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Abstract

Babies that are born more than 8 weeks premature or those deprived of oxygen
during the perinatal period are susceptible to brain injury, particularly in
conjunction with maternal or fetal infection, leading to neurological deficits later
in life. Multiple studies have shown that even brief exposure to hypoxic
conditions will cause rapid and selective increase in specific mitogen-activated
protein kinases including extracellular signal-related kinase 1 and 2 (ERK1/2)
and C-Jun N-terminus Kinases 1 to 3 (JNK1-3) as well as the JNK downstream

effector: C-Jun.

To gain insight into the in vivo function of some of these intracellular pathways
that contribute to neuronal damage in ischemic postnatal brains, we examined
the effects of global or cell type specific as single or combined deletions of ERK
1 and 2 and both cell type specific or functional deletions of C-Jun. In addition,
ERK phosphorylation was prevented by the administration of the selective MEK
inhibitor SL327. This was observed with both pre- and post -injury application.
Lastly, to explore the effect of endotoxin as a sensitising agent prior to neonatal
hypoxia ischemia: lipopolysaccharide given to neonatal mutant mice, with
sensitising effects noted at a dosage of 0.6mg/kg of LPS and a time interval
between endotoxin administration and hypoxia-ischemia of 12hr. The Rice-
Vannucci mouse model is a well-established experimental paradigm for hypoxic
ischemic injury, providing insights into molecular signals that determine both

white and grey matter tissue loss.

Normal pERK is detectable in periventricular white matter axons (15-45min post
HI), followed by white and grey matter glia and cortical neurons (1-4h post HI),
returning to normal by 8hr. Mice with double mutation of global ERK1 and
neuronal ERK2 deletion showed a lack of pERK expression through the
forebrain following HI. In LPS-sensitised HI, we observed a strong decrease in
infarct size, histological brain injury and microglial activation in cortex, striatum,
and thalamus. A more discreet effect was seen in subcortical white matter and
hippocampus. ERK1 deletion attenuated the effect of neuronal ERK2 deletion.

These results were reproduced following severe Hl insult alone. Astrocytic ERK
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mutation exhibited a polar response with a 3-4fold increase in microglia

activation and the number of dying cells within grey matter regions.

Global inactivation of ERK, through pharmacological ERK inhibitor SL327
significantly reduced cell death, and associated microglial activation in both grey
and white matter at 48h following HI insult. Application of SL327 even as late as
1hr post insult significantly reduced brain damage induced by mild HI exposure.
Systemic administration 1hr after severe HI dramatically increased the survival

rate of pups at 48hr post insult by 80% compared to sham-treated controls.

Deletion of C-Jun in all neural-epithelial lineage cells resulted in a strong
increase in injury following severe and LPS-sensitised insult. In contrast,
neuron-specific deletion of C-Jun resulted in neuroprotection. Tunel positive cell
death was significantly reduced compared to control groups, in white matter,
cortex and thalamus. Microglial activation, and infarct volume loss was more
discreetly decreased with a notable effect in cortex. C-Jun expression in
astrocytes is not a major contributor to ischemic damage response, with very
mild reduction in markers for cell death and microglia recruitment following
severe hypoxia, and no change observed between mutants and controls after

endotoxin-sensitised HI.

Replacement of the four JNK-dependent C-Jun phosphorylation sites (jun4A)
resulted in a mild decrease in cell death and microglial activation compared to

littermate controls, which did not reach the level of statistical significance.

Overall, the data points to an important role of neuronal ERK and C-Jun in both
a cellular and biochemical response to HI in the neonatal cerebral brain, but
also argues against the involvement of JNK-dependent C-Jun phosphorylation
in mediating neural damage. In addition, inhibition of ERK via pharmaceutical
agents shows promise in decreasing morbidity and mortality caused by mild to
moderate HI exposure. Lastly, neuroepithelial C-Jun expression appears to be a
critical factor in normal cortical development and employment of endogenous

neuroprotective mechanisms against postnatal insult.
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Chapter %Introduction

Introduction

Cerebral hypoxia ischemia (HI) is one of the leading causes of neurological
deficits in neonates. Hypoxic/lschemic complications during the perinatal
period, 24" week pregnancy to 4 weeks following birth, occur in 1 in every
500 births worldwide. The consequences of HI in the neonatal brain are
highly debilitating behavioural and neurological disorders (Dixon et al., 2002;
Lindstrom et al., 2008). The most common of which is cerebral palsy. Other
associated conditions include impairment of speech, hearing, vision and
memory. Long term effects can include epilepsy, learning difficulties, altered
behavioural and emotional problems, for example: hyperactivity and anxiety
issues (Marlow et al., 2005). Persistent and severe HI eventually leads to
death (Vannucci, 1990; Vannucci and Hagberg, 2004) .

|l mpaired cerebr al bl ood flow is a major
The causes of which are many, including:
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(Higgins and Sh¥nkaean ®d®2Ica9mma2 @r e br ain
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cerebr al arteries. teesmioams afffoe ante d wh ir toen
cortex regions of the forebrain. When a
occurs in the central grey nucl ei, cort e

hi ppocampus.

After which, the foetus is initially more able to adapt by redistributing cardiac
output, decreasing brain metabolism and utilising various energy substrates
in addition to glucose, including ketone bodies, lactate, pyruvate, glutamate,
and glutamine. Ketone bodies converts acetyl coA into long chain fatty acids
that cannot otherwise pass the BBB (Prins, 2007). Alternatively, neurons can
efficiently use lactate as an energy substrate with a preference for lactate
over glucose when both substrates are present. This way, cerebral tissue
can acquire vital nutrients, but only for a finite time (de Vries and Jongmans,
2010). Once a critical threshold occurs, cellular mechanisms fail, ending in
two phases of damage: primary energy failure, followed by secondary

neuronal cell death.

Primary energy failure ensues when cells can no longer sustain activity due
to reduced nutrient and adenosine 5-triphosphate (ATP) supply. This leads to
multiple failures of cell regulation, causing cell depolarisation, cation influx
and cell lysis. The use of high energy phosphate reserves results in
anaerobic respiration which, if allowed to continue, gives rise to an increase
in lactic acid causing pH fluctuation and the formation of free radicals leading
to oxidative stress (Higgins and Shankaran, 2009; Vannucci and Hagberg,
2004). The loss of cellular homeostasis results in cell death, either directly
(necrosis) or via apoptotic signalling that will reduce damage to surrounding
cells. Key elements of apoptosis include caspase3, caspasel2 and Bax (Zhu
et al., 2005), all of which are up-regulated in immature cerebral tissue
compared to adult, leaving the perinatal brain more susceptible to neuronal
death (Yager et al., 1992).

After initial insult, reperfusion gives a transient restoration of energy
resources (Gilland et al., 1998) before secondary cell injury occurs

(Blumberg et al., 1997). Whether reperfusion leads to resolution of ischemia,
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and restoration of homeostasis, or whether secondary neuronal injury occurs

is dependent on the duration and severity of primary energy failure.

Secondary neur onal cel | merd t h plies rmdlee c
i mbal aincetsi,gated by excitotoxicity, oxid
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Il soxazol epropionic acid (AMPA), an anal o
N-Met fDyals partic acid (NMDAN rogdc epWNMDA . r ACd |
|l ead to an ?Findtlauxt bd Cal l to abnor mal |l
exacerbated b'yvel easeenabe€ames -teogilcatiinen
of l i pases, proteases and endonucl eases

i ncr eafsreeei nradi cals for med by the actiyv

cyclooxygenase, xant hine oxidase ?*and I
activation of neur onal nitric oxide synt
nitric oxide and, t el OHr@e@er rriaedrioc ad #ss: a |O.
cell s undergo oxi dati veonsttrltesisr, miot otcHhio
Mitochondri a, under continuous ROS relea
Neur onal | oss by HI iI's regulated by dif

direct resul t of the stress or of t he
beneficiahe whbmpensatory mechani sms t he

reqgul ated, or pathological, when the coni

The mitogen activated protein kinases (MAPK) are a complex group of
serine-threonine kinases, serving as secondary messenger systems required
to transfer extracellular signals from the cell surface throughout the cell to the
nucleus (Lu and Xu, 2006). Upregulation of all four subfamilies of the MAPK
cascade are observed in the cerebral cortex under hypoxic ischemic
conditions. Following HI, multiple stimuli of MAPK are released including
growth factors, cytokines, glutamate and FR. Indirect activation and
phosphorylation can occur due to ischemic loss of cell integrity and
dysfunction (Ho et al., 2008; Irving and Bamford, 2002; Jin et al., 2002).
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Whether the activation of these pathways is due to cell loss or whether they

actually regulate the mechanism underlying HI insult remains unclear.

This introductory <chapter aims to provic
and clinical management ofsciheimamrct s nswhije
the perinatal peri od. It wi || al sos expl o
of the injured brain. Lastly, there is ¢
family members ERK and JNK play a regul a
to HI . This review wild.l hi ghlsughi vabr aac
pr-eat h f utnhce iiosnchemi c br ai n.
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Perinatal Brain Injury

Prevalence of perinatal encephalopathy

I n devel oped countries, cerebral -6hypaxi c
1000 I|ive births as a r €Roubletr tasfonp erti paalr
Vannucci and VYanlhnucddv,elldd®i7/ng countries,
i's 10 fol ®0Bi @lheraf ftk® tweidl |i ndfiaen wi t hi n th
Those suffering mild encephal opathy, t he
19% with moderate insult and 63% with se
deaths per year, nearly a quaRKdrer p atriee ndt
survive, 25% go on to have permanent ne
sensory and cognitive impairments.

H I i's stildl one the major causes of neus.t

f oremost sequel a of peranasahemisphegxicarp
(HI'E). Moderate HIE wil!|l result in a 10%
an increased chance ¢Robceorgtnsiotni vesta hamp.a,c r 210
l99Vannuamcd Vannug¢¥annulcocdi7 and BHaghlerigs
maj or factor ofs pcooenrse bbrPaBl%fpod| s8YCb lreceas et &
200.0 Of t hese, 80% ar e (Pcamrestihd)e r2a0d0p8d y 8 k & i
based study in Sweden showed 0.7% of al/|l

encephal opdathihye.e Faordtiwi dual s werejudegnonf

an Apgar score |l ess than seven. Wec¢hsl er
edition) was perfor mk@d wearasd)ol tes ctdearcre r i
neur ol ogi cal out comes. I n the moderate ¢
pal sy. Of g h@d0%em@alwi had definite cognit
had a hearing 1 mpairment. dnil ryd s8t% ° me neat i
200.6

The severity efpeodéncbmeni & dose respons
insult and a maturation dependent suscep
factors such as a gestational age <30 we
ri sk factoreclsampmsiass gndeconfecbube Bwbsan
ri sk of mortal(Pegblacms anmod bWyaathy ,e t2 0eDI2. i
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Wu et a)l . La200%, there is a broad sugges:
role with males affe¢(tked® | mhored; Stalan a f2é@thal
201.3

Studies such as these indicate that intr
significant encephal opatfe,r mwhimplact n on u

devel opmeretpa&ar cussi ons.

Susceptibility of the Neonatal Brain

The brain hasdias pgorseiattieorn ptroe oxi dati ve st
period compared to the mature adul't br ai
hypercohxalcl enge that occurs at the transit
i fe. During nor mal | abour, t he fetus
compensatory mechanisms with which to co
required for nor mal greonwtrlyonwbheraendi tf et 3l
follicular devel opment , ovul ati on, embry
(Peebl es and MBHanBamgdo2x0ioczal 'y OS is al so
pregnancy related disordeecl|l ampdiua,i nfge tna
restricti-oar mnld@B bpa Ler and S tGxreleenyw,o0 o0d9 %3t
200.5

Oxidative stress occurs when the product
capability of anVobpedanRtodetenced FRs
i nfl ammati on, hyperoxi a, hypoxi a, and is
therebral cortex, neutrophil and macroph
glutamate, and the rkEéeameFRfi nmnibtosinawn ri
oxygen species (ROS), nitric oxide (NO)

medi at e r ese@wuxg asni gamadl Ckraour, almd 4LR enrgr, o "2ed 09t
al . ,;v2&13*r and BHerriero, 2001

The newborn, g eaerrtm, c wlrarilny hparse a greatly r
oxi dant defencesentduéeevel si negfuf Bupkieroxi de
catal ase, glutathione peroxidase and an
up FRs 3nhdn#&eleaving greater(Noehtentredt

2002 1In addition, there i S evimdemter to
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gl ut ami ner gi(llce suy rseasesteasmd ). &2 ause of t h
factor s, t he devel oping brain i s highl

consequences of which ayperanfusicomasét ¢

vascular beds and eventually depletion o
and cel(Dudeatland Q¢ChoATP 1d99 nuti on resul
mul tiple cell ulndwudproatpecinnesn,t sl i pi ds, pol vy
(through fragmentati on, apoptosi s, strar

organ-epdretsi cul arl vy mitochondri a but al s
appar @Ntouddition et ;Tahor,nt2oMlle)t Bh .t h&O0OdBve

brain, the cerebral metabolic rates of g
than the maPe e lel ebsr aa md Han<emh | 2002 umpt
regul atedabyomseditbi ¢the mitochondrion str
the number of mitochondria per cel l , it
enzymes, and (@Datnrgi, x;2dHEMst bp 6.t NMNdr.mal2l0y0,1
production iIis equivalent to its wutilisat
to long | asting and irreversible damage.
Cerebr al bl ood f Itohwe inse oanlastoa |l hibgrhaeirn.i PAn i
demand caused by hypoxia | eads to greate
and adrenal gl ands, regul ated by the syn

When demand exceeds output ca&apaxicthya,ngae rc
transepxiaaceer bating hypoxia an(Baxulsneq uNeen ts
199%annucci ef). allh.i,s 2 0e0did ;2 | t-pheyrgf@irse on a
decreased high energy phosphate met abol

mol ecul ar response cascade Gamanl wdi md .i,n
Niijima ¢t al ., 1988
During fetal devel opment , the cerebral

unmyelinated dtve otdauctimeg myedllisn ol i godend

in their i mmature precursor for m. OBDC pr
FR induced (@oewdn deetatdli u, e2 0 &do.l ,pe2)0 DO 1
addi tion, FRs can attach to myelin sheat
l i pi d peroxi de i s a FR. Further more,

concentrations of wunsaturated fatty acid:
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These, asiwjtareylkighly vulnerable to FR
ri sk of WWedvamagge ;Kadur, 2D 3Li ng, 2009

Lastl vy, when injury accompanies systemi
becomes hypersensitive to HI, contribut
Bacteri al i nhvlas-dpai dodalt hepace | eads to

endot oxins and cytokines by the deci duc
excitotoxic cytoki neslUilHlchbl,b ¥8d e tiunmoeurrl eruekad
facOFTNPBand gr anul ostyitreu lcatltiorfgs FiCahmtck and
Gi ffargdDQug2aOn05and CGehr madmmiet;Sadeghilo9dt
200.7 Cytokine release results whidckhei synt
stimulates wuterine contraction, cervical

chori oamni ot ipco tneemtbiraatiiGeoslgd ¢ mbeoemug )et al . |,

Causes of injury

l denti fying risk factors of neonat al br a
due to the variable responsd obdthwee esrmamen e
It I's essenti al that we are able to rec:
accuratelyetmeolubaoagmes as well as apply

therapeutic strategies to reduce damage.

selctive cerebral hypothermia.

Whi |l st epidemi ol ogically, hypoxia is res
i nfant neur onal di sabilities, it remai n
perinat al brain i njury. The aetiology

identified into three causal groups: mat
and pogBaxattearl ef®. al ., 2004

Antenat al origins of H I are vast, and i
ecl ampsi a, premauunee plaednngl atupt20 wee
pr-exi sting diabetes, maternal substl@nce
fetoprotein, and intr@®ubheer net).g a8 ho2fO &
cerebr al pal sy cased showed atGalfefansety oente
1994 I n HI i nduced neonat al encephal opat h
maj ority ofstcaiurstersapwahlritilum factor s, such
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trauma, make up the minority. Postnat al
as pboisrtt h trauma, infection prolonged sei
When HI i s severe enough to induce damag
organ mal functi on, predominantly the hea
mu totrigan f ai lure occurs in cases of <ceret
fetal br,adyectaarldisaa r oke and maternal hyper

i n perinatal (@eceaepghalnadpaRrhoyvleinredd ter, o n2 0e0t9
200.8

Ot her thae Hext maj or per i ntagrarh Irddkurf e
subsequent encephal opathy is f gAdil madter al
200801l denber g ;elaeghkrg 20.06AIN.t,en2aQ 1al i nfec
sensitising role of the fetus to HI i nd
ver of >38AC persisting for l onger t
chorioam@obenhetbse et kBhfect2i0dM sensitises
t he

more vulnerabl e t(lompey osmtdpa yT.hiem200ils sur |

f e

permeability of the Dblood brain bar

l'ittle coweenationi d&lt and hi stologi cal
perinat al infection strongly ties into |
women aterpmed abour, or in the umbilical c
the devel opmentarofl ep&kroimad ratcri iac nud)y gaear el r
al . ,;Vadhler and FFoplnilmet )21090956

Patterns of cerebral brain damage

Advances in MR imaging have |l ed to the
brain damage resulting from neonat al HI
pattern (WSPP) wusually due to prolonged

cerbr al white matter ( WM) t hat l i es al o
bet ween the anterior and cerebral arter
mi ddl e cerebr al arteries. | f HI i's sever
cortical grey matdtetrer nThebseevendd i3 t h
predomi nant pattern (BNPP), caused by ac!
the deep grey nucl ei, t he r dHraanndcics coora

Linda,). 2D0Wé& emergence of these patterns,
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specific regions affected, ar e predict
out come. WSPP | eads topoi tai wea edlyosnfi mmatil gn
mot or i mpairment, although this is not i
>2yrs can be applicable. Both cognitive

evident wi t hin t he ([Ciowamn B2 magaWtr.h,& s2000mB3d
Groemaal ). 2010

Watershed predominant pattern

Rudol ph Virchow, using post mortem speci
1867. He observed t he presence of ma c
degeneration I n t he periventricul ar reg
encephal omytis. Periave(nRWL)c uwaasr nl oetu kcoamnan e
as 1962. Similarly, from post mortem st
were seen in the subcall osadciwphiittael mand e
l ongi tudi nal fascul e, and titnalt hset reaxttae ronfa
tempor al and the occipital horns of the
surrounded by areas of l iquification anc
Baxter e®) al., 2004

Pat hol ogy of WM odamage mbs natuieont of bot

devel opment of v atsttau | aer shurpapll y b rt aoi n and

dependent i mpair ment of cerebr al bl ood
cerebral bl ood flow and pressure ion neo
compr omi s e, as the dynamic range of bl o«
t hat in tRd mamdigl comp@red to 40mmHg) . Oon
hypoxia causes a reflexive increase in ¢
cerebral bl ood pirtes s nnrog maley amd g e . Thi
autoregul ati on of cerebral -paooidvefl oevr e
circulation. This means the cerebral bl o

when systemic pressure fGrleliss, e nsPoa @dB0eAS telt
all1995 Reduction in blood flow eventually
reperfusion of thekegrdlarcdlor ¢gasnuleatl yn e
also result i n apnoea. The foremost out
which givescridselegispaserebr al pal sy (CP
corticospinal tracts within the posteri.:
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(Vol pe,). 2RA0mMmore diffuse WM damage i s r es

behaviour al abnormal ities.

WSPP i s associatedntonbagtelstatiredalt age
(Greenwood et Bétweek®MOpest-a2a2i vneaksagebe 28
WM is especially sensiti-wmgelteod adsat naat gee. dWIM

this stage in devel opment is |l argely po
al ong with neur onal axons, are suscepti
formati on, cyt oki nes aifKda ug | uatnadmaltliein ge, xecd
al ., ). 260Rvceuwnltarri | euk amatl letc e rgomcec ur s due
haemorrhage of the ger minal matri x, t he
l ater al ventricl es, and not d@Heu atng ifasndh

Castil Dhheaant2r0a0r8y t o previous paradi gms, W:
to prematTerem bantderpreéfuwe bl resplond to HI
gualitativel yFestal | aes pnamsdertad emiHId i s di
ter mt havwer al | pattern of cerebrovascul ar
I n peem fetus, there is progressive fail.
a fallboth <central and peripheral seerf u:
presgGurnen and Be)nAtett,er2n®@ Ob9l ood 1 s priori t|
such as brai nsasal, gamdlaimtea ,and hi ppocamp

|l ess metabolically active regions such
water shed zones become hypo perfused. v
pronounced in par(Besaggtaad CgurBt i2I000@Bi e W@
of 173 term infants, subject to moderat €

and BNPP by MRI.SRhtwaesobsasgldyed Wi n 45%
BNPP accountedlCbwanj|est)aB@fs Ri0OMDBs ar e e me

HI at term wi |l | resul t i n a miXxXture or e

Basal nuclei predominant pattern
Al ternatively k nolwn gamsg!| t Akt hlad a mus pat

recognisable by threediktséonaentpiadtted nby by

HI . With mild insult, |l esions trans-pire
l ater al thal amus only. | netseer mee giad s ,i ngl
rolandic cortex. Severe HI affects the

compl ete thalamus a@ohbhbBeéeohi pirod¥mpseE0R
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al ., ) 1AB4Mdi tionally severe case |teositomtsa l:
brain injury and potentially death.

BNPP pathology is due to neuronal cel | d
stress. Even when insult is not enough t

promote a neurotoxic caschdajsmssraptdiocg
i ntracelThuolranrt o;mH €t HBhese 2@dRul ati ons wi l
neuronal | oss through necrosis, apoptosi

Out come from BNP®r ,i srecfuttden ngpo in deatF

i mpair ment , reduced head growth afdk br a
Vries and Jon@imamrs , e t2)0dll.he 2@ 2nt of out
correlates with the severity of BNPP; Mi
CP in comparison to intermediate and se\
spastic CP. The extend of HI and BNPP a
clinical mani festations i ncluding i nten

encephal opat hy eanidn asievienrcirtéd soifr saend ud e s

199Bi xon et) al ., 2002

BNPP is more common at term because of
metabolic disorders have no correlation
underlying factor. Ensuing motor i mpair
mont hs of i f e, areds etl b@ungemt cognivtairmea bl e,
BNPP are observed i (Cotwmen feitr ;shtli mpG @@dmBtt h <
2 0 0Q)8. These damage patterns wunderline t1l
di agnosi s of injury as a vital process f

out come.

Outcome: Hypoxia Ischemia Encephalopathy (HIE)

Birth asphyxi a i S a condition of I mpali
persistent, results in hypoxemia, hyperc
outcome of birth asphyxia is hyipexihe mia
(restriction i n n cbelpohocad o pautphpyl.y ) Enecep hal ¢
consequence of oxidative stress due to a
cytokine formati on. These affect mul ti
deregul ation and cel l deat h. Theraf tagre

30| Page



CHAPTER Introduction

birth asphyxi a: seaemr,e ftort aé x ehrmgploex,i awi t h
and prolonged -parcthaakshypypoxixaended | abou

rise to a specific pattern of brain dama:i

I n neaabgsalpkypasi on of the fetal circul
(Gunn and Benn®&ecr2gf@e6d blood flow to the
resul ts I n per imadgnntemri ciunfaar cwh iotne Modul &

nclude <cyclooxygenase 2 (COX2) and pr o

production of and release of vascular en
turn promoteaersd vagsaruel&it s ej a ed. alHowevCelr3
both inflammatory cytokines and NO, =exce
of tight junctions | msthle peEBBheabeadtit yg a
activ@Eengnet Jal The2®B®B had$ eaioricoimmalni c
bet ween the brain and peripheral body. S
det achment of endot hel i al cells from th
endot hel i al bl ebbing and necrosi s. React
damagadot hel i al cell s. This damage propa
via the | oss of normal endotheli al NO pr
Energy failure after H I may go on to p
excitotoxicity. Compared to threumbdul tofb
glutaminergic synaps€Si el nett Hael Arfeto2nfaltball, bt
a transient increase in glutamate recept
to depress mitochondri al rJeoshpni srtaotni oent, aln.

KitagawaRer2rOaddn2e ef. adln. ,ad2dd 13 on, dgrheatnleyo!
reduced production of glutathione and gl

power f ul antioxidant wi t h t he dual act |
glutamate receptor | igands, preventing e:
synapsentpsr etvhee uptake of cysteine, a buil

reducing the antioxidant d Nfoendhdasngavai le
2021 I n an UK studythfa9@Qesntabioomasl|l wage
varying degrees of HI E, an attenuation ¢
seen wi t hin t he fi-smeaci48kr eandd| ager dmra
mar ker) was s &Zehru ettt 7@dhrDe 2O0dds e i n gl
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peroxi dase directly correl ated wi t h t he

neurodevel opmental outcome.

Outcome: Cerebral Palsy (CP)

Cerebral palsy is defined as a permanent disorder of voluntary movement or
posture due to defects or non-progression lesions within the immature brain
(Baxter et al., 2004).This is the most cited definition of CP, coined by Bax in
1964. A more specific definition of CP remains in contention due its variability of
form and severity as well as the spacio-temporal influences of insult. That it is a
clinical manifestation of multiple and interacting pathologies may explain the
apparent complexities to define it shown in scientific literature. CP affects 1 in
400 live births; meaning that globally, 1800 infants are diagnosed. It remains the

most common cause of severe physically disability in childhood.

Cerebral palsy, or as it was termed-cerebral paresis, was first described by the
English orthopaedic surgeon William Little in 1843 as part of a series of lectures
entitled fnDeformities of the Human Fram
contractures ad deformities resulting from long-standing spasticity and paralysis
(Little, 1843). Here, Little indicated that the cause was often damage to the

brain during infancy. In a second set of lectures in 1862, he expounded this
theory to implicate pre-term birth and asphyxia. Initially there was no published

work further exploring the mechanism of CP. However in 1920 Winthrop Phelps,
pioneered a more modern approach to the physical management of CP. Phelps

had four treatment goals: To improve locomotion; to encourage self-help and
reliance; to establish coherent speech; and to improve the quality of general
appearance. It was not until 1997, when the gross motor function classification
system (GMFCS) was introduced in response to the pressing need for a
standardised allocation of the severity of movement disability amongst CP
patients (Jones et al.,, 2007; Ka v | i | and Vo Bantgliadis,et a,0 0 5
2013).

GMFCS remains the principle method to describe motor disability in children
with CP. In 2004, an international workshop met, founded by the united cerebral

palsy research and educational foundation (USA) and the Castang foundation
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(UK) in order to revisit CP classification. This was in light of technologically
advances in brain imaging and their correlation to clinical symptoms, and the

changing paradigms of the underlying neurobiology of CP. Participants agreed

t hat CP describes na gler® of ghe delvelopment aia nen't
movement and posture, causing activity limitation, that are attributed to non-
progressive disturbances Bbxtert eh al., 20@1t a | (o
Paneth, 2008).

Whilst there is no single given cause of CP, two risk factors are implicated in its
incidence: Gestational age (GA) and birth weight (BW). Greenwood, in 2005
found that 15% of CP cases were born between 33 weeks and 36 weeks and
that 54% were born at 37 weeks or more. When added to population data it was
extrapolated that CP occurs in 42 in 1000 live births at 32 weeks GA, 6 in 1000
between 33 weeks and 36 weeks GA, and 1 in 1000 at 37 weeks or more.
Infection and hypoxia were shown as markers that correlated with an increased
risk in CP, both at pre-term and term, antenatal complications such as pre-
eclampsia only increased the risk of CP in term infants (Greenwood et al.,
2005).

0,004 2227 weeks

_0.80- 28-31 weeks

—1,60
—2,40
-3,20

32-36 weeks
—4,00

Logit event rate

-4,80 (=Y

-5,604 >37 weeks

~6,40

7,204

—-8,00
Gestational age

Figure 11 Regression of gestational age measured on a Logit event rReproduced with permissio(E. Himpens

et al. 2008)

A 2008 meta-analysis looked to determine a relationship between GA and the
prevalence, type and severity of CP. The review included 28 studies between
1985 and 2005. They affirmed that an incidence of CP significantly reduces with
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an increase in GA. In extreme pre-term (GA <28 weeks), 14.6% infants were
positively diagnosed. In severe pre-term (GA between 28- 32 weeks) this was
6.4%, moderate pre-term (GA between 32- 36 weeks) 1 0.4- 0.7%, and at term
(GA> 36 weeks) T 0.1%. This is illustrated in figure 1.1. The occurrence of CP
only began to decrease after 27 weeks until term (Himpens et al., 2008).

Other research groups have focused on birth weight (BW) as a deciding factor

in both incidence and severity of CP. Pharaoh et al. used a cohort of CP

registers covering Scotland and six England counties between 1984 and1989.

When apportioned by BW, a significant increase in CP cases were observed in

patients with a BW <1000g, at 7.8% compared to 0.1% with a BW <2500g
(Pharoah et al., 1998). Colver et al. in 2000 found a complimentary trend

looking at a northeast England cohort over a 30 year period (1964- 1993). They
found that newborns with areBalrisRafEPiogy had
severity whereas a BW 02500g gave a high
severity (Colver et al., 2000).

These studies show that both GA and BW contribute to an increased chance of
developing CP, but these patients are a highly heterogeneous group and so not

easily defined.

Outcome: Long term cognitive impairments

This thesis has already established that of the surviving infants from HI insult,
25% go on to acquire prominent neurodevelopmental disorders. Between 3-
25% are functionally diagnosed with CP, and cognitive impairments are
common, both alone and in combination to CP. Those infants who suffer mild HI
have, in general, a good prognosis for outcome, whereas, moderate and severe

insult proves more heterogeneous.

Cerebral white matter damage, as a consequence of HI can be due to hypo-
perfusion of the cerebral arteries vascular bed and the susceptibility of myelin
and its generating cells: oligodendrocyte precursors to FR and oxidative stress.
A lack of myelinated axons in addition to glutamate activation of ion channels in
the neuron results in hyper-synchronous generation of action potentials. This
deregulation of electrical impulses along the neuron is an underlying cause of

seizures and consequentially epilepsy. Seizures can occur early after birth with
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frequency increasing within 24-48hr after onset (Lieberman et al., 2000; Wu et
al.,, 2004). In addition, white matter damage is an indicator of HI and
inflammation induced mental retardation. Other physical traits associated with

HI are sensory-neural hearing loss, and cortical visual impairment.

Skills underlying learning and memory are key focal points in long-term
assessment of infants with HIE. Robertson and Finer in 1989 and more recently
Marlow et al. in 2005 both followed up case studies of CP at the ages of 15-19yr
and 7-9yr respectively. At these age points, differential abilities in CP children
are more apparent by the higher demand for complexities required at school.
Both studies showed that severe HI lead to difficulties in language, reading,
spelling and arithmetic in CP patients compared to their peers. Moderate HI on
the other hand showed cognitive abilities within normal range, although these
were still lower when compared to peers (Marlow et al., 2005; Robertson et al.,
1989).

The developing brain is pre-disposed to insult due to the vulnerability of ODC
precursors and a lack of anti-oxidant and FR scavenger defences. Antenatal
factors are most likely to contribute to the cause of neonatal HI, although a

correlation in birth weight to severity of outcome is also prevalent. The pattern

of damage seen is dependent on the type

age as well as other factors. The severity of outcome is dependent on the
regions of the brain affected by HI. This shows that the exact mechanisms that
give rise to hypoxia-ischemia to be incredibly complex and highly variable

between individual.

Animal models of neonatal HI brain injury

Due to the multiple differences between the neonatal and adult brain,
correlating data from human adults, in cases such as stroke, to newborns is
limited. As such, the development of animal models has proved a vital tool for
the study of developing brain and its response to injury, as well as testing the
therapeutic efficacy of emerging treatments. This is due to the ability of such
models to mimic clinical entities such as biomarkers, aEEG and pH (Faulkner et
al., 2011; Robertson et al., 1999; Robertson et al., 2013).
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New models are still arising, as are the adaptations of existing ones. In the
1970s Dobbing and Sands led the way in establishing neurodevelopmental
parallels being humans and other species based on the rate of brain growth
(Dobbing and Sands, 1978). Studies that are more recent have focused on
models with an origin in the histological and functional maturity of individual
brain regions and neural systems. To date, the most widely used model of
neonatal development is the P7 rat, whose maturity is accepted to equate to the
human early third trimester. Other popular species include primates, the fetal
sheep, lambs, piglets, rabbits, and other rodents. An analysis of 292 animal
studies of term neonates with HIE conducted between 1955 and1997 indicated
that rodents were used in 26%, piglets in 23% and sheep in 22%. A time point
of 24-48hr proved optimal for analysis of damage (Hagberg et al., 2002a;
Northington, 2006).

Whilst no single model is ideal, each provides a preferential advantage
depending on the research question and materials used. Primates have a
phylogenic proximity closer to humans than any other animal. They are well
suited for long-term studies of neurological development and behaviour.
However, their use is limited by expense and ethical considerations. Piglets and
sheep have an extensive history of research to back their use, mostly focused
on cerebral metabolic outcome and physical endpoints. However, litter sizes are
small and their postnatal maturation is fast, leaving the timing of an
experimental window critical. Rodents also have a good baseline of data to
back them and have the advantage of large litter sizes. They are utilised for
histological findings after injury as well as long term behavioural outcome.
However due to their small size, multiple organ monitoring as well as some in

Vivo imaging techniques are limited.

A number of these species have aided our understanding of the pathology
underlying WM damage induced by either HI alone or in combination to other
exacerbating factors such as endotoxin or excitotoxic glutamate. A pre-term
sheep model of LPS and HI gave rise to transient hypoxemia and hypotension,
a fall in arterial pH and a rise in lactate (Gunn et al., 1992). All predictors of HIE
in humans. WM damage was seen in the LPS treated group. A P1 rat model of

ischemic insult used bilateral carotid artery occlusion. Here ventriculomegaly
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and a reduction of density in the corpus callosum were observed by a decrease
in myelin basic protein expression. AMPA agonists introduced to P7 HI rats
proved protective against the damage of ODC precursors and WM. Lastly,
global KO of IL-18 in mice proved neuroprotective against HI insult compared to
littermate controls (Hedtjarn et al., 2002; Northington, 2006; Roohey et al.,
1997).

In 1981, Rice and Vannucci modified an adult rat model of stroke, described by
Levine in 1960. Levineds model saw- br ai
induced neuronal alterations in forebrain regions ipsilateral to artery occlusion

(Levine, 1960). Rice and Vannucci used 25 P7 rats and occluded the left
common carotid artery (CROC). They were recovered for 4-8hr before subject

to 8% oxygen at 37°C for 3.5hr. After hypoxia, the pups were returned to dams

and monitors over a 50hr period. Experimental animals were compared to

CROC alone and naive littermates. In 92% of experimental animals, injury

included neuronal changes and damage to the ipsilateral cerebral cortex,

corpus striatum, hippocampus, and thalamus. Fifty-six percent of these also had

tissue infarct in regions surroundingthe mi ddl e cer ebr al arter
model, necrosis of the subcortical WM was greater in the ipsilateral hemisphere

and spreading from myelinated foci.

To this study, Rice and Vannucci added 22 more animals. They were subject to
CROC and HI, and observed for cerebral water content. This significantly
increased in the ipsilateral hemisphere (0.6-3.3%) suggesting that edema is a
consequence of ischemic damage and not a cause. Later studies by this and
other collaborative groups have shown that glucose, Uketoglutarate,
phosphocreatine, ATP and adenine levels to be lower in this model. Other
groups have also made their own modifications including bilateral CROC plus
6.5% O:2 for 1lhr. The result of which was severe and homogenous cortical
lesions in 89% of animals. Another example is the adaptation of the model to
one of extreme immaturity at P1- P2. The experimenters found that in these
animals a longer and more severe degree of HI was required to induce a
response. However, when it did there was an elevated degree of damage to the
subcortical WM. This is believed to be a consequence of ODC precursor and
sub plate neuronal cell death (Rice et al., 1981).
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During the 1990s, The Rice Vannucci model was tailored to mice with
modifications to the length of hypoxia being the most changeable factor. Mice
have the advantage of there being a high number of commercially available
genetically modified strains including global or conditional knockouts (KO) of
target genes. It is for this reason that we have employed this model in our
laboratory. It is important to note that in mice there is a strain dependent
response, even amongst wild type animals. As such, the choice of background
Is important. P7 CD1 mice showed a 4fold increase in sensitivity to 30min Hl
compared to 129SVJ. C57/BI6 lie in the middle, although closer to CD1
(Sheldon et al., 1998).

In the following thesis, we have utilised the P7 mouse model of either HI injury,
HI alone in moderate (30 min exposure to 8% 0O2) or severe (60 min exposure)
form, or with sensitisation by LPS at 12hr prior to insult. Details of the

methodology and strains employed are shown in chapter 2.

Clinical Management

Identifying risk infants

Neonat al encephal opathy is associated wi
mortality in the neonat al peri od. Perin
abnor mal hear't rat e, meconium stained a

7. 0/a/lndL,a del ayed onset ofl sgpdinn@ntem utsh & €
resuscitation and ventilation. A |l ow A
commd@dPranet h), A@W¥& nces i n magnetic resonart
as MR spectroscopy -WeMRgSh)t eadn di ndai of ef su s(i W )

perspectives on the neonatedd ykbrsai n met al

Cl i niicarmharmker s

Assessment of the foet al condition is ai
pH, 2€0Ontent, and base (alkaline) defi cit
taken either at | ate sdalge bIfodd, ioreriymrmi

birth from the unhadd catl )aMe.t,d bEIslselsi do
subseqmuemdund al kal osis both have strong
out come. Il ndi cators of acidosis are a <co

threshold of 12mMol /| or mor e. Brain pH
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br aliPn MR spectroscepl@cduei phasbEanhdall| bé:

al ., ;oOwiet &l ., 1997

Magnetic resonance spectroscopy (MRS) i s
a spectroscopic indication of the metabo
of i nterest foll owing neonat al HI -1 ncl t
acteytl aspartate (NAA). Under nor mal cirecit
concentration of brain NAA in neurons,

maturati on.

I n the event of HI , a | actate peak is ¢
after piemkumy, at 5days. An increase in | a
i n cerebral energy substrates and oxygen

to another are altered to various degree

i n rati o ar e oftecnut popedi ctlWrnwacker o HI : I
| actate/ choline; | actatel/ NAA; andea®AA/
NAA/ choline (Bialrlt hdeet€mde ,et20016., 2009
With the development of | magignngi stiencgh niingu
i nfants has become both faster and more
ot her detection methods, such as MR spec:
efficacy in both distinguishing risk inf
andterds of damage. This can provide an
brain injury.
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Pathophysiology of neonatal HI brain injury

During neonat al HI i nsul t, once a crit
mechani sms begin to fail due to an 4+ nsuf
phase neurotoxic cascade, summarised in
fai-reseal t imegiianei mnd necrotic cell deat h
of up to 6hr in which reperfusion occurs
the severity of the primary energy failuw
deat h stage occwirgl edumo I tecc ulma t i mbal anc

excitotoxic oxidative stress and mitocho

| ast up to 24hr after the initial i nsul
neuronal |l oss and abnor(®andearesroj oali.cal 2
Hypoxia-Ischemia
Anaerobic Glycolysis and
Lactate Accumulation \
Frasymaptic Mer_’nbrane Decreased pH > Decreased Protein Synthesis
Depolarisation
Glutamate Release and Inhibition of ATP-Dependant .
Activation of NMDA Channels Glutamate Reuptake i i’ i
P in Ki 2+ i i
rotein Kinases S Ca? Influx into Postsynaptic Severe Mild
Proteases Cells
i/ \L Decreased Oxidative \l/ \L
- Phosphorylation and ATP
Prc?telr) Free Radical Formation Necrosis Apoptosis
Inactivation
Cytoskeletal . " ’
DisHition Mitochondrial Injury
Membrane
Damage

Figure 12 Mechanisms of energy failure and subsequent cell death following hypegihemic insult.
Modified from Huang,B. Y. et al. Radiographics 2008.

Primary energy failure occurs within min
supply andhescehtns in the brain can no |
ATP demand of HI and its ensuing oxidat

accessing and -emptgyi pdhhobpbhte reserves.
depl et ed, respiration awihghésactocanaéedo

fluctuations and eventual free radical (
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of reactive oxygen species exR@®)y bavhe s h
oxidative str(@debnosnomn heKemddIsl 208D 2al ., 20

Oxygen and ATPtdiepdens ot he switch from

respiration. Consequentially, mi t ochondr |
|l actate in order to provide additional A
restores some ATP stlrefs,sddaweregiimg smadHa
ions from the resulting ATP hydrolysi s.
i nduce intracel l ul ar acidosi s. One def e
activati genx confannger (NHE) i on channsl'ld. N |
ions from the <cell, nor nMRad ulsk megr tdjite 4dlin.t
Rebound al kal osi s can occur I f t hese (
nor mal iSmtionaoarease in pH can be equally
|l ndeed, a more severe phenotype from HI

al kal i ne i ni{Kreancdeallllul eat). glTHhi, s 2I0ildé in pH
el evated NMDA receptor actiovaneasasof pho:

ATP depletion |l eads to the failure of
dysfunction of medbdbpaeameemtouinan AGRannel s

not abt/JWKpNmps a%ftdr Cmsporters. As a result

o

nd/ or |l ysesg peomptransmitter, such as
tracellular space€andtftC@mhe onnamantdi mat eN
[ via passive diffusion gradients. To
occur . Excessiceéel uh'anet€hat em ansenie
cytoplasmic events which i f sustaine
urs by the activation of phospholipid

n

d

c

er excitation of enzymel ispasems emadodmua
d protein Ki nases. These contribute
0

teins and t he uncoupling of mi t oc h

- T 9 O O 9 O O oo 9w

undament al to FR, superoxide and other
mi t oc hondargiea adham t he I ni t-iaand o-aanpafpt doit b
pat hways including autophagy andHeaggi nmat
and ShankaNamnudi0O9and Hagber g, 20014

Gl ut amat e, opeobéi ncheeendx amino aci ds,

excitatory neurotransmitter in the brair
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stimulus releases it I nt o t he sdyendaipctaitce dc
receptors pressghaptii c¢t heelplo.stThese -recej
met yalspartic aci dla(mNNMEg)d r-Bmgt Mylsoxazol e

propionic acid ( AMPA) receptors. Gl ut ar
extracellul aratsepdacea amys pdbediead s present on
me mbr alegan and ¥Thoi, 1994

During primary energy failure, a surplus
t o i ncr aismefdl uxa prompting i ts rel ease

mal function of -dépenddecantcat eanAg®rters re

remove it. Under stress, these transpor
glutamate rel ease. Tofi sani selckcwd rtoed heme c &l
|l eaving passive motion of ions only. I o

gl ut amat e mo vseymeanptt.i ¢l nglewrt amat e accumul a

hi gher after HI resulting in excitotoxici

Exci tcottgyxioccurs when excessive glutamat
AMPA receptors |l eading to ?tirnatnos mehmédr aakl
peroxidation, -awxicda®mtseemZymentdat al ase,

oxide synthase (NOS)e @mNawDtAi crud caerptyo r sse nasri
gl utamate action due to their Il ncreased
adul t . NMDA receptors in the i mmature br

|l onger due to the prevalence of bheiof N

NMDA receptor number s |l eaves t he brain
dama@Pagan and CMo®nit hilM®Ptdon; Vel at . and0FE®rr
200.1n addition, brief activation of kain

to sensitise ODCs to complement toxicity

neur ons, suggeKARsgi a théevililbnerability
i nduced excitotoxicity. Kainate as an an
for AMPA (Ve meetndr sand). MWNmlkemey o2@09cel | s al
glutamate receptors. I n particular ODCs
KARs . Acute activation of either AMPA o

however expose to agonists of NMDA iadhd me
not i mpai r (Sc8enlcliGevaneazb i dti fayl L a sutk1®@d tgel bi nd:
metabolic glutamate receptors (mGluR). m
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expressed in ODC precursors but down reg
group 1 mG| uRs attenuates ODC &excitot ox

i ntr acgdlultultari(Dbenneg leotssa.l ., 2003a

NOS production increases the release of
extracellul ar space. Nsiatrriiocu s o xciodmep o wie ht s
damage. Firstly, It can act in a feedbac
of t he glycine bonding sites of NMDA
activation and*isnufblsuexquelnt a&achdi ti on,deNO r
(® to produce penoxyaitorte KPNOOXxYyI r a
peroxidises both I|lipids of plasma membr a
for -apropt otic cel | death pat hways via t
respi (Rotuisesret e}l al ., 2012

A | atent period follows these cytotoxic

cer br al bl ood fl ow once HI stimulus i s

D

restore cellular homeostasis arises. Cer
produandowmxygen restoration can take pl a

met abol ic acidosi s, cel | swelling and

accumul ati on. However, reper f usivoans clurl iamrg

dysfunction, a resahangds t@moe rmamel nrianpg dt

> —Hh c 9 o -

mechani sms, enhances fluid filtration.

i nfl ammatory mediat ors andansuiNDe g WNen tf ofr or
activates I NOS production in astmgodiylt es
production and instigating the <cell dan

second phase of(Bhembengl eGeat andl1®97al .,

A secondary deemeagy iphosplgat e and gl u
i ncites neuronal cel l death by the dereg
and thei rmoahiil laittey otxo dati ve phosphoryl ati
I nitiation of cel l deat h iaspowita tmict dcahcar
the cytosol. This secondary energy failuw
i n energy metabobhi smdubdMRBoshbwsthe ratio
to inorganic phosphates and ATP, and an
t hese bi omar ker changes go on t o devel
(Faul kner ekKemdal,l 2eQtl1al ., 2006
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As with primary energy failuoe, esecoonda
glutamate release, increased intracell ul
accumul ation of i nsul t not only activat
directly and detrimentally affects the
swel dndgincreased membrane permeability.
support, i nfl ammatory respoexrspracaad-ameicr
apoptotic family members. Mi tochondria i
cope with 1increaseedntF Rprdoudeu cttad oinn sou f-ftihcei
oxi dant gl utathione peroxidase. I'n addi't
pol yunsaturated fatty acids pres@Butddin |
199Bousset ef). aBr.ea k2 0dlo2wn o f | i pid membr
increase in ubbodimeladtronwi(tFle reduced o0XYVYy(
t o produce oxi dative FR. These can t he
unbindindg®innaoisat Fera etMadtin2806al ., 1988
| mpair ment of mitochondria function I nd
rout es. Firstly, by means od toawtBax miemflrt
the cytosol i nterac2i mgmiwvet hBi st bel loowm
outer membrane. Through these pores, pr o
Secondl vy, a transition pore can form at
membreanare cl osest. Here it i's the innei

l eading to mitochondri-apopteptoil@rt embubn s

protein P53 is implicated in aiding tra
resul ts in the cedwvattiiom, odndATPR pand R
l ncreased permeability | eads-deatlcyposoodlei
cytochrome C ( GTnCduy ciapmo pftaocsti osr (Al F) , er
Smac/ Di abl o. CTGL Db(ianpdosp ttoat i KAPApFr otreak)e tac
produce an apoptosomecasmasea n9 trueg snu lbtiinmdg
activation. Smac/ Di abl o wi || al so i ncr
interacts with Cytophilin A in a caspas
resul ting w@omploext hleocnautc!l ease where it [
Apoptosis is the principle, but not sing

neur ons unde@Baanbrg ciknjeuHagber g2e@Umflant €C
et al ;Rou2s0sle3t e tT haolr.n,t o2n0 192t al . , 2012
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Mechanisms of cell death

Excit@amnaxioxi dative injury accompanying ¢
wave of o6programmed cell deat ho, or apop
devel opment in aid of reducing the numbe

appropriate neverralHInettwoa kapopAtfdt i ¢ comp

and usually secondary t o | oss of syna |
i nfl ammatory cytokine accumul ation and r
forms of cel | death are modi hesees i aft | wmc
necrosi s, aut o-ppapgpyosxaiasp.opRaoaa s 1 s where
controlled death process, which |l acks so
apoptosi s. For example, apoptotic body f
to Ixatstpase dependent and independent pat
aspects of cel | deat h: an ischemic core
and nutrients, here necrosis is dominant
surrounding i nfsirsti swhommeit rmapmtpt on. et al . ,
Apoptosis

Apoptosis is a programmed form of <cell d
defined by cel | umoaarrphahdgincuacll eahanges.
apoptotic cel | nucl ei show DNA fragmen
condensation (karyorrhexis). Dying cel |

bl ebbing and shrinkage although the cytoc

This Iis so that apoptotic bodies can for
the organelles retain their potentially |
cel l is degrading. Apoptosis is initiate:
Subepwrent release of CTC into the cytosol

or extrinsic mechanisms both of which <co

mitochondria. As such, mi tochondri al rel
prevention |ofssnea@trenadtheal ;Ha ROeOr3g et al

Hong et ;dalnfan2@0#6.t al ., 2013

Caspases t hat pl ay a key rol e i n apopt
separated into three categ®riasnd 10t ied:
caspases 3, 6, and 7; and inflammatory c
caspases are activated by initiator casp
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mul tiple wupstream regulators depending

ceullar substrates i-mich awsde )n g p ®Ploy me r(ass®BP ( F
fodrin, -assmdbcRadt ed kinase 1 (ROCK1) resul
membr ane bl ebbing (Meldi erel d;tZsdlr .e,o KRAYE9 20

The intrinsic pathway included f(la@optootm
protease activating factor 1) complex, w
activates the initiator caspase 3. The e:

death receoptghr sSFAIShndTNFaspase 8. Ligand b

receptors requires caspase 8 dependent

i nvoking signalling compl ex. This | eads
caspase 8 that i n turn crleeaany eesf faencd oa c tcie
FAS, Ur&drd TRAIL all contain death domai
component , all owing them to interact wit
stimul ated, Pt owi | in turn acti vanteo eff

its truncated form. Truncated Bid transl
release and subsequent i€agnosi @ngpa tChwan,
201Mat sumot o eNi wmlet, )2I00,7 2012

I n neonat al HI E, caspase 3 is particula

procefdesui sse and) Mdmt itrh,e 2P070 2r a't model

expression is seen in the 48hrafomlawdnbt
cd abelling with markers f orBancekureotn sala.n,d
Liu et ;Manabadooz9 al ., 2003

Necrosis

Necrosis is unorganised and spontaneous
t o dramati c di sruptions i n homeostasis

di sintegration (karyolysis), dandr glayjnsil d

mor phol ogically define it. Necrosis wil
cells through the release of toxic subs
organglhlaer¢a&l dez et). al ., 2012

Autophagy

Aut ophagy i praoceatsabmnl iwhi ch cell s degrac
cytoplasm and organell es. Degradation oc
order t o mai nt ain cellul ar homeostasi s
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autophagy reapbpsotiinc nprnogaammediutephaqg
di stinguishable by the accumul ation of a
aut ophagosomes originating i n t he endo
me mbr ane. Pl 3K and target of rapamycin
autophagosome d¢®r mat med, Ohey fuse to c
within which they degrade thei(Naiconeéenti
2018orthington et al., 2011

Cross talkopdtawgemnautapopt osi s may exi st

response to HI . I n the neonat al mous e, |
saw a shift from apoptotic to necrotic i
on in HI, autophagyvesemegagyredotes cainsaea
l ong enough for apoptosi s t o commence.
autophagy proved neuroprotective, i . e.

autophagy +#dsanhbw phos indicates syneragy

apoptosis is early stagdZhunmdetf ogl .a, 2005

Cr oss t al k can al so exi st bet ween- necr

i nteradteiimg 1pr(oRI P1) . Apoptosis induced b

to active caspase 8 that in turn cleaves
However, i nhi bition of RI'P1 results in T
being switch&d m etneldr.amni2at0)al ., 2001
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PROGRAMMED
; : NECROSIS ‘_
CLASSICAL CLASSICAL

APOPTOSIS HYBRID FORMS NECROSIS

"

AUTOPHAGY

Figure 1.3 The cell death continuum. Cell death following HI brainrinjaxists as a continuum of classical
apoptosis and necrosis at opposite ends and hybrid forms in betwddproduced with permissio(Northington
et al., 2011).
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Synergy of inflammation and HI in neonatal brain injury

Mechanisms of inflammatory response to Hl

I nfl ammation is a key factor in acute CN
brain. I nfection and i nfl amma+t#ieom &i et
especially pri o@oltde nAe r3g0 webte kdbll .e,s 200 Wy
200.2 Children with CP consi st einnfllyammatw

cytokines in the blood and cerebral Spir
i nfants. Hi gh c-bpc-gntamtbbad&BEparftildul arly
to spasticHahigpleegi &) CRI ., 2012

Causes of neonat al I nfection -garctlwndef evhea

Here bacterialchamrviassd eomi doufalt hsepace propa
the chorioamniotic membranes into the ami
circul ation. This resuwftlsammatohyg rcghkt ed&se
1 UldLbl 8, UNMMJd-CSFHGol denberg gt all nf e2cOt

i ncreases the ri sk ki nber ad st idvaintayg eo nb yt hce

i ncreased permeability and basxmesitngmetnt
brain to sedWanndgareyt ianis. .y Int20ie€ bcase of sys
this is problematic due to chemotaxis of
peripher al i mmune cells recruited to hel

Hagberg and Mallard, 2005

No#@w nfectious exposure to excitotoxic HI
responses that can hypersensitise the n
i nducesr ¢ethet u@gn ofanbo-@wmtxprco cytokines and
in activated microglia and astmaodytaenst.i
mechani sms modul at es i njury and repair

i mmune system of the defved ogpediigc dtr @ad ns cho

glia and microglia, which along with the
antigens. Unfortunately, t his privilegec
once an inflammatory response Bsenoughat
di srupt the BBB, there is |littlelypidalil g
peri pher al granul ocytes are not present i
t he damaged nervous system is a commor
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pat hol Dlyeiepr ot ease and cytotoxic functi ol
of cellular debBomlatasadhe@latldtogaelns, 2001

The cell seré&epo@NSbli mmune response are
and parenchyma derived macrophages, but
endot hel i a of t he bl ood @Brmalmry batrielr. ,
Bohat scalek, )e2@®UY i ng the early inflammato

el ease factorsmgguelgaas npl iheltid8, daNFpas.
1 and compl ement Clqg inChorthe amxit rG3.d & lalr u

-~

TNB,)4H band inte@rhfaereona direct and toxic ef
and ODC precurasldrys. tfdedyutaauoteo mi cr ogl i a a
resulting in further activation a-mdhdrele
chermwd ne release, the activated miztarnodg! i a
upr egul ate 1 NOS, COX2 andsROSN.suThi sbye xtahcee
of mit odthoonmnderrigagues eKaal. and00Q38 nignhi2b0i0t9 o
mi cr ogliinafll apormat ory signals reduces brai
i nfl ammati on.-HPreraadm@mntanhwiatglonli st s-, del
18, and del&tplom=mbFL $s$Lgni ficant I(He drtejd®urcne
et al ;Hed2t0j0?2r n elti valet, )a2l0.0,5 1999

Some studies i-ndflcammat iy miroroglia can
anitnfl ammatory. During excitoitokiammgt or
cykiones, producing a neuroprot elcdt i aed al

transforming bdro@®&h hjRaocitoh ex -AQL.red9®8Os
the produdtiammdU@NEreashT GF an ismmppmnessor
directly inhibiting mielriogga nida |($ uancdgtmugaat i eo
al ., ). 1D versely perinatal s y <€l tbie mji € c ti ind re
sensitises the brain to second@ryrexaouaict o
(Vincent el alnt,ere%97ngl vy, i n ani mal st
i nfl ammati olnh0O nreoarthb@&F L @egul(Ataed et )al .,
suggesting t hastur vtilveasle cpyrtoo ki ne 1 f ensca d wluze

i nfrhatm on.

Mi croglia <can be activated by endot oxin
antigen sensing receptors on the <cell S

activation of trah,scai phbown fagubat NF of
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rel ease, rgeesnsei oe x pand (Cehlolc k s wlarnwdi va@ai).f f ar d
Receptors responsi bl e f-aat inveadtiiaotni ngf i mifd
macrophages are a group known as pattern
are predominalt esyrobace hef cmilcrogl i a. Di f
of the meninges and choroid plexus also
response t@easpathaged mol ecul ar pattern
mi ccorogani s ms, for exampl e, endot 0 a-mag ef |
associated molecule patter@oeri( DAMBY; fal on
Lehnardt eSadcddghi 2€8)03al ., 2007

Mul ti ple PRRs have been identified in tFh

ar e -lti &lel receptors (TLR) . P RiRcd®ei nadli snog
oligomerisation domain proteins, scaveng
compl i ment system. TLR are transmembran
member s all with extracellular i mmunogl o
PAMP Il nsti-gBatast i NFRRti on Vi a t he bindi n
di fferentiation pri méroy i mas pd;nVeaeh gp reoltOeH 1n
2009 TLR can have opposing rol es. I n the
enhanced neurogenesis whilst TLR4 inhibif

Endotoxin induced inflammation

Li popolysaccharide (LPS) I's foundgani xe
bacteria where it plays a vital rol e in
kKknown endot oxi n, i nducing an i nfl ammat c

CD14/4/LMD2 receptor complex. This medi at e
subsequent nucl e®aB Itegadispprto of heNFdownst
ot her transcripti4n fLaPcSt orass (HFeegmur e xtlen:
ani mal model s ands recsesairsthenmdtueatiol iitty t o
Hagberg and Mallard, 2005

Il n neonat al studi es, brR uil ajt e-@tmif dod onhpgr do
cytokines and (®egbenagl etdtekkdhdal200eth al .,
Mal |l ard e} &lystembDO03injection of 1mg/ kg
reduction in the number of hippocampal n.

at 32 days nposHowienjeac tcied | proliferation
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remai ned u@affestedt )et Whadn ,t hRReD18B8et al b
observed at birth, a reducti oni nicnr emysel ii

activated microglia dGa aestt nNalc.y,t e200Wer e

Systemic LPS;—;;__M LPS—» IL-1 LPS
circulation ¥ [N TR A TNFa > + v
. VEGF | IL-1p o S
Blood-brain Nt Z._ TLR-4 IL-1RI
4 — e e (i BBB rupture S s S .
barrier , prire = COX-2
7 ey Y =
{ - ..'/’ W, -\ v TLR-4 CVO
PGE, ’
v 4 v
l Central inflammation/microglia activation |
) ~ T T 7 ! |
CNS A P | | ey ". Proinflammatory cytokines | f \
Neurogenesis | Cogn.mve | and oxygen free radicals | N \
gliogenesis | functions \ | Trophicfactors | Brainlesions
| | / |
] f 1
Dendritic Longtterm loss of Long-term effacts .
sthictura tyrosine hydroxylase on faver response Altered vulnerability

positive cells

Figure 14 Lipopolysaccharidénduced systemic inflammation is transferred to the braercross an
intact barrier via receptormediated prostaglandin production, areas with an incomplete barrier and
through rupture of the bloodbrain barrier (BBB). Central inflammath and microglia activation elicit

a cytokine/ trophic factor response, affect central nervous system (CNS) functions, structure, cellular
proliferation and vulnerability, and can produce brain lesianReproduced with permissiofHagberg

and Mallard, 2005.

Svnergy of endotoxin and HI injury

Mul tiple studies have combined LPS and

synergy of injuryeotbersi nt(PBlpiemg eeoethedl
Yang et )aolr. ,i n22000 4t he suba(auomaosdet) atl e
increased |l esion size in the P7 rat wh e

Simil arhley, samodty saw LPS injected I P int.
performed on the newborn pups at P1. Si
cortical | esi d&isr awads eo)b seelr.v,e d2 009

This synergistic nature of LPS to HI ha:
produce WMl asdo®dM as those seen i n human
Previous work in our |l aboratory and in o
their rel-eateamwmimatparoy mar kers are respor
l esi on si ze. Theseugehf fTeLcR4s ptrreasnesnnii to nt htrho
endot helia and microglia. TLR4 activatioc
protein and/or -dbomaughcdRt &i 0Th&® adapter
bXGorina etHadber 0dli20 MAddeaghi, e} d&lLR4 2
Fmice failed to develop brain “imijcuer yl o soel
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sensitivity to LPS aggravatMWadhgHle,t a&llt.hou
Our | aboratory | ooked upstream to microg
del etion of the TNiFn cclluudsi thegry rfpNfFo tg @ m ie rs

l ymphoft oxlilni fi ed the sensitisin@eeadfle cett c
al ., )20Hdrae LPS was administer.ed 12hr pri

This work gives credence to an alternat

enhance HI i nsul t by their actions at t

r e

h

reduced in the Uparneds-ebbdcse a fc olnNsSFequence of
gul ati oh. off-CANBAaMdO an increase i n perm
I

u
all owing peripheral c he ot nodka Inls eap adimt,er

adul t mi c e, I P injection of R sr axnulot s

parencByrmat schek Yt Galanul 869fles have an

D

str

(@)

ke and trauma due t o c ocnyttaoitnoixnigc hmoglhe

and proteases.

Overall ther e i s t he suggestion t hat S
i nfl ammatory response attenuates nor mal

i nsul t .

Non-neuronal components in injury response to Hl

Microglia
Mi croglia constitute the majority of i mr

are the most abundant form of brain macr
neur onal {Hoi pcukl eayt i eotnRal v i c 1L 9912n0 Ot5She neonat
they show an el eiviaateidonl edvued tod ancti ncr e
MHC,] CD40, and CD86, markers of antigen |
response to eaarnahdsfi mgdrii2v0a0skc ul ar ma

are short |ived. However, their role as
vital. Recent studihav ebys h@iwnh otuhxatetundli.
macrophages, mi croglia me martr odwe ra sv ee ¥ peo

instead from primitive myeloid progenito
devel opmenti ofrE&)0 bdm.od Icnpadgsidméiiah micro
mai ntained independently by | ocapr iporrectua

birth. Mi croglia invade the brain throuc¢
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spreading into the wheeprhealtihce inmre sreonlceh yimme n
includes neuronal prunGnghanx e¢fi.YValbe k smad @
peripher al macr ophadgeas, tmi cmruangpleira avwi e r ofg
secondary brain injury after -iHhf |l @ammat ol
cytokines, proteases, compl i ment factor

radi@®@abgberg et;Hali st oZ@0 2%t raeli.?,, 21091903

Microglia in their resting state are hi
predgti ons that survey | arge areas surrou
shown that whist the celll body, at rest,
continually extending and <contracting [

environment of Aemt icvatgil om occurs as a res
tissue disruption. This |l eads to a rapi¢
area at which the arborized projections
sphere of branches, Efomcundaimpa (Read Ivii ichg u

0

200.5

Phenotypic differentiation of systemic n
maj or i mmunohi steocdeeni ctaok nsullatuiepdl mar k e
expr essTiear. e i s cl osebethwenm orgygl i a a
Receptor a(Gd nGbukb2é&ttBaivich el Nal sjindloé®
specific marker for microglia with the e

postnat al rat brains, mi croglia are obs

Y

monocytes/ maer apheaxgesemarn loeaar sofi ncl udi ng
Cc
e

smoot rceuwWr macr @uhddgesnin an)d Bowwyeens0b & p

and technical vaan aibndeaeduwr enarkaerskdarhitso go
Foll owing trauma microgli a, become acti
response as illustrated in figure 1.5. /

i ndependent ofRaii misauh t eth.y mBhe elxXOto9eén t of
coglrates with the | g&ehlr nafn na cettiKvadtuit, rbleds Sgs
199.6 Stages of mi croglia activation <can
epression of the Uvb2swheglei @ han tmolrpdcy | ogi ¢

mi croglia occur in response to irmgagulyat eM
wi tOMb 2 such U¥b2i ntegrin, whose expression
phagocytic mi crhoignatai.onThafs marnker s all o
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mi croglia activation to be deter mined. P

t hat strong expressioaM adfs tthyepi @mt i goegn em

mi croglia and provi des -laa bveabl fuiasbd ceh tcoeolll sf
hypo@Mrast ova gKienadla.l,| 2010l ., 2011a
The -ruepgul ati on of cel l adhesi on mol ecul

microglia te, theded) byytBBetlaxMH&srnagmrof
hi stocompatibility complex 1 and 2) enz
matri x. Mi croglia also act as antigen p

order to recrueictl | et her tihhmmum ured regi on

stage 0
normal

stage 1
alert

stage 3a
phagocytoms

{ stage 3b
T-Cell bystander
activation
Figure 1.5 Schematic summary of microglia activation. Activated microglia proceed through a series of
morphological changes. In resting state is highly ramified (stage 0). Following neuronal injury, ramified microglia
transformed to a more deramified form (stage 1) which home on injured neurons (stage 2). If no further damage
occurs, it returns to the resting state (stage 0) whereas if cell death occurs, microglia are further transformed into
phagocytic cell (stage 3). Thegdagocytic foci also activate the adjacent, ngghagocytic microglia (stage 3b).
(Raivich et al., 1999)

Activation of mi croglia i1Is seen in neon
model s of periventricul ar | eukomal &ci a,
NMDA into t he cortex of P7 rat s i nduc

undergoing subsequenftAcrmegumale ).d ealdlea) epleddd86mr
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of microglia is a good indication of dam
areas. |l mportantly, their i mmedi at e r
mi croenvironment atftein pireteldegi ctahl d a me

early detection syGelmmdmonm di sadlme,t ihle) ey

i nfarct zone, activated microglia adopt
mor phologically to resting ramified glia
appear(dace and LHonlgaz z22i00a89nd). Monti, 2010

Mi crogl i a evidence an i mportant rol e [
production, compl amentphagbicyabiso s wi t hi
mechani sm of their actions in perinatal
fully understood.

Astrocytes

Astrocytes or astroglia are the most abu
are easily chtahreaicrt estisredsthhape and pl ay a
mechanically and metabolically, i n suppo
recognised by the expression of glial fi

can contribute to brcarmnipgthol agyaby odgl it
occurs due to astrocyte (Bemruamdtlateg.nsan,
Here astrocytes f omrbm aan eweplr oafr utsh einrs , mes i n
which fills in the infarct space. Nei ghb
t he rel ease of modi fiers of extracellu
proteoglEmmsheygy et;NdaleSaoampe€d4o), LONLOI vy, ast
have the potenti alUag owe lel-ierafsleaniid thofriN&E T G
t he

Zhe

activation of neurotransmitterShtur ans
n and Takashima, 1999

Astrocytes show a dvuvality in response to
be protective by ¢tmd |l @ammau otriyorf acft oansgt iar
we | | as upt ake(Aroai ganud g.ma He v2eOVIEr once
mechanasmsover whel med or depleted, astro
detri ment al vi al ,t hRROS ea neda sgel uotfamalt e ont o
Bambrick et al ., 20014

I n post mortem samples of mescersa tbael t -wreleh,

40 %. Whet her astrocytes conRezdbiueé eamnd De
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200.2 Nor S it certain that their activ
t hemselves or in response to neuronal an
Il n andoudste model s, the role of astrocytes
nul | mi ce show a decrease in infarct vol
however, the same mice show a decrease

retinal t(Kiamespdhhint gL i alkt 032010 2rDeonat al

astrocytes activation i s common. I nteres
hours of insult, returnimnfg daoysa, raestrnoagyt
active -uehri hpnoss2tl t but remain in an act

(Dommer gues et Noarlt.h,i n2 0,008 s o020 &6 d Mc;Ke on,
Raivich etfThalrnt obh9®9% Tahi.s i2mpll2i es t hat t|
the injury site by microglid, possibly t|

Cellul ar response to oxidative stress is
anbxkxidant def enciahu,ced | wtxacmatod oxi ci ty a
i nfl ammatory response. These factors cul
the main i mmune cells of the brain. The
i schemic region is an wearly nyardkemnr rodcrd
nei ghbouring astrocytes in order to-11i mi
neuronal factors wultimately help or hind
deter mined.
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Pharmacological Therapies for HIE

Understandi ngeltlhes phbaaiifnisc and differenti
establishing a therapeutic wi ndow for
mechani sms behind damage dictate t he t
t herapeutics and phar maceutniodeald itrhtagr wd o
rever s-i bdecéeld neuronal death is biphasic.
I mmedi ate cell death occurs due to <cell
energy ATP | eading to cell exhaustion. T
faure. Foll owing this first phase i s a
which reperfusion of the cerebral bl ood
prteerm and term infants this was &establ
therapeuticinnoedeentooprevent or at | ea
secondary en(Batghya feai ladle.e,Vr2 00s6 and J,ongme
Rut herford  ;8hallet )0OU0UBFIi 808@condary phas
|l oss i $ acnmuolrtiial , namel vy hyper aemi a |l ea
mitochondri a dysfunction, FR formati or
accumul ation and glutaminergic excitotox
stage of H I i nsult mo st associated to
i ncrease in seizu@Bdumbandg Il tkladdms,tmhDSen
200Rerrone ex al ., 2013

Current treatments in the <clinics are m
toxinifzaoreseontrol and physiotherapy, 0
hypot hermia are currently in use: whol e
(Gl uckman etJacobs ,,B0R30Kar an et TaHe ,r &2t0i0d
behima Itatter is that newborns produce 7
brain. | n addition, an unhealthy neonat
physiological side effects of systemic h
system suggeseadsd htahe ttoemdpemrat ure of deej
body temperature of 35AC is required.
Hypot hermia protects neurons by reduci ng¢
prevents the release of excitotoxic amir
we l | as NG dauncdi ngR f or ma ttieornm aSnedv etrearl m pmoed
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own that a brain tempE€ratimedi atetyi ar

i ve a decrease in energy expenditure an:
onat al piglet show ot ha2th r h yfpoal tl hoewi nmig H
duction of apoptosi s, though necrotic

at hypot hermia does not of fer compl e
duction in injury. When i nsubllte wast ae xettr

, ). 20dM5 s has been faithfully replicate
d adubDitckKHdyE et). al ., 2011

is Ilimited efficacy of hypothermia has
st of which have not yet reached the <c
e protewgs$si onHl Bgaieither al one or i n
terventions target-seuacrhl ya sp aitrhfwlaagymsmaotfi oi
d oxidative stress, or | ater pathways
citotoxicity and secendhbr® icredilcatdeat
armaceutical agents and their opti mal

vestigation with the purpase to be cl i)

Hypot her mi a

Hy
en
s h
0p
cCo
i s
e d
gr
Th
18
cCo
Co

pot her mi a has been a recogni sed tre
cephal opaatthlye si"40s after studies in t|
owed a significant i ncrease i n sur vi
timisation of hypot her mi a, using ani ma
oling, whole body t emMfarmetdd rag ed g/c rad & e
a preservation of cerebr al energy me
enlaan et aHi.ggi2n0sl 0and Shankianrcaen ,t h2eOn0 9ma 1
oups have wused randomised trials of h
ree trials, Cool Cap, NI CHD, and TOBY,

mont hs after birth and show that ther
rrelates to a decreased risk of deat |
mbi ned they have treated 767 infants.
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Al ternative and future therapies

Both ani mal and pilot clinical studi es |
neonat al HI Ei gBadh basedeon the curr-ent Kk
tempor al pathology of injury. They +tncl u
conditioning, early possibilities that t
and vasodilators,ieand hladt eéerarmed s isheiclointd a
usi ng-apnpgtioti c agent s, F Ri nsfdawenmag eorrsi ean
del ayed therapies, such as stem cell a

regenerate t hfeolnleouwibnngg 6Hle s 1 .

Baseline None Pre-conditioning Ohr
Hypoxia-Ischemia Primary Energy Failure Melatonin, Allopurinol, Statins 1hr
Reperfusion/Latent Phase Inflammation/ Apoptosis Hypothermia, MgSO,, Xenon, Argon, Melatonin 6hr
Secondary Energy Failure  Loss of trophic factors/ Cell Death NAC, Melatonin, EPO, ohr
Post Insult Cell Death EPO, Stem Cells a8hr

Figure 1.6 Therapeutic possibilities and their optimal time to start, according to their mechanisms of
action. Up to now, hypothermia is the only standard therapy for ftdrm neonates with moderate to
severe hypoxigschemic encephalopathy. Melatonin and stag could have neuroprotective effects
when administrated prophylactically. Hypothermia and antioxidant strategies are optimal within the
first 6 hours after reperfusion/reoxygenation. Antiinflammatory and antiapoptotic strategies should
equally start ealy and no later than @r after reperfusion/re-oxygenation. Trophic factors and stem
cells are still plausible therapies up #8hr, after reperfusion/reoxygenation.Modified from (Perrone

et al., 2012 Sanders et al., 2010

Pr-eondi tioning

Pr-eonditioning i-hetohalesepirsedesomf hypoxi
subsequent periods of | ethal HI . Ani mal
of secondary energy failure. Although pri

i s hrartdee predict the fiomidngi oh itssodbnpat

i n prepafroetwst haypoxia i nsupamst unurpaeamgi oc
l abour. P7 rats were subject to 8% oxyge
| ater. Theeanhmal aswessed 8weeks post T
showed an 80% increase I n neuroprotectio

addition there was a significant reducti i

functional beH&an dbairrs rejc oavler,y 2010
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Pr-eonditioning wor ks by t he activation

e X

er

a n-

pression of protective vascul arisati
ythropoiet-¢ oan dIiEtPiOOni nPr eal so i ncites an
bxi dant s and glycomngermgwhatés i hi ghu ene

produ¢tiitamgawp, 2012

Targets of early cell death

I n order to prevent the energy depletior
groups havenf obeseadoexiadfantaatithrough xant
i nhibitors, NMDA receptor antagoni st s, N ¢
Al'l opuriamoxanthine oxidase inhibitor, an
structur al i somer s of t he e nd adobg etnioouns op
xanthine oxidase results in a reduction
the reperfusion phase foll owing HI. Hi gh
I ron. Oxypurinol, more so than allopuri
studiesnsnshowad that when given 3hr pos
was a significant r e Becntdiears ient). AR . -ne t2d
anal ysis of both human and ani mal studi
significant change in primary outcome f ol
Magnesi smadmi ni st rrant eodf sMglIStohe sf @a known
NMDA receptors as well as a modulator in
rat model , Magnesium infusion gave an in
decrease i n ([Creftdrmdktaywo ldRuentealon,e 2011l ghe2(
doses further supplemented neuroprotecti
hypertensi on.

XenonStudies in both rats and piglets ha
of xenon due to its antagonistic nature
already routinely used in the clinics as
the BBB and can induce aesthesia in a ma
myocardi al dtddiigdswe. tlon aamt agoni sing NMDA,
and kainate receptors | eading to a redu
action of excitotoxic gl ut amat e. Treat
stabilisation of bl ood? palemis i me ,deipemideint
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i nacti vatapoonptooft iantBi2z) xandantdh&cli nldER® i on
and VBEGHM et al .XendMl10 ooks highly promis

HI E, but i ts Il i mi ts ar e i ts cost , av .
administration. An alternative IS propos:
more available and ubi qurigdtouasdulltt nrhcade |bs
cerebr al i schemia, delivered at 1hr post
observed but no dobranaglkee ni ne ts uaWair,vea 2Dt1IWBd i e
argon are required to establish its effi

Statames inhibii#€oAs (8f IB¥EMELYY gl-ahayme AD
redace, and are wused <clinically to | owe
cerebr al Il njection of simvastatin all evi
activation and decreased the number of
model , simvast agamimandadadedRNAcRRXpressi ol
i nfl ammator yl blmadB&ked sk-CAMCel | survival als
the activation of {(Rwuen chAktl/ GREBadp &t IS200€litl
201.0

Targets of secondary neuronal | oss

Later approaches | ook at the | atent per.i
as a window for therapies targeting the
These t herapi es-i nffoicaunsmabar iaense,i s FR n-d c aamnet

apoptotic factors.

Eryt hrtoipppi eEFEM)dogenous EPO is a glycopro
to the regulation of red blood cells anc
vasoconstrictor and initiator of angioge

a strong neuropiat e dtsi vaec t-a yi@ad & mtn erf z yanmet si

|l eads to a decrease in excitotapwipd odamaa@
antnfl ammatory agent s, and a decrease in
mouse model , EPO treagmeetapreduct oohl of

t he cortex trhergouul gaht i-®ohn@a nodfp dBocwn r egul ati on
and-l1blLeukocyte recruitfireannt ewa splat,t e2nOulalt e c
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Recombi nant EPO (r EPO) IS neur oprotect.i
activatiemd | pmmat ory cytokines in the WM
genesi s, nse uarnodg erneedsuic ed WM damage i n mice
cases, rEPO was injected i mmediately fol
there is issue with the efficacy of syst
the ®EBBnahdy et. aHPQ c2anl 0al so offer | ater
I n a neonat al rat mo d e | evfas Blu ] aEIPOa tiinacn
I psil ateral hemi spher e alkeea difn go xtyog eaan erehu
i n the subventricular zone, and migratia
i schemic cortE&heancktslarli.gt M09

Mel at osi mnother endogenous hor mone, secil
response t o env-d a b nneeynctlaels . | ilgtht easi |y

physiological barriers. lts function in
regul ation of energy metabol i sm, FR scav
function. Mel at ompirmtacins colhpodegh P& aesptao
me mbr ane. [ n addition, it can i nteract
cal modulin in the cytosol. Lastl vy, me |l a
det oxi {GetROWXx aya ®Roba&lrt soa0k1r al ., 2013

I n an adult rat model of stroke, del ayc¢
increase in electrophysiological and neu
was a decrease in cortex and striatum i
i nf | eommga tr e gKpoonndsoeh et ; Teolr.i,i 2Q)0 2alln , nedat e
fetal sheep model showed decreased infl

mel atonin was administered toMihker det e

200%el in et )all.n t2WeD7neonat al rat, me |l a
bef ore HI and then repeated three ti mes
after insult there wads %Be ramdlu cidditoinng nF R
scavengi(Siggmorlieni )et al ., 2009

N-acetyl cysteisnea (lARC) hesi sed drug deri va

nutrient supplement. Jotxiidand mr adwrnt o ro nte
acts as a FR scavenger. NAC has | ow t oXx
pl acenta and BBB. Howealkr Hi Esrefticasyail
I n adult rat focal cerebr al i schemi a, N A
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reperfusion injury and reduced @Bot@ignnfl
Liu et )l .,n 20hl0 neonat al rat, aNAoOhi mr oivn
decreasing infarct damage in LPS sensiti
and i mmedi ately foll owing i nsul t, br ai
Admini stration after H I a I(Joantea nrae deutg. eal .d,z
NACabd been clinically wused in one random
due t anapu ree birth. One -howdr edkt maeme nl ¢
newborns received NAC by <continuous inf

Though no effect wasg seienneaosne, char o9 % d

periventricular | eukomal aci a \Aahso | ab seetr veae
200.3

Post injury treatment

Post i njury therapies incorporate the u

i nduce neurogenesis and astrocytes f or ma
already occurred. Al though some endogeno
in the brain, atheakl awraebloaeal yoprestore HI
stem cells (MSC) are easily recoverable
umbi |l i cal cord stroma and blood without
trophic factorsnduchna@asf aotdom,yi WEGBH, als a s

factor, neural grdevmtihvddcrnteur atnrdo fbltoine f ac
Ne onartatl s, wher e MSC i nj ecltOedda yis n tproasctr a n
showed a reduction in histol-toogimabellawmiagqg!
outcome.i o6m, a®edi mice were subject to 10

i njecti ocheroifveodnMSC into the ipsilateral
21 piomsstul t the i1ipsilateral cortex exhibi
MS C i ncreased neurogemeduct i amd QBGi on
significantly reduced in the dendrite gy
Functional behaviour outcomdvawasVedIltsho vma
al . ,)2010

Combined therapies

There is accaoalmuhiatcalhgepireégence that some

synergistic in the enhancement of neur op
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the encouragement of endogenouwo nbe maidr trh
studies focus on adjunctive therapies to
that also target secondary neuronal | oss
NAC.

Xenon and hypothermia synergy has been o
model s of neonatal helf apelunt i catxseenosubl 20
hypot hermia were given at 4 hr post i nsu
neuroprotection wa s observed Vi a t he E
pat hways. Combi ned ftaectaitvienst iplrlovelderef ad
post insul t. Il n addition, myoc(ladieal atf e

2005 I n a piglet study, 36 newborn piglet

of f oaatr metnte groups foll owing transient
nor mot hermia plus 80% inhaled xenon for
and hypothermia and inhaled xenon. Bot h

group showed decr eased nreattioo se xocfh apnhgoesapbhl oe

pool compared to t(fhaeulokmenr ¥twoalgroudsll

The same group | ooked at hypot herpmigal eatnsd
were recruited and subject to either hyp:

224 hr post resuscitation, or t o hypot he
mel at oni n -6fhar ploGmi nresuscitation. A seco
then givepwnst24hesuscitation. Combined tr
aEEG pattern as we l | as a significant
| actate/ creatine ratios in deep grey mat |
nucl ei was decreased i n t hent ¢ hmaala muwsa,p

put amen, and caudate complBRokbdrtoesohypbdt &k

Addi ti on of NAC to systemic cooling (3

i ncreased myelin expridissiBemawi8B8tur ailn oRu7t
additi coomaolvikwlt ama et). alln &20Md&Gdel of spin
NAC or hypot hermia alone did I|little to

significantly incre@akd rsmithall .gor2d 0f3unc

Hypot her mi a has been a recogni sed tre

encephal opathy since the 1940s after stu
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showed signifi cawdbiilnictrye asfet e nHupptvreBar mi ¢
is currently wused in the clinic where it
we | | as increase survivability. More r ec:

hypothermia with phar maamledgioec alt eage mtoslu

brain pH, ea xdnwmkiudaseoli nhibitor may r e:¢
damage and | esion size. Il n addition, X e
i nhi bitor, i n combination with hypgether
further. There i s t he gr owi ng I mpressio

i nvol ve t he us e of mor e t han one ther a

neurotoxic cascade.
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The mitogen activated protein kinases (MAPK) signalling
cascade

The mit ovgaetne dacptriot ei n kinases (MAPK) are

threonine ki nases, serving as secondary
transduce extracellular signals from the
nucl eus. The MAPK cascafdrom syeasgthttl ¢ mw
compl ex organisms. There are over 20 MAP
receive and integrate upstream signal s.
cellul ar events in the cytoplasm by pho
ad cytoplasmic proteins and by interactd.i
el ement s. Thi s response resul ts i n gr o
apoptosis depending on which MAPK is re
determined bwffact otthempopraacli oacti vity of

the density and rate of i nternalisation

of receptors and for maPilonnokowvo.atf a@all d , c

Four maj or MAPK subfamilies-Juavtedlr mée @ |
Kinases -3,JNKHe 1streestennotkivaasdd,p(@BABK,) p

d,extracel l-uégqul astigghaki nases 1 and 2 (ER
signagul ated kinase 5 (ERKS5). Each will |
execute multiple cellular regpobassédsasERK

i ke mol ecul es although their functions

=~

i nases can act on a number of cytopl as

=]

ucl eus where they initiate the desired
are @dngr transcription factors and inclu
C-J UN. Downstream t aracettisvatnecd upmreo tMA PK Kk i
APK) including RSL 3 and 4, mitogen stre
ki nase ( MNK})APaKnd3 MMRK 5.

MAPK activation occurs through a <canonic
phospwloati on, as s.hoWwhmi s norfiig@iumeat €ls 7f r om
such as gr owt h factor s, stress, GPCR, é
i ncluding RAS, RAPDt eiPKCs yr ma:imidne ki nase
phosphoryl ation of MAPK kinase kinases (
MAPK kinases ( MAP2K) which i n turn phosry
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r

Al l MAPKs contain the signatur et hacaeton @ at i
Y-tyrosineglanmdad mét e, proline or glycine
P38. Phosphoryl ati on of both threonine

activation of MAPK wit

tyrosine.

selective or overlapping

MAP3K is the most di ver se
RAF, MOS, TPI 2, TAK, ABKK,

of MAP3K implies that

pat hways are required

h

phosphoryl ation

Ad it chsopulgdhr ytl reeg i o n of both i

substrates,

a MihKeknd a3 kgy.e

combinations of

for opti mal st

S r

and

stage-Boandhe€

(

pres

st

mu |

The MAP2Ks are more conserved. MEK1 and
and 7 for JNK,

t i s beli eved

3,ad4d 6 for P38, MKK 4
wa s f-oPUARBIE K1 b ; however

Bodart;Bohjdly®vitch anBdo glhoyuervti,t c2h().0edt al

Environmental
stress

RTK GPCR lon Cytokines

Cell stimulus

Mediators of
biological
response

Transcription
factors

Figure 1.7 Serial activation
cascade of mitogeractivated
protein kinase (MAPK) signalling.
MAPK are activated by canonical
three-tiered phosphorylation
events that transmit upstream
signals from MAPKKK (MAP3K),
through MAPKK (MAP2k)
phosphorylation, leading
ultimately to activate MAPK.
Mammalian MAPK family consists
of four subfamilies. GJun N
terminal kinase (JNK), the stress
activated protein kinase (SAPK)
P38, and the extracellular signal
regulated kinases (ERK1/2) and
ERKS5. Multiple steps may exist
between the cell stimulus and
activation of the MAPKKK and
between activation of the MAPK
and the biological response. The
effects include cell migration,
proliferation, differentiation or
apoptosis(Rose, 201p
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Proper signal specificity and f agtuleat &d n

by the recruitment of scafefnzlydne prastseicn s

component s, whi ch bring together activa
(Shaul and SWgetron 280d Paviihey 206D hel p t
to perform multiple functions in respons
prevent the dephosphoryl ati on, and thus
them directly. One example of t hisi cihs Kk
bi nds t o MEK 1 and 2, | ea@Pioruy s $ ®gucrona

Lenor manyd, 2003

For a substrate to bind and phosphoryl at
docking domai ns pcraetsaelnytt iicn rtehge omo no f MA P
grooves are hydrophobi c, negatively char
dockingmotirf D on the gmoteinf ssudrsed rpoei t iDv
amino acids foll owed by a hydroocpahtoebd conr e
cterminal upstream t o (Ttahneo upeh oestp. haol r.y, | a2t0i 0o0r

Negative regulation or deactihvasgploar yolfath

o f the TXY residues. This is controlled
specificity MAPK phosphatases (DUSP) al s
(MKP). There are 10 DUSPs, of which thre

MKP 5 and ®oSkAowal as PAC1l) .

MKP 1 anchors t o the -treuali enws ainal iptr ® f
dephosphorylates P38 and JNK over ERK. S
that MKP1 is a negative regulator of TLR

i ncreaselJNKr an3d8,cytotoxic cytokines occurt

a number tofneloasti onal modi fications tha
These modifications are ERK dependent. I
nucl eus and is al so NK@leecruidwee ted). RARt,earn2
injury, its wupregulation -8 asstbeibyedDU

|l ocated in thécrlt¢lselhsadeUBRicnelaammat or y
rel ease, decreased ERK activation and ir
JNK restored ERK exp@etbireymw 6n ahese2066|
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Crosstalk between ERK and JNK signalling pathways

ERK, JNK and P38 can all activate common
Al l fodlun®d pPLhosphorylation sites can be
degr ee, targ@uedt iblya BRKI al addRk0O0D8n, ERK
i ncredae @ctivity. GSK3 and CK11 -Jowntés ph

ctermi nus, retai-DNAgbiindiifRga @1 a®e BERK

activates P70 s6 kinase that in turn pho
GSK unbidmnuds a@d t husJum&as e@dNA sbiCLeippd edt
al ., ). 19ABot her i ndirecldtunachy v &tRiKoni sof't

plosphoryl ati-@aat iofattohre R300 0, which in tur
271 and 27-3upnfbaseVrCiegs oat;Waln.g, e20 Gl . ,
This forms a DNA bindi-dgndéosmplitersdeebhion
Jun activity is only regulated by sust al
prol onged pERK-Jexprnesaqisem, p€Ci on and stab
CREB and GBKBy.acThi s -Jues udcttsi vian i €n of
cyclinD1. Negative crosstalk can alUso ooc¢
stimulated cell s. Here prolonged JNK act
from ERKIUnNMm daepCendelitj maanedtld 0Dl

MAPK in neonatal HI injury

Accumul ating evidencesubdagagmdtiest lndt MAIPIK

associate to <cerebral upregul ation wunde
relationship of MAPK to ischemic respons
kidneys in t@e msdrlayd ERo9GDL L, oRI00OG HI , mu
of MAPK are released including growth f ¢

Il ndirect activation and phosphorylation
i ntegrity arnldr vdiynsgf uanncdk i BbanmWloe tdh e r2 OtOlRe act
these pathways i sorduwhettoheceltlhelyosasct ual

mechanism underl|l ying HI insult remains ul

ERK has shown a dichotomy of response to

core of HI |l-e>sp rosmss easn dwictoh mar ker s of a

ERK hasr eéoooulhted in a reduction of neur o

BDNF induced ne@Alomeaildas uertk i aTahle R2NK 5and
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pat hways are weakly activated by mitoge

stress stimuli. L PIS aannddU TcMyBt wlkti n e s It be
transcription, transl ati on (HMaardb |laecttoinv adti
1996 IJNK i nhibition after HI resul ts i n
preventi-an aste APl vy. However variable dif
were seen in neof(eatralermedelad .qf 2HI0 3

Owing to their extensive control over n
have a potenti al role in the induction
caditions. This study focuses on two of
2, and JNK. Both are wupregulated foll ow
However, whether they are neuroprotectiyv

specific actimeastoThiascetiady Bahe answer |

Extracellular signal-requlated kinases (ERK) 1 and 2

ERK 1/ 2 is essential for cell growth via

transcription via transcription factors

phosphoryl ati on, protein synthesis, and
rate | i miotw{Lhucednd gX)ju, TROO®ul tiplicity o
substrates includes transcription factor

and regul ators of apoptosi s.

Extacel [ ul ar stimul.i such as growth fact
i nteract wi t h compl i mentary receptors i
activation of receptor |l inked tyrosine

stimul ates sigmalugthr-gprheedeac hi oomphex Ras
downstream Raf. ME K 1/ 2, a dual speci
upregudhaspdhoryl ating ERK 1/ 2. Upstream

few substrates, whereas ERK it salnft ,wiolvle
200, of substrates at serine (ser) and t|
present I n al | cel | compartments i ncl ud

organell es @Medrauval amsl TeNsifsahiignzoit,o 2aOn0d9 N
200Roskosk)., ThElAIsepmagomal activation of E

substrate i tl antiel lanpdh oassp hsourcyh t he bi ol ogi ¢
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ERK1, or mapk p4d4, was the first to be
i nsgltimul at ed MAP 2 (mi crotubul e associ a
rel ates most to-Kwol yeamdt Fks dabbhat ohr e€e
cycl e. ERK2, mapk p442, was Subsequently
gro@Bpul ton e} Bbt.is18942. 1kDa proteitn wi
t

erminus preceding the catal ydxpr edssmeai ni

virtually all tissue. Their relative abu
I n the brain, ERK2 isythaevenoskt ebauindea n &
I dentity ( 84 %) bet ween t-hemporad welglu |

(Vant aggiato). eAsabuch2006e gener al Vi ewpo
functionall y5i fdent Bcgl MAERK is the next

I dentityt eoxrfmitnted Gmi no aci d $S$egqmenaé. codht
the TEY motif of ERK 1 and 2, ERK 5 is p
1/ Ni shi motic handd)., N 2006

ERK1 and 2 are essenti al for mesoder m
particularly required for embryonic deve
embryonicall y-El18t Waille dto BPllacéent al and me
contrakl, akR MEK2 mice are fully wviable

function between t hem. Some studies show
after Ras signalling, where ERK1 antagor
and neurons from ERK1 K®nmiode ERXt2i mmalsu 2 f

~+

han in Wefcethse} alith 2a0m08dditional |
transcription factors and proliferation.
being thought of as the sole contributo

ERK2 expressdonER&1lredauacéunctionally com

The kinetics of ERK activation is bipha:
i mmedi ate activity by phosphorylation at
t he TXY moti f. For ERKI1 t hi sf oirs BRK22 0i2t,
t hr183, glul84, tyrl185 (where glu is gl
stabl e activati on t(Brad mbd&drngt ea et ).fadMo,nh @0
mi togen stimulation results in transient
which is not | ong enough for entry to ce
prol if ebryatleoong ( more than 6hr) activati on
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Scaffold protei-thesmpeonrsaulr ef isdpealciitoy . l nact.

i nteract wi t h each ot her either di-rect |

i nteraction motif s. MEK chbinénadPné$ w=wibhsnc
terminus. ERK has multiple binding- site
terminal domai n; kinase insert domad n; a
terminus whose phosphoryl ation incites

ERKs g¢hatalactivity. The detachment of ERI
translocation of both to the nucl eus. EF
hours whereas MEK rapidly moves back to
domain -t er mt aaN. Durt &tnison yamd response i
to the compartmentalisation of signal m ¢
promote the nuclear accumul ation and per.
retention relies on -tehen syamichesiisngofpr e
(Roberts and. DARgs, sk2OIlB®7 the nucleus repre

activation, accumulation, and signal ter

Whi |l st phosphoryl ated ERK (pERKI hfasr atni
di fferentiation and cel |l cycle progressi

contrary, <cell death is still a matter of

A number of studies have shown that the
and 2 expresismohbBeobrcars (EhdngpengBi cpr @
Benedetto eNadjlar, tQO0&ti z 20032 Bome 1068§i c
show very little ERK1 to ERK2, 13 ti me:
exampl e, whereas in others they arter-antor e
caudal gradient of ERK1 to ERK3) rellmteae
region the | evels of phosphorylated ERKI1

of i nact i(Qret ipzr odtg.i aaThi s 198bective expres
CNS suggests a role in function and adap
of thetmiicartal pat hway saw thatasscaccieated
with elevated ERK activity. Il n addition,
hi ppocampus after e l-iecduwecdb nvelll sauves .shlog
hi ppocampal neurons showed that pERK was
rel e@sen et Jal ., 2009
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Figure 18 Regional distributions of ERK | and ERK 2 in rat brain. FC, frontal cortex; PC, parietal cortex; HP,
hippocampus; NA, nucleus accumbens; CP, caugatamen; TH, thalamus HY, hypothalamus; SN, substantia
nigra; VT, ventral tegmental area; DR, dorsal raphe; MB, midbrain; LC, locus coeruleus; PM, pans/medulla; CB,
cerebellum. Outlined areas encompass the regions of the forebrain. (Ortiz et al. 1995)

ERKexpression however i1is not | imited to
mi crogl i a and as tirnontuyntoefsl.uotUs s ngncceo wi t
mar ker s, a mod el of spinal ner ve l i gat

sequenti al activeticen |l ef ERKednat kg aft

cells expressing ERK were neurons. By 48
neurons, whereas 93% were microglia and

were neurons, 16% microglia @&andnode%, wéro
pERK1 and pERK?2 wer e upregul ated i n eq

compartments, ERK1 and ERK2 were highest
both in the outer membrane and i ntramemb
ERK1 and ERK2andgied nontdichmti ng that the p
mi tochondria was not du@huouangyeéebpdalAss 2
such, it is theorised that ERK can be do

mi tochondria dysfunction in stress condi |l

Role of ERK 1 and 2 in cell death

Sever al groups have i1 dentified ERK as h
agai nst cel l i njury and in the i nstigat
I mplication of ERK in cell death was in
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peroxi de ERK, JNK, and(BR3@a8 waeade Zhhhlghgec it

ensuing cell deat h was prevented by tre
PD98059, whereas inhibition of JNK or P3
cell s, gl ut amate i nduatetde ncuealtle dd ewai tthh waans

PD980BO©12@e Bernardo ).etHeale. ,gl2iGd0G4 hi one
repleni shed, and ROS activated ERK preve
ERK inhibition was associaantdeddiwnitnh sihredr &
cel |l death but no change in caspase exX|
additionphiC®hi tors attenuated pERK, mi t o
caspase activation. I n contrast, cadmi ul
nhardar t i n and Pd.gnlomewnt r2e0altOled cel | s, R
i n activation of RAS and degradation of
c

activity suggesting a role in protection.
I n HT 22 cells, edoMERBnNndeanregased gl-utath
i nduced <cell death via the inactivation
initial pERK was blocked with mGLUR1 an
sensiti wtehrteos hoduld gl ut amat e. Conwdd tooi v

ef f cuto and DeFr)andoani0drbt ERK a-ttkeat.
growth factor (I LGF) tlaipreedv eand teidv aittiso no w
granul ar neur ons. These studies indicat
response dictat-essr wheataeatrh.gsrTrraonsi ent a

associateduwvitalpyrowhereas sustlali ndeelatahc tl

a ROS depend@mtasmarsseradi)s et al ., 2013

Oxi dants induce phosphor yicahtainme |l ofacERK a-
directl ywyvioai ®eckinase. Sustained ERK t
whkere it can promote <cell death wvia its
Whet her ERK directly incites cecththlegéehe
expression profiles remains undefined. F
suggests (Bhaul aanhdr JoegWhen 2BDRK returns t
neur onal cel |l deatChedoed mot T ho SO WML0 0 cC &
contended -asur omalnomel | s, cyt oplraesgmiicr erde

for ddesastolcti ated protein kinase (DAPK) ac
ser 1@adgnol and ChamiNOr do,r odulCkd by i NOS i
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wi || initiate apoptosis following trauma

pER andi mpfrloammat ory cytokines occur-ied. I

and was protective in cortical neur ons.
mi croglia adjacent to injury. I nhi bition
of |l esi ons. Hoiwkiveiron ER&Es i mbt compl et e
possibly due to its dualityXuofetr od)le.s, i
Cytosolic retention of cERKtdemi dsaca wae sssu

are responsible for mitogenic response.
Ssome -approopt oti c proteins -1®clamdi ngE FD AaPrKke.

speci fic scaffold proteins t hat resi de
peferentially complex ERK to cytoplasmic
nucl ear export sequence. When -Bos-ftidL t o

activation @UsangtenyattSeegpa2@02ng ERKs act
specific manner wouunddelresatda ntdo ngr eoant et he t

of ERK inhibition after injury.

ERK can participate in both the intrinsi
death via the increase of mitochondria C
cycle amueephagrc vacuolisation.9 TAlls arms
associated with sustained pERK i(Qa sstprecci f
Obreg-n etChud .et 2P0 Lo npGadrdt ment al i sed act
by DWSP a+wd al l of which provide negati ve
Ra&f&af/ ERK signalling. -Rlaf tpumanort eselclel I i
activat i-amo ptfo tainct-iBalnxd2 ,BeMc th i n turn inl
Bl MLuca et Jal .ERK2 Owli 2 | upregul at e Caspa
interacting with thad&NBd&aAtSh amelc ERAtSdr.  ICiyd a
ERK activates FOXO0O3a which i ndy(Tcreasn aepto patl
200.1 ERK can directly activate RSK, whicl
it phosphoryl ates BAD. ERK can al so medi
phosphoryl ation &thosgdBbBiion by ECMgs at ¢
activat(Rer PbmBs efSaawe ,et20010l h He0& and r e
i nhibition of ERK prevents mitochondri a
subsequent caspase 3 activation. Il nter

caspaseld3 acdpemddmtnl yi naf CTC release sudg
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downstream role to CTC. Bax (Whelrassebn a
20122

Mitogens,
Cytokines, Stress

RTK/Ras
Raf
l PD98059
MEK1/2 — U0126
i SL327
ERK1/2
RSKs MSKs
— CREB
i |
c-Fos

h Bad
ILA1p Bcl-2
v
Inflammation

\ Necrosis or

Apoptosis

Figure 19 Diagram showing the primary elements of the ERK pathway involved in ischemic stroke. ERK activity
may exaggerate inflammation by upegulating interleukin 1b thus leading to necrosis. ERK activity may also

block apoptosis by enhancing the level of the #&ajpoptotic protein Bcl2 or blocking the preapoptotic protein

Bad. RTK, receptor tyrosine kinase; MEK, MAPK kinase; PD 98059, U0126, and SL 327, MEK inhibitors; ERK,
extracellularregulated kinase; RSK, p90 ribosomal S6 kinase; MSK, mitagehstressactivated kinases; CREB,
cAMRresponse element binding protein; Elk etslike genel; IL-1b, interleukinlb. Reproduced with permission

(Sawe et al. 2008)

Implication of ERK 1 and 2 in Hl insult

I n vitro studi es show that bdod h HT 2vna tc et

subject to oxidative stress, were protec
MEK i nhibitors. These cell s | ack NMDA
depletion via gl dutraamastpéh nacetaisaodn DoenF f.camlcno |,
mi xed neuron and glia <cell cul ture, PD9
i nduced cel |l death followingpBRKtwabi epe
to near ex-cthbhel velyhcastrocytes. On r emo
recovered from NO associated injury. N O
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ERK in astrocytes, g I(S taa macnidy.,OD2680 OpOi @ @ e nii n
of tyrosine phosphorylation duresgl tederl

decreased rel ease of excitotoxic amino

ERKs ability to phosphorylate tyrosine a
well as the activation 20tPEXt 06 x6hiPeteAphas
reduction in infarct volume ii(@Eabbparee¢d :

1999 Other studies of adul t rat focal ce
SODprotects against ROS induced neuronal
rel ease from mitochondri al ocRHhosghiorwi &l
producing ROS. Expression of pERK was re
o f SOD1) mi c e compared ptodWwWTt i ooantwas s ¢

decreased. SOD1 actions on ERK(Namsdédi viaa et
al ., )20ERK has also been implicated in
wher e t apuh ohsyppheorr yl ati on and subsequent ne
ERKKr @2 geMacoom et &Plei, e20m2 ., 2002

Al essaetdralni were the first to | ook at E
of asphyxia. Il n mice subject to middle c
applied 30min prior to insult. A 55% rec
and 36% at 72hcrompagtedi nouluntreated | it
untreated mice, pPERK is i mmediately and
neurons following occlusion with a cons
Neuroprotection by PD98059 was amcomp
neurobehavior al defects. I n addition, P
respiratory or cardiovascul Al eparaardeti eri s
1999 Using the s ame model , ot her group s
receptor antagonists gave a decrease 1in
recovery. These actionsntwerge EMR&Kd iaactteidv alt?
orphan nucl ear receptorlBNURWhH7i,c halisno tcuarln
neurokinin receptor activity. NUR77 <can
nucl eus or translocates to the met @aanlonc
upregul at-aponptodt ipdr oBax (GCasdOmasgparseetp al . ,
Al essandrini 6s group al so | ooked at an
specifically at reperfuperfnusfioolnl,owamgi ™

pERK2 was observed in the hippocampus. A
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the hippocampus from ischemic damage, Wi
post insult. |l rmatementUOld26rprnsed infarc
i mpoved neurobehavior al outcome. When i nj
stil |l neuroprotective. However, Il njectio

effect. Another group introduced UO126 1

mi ddl e cerye baoad]| uasritoenr. I nfarct was Treduc
i nsul t. I n addition, they confirmed that
PERK byN®®@Gr a et). al ., 2001

I n the neonat al rat model , PERK positive
72hr post i n®ullto.c atheals eatwetrhe core of i n
zones to undamaged tissue. PERK positive
damage and <calpain induced fodrin degra
observed in microglia at thedb®©®DCemwizdnne
whi t matter of fVbatnhg heetmi ap helrre2sOP 724 a Mi ¢

e
i ntracerebroventricul gravadmi nriasptirda tiinocnr eoa
and in P13K/AKT. When ERK, but not P13k/ /

neuroprotection was | ost. I n this model,
and expression was |l ocalised to ¢heyrwst
and thal amus. Il n untreated mice, 8hr af't
small er and condens-exdprceosnpiamgdneédwwr cmos. B
cells were pyknotic. At 48hr, 40% (tban pER
and Holtzjman, 2000

Lastl vy, one study has suggested that E Rk

effect ofmihypot ter eat ment of i schemic ins
podstschemia hypothermia (33AC) an increas
i s observed. l ncreased PERK <corresponde

tyrosine phosphoryl ateoapb@D'tdirekzB reotwtahl .f,

C-Jun N-terminal kinases (JNK) 1-3

The JNK proteins are an evolutionary <con
JNK/AJQnN signalling i s I nitiated t hrough

including growth factors, infl ammatory c
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str.esBSheir major dowdAst meamat eadgbédty tsHeAP!
of -J@n. J NK, al so known as SAPK was firs
These early discoveries identifi®d ahsee
named DAP&BnOBrespetbtyi vihese three | oci ha
due to alterWasitwovea sapldi diarvi@usa, | 2p0h0o2s phor vy
tyr and thr residues of the TXY motif IS
downstream convergence poi-htn.foFolalodwitnhy

phosphor ylJwan iio, asCtawv at moecdi ate early ger

cel l injury. | EGs encode for transcript
transducti on. Phuey-FoGncl JdeB X, kaoxl68 zi f
(Bogoyevitch;,Hetr daelgen 201&I . , 1997

Il n 1987, Lee et al . found a DNA binding
transcription and named-1)t &alkéientbodadpdg
not identified &tast hdate thiimaeli nP sequence

was found denthiecatthesiite of @ eyeastt adr.ot e
Also in 1987, Maki et al. cloned the Jun
Jun showed sequence homol-tgwasocGg@ebludad
JufMaki et J)al Aft d8t/hese discoveries, S eV
including Jun and FOS were found t-bheont .
|l euci ne zi pper domai n. Ot her me mber s 0 1
transcription factors are JunB and JunD
Fra2 of theéeaRws cD@® OBl mer i slaun oins ods Lent i ¢
DNA bi ndiumg.cah form either hetero or ho
only form heterodi mers. The-Jhret ggred i me a
determine the DNA binding sPesubbBtrayes.

regul ate various processes from cell dea
JNK substrate recognition: firstly, J NK
ki nases; and secondl vy, substrate intera

motitthat connect to the CB edondWaaginge rs iatned
NebredaWe20®09 and 2Davi s, 200

JNK 1 and 2 are ubiquitously expressed t
restricted to neural -Ianar e aadt iacatced | 3y
MKK 4 and 7, whi ch pdhooospp h oUrpyslitarteea m] NKos MK K

80| Page



CHAPTER Introduction

mul ti PI3&KsMAncl udédngapmMeagEKodi s signal rel a

and 2, and mixed |Iineage kinases (MLK) 2
through scaffold proteins. JNK interactdi
the MLK3/ MKK2/ J Nerl ecxocamptloetxo xaifct stress in
CJdJun actCemttemm e). al ., 2007

Some MAP3Ks can act- MEXKZ23 canfefddlad st dd e

formation of MEKK2/ MKK7/ JNK1. Fol l owi ng
and nucl ear | ocalisation occursastflJ@an,hos
JunD, ATF3, P311, SOX11, and stat 3. Il n

I sdlet ATF2 -aBrfBlogF/ evi t ch ). etJNXKI .bi-ha®Bl0o &
deldtoac ki ng desemai RJiumro& e rNmi nus (figure 1.1
JNK t hen phosJpuhno raytl asteers6 3C pl us ser 7-3, an

terminal in the (Moan®ohuet,Vahedo@d®dDhiod!l ., 2
Phosphoryl-asasmoneo®@l|l tCs in its dimerizatio
transcription factor compl exes, al l owi n
segqguences. These target DNAtsagdecrmraoey | atft
1 3acteat e ( TPA) Response El ement s, ot her w
consists of t he palGAGCECT@EAGC s eOnuweenlbeo usndd
acts as transcriptional regulator of tar.
those involved i natche!l &n ¢ r®hlia ¥leRtarka nosnc,r i doe
compl ex 4baamaweeéti sed rdguebhdopmenf. nkeura
either-omometerodi mer compl-eaces obet WeehC
family niE&biejrar d pRaiavli.c,h 1e94®kact 2Ga&di or
Jun occur s Vi a dephosphoryl ati on of t hi
degradatiofeopomiwdla ICysine acetyl &B76n n
(figur@®allviLoe®Vri2es et). al ., 2001

JNKI1, 2, and 3 knockout nmmi odviaoes aphenc
However, JNK1 and 2 double mutants are |
defects in neural tube closur e. Doubl e m

nor mal phehwrtypell Cmice are -1>2.{(Caali else tama
Tourni eKua20®2 ;@lir,i a2a@@®3 gt Saol .a,s 2J0OnHtsu d
role in injury, a funoAiAohaveKOewédS8 anda
i nto alanine, preventing their phosphory
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viable and had no devel opment al defects
JunAA mice had greater neuroprotpepatiwnth
JNK” i c@ehrens et), alt, ma99dDe that remo

phosphorylation sites (ser63 and 73, an
graet er neur dpguwitleecrta gent al ., 2011
MKK4/7 (PIBK ERK1/2

v

P
Jun-IND -
4= INK 13

JNK Actio
X p
Jun-TFC
K MM ™™
jun-mRNA S 2
00 £C
G ITTT

l 11 |
JNK-DEP JNK-IND c-Jun Action

Figure 1.10An overview of key pathways involved in-@un activation. Nterminal phosphorylation via JINK, GSK3
phosphorylation of Thr 239 and p300 acetylation of lysine residues along ther@inal provide the major routes
of GJun induction. (Raivich 2008)

JNK1 acnadn 2have opposing rol es. I n MEF cul
Jun to increase proliferatioW@unwhesaddi b
cel l degradation via @®@®nepatdvet fTad gled @K

di sruption of JNK3 pcriottoetcotxsi cn eiunrjounrsy ,f rwohne
JNK1 and 2 gdKvueannoete fafleTchte2® 0Bs al so evi o
can |l ocalise to the mitochondria and mi

regul ating nucl earZhgeneanex pHeersgsegoenn, t B O

mi tochondri a, J-NKr vciavmal bea hpoogh t he p ha
subsequent deacti valHagme rod etinaaA/l.D,ihafudgth9 J
and-JCn evidence multiple roles in cellul

many outstanding questions arn st hsa gfnuard d tiin
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Studies wusing target gene deletion -or p
part rolwen oifn Cneur al degenerati on, i nfl
nervous sys-fem, sUdKaALCIing is mostly assc
apoptG-3us. medi ates apoptosis through the
apoptofi meBibkr s: BKMamanelt dphbPre200608s wor k
| aboratory has shown that -Jrueursotnr onmed o/i fri
t he speeldalofr egxeoner at i-ionnn earnvda ttiaorng efto Irleo wi |
axotomy in the adult mouse. Here a decr e
conjunction to a | oss of trophic suppor:t
application of the ndoahiemifract ec s v eBrDeNd-
def dcant ana et) alln, tRiO0Od2same model , C 0 Mj
knockout saw a decrease in caspase depe
Fand JYNKXe had del ayedoVemyt i whestaewa sn ol Nt
effect. I n sympathetic neuwmonnmut adid mi nsanc
attenuati-lonacotfi VARY and apoptosis foll o\
(Rai vich etRudlf. et2.;a0Un a2dodli2t i on, recruitn
and activation of | ocal imn &mtoglnied a twias e
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Project Aims

As outlined, all four major branches of the MAP kinase-signalling cascade are
implicated in the neonatal brain response to ischemic injury. Transcription
factors often act as the driving forces of regeneration, regulating the expression
of a complex web of target genes simultaneously. This thesis aims to
investigate the likely role of two MAPK family members: ERK1 and 2, and C-Jun
in promoting neuronal survival after hypoxic-ischemic insult to the postnatal day
7 (P7) mouse brain in vivo. Both molecules are known to be strongly and
immediately upregulated following injury with sustained activation correlating to
severity of insult. Given the time constraints to conduct this study, in addition to
the already extensive literature on in neonatal HI, we will not be considering the
role of P38 in our model at this time. Cell-type specific deletions of the individual
genes will be used to characterise the unambiguous roles of these molecules in

HI response.

The work will be undertaken in the Rice-Vannucci neonatal mouse paradigm - a
reliable and highly reproducible model of HI insult equivalent, in respect to
regional damage observed, to term human infants. It enabled assessment of the
effects on the non-neuronal cell (microglia and astrocyte) activation and
recruitment to areas of damage, cellular response and neuronal survival,

resulting from conditional alteration of these proteins.

Extracellular Signal-Related Kinase

Specifically, MEK-dependent inhibition of ERK phosphorylation and ensuing
activation protects against cell damage resulting from focal cerebral ischemia.
Preliminary studies in our group present several lines of evidence in favour of
MEK and ERK involvement in neonatal hypoxic ischemic insult. Neuronal over
expression of Ras resulted in increased damage 48hr following 30min exposure
to 8% O2 (Appendix 2A-C). In addition, a dominant negative isoform of MEK1
(DN MEK), with a neuron-specific tubulin alpha 1 promoter, causes
considerable reduction in lesion size following severe hypoxic ischemic insult
(Appendix 2D). Inhibition of the Na*/H* exchanger, a downstream target of MEK
and ERK, with amiloride also causes a massive reduction in hippocampal and

cortical tissue loss following neonatal hypoxic ischemic insult.
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Based on the data described above, we propose the following related

hypotheses:

Neuronal and/or astrocytic ERK activation causes phosphorylation of
downstream targets that play a role in mediating neonatal cerebral brain

damage.

Endotoxin will act synergistically and enhance potential for damage, at time
points where shortened HI insult alone will not cause axonal or glial injury. Here,
glial and axonal may act in concert, due to the effects of ERK in glial synthesis
and release of proinflammatory cytokines (e.g. IL1, TNF), NO and oxygen

radicals.

Direct and prompt pharmacological inhibition of active ERK will block the
appearance of axonal pERK during and shortly after HI insult and inhibit the
resulting white matter damage, particularly in axons. In addition, in view of
MEK/ERK function in inflammation-mediated oligodendroglia cell death, non-

neuronal effects will be reduced following inactivation of glial ERK.
ERK Objectives

To further verify involvement or non-involvement ERK1 and 2 we will use
transgenic mice, with homozygous deletion of ERK1 and insertion of lox P sites
surrounding the ERK2 gene, abbreviated as ERK2" or 22, which can be used to
cut out both copies of ERK2 with a recombinase cre via a cell type specific
promoter. In the current case, we will use the synapsin promoter (synapsin-cre)
and GFAP promoter (GFAP-cre) in order to delineate the role of neuronal or
glial ERK expression following insult. Mutant mice and their littermate controls
will be subject to moderate (30min) or severe (60min) hypoxic-ischemic insult
alone or moderate insult in combination with systemic injection of
lipopolysaccharide (LPS). For pharmaceutical intervention, we will use the
specific MEK inhibitor SL327.

C-Jun

The AP1 transcription factor C-Jun is rapidly upregulated and activated by Jun
N-terminal kinase (JNK) phosphorylation following hypoxic-ischemic (HI) insult,

trauma or neuronal axotomy, which has suggested that this protein could serve
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as a master switch of the degeneration program in a variety of injured neuronal

and glial cells.

The proposed project will explore this hypothesis by examining the role of C-Jun
and its specific phosphorylation by JNK following hypoxic-ischemic insult, using
transgenic mouse mutants carrying cell type-specific and functional transgenic
C-Jun mutations to determine their effects on white and grey matter damage
and on functional recovery after HI insult. If this mechanism can be fully
understood, then further strategies for primary prevention may be identified and,
hence, the incidence and severity of brain injury reduced. To build on previous
studies, a number of hypotheses were formulated as the basis for the current
study:

C-Jun activation of AP-1 and the subsequent downstream factors results in
upregulation of pro-apoptotic targets in response to cerebral ischemia in the

neonatal brain.

C-Jun is involved in mediating the synergy between infectious and HI stimuli
and the resultant injury to the neonatal cerebral brain. In vitro, many of the

effects of lipopolysaccharide (LPS), mimicking bacterial infection, such as

upregulation of cytokines anrédancCQGOX-thard i

dependent on JNK and Jun activation. In vivo, brain synthesis of the TNF
cluster of cytokines is strongly upregulated by very moderate amounts of
systemically applied. Studies from our group show that the synergistic, damage-
enhancing effects of LPS, injected 12h before the HI insult are completely

abolished in mice lacking both copies of the TNF cluster.

Upregulation of JNK and C-Jun activity following insult is due to both
complimentary and parallel pathways in opposed to direct interaction. We will
assess, whether these effects require or do not require JNK-dependent Jun
phosphorylation by utilising transgenic mutants where all four N-terminus
phosphor-acceptor sites by JNK (ser63/73 and thr91/93) are converted to

alanine (Jun4A).
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C-Jun Objectives

To determine the full scale of C-Jun effects on white and grey matter damage
following HI this project will use neural deletion of floxed Jun gene with nestin
driven cre recombinase. In addition, we propose to identify, which of the C-Jun
expressing cells (neurons or astrocytes) act as a pacemaker, in mediating C-
Jun dependent HI brain damage, using cell-type specific promoters for cre
recombinase (synapsin-cre, GFAP-cre). Mutant mice and their littermate
controls will be subject to moderate (30min) or severe (60min) hypoxic-ischemic
insult alone or moderate insult in combination with systemic injection of

lipopolysaccharide (LPS).

Understanding the molecular mechanisms underlying neonatal hypoxic-
ischemic injury and association of specific MAP kinases and their signalling
components will improve the success of neuronal protection, as well enhance
the therapeutic intervention required to prevent poor neurological outcome

following insult.
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Materials and Methods

Animals

Legislation

All experiments and techniques were carried out in accordance with the UK
Animals (Scientific procedures) Act 1986, as authorised by the Home Office.
The mice were bred in house at the UCL Cruciform Biological Services Unit.
Initial genetically engineered strains, used in these studies, were independently
sourced from a number of laboratories, as summarised in table 2.1. Mice are
widely available commercially and genotyping by PCR is a proven method for
each transgenic strain.

All mice were kept under standard conditions with a 12-hour light/dark cycle at
21-23°C, and an average humidity of 60%. They had access to pelleted

laboratory chow and water ad libitum.

Modified Genett Acronym Strain Sourced From
Mutation Strain Background
Synapsin Cre S C57/BIl6 Axel Behrens Cancer Research, Ul
GFAP Cre G FVB Jackson Laboratories, USA
Nestin Cre N C57/BI6 Axel Behrens Cancer Research, Ul
ERK1 Neo 11 C57/BI6 Gary LandretiCase Western Reserve
University, Cleveland Ohio, USA
ERK2 Floxed 22 C57/BIl6 Gary Landreth Case Western Resen
University, Cleveland Ohio, USA
GJunFloxed JJ C57/BI6 Axel Behrens Cancer Research, Ul
GJun4A 44 C57/BI6 Axel Behrens Cancer ResealtdK,
C57/BI6 WT C57/BI6 Charles River, UK

Table 2 1: Sumnary of the genetically modified animals used for these studies

Breeding Strategies

Cell specific cre recombinase deletions- ERK2 and C-Jun were selectively
deleted in specific cell types, including neurons, neuroepithelium derived cells
(neurons, oligodendroglia and astrocytes), and astroglia. Cell specific
conditional mutants were utilised due to global deletion of these genes resulting

in embryonic lethality.
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Cre recombinase acts as a catalyst to excise gene sequences by recognising
them when flanked (floxed) by two forward facing LoxP sites. A cell selective
deletion occurs by introducing Cre into the promoter region of cell-type specific
markers, in these studies: synapsin for neurons; nestin for neuroepithelium
lineage cells; and glial fibrillary acidic protein (GFAP) for astroglia.
Developmental expression of the promoter gene allowed for endogenous cre
excision of the floxed target. Floxed genes were ablated only in cells expressing
these markers, at the point of expression whilst retaining wildtype gene
transcription elsewhere. Synapsin is expressed at E12, GFAP at E16 and nestin
at E7.5.

Animals with the floxed genes are bred homozygously so that both alleles of the
gene will be excised. These homozygous animals were then bred against mice
heterozygous for cre, creating cell selective homozygous null as well as cre-

absent, wildtype gene expression, littermate controls.

Global deletion of ERK1- ERK1 was ablated in all endogenously expressing
cells, as previously described by Nekrasova et al, in 2005. In brief, exons 1 to 6
of the ERK1 protein coding sequence were replaced with a neomycin resistance
cassette. These constructs were electroporated into the 129 SVJ-derived
embryonic stem cells. Chimeras were generated by injecting two targeted
clones into CD1 blastocysts (Nekrasova et al., 2005). Homozygous mutants
were obtained by re-crossing the successful chimeras with wildtype C57/BI6

mice for two generations until on a uniform background.

For our experiments, the ERK1 animals were bred in a heterozygous manner
with C57/BI6 wildtypes to produce homozygous null mutants (ERK1”") and
wildtype controls (ERK1*™).

Jun4A; modification of C-Junos p hos phor-ytheamost odimect
activation of C-Jun is via JNKs phosphorylation of 4 selective sites in the N-
terminus. In Jun4A animals these sites- Serine 63 and 73 (Ser63&73) and
Threonine 91 and 93 (Thr91&93) are substituted by Alanine. This renders C-Jun

as functionally null by JNK activation.
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Jund4A mice were bred heterozygously to produce both homozygotes and

wildtype littermate controls. A summary of these breeding strategies can be

seen below.
Mutation Breeding Strategy Outcome Genotypes
S1122 Heterozygous 22,S22,1122, S1122
G1122 Homozygous 1122, G1122
S)J Homozygous JJ, &
GJ1J Homozygous JJ, GJ
NJJ Homozygous JJ, NJ
Jun4A Heterozygous WT, 44

Table 22: Breeding strategies and their required outcome strains for use in these experiments

Genotyping
Individual animals were identified by an ear-notch system. To genotype, a

O5mm sect i onbiomsied andathie DNAvextgacted through the addition
of 20m of Proteinase K (20nmg/ml, Promega UK) and 750ul of extraction buffer
(20% 0.5M EDTA, 5% 1M TRIS, 3.4% 3M NaCl, and 1% SDS). Each sample
was pulse-vortexed before incubating at 55°C overnight in a shaker water bath.
On the second day, samples were placed on ice for 10min and subsequently
centrifuged at 16,900g for 10min. The supernatant was separated out and
inversion-mixed with 600m isopropanol (VWR, UK). DNA was elicited by
centrifuging for a further 15min at 11000g, producing a pellet of supercoiled
DNA which was then washed in 70% EtOH (VWR, UK) and centrifuged at
11000g for 5min before being air dried for 1lhr. Lastly the DNA was re-
suspended in 50m TRIS-EDTA (TE buffer, Promega UK) and stored at 4°C until

required.

Polymerase Chain Reaction (PCR) verified the genotypes of each sample. A
25m reaction mix was created with 2.5m 10xbuffer, 5m Q solution, 0.25m 25mM
dNTPs, 0.125m of each primer and 0.2m Tag polymerase (Tag DNA
Polymerase Kit, Qiagen UK). This mix was made to a total volume of 24m with
DEPC-treated water (Life Technologies) and 1m of the DNA sample (made to a
1:20 dilution in DEPC water) was added. Table 2.3 shows a list of primers used

in this study.
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PCR conditions were optimised on a T-Gradient PCR machine (biometra,
Germany). The products were separated via electrophoresis on a 2% agarose
(Eurogenics)/1x TRIS-Acetate-EDTA (TAE) gel containing 0.5% Ethidium
Bromide (10mg/ml solution, Sigma), alongside a positive control and 100bp
DNA Ladder (NEB, UK). Each gel was run in a TAE running buffer for 40min at

a constant voltage of 100V. The resulting bands were visualised in an ultraviolet

transilluminator (BioDoc-it 200 imaging system, UVP).

Target
Forward Primer Reverse Primer Band Size
Gene
Generic Cre LCK Cre Fwd LCK Cre Rev
5'-CGGTCGATGCAACGAGTGATFBAC 5-CCAGAGACGGAAATCCATCG&CTC 600bp
ERK1 Neo Neo Cassette Fwd Neo Cassette Rev
5-CTTGGGTGGAGAGGCTATTC 5-AGGTGAGATGACAGGAGATC 280bp
ERK1 WT WT Fwd WT Rev
5'-CCAGGAGGACCTTAATTGCABCA™ 5-TTAGGGGCCCTCTGGCGCCCCTGG  700bp
350bp
E2FL E2FU
ERK2 Flox FLOX
5-AGCCAACAATCCCAAAGCTG 5'-GGCTGCAACCATCTCABAAT  275bp WT
350bp
LOX5 LOX6
CGJunFlox FLOX
5'-CTCATACCAGTTCGCACAGECG( 5-CCGCTAGCACTCACGTTGGTAGC 300bp WT
Jun4A 4A Fwd 4A Rev 248bp 44
5-AGAACTTGACTGGTTGCRACA 5"AGTCCATCGTTCTGGTGGBCGC 198bp WT

Table 2.3: PCR Products, primer sequences and their subsequence bafat sieegenetically modified mice tail
DNA samples.

Surgery

Hypoxia-Ischemia (HI) Insult
The Rice-Vannucci model of HI injury in neonatal rodents was modified from

Levine (1960) which had been originally generated to study stroke conditions in
adult rats. Rice et al. found that an ischemic insult was required in addition to
hypoxia to result in a significant increase in damage to both the adult and
neonatal brain. In this revised model, tissue loss was observed in the cerebral
cortex, striatum, thalamusand hi ppocampus, faithful
model (Rice et al.,, 1981). However, in addition, the neonatal rat brain also

exhibited lesions in white matter region- the external capsule.
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Model of Brain Injury

In order to study perinatal brain injury, multiple animal models have been used.
These have been performed in various animals and often use bacteria,
endotoxin, viruses, excitotoxins or hypoxia-ischemia. Research has begun to
use combinations of such insults to better study how other factors influence the
outcome following hypoxia-ischemia (Coumans et al., 2003; EKlind et al., 2001;
Yang et al., 2004). The most commonly used rodent model of perinatal hypoxia-
ischemia is the Rice-Vannucci model. The initial model involved permanent
carotid occlusion and timed exposure to hypoxia in a 7 day old rat. Individually,
carotid occlusion or hypoxia is not sufficient to cause histological damage.
However, in combination, carotid occlusion followed by hypoxia led to
histological evidence of brain injury in 90% of animals and an infarct in 56%
(Rice et al., 1981). From a neurological perspective, the seven day-old mouse
or rat is considered to be a reasonable representation of the human neonate at
term; specifically due to a lack of prenatal myelination (Hagberg et al., 2002a).
Mice and rats are born pre-myelination, but undergo rapid myelin production in
the first postnatal week. As such the pattern of brain injury in the 7 day-old
rodent model is similar to that seen in the term neonate following hypoxia-
ischemia with damage to the ipsilateral cerebral cortex, thalamus, striatum,
hippocampus as well as subcortical and ventricular white matter. It is clear that
in animal models and human neonates, hypoxia ischemia and/or inflammation
can, if severe enough, result in permanent brain injury. However, it has been
indicated that much milder combinations of these insults, not sufficient alone to

cause injury, may result in permanent brain injury (Peebles and Wyatt, 2002).

Carotid Artery Occlusion

At P7, mouse pups were anaesthetised with isoflurane/oxygen (1L/min, Abbott)
with a 5% induction and 1.5% maintenance. Following midline incision, left
common carotid artery was occluded by ligation using an 8-0 polypropylene
suture (Ethicon). The incision was closed with tissue glue and the pups
recovered in an aerated warm chamber (36°C) before being returned to their
dams for 1.5hr. Post recovery the animals were placed in a sealed 36°C
hypoxia chamber and exposed to humidified 8% oxygen balanced with nitrogen.
Hypoxia lasted for 30min- generating a mild insult, or 60min-severe insult.

Lastly, the animals recovered in the aerated chamber for further 10min prior to

95| Page



CHAPTER Rlaterials and Methods

returning to the dams until point of death. The pups were sacrificed between 0O-

96hr post-injury.

Endotoxin-Sensitisation and Hi
In addition to a pure HI model, these studies have explored the synergistic

interaction between LPS induced inflammation and HI injury to the neonatal
brain. Previous work by this group show that when LPS was administered prior
to unilateral carotid occlusion and 30min HI, the observed tissue loss was
exacerbated compared to either LPS or HI alone (Kendall et al., 2006). In these
initial experiments, a titration of LPS was performed and a dosage of
0.3ng/gBW was found to be optimal. For these experiments, a new stock of LPS
was acquired that was of a different batch than that used in these original
experiments. As such, a titration was performed by Dr Mariya Hristova and an

improved dosage of 0.6ng/gBW was found.

P6 mouse pups were injected intraperitoneally (i.p) with LPS/0.9% sterile saline
(Escherichia Coli, Serotype, 055; B5, Fluka). A dose of 0.6ngy LPS/saline in
10mM/gBW was administered 12hr prior to surgery and 30min hypoxia. Surgery,
hypoxia and recovery were performed as described above. All pups subject to
LPS were sacrificed at 48hr, a time point previously examined by this group
(Kendall et al., 2011a).

Tissue loss 30min HI LPS treatment + 48h survival

50%

45% A

40% A

35% A

30% A

O saline
B Ips0.6

25% A

20% A

15% A “r

10% A

total percentage loss

5% A

0%

Figure 2.1: Compared to saline treated control animals (n=8), animals sensitised withgfdgof LPS (n=6)
displayed significant increase in infarct volume as estimated by NISSL staining and volume measurement

(p<0.05). Dr Mariya Hristové&unpublished)
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Perfusion

Animals were anaesthetised by i.p injection of 40m pentobarbitone sodium
(0.2ng/m Euthatal, Merial). Paw withdrawal reflex was used to determine deep
anaesthesia. The thoracic cavity was exposed and the pups perfused
intracardially with 4% paraformaldehyde (PFA, sigma) in 0.1M phosphate buffer
saline (PBS). A 26-gauge needle was attached to a perfusion pump (Gilson,
UK) and inserted at the heart apex and into the left ventricle. Four percent PFA

was perfused through the pump for 2.5min at a flow rate of 0.02L/min.
Fixation

Following perfusion, the brain was removed and post-fixed for 1hr in 4% PFA,
on a rotator (8RPM) at 4°C. The fixed brains were then cryoprotected for 48hr in
a phosphate-buffered 30% sucrose solution (Fluka, UK). Forebrains were
mounted onto Whatman paper and frozen on dry ice (BOC, UK). All samples

were kept at - 80°C (New Brunswick U535 Freezer) until required.

Cryosectioning

Frozen forebrains were cut on a Leica CM 1900 cryostat into 50 sequential
sections at a thickness of 40nm. Samples were mounted into a chuck with OCT
compound (Tissue Tek, Netherlands) and secured into the cryostat with the
chuck head temperature at -15°C and ambient temperature set to -20°C.
Coronal sections were taken, starting at the level of corpus callosum fusion, and
collected onto double-gelled 0.5% gelatine (Merck, UK) coated slides (Thermo
Scientific, UK). Slides were then frozen on dry ice and stored at - 80°C until

required.

Light Microscopy

Immunohistochemistry (IHC)
IHC required a two-day protocol for AlphaM (CD11b), AlphaX (CD11c), GFAP,

and phosphorylated C-Jun. Five sections- 400mm apart were selected for each
stain. Frozen cryosectioned slides were rehydrated with distilled water (dH20)
and spread flat onto the slides under a dissecting microscope and using fine
brushes. Samples were allowed to air-dry at room temperature (RT) for 1hr

before being bounded with pap-pen (Dako, Cambridgeshire UK). These were
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then fixed in a solution of 4% PFA (Sigma, UK) for 5min and recovered in 0.1M
phosphate buffer (PB).

Antigen retrieval was achieved by acetone (VWR) de-fatting. Here slides were
submerged into cuvettes holding 50% acetone/H20, 100% acetone, 50%
acetone/H20 for 2min each. This was immediately followed by two washes in
0.1M PB. Finally, slides were rested in a cuvette containing 0.1M PB/0.1%
bovine serum albumin (PB/BSA) (BSA: Sigma, UK). Sections were then
individually removed and dab-dried using laboratory tissue. They were placed
into humidified staining trays and non-specific antigen binding was blocked for
30min at RT with 90m of 5% goat serum (Sigma, UK) in 0,1M PB. Block solution
was removed by pipette and 90n primary antibody, made to the appropriate
dilution in PB/BSA, was added. Slides were incubated at 4°C overnight (O/N).
Dilutions of primary antibodies were opt

summarised in table 2.4.

The corresponding biotinylated secondary antibodies were incubated with
mouse serum at 37°C for 30min before being diluted 1:100 in PB/BSA. Slides
were washed in 0.1M PB and PB/BSA and 90m of secondary antibody was
applied for 1hr at RT. Sections were then washed in 0.1M PB. Avidin-
Biotinylated horseradish peroxidase complex (ABC, Vectastain Kit- Peroxidase
Standard PK-4000; Wiesbaden, Germany) was prepared at a 1:100 dilution and
90m applied to each slide for 1hr at RT.

In order to allow for visualisation of the target antigens, sections were washed in
10mM PB and placed into a filtered (Size 4 filter, Whatman) solution of
diaminobenzidine (DAB, Sigma, UK) and hydrogen peroxide (H202). This
reactive solution consisted of 0.5g/| DAB in 10mM PB and a 1:3000 dilution of
H202. Reaction lasted between 2-6min determined by monitoring under a light

microscope. It was stopped in dH20.

The slides stained for AlphaX and TUNEL (see below) were visualised with
DAB/H202 enhanced with 0.25g/l cobalt sulphate (CoSO4) and 0.2g/l nickel
chloride (NiCl2). Sections were subsequently re-spread flat onto the slides and

allowed to air-dry O/N at RT. Lastly, sections were passed through three
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cuvettes containing xylene (VWR, UK), covered using DePex mounting media
(BDH, UK) and left to adhere O/N.

Marker Primary ~ Manufacturer Code  Optimal Secondary Manufacturer Code Optimal
Antibody Dilution  Antibody Dilution
Alpha M Rat anti Serotec SECD11k 1in Goat anti Vector BA 1in100
CD11b Mouse igG 5000 Rat igG 9400
AlphaX Hamster Pierce MA11C5 1in400 Goat anti Vector BA 1in 100
CD11c anti- Endogen Hamster 9100
Mouse igG igG
GFAP Rabbit Dako 70334 lin Goat ant Vector BA 1in100
anti- 6000 RabbitigG 1000
Mouse igG
GJun Rabbit Santacruz  SG1694 1in 200 Goat ant Vector BA  1in100
anti- Biotechnology Rabbit igG 1000
mouse

Monoclonal Mouse CellSignalling 9106L 1in400 PolyHRP Millipore 2702 1in 250

pERK anti- Systems anti-
Mouse igG Mouse igG
Polyclonal Cell Signalling 9101 1in 100 Goat anti Vector BA 1in200

pERK Systems Rabbit igG 1000
SERA

Goat Serum Sigma G9023 1in20

Mouse Serotec C115A 1in 50

Serum

Table 24: Summary of Primary and Secondary Antibodies and Sera used in IHC

IHC- Free Floating Method

This technique was utilised to stain for phosphorylated ERK due to the
polycl onal primary ant i b o 8egtiors wereeselected
as above, rehydrated in PBS and placed into a sieved 12-well plate. They were
washed twice in PBS on a rotating shaker at 8RPM for 2min. Endogenous
peroxidases were blocked using 3% H202 in dH20 for 10min at RT. Antigen
retrieval was achieved using 0.3% triton (triton X-100, Bio-Rad, UK) in a 5%
Goat serum/PBS solution for 30min. Sections were then washed again in PBS
before being placed into wells containing 2.5ml polyclonal pERK primary
antibody was diluted 1:100 in 5% Goat serum/PBS, and incubated with the
sections O/N at 4°C.
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Second day, samples were washed three times in PBS at RT than incubated for
1hr with 2.5ml secondary goat-anti-rabbit antibody. This was followed by three
more PBS washes. ABC was prepared as before and added to the wells for 1hr
at RT. The stain was visualised with DAB/H202 and the correct intensity
measured under a light microscope. The reaction was stopped in dH20. Lastly,
the brains were spread flat onto 0.5% gelatinised slides and allowed to air-dry

O/N. Coverslips were affixed as described above.

Fluorescent immunochemistry
Fluorescence double labelling was carried out for pERK and C-Jun with GFAP,

U- M and NG2. When preparing the antibody dilutions, a mixture of both
antibodies was first made before vigorous mixing and application to the slide.
The antibody dilutions were prepared as shown in table 2.5. Day one was
carried out as described above for IHC, with 5% donkey serum used as block.
For day 2, slides were washed in PB/BSA and 0.1M PB before 90m of the
corresponding fluorophore-conjugated secondary antibody was applied for 1hr
at RT. Sections were washed again in PB/BSA and 0.1M PB followed by
application of the same fluorophore labelled tertiary antibody as used for
secondary. This was for 1hr incubation in a staining tray at RT. Slides were
washed a final three times in 10mM PB before covered with DAPI containing
mounting media (VectaShield) and protective glass coverslips. Slides were
sealed and stored at 4°C for confocal analysis.
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Primary Secondary Manufacturer Code Optimal Tertiary Manufacturer Code Optimal

Antibody  Antibody Dilution Antibody Dilution
pPERK PolyHRP Millipore 2702 1:250 Avidin Molecular A-820 1:200
anti- Mouse Texas Red Probes
igG

GJun Donkey anti  Immuno 711- 1:100 Streptavidin  Invitrogen S 1:1000

Rabbit IgG  research 005 555 Alexafluor 32355

152

GFAP Goat anti Molecular A 1:200 Donkey anti  Molecular A 1:200

Rabbit Probes 11008 Goat Probes 11055

Alexa 488 Alexafluor 488

Alpha M  Goat anttRat Molecular A 1:200 Donkey anti  Molecular A 1:200
Alexa 488 Probes 11006 Goat Probes 11055
Alexafluor 488
NG2 Goat anti Molecular A 1:200 Donkey anti  Molecular A 1:200
Guinea Pig Probes 18773 Goat Probes 11055
19G Alexafluor 488
SERA
Donkey Serum Sigma  D9663 1in
20

Table 2.5 Additional secondary and tertiary antibodies required for fluorescent immunochemistry

TUNEL- Terminal Transferase-Mediated dUTP Nick End Labelling
Sections were selected, rehydrated, spread and fixed as mentioned in IHC

protocol. Endogenous peroxidases were blocked by immersion of slides into a
solution of 3% H202/Methanol (VWR, UK) for 15min at RT. They were
recovered in 0.1M PB. Antigen retrieval was performed by acetone followed by
the washes described above.

Slides were dab-dried and 100m TUNEL enzyme solution (TdT and dUTP Kits,
Roche, UK) was added to incubate in a 37°C chamber for 2hr. TUNEL solution
consisted of 0.1% TdT, 0,15% 1mM dUTP and 1% cacodylate buffer diluted in
dH20. After 2hr, the reaction was stopped in TUNEL Stop solution (300mM
NaCl, 30mM sodium citrate) for 10min before 0.1M PB and PB/BSA washes.
ABC was prepared as described above and 90ni applied to each slide for 1hr at
RT. The staining was visualised with DAB/H202/CoSO4/NiCl2. Reaction was

stopped and the slides subsequently processed and covered as above.
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Nissl- Cresyl Violet Histology Stain

Sections were selected, rehydrated, spread and dried as mentioned in IHC
protocol. These were fixed in 4% formaldehyde (FA, BDH, UK) made up in 0.1M
PB. The slides were kept in 4% FA overnight at RT, followed by immersing the
sections in 70% EtOH overnight at RT. A 1% cresyl violet solution was prepared
by adding 4g cresyl violet (BDH, UK) to 40ml 100% EtOH and mixed for 15min.
Cresyl violet/EtOH mixture was then added to 360ml heated dH20 and filtered
O/N (Whatman filter: Size 4).

Slides were submerged in 1% cresyl violet solution for 6min, after which excess
solution was cleared completely using free-flowing water. Sections were then
dehydrated through sequential washes of increasing concentrations of EtOH
(70%, 90%, 95%) before de-stained in 95% EtOH containing 12drops (~600m)
glacial acetic acid. Optimal de-staining was established by monitoring colour
intensity under a light microscope. Reaction was stopped and the slides further
dehydrated by being placed in 100% EtOH, followed by isopropanol. Coverslips

were affixed as described above.

Quantifications

Regions of Interest
Neonatal forebrain regions for assessment of hypoxic ischemic damage

included external capsule, cerebral cortex, striatum, pyriform cortex,
hippocampus and thalamus. Each region was assessed over five equal
distance slides for each brain on both the ipsilateral, hypoxia-ischemic insult
hemisphere and the contralateral, hypoxia alone hemisphere. For cell counts, 3
fields at 20x magnification were assessed per region of interest. Semi-
guantitative scores were examined under a 10x magnification and assessed
over the whole region. Infarct volume was measured over the whole region at
1x magnification with luminosity, a measure of density, of ipsilateral regions,

taken as a percentage of its contralateral counterpart.
Controls

Each experiment included control animals subject to sham surgery no hypoxia,
or left carotid artery occlusion but no hypoxia. In addition for each experimental
animal the contralateral hemisphere acts as an intracranial control for hypoxia
alone due to the presents of sufficient blood flow to these regions. Multiple
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controls were required to minimise any false responses due to either technical
error or by one damage type alone. In the Rice-Vannucci model of neonatal
hypoxia ischemia it has been well established that both hypoxia and ischemia
are required to induce insult (Hagberg et al., 2002a). When examined, the
levels of expression for markers of damage, listed herein, were unchanged
between control groups. As such only contralateral, hypoxia alone, controls are
used to illustrate changes in response to the ipsilateral hypoxia-ischemic

forebrain regions.

Positive Antigen-Expressing Cell Counts

Number of activated phagocytic microglia (AlphaX), dying cells (TUNEL) and
PERK immunoreactive cells were quantified by counting the number of cells
positively stained for these respective markers. Counts were performed under a
Zeiss Axiolab light microscope (Zeiss, UK) at a 20x magnification. Our regions
of interest were the external capsule, striatum, pyriform cortex, cerebral cortex,
hippocampus and thalamus. Total counts were taken over three eye-fields for
each region. Numbers were obtained for both the ipsilateral and contralateral
hemispheres in relation to the carotid occlusion. For each experimental cohort,
the average of all total counts was taken as a representing number of positive

cells observed in that group.

Semi-Quantitative Scoring

Microglial activation (AlphaM) and neuronal cell loss (Nissl) were scored using a
semi-quantitative scoring system, previously established in this laboratory
(Kendall et al., 2006) under a 10x magnification. A grade between 0-4 was
assigned to each section where 0 was where neither focal activation of
microglia nor tissue loss were observed, and 4 represented widespread
activation and total tissue. The breakdown of each score grading is given in
table 2.6.

All 6 region were assed for AlphaM, and all except external capsule (due to lack

of Nissl bodies present outside of neuronal soma) for Nissl. A score was

assigned for both the ipsilateral and contralateral areas.
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A total tissue injury score was obtained for all regions by combining the average

scores allocated to each experimental cohort. All slides were assessed blindly.

Score AlphaM Staining Score Nissl (Cresyl Violet) Staining
0 No activation 0 No damage
o Minimal evidence oflamage
1 Focal activation 1 _ _ _
without evidence of infarct
) Mild diffuse activation, occasiona ) {YFHEt AYyTINDOGZ
phagocytic macrophages region

Widespread activation, . - .
[ FNBS Ay Tl NOUOZX

3 predominant phagocytic 3 ]
region
macrophages
4 Tissue loss 4 Total neuronal loss

Table 2.3: Injury scoring system for AlphaM and Nissl. Adapted from Kendall et al., 2006

Resting Activated Phagocytic
Morphology “
@

—

aMB2 (DR
immunoreactivity ) é o

Figure 2.2 Stages of activation of microglia. In resting microglia there is very low alphaM expression and highly
branched (ramified) dendrites. At the activated or alert phenotype, alphaM expression is increased and there is a
reduction in complexity of lanching. Phagocytic microglia are deramified cells with an amoeboid morphology.
AlphaM staining is moderate to strongViodified by Dr Giles Kendalfrom (Raivich et al., 1999

Infarct Volumes

Both severe HI (60min hypoxia) and LPS-sensitised HI resulted in large areas
of tissue loss, known as damage infarct sites. To quantify these lesions, Nissl
stained slides were photographed using a Sony 3CCD colour video camera
(AVT-Horn, Aachen, Germany). 8-bit RBG images for each section were
captured at a 1x magnification and the images were imported into Optimas v6.5
image analysis software (MediaCybernetics, Bothell, WA). All 6 regions of
interest were bounded using a free-hand tool and the total pixel count per area

calculated by a histogram tool. This count was then converted into mm using
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Excel. The volumes were acquired as the percentage of area loss in the
ipsilateral regions compared to the corresponding contralateral-intracranial

control regions.

Time Course of Cellular Changes in HI-damaged Mouse Forebrain
In order to determine which time points would be optimal to study the effects of

pharmacological inhibition and genetic deletion of ERK or C-Jun, a time course
for damage markers was generated between 0-96hr post HI insult in the P7
C57/BI6 mouse (figure 2.3). Cell death associated with DNA fragmentation
showed a sharp peak in the ipsilateral striatum and cortex. A prolonged
expression of TUNEL positivity was observed only in the hippocampus; the
contralateral side was unaffected. 60 min HI insult was associated with a much
a higher level of cell death, but also a later onset (24hr), than 30 min (16hr).
Interestingly, the periventricular white matter showed a high intrinsic level, with
a slight elevation on the ipsilateral side only at 24h following 60 min HI insult
(figure 2.3C).

In contrast to TUNEL, assessment of microglial activation (figure 2.3B) and
histological tissue loss (nissl) based on the scoring system noted in table 2.6,
revealed a very robust and similar time course. Following a 60 minute HI insult,
significant microglial activation was already observed at 8 hours across the
different white and grey matter regions, reaching persistently high levels in the
following hours and days. A milder increase, with a peak at 16-24h followed the
moderate, 30 min insult. The same pattern of expression was observed using
cresyl violet as a histological marker for neuronal cell loss (figure 2.3A). As a
fourth marker, we also evaluated the appearance and density of phagocytic,
alphaX beta2 integrin+ brain macrophages (figure 2.3D). This was generally a
late onset event, and only became pronounced 3-4 days after the severe, 60
min, HI insult. Although alphaX+ macrophages are thus a sensitive marker of
phagocytosis, in the current model they only become useful biomarkers at

comparatively late stages of the degenerative process.

Time points
Overall, the current data reconfirm a 48h time point as the first base point to
assess the effects of mutations, deletions and pharmacological inhibition. This

is particularly true for studying later effects of HI including the presence of
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infarct and phagocytosis of cell debris. Equally, as 48hr was the time point used
in previous studies in our laboratory, by using it in the experiments herein we
are able to draw comparisons. Lastly, by looking at peak expression of early
damage markers including alphaM integrin and tunel labelled dying cells, the
data suggests using the additional cell death and early activation data points at

16h for the moderate, and 24h for the severe forms of HI insult.

External Capsule a - Striatum 4 Cortex 4 Hippocampus

O 60min Ipsi 015'1 2 4 8 16 2448 72 % 015'1 2 4 8 162448 72 % 015'1 2 4 8 162448 72 %
| =0 60min Contra
=0 30min Ipsi
==(=30min Contra §

. 0 4 il
— T
015'1 2 4 8 162448 72 9% 015'1 2 4 8 16 2448 72 9 015'1 2 4 8 16 24 48 72 9% 015'1 2 4 8 16 24 48 72 96
300 300 300 - 300 -

250 250

200 200 -

150 150

100 - 100 -

015'1 2 4 8 16 24 48 72 96 015'"1 2 4 8 16 24 48 72 96 015'1 2 4 8 1624 48 72 9 015'1 2 4 8 16 24 48 72 96
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Figure 23 Neuronal cell loss, microglia activation and cell death time course following hypoxic/ischemic exposure
for 30min (red) or 60min (blue) where n=3/time poirkilled circles indicate the hemisphere regions ipsilateral to
carotid artery occlusia, whereas enpty circles arecontralateral regions Neuronal cell loss and microglia
activation based on staining for Nissl and alphaM/beta2 integrin respectively using blindly scored tissue sections.
All 4 regions show a very similar time course, with strong onsetpefsistent tissue damage and microglia
activation at 8hr following 60min HI and a milder activation at 16hr following 30min HI. The appearance of
phagocytic, alphaX brain macrophages is a late stage occurrence, particularly pronoundeidy after 60mirH|.
TUNEL histochemistry was used to detect nuclear DNA fragmentation, number per 20x eye field (mean plus SEM
over 3 fields). Sharp peak in ipsilateral striatum and cortex and a prolonged time course in hippocampus;
contralateral hemisphere remains unafteed. There are intrinsically high levels of TUNEL+ dying cektiernal
capsulewith only a slight elevation on ipsilateral side at 24hr following 60min Hl.
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Luminosity

GFAP, a marker for activated astrocytes, was assessed by mean optical
luminosity where less light projected through a region on the glass slide,
correlates with a higher intensity of staining and thus a greater number of
activated astrocytes in that area.

The AVT-Horn camera, as above, was used to capture three 8-bit RBG images
of each of our regions of interest under a 20x magnification. Images were then
imported into the Optimas v6.5 Software. Each image was run against an Excel
algorithm to obtain the mean and standard deviation (SD) of luminosity through

that region.

For each image, the SD was subtracted from the mean, and this resulting value
further subtracted from the mean optical luminosity of the sham glass slide. This
provides a specific Optical Luminosity Value (OLV). OVLs were obtained for
both the ipsilateral and contralateral hemispheres.

Statistical Analysis

For all Tunel and AlphaX positive cell counts, AlphaM and Nissl scores, infarct
volume and GFAP luminosity data, the mean = standard error of the mean
(SEM) were calculated using Excel. Analysis was done to compare values
between the injured and non-injured hemispheres of both mutant and control
cohorts. A standard two-tailed Students T-Test was executed to determine
significance between groups. A p value <5% was considered to represent a
significant difference.

Where more than two groups were compared, ANOVA with posthoc Tukey was
used. Results were considered significant when the p-value was less than 0.05

on both tests, run consecutively.

Photographs

Bright field micrographs were acquired in Optimas v6.5. Each image was
corrected for background by condensing two 8-bit images of the sham glass
slide and subtracting those from the images of the forebrain sections. This was

utilised to remove microscopic artefacts. Examples can be seen in figure 2.4.
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AlphaM  AlphaX  TUNEL NISSL

% ' b5 o2 35 ' ®

Figure 24: Examples of micrographs taken at 4x magnification of a selection of stains used in these studies.

Namely GFAP for astrocytes, AlphaM and AlphfX microglia activation, TUNEL for cell death, and Nissl for
neuronal cell loss and infarct volume.
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Cell Specific Deletion of ERK 1 and 2 Results
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Figure 3.1 Phosphorylated ERK immunoreactive cells foltgaH| insult.Blue circles are indicative of hemisphere
regions ipsilateral to carotid artery occlusion. White circlesdinate contralateral regionsPositive cell counts

were assessed over 3 fields per region at a magnification of 20x and analysed as mean + SEM, n=4 animals per
time point. In thalamus (A), striatum (B), hippocampus (C), and in dorsal (D)-aoical (E) and migdentral (F)

regions ofcerebral cortex. HI insult induces drastic changes in ERK phosphorylation in postnatal mouse forebrain,
first causing a blanking out on the ipsilateral side-{8min) and then a bilateral peak expression ahr. *P<0.05

in paired student ttest for ipsilateral versus contralateral hemispheres.

Controls showed no change in pERK expre:
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Figure 32 Phosphorylated ERK immunoreactive cells pyriform cortex following HI insult.Blue circles are
indicative of hemisphere regions ipsilateral to carotid artery occlusion. White circledidate contralateral
regions. Positive cell counts were assessed over 3 fields per region at a magnificatid®0x and analysed as
mean +SEM, n=4 animals per time point. Positive cells were observed in both glia (A) and neurons (B). C indicates
number of pERK positive cells eexpressing with markers of neurons (NeuN) and astrocytes (GFAP) in the
pyriform region at 15min following 30min HI insultUnlike other grey matter regions pERK positive glia are
observed soon after insult whereas neuronal expression was suppressed. Glial pERK shows a peak at 1lhr that
returns to baseline levels by 2hr where there is a $oti to neuronal expression until 24hr. *P<0.05 in paired
student t-test for ipsilateral versus contralateral hemispheres.
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Generation of mutant mice lacking ERK 1 and neuronal ERK 2
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Figure 3.4 Generation of ERK mutant mice. Neuspecific deletion of ERK 2 was achieved using-Sya excision

of floxed ERK 2 combined with global deletion of ERK 1. Agarose gel electrophoresis of PCR products were
visualised to detect ERK-MWT allele at 280bp/600bp respectively (A and B), ERK 2 floxed/wild type at 350bp and
280bp respectively (D), and Sy@re allele af750bp (C). Whilst all animals with homozygous ERK2 floxed will show
the appropriate bands, only those positive for Cre are mutants for neuronal ERK 2 deletion.
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Figure 3.5 Effects of global ERK1 (11) and neuronal ERK2 deletion (S3#BRi% immunoreactivity following
30min HI insult and 15min recovery.-®@: Ashows a control (22) animal,-Bnouse with global deletion of ERK1
(11), Gglobal deletion of ERK1 and neuronal deletion of both ERK2 copies (S22) at a 64x magnification. Note the
reduction in pERK immunoreactivity in B and its almost complete disappearance following deletion of both copies
of ERK1 and ERK2. InCA occluded hemisphere is on the rightl:.DDistribution of pERK at 64x magnification.
PERK staining in the pyriform cext. D, E: strong neuronal reactivity on the largely unaffected contralateral side,
note the prominent dendritic staining in the wild type and its disappearance in S1122: fesidual
immunoreactivity on the ipsilateral side, F, G: pERK alone. H, |: doiablelling with GFAP. This docalisation in
astrocytes is particularly pronounced in S1122 (white arrows).

Further, ERK1”- animals resulted in partial deletion of pERK activity after 30min
HI whereas ERK1 and neuronal ERK2 deletion were associated with a near
complete disappearance (90%) of activated ERK (figure 3.5A-C). Interestingly,
animals with both ERK1 and neuronal ERK2 deletion saw an increased number
of pERK positive glia compared to controls. This increase was confirmed by
immunofluorescence co-labelling with GFAP, a marker of activated astrocytes
(figure 3.41). Mutant animals could not be bred homozygously due to the triple
mutants becoming lethal at day 14 (See figure 3.11). As such, heterozygous
breeding gave rise to four distinct genotypes: ERK2F/F alone (22) which were
functionally wild type; Syn-Cre and ERK2F'F where neurons lacked ERK2 but
ERK1 is expressed as normal (S22); global deletion of ERK1 and ERK2F/F
(1122); and Syn-Cre plus ERK2FF plus ERK17 (S1122) where ERK1 is
homozygously knocked out in all cells and both alleles of ERK2 is deleted in

neurons alone.
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Neuronal deletion of ERK reduces microglial activation following mild hypoxia-
ischemic insult

Foll owi ng HI I's an increase in nefurboth
mi croglia and astrocytes to the injury s
infarct and | esion volume. Activation of
insult, though other events such as phag
later stage (>72hr). Previous work by thi
relatively little neuronal death foll owi
injury of the axons and oligodendrocyte

activeatciuoars, o as does their mi gration to

surrounding grey matter ( GM) regions. /
presence of dying cells in these areas.

To understand whether activated ERK is
respentso HI, we examined the expression

exposure of mut an3Iomimd®Be Plhiese tioncl ude
activation and phagocytic phenotype vVvi a
al ph@@® and @a@XphaXspectipebyti T&NERI | di
cresyl viol et hi stology staining which a

as shrinkage -0t sHi $shnboddesator of neur.

I n tot al 35 pups at P7 were subject to
El even animals died either at hypoxia or
no di scernabl e genotypic cause. Of t ho:

perfused-famxdkedpasst previously described.

resulting inb5%x S22 ami mal s, 6x 1122, anc
brai n, five sections wer e retrieved pe
endogenous expression of both ERK1 and

experi ment .

Activation of microglia after HI is a hallmark feature of regional sensitivity to
insult, often appearing just prior to neuronal damage or cell death markers. Its
quantification is via a scoring system of 0 to 4, where zero is non-stained fully
ramified microglia, and four is amoeboid morphology as well as physical tissue

damage. When the different forebrain regions were analysed independently, a
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decrease in UM was observed in al/l GM |
cortex, hippocampus, and thalamus) of S22 pups compared to 22 controls.

Global deletion of ERK 1 (1122) aggravated the extent of microglia activation by

an average of 30%, reaching 60% in hippocampus. This increase was
insignificance by 2-way ANOVA and posthoc TUKEY (P>0.1). Damage
exhibited by 1122 animals is muted in the presence of neuronal ERK 2 deletion

(S1122) by up to 73% in the striatum. Again though, significance was not seen

(P>0.09) (figure 3.7A). External capsule (WM) exhibited increased activated

microglia in S22 (0.76+0.22), 1122 (1.50+0.63), and in S1122 (1.29+0.31)
compared to 22 littermates (0.59£0.24).

22 S22 1122 S1122
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Figure 3.6 lllustrative response of the ipsilateral hemisphere in P7 mice to 30min HI. Transgenic mutant mice with
combine global ERKdeletion (11) and neuronal specific ERK2 deletion (S22) using theecmbinase system.

Mice were bred to give four mutant variations: wild type (22), neuronal ERK2 deletion only (S22), Global ERK1
deletion only (1122), and global ERK1 deletion plus mal ERK2 deletion (S1122). Forebrain sections were
analysed for microglia activation (M), neuronal loss @), Tunel+ cell death-{l) and phagocytic microglia (NP).

CTX (Cortex), STR (Striatum), EC (External Capsule), HIP (Hippocampus), THAL ¢}-halamu

Neur onal | os s, measured as an injury scc
extensive tissue |l oss) using cresyl vi ol
TUNEL positive cell death sauM.a Awssrees sueern

for hi st on oignjcaly bwas performed by combi
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score to neuronal l oss. S22, 1122, and S:
22 (figure 3.7C). 1122 were the most res
being the hardest hit losgi o Bi.6IBNd. B38ur
of 257.61N134.70. The dampening effect

striatum, and hippocampus (figure 3.T7E).

When the whole ipsilateral hemi sphere wa
gl obal del elt iionn hIfghHRK detri ment al fol |
mous e, with a strong significant I ncr eas
l'itter mat-way wWARO¥YA 2and posthoc TUKEY gav
Thi s IS partially and scagmbifnednwiyhr aec
del eti on of ERK?2 (S1122), P=0.005. The

bet ween cohorts was observed wi t h Tune
animals had a significant i ncrease in dy
di mi ni shudd ei mudants for ERK (p=0.04)

Similarly, phagocytic microglia increase
S22, 1122, and S1122 mutants. Del eti on of
or i n combinatFi(oS11®R2) h gERKL1 ri se toof el e
phagocytic mi croglia within t he externa

(2fold) when compared to 22 and 1122 ani.l

The contral ateral hemi sphere evidenced a
the external umapswlrd,exst rhiigptpocampus and
average of 8.66N0.93. Regionally these d
groups (figure 3.7F) however, when take
animals exhibited significanwdtypeodeéet dgi
(P=0.001) which is in contrast to the ne
del eti on after -cesmbéemed hgppokt a Lastl vy,
showed | ow | evels of both activated and

t oemgot ype (figure 3. 7H).
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Figure3.7 Transgenic mutant mice were created to combine global ERK1 deletion (11) and neuronal ¢
ERK2 deletion (S22) using the ¢ezombinase system. Four mutant variations were compared: wild 1
(22, blue), neuronal ERK2 deletion only (S22d), Globd ERK1 deletion only (1122, green), and global E
deletion plus neuronal ERK2 deletion (S113furple). Forebrain sections were analysed for microg
activation (AB),changes in brain injur¢GD), Tunel+ cell death {E) and phagocytic microglia (€). Analysi
at 20x eye field (mean plus SEM over 3 fields) and studer@st used where significance is p<0.05:H¢
analysis of forebrain regions for damage markers. Regions include external capsule (EC), striatunr
pyriform cortex (PYR), cortex (QTXippocampus (HIP), and thalamus (THAL). A: microglia activatit
reduced in the presence of neuronal ERK2 deletion (S22). Global ERK1 deletion (1122) causes
immunoreactivity, however this is less so where neuronal ERK2 is also present (SGE22Tunel+ dying cel
and recruitment of phagocytic microglia remain unchanged between groups. B, D, F, H: Contra
hemisphere to carotid occlusion (hypoxia alone intracranial control). Baseline levels of active and phag
microglia are seerin the white matter (B and H). Developmental cell death occurs in all regions bar pyr
with no difference between groups (Fignificance was analysed using ANOVA and posthoc TUKEY.
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Neur onal del etion of ERK?2 al eneviitsh i6ramni fnf

I n order to verify the neuroprotective e
experi ment was repeated with an increase
within this group have shown that exposul
complete | oss of hi ppocampal neurons and
t halamus and basal gangl i a, as wel |l as
addition, an elevated | evel of microglia
i nsult. S22 werematempardad)to 22 (n=211) 1| i
assessed for microgl tDg dawkt,i vnaetuiroom a(lf il gousrs
H, N) , Tunel positiv-e, dP)n@ndeltlhe (Efxitgur

infarct volume (figure 3. 8P).

Il nfarct vol ume i s assessed by measuring
staining, bil aterally for each forebrai

regions as percentages of the contral at el

22 (control) S22 (Syn-Cre: ERK2 flx)  22: Ipsilateral Contralateral S22: Ipsilateral Contralateral
, B (o o D

I
:
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Figure 3.8Effect of 60min hypoxia on P7 mutant mice with neuronal deletion of ERK 2 compared to littermate
controls. At 48hr post insult, the animals were assessed for microglia activation (AlphaM, A, E, and F), neuronal
loss (Nissl score, B, G, and H), dying qdliSNEL, C, I, and J), and infarct volume (Nissl histology, D, G, and H). A
trend decrease in each marker was observed in S22 animals but not to a significant extent.

Whi |l st al | forebrain regions were 1 ndivVvi

decremsdamage was oObserved in S22 ani mal
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The cortex was the area with greatest r

i njury, and dying cell s. However this wa
0.08 respectivekwirsh fTlhe tedeetman of in
i n the extent of i nfarction where there
each region, nor in combined total area |

Glial deletion of ERK 2 is highly detrimental to the neonatal mouse brains
response to mild hypoxic insult

ERK activation in astrocytes is 1implicat
I n mi x ed cel | cultures of neur ons and
exclusively wupregullaatbeedl liinn ga swirrtoit QG FeAs)i( ocd
and/ or glutat@ieoBerdapldet Jeitannagl .et ).2a0l0Me 2
ensuing neuronal cel l death was recovere
i nhibitors. Il n vivo studies of the P7 ra
expressing cell & owdroewi gqilgi & x@oto s4xarntgo e2 . 5

al . , ).200t Ohdear model s of neur onal i njury ve
modelsewdre spinal cord trauma showed pEF
astrocytes adjXaerett tad. . iInnhwWroys t i on of E
neur onal |l essefatnibeysiThis indicates t hc:
an effect of HI |, but also actively modul
i nsul t.

To investigate this supposed role furthe

breeding of @dobat| ERKMoOoGHKERKIwWIi th those
ERK2 flox®edF'tBERK2eate the same 1122 mut a
These were then further bred to mice ex
contr ol of the GFAP (gltaatelIfi bpeti Brg a
astrocytes) promoter. Animal §'/gdlawr €ERKi2n g
del eti on selective t o astrocytes. Het e
generation of bot h 1122 and Gl1122 expe
expressiononftrBRK) were added to the exp

were subjectbefoor3dmi et Orning to their da

the brains were perfused and fixed in 469
sucrose solution. Af tferrozwehni,c hc rtyhoes ebcrta iomse
at8 0AC wuntil required. At perfusi on, t he
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in 9 controls (22), and 10 each for the

assessed for activated microgUNRBL mpesuirtoin

dying cell s. Five sections per brain wer
As wi t h neur onal ERK del eti on studi es,
resul ted in exacerbation of t hei melaeamit a l

when compoar2e2d contr ol s.
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Figure 3.9 microglia activation (A:F) and neuronal lossL(3n P7 transgenic mutant mice with global deletion of ERK 1 a
astrocytic deletion of ERK 2, follking 30min exposure to 8% oxygen. At 48hr post insult, a strong increase in microglial
FOGADGIGAZY 61 & 20aSNIBBSRI dzaAy3d ha AYYdzy2adlAyAy3az Ay
to controls (M). This pattern of response was tated in brain injury score, a combined score for microglial activation ai
neuronal loss (O). Black arrow indicates the CAL1 region of hippocampus, area most affected by HI insult in this exper
Scale bars indicate 0.5mm and 1mm respectively. *Re50***P< 0.001 Using ANOVA and posthoc TUKEY.
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i's was | deretaisfeide dnilcy oignd al activation
dition to a higher score awarded for b
rtex, cortex, and thal amus. The numbet
| ati vely unchanged pbsetwietehn tthhee seex ctewpot i O
unt s. Here the 1122 group showed an a
3N61.8 compared to 45N27.6 in controls

mage response was not significant.

at provi des a dthrei knienugr oncant rEaRsKt  sttou d y
tation ToafndERKsIt rocytic del etion of ER
tensifies the neonat al brains damage r

phaM i mmunostd&i68 nhgi glwas Y G1122 comyg
rtexijforym cortex, striatum and exter:
reased with a P value of 0.002, 0.02

c
. 8B, C, and G) . The extent of brain in
0

up showed el evat ed 2s2c oacrst rcoolnsp,artwerdi fto
rebrain regions, with an average score

ve rise to a heightened response with

. 03), pyriform cortex (p= 0.940.,08)tr({fat

8F and 1) . The G1122 pyriform cortex a

injury with average scores of 4.17N0.92 .

122| Page



CHAPTER Bell Specific Deletion of ERK in Hyptéstademic Injury

CONTRA ' IP}SI, Jr———
A 5 s B - -
) 4 \
3 2 \ Vo i
22 —-——— e
C e : D & o
: e ok o /// ' ;
@ %‘&; :
1122 . gl
E
v o ®
I\ g™ ;k
G1122 — Y B ——ere
Tunel+ Cell Counts Tunel+ Cell Counts
G IPSILATERAL " H CONTRALATERAL
800+ : 1122 801 =
g mG1122
600- 60
400/ 40-
*k *
200 204

0 0
CTX PYRI HIP STR THAL EC CTX PYRI HIP STR THAL EC

Figure 3.10 number of Tunel positive dying cells in P7 transgenic mutant mice with global deletion of ERK 1 and
astrocytic deletion of ERK 2. Wild type controls (A) showed little increase in dying cells in either hypoxic or
experimental hemispheres (D, Blue). Global deletion of ERK1 (1122) gave an increase in TUNEL expression in the
hemisphere ipsilateral to carotid occlusion (B, D: Green). Global ERK 1 deletion in conjunction to deletion of ERK 2
in astrocytes (G1122) exacerbates damage further, parégly in thr cortex of both hemispheres (C: E Purple).
Scale bar indicates 0.25mm and 1mraspectively *P= 0.05, **P= 0.01. ***P< 0.01 by ANOVA with posthoc
TUKEY.

Despite this evident tissue | oss, Tunel
di f f eertewnetenb groups (figure 3.10). The nu
|l ow | evels for all/l three groups in exter

hi ppocatnpiuss being the most affected of t|
105N46.1 positicee amélmas si mand 90NO. 76 i
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Conversely, striatum and cortex stildl e
G1122 brains compared to 1122 and controa
did not reach significance (el= 9Dt di5n)ed he
whereas 1122 had 133N61.8. This alterati:
where G1122 had the highest number of d

more so than 1122 (p= 0.0004). I nterest
cont rrallatceortex of G1122 also showing ele
0.003) . Single ERK1 deletion proved add
al one contral ater al hemi spher e, wi t h i

i mmunoreactivity 0bs eaxwtedr niad gtarpisaitl em ca
wildtype controls (figure 3.10G). Al l 0

baseline expression.
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Cell Specific Deletion of ERK 1 and 2- Discussion

Ri sk factors to neonat al brain injury ar
response bet ween patients. Wh a 't remains
threshol d, cellul ar me cthwmh ssanes d rma 1l g ye nfd
response ul ti mately resul ting i n neur ol
neur ol ogical outcome.

Accumul ating evidence suggests that memb

JNK3, and ERKS5 signalling castcraidleut ipono vt
cerebr al respoinsehetmi chy(pHlx)i ai nsul t. I n
cerebr al i schemi a, i nhibitors of MEK1/ 2

effects dependent (Alne stshaen dma cheg IF eetks eadt . al 1
200Ramura et) alAs, th@0Mdirect downstream t
selective inhibitors prevented ERK1/ 2 ac
was sebbved-ekpreos with damage markers fc
rodent model s. As such, It iI's believed
through the prevention of E&Ko mtcd tiivd t y a
i ncludi ng2 ,Ela&nd Bado.moERK el l death thro
growth fact or?*crheacnenpetiosr sgr Chay binding to

tyrosine kinase.

Ti me course for phosphoryl ated ERK expr e:

The Riamenucci H I model i s wel l icthharvarcitoeh i

study the molecular mechanisms wunder !l yin

pathology following insult to the | ate pi
Postnatal day 7 (P7) mouse pups weared sub
anal ysed for immaj tuircy ei xnpdruecsesdi osno o f pERK i
matter regions: cortex, striatum, hi ppoc:
Il n most regions, i psil ateral expression
first 15min following mnéeiylptoxwhemrmoaootmpas
foll owed by a rapid bilateral assent of
normal i sed by 4hr. This pattern of rapi

observations by ot her groups wor king b
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(Al essandr i njivaeat deaeln. Twk@9aetg elt. aWaAG@EE 0 0 :
et al .)wh?0@4aablished the pattern of PpER

neonat al rodentFormd dwevlii ngofRi 6lé€. Vannucci n
carotid occlusion in P12 rat see bil at e
dowmesatm hypoxi a responder, HI F1a olainrde H?¢

response wiftohlilno wiimgsH® 06nhn

I n parptAKTu Iwaarsr edgominat ed i n both hemispher
HI F1la were upregulated in both. Hypoxi a
ast hat obseo wieadtaeirm | buttgi onal |l , tbxpeegsgio
greatly emcesedgehy control s. MAP hi stol c

damage codamagmeed psi |l at eraasl sreeqi o me chailr| y v

At wé e kpso st t mewdeet iDlslhimt ol ogi cal damage t

hemi sphepER&xd es il gm eirkdtneriglsir egdons. T

to question changes in regulatory mol ec
afteAs Hhei ther ischemia nor hypoxia al on:
changes observed in both hemipsrpohteercetsi var
thesml ves but need additionat hidpssaahemadhk i n
to contributeanoder!| Twaelatéht al ., 2006

Where our results deviate is in the-init
15mi n, after i nsul t. Giora Feuerstein a
30min middle cerebral artery occlusion (
expression wal dWel agpedOmntbhi foll owing i ns
stage of 3min was disallowed to occur. \
i mmedi ately el evated, beyond t h4dWansgeeent a
al ., )20DR &t PERK expression iwassi |aanleyr adf fe

carotid artery occlusion (CROC) suggests
hypoixdachemic insult and not hypoxia al on

to others may arise from the first 15 mi

reerfusion in our ani mal s.

I nitial dampening of pPERK was similarly
Due to the | ack of neur onal bodi es, t he
internal capsul eée,hadmadii ¢ héi kmoes i wer e e X €
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eéctron microscope. The appearance of ax:
15min onwards, and normalising by 1hr.
matter gl i al body expdghespiosnh ohspERK PER

be contained imecawucnerasdjapdoeamgt tt o nei ght
axons. That PERK positive axons bundl e
reported before now. This effect coincic

showing cytoplasmic pERK actoviohg anet be
the Dborders-i oflusg esdc hemdgwaon gl eesti oa)ls. An@QODIR&b

study | ooked at regional di stribution of
rat. After insult the subventricular zon
saw earlier ERK phosphorylation at 30min
3-8hr. This was in contrast to grey matt el
seeWang et al ., 2004a

Nucl eation of pPERK from the axon to ne

transport, regul at ed -fbly o mp €Guxreymeentt i anl/ .I ,mp
Perl son e) @&hospdaoo0&l ated ERK binds to
tyrl185 effectively allowing Vemeadgtianr toi:

rendering it coReti sani ed.| yadlmmariz®ed0 &8 nuc
transporter, all owing the entry of p ERK
downstream nucl ear (Gamgetets pRuUOmea&hB@&I k he
that this vesicle bound @EIERXt ersi mgspfonpkHF

axonal tracts.

Within most forebrain regions, smal | neu
extensive overlap in bilateral regul ati
i psil ater al neurons showednhi pbronoonnocedpl
two hours post i nsul t. From here, an in
prol onged pl ateau of response unt il 2 4 h
declined. At the same ti me, the ipsel ate
i ncrease i n immunoreactivity, peaking at
The pyriform cortex is a highly develop
t hrteieered construction is an extension of
t o t he amygidap ac aai@idesshs e | and ;Datt ®&r r €20

Castellanos )etCedll.s, 0X01lt4he pyriform hav
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ntity with | arge soma pyramidal neur o
et alNach2014t) aUsi-n@gra®m®Bof | uorescence,
e to determine that at 15min post I N s

NeuN (a marker for neur ons) negati v

itive (figure 3.2).

Il st it is clear that the majority of

S contain a Subpopul ati on of s mal |
rogltihaaftoraam e ne g dHei veet OfapMa Nre2aurN et). al . |
se may account fos pBRK eepredoitimg Nea
ative within the region. Additionally
t neuronal expression of pERK is ear/l
pERK wermeoripehsod b gyn and so maygl haver mr
|l s amongst their numbers. Dweerven ab it & e
add to this eppetdbendhbath eds eMeuwN tch anot
this pcwistehipnERKhe experi mental samapgl es.

possible to provide an illustrative |

in the I|Iiterature, there is no ment.i
t o precede t hat of neur ons after

ri ments and atnldo sceo | h(Weaandga e gt a)lh.a,ve200.

x o 92 =

ed at regional regulation of PpERK ov
posgi bihlat cel l specific expression i

sis. Why ipsilateral glia response occ

pyriform awaits further research.

Damage mbodkeetresr mi ni ng t he ext enttheofn eionnjautr:

ain

Within this thesis the following damage

order to understand to what extends the

comparing changes I n these stainingbs W
mutad/inhibited genes of i nterest ar e
neuroprotection. Mar ker s i ncl ude: mi cr C

ncreased expr edvsiaonnd oGF AiPn treegsrpienct i vel y,

i nj-aryvyombination wadtimicrogdia@a amcditi ssuece
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| atter gained by scoring the presence of
damage. As extended microglia activation
shi ft to phagocytic, thdX nimbernofexet és
mi croglia only at this | atent phagocyte

number ofermumall @dtoxynucleotidyl) tpooamnsgf &
cells was calculated per region asure mefa:
i nfarct, |l esi ons at the sites of cel |l d
measuring the volume of healthy tissue o
as a percentage to iIits contralateral, h
mi cr oagfltiear HI is a hall mark feature of |
appearing just prior to neuronal damage

for mi croglia cytokine release we cannc
i ncredealre typei nf,| aohmap oo yan-toirf | taymprneat 8 r
However, the consi 8M edde supdelgiud eatieona od|
H I i njury. It is only in combination wit|
UX expression that we caer frmiramr oagl piadt urre
protective or detrimental. Close proxi mi
damage to ipsilateral regions I s sugges
addition to phagolXyteixcprceesisli oma u nfthseeseei ama r
give a robust score for brain injury. Th
the same areas. Each marker is tested on
through each region are | ooked at in clo
studi edertvee amabss rocyte activati on. GFAP i ¢
|l evel s by astrocytes. However in multipl
only to be wupregul ated but |l ocalised to
infarct foll owitna@nidnsvelltl usea raonladgysis t
severity of damage.

Neur onal del etion of ERK2 promotes cell

to HI

Phar macol ogi cal MEK1/ 2 inhibitors prove
vol ume and neaatomalf olcled Wi ndy adul t focal
i schemi Aliessalntdr j niP&®@®esaland Berylgieretn, al2.
200@amur a et ;Walng, e200alWang2@e03B) .HaR90dibd
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Hol t zman at tteimpitea tthhe uhi ghly selective
neonat al rat model , (Waurandvi Hol tl 2 md nSei nZ0e@ (
t hen, many other studies of-coechkmatoir ns
whet her ERK i s -sactviiva-temtria ppmidlomer da et

2003Ar mstead et Badarnt  BoXyR®lyWe vi t ch an;d Cot
Canals et;CakitObac2@®@0 3 et;Clhaén, e 0;8D4 .Cr uz0 2
al . ,;de0oB&rnardo;en@let, ;8l0®,4e? 0@HBa ,et20dl2.
2008in et m@lduo a&mMd2DeFrdmacasi 208K et al
StanQiD@®@Szyd|l owska eWakaade e2t01lWang 00&l
200tk ang et )al ., 2007

Neur onal ERK activation, with the except

astrocytic activaspeni filTo Bbesitvabwomeot

injury, and t o examine i f t hese cel |l ul
opposing, we created selective ERK mutan
via synapsin or glial drivene cmeurmrmrercalmbk-F

del etion mice were analysed next to wil

with double mutation for neuronal ERK 2
single ERK1 mutants and control s. Succes
by i mmu n onhii ssttroyc,hewher e doubl e mutants :

following HI (figure 3.4).

Mortality rate for this experiment were high with 11 of 35 experimental animals
dying before end point of 48hr. As noted there was no genetic cause for an
increase in death rate amongst the pups. When analysing possible caused it
became apparent that the information given is inaccurate. A total of 64 animals
underwent surgery, however due to the animals being bred heterozygously;
many were excluded from the experiment due to unrequired genotypes. All
affected animals were from the first two litters of the same breeding pair and
that of the 11, only 2 died in hypoxia. Typical period of death was between 24-
48hr post deaths. Although it cannot be denied that human error may have led
to their death, for example poor recovery practise post-surgery, it is not
uncommon for dams, especially inexperienced ones to commit infanticide.
Mann et al. (1983) showed that 25-40% of young C57/BI6 dams, the strain on
which our own animals are bred, will kill their pups. However those aged 45days
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and older seldom do. Additionally levels of infanticide were reduced to 5% in
age matched DBA dams indicating that this effect is strain mediated (Mann et
al., 1983). More recently, studies have shown that both strain and parity will
influence litter loss by comparing C57/BI6 ad Bulb/C mice. The former had a
mortality rate of 32% of litters whereas the latter had 20% with a significant
increase in death of first litters. Parity, or previous parental experience of litter
loss, did not affect later litter loss (Weber et al., 2013).

Mi croglia activateimpni ve mashkhkeomnfompreer el
They typical Hyunexhiomiat aedbponse to i njot
mi cgrlo a ar e observed to surround, i sol a
arborized dendrites. Later, microglia ma
phenotypes in order to remove <cell debr |

existing damageofbyptdienfrled emasteory and c
neurotransmitters, glutamat gRai andh),ni 20
Previous wor k yi ncotnhfiisr meadbnodr8ahttorposbe t he

ti me point in which to study the dynami
Vannucci mo us éKemoddad Il cef). Hall ., 2011a

Neur onal del etion of ERK2 showed & hdlnear
grey matter regions of the forebrai-n. De

100% when compared to wild type contro

pyriform. Brain injury score which combi
assessment lofsstiresdected this |l oss of [
reduction in all grey matteriregenoasgh 3
I ncite mi crogl i a activation and whi t e

oligodendrocyte(KéDE&) | danbakgtf .f, ez2dablt. ,i t2

proves here to be rate | imiting as indi
positive dying cell s, observed in hippoc
mi croglia outside of the external capsul
dits ngui shabl e between mutants and contro
Wi t h a more severe i nsul t of 6 0min HI ,
forebrain, I n addition to the formation
hi ppocampus, h as(L eéolereanr drte ceptr datihdi. s ©R2 @0 81 o
infarct has been | inked to al most compl e
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as significant damage to the <cortex, t ha
I n our mutants of ERK2 deletion in neur
exhi ki tredlucti on in microglial activation
cortex. This pattern of response was Vval
positive <cell death with cortex, pyrifor

particul ar TBreensditfifvarteence bet ween cohort s
2way ANOVA P valueB8. b%.t wbespilOt.eD6a <cl ear

response to insult, HI |l esion size remai |

ERK activation is strongly IlIinkedctiomrel
proliferatampmnpt olthiec prat ur e of ERK was f i
cultures sOibjHerte towelH survi val Il ncreasec
selective i nhi(Bhator arPDIZMWaNd N Hh@eU9 onal
gl ut at hitoinen dleggd et o ROS activation of ERI
MEK inhibitor, pr evernGeandalnse uetothatle r,a ad GdOo3d

et al )l n20i0vo0, hi ppocampus damage, foll o\
reduced with post i nsul t (Kewdkumg stoat i2drl
Additionally ERK regulation of Ta@j mr e st
and Choi,, i2npl0 cated ERK to be neurodecg
di sease. I n a st uidnyd uacfedc ampptpdtolsa si ni n ¢

PERK was sequestered tofthamptoltadesi wi t

This resulted i n téaipeoputparteigeu | tartda rosc roifp tpiroo
El-Xk, Sap, @edubP%e and) Mdratsitdn,y, 20®m2 model
t ocxiit y, an ?rfelswxd tef i @a ROS product+d on a

medi at ed actRiaf¥atainan EARRFIK.C ROS i s able to
via the inhibition of theCagrdlf odmnd pClhham
201 M™Martin and Po)ynoRm@&x , ac2t0ilvl0at i on of E |
dysfunction of the mitochgndyiathooamer Cn
rel ease and cl eavag¢éMaoft icna sapnads ePsqg §3n waaredc , 8
et al ;Now®dk6) 20E0RK can further promote ¢
upregul ation of BEagnlUMAndac€GhaBhdrd, 20:

Whi |l st our studi es wer e i nsignificant,
correl ates we l | wi t h t he actions of ME
Al essandriniés group showed that i n the
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i schemi a, infabgt 5Wwé&s sedgesting that (.
mu s t be acting al ongsi de ot herap acmptmptl i a
pat hways in order to i(Mamuwrea ceetl)l alt.p,af 20k
Luo et al. p eospteu laatieo nt hast ecsosent i al due
protection and degradation in conjuncti ol
activati omeuwiotaluonat i s unabl e t @L uio n dauncde

DeFranc9., 2006

Gl obal ERK 1 del eti on emheasmoes en d wr cmdcegal

Within this study, we have shown that n e
neur onal cel | death from HI i njury. By «

contrasting effect: ERK1 mutation resul't

=]

duced damage compared to l itter mate ¢
ncreased by an averabyg @dB%68a%Wwd BDumaeh poc
d e a-tbhy 67 %. Additionally there was a 42
h

Y
significantly | ower than that of ®RK2z u

agocytic mi croglei af.orlemr aidmu,l t e x1moOruess si C

et al )., Th®95compl i ment ar-¢x mrmeals suibangua ft oERK
has | ed to the current paradigm that EREK
cel l gr owt h (Laenfdl oxihr veifWwaduly.s,s ®J W0 8 ramadn dL. e n
2003 This is due to ERK2 activation of d
ERK1 del ehbwed no effect on either cel |l
nucl ear target acquisition. Mi ce mut ant
viabl e wi t h no phenotypic di fferences

devel opment al complicaetdi oERKlhawve Bksoc
dysfunlceafilomch eNe&lraso2@08t balt. ,c oy s el
term potentiation withinitimpeokedpoauad mpuns
sei z®Rbeenbl um e;tSdaclh.e,r 2e0tQ2alBe h a0 03ur al

have | inked the MAP3K gene on chr omosome

synaptic plasticity and associated behav

(Campbell eEngkl , e 2;,0F&eBn. a n d2e0z0 8e tP uacli .l ,0 wxk1a0
al . ,)2012

Despite these studies, there is little I
can exacerbate injury in the neonat al H I
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elucidate the role of ERK21 in i ndiuersy trheast
that support ERK1 to regulate neuronal h
in which it does so are stildl uncl ear. I

i ncrease i n ERK1 but not ERK2 activity w
t hfei r st houReyrfolidnsj uelty dhe, add0@itse effec
could be dukbatioon tef rERK2 activity. Und

ERK1 can attenuate ERK2 signal and inde
ERKImi cleef | och etSaanue,] s2@Q@;8alcher06B al
which, as we have shown herein, promotes

By examining the mutant mice for gl obal

del eti on, we see that damage Iis |l ess se
mut antilsn doubl e mutants, there is a mod
i nduced neurodegenerati on. Al t hough n ot

activation was reduced by 48% over t he
striatum. DNA fragment atdiecant,h a(sTuarel i)n diaw

decrease of 32% of positive cell s81Wwith
This suggests that ERK1 and ERK2 are in
di sparagingly, to produce the response t

We wer e unaybltehet oe fsfteucdt ss1 od2dlouppee ERKon
severe HI i nsult due to increased mortal
45min exposures to hypoxi a. I n sham surg
di fference between si nghblee EnRKtla nnust aantt sP 7a
however t he doubl e mutants wer e signi

encephalitic with hydrocephal us resul tin

Figure 3.11 littermate 1122 (left) d14 pups compared to its S1122 litterm@ight) before sacrifice. The S1122
pup is much smaller than its counterpart, with an enlarged cranium. On sacrifice, it was clear that this swelling
was due to an increase in fluid between the skull and brain (not shown)

These observationbBy wéary vaadndmetellds gr o
observed that doubl e muaNS i EORMK 02X dEeRKe, t i uosl

134| Page



CHAPTER Biscussion

the EMX1 promoter, di splayed <cortical re
their stomachs, suggesting theg dtdhd maj o

of double mutants dying within the first

P21, doubl e mut ant s exhibited a 38% i
(Nekrasova eSanmnuel,s 2e0005al ., 2008
Together this indicates that whilst del e

sustained del eti on of bot h ERK1 and

devel opment al period, could give rise to

ERK2 nul liinf iacsattrioocnyt es further i ncreases
due to ERK1 gl obal del eti on

There is an evident switch from neurona
addition, we observed that following neu
I nci deihhce ERIKmmuonor eactivity with GFAP i
i nteraction between these two cell s. As
ERK del etion i n astrocytes. Singl e and
compared to both double mytart £RKRr BRHKI
type control s.

Foll owi ng expxofsour e3tOtme n&deutOroi ment al ef fec
gl obal del eti on, seen in the previous ¢
Surprisingly, doubl e mutantsiexki kiftfedt a
significantly higher expression of each
most sensitive to injury with a 76% inct

i njury score over that observed with sin

byuiel i mmunoreactivity, was increased ©b
detri ment al ef fect of doubl e mutati-on exX
alone, cortex although no other region w:

Han and Holtzman first opndii mataesd rea@ylt v s

neonat al HI , i n the P7 rat model . Her e
expressing astrocytes, however Hame anat ¢
Hol t zman., 12000Wi tro studies on primary cc
newbaoi T e, show that with exposure to eit

ERK wasupwvoval vi a tratpso pa cotli{bdnasBiad ne tag.nd i .
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Ot her in vitro studies had indicated ast
cells most seinwe tgtvreed v ioxitdlae neonate at
responsible for subsequent 20shintseul ma tvti ear
upregulation of pERK. Her e, application

of astf(Aoaytesnd).Lo, 2010

Contral ateral cel |l death I n cortex ma \
dysregul ation of astrocyte function t ha
Landrethdéds | aboratory also |l ooked at ERK;
the developing medséehaiThehi bbseODC precu

nor mal | vy, there (S a significant del ay
production. | mmature ODC are particularl
and glutamate by their | acktafhibobheoasdw
glutamate uptaket recepdrrotresr a.ndTkios i s il |l
(Dewar et )al Gl ut2a0t0Ol8Bi one sees a near i mme
hypaxi schemi a, with no recoveryWabliatet
al ., ) 2000 al regul ation of both neuronal

derive from uptake of glutamate from th
reducing the actions of RB&EMmmMi ok t ®tc haln d
Astrogli al upt ake of glut amat e at NMDA
regul ation renderin¢Sztyhdd o wescktai weet fadr. ,1 a2nOi

Hypoxia, Ischemia Extracellular
Glutamate Injury to Nearby
Release Axons and Glia
Reversal of Glutamate/ AMPA/KA Receptor
Cystine Transporter Actlvad
Sy °" Ptk Intracellular
l Stress ROS],
; High
Cysteine TNa’ T Ca" lmn

Depletion

Glutathione Cell Mnochondnal Oxidative
Deplrﬂon Swelnng Dnsruplion — Stress

+ Antioxidant Lipase and Protease Aot Sl S DNA Llpld Other
Defenses Over-activation poptosis Damage Peroxidation Injuries

Figure 3.12 Potential mechanisms of cellular pathways in oligodendrocyte injury after hypoxiésaremia
Reproduced with permissio(Dewar et al. 2003).
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The | ast i mplication of neuroprotective
erythropoietin (EPO). Endogenous EPO is .
red blood cell producantonaa@aidnsas RaS. ank
EPO was taken into clinical trials for
against MmiPedr omesulkt) aBPQ i290918hown to r €
medi ated insult bayt ei nucprteaaksei nignr gagudliam ionn
B c2 and down regul ation-lb(BheBnCL2t Bhx, a
Endogendwms EbPrGa i s solely produced by astr
are | ocated onlLeecuetongBSlommh 2604 !l Dur2 ®d@¢C
hypaxiactivated ERK incites HIF1 in astr

synt hesi s. EPO can t hen promot e ast
ol igodendrogenesi s, replacing those | ost
(Lee et pl., 20014

Taken together t hese resul ts suggest t h

mechani sm through whi ch neurons naind as

i schemic insult to the neonat al forebr al
response i s dependent on cell specific e
a moderately protective &effect foll owin
partiallyerexobeetr sot hHI i nduced damage.

both vastly and significantly detrimenta
H I

Future wor k woul d focus on cel | speci f

di fferentiate abnor ralt i dewse Itop nHeln tsael n sciaotni

single ERK2 single deletion in astrocyt
damage observed is cumulative to ERK1 gl
of ERK2.
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ERK Deletion in Endotoxin-Mediated HI- Results

I nfl ammati on and I nfection ar e common f
increased risk of brain damage by cytoki
brain Barei et ;Hagherg 08t ; Saald.e,gh20®3.a al . ,
These cytokines i-n6l8u-d8, i an(BaAwEKW nest al
201Chock and GjKefnadradl,l 2e0)0 5aTlh.e,i r2 Oplrleas enc e
neonat al bl ood and cerebr al spinal fluid
Excitotoxkticschgmioxi a HI ) i nduces an i nfl
contutihg to secondary energy failure. H
incl udiUngl beMRE-1BChock and GjOofnamedr,g u2e0s0 5e t
al ., ;RaOPBer g et;Kahdal RO0O&2 Pal azzi20ahd Mo
20320nto the extracellular space where t he

and ODC precursors.

Bacteri al endotoxins activate microglia
i nfl ammatory cytokines via binding to pa
surface. These are -lmolse rcoananmtnd rys t (OTLUF
scavenger (Cesteptetr;&olr.i,na2ltiarh.et 2®I11.1, 2 (
Wang et al . The20@®st experimentally expl

|l i popolysaccharide (LPS), found on the ¢
bacteria, due lftiotytsociomsittati mbliammati or
I n neonat al brain injury studies, Ssyste

upregul at i-ionnf | aimmatr or y cytokines and cor
neur onal and ast@xgleatal a)lc.eAl 2@ie@meth i n
formation and increased micr d@hHadcak aand v e
Gi ffard, POOHS5synergistic natur e of LPS
underlying white matter and grey matter
human babies subject t o (Kiemfdead tl i oent; aasl . we
Wang et 3.l . The200&uses of t hese |l esi ons
modul ator s, such as the TNF <cluster of

myd88 present on bl ood vesgBandemwdoetthedli.
201Qoste et;Kalm ,et2®10, 2010
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Few studies exist that iIimplicate ERK in
are near excl@ei eel wlGorr | 1A 2a). abe n dr2i0tlilc
cell cultures from ERK 1 null mil2e 790ODh o w
and a decr eiarsfel aonimaldQotr sye clrlet i on i n respo
stimulation. Hippocampal cultures ®2xXxpose:

(I FON)a, pdesat h cytokine, were susceptible t
(NO) productuilamureyl eod crogl i a. Using the
| FON hduced NO production was reduced by
PD98059 recued LPS Uigadecteixpm e®$i oInNFi n
dependent manner . l ndeed, i nhi bition of
severalnfpraonmat ory cyt-dkiamd@ds3!|iLmoll 2di mg ulnl
MAP3K selective to ERK, is shown to act.i
LPS. “Tplc2 were partially resistant to LP
to a defect in U@anidoduet)an.of 2DNR

To date there is no study existing that
t he i nfl ammatory response fl owing endot
previous chapter showed that neuronal de
against mbbd and severe HI, whereas ERK
detri mental. The foll owing experi ment I
response i s enhanced when HI I nsul t t o
combined with LPS driven inflammati on.

Previous twosk | iab, performed by Gi-l es Ke

treat mentngiwvwgBW OPS 12hr bef ore 30min HI
overall brain damage compared with 30mi
titration study by Mariya Hof sLBP8a, gawne a
i mproved dogagB8Wof{ C@apter 2, figure 2.1)
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a J— b
oo S5 LPS 0.3 *
Hl alone R_L{ fctx +HI e ﬂ' Q .
i ' ‘ & . LPS 0300 Figure 4..1 .Effects of LPS,
P ) ‘ i +HI and LPS timing, on neonatal
I"H'P > : HI brain. (a) Prareatment

with 0.3 mg/g LPS 12 h
before HI insult (right)
strongly increases overall
brain damage, compared
with 30-min HI alone (left),
in  Nissistained coronal
forebrain sections. Note the
~ small foci of cortical cell loss

Con Oh 4n 12n 24h  (arrows) on the left and
much greater areas of

Tissue Loss (%)

c E[«Fl)gtgr;ew d necrotic tissue loss on the
BLPS 4h +HI right. (b) Effect of time
BLPS 12h+Hl ® interval between LPS and HI

w

TELPS 24h+HI

insult on frebrain tissue
loss, as percent of
contralateral hemisphere.
Effects of combined LPS/HI
insult on regional tissue
injury score (c) and regional
tissue loss, as percent of
contralateral brain region

(d). (Figure 2, Kendall et al.
Ctx Hip Str Thal WM Ctx Hip Str Thal 2010)

Injury Score

Tissue Loss (%)

Shel don amescdlemeagtr at eVda ntntuatc it hmeo uRiec anc
responds to -HdpamdeantgSmahiochen e{). aElr.i,dah9?9

Rocha Ferreira, I n our group, has repl:i
sensitised HI . Figure 4.2 shows her anal
background of the experiment al ERK mice,
pl us HI to aneelekhanhedil dabone. Saline c
score en par to HI al one, indicating thi

endot oxi n.
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®1 Combined Injury Score HI C57

= SAL C57
6 - =LPS C57
4

CTX PYRI HIP STR THAL EC

Figure 4.2 combined injury scoraddition of microglia activation and neuronal loss scores, for C57/BI6 wild

type mice. P6 pups were subject to saline alone,m@&BW LPS or no injection 12 hours before 30min HI.
l'yAYlLta 6SNB aaSaasSR F2NJha |yR bArdaat AYYdzy2NBF OGA DA
with previous studies with mild HI. Combined LP&daHI (red) gave a 3fold increase in damage within all

forebrain regions. (E. Rocha Ferreira, unpublished).

Neuronal ERK2 but not ERK1 activation is a significant contributor to the
developing brains response to the developing brains response to
inflammatory sensitisation of hypoxia-ischemia

Using the same breeding sets as seen in
i njected intrapge/rgBWnefal LRvS/thallOi.nree bef or ¢
to dams. Twel ve hours after theoypyampy un
and 30min hyyypoeaxdiaan c(e@BPo.wOTthhe Nmi ce were t he
to the dams for 48hr at which point the
perfused and processed. 90 animals were
bet ween hypoxiar denrd t4o08 haht ainn cohorts of
S22, 10x 1122, and 9x S1122 experimental
PCR. of those that died prior to sacritf
Each of the experiment al gr oampd aetrreo a@yta
activation and recruitment to damaged ar

positive cell death, and infarct vol ume.

Bot h mi crogl i al and astrocyte recruitme
ani mals compared to 22 cont4.o3)s. abedc rlelazs2
mi crogl i al activation is observed in all
t hal amus where ANOVA analysis gave P val

and ERK1 mutants respectively. Compari so
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only joasticastg(P=0.08). Cortex, pyrifor
capsul e saw a UMdecmeasestiani ni ng by a t
significance was not reached (P> 0.1) (f
al one, the 1122 group nm dfonmiecr agg lvieas aac
compared to l ittermate controls (figure
di fferé@nseoirres than that of either 22 co
Astrocyte activation and gliosis of HI d
i n 22 odesntand 1122 cohorts than in S22 a
ERK2 in neurons saw a reduction in GFAP

and to double mutants for ERK1 and neu
observed in cortex (P<0.@03)  stpynritfuer i P&
and external capsule (P<0.01). Both pyr.]

|l lustrate that, as with 30min HI al one,
damage seen in 22 animal s, where P=0.04
4. 3S). athipsarwially recovered by combina
del etion (P=0.01, and 0.03).
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Figure 4.3 Neuronal ERK2 is required for amruronal cellactivation and recruitment after combined LPS and
30min HI insult. Microglial (A, EF, FJ, MN, Q) and astrocyte (O, GH, KL, GP, ST) activation 2 days after

insult. In 22 (AD, Q, T) controls, and the S22KEQ, T), 1122, R, U), and S112RI(P, R, U) mutant mice on

the contralateral side (# and 39 column, S, V) and on the ipsilateral side®{znd 4" column) to carotid

artery occlusion. After insult, 22 mice showed a prominent increase in microglia and astrocyte activity. In S22,
mutants this response is significantly decreased (Q, T) whereas S1122 mutants showed a modest decrease in
astrocyte activation (U) only. 1122 response were unchanged from 22 controls (R, U). Scale bars indicate
0.5mm. *P<0.05, **P<0.01 by two way Anova posthocKIEY.

143| Page



CHAPTER-®Role of ActivatedERK in Endotoxin Sensitised Hypédg@emic Injury

Ni ssl , as a histological mar ker for neu
where zero saw no damage and a four i s
physical di sruption of the surrounding a

tagging the trual emiad @&anidds.ofl n this expe
TUNEL ©positive cells was counted over t
each region between animals of each expe
were strongly decreased in in alolntfrodeb
Both 1122 and S1122 animals maintained a

par with that of 22 I|littermates (figure -

Contralateral

: B

N
N

TUNEL

B F
N -
N
(/2]

| J ‘
o ‘Jﬁ""l\
i
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S$1122

Figure 4.4 Neuronal ERK 2 deletiaiithout ERK1 global deletion significantly decreases the number of dying

cells following combined LPS and 30min HI. TuneB(A=F, IJ, MN) and neuronal loss (D, GH, KL, GP)

were analysed 2 days after insult in 22-@) controls, and the S22 ), 1122 (iL), and S1122 (NP) mutant

mice on the contralateral side (1st and 3rd column, S, V) and on the ipsilateral side (2nd and 4th column) to
carotid artery occlusion. Following insult, 22 mice showed a large increase in the number of Tunel+ dyig cell

as well as neuronal loss (scored by tissue damage seen with cresyl violet histology). In S22 mutants this
response is significantly decreased (E, H) whereas 1122 and S1122 mutants were unchanged (J, L, N, P) from
22 controls.Scale bar indicates 0.5mm.
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Figure 4.5 Quantification of Tunel+ dying cells and cresyl violet histology, indicating the extent of neuronal
loss, in S22, S1122, 1122, and S1122 transgenic mutant mice. S22 (A) showed a great reduction in neuronal
loss. Neuronal loss, measured as anuiryj score (where 0 is no damage and 4 is extensive tissue loss) using
cresyl violet histology of nissl body formation. In addition, they exhibited a decrease in the number of dying
cells (D), counted over 3 fields at 20x magnification. The hemisphere atatgral to carotid occlusion
showed no increase in damage above baseline developmental cell death (C, F). *P<0.05, **P< 0.01 by two
way Anova plus posthoc TUKEY.

Of the two, ni s s/ was the more dramati c:
mi crogl i @an( Ma ¢ tmmuatoir eacti vity), a mean br
obtained (figure 4.5A). Neur onal ERK2 de
of active mi croglia 1in grey matter i nj

pyriform, 62% in striatumhi pPEHEIE aimMmp uso rwhee

compared to control s. White matter show
4 4 %. Neuroprotective effect o f neur onal
combination with gl obal ERK1 del etion.
regions, but hsipgonoicfaincpaurst | (yP=iOn 03) , stria
Cortex (P= 0.03) (figure 4.5A). Tunel p
specific ERK2 mutants if insignificantly
greatest reduction of cel |l esalthedyi 7"
significant |l oss of protection by neuron
and 0.03 in striatum and cortex respecti
I nfarct volume is taken as a percentage

from their coetpadtast erldér e€eounhe pattern
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group verifies the patterns seen with n
count s. Whi |l st 1122 saw very |little char
ERK2 del eti on al one provedupi ghol ya n®Bfug I

decrease (in striatum) in |l esion size. \
tot al percentage of volume |l oss of S22 a
controls it was 44.21N5.66 (figure 4.6).
0.009.i csamngenee fal so occurred in cortex (P=
injury and cell death, combination of ER
complete reversal of neuroprotection off
cortex (P<0.05) ancadeawer( Pt=l0e O0t5ort) a l hemi s,
» 80% - =22

8 mS22

_ol o m1122
°\60/:' mS1122
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Figure 4.6 Infarct volume loss of each forebrain region. Loss was assessed measuring the areas of intact cresyl
violet staining, bilaterally for each forebrain region, and calculating the ipsilateral regions as percentages of
the contralateral (uninjured) hemisphere. The Percentage of tissue loss reflects the cell death seen above with
nissl score and Tunel+ counts. S22 animals saw a dramatic decrease in lesion size compared to 22 controls.
There was no difference between S1122 aktP?2 cohorts. *P<0.05, **P<0.005.

Astrocyte ERK expression is not required for neuroprotection following
endotoxin-sensitised hypoxia/ischemic injury

Kendall et al. showed that LPS plus 30mi
of GFAP positivetlastabttgttesed forebrain r
wi t h HIKen dalel et). aThe RmWdviaous chapter

astrocytic expresrsedonf of &ERIKI isurrwiqwal f
As such, along with neuronal ERK del et
whet her astroglial ERK contributes to t
sensitised HI in the neonatal anotursec \treai
cultures, LPS was shown to trigger TLRA4
surface. | n addictoinaarf oBERegkx perxehsi sbid otmerdf | uenc e
My D8Bpendent9 MMPpr €Gogiicnm et). al ., 2011
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Mi croglia activation, astrocyte recruitm
vol ume were all analysed apfd=@&)ssesdeGll?2
ani mals (n=4). At P6, the mouse pups We
O.ng/ gBW of LPS/saline before being retur
the pups under went l eft CROC, 2hr recove
were sacriffifceld awi Mm@ hi nsul t . Five sectic
for each marker I mmunostaining.
I n cont radsotnet,o nkeli t her gl obal del etion of
del etion of ERK 2 had any i mpact on LPS
prevliyugnocking out ERK 2 i n astrocyt e:
del eti on, proved highly detrimental, h e
damage mar ker s wer e observed i n Gl122
l'ittermates (figure 4.7). T uwietl h-6weacsl2dt h e
reduction observed in cortex, hi ppocamp.t
significance was achieved, P> 0.1.
From this data, we can see that whilst n.
the brain response to hypeoxdmdd safheenm édo ta
i nduced I nfl ammati on It i s a major coni
I nterestingly, whi |l st wi t h mi | d HI al
uroprotective, its effects are over wh

=]
S5 O

sul t when dHIwiitsh ddmdhi ne
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Figure 4.7effect of 0.6my/gbw LPS 12hr prior to 30min hypoxia exposure to P6 mutant mice with astrocyte
deletion of ERK 2, on a global ERK 1 KO background compared to ERK 1 global KO littermates. At 48hr post
insult, the animals were assessed for microglia (AlphaMDAQ) and astrodg (GFAP, H, R) activation
neuronal loss (Nissl scorel| S), dying cells (TUNEL;”RVIT), and infarct volume (Nissl histology, U). A mild
decrease in each marker was observed in G1122 animals but not to a significant ex3eale bar indicates
0.5mm. Significance was assessed byatled studenttii Sa G g KSNBE LIK nop @
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ERK deletion in endotoxin-mediated HI- Discussion

This | aboratory, in addition to others,
i nfection to sensitise the brain to peri
up to 5% of all déhr edk ad n ¢ aGiskyd nedaad ,d s 2e0t0 5
201l Wang et pnl Her2z20W® have usedPS8) powpbdtih:
provides a synergistic(Hafgfbeacty e Kead i IR
et al .), POlleaxami ne how neuronal or ast
regul ate the neoneattad enodicsteo xiems piomduced |
upregul-apeptpotoi cf amammat ory cyt-bkljd,e-8l, L ncl
and OUMRd chemokines incl «#dBanngd oiwNQGS ;aanld. |, (
Chock and GiKdmaal | 2é€8t)0.5alPS 291ldagul at ed
recognition recepltiokes, repegti di a8l gndokbl

activation and succegBasndaew cett ;0@oirn,m a2 Gelt2z a

201Kim et @al Kenad®14d et al. also showed t
30min 282%pOsur e, adhesi on mo laencdu | &XC Lslu cahr
upregul at ed, resulting in disruption an
(Kendall ed) al., 201l1l1la

Neur onal ERK2 is requimedrfonrmalr eed dist cmen

LPS sensitised HI

Both single neuronal ERK2 mutation and
mutation resulted in a very strong redu
medi ated HI insult. Single mutants exhib
1. 4fdbdadr ease i n astrocyte activation w h

significant difference in teoxhiexi tamdl a hdd
response on par to wild type Ilitter mate
of ERK1 del eitd omml d me hwlperxe i njury seen e
(figure 3.7). This advocates the protect
extent of multifactori al i nsul t. Bot h wi
an extensive damageLRS®sprodasidl fol Combnged
ERK1 and neuronal ERK 2 partially recov:

(1. 2fold) astrocyte activation.
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The conundrum of activated glia as harm
response i s an (Pwmlgai mig aredaMerndiit)., AAEAD3

ramification and increased amoeboid morp
presence of <cell debris indicating that
of mi croglia the greater number of dyi ng

gli alisTNEIl eased at a higher rate after L
to neuronalChadakmaged G).f fAasr dsuc2h0,05a reduc

activation and recruitmendtuctead amfaredi oh

I ncdait or of decreased cell ul ar i njury r
endogenous and LPS incited inflammatory
enhanced neuronal survival

Single deletion of ERK2 in neurons prot
infarct

Dmi ni shed gl i al response in neuronal ERE
reduction in brain injury (62%) and Tune|
of regional cel | |l oss was validated by
reduction i lodsi6dBro, vallpumo 81% in striatf
death or tissue | oss was observed with d

ERK?2, which highlights the need to furt

ERK1 as an endogenous pronatei viendag e nttl

experi ment al conditions.
LPS enhances insul't by acting at TLR4
protein MYDS8S8. I n neonat al mi ce, TLR4/ MY

rel eas-2Ulold, -BILL7] landUfTONIFl owi ng cambi a®é DP
exposWaaeg adt., ).20@M mutati on of gl-obal
i nfl ammatory response of mi cro@ldi all nc wti d
studi es i n dendritic cell s and i n r
LPS/ TLR4/ MYD88 induction of genes encodi
medi ated by the phosphoryl ationAmnéat nalcl
200Watts et)alMY,D880Ilan form a f unyctwiotnha
ERK1/ 2 via the recruitment of a scaffol

ERK dephosphoryl ati on, renBlemdonw et) a&lon,s
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MK P 3 had similarly been i mplicated i n
activation of ERK, resulting in-1traanndscr
subsequent upr-gpgaunldaldi(®me nofetl Lado gt et0 1al
20120

Lastl vy, pPERK promotes DAPK <cl eavage- of ¢
i nfl ammatdmy LPMF medi ated Uiné | ammattd ointpbs T
selective death receptor TNFR1 which in
RasR@a@f / MEK ki nas @] ecxaasncdaedre and ). AcRPRERK

transl ocates to the nucleus where -t fur

Et-B, arRldunCpromotapoptosis and increased

Previous work in our | aboratory has alre
cluster of genes WHiyanphotha@akhidd eLsy mpiN.Bt 0 X |
suppresses neuronal l oss Mmothewiner@nhP8&I s
(Kendal I et). aAs ,s®2dHlawe can supposition
actions of neuronal ERK2 is via early MY
i nteractions and initiation of cytokin
i nvol vemeUntediinatTeNddF cel | death pathways.

Whenompared side by side we observe that

brain damage differs between insult type
ERK 2 results in clear reduction in acti:
cel l popul amaonher i negregygs with known se
cortex, striatum and hippocampus. Howe vV e
suggests ERK 2 to be part of a number of

~+

neur onal survi val abfitneerd isnysnuelrtg. i sWhiecna |
en herein this chapter, protection frc
mes much greater in the ERK 2 mutan

tivity is driven by inflammatooas.-pAfot e

fl ammatory response via the release o0

©Q T O
o - o o d® O cC
o
o

foll owing ATP exhaustion and mitochondri
subsequent ERK activation. Wh-ie n f leanmdmoa toaoxr
pat hways now egaamt i malt oir gl making ERKs
prominent in driving this response, thus
these mutants after LPS plus HI. As the
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di fferentiating roles betwelenHIERKt 1i andi

conclude whether independent overexpress
i's sufficient to resul't i n neuroprotectdi
ERK?2 del eti on either by i tself or i n c
cerbral damage depending on the form of i

Del eti on of Astrocytic ERK expression do

Il nsult in the neonatal mouse

On exposure with 30min HI, mut ants with
and astsrpeicgitf ERK2 exhibited a strong inj
s ame breeding set s, P7 pups wer e Subj e
surprisingly, resulted in Iittle change
l'itter mates. Mild decrease iivhntgamage omar
with Tunel positive cell death proving m
in doubl e mutants. Reduced DNA fragment a
i n infarct volume where no difference wa:

The akee of response with ERK2 deletion |
30mi n HI al one, may wel | be due to combi
saturation of damage within these ani mal
doubl e mutation oédERKRomns| wvieomwhel moweve
draw from these data due to the small po
6 i n ERK1 mutants and N= 4 in ERK1 and a
group size would provide a muaelmi séer &Rée

response in astrocytes and its involvemel

Tentatively, one could postulate that a
oDC protective effect of astrocytic p
(Szydl owska )atndalL.P,S ZQ 1 O0nkrheadi @athedfr €&lIRease
i nfl ammatory cytoki nes-apanpdt ottriacn stdruacn s corni
(Al exander and. Acottadd2008n one recent

foll owing LPS stimulation NO rteH cecwughr HRK
phosphorylation via the suppresSBluobgasfet
al ., ) 20h4s corroborates with previous st
stimulation of astrocytes resul ts i n I
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inhi bited with the adfmioniettral iToong2z@th P D -
suggests that inhibiting astrocytic ERK
foll owi nmmgullaRS omt.i I n our model of combi ne
i's overwhel med by the deleterious effec

response to iIischemia.
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Pharmacological Inhibition of ERK- Results

I n this study, we have | ooked at the r o
transgenic mutant mice. Other studies ex
both adult and neonat al brain ischemia v

of ERK oanfAtl iewsataindr i njiD'e&ttz aét ,;&GL9 292 @05 , 2

Han and Hol tXa@awmr a 2€& 0 Olae mu, r a2 0e0tl; Vdaln.g elt9 9

al ., ;Wwalh@5 et al .Su®O0i3mhi bitors are selec

|l ack of any that directly target ERK its
h

suc wor k -idealher enguni r e ment for these coc
I ntractanhabWvWeyan effect in the neonate.
of the MEK selective inhibitor SL327, i n

and 1hr f ol l-iosmd mgmiheg piokswal t t o P7 wil dtyp

Controversy has ari skenl/o2veirn tcheel Ir od eea tohf.
ERK has shown to both Il ncrease neur ona
reducing cell death in other instances.
have shown that they can suppress &aotiva
MEK 1 and 2, therefore pr eyYReorbteirngs iatnsd d
2003 atarpia eTrajilLl)l @Cagd6eéfuently, eithel
phosphoryl ated. Il n i mmature neuronal ce

reduced niducedogedke death foll o@angl gl u

et al ;de 2B®Bnar do ).etAddli.t,i o2@0 4y, aAl e(sls9ad
used an adult mouse model of mi ddl e cer e
effects of ERK inhibition in this model

admini stered intracerebrovent-bb®ultadlbgt B
i n rintf avol ume was observed. The same gr ol
i schemia to test t he(Nammwea setl ¢ alHeree2 OtOHL
i nhibitor wa s admini stered i ntravenous|

hi ppocampus was protected from damage an
infarct occurred. I ntroduction of U0126

though not to a significant degree.

Our | aboratory group previously i nvest
phar macol ogi cal agent with which to stu
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mouse model of HI i njury. They observed
c hmag e i n bot h phosphoryl ati on of ERK a
i ntraperitoneal Il njection (not shown) . D
this was due to U0126 being too | arge a
barrier (BBB). Hre rs ttohvaat f W27 ,hoawe anal o
cross the BBB (see figure 5.1 for a comp
a neuroprotective role of SL32Wanign eaduallt
2 00)3ibt remains to be seen whetbkdr i nhitshe
neonat avla nRiiuccec i mouse model of perinatal

PD98059 U0126 SL327

0

NH, F F F CN

O | NH, S _ S

o o< C[ = SQ N \©\

C NI-INZHZ « Bk N NH,

\ETH [ MW Selectivity of Inhibition IC50 Notes

PD98059 | 267.28 @ Potentagainstactive MEK1 | 4uM | Partial inhibition of active MEK
Weakly against active MEK 2 | 50uM | Mutates Ser 218 & 222 to Glu

UO126 | 426.56 | Highly specific against MEK 1 | 0.07uM | 100-fold higher affinity for MEK

and MEK 2 0.06puM than PD98059
SL327  335.35  Specificagainst MEK1and | 0.18uM Homologue of UO126
MEK 2 0.22uM = Crosses the blood brain barrier

Figure 5.1 Chemical structure and properties of the MEK 1 and 2 inhibiRR98059, UO126, and SL327. Though
UO126 has a greater affinity to block the activation of MEK 1/2 than BDS9, its large molecular weight means

it does not easily cross the blood brain barrier (BBB). Its structural analogue SL327, however, does cross the BBB
whilst still retaining specificity to MEK 1 and 2 inhibitions.

SL327 is a cell peamambtde, vi nysbgassedcyn
role of MAPK in hippocapuks nde peeth tlaels.t, |
actions selectively inhibit MEK 1/2 depe
performed a dose r-BE3»0q/s@Bw,etdvieeqnnolOved i
for optimising the concentration require
mice were timj&lc32d Omin prior to mild

survive for 15min. Al t hough 300g/ gBw ga
1330g/ gBw resulted in 100% attrition of

grey matter regions wisbhchp tbkscisi tdbee
all further experiments (figure 5.2).
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Inhibition of ERK phosphorylation is neuroprotective with SL327 injection prior
to mild HI insult

To study the efnfheicbtist ioofn U3 2EFARK has on ti
t weyettwo P7 C57/ Bl 6 pups were injected 20m
oxygen. Ten had 1330g/gBw SL327 dissolve
10l /g EtOH alone. Pups were allowed to r
sections of f d&e@&brpaeirn pwepr eantda assessed

TUNEL positive cel |l deat h, mi crogl.i a a
Regions of i nterest i ncludeekher pali capt

and surrounding grey matter oreg@gx onscor t

hi ppocampus, and thalamus. D
120 -~ CTX12:2 120 - -e- PYRI 120 - -o- THAL
= CTX2-4 =0 HIP - STR
> g
=
280 \ 80 - 80 -
k-
s
(=]
S0 40 - 40 -
=
©
»
A -
0 T \0 T 0

0115 30 65‘133
Dose ug/g BW e

0 15 30 65 133 0 15 30 65 133

Figure 5.2 Dose responses for SL327 Inhibition of pERK immunoreactivity (staining intensity) with MEK/ERK
inhibitor SL327, applied 20 minutes prior to 30 minutes HI insuig/¢ body weight/BW). Note the similar

inhibition curves across different forebrain regions. A: CTXH12 NA 3K R2NAIf OSNBoNIt O2
segment), CTX-2 right middle cerebral cortex @ h QOf 2 01 & S@rfosnydbrex HiphippodampusL

C: THAlthalamus, STRtriatum. Increasing the dose from 15 to 3fyy/g was associated with an 80% reduction in
immunoreactivity. BE: Effects of EtOH alone (D) or of I83BW SL327 (E) on pERK immunoreactivity following

30min HI insult and 15min resery. Scale bar indicates 1mm

The micr ogUM as hnoawsk etrh at in all regi ons,

there iIis strong activation in EtOH trea
1.01N 0.23 over all forebrain r egioonksl. s
resul ts i n | arUyle edpcesabsen i @ifesgtur st abt.i3sl

analysis revels this decrease to be sig
striatum (p=0.04), cortex (p=0.05), and

no changethet waengroups.
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Ni ss| staining was <carried out i n order
bodi es. Hi stol ogi cal mean brain injury \
|l oss to microglial activation scores. Co
hi ghlsusceptible to damage as seen in the
UM, thal amus remained wunaffected. Addi ti
tissue |l oss (figure 5.3J), with a 2fold
hi ppocampus (P=@&lOk)apasmud eeftPer ®. 01) and

n striatum.

DNA fragmentation is a classical mar ker |
damage. Addition of SL327 gives rise to
in striatum (p=0.uG3)( paeMd OB) prowanpmap ed t 0
(figure 5. 3K) . Hi ppocampus saw the gr e
27.7N7.11 positive counts in the EtOH tr.
2.29 in SL327 treated ani mal s. Thamaimu s ,
unaffected by the application of SL327.
regions do not experience as high numbe
seen in striatum and hippocampus.

Lastl vy, sections were | abel |l&a&tdi dmorofGFaAPt
t o HI damaged regi ons. Number and dens
unaffected by H I i n bot h treat ment coh
expression bet ween regions i mplicating

S

ystemic ERK inhibitio
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Figure 5.3 Effect of SL327 on neuronal loss, cell death, microglial activation and astroglia activation when applied
20min before 30min HI. Regions studied were striatum (STR), hippocargpii®, thalamus (THAL), cortex (CTX),

and external capsule (EC). Assessment was at 20x magnification eye field (mean plus SEM over 3 fields). A, E, I
Levels of alphaM+ microglia are significantly decreased in the SL327 group in white matter (EC) as \wethast

grey matter regions (STR, CTX, HIP). B, F, L: The levels of GFAP+ astroglia do not seem affected by the application
of SL327 C, G, K: The number of TUNEL+ cells in the SL327 group is lower when compared to control animals,
significantly so in STRnd HIP. D, H, and J: Neuronal loss and subsequent brain injury score is significantly
decreased in the SL327 treated group. Scale bar indicates 0.25mm. Analysis #&st Jave significance when

p<0.05 (*), p<0.01 (**), and p<0.005 (***).
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Pharmaceutical inhibition of ERK one hour following mild HI insult reduces
microglial activation but not cell damage

Il njection of SL327 prior to HI gave an

wi t h i nvestigating t he t herapewtinat ablen
hypoxic/ischemic brain. However, i njecti
occurred is not a viable window of wuse.

establish whether neuroprotection is sti
mil dtinsul

Twel ve postnat al day 7 C57/ Bl 6 mice wer ¢
all owed to recover with their dams. At 1
1330g/ gBw SL327 dissolved in 10l /g ethar
Pups were alilweveuwnttiol s#u8lwvr before sacrif.i
per ani mal were stained for neuronal | os
activation and astroglia migration as d
(figure 5.4).

Mi crogl i al a cgtuil vaatteido na nids luopcrad i zed to re
during hypoxia ischemia, thus tissue dam
cel |l surf aldMe bmarikreemunocytochemistry. I mi
di fference could be seen belt)weandt hpsiclc
(experimental) hemi spheres of contr ol a
suffering greater ti ssue damage seen pr¢
cortex and hippocampus. This difference
treategp. gExt ernal capsul e, cortex, and
mar ked redMctsit@mnninn the SL327 treated

neur oprotective effect drMalgwsies 5r elvgal e
significant reductatowomni af mecr adimi ali sacat
more thafmolad tdvwcr ease in both the hippoc
=0. 05 respectivel y). External capsul e
reduction in microglia activati ®imv é¢ paO0.
neuroprotective influence.

A nissl stain was carried out to visual:@
Assessment of brain injury revealed | itt
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grey matter regi ons: the cortex, astdr whi
matter: external capsul e. The striatum (
hi ppocampus (EtOH= 2.13N0. 24, SL327= 0.

(Et OH= 2. 75N0.63, SL327= 1.20N0.37) proyv
with signiifdm aaftt ered3lc327 treat ment seen
(figure 5.47). It was observed that t he
regions only reached 2.75 in the extern
evidence of damage winthobht ishnframac¢tum loh a
group exhibited clusters of shrunken cel

(not shown).

This pattern is faithfully replicated wi
l'ittl e apparent st airnienxgt eirnn atlh aclaapmsuusl,e .c ol
i's no change in immunoreactivity in the
groups. Striatum and hippocampus evidendc
dying cell s within t he Et OH group (str
4833.14). This rise was considerably re
despite never reaching significance (p=0
significance could be due to high wvarian
hi ppocampal eedgiaomi gpghodegree of wvariabil

|l ow n values.

Sections | abelled for GFAP saw no signif
regions assessed between mice injected
The pattern andtdegreasofsi mctavabetween
SL327 groups Findings were consistent a |l
sides Ssugges bit egt inwe effect of ERK1/ 2
I nduct iers.t amalysis reveal ed rnes poingrei fii

SL327 injection across any of the five b

This points out to a time window of ©prot
i nsul t . Mor eover, it al so underscores t

medi ating Inebornaaitnali nH ur vy.
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AlphaM GFAP TUNEL NISSL

4. = . .
I AlphaM Score =eton 3]0 Brain Injury Score
oSL327
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120,K Tunel+ Cell Count 120.L GFAP Luminosity
90 - 90
60 - 60 -
30 301 j—‘—‘
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Figure 5.4 Effect of SL327 on neuronal loss, cell death, microglial activation and astroglia activation when applied
60min after 30min HI. When SL327 was applied at 1h following the HI insult the levels of microglial activation in
EC, CTX and HIP were de=ased, but cell death, neuronal loss and GFAP+ astroglia appeared unaffected. A, E, I:
the levels of alphaM+ microglia are significantly decreased in the SL327 group in EC, Ctx, and Hip. GFAP+
astroglia (B, F, L), number of Tunel positive cells (C, GnK)neuronal loss (D, H, J) are all unaffected by the
application of SL327. Scale bar indicates 0.25mm. Analysis otestlgave significance when *p<0.05.
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ERK inhibition one hour following severe HI insult- gives no change in peak
expression of damage markers at 16hr survival

Il n our mouse model of hypoxial/ischemi a,
consider ed: mi | d, 30mi n, and severe, 6 0m
of cellul ar mechanisms underlying ciomdi t
I's vital that any therapeutic interventi
of i njury.

It was essenti al to test the effects of
pups. SL327 was injected 1hr post i nsul t

16rh, peak expression for some damage mar Kk
most damage markers with 60min hypoxia (
consi stent with SL327 injected after 30

observed overvahettmesstiov any mortality.

Twe ntthyr ee pups were smgljgdBiM StLB 2¢di tdh esrs o0l ¥
et hanol (m+#Bw &t OH (n=12) alone at 6 0 mi
recovery. The pups were then all owedea s
perfused and the brains fixed as before.
mi croglia activati on, neur onal |l oss and

per brain were retrdteavierd (ffoirg ueraec h5 .i5Mmuno

Both treat ment grpepseprkbhgbi béd shhirghvabi
with no difference between groups as ver
(P= 0.5) (figure 5.51).

Af ter HI, ther d&Miismmuradrgéadteiveilt ywyfin the
I n al l forebtadnngeghahsamusnc When we I
i ndependent | vy, we see that t her e i s a

mi croglia in the external capsul e, pyrif

ani mal s compared t o Et OH consool(sp>t hOo. u3
Striatum remains unchanged between the g
Et OH and 1.14N0. 15 i n SL327 treated an
hi ppocampus and thalamus both saw a 35%

compared to EnOH. sTgnsfwaant p= 0.16 and
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TUNEL AlphaM NISSL
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Figure 5.5 SL327 injected 60min after 60min HI with 16hr survival , effect of SL327 on survivability, microglia
activation and TUNEL+ cell death whérjected 1hr after 60min hypoxic/ischemic insult. Assessment was at 20x
magnification eye field (mean plus SEM over 3 fields). I: at 16hr after 60min HI, there is no strong mortality rate in
pups treated with SL327 or with EtOH. AlphaM (A, E, J) and Twelteath (B, F, K) immunoreactivity with 16hr
survival is unchanged between the SL327 and EtOH treated groups. Tunel expression is 3fold higher at 16hr
compared to 48hr. Neuronal loss (C, G, L) was unaffected in all forebrain regions bar HIP wereifecaign
reduction in SL327 treated group was observed. Scale bar indicates 0.25mm. Analysis of survival percentage by
chi squared test, analysis of damage markers bie$t gave significance when *p<0.05.

Thi s pattern of responseg. w&srisamimamandr
capsule showed a mild increase from 2. 8K
treated group to 3.84N0.23, 3.77N0.38 in

pyriform <cortex remai ned unchanged. Hi p
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moderseducti on in neuronal | oss with SL3:
alone (figure 5.5L). Significance was nol
Tunel positive cell death proved a more

di fference between the bwaigroepgsonse. any

ERK inhibition one hour following severe HI insult- strongly increases survival at
48hr following injury

The experiment was repeated with a suryv
dramatic influence of SL327 donpyppup easxihivbh
a high occurrence -48hdeawhtibedtwkeen9 16f =
surviving compared to the SL327 treated
survived (figure 5.61). Chi sqguared st a:

bet wegernoups t o be highly significant Wi

assessbeM, froirssl, and Tunel damage markers
Al phaM i mmunoreactivity saw a modest dec
regions of the SL327 treated gndoup>0.188.:
Ni ss| and TUNEL staining showed a patter
seen with 16hr survival time point. As v
neur onal |l oss or dying cells with SL327
scor elseond ttwo mar ker s, a modest reducti ol
observed in SL327 treated pups compared
a reduction in neuronal2fbbdsdandeasbseql
observed in corterd phal dmum, coht egst hi p|
and external capsule remained relatively
This reduction i n damage was (greatest i

respectively (figure 5.6L).

Tunel proved variimdilwi dwralwereengitchres. Ext er
cortex and thalamus had very few Tunel p
of 22.85N1.75 (figure 5.6J). Striatum ar

experi ment most responsi veeton6@miimgHIc,el
the SL327 treated group compared to EtC
occurring in striatum (230.83N62.31), thi
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contrast, cortex had a 3fold decrease i
treated ani mals compared to Et OH. No sign
A B
D E
G H
J

Figure 5.6 Effect of SL327 on survivability, microglia activation and TUNEL+ cell death when injected 1hr after
60min hypoxic/ischemidnjury with 48hr survival time points. Assessment was at 20x magnification eye field
(mean plus SEM over 3 fields). I: At 48hr post insult, pup survival when treated with EtOH alone was reduced to
39% compared to those treated with SL327 who had a survpacentage of 83%. Difference was significant at
p=0.004. A, D, H: Tunel+ dying cells are unaffected by the presence of SL327. AlphaM (B, E, |) there is a trend to
decrease in the SL327 group compared to EtOH alone at 48hr post insult. C, F, and ghdliesl an increase in
neuronal loss within striatum, cortex, hippocampus and thalamus of the SL327 group compared to EtOH controls.
However, this may be a direct effect from survivors of EtOH treatment being-remponders to HI insult. Scale

bar indicates0.25 mm. Analysis of survival percentage by chi squared test, analysis of damage markerseby T

gave significance when *p<0.05 **p<0.01.
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