incubated with 1 puM
MeHgCI for 24 hours. The organisation of the celigpeared very different from the
control. The cells contained some intensely stag@@s indicating a breakdown in
cellular organisation. The images shown are reptatee of three separate

experiments and reflect the changes seen in each on
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Figure 6.6: The effect of thimerosal and methylmeyahloride on antibody staining

of the Golgi apparatus in differentiating C6 cells

C6 cells were induced to differentiate for 24 hourshe absence (a) and presence (b-e) of
0.1 uM (b) and 1 uM (c) of thimerosal and 0.1 uMddd 1 uM (e) MeHgCI. The cells were
stained with N-20, an anti-Golgi apparatus antibaslylescribed in Methods section 2.2.15 (n

= 3).
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Figure 6.7 (a) shows control N2a cells differemitafor 24 hours in the absence of
thimerosal and MeHgCI. Anti-Golgi apparatus ant¥postaining was distributed
around the cell body, with an intense perinuclgast sand into the neurites. The
antibody may be binding to other proteins aparinfrine GRASP 65 protein in the
Golgi apparatus membrane as normally the organetlald be located near the
nucleus and would not cover the whole cell as thdibg of this antibody suggests.
Figure 6.7 (b) shows cells exposed to 0.1 pM thosar for 24 hours. The
distribution of the Golgi apparatus and other prtdoeing detected by the antibody
had altered with the addition of thimerosal. Theaaof staining had become much
more disperse than control staining. There wak\gsible staining within the axon-
like processes. Figure 6.7 (c) shows cells treatigid 1 M thimerosal for 24 hours.
Here the cells showed a different staining patteym the control. Staining was more
punctate and disperse throughout the cell bodyrandeurite staining was observed.
The cells in figure 6.7 (d) have been exposed 1o M MeHgCI for 24 hours. As
with the same concentration of thimerosal, thenstgi was more punctate and
disperse in a proportion of cells and neurite stginthough present was less intense.
Figure 6.7 (e) shows cells incubated with 1 uM M€Hfpr 24 hours. There was no
visible neurite staining in this image and therstaj within the cell body was much
weaker than that seen in the control. The imagesvshare representative of three

separate experiments and reflect the major treeels & each individual experiment.
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Figure 6.7: The effect of thimerosal and methylmeycchloride on the antibody

staining of the Golgi apparatus in N2a cells

N2a cells were induced to differentiate for 24 Isoumr the absence (a) and presence (b-e) of
0.1 uM (b) and 1 uM (c) of thimerosal and 0.1 uMddd 1 uM (e) MeHgCI. The cells were
stained with N-20, an anti-Golgi apparatus antibaslylescribed in Methods section 2.2.15 (n
= 3).
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Figure 6.8: The effect of thimerosal and methylmeycchloride on the levels of
calpain 1 in C6 cells

C6 cells were induced to differentiate for 4 andhars in the presence and absence of
thimerosal and MeHgCI, then separated by SDS PAGEwestern blotting as described in
Methods section 2.2.10-12. Data represents meatsle¥ antibody reactivity, expressed as a
percentage of the corresponding controlSEM (n = 5). Asterisks indicated statistical
significance of differences from the control (*p&d, **p<0.001). The 2 way ANOVA test
was used for statistical analysis, followed by puost Bonferroni’'s correction for pair wise
multiple analysis.

Figure 6.8 shows that at both 4 and 24 hours, botitentrations of thimerosal and
MeHgCI significantly increased the reactivity okthnti-calpain 1 antibody with C6
cell lysates. The average densitometric absorb&ooe control cell lysates probed
with anti-calpain 1 antibody was 0.95823 for 4 hextracts and 0.93795 for 24
hours. After 4 hours incubation with thimerosalilamdly reactivity was increased by
around 23 % - 46 % when compared to the reactofithe control extracts. Statistical

analysis using a 2 way ANOVA test indicated tharéhwas a significant difference
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in the 4 hour data (p = 0.02439). Post hoc testdirooed that the 0.1 and 1 uM
concentrations were significantly different fromettcontrol (p = 0.03281 and
0.004562 for 0.1 and 1 uM respectively). Exposar®.L uM and 1 pM MeHgCI

increased antibody reactivity by 19 - 57 %. Staigdtanalysis of the data confirmed
significance (p = 0.04332 for 0.1 uM and 0.00674 TouM). After 24 hours of

exposure, thimerosal significantly increased bartdnsity by 29 %- 75 %. Twenty
four hours exposure to 0.1 uM and 1 uM MeHgCI iasss the reactivity of the anti-
calpain antibody by 21 % and 56 % (p range of (6306R2.00643). The 2 way
ANOVA test indicated a significant difference inett and 24 hour data (p =
0.04543), the post hoc Bonferroni’'s test confirntbdt the data obtained from
exposure to 1 uM thimerosal was significantly diéfe but a comparison of the other
concentrations did not highlight any significantffeiences between the two

incubation times.

Figure 6.9 shows that at both 4 and 24 hours, botitentrations of thimerosal and
MeHgCl significantly increased the reactivity otthnti-calpain 1 antibody with N2a
cell lysates. After 4 hours incubation with 0.1 fiMmerosal antibody reactivity was
increased by around 33 %. Exposure to 1 uM caussgnaicant 62 % increase in
band intensity when compared to the control. Expo$m 0.1 uM and 1 uM MeHgCI

increased antibody reactivity by 24 % and 75 %eespely. Statistical analysis using
a 2 way ANOVA test indicated significance differesc(p = 0.04786 for the 4 hour
data set). A post hoc Bonferroni’s test confirmiedttall both concentrations of both
compounds were significantly different from the tohwith p ranging from 0.04859-

0.00348. After 24 hours of exposure 0.1 uM thimakascreased band intensity by
38 % and 1 uM caused a 67 % increase in antiboalgtivity. Exposure to 0.1 uM

and 1 uM MeHgCI for 24 hours increased the reagtiof the anti-calpain antibody
by 40 % (p = 0.002435) and 80 % (p = 0.008987) eetypely. Statistical analysis
using a 2 way ANOVA did not highlight any signifitadifferences between the 4
and 24 hour data, (p = 0.07865).
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Figure 6.9: The effect of thimerosal and methylmeycchloride on the levels of
calpain 1 in N2a cells

N2a cells were induced to differentiate for 4 addhdurs in the presence and absence of
thimerosal and MeHgCI, then separated by SDS PAGEwWaestern blotting as described in
Methods section 2.2.10-12. Data represents meatsle¥ antibody reactivity, expressed as a
percentage of the corresponding controlSEM (n = 5). Asterisks indicated statistical
significance of differences from the correspondogtrol (*p<0.05, **p<0.01). The 2 way
ANOVA test was used for statistical analysis, falm by post hoc Bonferroni’'s correction
for pair wise multiple analysis.
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Figure 6.10: The effect of thimerosal and methykney chloride on the activity of
calpain in differentiating C6 cells

C6 cells were induced to differentiate for 4 (ajl @4 (b) hours in the presence and absence
of thimerosal and MeHgCI as indicated. Cells wgsedl by sonication and the extracts were
used to measure calpain activity as described ithddis section 2.2.16. Data represents mean
levels of calpain activity expressed as a percentdghe corresponding controlSEM (n =

4). Asterisks indicate statistical significancediference from the control (*p<0.05). The 2
way ANOVA test was used for statistical analysislloflved by post hoc Bonferroni's
correction for pair wise multiple analysis.
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Figure 6.10 indicates that there was a concentradiependent increase in calpain
activity compared to the controls in sonicated @8 extracts differentiated in the
presence of thimerosal and MeHgCI for both 4 anch@drs. Activity increased by
approximately 25-43 % in cells exposed to both eotrations of the organic mercury
compounds after 4 hours (Figure 6.10 a). Statistinalysis confirmed significance
with p ranging from 0.01639-0.3629. Actual activily absorbance change/mg
protein/hour was 14.5 and 18.6 for 0.1 and 1 pNhémosal and 16.8 and 22.3 for
MeHgCI. After 24 hours (Figure 6.10 b) the activatfycalpains was greater with a 70
% increase with exposure to the higher concentratad the mercury compounds and
around a 24-35 % increase in activity with the loweencentration of 0.1 uM.
Statistical analysis using a 2 way ANOVA confirmétht there was a significant
difference from the control (p = 0.02441). Post lBanferroni’s test indicated that
both concentrations and both compounds were sogmifiy different from the control
(p = 0.02329, 0.00119, 0.01163, and 0.00803 for D{IM thimerosal and 0.1, 1 uM
MeHgCl respectively). Actual enzyme activity exmed as change in absorbance/mg
protein/hour was 25.2 and 89.7 for 0.1 and 1 pNhémosal and 21.2 and 83.1 for
MeHgCI. Statistical analysis also confirmed sigrafit differences in the effects seen

with the different incubation times (p < 0.05).

Figure 6.11 (a) shows that after 4 hours incubaliotin concentrations of thimerosal
and MeHgCI significantly increased calpain acti\ipg0.05) by 25-36 %. A 2 way
ANOVA (p = 0.03471), indicting that there were gigrant differences within the 4
hour treatment. Further analysis using post hocf@wooni’'s test confirmed that both
concentrations of thimerosal and MeHgCIl were sigaiitly different from the
control. Actual enzyme activity expressed as changabsorbance/mg protein/hour
was 19.6 and 21.4 after exposure to 0.1 and 1 jiMetiosal and 20.9 and 24.8 for
MeHgCI. After 24 hours (Figure 6.11 b) treatmenthwd.1 pM of both compounds
increased activity by 25-30 % (p = 0.04931 and P9&for thimerosal and MeHgCI
respectively). Exposure to 1 uM thimerosal and MeéHgignificantly increased
calpain activity by approximately 60-70 %. Actualzgme activity expressed as
change in absorbance/mg protein/hour was 28.7 d@rtél f8llowing exposure to 0.1
and 1 uM thimerosal and 22.3 and 88.4 for MeHgCI.
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Figure 6.11: The affect of thimerosal and methykney chloride on the activity of
calpain in N2a cells

N2a cells were induced to differentiate for 4 (ajl 24 (b) hours in the presence and absence
of thimerosal and methylmercury chloride. Cells evirsed via sonication and the extracts
were used to measure calpain activity as desciib®dtethods section 2.2.16. Data represents
mean levels of calpain activity expressed as agog¢age of the corresponding controbEM

(n = 5). Asterisks indicate statistical significen(*p<0.05). The 2 way ANOVA test was
used for statistical analysis, followed by post H&enferroni's correction for pair wise
multiple analysis.
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Figure 6.12: The affect of a calpain inhibitor @ipain activation in N2a and C6 cells

C6 and N2a cells were induced to differentiateZérours in the absence of thimerosal and
MeHQgCI. Cells were lysed via sonication and theraots were used to measure calpain
activity with a calpain inhibitor added as descidili® Methods section 2.2.16. Data represents
mean levels of calpain activity expressed as agmeage of the corresponding contrdBEM

(n = 4). Asterisks indicate statistical significanof differences from the corresponding
control (*p<0.05). The 2 way ANOVA test was used $tatistical analysis, followed by post
hoc Bonferroni’s correction for pair wise multiealysis.

Figure 6.12 shows the effect that a calpain inbibditad on the activity of calpains 1
and 2 in N2a and C6 cells. Calpain activity wassicantly reduced in both cell lines
by the addition of the inhibitor. In C6 cells aatyvwas reduced by 70 % and in N2a
cells activity was reduced by 63 %. Statisticallgsia confirmed significance (p =
0.016296 and 0.27193 for C6 and N2a cells respaygjivActual enzyme activity

expressed as absorbance change/protein/hour was 27.
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Chapter 6 Discussion

The aim of chapter 6 was to determumether thimerosal and MeHgCI had
any effect upon cellular organisation and calpastivation. Previous studies have
noted that both thimerosal and MeHgCI increaseagaitular calcium concentrations
(Leonhardtet al., 1996; Burlandcet al., 1997; Elferink, 1999; Marchat al., 2000).
The previous chapter has already demonstratedEfREt activation is either elevated
or inhibited during exposure to the organic meratmynpounds. The ERK signalling
cascade can be activated by elevations in intrdeelicalcium (Subramaniam &
Unsicker, 2006). PKC activity is known to be inléa by the addition of mercury
(Rajannaet al., 1995). The inositol triphosphate receptor is dgeesl by thimerosal
treatment, leading to unregulated release of calditom the ER (Bootmaret al.,
1992; Hilly et al., 1993; Sayerst al., 1993; Throwet al., 1996). Other important
calcium dependent enzymes within the cell are #ipains. The regulation of theses
enzymes are control by calcium concentrations algam inhibitors. Calpain has
also been identified as a downstream target of ERKbramaniam & Unsicker,
2006).

SERCA is responsible for the remosfatalcium from the cell cytoplasm
into the ER for storage. The results in this chaptggest that exposure to thimerosal
and MeHgCI affects the distribution of SERCA in Célls (see figures 6.1 (a-e)).
Bodipy thapsigargin staining showed that both tmoeal and MeHgCI affected the
organisation of SERCA in a concentration dependaainner. The change in
organisation observed was consistent with a magmuption in the endomembrane
and that of the MT network (observed in chapteio#)which the ER is dependent for
its organisation (Waterman-Storer & Salmon, 19%&avy metals such as the two
organic mercury compounds chosen for further ingagon in this study have a high
affinity for sulphydryl groups. By attacking protsi within the calcium pump the cell
would be unable to sequester calcium, leading stagwed elevations in the calcium
concentration. Sayert al., (1993) found that calcium uptake was inhibitedthg
addition of thimerosal in a concentration depenaaanner. At 2 uM calcium uptake
was completely halted. The study hypothesisedttteatnhibition could be due to the
metals high affinity for sulphydryl groups on SERCA

The redistribution of SERCA was lespaent in N2a cells exposed to the

lower concentration of both thimerosal and MeHgRlit major distribution was
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apparent at 1 uM of both organic mercury compousdggesting that major changes
in the organisation of the endomembrane systemratun the neuronal cell line as
well. SERCA within N2a cells appear to be leseptible than within C6 cells as
the lower concentrations of the organic mercury goomds produced a more
noticeable change on the distribution in the Cd bee. The Kd of SERCA is
between 0.136-0.164 uM (Falcktkal., 2003).

Staining for the ryanodine recepfmoduced images very similar in
appearance to SERCA staining, which is unsurpriasgoth probes recognise pumps
and channels on the ER (compare Figures 3.3 andith4rigures 6.1 and 6.2). The
lower concentration of each compound caused mihanges in the staining pattern
compared to controls, whereas major disruption tocpate disperse distribution
mainly in the cell bodies was observed at the higloacentration. This is consistent
with a major distribution of the ER network housibgth SERCA and ryanodine
receptors. Changes in the distribution or conforomadf the ryanodine receptor could
lead to sustained calcium release or complete itndmb of calcium release.
Micromolar concentrations of thimerosal have bebdows to stimulate calcium
release from ER stores via the ryanodine receptoaltering the receptors affinity
(Abramsonet al., 1995). The ryanodine receptor has a quartesfaabe with a pore
in the centre, thought to be the channel for calamovement. The pore is blocked by
a mass thought to be the method of channel regulgZucchi & Ronca-Testoni,
1997). The Kd for the ryanodine receptor is 9.6(RPessalet al., 1986).

As with C6 cells fluorescent stamifor the ryanodine receptor (see Figure
6.4) in N2a cells indicated major disruption in thestribution of the ryanodine
receptor at the higher concentration of the heaeyats, which taken together with
the SERCA staining points to a disruption of thel@nenbrane system. The exact
mechanism by which heavy metals cause the opeifitigeayanodine receptor is not
yet known but previous work has shown that the tamldiof an SH reducing
compound such as dithiothreitol or glutathione pres the calcium release caused by
mercurial compounds (Brundet al., 1988). Indicating that damage to the proteins
within the channel is important. It could be thhae tcalcium influx seen with the
addition of mercury compounds bypasses the recegopletely as other studies
have indicated that although the target of the lmetas SH groups. Those SH groups

were within the membrane rather than the recefditiher by binding directly to the
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SH group or by causing oxidation mercury causedrtbmbrane of the SR to become
more permeable to calcium (Abramssiral., 1983).

Both SERCA and the ryanodine recepte located on the ER, so by using
an ER tracker it could be determined if the disauptin the SERCA and the
ryanodine receptor was coupled with a disruptiothenER. The fact that ER staining
could only be seen in control cells is consisteiith whe possibility that the ER
network was disperse or damaged in organic mertneigted cells. However the
possibility that the presence of the heavy metahe cell culture medium rendered
the tracker ineffective can not be ruled out. Tl dfain in C6 cells covers the cells
(see figure 6.7 a); while in N2a cells the majonfythe staining is in the cell body
and less intensely in neurites. This would be etqueas ER is generally distributed
through out the cell.

Inhibition of calcium release via theanpdine receptor provided minor relief
from calcium rises, indicating that the receptorymbay a small role in the inhibition
of calcium homeostasis caused by MeHg (Beeria., 2001). The changes seen in
the distribution of the SERCA and the ryanodineeptor may be down to the heavy
metals affinity for thiol groups within proteins aron-specific lipid peroxidation
(Limke et al., 2004)

The antibody used to stain for the Galgparatus was not as specific as hoped.
The huge target area for the antibody indicate$ tha antibody binds to other
proteins, in addition to GRASP 65 with the Golgim@ane or that the Golgi protein
GRASP 65 is also a component of Golgi vesicles Hra enzyme track them
throughout the cells. Despite its non-specificitiie t antibody is additional
conformation of cellular reorganisation. There veagdence of redistribution at the
higher concentrations of the organic mercury compgsuin both the neuronal and
glial cell lines.

Calpains have varidasgets within the cell and the apparent
degradation of tubulin and NFH staining observedcivapter 4 could be due to
increased activity of calpains. The Kd for calpaiis 240 nm (Guttmanet al., 1997).

In both differentiating cell lines calpain activityas significantly increased with both
concentrations of thimerosal and MeHgCI at botmd 24 hours (see Figure 6.12 a
and b). The calpain assay detected both calpaim 2, o0 the specific calpain
responsible could not be determined by assay aldowever, western blotting using

an anti-calpain 1 antibody showed that levels divated calpain 1 significantly
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increased in both cell lines after exposure to bothanic mercury compounds.
(Figures 6.9 and Figure 6.11). The predominantaialm the CNS is calpain 1 which
explains why the anti-calpain 2 antibody did natatewith either C6 or N2a cells. The
increased activation of calpain corresponds toedsmd levels of tubulin and NFH,
indicating that degradation by calpain may be aistiepartly responsible for the
changes in the levels of NFH and tubulin seen et2th hour time point in chapter 4.
The addition of a calpain inhibitor to cell sonestreduced activity by 65-70 % in
both cell lines (figure 6.14), indicating that tmeajority of the activity being
measured by the assay was down to calpains. Howtkeepossibility that other
proteases were affected can not be ruled out. &esesuch as pronase which is
activated by calcium concentrations of 5-10 mM aad a Kd value of 2.99xT0M
(Krameret al., 1979) and metalloproteases such MP-112 whichrhesactivated by
calcium concentrations ranging from 25-100 pM (Mels& Siman, 1989).
ADAMT13 cleaves Von Willebrand units and is actetoy 4.8 uM calcium and has
a dissociation constant of 15nM with the Von Wilahd units (Andersomt al.,
2006). The metalloproteases would become activiagdore calpain 1 and may also
contribute to the degradation of the cytoskeletonconjunction with calpain 1.
Calpain 1 would be activated before pronase anddleeum concentration needed for
the activation of pronase would be unlikely to acauthin cells of the CNS. The
activation of lipases such as phospholipase C (Fh&y also contribute to cellular
degradation. PLC activity increases at calcium eatrations of 29-160 nM (Renard
et al.) and has a dissociation constant of 100-200 pMipats (Jamest al., 1995).
Phospholipase & (PLAsS) specifically hydrolyse the sn-2 fatty acid abgnd of
phospholipids, producing a free fatty acid and solghospholipid. The dissociation
constant for calcium is 2 mM and the lipase requi®e25 mM of calcium for
activation (Lathrop & Biltonen, 1992).

Sakauet al., (2005) measured the cleavage of calpain substtate andu-
fodrin in neuronal cells. It was found that theaslage products increased at 0.3 uM
MeHg, pointing to an increase in calpain activily3 uM is in between the two
concentrations used in this thesis. The study ba&eet al., (2005) did not use lower
concentrations.

Zhanget al., (2003) found that calpain 1 was increased in eafgosed to 10
mg/kg MeHg per day. It increased gradually during 7 days of treatment and did

not decrease until 3 days after the last dose. thadof a calpain inhibitor reduced
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activity by 65 %, once again confirming that thejoniéy of the activity was down to

calpains. Western blots were attempted to loolewels of calpain 2 in both cell line
but were unsuccessful. It could be that there wasfficient substrate concentration
for the antibody to detect as calpain 1 is the npostinent form of calpain in the
CNS (Subramaniam & Unsicker, 2006).

In summary the results presented inc¢hepter support the degradation of the
cytoskeleton seen in chapter 4, in that sub-letoaicentrations of thimerosal and
MeHgCI induce major reorganisation of the architeetof the cell. The increased
activation of calpain 1 and possibly other proteasay have been responsible for the
decreased levels of tubulin and NFH observed falgw24 hour exposure of

differentiating cells to the mercury compounds.
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Chapter 7: General Discussion

Heavy metals are extremely toxic compauiigat cause numerous health
problems and although widespread cases of poisavwhaetal poisoning are rare in
modern society, individuals remain at risk throulga consumption of contaminated
food (Atchison, 2005), exposure through the workcpl (Papanikolaoet al., 2005)
and cigarette smoke (Waisbeeg al., 2003). The symptoms of heavy metals can
affect various organs within the body including tidney, central nervous system
and liver (Rajanneet al., 1995). At a cellular level heavy metals are thautp
produce their effect via several different mecharsissuch as the formation of free
radicals (Yee & Choi, 1996; Daret al., 2000), interaction with the cytoskeleton
(Graff et al., 1997; Miuraet al., 1999) and the disruption of calcium homeostasis
(McNulty & Taylor, 1999; Marchet al., 2000).

Various researchers have shown that heastal exposure affects the CNS in
both adults and in children (Kirt al., 2000; Castoldet al., 2001). The developing
CNS is extremely susceptible to heavy metal toxigirobably due to the intense
proliferation and differentiation that occurs dgithe formation of a mature CNS
(Bertossiet al., 2004). Children are at risk from developmentabbpems when
exposed to concentrations as low as (M of lead and mercury (Crumptaat al.,
2001; Heidemanmt al., 2001). Both lead and mercury can also cross theeptal
barrier and impair foetal development (Miura & lrapl989; Papanikolaoe al.,
2005).

The aim of the study was to initially @stigate the relative toxicity of several
heavy metals before selection for further studylloong the determination of non-
lethal concentrations, the sub-lethal effects oh#érosal and methylmercury chloride

on differentiating neuronal and glial cells waseastigated.

7.1: Cytotoxicity and cell differentiation assays

Cytotoxicity studies were carried out the 6 different metals to determine
their sub-lethal concentrations and neurite inbifyitoncentrations. The investigation
showed that zinc had no effect upon MTT reductiomeurite outgrowth. This is
perhaps not surprising, as zinc is the second prestalent metal in the body, and can

reach concentrations in excess of 100 uM duringaplyn transmission. Previous
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studies used very high concentrations of zinc leeéor effect was noted (Park & Koh,
1999; Watjen, 2001). Exposure to lead resultednicreiased MTT reduction and
reduced neurite number at 100 uM but had no effeldwer concentrations. A study
using brain slices found no affect on the viabibfythe brain tissue at concentrations
of up to 10 uM (Cordovat al., 2004), which agrees with the findings in thissike
using cell lines. MTT reduction assays and neuwttents highlighted the difference
in the toxicity of inorganic and organic mercuryngaounds. Inorganic mercury was
shown to be less toxic to the cell line than thgaoic mercury species. This
difference in toxicity may be related to the orgampiroperties of thimerosal and
methylmercury chloride, as they more readily peatetrcell membranes. Cadmium
was the only compound that caused a significaniateoh in neurite outgrowth after
4 hours of exposure to 0.1 uM indicating that iswiae most toxic of the compounds
investigated.

MTT reduction and neurite outgrowdsays showed that, superficially, the
two organic mercury compounds had a similar levabgicity. Further investigation
into the biochemical and molecular effects wouldedaine whether the similarity
continued. Initial studies also highlighted thgher sensitivity of the neuronal cell
line compared to differentiating glial cells. Aft&8 hours, MTT reduction was
depressed only in N2a cells incubated with 1 uM MEH The lower sensitivity of
the C6 cells may reflect the fact that vivo glial cells are thought to protect the
central nervous system from the trace amounts afvyhemetals that are found
normally, since they have higher levels of metailmiens and anti-oxidants, thus
enabling them to deal with metals more efficiettign neurons (Castiglioni & Qian,
2001).

7.2: Cytoskeletal studies

Total and tyrosinatedtubulin levels remained unchanged after 4 houGan
cells, in contrast to N2a cell which displayed @ased levels of tyrosinateetubulin
indicates an interesting difference in the respooiséhe two cell types to organic
mercury exposure. Hence, the fall in tubulin tynagion may be a neuron specific
marker for the toxicity of organic mercury compoandyrosinatedx-tubulin sub-

units are enriched in labile microtubules, thus dmange in tubulin levels may
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indicate that both thimerosal and MeHgCI affect noticbule dynamics in the N2a
cell line. The decreased tyrosination seen in Neids anay indicate that organic
mercury compounds have an inhibitory effect on #&yme responsible for
detyrosination of ther-tubulin subunit. Alternatively tubulin-tyrosinegkse, which
adds tyrosine to the c terminus of tubulin, cout ibhibited by organic mercury
compounds. Hence the net effect of thimerosal aetHCl| on tubulin tyrosination
would depend on the degree to which the additioreoroval steps are inhibited. It
may be of interest to measure the activity of tyresarboxypeptidase after exposure
to MeHgCI and thimerosal to determine if the chanigetubulin tyrosination are due
to the heavy metals affecting the enzyme activather than directly interacting with
the tubulin subunit. After 24 hours exposure thees an overall reduction in both
total and tyrosinated tubulin in both cell linesdicating that thimerosal and MeHgCI
causes some proteolytic degradation or reducedhesist of tubulin subunits. As
microtubules are composed of obligate heterodimkssandp subunits, the levels of
each one should remain equal. The consistent rieducat reactivity with anto. andp-
tubulin antibodies after 24 h exposure indicategduction in the levels of tubulin
compared to controls. This could be due to decteasgression of tubulin genes
and/or increased turnover (i.e. proteolysis) ofhbstibunits in mercury compound-
treated cells compared to controls. Immunofluoreseemaging confirmed that the
organic mercury compounds caused major disruptionthie MT network in
comparison to controls.

The reduction in the levels of phosptated NFH that occurred after 4 hours
of exposure to the compounds may indicate a chemgeurofilament organisation or
its interaction with other macromolecules in theomxas the phosphorylation of
neurofilaments is known to be associated with axiability and maturity
(Williamson, 1996). This was further confirmed e tobservation of similar patterns
of reactivity to SMI 34 a different anti-NFH antithp. The smaller changes observed
with SMI 34 reactivity may reflect specificity dédfences between the two antibodies.
The reduction of phosphorylated NFH levels was aqmmied by a reduction in the
levels of phosphorylated ERK1/2. ERK1/2 is one led kinases responsible for the
phosphorylation of NFH, so its mirrored decreaselsafurther evidence to the
argument that organic mercury compounds cause lmgsphorylation of NFH. A
similar study using organophosphates found NFH phogylation to be increased in
N2a cells exposed to PSP but neurite outgrowthalsasinhibited (Hargreaves al .,
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2006), indicating that the levels and alteratiamghie phosphorylation state of NFH
are useful markers of neurotoxicity, although msafic for any one compound.

The observed decreases in reactivity alitAnti-NFH antibodies after 24 hours
exposure to both thimerosal and MeHgCI indicatet there may be a reduction in
the overall levels of NFH at this time point. Tlkzuld be due to reduced synthesis or
increased turnover of NFH. This reorganisationha&f tytoskeleton may affect ERK
activation if its association with the cytoskeletavere disrupted; this could
potentially be examined using anti-ERK in dual fleecence staining with either anti-
tubulin or anti-NFH antibodies. It has been showat tcytoskeletal proteins such as
actin modulate the plasma membrané'Gaimp (PMCAs) via direct binding to the
enzyme (Vanaga®t al., 2007). Evidence in this thesis suggests that umgrc
compounds disrupt the cytoskeleton, which may im tumpair cellular ability to

maintain calcium homeostasis
7.3: Cell signalling studies

In C6 cells there was transient ERétivation at 4 hours with both
concentrations of thimerosal and decreases witlh lsohcentrations of MeHQgCI,
suggesting either a different mechanism of toxidiby the two compounds or
differences in the timing of the mechanisms in ¢heall lines. The possibility that an
increase occurred earlier in MeHgCI treated ceadis not be ruled out, as activation
has been described within minutes in PC12 cellsréRat al., 2004). After 24 hours
the levels of activated ERK fell with both conceatitons of thimerosal and MeHgCI.

In N2a cells ERK activity decreasedexposure to both concentrations of
the mercury compounds, the initial increase sedgh ®6 cells was not evident in
neuronal cells. It may be that a transient increéa$eRK1/2 phosphorylation occurred
earlier in the neuronal cell line. ERK activity raimed suppressed at both 4 and 24
hours. NF-H is a substrate of ERK 1 / 2 during agdewelopment and ERK activation
is known to play a central role in axonal outgro@iimet al., 2002). ERK plays a role
in NFH phosphorylation, an event that was also segged by thimerosal and
MeHgCI. Thus the decrease in ERK activity may spoasible for the reduction in
NFH phosphorylation, and contribute to the degradadf the microtubule network.
As ERK activation is now known to have a duel rialeell survival (Subramaniam &

Unsicker, 2006), further investigation would be aeek to determine if the changes in
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activity are protective or the beginning of cellatte One way to investigate this
would be to perform experiments in the presenc&RK inhibitors, such as ERK
activation inhibitors 1 (SteMEK3) and 2 (MTRatG-MEK1;3). Both inhibitors are
cell permeable and prevent the activation of theKBsathway by inhibiting the
phosphorylation of MEK1/2; the upstream activatbERK1/2. As over-activation of
ERK is also associated with inhibition of neuriteutgrowth the optimum
concentration for the inhibitors in the two celhds used in this thesis must be
elucidated initially. Indeed, the finding of ince=aml activation in the case of
organophosphate toxicity (Hargreawsal., 2006) does suggest that there is a very
fine balance between the activation state of ERKalld the phosphorylation of key
substrates of importance to neurite outgrowth siecheurofilaments. The majority of
ERK in cells are bound the cytoskeleton indicangle closely associated with the
cytoskeletal organisation (Robinson & Cobb, 199Rus, the deviations from normal
activity in MeHgCI and thimerosal treated cells nigeyassociated with the disruption
of the tubulin network. The exact mechanism by Wwhicganic mercury compounds
alter ERK activity is still not clear. It could bdue to the disruption of the
cytoskeleton but it may also involve changes in upstream activators of ERK1/2
such as MEK. Future work could look at upstreanmulagrs of the ERK cascade,
using antibodies against MEK and phosphorylated MEK

ERK targets serine and threonine ressdon substrate proteins when
activated. Western blotting analysis with anti-ghtus-serine and anti-phospho-
threonine antibodies suggested that neither tasgetved altered phosphorylation
when compared to the control in either cell lineowgver, it is likely that the
antibodies have only revealed the target proteimsghest abundance, which may not
necessarily be the key targets in terms of sulaldtxicity. Future studies could use
2-D gel electrophoresis which would be more likédy reveal depression in the
phosphorylation of minor proteins than the currstadies. ERK is just one of many
protein kinases and phosphatase that regulate ltbspporylation of thousands of
proteins within the cell. Although western blottirapalysis suggested that JNK
activity increased in both cell lines, the level wdactivity was very close to
background and it would therefore be advisable epeat this work in order to

improve the signal to noise ration.
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7.4: C&* homeostasis and calpain activity

Changes in calcium homeostasis amvk to play a role in the toxicity of
the two organic mercury compounds. Calcium is &sown to be an upstream
regulator of the ERK signalling pathway (Subramami& Unsicker, 2006), which
has been shown to be inhibited by the addition mgfanic mercury compounds.
Calcium can act as either an inhibitor or activatbthe ERK1/2 signalling pathway.
Other important targets of ERK1/2 are calpains 1d @ Activated ERK
phosphorylates calpain 2 at Ser50 even in the abseard milimolar calcium
concentrations (Glading al., 2001)

Confocal microscopy studies showed thanéhosal and MeHgCl exposure
alter the distribution of SERCA within both neurbaad glial cells. Changes in either
the distribution or the configuration of this engrdependent pump, could lead to
sustained elevations in calcium concentrations iwithe cell (Sayerst al., 1993)
found that 2 uM thimerosal exposure inhibited aeaitiuptake completely, via the
interaction with sulphydryl groups in SERCA. Thestdbution of the ryanodine
receptor was also affected by the organic mercwomnpounds. The ryanodine
receptor is responsible for the release of calditom ER stores and any changes in
its distribution could lead to unregulated releasel further disruption to calcium
homeostasis (Abramsaat al., 1995). The change in the positioning of both SBERC
and the ryanodine receptor indicates that there lmagisruption of the ER within the
cell, which houses these two Caegulatory proteins. However, the ER tracker dye
used in the present work was not detectable in M&#Hamd thimerosal treated cells,
this may indicate dispersal of the tubular netwiorkreated cells but further staining,
for example with anti-ER protein antibodies couidega more conclusive result.

The disperse pattern of staining seef whie anti-Golgi apparatus antibody
could be due to the antibody recognising a membpaotein that is also part of the
Golgi vesicles used for transport round the cehodgh not specific for Golgi
apparatus-like structures within the cells, theingtg pattern with the anti-Golgi
apparatus antibody did further supported the viewat tdisruption of the
endomembrane system occurred, at least at the rhighecentrations of both
compounds. Furthermore, since ER distribution isvkm to be dependent on the
integrity of the microtubule network (Waterman-®&tor& Salmon, 1998), this

indicates that the major disruption of MTs seeninmmmunofluorescence staining
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analysis would be expected to cause major ER dismypas ER tubules depend upon
MTs for localisation via association along the lgngf the MT or by binding to the
tip of the MT (Waterman-Storer & Salmon, 1998).

Calpain activity increased in neuroaadl glial cells with both concentrations
of the organic mercury compounds at both 4 andd@#<h The increase in activity is
a strong indication that calcium concentrationselexated in both cell lines, as the
calpains are calcium dependent enzymes (Soringhaehi 1997). Furthermore, as the
calpains are known to target cytoskeletal proteting,increased activity may in part
explain the degradation seen in the levels of bR and tubulin following 4 and 24
hours exposure to MeHgCl and thimerosal. Previousliss have shown that
increases in intracellular calcium causes a redacin the phosphorylation of
ERK1/2 (Millar et al., 2007), which further supports the argument thajanic
mercury compounds causes increases in intracelldaicium as ERK1/2

phosphorylation was seen to be decreased in tbsssth

In conclusion, this thesis has achievedtof the aims set out at the beginning
of the work. Figure 7.1 gives an overview of théeetfs of thimerosal and MeHgCI

had upon neuronal and glial cells.

* The sub-lethal and neurite inhibitory concentratidrave been identified for

the 6 heavy metals chosen at the beginning of ibje .

Sub-lethal neurite outgrowth inhibitory concentwas of MeHgCI and thimerosal are

associated with:
* Inhibition of neurite outgrowth, accompanied by mpes in the levels,
distribution and posttranslational modificationtabulin in C6 and N2a cells

and NFH in N2a cells.

» Alteration of the cell signalling pathways assoethtvith the control of the

cytoskeleton. ERK activity was inhibited in botHldmes after 24 hours.
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* Measurement of calcium homeostasis was attempted eusuitable
environment for the determination of intracellulealcium concentrations
could not be established within the limited timalsc It has been shown that
organic mercury compounds caused an increase isleand activity of
calpain in N2a and C6 cells after exposure to 4 addhours of both
concentrations of thimerosal and MeHgCI, which ssgg that calcium levels

are increased by thimerosal and MeHgCI.

* Addition of organic mercury compounds altered disttion of SERCA and
ryanodine receptors in both cell lines. The antiA&IR 65 antibody was

further conformation of the disruption of the cellghitecture.

Axonal <«— NFH

degeneration hypophoTphorylation
ERK1/2
_ inhibition
Calpain
activation
\ Disruption to
ca*
homeostasis
MeHg
Thimerosal
plasma

membrane

Figure 7.1: Summary diagram of some of the posgiblges by which an organic

mercury compound may exert its toxic effect.

Figure 7.1 summarises a possible route of toxigitgovered by the work in this thesis for
organic mercury compounds. Once inside the cathdlosal and MeHgCI causes inhibition
of the ERK1/2 signalling pathway, leading to hypogphorylation of NFs and the reduction
of axon outgrowth in neuronal cells. Organic meyccompounds have also been shown to
increase the activity of calcium dependant enzyoadked calpains. Calpains are generally
activated by raises in calcium concentrations Ietythave also been shown to become
activated through phosphorylation by ERK1/2. Thiibition of ERK1/2 indicates that the
intracellular calcium concentration rose sufficlgrib activate calpain 1. The activity of the
calpain may be responsible for the degradatiomefcytoskeleton seen in both neuronal and
glial cells.
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7.5 FUTURE WORK

With hindsight it would have beenudfe to measure the concentration of
free metal within the media in order to establiiwhmuch of the compound had
bound to organic matter within the media. It wobkive also been of interest to the
thesis if the concentration of metal had been nreaswithin the cell lysates after the
different incubation times to determine how muchtloed compound added to the
media actually entered the cell. The concentratiomsld be determined using an
atomic absorption spectrophotometer equipped wHG&-300 graphite furnace and
calibrated with known metal concentrations. Whitdormation on the actual amount
taken up is lacking, organic mercury compoundstediczariety of responses in N2a
and C6 cells.

The confocal microscopy work on the cigdston in chapter 4 would be
further enhanced by electron microscope imageshefcells to view cytoskeletal
changes in more detail. The same antibodies woeldded for visualisation of the
neuronal and glial cell cytoskeleton. The causthefreduction could be investigated
to identify whether it is a result of the inhibii@f the enzyme that detyrosinates
tubulin. The activity of the enzyme tubulin carbpeptidase can be measured by
assay developed by (Sirodtial., 2000) that uses4{C] labelled tubulin as a substrate
for the enzyme. The assay would use purified tubfibm the cell lysates obtained
from centrifugation at 100,000 g for 60 minute2-a°C.

In chapter 4 this study looked absynation; one form of post-translational
modification for tubulin sub-units. Experiments sleal that the addition of organic
mercury compounds caused the levels of tyrosinatdall. However detyrosination
of MTs is only one way that the MT network is stedeid. Acetylation ofx-tubulin is
another form of post-translational modification datlire studies could determine if it
responded in the way as tyrosinatedubulin to the organic mercury compounds
using the same techniques of western blotting amdunofluorescence but with an
anti-acetylated tubulin antibody.

Future work is required on the meamsient of intracellular calcium
concentrations. Initial experiments were unsuccgssf measuring calcium changes
using fura-2 in a spectrofluorimeter. There wasow kignal to noise ratio, which
prevented accurate determination of changes iniutalcconcentrations in the

fluorimeter. Intracellular calcium concentrationiealily increased even in the control
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cells, indicating that the cells were not in aa&bi¢ environment. Further experiments
are needed to determine a suitable medium thaivgltbe cells to survive in non-
stressed state that does not interfere with caleineasurements. Once the cells are
stabilised under these conditions experiments terggne the instantaneous effect
that the addition of thimerosal and MeHgCl to thellsc had upon calcium
mobilisation could be carried out, as well as logkat calcium changes within cells
pre-treated with the organic mercury compoundsngsialcium free medium would
determine whether calcium was mobilised from irgtatar stores or from outside
the cell. SERCA pump inhibiters such as thapsiganghich binds to irreversible to
SERCA causing inactivation would determine the ingrace of intracellular calcium
stores to the rises in calcium concentrations.

The work on calcium receptors and SER©Ala¢ be expanded by looking at
the distribution of IR receptors in the cell lines, using an anti-IP3¥ptor antibody
(C-20).

Studies of the changes in cellular orggtion in chapter 6 need to be expanded
to other organelles such as the mitochondria warehimportant intracellular calcium
stores (Dietmeet al., 1998). MeHg is known to affect mitochondrial ¢ato release
and uptake leading to the induction of apoptosev@squeet al., 1988). Using the
Mitosox Red mitochondrial superoxide indicator, Wbelucidate the effect of the
organic mercury compounds on the organisation ghmelles within the cell. In
addition it may also indicate if the mitochondralcium store is partly responsible
for the rises in intracellular calcium, which haween found to accompany exposure
to thimerosal and MeHg (Abramsenal., 1983; Bearrst al., 2001).

Western blotting analysis and calpaivéy assays have shown an increase
in the levels of calpain | and its activity in Me@lgand thimerosal treated cells. It
would therefore be of interest to add membrane-pabie calpain inhibitors to living
cells incubated with the organic mercury compoutadsietermine whether calpain
inhibition provides any protection from the toxitfeets of these agents. Using the
established antibodies used throughout this theséstern blotting and confocal
microscope may highlight any protective effect ti@ calpain inhibitors had upon
the degradation of the cytoskeleton.

Chapter 5 indicated that ERK1/2 signgllwas inhibited by the addition of
organic mercury compounds. Western blots with lgsttes prepared under the same

conditions as in this study may be used to lookhatlevels and activation of the
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upstream activators of ERK1/2 such as MEK. The irtgmze of the changes ERK1/2
signalling can be expanded upon by using cell pebhieeERK inhibitors prior to
either the lysing of the cells for western blottmgfixing for immunofluorescence.
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Appendix

A.1l: The effect of thimerosal and methylmercuryozhile on the levels of JNK and

phosphorylated JNK in C6 cells

Figure A.1.1: The effect of thimerosal and methylouey chloride on the levels of
total JINK and phosphorylated in 4 hour differethC6 cells

a) b)

0 0.1 1 0O 01 1 0 0.1 1 0O 01 1
Thimerosal MeHgClI Thimerosal MeHgCI

) )

C6 cells were induced to differentiate for 4 hourshe presence and absence of thimerosal
and methylmercury chloride and extracts were sépafay SDS PAGE and western blotted
as described in Methods. The blots were probed avitivtotal JNK (a) and phosphorylated
JNK (b) antibodies.

Figure A.1.1 shows that there was no apparent eéhamghe reactivity of the total
JNK antibody after 4 hours of exposure to thimeresal MeHgCI. After 4 hours it
seems that there is a slight increase in the regcif the phosphorylated JNK
antibody with 0.1 uM of thimerosal and MeHgCI budexrease in antibody reactivity
with 1 uM thimerosal and MeHgCI.
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Figure A.1.2: Densitometric analysis of the effeatshimerosal and methylmercury

chloride on total and phosphorylated JNK
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C6 cells were induced to differentiate for 4 hourshe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described

in Methods. The resultant western blots were thradgd with the antibodies indicated and

the reactive bands were scanned densitometricsilhgiQuantiscan software. Data represents
mean levels of antibody reactivity, expressed psraentage of the corresponding control +

SEM. Asterisks indicate statistical significancep(¥alue <0.05).

Figure A.1.2 shows that the reactivity of the dotal JNK antibody was not
significantly altered (p<0.05) with C6 cell extradhat had been exposed to either
concentration of thimerosal or MeHgCl. However theactivity of the anti-
phosphorylated JNK antibody was significantly irased by around 45 % with cell
lysates exposed to 1 uM thimerosal and 40% withVLNeHgCI. 0.1 uM of both
heavy metals caused no significant alterations hia &nti-phosphorylated JNK

antibody reactivity.
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Figure A.1.3: The effect of thimerosal and methylouey chloride on the levels of
total JINK and phosphorylated JNK in 24 hour diffeérated C6 cells

a) b)

0 0.1 1 0 10. 1 0 0.1 1 0O 01 1
Thimerosal MeHgCl Thimerosal MeHgCl

HM) uM)

C6 cells were induced to differentiate for 24 hoarghe presence and absence of thimerosal
and methylmercury chloride and extracts were sépafay SDS PAGE and western blotted
as described in Methods. The blots were probed avitivtotal JNK (a) and phosphorylated
JNK (b) antibodies.

Figure A.1.3 shows that there was no apparent eéhamghe reactivity of the total

JNK antibody after 24 hours of exposure to thimar@end MeHgCI. After 24 hours

of exposure to both concentrations of thimerosalppears that the reactivity of the
phosphorylated JNK antibody increases. There isbh@ous change in the reactivity
of the phosphorylated JNK antibody with either camtecation of MeHgCI.

209



Antibody 40 1
Reactivity20 -

(% of

control) 80

Figure A.1.4: Densitometric analysis of the effeatshimerosal and methylmercury

chloride on total and phosphorylated JNK
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C6 cells were induced to differentiate for 24 hauarthe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described

in Methods. The resultant western blots were threidgd with the antibodies indicated and

the reactive bands were scanned densitometricsilhgiQuantiscan software. Data represents
mean levels of antibody reactivity, expressed psraentage of the corresponding control +

SEM. Asterisks indicate statistical significancep(¥alue <0.05).

Figure A.1.4 shows that the reactivity of the dotal JNK antibody was not
significantly altered (p<0.05) with C6 cell extradhat had been exposed to either
concentration of thimerosal or MeHgCI for 24 houf$e reactivity of the anti-
phosphorylated JNK antibody was also unaffecteddl lysates exposed to both
concentrations of MeHgCI. In cell extracts expos®e8.1 uM thimerosal, there was a
statistically significant 40 % increase in the bngd of the antibody and a 48%
increase with 1 uM thimerosal.
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A.2: The effect of thimerosal and methylmercuryothie on the levels of total INK

and phosphorylated JNK in differentiated N2a cells

Figure A.2.1: The effect of thimerosal and methylouey chloride on the levels of
total JINK and phosphorylated JNK in 4 hour différaied N2a cells

a) b)

0 0.1 1 01 1 0 0.1 1 01 1

Thimerosal MeHgCl Thimerosal MeHgCl
) L)

NZ2a cells were induced to differentiate for 4 hauarthe presence and absence of thimerosal
and methylmercury chloride and extracts were ségaray SDS PAGE and western blotted
as described in Methods. The blots were probed avitirtotal JINK (a) and phosphorylated
JNK (b) antibodies

Figure A.2.1 shows that there was no apparent eéhamghe reactivity of the total
JNK antibody after 4 hours of exposure to thimerasa MeHgCI. The reactivity of
the phosphorylated JNK antibody appears to incredtie both concentrations of

thimerosal and decrease when exposed to both 6.1 g MeHQgCI.
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Figure A.2.2: Densitometric analysis of the effeatshimerosal and methylmercury

chloride on total and phosphorylated JNK
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NZ2a cells were induced to differentiate for 24 lsoarthe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods. The resultant western blots were threidgd with the antibodies indicated and
the reactive bands were scanned densitometricsilhgiQuantiscan software. Data represents
mean levels of antibody reactivity, expressed psraentage of the corresponding control +
SEM. Asterisks indicate statistical significancep(¥alue <0.0%

Figure A.2.2 shows that the reactivity of the dotal JNK antibody was not
significantly altered (p<0.05) with N2a cell extt¢hat had been exposed to either
concentration of thimerosal or MeHgCl for 4 hourhe binding of the anti-
phosphorylated JNK antibody was not affected in N2dls exposed to either
concentration of MeHgCI. But exposure to 0.1 pMmérosal caused a significant
increase of around 40 %. Exposure to 1 uM thiméiloseeased the reactivity of the
anti-phosphorylated JNK antibody by 58 %.
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Figure A.2.3: The effect of thimerosal and methylouey chloride on the levels of
total INK and phosphorylated JNK in 24 hour différated N2a cells

a)

0 0.1 1 0 01 1 0 0.1 1 01 1

Thimerosal MeHgCl Thimerosal MeHgCl
) k)

N2a cells were induced to differentiate for 4 haarthe presence and absence of thimerosal
and methylmercury chloride and extracts were sépafay SDS PAGE and western blotted
as described in Methods. The blots were probed avitirtotal INK (a) and phosphorylated
JNK (b) antibodies

Figure A.2.3 shows that there was no apparent eéhamghe reactivity of the total
JNK antibody after 24 hours of exposure to thimakcsnd MeHgCIl. Image b
indicates that as with the 4 hour exposure thetikgigcof the phosphorylated JNK
antibody increases with cell lysates incubated Wwath 0.1 and 1 uM thimerosal and

decreases with both concentrations of MeHgCI.
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Figure A.2.4: Densitometric analysis of the effeatshimerosal and methylmercury

chloride on total and phosphorylated JNK
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N2a cells were induced to differentiate for 24 tsoiarthe presence and absence of thimerosal
and methylmercury chloride, then separated by SBGEFand western blotting as described
in Methods. The resultant western blots were thredgd with the antibodies indicated and
the reactive bands were scanned densitometricsilhgiQuantiscan software. Data represents
mean levels of antibody reactivity, expressed psraentage of the corresponding control +
SEM. Asterisks indicate statistical significancep(Yalue <0.05).

Figure A.2.4 shows that the reactivity of the dotal JNK antibody was not
significantly altered (p<0.05) with N2a cell extt¢hat had been exposed to either
concentration of thimerosal or MeHgCIl for 24 houReactivity of the anti-
phosphorylated JNK antibody remained unaltered wé@mpared to the control in
N2a cell lysates exposed to 0.1 and 1 pM MeHgCltibaay binding was
significantly increased by 50 % with cell extraetgposed to 0.1 uM and 60 % with
cells exposed to 1 uM.
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