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Abstract

The transcriptional coactivator PPARgamma coaativaalpha (PGC-d)

is a regulator of mitochondrial biogenesis and fiomcand is decreased in
the striatum of patients with Huntington’s Disea@d¢D). HD is an
autosomal dominant neurological disorder causedabpgolyglutamine
repeat in the huntingtin protein which leads toateggation of striatal and
cortical tissues. PGCelundergoes targeted downregulation by mutant
huntingtin protein (mtHtt) and PGGtknockout mice have striatal lesions
similar to HD transgenic mice. Exogenous PGLCphrtially reverses the
toxic effects of mutant huntingtin in cultured atal neurons whilén vivo
administration of PGC+lto the striatum in a mouse model of HD reduces
neuronal volume loss. Synaptitmethyl-D-aspartate receptor (NMDAR)-
activity can drive the expression of PGE&-Wvhich is neuroprotective
against oxidative and excitotoxic stress vitro whereas extrasynaptic
NMDAR expression is increased in HD. Excessive NMDActivity,
specifically through extrasynaptic rather than pgrraNMDARS, leads to
excitotoxic death in neurons and its regulation baen targeted in the
search for therapeutic interventions for multipéairological disorders.

The data presented in this thesis show that theesspn of PGC-d by
mtHtt may be significant in the dysregulation of BRs in HD. Both
PGC-n knockdown and mutant huntingtin are found to iasee
extrasynaptic NMDAR activity and excitotoxicity & non-additive way,
suggesting common regulatory mechanisms. Furthermoogenous PGC-
la expression is sufficient to reverse this increaseextrasynaptic
NMDAR currents and excitotoxicity by mtHtt. This ebis adds
mechanistic insight into previous understandinghef synergistic roles of
mtHtt, NMDAR activity and PGC-din HD.



Finally, we show that chronic knockout of PGE-in the PGC-&‘"

mouse causes distinct alterations in glutamatesgjoaling that do not
mimic the observation of acute knockdown of PGC-\Ve propose that
the loss of PGC in a number of neurological disorders contribuies
concurrent increases in aberrant glutamate sigmaimd excitotoxicity in

these diseases.
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Chapter 1:

Introduction



1.1 Neurodegeneration

The prevalence of neurodegenerative disease (NB@&pidly escalating
(Cowan and Kandel, 2001). Since advancing age jsrnfactor in these
diseases, as the aging population is expected taw giFig 1.1),
neurodegenerative disease will continue to be @ammjblic health issue.
In the absence of effective treatments, NDGs witl gn increasing burden
on future economics. Uncovering the underlying roolar and cellular
mechanisms responsible for the patho-progressioneafodegenerative
disorders is key in the development of medicalrirgations.
Neurodegeneration refers to the progressive losgofonal function and
viability associated with neurodegenerative diseaseluding, but not
limited to, Alzheimer's disease (AD), Huntington sdase (HD),
Parkinson’s disease (PD), and Amyotrophic laterelerssis (ALS).
Despite the distinct profiles of neuronal loss asged with each disease
(Table 1.1), advances in the last few decades itaveified disruptions in
subcellular processes common to all or some oftlieseases (Table 1.1)
including protein aggregation, mitochondrial dysftion, defects in
axonal transport, excitotoxicity and aberrant atitn of programmed cell
death (Ikonomidou and Turski, 2002; Vila and Przedki, 2003; Lashuel
and Lansbury, 2006; De Vos et al., 2008)
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Fig 1.1 The projected increase in neurodegeneratiohighlights the
significance of NDG researc (A) Estimated and projected age struct
of the United Kingdom population mid 20- mid 2035 (UK Governmer
Statistics; cited March 2012) (B) Projected worlgyalence of dement
between 201@050. (World Alzheimer report 2010; cited March 2



Disease Prevalence |Mode age of |Affected areas Protein Mitochondria |Excitotoxicity/
Accumulation |defects NMDARs

(per 100,000) |onset
(www.Neural

Huntington’s 135 35-40y Striatum, Frontal Autosomal dominant  Huntingtin protein |Complexes |-IV 1 Excitotoxicity
Disease Cortex, Temporal inheritance of CAG ~ with large of respiratory (Okamoto et al.,
Cortex. Specific loss of  repeat in Huntingtin  polyglutamine chain 2009)
medium spiny neurons  gene repeats forms (Turner &
(The Huntington's (The Huntington's cytoplasmic Schapira, 2010) 1 Extrasynaptic
Disease Collaborative Disease Collaborative aggregates NMDARs
Research Group, 1993) Research Group, (Arrasate at al,, 1 Oxidative (Milnerwood et
1993) 2004) stress and free al, 2010)
radical

(Browne et al,,
1 999; Butterwort

h, 1998)
Alzheimer's 1,000 >60y Entorrhinal cortex, 0.1% of AD Familial:  Cytoplasmic Tau  Mitochondiral AP regulates
Disease Hippocampus, Amyloid precursor aggregates & fragmentation, ~ NMDAR
Parahippocampal gyrus, Protein, presenilins|/2. extracellular AR altered trafficking
Amygdala, Frontal, Non familial: €4 allele  plaques metabolism, (Snyder et al.
Temporal, Parietal and  of the apolipoprotein  (reviewed by Excess ROS 2005)
Okccipital association E increases risk Selkoe, 2001) production
cortices (Goate et al,, |991; (Reviewed by
(reviewed Selkoe, 2001) Roses et al., 1996)) Santos et al.,
2010)
Parkinson's 200 >60y Substantia nigra. Specific ~5% known mutations d-synuclein Complex |
Disease loss of dopaminergic : alpha-synuclein, aggregates form  deficiency
neurons parkin, leucine-rich cytoplasmic Lewy (Schapira et al,
(HenchCliffe and Beal repeat kinase 2, bedy inclusions 2000)
2008) PTEN-induced (Baba et al., 1998) Excess anaercbic
putative kinase | metabolism,
(Kitada et al., 1998; Oxidative stress
Chen and Feany 2005; (reviewed
Henchcliffe and
Beal 2008)
Amyotrophic 135 40-60y Upper and lower ~5% hereditary, of Cytoplasmic Vacuolation and  Aberrant
Lateral motorneurens: bulbar,  which 20% carry inclusion of degeneration of glutamate
Sclerosis upper limb, thoracic, mutation in SODI. SODI, FUS or mitochondria, reuptake causes
lower limb, motor Mutation in fused in TDP-43 reported SODI excitotoxicity.
cortex sarcomaftransiated in  (Watanabe et al, accumulation in  Increase in Ca?*
(reviewed Chio et al, liposarcoma and TAR ~ 2002; Kabashi et mitochondria, permeable AMPA-
2009) DNA-binding protein 43 al,, 201 1) deficits in type Glutamate
in some sporadic cases respiration. receptor
(Watanabe et al., (reviewed by (reviewed by Rao
2002; Kwiatkowski et Dawson , 2004)  and Weiss, 2004)
al, 2008; Kabashi et
al, 2008)

Table 1.1In this table | have collected xamples of some of the commo
pathologies in cellular processe¢ described in theseNeurodegenerative

diseases



1.1.1 Studying molecular cascades in NDGs
Identifying common phenotypes between NDGs hightiglcellular
cascades that may account for preferential vulnig@gabf neuronal tissue
in these diseases, albeit offering no explanatooritfe regional-specificity
of neuronal loss. However, with the end goal baimg establishment of
disease interventions, it is essential that weabte to distinguish between
the causes and symptoms of pathology. This requiesanalysis of
relationships between these disease-associatedooemis and assessment
of their relative contribution to cellular healthdafunction which may not
be immediately evident for a number of reasons.
Firstly, disease-specific phenotypes may indeed plaghological but
alternatively they could be protective compensatorgchanisms. One
such example is the formation of mutant huntingttiusions in HD, long
considered a hallmark of the disease (Davie et1&97), has in recent
years been recognised as a compensatory protatiahanism and in
such, restricting this process exacerbates celighdé@Okamoto et al.,
2009).
Secondly, although the apparent timecourse of leellehanges may
correlate with the onset of the disease, this tspnoof that such changes
are pathological. For example Palop et al. (20@8yue that although
neuronal death is what ultimately determines thesebnof clinical
phenotype in Alzheimer’'s diseases, the timecoufsaearopathological
symptoms correlates more closely with alterationsyinaptic function that
occur when the remaining tissue is no longer ablecmpensate for lost
synaptic inputs. Within this model, despite matghihe timecourse of
disease progression, disease-specific alteratroagnaptic profiles may be
considered as mechanisms that temporarily protgaiplogical function.
Finally, the pitfalls in antagonising known pathgical cascades

without fully understanding the physiological rolesthe targeted protein



was highlighted by the failure ofN-methyl-D-aspartate receptors
(NMDAR)-antagonists in preclinical trials for theeatment of stroke
(Ikonomidou and turski, 2002). Although it was ko that NMDAR-
activity contributed to pathology of stroke, it hsisce been shown that
specific populations of NMDARs can couple to eitlpeo-death or pro-
survival cascades (Hardingham and Bading, 2010) dodher
understanding of the full molecular cascades arpiired in order to
identify a safe and effective target for medicalementions. Together
these models propose that studying the molecukis It NDG is essential
for both expanding our knowledge of the diseasewelk as identifying
potential therapeutic targets.

This thesis addresses the role of NMDAR signallamgl excitotoxic cell
death in neurodegenerative disease; the potaheaapeutic benefits of
enhancing an endogenous neuroprotective cascadelated by the
transcriptional coactivator PGGrlthat may be diminished in NDGs, is
emphasised with specific interest in neuronal Vighand function in HD.
The work presented in this thesis is now publisfiaatdifoot et al., 2012;
PGC-n Negatively Regulates Extrasynaptic NMDAR Activitgnd
Excitotoxicity; Journal of Neuroscience 35: 209697000).



1.2 The excitotoxic theory of neurodegenerative dgase

The ability of glutamatergic activity to induce menal cell death has been
known for over 50 years (Lucas & Newhouse 1957fi€@t al. 1959). On
observation that injections of monosodium glutamateuld induce
neuronal necrosis in several regions of the br@imey termed this
phenomena ‘excitotoxicity’ (Olney 1969). Glutamais the main
excitatory neurotransmitter in the mammalian bramd can activate a
number of glutamate receptors both metabotropic amaotropic.
lonotropic glutamate receptors (summarised in Fig c@dntain a pore
which opens upon receptor activation allowing teéecive passage of
ions into the cell across the plasma membrane.i€tuay Choi (1988;
1987a; 1987b) and Tymianski et al. (1993) showed éxcitotoxicity has
an explicit requirement for Gainflux into the neuron and the source of
Cd" is specific to C& entry through theN-methyl-D-aspartate (NMDA)
subclass of ionotropic glutamate receptors. Fordideade that followed,
many groups gathered evidence for the role of eticesNMDAR C&"
influx in neurodegenerative disease and strokehiRah & Olney 1986;
Choi 1988; Lipton & Rosenberg 1994; Arundine & Twamski 2004; Fan
& Raymond 2007).
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1.2.1 NMDARs

NMDARs are a subfamily of glutamatergic receptoxpressed almost
ubiquitously throughout the CNS during pre and pusial development
and thereafter. NMDARs are named after the selecgonist N-Methyl-
D-Aspartate which distinguishes them from the twihheo ionotropic
glutamate receptors: theamino-3-hydroxy-5-methyl-4-isoazolepropionic
acid (AMPA) receptor and the 2-carboxy-3-carboxymged-
isopropenylpyrrolidine (kainate) receptor. Two arajattributes of
NMDARs that differentiates them from the other itopic glutamate
receptors include (i) the necessary relief of dag#-dependent inhibition
by extracellular magnesium for ion permeation tigtowhe channel pore
(Kutsuwada et al., 1992) and (ii) the receptor'ghhipermeability to
calcium ions upon activation. Combined these priggeihave implicated
the NMDAR in a number of inter- and intra-cellulprocesses. Indeed,
calcium influx into neurons has been shown to &rgdiverse molecular
cascades which lead to cellular and synaptic graamith development as
well as neuroprotection and conversely pro-deatgnaiing (Bliss &
Collingridge 1993; Choi 1992; Hardingham et al. 20@apadia et al.
2008).



Figure 1.2 Cartoon illustration of the structure of NMDARs (A)
NMDARs are found embedded in the [-synaptic membrane «
neurons throughout the CNS. The NMDAR is composedoar
subunits; the majority of receptors contain twocgte (Gly-binding
GluN1 and two glutamate (Glbinding GIuN2 subunits as show
At resting membrane potential (-70 mV) the ionic pore of th
NMDAR is blocked by the presence of ?* ions. The GIuN:
subunit expresseA-D) within any given recombinant is thought
define the majority of the functional properties of theeptor.(B)
Each subunit is composed of fouuntional domains, theamino
terminal domain (ATD), the ligand binding domain B(l. the
membrane spanning domain which includes tl-entrant loop (M-
4), and an intracellular +terminal domain (CTD)mage in B
previously published in Puddifoot et al., (2C.
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1.2.2 NMDAR assembly, trafficking and distribution

There are seven possible NMDAR subunits: GluN1, N2Zi-D and

GIuN3A-B (Monyer et al., 1992; Das et al., 1998)lthAugh some
receptors do exist as trineteromers formed as GRENN2/GIUN3

assemblies, the majority of NMDARSs exist as an sy of two GIuN1

and two GIuN2 subunits (Dingledine et al. 1999;p&tnson et al. 2008;
Fig 1.3). It is the GIuUN2 subtype contained witlimy given recombinant
that is thought to define the majority of the bigplcal and

pharmacological properties of the receptor; thisludes the glutamate
efficacy, calcium conductance level and potencylotk by magnesium
(Monyer et al., 1994; Cull-Candy et al., 2001).

The inclusion of specific NMDAR subunits within eggors is both
temporally and spatially regulated throughout depeient (Monyer et al.,
1994). GIluN1 expression is high in most brain arghsoughout

development (Monyer et al., 1994), whereas the esgion profile of
GIuN2 subunits varies during maturation (Cull-Can&ly Leszkiewicz

2004). GluN2 subunit expression is dominated by NZB at early

developmental stages and although GIuN2B expredsiais remain high
through adulthood, as the cells mature the relakexels of GIUN2A

subunits expression increases becoming the mosidabt subunit (Cull-
Candy et al. 2001).

Once assembled in the endoplasmic reticulum, cefase expression of
the receptors requires the coordinated interactiohgshe NMDARS,

membrane-associated guanylate kinases (MAGUKs)kamesin KIF17—

LIN10 motor complex to carry out the cytoplasmicdamembrane
interactions required for NMDAR trafficking (Gladdj and Raymond,
2011). Receptors destined for the synapse are geppoy a large protein
complex termed the post-synaptic density (PSD). P& contains a

network of scaffolding, adaptor and effector pnageiwhich regulate
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receptor trafficking, membrane stability as well #® activation of
downstream signalling cascades (Sheng & Lee 2000).

NMDARSs are also expressed at peri-synaptic sitethifw200—-300 nm of
the PSD) or extra-synaptic sites (throughout theddéc membrane and
soma), together termed extrasynaptic from herelad@ng and Raymond,
2011). Studies in hippocampal cultures show a dgweéntal change in
the proportion of receptors at extrasynaptic sftesn 75% at DIV5-7
(Tovar & Westbrook 1999) to 20-50% >DIV9 (Rosenmuhdl., 1995). It
has been shown that once at the cell surfaceptaion of receptor is not
rigid, that is NMDARs can undergo lateral diffusiomthin the cell
membrane (Tovar & Westbrook 2002; Groc et al. 206@®wever this is
contested by Harris and Petit (2007) who show thatacute slices,
NMDAR expression is stable and once expressedeateh surface there
is no NMDAR mobility.

12



1.2.3 Excitotoxic cell death

Excessive calcium entry after prolonged NMDAR atyiwas found to
induce both necrotic and apoptotic cell death dédpenof the stimulus
intensity/duration (Bonfoco et al., 1995). Necratitd apoptotic cell death
are both morphologically and mechanistically distirNecrotic cell death
is classically thought to result from ionic deregfidn and rapid ATP
depletion which leads to swelling of both the @aild cellular organelles
with eventual breakdown of the plasma membraneralese of cellular
content including proinflammatory molecules. In m#ic cell death,
excessive CA influx is exacerbated by aberrant calpain cleavaijéhe
Na'/C&* exchanger (NCX) which under normal conditionsesponsible
for C&* extrusion (Bano et al., 2005).

In contrast apoptotic cell death, often termed goaonmed cell death’, is
characterised by cellular and nuclear shrinkageorohtin condensation
and genomic fragmentation without plasma membrameakiolown.
Apoptosis requires the activation of cysteine pas&s (caspases), it is
ATP-dependent and can be activated either by tigatf the death
receptor or by release of proapoptotic factors ftbe mitochondria (Zou
et al., 1997; Ashkenazi and Dixit, 1998).

Although it was previously believed that there & threshold of activity
above which NMDAR activity becomes excitotoxic (top and
Nakanishi, 1999; Hardingham and Bading, 2003), tharrent
understanding has been shifted by the finding MBIDAR toxicity is
conferred not simply by excessive amounts of agtiwut rather by the
activation of NMDARs located at extrasynaptic siteardingham et al.
2002). For example, Hardingham et al. (2002) shioa¥ similar calcium

loads through synaptic versus extrasynaptic NMDA&RHEerentially

13



couple to CREB-dependent transcription; whereasasyn activity

induces CREB expression and activity and promote8 survival,

extrasynaptic NMDAR activation causes a dominanEBRshut-off and
triggers cell death. Therefore, NMDAR activity prd@s an interesting
paradox in which the activation of this protein gex can initiate the
expression of either neuroprotective or neurodesu® transcriptional
profile depending on the location of the receptdardingham & Bading
2010; Fig 1.4).
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Fig 1.4 Synaptic NMDARs activation is pro-survival, extrasynaptic
NMDARs activation is pro-death NMDARs transmit information from
outside the cell to inside the cell. When NMDARs activated at synaptic
sites they couple to pro-survival pathways. When DNM\Rs at
extrasynaptic sites are activated they couple to-death signaling
cascades. In this figure the dendrite is depictgdout spines representing
the lack of spines in our cultured neurons at itine bf experimentation.
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1.2.4 What distinguishes synaptic and extrasynaptic NMDAR
activity?

Despite a great deal of progression in identifyprg-survival and pro-
death pathways coupled to synaptic and extrasynaptivity (discussed
in detail below), the basis for the differences synaptic versus
extrasynaptic NMDAR signalling is unknown. Howeverthree
independent theories have been proposed to exfilase observations.
The first is the potential differences in the subwomposition of the
NMDAR complex at synaptic versus extrasynaptic ssiteads to
differential activation of signalling cascades. wsll as determining the
ligand efficacy, channel conductance and magneshlotk of the
NMDAR, the GIuN2 subunits of NMDARs contain distincytoplasmic
tails that can interact with intracellular proteif@heng et al., 1994; Zhong
et al., 1994; Cull-Candy et al., 2001). Early invelepment the GIuN2B
subunit is most abundant and after the first p@gtalnweek, there is a
switch at which point GIuUN2A expression is enricl{&liegerwald et al.,
2000). It has been suggested that extrasynapteptecs retain a higher
proportion of GIUN2B subunits (Groc et al., 2008hwever, Petralia et al.
(2010) and Harris and Pettit (2007) report an edistribution of GIUN2A
and GIuN2B receptors at synaptic and extrasynagtes. In addition,
although Liu et al., (2007) found differential cding of GIUN2A and
GIuN2B to pro-survival and pro-death cascades bsmdy, the
selectivity of the GIUN2A agonist used has beemputisd (Frizelle et al.,
2006). Furthermore, GIuN2B and GIuN2A receptorsehbeth displayed
the ability to promote cell survival or cell deaiyon Engelhardt et al.,
2007; Martel et al., 2009). Such investigationsenaeen confounded by
the absence of a selective GIUN2A antagonist. Hewean elegant study
recently published by Martel et al.,, (2012) usedmehic NMDAR
subunits with the C terminal domains (CTDs) of GAMNand GIuN2B
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switched to demonstrate that the CTD of GIuN2B potes excitotoxicity
better than that of GIuUN2A and this was indepenaérhe identity of the
other domains of the subunit.

A second theory is that there are differences & ¢cbmponents of the
NMDAR signalling complexes at synaptic and extragptic sites (Collins
and Grant, 2007). However, a number of key memiloérshe post-
synaptic density membrane associated guanylatesésn@MAGUKS) are
found at both synaptic and extrasynaptic sitespanticular the post-
synaptic density protein 95 (PSD95) and disks lalgemologue 3
(SAP102) were found associated with extrasynaptiMDRARS in
hippocampal cultures (Petralia et al., 2010).

The third model proposes that differences in theadyics of calcium
transients through extrasynaptic versus synapticDRMs affects the
downstream signalling complexes. In contrast tapyic NMDARS which
are activated transiently after synaptic glutamatease, the timecourse of
extrasynaptic NMDAR activation is chronic, resuitifrom increased
background calcium concentrations. Despite evidghat the equivalent
changes in calcium concentration from synaptic vdgti versus
extrasynaptic NMDAR activity (Hardingham et al., 02), this model
suggest that it is the prolonged increase in cala@oncentrations that may
be responsible for the distinct coupling to protte@ersus pro-survival

cascade.
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1.3 Pro-survival and pro-death signalling from

NMDARs

Studies in rodents boih vivo andin vitro have greatly contributed to our
understanding of the distinct pathways activatgaéesed by synaptic and
extrasynaptic NMDAR activity. In cortical neuromalltures, synchronous
bursts of NMDAR activity can be stimulated by usitige GABAR
antagonist bicuculline to disinhibit circuit activialongside the Kchannel
blocker 4-AP which depolarises cells increasing ghebability that they
will fire action potentials. Extrasynaptic NMDARseapharmacologically
isolated by first blocking synaptic NMDARs with thepen channel
blocker MK-801 and subsequently applying the agoh¥DA to the
culture.in vivo, pathways downstream of synaptic NMDAR activitywéa
been confirmed by analysis of cortical tissue frmime injected with MK-
801.

Strikingly such analysis has shown that not onlyNMdDARS couple to
distinct pathways depending on whether they aratéutat the synapse or
at extrasynaptic sites, but in some cases, extaasinNMDAR signalling
opposes synaptic NMDAR signalling in a dominant nen(Hardingham
& Bading 2010).
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1.3.1 Synaptic NMDAR activity promotes cell survivha

Abolishing synaptic NMDAR activity is highly detriemtal to neuronal
health (Ikonomidou et al., 2001). Antagonism of NAI® activity in vivo
has been shown to decrease the number of healilsyacel induce large-
scale apoptosis (Gould et al., 1994; lkonomidoalgt1999; Pohl et al.,
1999; Adams et al., 2002; Papadia et al., 2008)aamplifies neuronal loss
in both acute traumatic brain injury and ongoingunogegeneration
(Ikonomidou et al., 2000). A multitude of studiemvk shown a powerful
coupling of synaptic NMDAR activity to pro-survivaignalling through
both the induction/repression of gene expressiod posttranslational
modifications of existing proteins.

For over two decades molecular signalling cascddesistream of
neuronal activity have been studied as an exanfg®w genetic profiles
can be regulated by physiological stimuli (Morgarak, 1987). Indeed,
synaptic NMDAR activity has been shown to bestowiroprotective
properties on the postsynaptic cell that enhanegomal survival in the
face of noxious stimuli (Papadia et al., 2008; lLikwest al., 2008; Lau et
al., 2009). In addition, the acquired neuroprotettican outlast the
timecourse of the activity itself (Papadia et aR005). This
physiologically-driven neuroprotection was shown teave both
transcriptional-dependent and independent factacs @ovides a robust
protection by altering a number of fate-determiningscades. This
includes; the repression of apoptotic genes ancgupation of anti-
apoptotic genes, increase in pro-survival genel siscthose involved in
mitochondrial biogenesis and  function, and the aeckment of

antioxidative cascades (Hardingham and Bading 2Bit01.4).
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1.3.2 Synaptic NMDAR activity is anti-apoptotic

The phenomena known as ‘apoptosis’ was defined éy Kt al., (1972)
describing common morphological features obserwethd controlled cell
death. Apoptosis, often referred to as ‘programmet death’ is thought
to be a means of regulating cell populations dudegelopment and in the
event of cellular stress such as DNA damage (Keatt. £1972; Renehan et
al., 2001). Changes in cell morphology include mddia, chromatin
condensation, nuclear fragmentation, plasma merebbdgbbing, finally
resulting in engulfment by resident phagocytes (Ktral., 1972). Despite
common morphological traits, Kroemer et al.,, (2008)gue that
heterogeneity of biochemical mechanisms which cauge programmed
cell death indicate distinct subtypes of apoptds. example, there exist
two known sub categories into which apoptotic eseiall: intrinsic or
extrinsic apoptosis. Extrinsic apoptosis is ingthtoy ligand activation of
dedicated transmembrane death receptors from theuunecrosis factor
superfamily (Ashkenazi and Dixit, 1998) which cactivate caspase -8
and caspase-9 (Riedl and Salvesen, 2007; Fig 1.5).

1.3.2a The intrinsic apoptosis cascade

In the intrinsic apoptotic pathway, Cytochrome deased from the
mitochondria binds APAF1, initiating the formatiard the apoptosome
(Riedl and Salvesen, 2007). In turn, the apoptosaatigates the initiator
enzyme Caspase-9 which leads to the cleavage ofabskequently the
irreversible activation of caspase-3 and caspa¢ieigdl et al., 2001).
Caspase-3 and Caspase-7 are responsible for engetinéi morphological

changes of apoptosis.
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Figure 1.5 Intrinsic and extrinsic apoptosis: Two distinct routes t
apoptosis, through mitocndrial (orange) cytochrome C release
activation of the death receptBAK, Bcl2-antagonist/killer; BAX, Bcl-
associated X protein; BH3 interacting domain deajbnist; PUMA, pr-
apoptotic Bcl2 homology domain 3 (BF-only member gene B(-2, B-
cell ymphoma 2BCL-XL, B-cell ymphoma-extra large.
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In addition, apoptosis is regulated by the Bcl-thifg of proteins, which
can fall into three categories: pro-apoptotic nmudtfic domain members,
pro-apoptotic BH3 only domain members or anti-aptpt members.
Examples of multidomain members include Bcl2-asg#ed X protein
(BAX) or BAK which form oligometric structures thggermeabilise the
outer mitochondrial membrane, allowing release ytbchrome-C. This
requires the binding of BH3 domains. The anti-apbptmembers Bcl-2
and Bcl-XL antagonise the formation of BAX/BAK matkd pores,
through binding to BH3 domains. However, the proaptic BH3 only
Bcl-2 members such as BAD, BID, BIM and PUMA carhibt this
interaction by binding to antiapoptotic Bcl-2 prote This leads to the
disinhibition of BAX and BAK (Youle and StrassefQ(B) and increased
apoptosis (Fig 1.5).
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1.3.2b Repression of pro-apoptotic genes

One mechanism of neuroprotection from ongoing syioapMDAR
activity is the repression of endogenous apoptgénes (Papadia et al.,
2005; Lau and Bading, 2009; Leéveillé et al., 20%0riano et al., 2011).
The phosphoinositol-3-kinase (PI13K)/Akt pathwayaipotent repressor of
apoptotic genes and is activated by synaptic NMDekRvity (Papadia et
al., 2005). Synaptic NMDA C4 transients activate the calcium—binding
protein calmodulin. Calmodulin activates phosphsitad-3-kinase
causing the synthesis of phosphatidylinositol tisgphate which recruits
Akt to the plasma membrane where is it phosphaglatby
phosphoinositide dependent protein kinase (Braal.e2004).

Akt phosphorylates and represses the pro-apopigeices; glycogen
synthase kinase-3 (GSK-3), the BH3-only Bcl2 fammgmber BAD, the
BH3-only member gend’uma and the stress-activated protein kinase
(SAPK) subtype c-Jun N-terminal kinase (JNK) (Haghiam & Bading
2010).

Synaptically activated Akt also represses the popsgiic transcription
factors forkhead box protein O (FOXO) and P53. FQXdDd FOXO3 are
the major FOXOs in neurons. FOXOs mediate the trguison of the pro-
death genes including Bcl2-interacting mediatocelf death (Bim), Puma,
Fas ligand (Fas1) and thioredoxin-interacting pro&xnip) (Hardingham
and Bading 2010). Akt phospohorylates FOXOs caudimgr nuclear
exportation, and since Foxol is itself a FOXO tamgene, this leads to
prolonged repression of the FOXO1 pathway (Dick Bading, 2010; Al-
Mubarak et al., 2010). The synaptically repredsadscription factor P53
promotes the expression of the pro-death genes-d@&ddciated X protein

(BAX) and apoptotic protease activating factor 1P&¥F1) (Lau and
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Bading 2009). This potent activation of the PI3 &r/Akt pathway is
specific to synaptic NMDARs (Soriano et al., 20P@padia et al., 2008).

1.3.2c Induction of pro-survival genes

Synaptic NMDAR C&' influx, reinforced by the subsequent release of
C&™* from internal stores, leads to an increase in Isothal- and nuclear-
calcium concentrations. One major pathway to newteption from
nuclear- C4' is via the activation of nuclear E&almodulin-dependent
protein (CaM) kinase IV and subsequent phosphaoylatof the
transcription factor cyclic-AMP response elememdong protein (CREB)
(G E Hardingham et al. 2001; Papadia et al. 20@g; ¢t al. 2005). Outside
the nucleus, these calcium transients also incredseK1/2
phosphorylation of the CREB binding protein (CBP)nda
dephosphorylation of transducer of regulated CREBvity (TORC)
leading to the nuclear translocation of these twandcriptional
coactivators necessary for the activation of CREBréaton et al., 2004).
Whereas continuous synaptic NMDAR activity can eobt neurons
independent of CREB activity, long lasting protentfrom NMDAR C&"
is blocked by the CREB isoform ICER (Papadia et24l05).

Importantly, although neuronal protection can ldehg after the
stimulation has ceased, the associated CREB-phpdption is transient.
CREB-activity is now widely accepted to promote mgal survival;
targets of activity-driven CREB include the proasual growth factor
brain-derived neurotrophic factor (BDNF) and thariediate early gene;
c-fos (Dragunow, 2004; Lee et al., 2005; Papadial.et2005; Greer and
Greenberg, 2008) and understanding the full specif gene changes
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downstream of synaptic activity has been an onggog of our lab and
others. A recent study by (Zhang et al., 2009) tified a number of pro-
survival genes regulated by nuclear’Csignalling; this cohort of genes
was termed Activity-regulated Inhibitor of DeathI[A genes. The AID
genes were highlighted from a large number of gemnéerations
downstream of nuclear calcium signalling, due taeirthprevious
implications in apoptosis (Zhang et al., 2009). TA® genes include
activating transcription factor 3f3), B-cell translocation gene @Btg2),
B-cell lymphoma 6(Bcl6), growth arrest and DNA-damage-inducible 45
beta (Gadd45b), Gadd45g, inhibin beta A (Inhba), interferon activated
gene 202B(1fi202B), neuronal PAS domain protein(Npas4), nerve
growth factor-induced gene &d serine protease inhibitor B2 (Serpinb).
AID genes promote neuronal viability both vivo andin vitro and the
reduction of NMDA-induced break—down of mitochomdirmembrane
potential by Npas4, Bcl6, Inhibin b-A, 1fi202b, carNr4a, suggest a
common protective mechanism that builds defencesagmitochondrial
stress. In addition, we have recently shown thaaptic NMDAR activity
induces the expression of the CREB-target genexsenme proliferator
activated receptor gamma coactivator 1 alpha (P®C-PGC-Iu a
transcriptional coactivator known to enhance thandcription of genes

involved in mitochondrial biogenesis and functi¢@®oriano et al., 2011).

1.3.3 Synaptic NMDAR activity reduces oxidative stress

Oxidative stress occurs when the production of tre@amxygen species
outweighs the cell’s ability to neutralise them tha intrinsic antioxidant

pathways. The accumulation of oxidative damage moideic acids, lipids,
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proteins or carbohydrates is thought to contriliatéhe patho-progression
of many neurodegenerative diseases (Mariani et 28105). Synaptic
NMDAR activity promotes the expression of antioxtlagenes and
protects against oxidative stress bothvivo andin vitro (Papadia et al.,
2008). Again, this neuroprotective mechanism istiris to synaptic
NMDARs, in vitro bath application of NMDA which activates both
synaptic and extrasynaptic NMDARs does not proégetinst antioxidant
insults (Papadia et al., 2008). A key antioxidatpeghway is the thiol-
reducing thiorexodin-peroxiredoxin system. The mbdoxin system
consists of thioredoxin reductase, thioredoxin @edoxiredoxins which
detoxify peroxides by transferring reducing equaves from NADH to
peroxide. Synaptic activity enhances thioredoxinrdgyressing the FOXO
target gene the thioredoxin inhibitor Txnip (Papadit al., 2008). In
conditions of increases oxidative stress the aditant peroxiredoxin can
become hyperoxidized, synaptic activity enhances tkduction of
hyperoxidized peroxiredoxins by increasing the egpion of sulfiredoxin
and sestrin 2 (Papadia et al., 2008).
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Figure 1.6 Synaptic NMDAR activity induces neuropreective
cascadesimage from Hardingham and Bading (2010); Synapttvity
can prevent both apoptotic and non-apoptotic celitld by reducing
endogenous pro-apoptotic cascades, enhancing alaiixdefences and
promoting mitochondrial health.
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1.4 Extrasynaptic NMDARs promote cell death

1.4.1 Extrasynaptic NMDAR activity and disease

The activation of extrasynaptic NMDARSs has been meacstically linked
to both acute and chronic neuronal injury in iscleestroke and HD.
Extrasynaptic NMDAR activation requires the preserf glutamate
outside of the synaptic cleft. This occurs in ceaébschemia, where
glutamate uptake by glia cells is impaired. Undiese conditions the glial
glutamate transporters no longer buffer extracailglutamate, but rather
release glutamate themselves. This leads to a bpilaf glutamate causing
chronic depolarisation of the cell. The proximityy glia to extrasynaptic
sites suggests that this glutamate release mayasetiextrasynaptic
receptors (Petralia et al., 2010). Indeed mimicking processn vivo with
the glutamate transport inhibitor v L-trans-pyrdatie-2,4-dicarboxylate
(PDC), which causes glutamate transporters to pgi@amate out of the
cell, causes excitotoxicity due to extrasynaptic DIWMR activation (Gouix
et al., 2009). In addition, ischemia has recenélgrbshown to increase the
activity of extrasynaptic receptors via death-asged protein kinase
DAPK 1 phosphorylation of the GIuN2B NMDAR subumihich causes
increased channel conductance (Tu et al., 2010).

A recent study by Milnerwood et al. (2010) idemtfi a specific
enhancement of both the expression and activity egfrasynaptic
NMDARs in HD. This activity enhances the patho-pessgion of the
disease (Okamoto et al. 2009) and as such is partpositive feedback
loop. Extrasynaptic NMDAR activity in HD is a majtpic of this study

and is introduced below.
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1.4.2 Extrasynaptic NMDARs are pro-death

Site-specificity of NMDARs upstream of pro-deattscades is supported
by the finding that extrasynaptic NMDARs alone idfigient to induce
equivalent levels of excitotoxic cell death as thegen after prolonged
activation of all (synaptic and extrasynaptic) NMR# together (Stanika
2009). Activation of extrasynaptic NMDARs leads ttee activation or
repression of a number of cellular cascades ttiahately leave the cell
vulnerable to oxidative stress and apoptotic cettd (Hardingham and
Bading, 2010). These include; mitochondrial calciunptake and
subsequent mitochondrial membrane depolarisatidhe repression of
anti-apoptotic genes downstream of synaptic NMDA#Rs, promotion of

pro-apoptotic genes transcription, and aberrapboacleavage. (Fig 1.7)

1.4.2a Loss of mitochondrial membrane potential

Mitochondrial function is closely linked to excitoic events (Nicholls
and Budd, 2000). Inhibiting mitochondrial calciunptake strongly
attenuates glutamate induced cell death (Stouk,e1298). In fact, since
calcium entering the cell via NMDARSs is absorbestéa by mitochondria
compared to calcium entry through voltage-dependaltium channels or
kainate receptors (Peng and Greenamyre, 1998)chaitmlrial absorption
dynamics is thought to play a role in the sourcecsjzity of NMDAR-
toxicity. Calcium enters the mitochondria throutje calcium uniporter
which relies on the mitochondrial membrane poténtia

The collapse of the mitochondrial membrane poteata the subsequent
shift in the mitochondrial membrane permeabilitjeththe mitochondrial
permeability transition (MPT) is a significant evehat occurs early in

excitotoxicity. A number of catastrophic eventsldal including the
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depletion of cellular ATP, ionic imbalance, prodantof reactive oxygen
species, and the release of cytochrome C whicln@svk to induce the
apoptotic cascade. Importantly, activation of esyreaptic NMDARS, but
not synaptic NMDARSs, causes a rapid breakdown ef riiitochondrial

membrane potential (Hardingham et al., 2002).
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Figure. 1.7 Extrasynaptic NMDAR activity enhances po-death
signalling cascadesImage from Hardingham and Bading (2010);
Extrasynaptic NMDARs are activated during acuteunra; during
ischemic insult, glutamate outside the synaptitt eletivates extrasynaptic
NMDARs and extrasynaptic NMDAR conductance is emlearnby DAPK-
phosphorylation of the NMDAR GIuN2B subunit. Extyaaptic
NMDARs contribute to pathology of HD (HD); in Hnhe presence of
mutant huntingtin protein enhances extrasynaptidMR expression and
activity. Extrasynaptic NMDAR activity causes a doant ‘shut-off’ of
neuroprotective cascades including ERK1/2 and CRERulated
transcription, blocking PI3K via FOXO translocatjoGalpain mediated
cleavage of p38 in addition to causing mitochordrrmembrane
depolarisation.
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1.4.3b Expression of proapoptotic genes

Synaptic NMDAR activity promotes the nuclear expafrthe proapoptotic
transcription factors FOXOs, whereas, extrasynaftitDARs have the
opposite effect, causing the translocation and@K®©s into the nucleus
(Dick and Bading, 2010). As discussed above FOX@gulates the
transcription of pro-apoptotic genes and are knawncontribute to
oxidative and excitotoxic stress (Lehtinen et 2D06; Lau and Bading,
2010).

1.4.2c Inactivation of CREB

As discussed above, CREB-dependent transcriptioasigonsible for the
long-lasting neuroprotection afforded by synaptidMINAR activity
(Papadia et al., 2005). In contrast to this, thé la@plication of NMDA is
a very poor activator of CREB (Bading et al., 1998) explanation for
this was first shown in 2002; Hardingham et alQ02) found that whereas
synaptic NMDAR activity induces the phosphorylatiof the CREB
residue Ser-133, extrasynaptic NMDAR activity caudephosphorylation
of the same site, resulting in a dominant CREB4maton signal. This
CREB dephosphorylation has since been shown toebelated by the
juxtasynaptic attractor of caldendrin on dendritioutons proteins
(JACOB). JACOB is a binding partner of the calciimmding protein
caldendrin (Dieterich et al., 2008). CaldendrindsiddACOB in a calcium-
dependent manner, preventing its nuclear imporet@ich et al., 2008).
Whereas synaptic NMDAR activity enhances caldendgtantion of
JACOB outside the nucleus, extrasynaptic NMDARsnmwtes nuclear
import of (JACOB) which lead to CREB-dephosphorngat(Hardingham
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et al., 2002). These CREB-shut off pathways areidam over synaptic
NMDAR-CREB activation.

1.4.2d Repression of Ras-ERK cascade

Extrasynaptic NMDARs also antagonise the Ras-ERjalling pathway
(lvanov et al., 2006; Léveillé et al., 2008a). Thartracellular-signal-
regulated kinases 1/ERK1/2) pathway enhances neuronal survival by
promoting CREB dependent gene expression (MayMématminy 2001).
In resemblance to the bidirectional control of CR&fivation, the
regulation of the ERK1/2 pathway by NMDAR activity also strongly
dependent on the population of receptors activdtedontrast to synaptic
NMDAR activity which leads to ERK activation, exssmaptic activity
couples to ERK dephosphorylation and inactivatimarfov et al., 2005).
In addition, extrasynaptic NMDAR activity represstae small GTPase
Ras (Kim et al., 2005); Ras is upstream of ERK @&ndequired for
activation of the neuroprotective Ras-ERK pathwayr(ch et al., 2001).

1.4.2e Calpain activation

In 2009 Xu et al., (2009) demonstrated that extmapyic but not synaptic
NMDAR activation can induce the calcium-activategbteine proteases
calpains, causing aberrant protein cleavage thahtribates to

excitotoxicity. Prior studies by Bano et al., (20@907) have shown that
calpain cleavage of the N&&* exchanger 3 (NCX3) contributes to
excitotoxic and oxidative stress. NCX3 ordinarilggulates calcium
expulsion and thus its inactivation is thought tntcibute to delayed

calcium deregulation associated with excitotoxi¢Bano et al., 2005).
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Activation of calpains by extrasynaptic NMDARs alsads to cleavage of
STEP (Xu et al., 2009). STEP is a negative regulatc?38MAPK and
activating STEP cleavage via extrasynaptic NMDAR®duces
disinhibition of P38MAPK which is neurotoxic in adrellar granule cells

and cortical neurons (Xu et al. 2009).
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1.5 Huntington’s Disease

Huntington disease (HD) is the most prevalent iid@meurodegenerative
disease with an incidence of around 1 in 10,00@viddals. Characteristic
symptoms include movement disorder, psychiatric aoognitive
impairment followed by premature death normallyhiwt10-15 years of
disease diagnosis.

The neurodegeneration of HD leads to widespreagldgsfunction in the
cortex in early stages of the disease (Rosas et@02), followed by
significant cell loss in the caudate and putamerbf{&naniam and Snyder,
2011) which is thought to account for the motoggbsatric and cognitive
features of disease. Speculation that initial stagleHD are driven by
cortical dysfunction with consequential malfunatiocn cortico—striatal
pathways has been raised (Imarisio et al., 2008).

HD is inherited in an autosomal dominant manneriarchused by a CAG
trinucleotide repeat in the HTT gene on chromosofmel7 codons
downstream of the initiator ATG codon in exon lisTmutation causes a
polyglutamine expansion in the N terminal of thetpm huntingtin (The
HD Collaborative Research Group, 1993). It is cottyebelieved that this
polyglutamine insert causes a toxic gain of funtiom the mutant protein,
which after sequential cleavage gives N-terminagfnents which contain
the expanded polyglutamine region (Imarisio et2008). A hallmark of
the disease is the accumulation of insoluble mutamttington protein into
cellular aggregates; this has recently been shawrbe a protective
mechanism which protects the cell from the toxicdy the protein
(Arrasate et al., 2004). The presence of mutantimgim protein is known
to disrupt a number of cellular processes incluamgpchondrial function,

proteosome activity, synaptic and extrasynaptic MW®Dfunction and
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excitotoxicity; as well as perturbing transcrip@pathways (Zeron et al.,
2002a; Donaldson et al.,, 2003; Jenkins et al., 2@4% et al., 2006).
However, the full interplay between these mechasisand their

contribution to disease pathology is not fully ursteod.

1.5.1 Increased excitotoxicity in HD

Initial evidence for a potential role of NMDAR adty in the
neurodegeneration of HD came from studies demdmsiréhe ability to
imitate the pathology of HDn vivo using NMDAR agonists. Injection of
NMDAR agonists into the rodent striatum was seeseiectively destroy
the medium spiny neurons sparing interneurons, tmiwicking the
pattern of neuronal loss observed in HD (R J Feerahal. 1987; Beal et
al. 1986). In addition, Hantraye et al. (1990) walpée to replicate both the
behavioural changes and neuropathology of HD inmaman primates by
intrastriatal injection of the NMDAR agonist quinut acid. Subsequent
investigations in YAC transgenic mice expressing tfull length
huntingtin with a polyQ expansion of 72 (YAC72) domed that
excessive neuronal loss in response to quinolid aeis also observad
vivo in this HD mouse model (Zeron et al. 2002). C@tuiMSN from
YAC72 HD mouse model exhibited enhanced apoptoétt death in
response to NMDA stimulation (Zeron et al., 2002)addition, cultured
cortical neurons acutely expressing either fuligkBnor truncated exon 1
mtHtt, containing the polyglutamine repeat, alscsptiy increased
excitotoxicity in response to glutamate stimulat{@kamoto et al. 2009).
This toxicity was reversed by NMDA antagonists APNgnprodil and
interestingly low dose memantine, which selectiviellycks extrasynaptic
NMDARs ( Okamoto et al. 2009).
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In 2009, Okamoto et al. showed that while synaptiddDAR activity
reduces the toxicity of mutant huntingtin, extrasytic NMDAR activity
has the opposite effect, increasing the patho-pssjon of the disease.
This study provided mechanistic insight in to thppasing roles of
NMDARs located at synaptic versus extrasynaptiessitwhich have

opposite effects on the formation of insoluble noarclusions.

1.5.2 NMDARs and mutant huntingtin inclusions

Aggregation of the mutant huntingtin protein intonsoluble
macroinclusions is a hallmark of the disease (Cawkal. 1997) ans is
accompanied by striatal and cortical atrophy. Tdvecarrence of aggregate
formation and neuropathology of the disease leathéoprediction that
inclusion formation was neurotoxic and disruptedluta processes by
sequestering proteins such as transcription fagtgieCampbell, 2000)
and components of the ubiquitin—proteasome syst#ag] (Donaldson et
al., 2003). In contrast, multiple factors now sugghat rather than being
toxic, the formation of these large insoluble irsttuns are an example of
one protective mechanism neurons use to countanthant protein. Like
other neurodegenerative diseases, HD typically ddate onset, with
symptoms presenting between 30-40 years of age.ekfnw the mutant
gene is present throughout life suggesting earlghraeisms are in place to
deal with mutant huntingtin. The argument that usedn formation is an
example of this is strongly supported by evidernzg inclusion formation
in certain cell types and brain regions does natetate with their
temporal vulnerability. For example, Gutekunst kt(4999) found that

mutant huntingtin aggregates were much more cominothe cerebral
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cortex than the striatum at a time when striatat lvas high and cortical
atrophy was low. In addition Kuemmerle et al. (1P9&ported
disproportionate aggregation in striatal intern@srevhich are spared in
HD compared to the more vulnerable medium spinyoes.

Consistent with this theory, a recent study by Od@nret al. (2009) has
shown that synaptic and extrasynaptic NMDARs hgweosing influence
on the toxicity of mutant huntingtin by altering tant huntingtin inclusion
formation. Synaptic NMDAR activity was found to pmote neuronal
viability by enhancing the formation of non-toxieclusions of the mutant
huntingtin protein. Synaptic NMDAR activity increasthe expression of
the chaperonin T complex 1 ring complex (TRIiC) sub@iCP1. TCP1is a
key mediator of inclusion formation and TCP1 knomkd significantly
decreases protein aggregation, concurrently ingrgasieurotoxicity
(Okamoto et al., 2009). In striking contrast, esywaaptic NMDAR
activity was found to activate a small GTPase daRhes which causes
sumoylation of mutant huntingtin, preventing inatus formation and

increasing toxicity (Okamoto et al. 2009; Subraraanet al. 2011).

1.5.3 NMDARs in Huntington’s disease

A large body of work from Lynn Raymond’s lab hascdmented a
striking increase in whole-cell NMDAR currents, sptic NMDARsS
currents, NMDA-induced G4 influx and increased NMDAR membrane
insertion in MSN from the YAC72 HD mouse which exggses a mutant
huntingtin that contains a 72 polyglutamine expamgZeron et al., 2002;
Li, et al., 2004; Zeron et al. 2004; Fan et al. 20T his agrees with early
work showing mtHtt to selectively increase curremisen coexpressed
with recombinant GIuN1/GIluN2B NMDARs in non-neuréialls but not
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when coexpressed with GIUN1/GIUN2A. Interestingblative expression
GIluN2B NMDAR subunit compared to other GIuN2 sultsins enriched
in striatal MSNs (Christie et al. 2000; Li et 2004).

Until recently, contrasting evidence existed foe tilole of NMDAR
activity in the YAC 128 HD mouse which expressesiatant huntingtin
that contains a 128 polyglutamine expansion. Algioboth groups agreed
that there is increased NMDAR vulnerability in tNQAC 128 mouse,
while Zhang et al. (2008) found an increase in GBNNMDAR current
density in the YAC128 mouse, Fernandes et al. (R@Ieéd to observe a
change in the NMDAR current density in this model.

These conflicting results were resolved by a restatly demonstrating
that mutant huntingtin, in the YAC128 mouse modeH®, selectively
enhances the expression and function of NMDARsxatgynaptic sites
(Milnerwood et al., 2010). Changes in NMDAR expressn the YAC128
mouse were likely masked in the previous studyngydombined study of
synaptic and extrasynaptic whole cell currents r{eedes el al., 2007).
Milnerwood et al.,, (2010) found a specific enhaneamof GIluN2B-
containing extrasynaptic NMDAR activity in the YAZ8 mouse that
persists into adulthood. This was accompanied bgyuaed CREB-
phosphorylation consistent with a dominant extragyic NMDAR signal
(Milnerwood et al. 2010; Hardingham et al. 2002heTimbalance of
CREB-signalling towards the CREB-shut off pathwaytler exacerbates
neuronal health by disrupting pro-survival sigmali Of particular interest
to this study is the ability of both extrasynaphidDAR activity and
mutant huntingtin to disrupt PGGrToactivation of pro-survival pathways
discussed below. In addition, the NMDAR antagomsimantine which is
known to selectively block extrasynaptic NMDARsIl@tv concentrations
is neuroprotective in a mouse model of HD (Okanedtal., 2009)In vivo

administration of low doses memantine in YAC128 IHiice increased
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aggregate formation, reduced striatal volume losg8 @nproved motor
function (Okamoto et al., 2009).
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1.6 PGC-1a

The regulation and adaptation of biological proess&n response to
environmental cues requires coordinated changegeime expression.
Classically, this gene-regulation was thought to peedominantly
regulated by DNA-binding transcription factors. Momrecently the
biological control through the regulation of hightgrsatile transcriptional
coactivators and corepressors has been appred¢ladedrd & O’Malley
2007; Spiegelman & Heinrich 2004). Transcriptional
coactivators/corepressors alter transcriptionalpwutwithout directly
binding to DNA. Rather, they are proteins that bamtivators or repressor
proteins i.e transcription factors/repressors witdohtain a DNA-binding
motif, and are subsequently able to mediate thawigation through the
chromatin structure and facilitate interactions hwitranscriptional
machinery.

The inducible family of proteins: the peroxisommlerator activated
receptor gamma coactivator 1 (PGC-1) family, caaté the transcription
of genes involved in mitochondrial biogenesis ardlatiive metabolism
and antioxidant defences (Lin et al., 2005). TheCPIGfamily consists of
three proteins PGCel PGC-B and PGC-related coactivator (PRC).
Whereas PRC appears to be ubiquitously expres§&d;Ie and PGC-f
are expressed in highly metabolic tissues includirmyvn adipose, brain,
heart and kidney tissue (Handschin, 2009). Of kineet proteins, PGCel
has been most widely studied and is of particulsgrest to us due to its
emerging role in neuronal health. DownregulatiérPGC-lo has been
causally linked to the pathoprogression of HD argkidson’s disease
(Cui et al., 2006; Qin et al., 2009;) and exogenexgsression of PGCel
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has proved neuroprotective in models of these dessr as well as
Alzhiemer's dieseaes, amyotrophic lateral scelrosschemia and
excitotoxicity (Chen et al., 2010; Cui et al., 20060 et al., 2009; Qin et
al., 2009; Shin et al., 2011a; Zhao et al., 201h).this study, we
investigate a novel mechanism of neuroprotectionrgream of PGC-dl
activity and describe how the loss of PG&ehn increase the vulnerability

of neurons to excitotoxic insult.
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Histone acetylation

Figure 1.8 Function of PG(-1a PGC-oa acts as a platform for chrome
remodelling and histone modification. P-1a binds to its transcriptio
factor targets (for example the RXR/PPARs compleggruits histon
acetylation transferase complexes including CBRIp&d SRC, causir
histone acetylation and chromatin remodqg. Histone acetylation b
these proteins makes the chromatin more permis®ireranscriptiol.
PGC4a also recruites TRAP/DRIP facilitating interactionwith
transcriptional machineryCBP/p300: cyclic adenosine monophosph
(cAMP) response eleme-binding protein p300 (CBP/p300%RC:steroid
receptor coactivatot; TRAP/DRIP: the thyroid recept@ssociatel
protein/vitamin D receptor interacting protein/medr complex
(TRAP/DRIP) NRRE:nuclear receptor response elemeexiewed by Liu
and Lin (2011).
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1.6.1 PGC-1n: structure and function

Upon binding to its target, PGGrlselectively activates the transcription
of a subset of genes downstream of the targetdrigtion factor (Schmidt

& Mandrup 2011). PGCsdl increases transcriptional output by the
recruitment of chromatin remodelling and histonedifyoang enzymes (Fig
1.8). At its N-terminus, PGCel has a strong transcriptional activation
domain which recruits histone acetylation tranderaomplexes including
3’-5’-cyclic adenosine monophosphate (CAMP) respoekement-binding
protein p300 (CBP/p300) and steroid receptor ceattr-1 (SRC).
Histone acetylation by these proteins makes theonshtin more
permissive for transcription. At its C-terminus, ®Ga recruits the thyroid
receptor-associated protein/vitamin D receptorratdtng protein/mediator
complex (TRAP/DRIP). TRAP/DRIP assists interactiongth the
transcriptional machinery (Liu & Lin 2011).

The ability of PGC-& to coactivate an array of both nuclear receptar an
non-nuclear receptor transcription factors enaliles regulation of a
number of distinct tissues-specific processes. &wmple, in brown
adipose tissue (BAT), PGGxJromotes adaptive thermogenesis after cold
exposure by coactivating the nuclear receptors BPARI the thyroid
hormone receptor TRon the promoter of uncoupling protein-1 (UCP-1).
PGC-.n coactivation of hepatic nuclear factor-4alphaNfH4alpha) is
necessary for fasting-induced gluconeogenesis enlitter (Yoon et al.,
2001). In skeletal muscle, PGG-Z*coactivation of myocyte enhancer
factor 2 proteins drive slow fibre gene expresglan et al. 2002).

Despite its functional versatility, loss of PG@-Is generally associated
with detrimental consequences in tissue functiowiability (Handschin,
2009). Substantial evidence suggests that Pe&Qxds a common role as a

master regulator of mitochondrial biogenesis, fattid oxidation, electron
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transport, and oxidative phosphorylation in an yamé tissues including
the heart, liver, skeletal muscle and the brain n@sahin, 2009).
Exogenous expression of PG@-hduces mitochondrial biogenesis by the
coactivation of NRF-1, NRF-2, and the orphan nucleaeptor estrogen-
related recepton (Patti et al., 2003; Mootha et al., 2004).
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1.6.2 PGC-Ixin the brain

PGC-Xn expression peaks in the rat brain between posi-daty 3-15 in
the cortex, striatum, and hippocampus (Cowell gt28107). Neurological
impairment is evident in the two current PG&-nockout (KO) mice.
One PGC-& KO displays movement disturbances including myoety
exaggerated startle response, dystonic posterreguént limb clasping
and has brain lesions in the striatum and in calrtlayers V/VI, the
nucleus accumbens, substantia nigra, hippocampmlshammalliary body
(Lin et al. 2004). The other PGG:1KO displays increased anxiety
accompanied by microvacuolation in the pyramidairoas of the cerebral
cortex (Leone et al., 2005). PGG-hull mice are also more sensitive to
the neurodegenerative effects of the oxidativessties MPTP and kainic
acid affecting the substantia nigra and hippocammspectively (Leone et
al., 2005).

Neurons are highly susceptible to oxidative strbgsreactive oxygen
species as in the absence of high levels of synhagtivity, neurons
produce very little of the reactive-oxygen-spectegoxifying enzymes
(Mariani et al., 2005; Papadia et al.,, 2008). Irdiaoin, neurons are
especially sensitive to defects in mitochondriaidiion for two reasons:
(I) by converting the mitochondrial membrane patdnto ATP via the
ATP-synthase, mitochondria are the major sourcecelfular ATP.
Neurons are subject to extreme fluctuations in doncentrations due to
action potential propagation and synaptic activithe activity of ATP-
driven membrane bound ionic pumps are required tntan ionic
homeostasis, if cellular ATP is depleted, the nesracan become
depolarised and vulnerable to disruptions in cafcibomeostasis. (l1)
Since the mitochondria are themselves requiredufteb fluctuations in

cytosolic C&" through a calcium uniporter, €aoverload may lead to
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mitochondrial permeabilization through the actigatof the permeability
transition pore, causing further release of calciland loss of
mitochondrial membrane potential. In the brain PGC-promotes
neuronal viability and increases oxidative capaclly promoting
mitochondrial biogenesis (Wareski et al., 2009) amegulating the
reactive oxygen species (ROS)-detoxifying enzymPgXGand SOD2 (St-
Pierre et al., 2006).

Altered metabolic function and mitochondrial heakha common feature
of neurodegenerative disorders including HD, Almnme's disease,

Parksinson’s disease, Amyotrophic lateral sclerodschemia and

excitotoxicty (Henchcliffe and Beal, 2008; Knottadt, 2008; Sheng et al.,
2011). Accordingly, models of the aforementionedrokgical disorders

have all displayed marked neuroprotection in respdn exogenous PGC-
la expression (Cui et al., 2006; Luo et al., 2009a@k&to et al., 2009; Qin
et al., 2009; Chen et al., 2010; Mudo et al., 208driano et al., 2011;

Zhao et al., 2011; Shin et al., 2011b).

1.6.3 Regulation of PGC-& in neurons

Classically, synaptically-driven gene regulatiorthsught to occur by the
activation of C&" -responsive transcription factors (West et al.0130
However, we have recently shown that the trandonpt co-activator
PGC-1u is upregulated by synaptic NMDAR activityn vitro and is
underexpressed after antagonism of synaptic NMD#&R&vo (Soriano et
al., 2011). Synaptic activity can drive the upredgioin of the major
transcription factor CREB. CREB binds to and adégathe PGCd
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promoter increasing mMRNA expression. Upregulatib®®GC-lo outlasts
the time window of activity-induced CREB-elevatian accord with the
long-lasting neuroprotection afforded by synapttaty (Papadia et al.,
2005; Soriano et al., 2011).

PGC-n can be both positively and negatively regulated pmyst-
translational  modifications. These include sumogtat and
phosphorylation which regulate overall PG&-activity in response to
environmental cues (reviewed by Liu & Lin 2011) dddition, PGC-d
pathway specificity can be governed by stimulusioedl phosphorylation
preventing the interaction of PGGWwith specific transcription factors
(Lustig et al., 2011). In neurons, post-translaaiomodifications of PGC-
la are linked to the calcium activated kinases ERK BB8 MAPK (Luo
et al. 2009). Studies in myoblasts and more regentlneurons have
shown that PGC+lcontains a negative regulatory domain and caruitecr
p160 myb binding protein (p160MBP) which reduces tiansactivation
ability (Puigserver et al. 2001; Wareski et al. 200However, P160MBP
—PGC-%i interaction is blocked by the phosphorylation &G 1o by p38
MAPK. Indeed, in a recent study we have shown slgatptic activity can
increase the transactivation potential of PGCahd this relies of p38
MAPK phosphorylation of PGCel(Soriano et al., 2011).

48



1.7 PGC-1a and Huntington’s disease

1.7.1 Mitochondrial defects in HD

Defects in energy metabolism and mitochondrial fimmcare thought to be
involved in the progressive pathology of HD. Notiyodo HD patients
suffer weight loss despite sufficient calorificake (Myers et al. 1991),
early Positron Emission Topography (PET) and Nuclésagnetic
Resonance Spectroscopy (NMR) studies showed HDergatito have
altered energy homeostasis in the striatum, oetimibrtex and frontal
cortex (Kuwert et al. 1990; 1993; Jenkins et 80% 1998; Harms et al.
1997). Support for changes in mitochondrial functi@ame from
observations that administration of the complexnHibitor 3-NP mimics
HD striatal and cortical lesions as well as disesssociated behaviours in
rats, primates and humans (Beal et al. 1993; ChyC.&Chang 1999;
Ludolph et al. 1991). Much evidence has since eatergr defects in
respiratory chain function and expression of coxgdd-IV in HD (Turner
and Schapira, 2010). In addition, evidence for adative stress
component in HD comes from an increaseirofvivo and in vitro free
radical damage to DNA, lipids and proteins in HDu{t@rworth, 1998;
Browne et al., 1999; Greco et al., 2000).

The transcriptional coactivator PGG-fegulates several genes involved in
mitochondrial biogenesis, respiration and detoatfmn of reactive
species, therefore the discovery that mutant Hghhin negatively
regulates PGC+l expression and function revealed one mechanism by
which mitochondrial function is disrupted in theselase (Cui et al., 2006;
Weydt et al., 2006).
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1.7.2 Repression of PGC-d by mutant huntingtin

Striking similarities in the behavioural and newatiplogical phenotype of
the PGC-& KO mouse and HD first suggested a possible rolé6C-

in neurodegenerative disease (Lin et al. 2004). PK&C-Tn knockout
mouse displays a number of movement disturbanagadimg stimulus
induced myoclonus, exaggerated startle responsstordyg postering,
frequent limb clasping and has brain lesions pradantly in the striatum,
but also in cortical layers V/VI, the nucleus actems, substantia nigra,
hippocampus and mammalliary body (Lin et al. 2004).

In 2006 two independent groups identified a refeglop between
disrupted PGCA4 activity and disease aetiology in HD (Cui et aD06;
Weydt et al., 2006). A common loss of PG&dnd PGC-id-target genes
encoding mitochondrial complexes was identifieclinthree of (i) human
HD post mortem striatal tissue, (ii) striatal nensoof two HD mouse
models, the HD KI mouse and HD N171-82Q mouse, @ndthe HD
striatal cell line STHdR"* (Cui et al., 2006; Weydt et al., 2006). PGE-1
rescued mitochondrial respiration in STH&H cells (Cui et al., 2006;
Weydt et al., 2006) as well as toxicity in HD75mairy striatal cells (Cui
et al., 2006) and lentiviral delivery of PG@-feduced striatal volume loss
in the R6/2 HD mouse (Cui et al., 2006).

Finally, mtHtt is proposed to directly interact withe PGC-& promoter
and repress CREB-dependent transcription of PG@GRNA (Cui et al.,
2006). Cui et al. (2006) showed that mutant humitingccupies the PGC-
lo promoter and disrupts promoter activity; furtherenoreduced
transcription of PGC-d could be reversed overexpressing the transcription
factor CREB alongside Transcription initiation factTFIID subunit 4
(TAF4) a component of the RNA polymerase machin@mygether this
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evidence suggests that the loss of P@GRLHD may results from direct

disruption of PGC-d expression by mtHit.

Given the aforementioned role of PG@-th promoting neuronal health
this describes one mechanism by which the cellsrbecmore vulnerable

in HD and presents a potential therapeutic talgeaddition, the interplay

between PGC-d, synaptic activity and mutant huntingtin expressio

increases in complexity and is summarised in Fog 1.
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Figure 1.9 Interplay between PGC-&, mtHtt and NMDARs in HD
Image from Hardingham and Bading (201@)estructive cascade:
Although mutant huntingtin protein (mtHTT) can fornmsoluble
aggregates which prevents its toxicity, mtHTT igi¢an its soluble form
(c). MtHTT can repress the CREB-dependent transonpf PGC-h (b)
and can increase extrasynaptic NMDAR activity (&xacerbating
apoptotic cell death. In return, extrasynaptic NMBsAcouple to the small
GTPase Rhes (h) which reduces inclusion formatiod @creases the
toxicity of mtHtt protein.Protective cascadeSynaptic NMDAR activity
increases expression of the chaperonin T complerglcomplex (TRIC)
which protects against mtHtt-apoptosis by inducingusion formation
(d). Synaptic NMDARs also upregulate PGE&-activity by promoting
CREB-dependent transcription of PG@-lgene (e) and by p38
phosporylation of PGCel protein (f). PGC-& protects against mtHtt-

induces cell death (g).
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1.7.3 PGC-1r and other neurodegenerative diseases

PGC-1a: Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurogegeve disease with
the preferential loss of dopaminergic neurons @& Hubstantia nigra.
MRNA analysis shows a decrease in PGCahd the PGC-l -target
NRF-1 in PD striatal samples (Shin et al., 200hisBtudy found PGCeil
to be repressed by the Parkin-interacting subst@®RIS) which is
aberrantly overexpressed in one mouse model ofantal recessive PD,
the Parkin knock out mouse. Consistent with a wlePGC-L in PD
neuropathology, both transgenic expression of PGC-and
pharmacological activation of PGGtlcaused an increase in the
mitochondrial antioxidant expression and protectiast cell degeneration
in the MPTP model of PD (Mudo et al., 2011).

PGC-1a: Amyotrophic lateral sclerosis

Amytrophic lateral sclerosis (ALS) is a neurogetigeadisease of the
spinal cord and motor cortex attacking both theem@nd motor neurons,
leading to paralysis and death. ALS is thought &onhostly sporadic,
however about 10% of cases are inherited, of wRié¥o are associated
with mutations in the gene SOD1 (Zhao et al., 20Zhpo et al., (2011)
demonstrated that in crossing the PGCtiansgenic mouse expressing
human PGC-d with the SOD1-G93A mouse model of ALS, they were
able to rescue mitochondrial defects, motor neutoss, motor
performance and increase the life span in the @otrehsgenic compared

to the SOD1-G93A single transgenic mouse.
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PGC-1a: Ischemia

in vivo andin vitro models of ischemia have implicated PG&ak part of
an inducible neuroprotective cascade against theopathology which
results from cardiovascular disorders. Transienbal ischemia (TGI) is
associated with delayed neuronal loss in the CAbfisld of the
hippocampus and increased abundance of toxic veaotlygen species
(Piantadosi et al., 1996). PGG-Expression is upregulated in the rat
model of TGI along with the ROS-detoxifying enzyméSP2 and SOD2
(Chen et al., 2009). This is thought to be a ptoteanechanism against
neuronal damage, and indeed, disrupting P@Qn1this model prevents
UCP2 and SOD2 production, increases oxidative steasl exacerbates
neuronal loss (Chen et al., 2009). In agreemetifirea cortical neurons
stimulated with thein vitro model of ischemia, oxygen-glucose-
deprivation (OGD), have elevated PGE&-&xpression, whereas virally-
expressed PGCelsuppresses apoptosis in OGD neurons (Luo et al.,
20009).

PGC-1a: Alzheimer’s disease

Alzhiemer's diease (AD) is an age-related progressidisorder
characterised by the formation of two classicaioles (i) senile plaques
composed of amyloi@- peptides and (ii) neurofibrillary tangles (Selkoe,
2001). A recent study by Qin et al. (2009) repdints decline of PGC+il
MRNA and protein concurrent with increased demenatisng, AB3-plaque
formation and A& peptide in AD human tissue. In addition, exogenous

PGC-In expression was able to reverse hyperglycemia guiuc
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amyloidogeneis. This study revealed a potentiaé rof PGC-& as a

protective agent against AD pathology.

1.8 Experimental Summary

PGC-k is widely studied for its role in mitochondrial dgienesis and
function. However, given the concomitant loss ofR&: and the increase
in excitotoxicity and altered glutamatergic actvih a number of NDGs
(table 1.1), we propose that PG@-lexpression and NMDAR
excitotoxicity may be causally linked. In this #eewe aim to investigate
the role of PGC-d in excitotoxic cell death. We report the surpmgin
finding that loss of PGCelincreases neuronal vulnerability by altering
NMDAR currents.

In chapter three we investigate the role of PGG@1n excitotoxic cell
death and NMDAR current amplitude. We present tmprssing finding
that siRNA knockdown of PGCelin mouse cortical cell cultures leads to
increased extrasynaptic NMDAR currents and incréasecitotoxic cell
death. Finally overexpression of PG@-fieduces extrasynaptic NMDAR

currents and protects against NMDA insult.

In chapter four we explore the relationship between mutant hutiing
expression and PGGtlon NMDAR currents and excitotoxicity. By
expressing exon 1 of mutant huntingtin, contairin$y48 CAG repeat, in
cortical and striatal neuronal culture, we confitinat mutant huntingtin
represses PGCalexpression (Cui et al.,, 2006). We show that mutant
huntingtin increases extrasynaptic NMDAR currentsl axcitotoxicity
and this is non-additive to the effect of PG&-knockdown in these

neurons. We also demonstrate that overexpressi®Gal-1u can reverse
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the increase in extrasynaptic NMDAR currents ankl vagnerability in

both cortical and striatal cultures.

In chapter five we use cortical tissue from a PG@Hnock out (KO) mice
to investigate the influence of chronic loss of RGC throughout
embryonic development on AMPA and NMDA —type glugdenreceptors.
We show that cultured PGGrKO neurons do not have altered whole-cell
NMDAR currents or vulnerability to NMDA. However, & neurons
display reduced whole cell AMPAR currents, AMPAR R&EC frequency
and mEPSC amplitude with concurrent changes in AMP#ubunit

MRNA expression.
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Chapter 2:
Methods
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2.1 Primary rat and mouse culture

2.1.1 Animals used for this study

For acute study of the effect of plasmids transgbectE21 Sprague Dawley
rats were used.
PGC-X KO and WT pups were obtained from Alberto Camadiuoales

(Cambridge). PGC+ltransgenic mice had been generated by Astrazeneca
Transgenic and Comparative Genomics, Sweden aadslet the creation
of the knockout have been published in D’Erricalet(2011). Briefly, a
targeting construct containing a floxed neomycingghotransferase in
place of exons 3-5 of PGGxIvas created from a C57 mouse BAC
template and was electroporated into AZX1, a C58BOlaHsd-derived

ES cell line. One of the clones that underwentrdesiecombination was
expanded and injected into Balb/cOlaHsd blastodgstenerate chimeric
mice. Chimeric males were bred to C57BL/6JOlaHsales.
Heterozygous PGGQ1Aex3-5 floxed Neo mice were bred to a constitutive
Cre-deleter strain of mice to generate the hetgrozy PGCad Aex3-5+/-
mice lacking the Neo resistance cassette and lgavgingle LoxP site at
the deletion junction of intron 2 and 5. These nuege genotyped by

using a forward primer (F2) in intron 2 and a reeeprimer (R2) in intron

5. Heterozygous PG@G1/- littermate mice were then intercrossed to
generate homozygous PG&=1—- mice. The absence or presence of PGC-

1a RNA in wildtype, heterozygous or knockout micasveonfirmed by

58



real time PCR analysis of RNA extracted from litissue( D’Errico et al.,
2011). For routine genotyping, DNA was extractemfrcerebellar tissue
using the phenolchloroform-isoamyl alcohol meth@eénotype was
determined by the presence of either a KO- or Wacsjz DNA fragment
using traditional PCR analyses. PG&-hull mice have previously been
shown to express defects in adaptive energy hom&esind CNS

hyperactivity. (Lin et al., 2004).

2.1.2 Primary cell culture

Cortical neurons from E21 Sprague Dawley rats amckmwere cultured
using the same technique with a couple of exceptistated below.
Neurons were cultured as described Bading et 200%) except that the
growth medium was comprised of Neurobasal A medigmB27

(invitrogen), 1% rat serum and 1 mM glutamine. Mwtwere killed by
cervical dislocation and pups removed in steriladitions. Rat embryos
were culled by intraperitoneal injection of sodiypantobarbital (dose).

Mouse pups were culled by decapitation.

The brain was removed and placed in dissociatiodiume (DM) (81.8
mM N&SQ, 30 mM K,SO, 5.84 mM MgC}, 252 uM CaCh, 1 mM
HEPES, 0. 1% Phenol Red, 20 mM Glucose, 1mM Kyaren
Cortical/striatal tissue was incubated in DM wit@ @nits/ml of papain
(Worthington Biochemical Corporation) for forty noites at 37°C. The
brain was cut along the midline separated left aght hemispheres. In

order to isolate the cerebral cortex, we removeel dffactory bulb,
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cerebellum, medulla, pons, midbrain, thalamus, Hygamus and basal
ganglia, followed by extraction of the hippocamps rats only) all
remaining structures were classified as cortical this study. Cortices
were then washed with DM and subsequently by growtbddium
containing NeuroBasal-A Medium, B-27 Supplement, tiAmti
Supplement (anti-bacterial/anti-mycotic) (InvitragelmM glutamine and
1% Rat Serum (Harlan SeralLab). Mouse cortices wexgated in growth
medium for 5-6 hours at RT to enable transit fromahoratory in
Cambridge to Edinburgh. Corticies were triturate®7°C growth medium

using a 2 ml disposable plastic pipette.

The resulting cell suspension was then diluted qus@pti-MEM
(Invitrogen) supplemented with Glucose (20 mM), wbtain a
concentration of one cortical hemisphere per 14etl suspension. This
solution was then plated on precoated sterile atipemwith 0.5 ml of cell
suspension used per well of a 24- well plate. Celplates were incubated
at 37 °C in a humified 5% CO2 atmosphere for twd arhalf hours, after
which the cell suspension was removed and replacgdl ml of growth
medium. At DiV 4, 1 ml of growth media supplementedh 9.6 uM
cytosine-D-arabinofuranoside hydrochloride (AraSigma) was added to

prevent proliferation of glial cells.

Experiments were carried out at 8-10 daysitro. At this stage, cortical
neurons have developed a network of processesgsxgunctional N-
methyl D-aspartate (NMDA)-type and AMPA/Kainate-¢ypylutamate
receptors and have formed synaptic contacts. Fatra this study we are
interested in the effect of plasmids/gene deletonpyramidal neurons.
For cell death and electrophysiological studiesapydal neurons were
selected by morphology based on the presence aifge kapical dendrite

and pyramidal-shaped cell body.
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2.2 Plasmid preparation

pcDNA-PGC-Ir was a gift from P. Puigserver (Dana Farber Cancer
Institute). PGC-& was subcloned in the pEF/V5-His A vector by exgs
the cDNA from the pcDNA vector with EcoRI and Ageigestion and
blunting it to clone it in the EvorV site of pEF/M%is A vector. Myc-
wtHtt-N63-18Q (wtHtt(18Q)) and Myc-mtHtt-N63-148Qn{Htt-(148Q))
were a gift from Stuart Lipton [Sanford-Burnham Ntz=d Research
Institute (Okamoto et al., 2009). For cell deatil @lectrophysiologyical
recordings pEGFP-N1 driven by the CMV promoter wasxpressed with
the plasmid of interest to label transfected nesir¢gsee below). For
nucleofection, GFP was subcloned from the pEGFRAW the pEF/V5-
His A vector, this enabled high efficiency expressrepresentative of
other plasmids driven by EF-promoter. For plasnmashegation, the GFP
fragment was excised from pEGFP-N1 using Notl/EcaRd inserted
into Notl/EcoR1 sites of pEF/V5-His A vector (Imaigjen)

2.3 Transfection of plasmids

Before transfection, neurons were transferred imbgphic transfection
medium ("TMits") supplemented with insulin-transfesertinin  TMits
was comprised of 10% MEM(Invitrogen) and 90% s#licgse-glycine
(SGG) medium (Bading et al.,, 1993) SGG:114 mM NaQR19%
NaHCG;, 5.292 mM KCI, 1mM MgGd, 2 mM CaCj, 10 mM Hepes, 1
mM glycine, 30 mM glucose, 0.5 mM sodium pruvatd,% Phenol Red;
osomlarity 325 mosm/I. Lipofectamine 2000 (Invitemy was used for all

transfections as recommended concentration in TI@kdls were placed in

61



transfection media for a minimum of four hours, dvef being tranfered
into fresh TMits.

2.4 Nucleofection of plasmids

Nucleofection was carried out using Lonza NucletafiedCortical neurons
were cultured in Neurobasal A medium + B27 (in\gea), 1% rat serum
and 1 mM glutamine (as above). Procedure followsdr umanual; 5ug
DNA was used per 5 million cells. Effeciency of reafection was
assessed by tracking expression of EF-GFP in domitorons. After 72 h,

RNA was isolated from neurons for gPCR analysis.

2.5 RNA isolation, reverse transcriptase-polymerase chain

reaction, and quantitative polymerase chain reaction.

RNA was isolated using the Qiagen RNeasy isolateagents including
the optional DNAse treatment, following passageha cells through a
QiaShredder column. cDNA was synthesized from IgRNA using the
Stratascript QPCR cDNA Synthesis kit (StratageBeiefly, the required
amount of RNA (up to 3ig) was diluted in RNase-free water (up tal7
final volume) and mixed on ice with 1x cDNA Syntlseesnaster mix
(10ul), random primers: oligo-dT primers 3:1 (totalp® 200 ng) and
either 1ul RT/RNase block enzyme mixture (for RT reactions)l pl
water (for No RT control reactions). Reaction miet were mixed and
spun down and incubated for 2 min. at 25°C, 40 maird2 °C and 5 min.
at 95°C. cDNA was stored at -20°C.
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Dilutions of this cDNA were subsequently used fealrtime PCR (cDNA
equivalent to 6 ng of initial RNA per 18 qPCR reaction) gPCR was
performed in an Mx3000P QPCR System (Stratagengjg uBrilliant
SYBR Green QPCR Master Mix (Stratagene) accordimg the
manufacturer’s instructions. Briefly, the requirashount of template was
mixed on ice with 1x Brilliant SYBR Green Master sMithe required
concentration of forward and reverse primers, 30 R®X passive
reference dye and water to the required reactiolunwe. Technical
replicates as well as no template and no RT negatontrols were
included and at least 3 biological replicates wsttglied in each case. The

sequence of the primers used are as follows:
PGC-1. —F: 5-GAATGCAGCGCTCTTAGC-3,
PGC-1-R: 5°-GCT TTT GCT GTT GAC AAA TG-3’
GIuN1 —F: 5-CTGCGACCCCAAGATTGTCAA-3’
GIuN1-R: 5-TATTGGCCTGGTTTACTGCCT -3’
RPI13a-F 5-GAGGTCGGGTGGAAGTACCA-3’
RpI13A-R 5-TGCATCTTGGCCTTTTCCTT-3
complexin I, F 5CCACTGCAGGACATGTTCAA-3
complexin | R 5TAAGATTGGTAGGGAGGGGG-3
GluAl-F 5’- CAACAATCACAGGAACATGCG-3
GluAl -R 5-GAGAACTGGGAACAGAAACGGT-3’

GIuA2 -F 5’- GGAGCAAATGTCTCTGGATTTC-3,
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GluA2 -R 5’-ATCACTTGGACAGCATCATACG-3'
GLUAS-F -5 -TTCGGAAGTCCAAGGGAGAGT-3’
GluA -R; 5’CACGGCTTTCTCTGCTCAATG-3
GluA4-F 5-GGCTCGTGTCCGCAAGTC-3
GluA4-R 5-TTCGCTGCTCAATGTATTCATTC 3'.

The cycling program was 10 min. at 95 °C; 40 cyd£80 sec. at 95 °C,
40 sec. at 60°C with detection of fluorescence 3hdec. at 72 °C; 1 cycle
(for dissociation curve) of 1 min. at 95 °C ands&@. at 55 °C with a ramp
up to 30 sec. at 95 °C (ramp rate: 0.2°C/sec) watfitinuous detection of
fluorescence on the 55-95 °C ramp. The data weedysed using the
MxPro QPCR analysis software (Stratagene). Expvasef the gene of

interest was normalized to rpl13a, a commonly wsedrol.

2.6 Electrophysiological recording and analysis

Recordings of agonist-evoked whole-cell currentsaweade 48-72 h after
transfection. All recording were performed within Baraday cage
(Technical manufacturing Corporation (TMC)) mountad a pressurised
air table (TMC Micro-g Vibration isolation systemjo prevent noise
interference. Coverslips containing cortical nesrarere transferred into a
recording chamber containing artificial cerebrogpinfluid (aCSF)

described below. Cells were visualised using a wW@ater immersion lens
(Carl Zeiss Germany). In all cases data was aadjuisetng an Axopatch-
1C amplifier (Molecular Devices, Union City, CA) thicells in whole-cell

configuration held at -60 or -70 mV.
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2.6.1 External recording solution: artificial cerebrospinal fluid
(aCSF).

External recording solution was made of artific@@rebrospinal fluid
(aCSF) containing (in mM): 152 NacCl, 2.8 KCI, 10 PES, 2 CaG| 10
glucose, 20 uM strychnine, 50 glycine and 300nivbtigtoxin (TTX), pH
7.3 (320-330 mOsm). The external solution was appdit a constant flow

rate of 4mls per minute at room temperature (22225

2.6.2 Recording electrodes

Patch pipettes were made from thick-walled borosié glass with
dimensions 1.5mm O.D. x 0.86 |.D containing a fiearh (Harvard
Apparatus, Kent, UK). Glass was mounted onto a FgmBrown
Micorpipette Puller (Model 97; Sutter instruments. @WSA) and pulled
into a patch electrode to have a final resistaneavéen 5-10 M.
Electrodes were mounted on a headstage (Axon mstmucompany, MP-

285) to enable fine manipulation.

2.6.3 Internal Recording solution

Pipettes were filled with an internal solution aintng (in mM): 155 K-
gluconate, 2 MgG| 10 Na-HEPES, 10 Na-PiCreatine, 2 MgTP and 0.3
Na-GTP, pH 7.3 (300 mOsm).
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2.6.4 Whole-cell agonist-evoked currents

To record whole cell agonist evoked currents cslygs containing
cortical neurons were transferred into a recordohgmber containing
artificial cerebrospinal fluid (aCSF). Cells wergltage clamped at -60mV
and the agonist in question was applied for anagesiof 30 seconds and
steady-state current recordings were made. Agoodsisentrations were;
100 uM NMDA, 50 uM AMPA or 100 uM GABA. Agonist application
and current recording was repeated twice for eah for all agonist
responses. Data were filtered at 1 kHz and digitiz# 5 kHz for

subsequent off-line analysis.

2.6.5 Recording extrasynaptic NMDAR currents

Recording of extrasynaptic NMDAR currents were perfed 48-72h post
transfection. Neurons were placed in ¥ldree aCSF composed of (in
mM): 152 NaCl, 2.8 KCI, 10 HEPES, 2 CaCl0 glucose, 20 uM
strychnine and 50 glycine, pH 7.3 (320-330 mOsnpptamented with
PTX (50 uM), TTX (300 nM) and MK-801 (10 uM) at nmotemperature.
After a 10 minute incubation period, neurons wesshed with MK-801-
free aCSF and placed in a recording chamber. Rapdites and internal
solutions were the same as described above. NMDA (1) was applied
for an average of 30 seconds and steady-statentureeordings were
made. Agonist application and current recording wegseated twice for
each cell. Data were filtered at 1 kHz and digdiz¢ 5 kHz for subsequent
off-line analysis. Extrasynaptic NMDAR-current dépsvas calculated as
the steady-state current amplitude normalised ¢oct#ll capacitance. For
each MK-801 stimulation 3 cells were recorded mecslip and the mean

current density per stimulation was calculated=k n
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2.6.6 Miniature excitatory postsynaptic currents

For miniature excitatory postsynaptic currents (IB8EB) recordings,
coverslips containing cortical neurons were tramste into a recording
chamber containing artificial cerebrospinal fluidCSF) containing (in
mM) 150 NaCl, 2.8 KCI, 10 HEPES, 2 CaCl0 glucose, 20 uM
strychnine, 50 glycine and 1.3 Ffg pH 7.3 (320-330 mOsm) and
supplemented with 20 uM strychnine, 300 nM tetrodiwt (TTX) and 50
uM picrotoxin (PTX). Patch pipettes and internalugians were the same
as described above. MEPSCs were recorded (Baxten\ilie, 2006)
using an Axopatch-1C amplifier (Molecular Devicésnion City, CA).
Events were recorded for 5-10 minutes (minimum 00 &vents) from
neurons clamped at =70 mV. Recordings were rejettdr cell holding
current was higher than —100 pA. For data analysiSPSCs were filtered
at 2 kHz and digitized at 10 kHz using WIinEDR v&dftware (John
Dempster, University of Strathclyde, UK) and analyz using
MiniAnalysis software (Synaptosoft, Fort Lee, NJNEPSCs were
manually selected with a minimum amplitude thredhaf 10 pA

(approximately 3 times the baseline noise level).
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2.7 Induction of excitotoxicity and following the fate of

transfected neurons

Following the fate of transfected neurons afteucitn of excitotoxicity
was performed as described (Soriano et al., 2024).hours after
transfection neurons were transferred to a norktmogrowth medium
("TMo") containing 10% MEM(Invitrogen), 90% saltiglose-glycine
(SGG) medium (Bading et al.,, 1993) SGG:114 mM NaQR19%
NaHCG;, 5.292 mM KCI, 1mM MgGd, 2 mM CaCj, 10 mM Hepes, 1
mM glycine, 30 mM glucose, 0.5 mM sodium pruvatd,% Phenol Red;
osomlarity 325 mosm/l. After 24 hours in trophigatdleprived medium,
pictures of GFP-expressing neurons were taken wsingica AF6000 LX
imaging system, with a DFC350 FX digital camerauidas were exposed
to 10uM-20uM NMDA in trophically deprived media farh, after which
10 puM MK-801 (Tocris) was added to the neurons kacl ongoing
NMDAR activity. Using the automated cell-finder fitron within the
Leica AF6000 LX software, images of the same nesinoere taken 24

hours after insult.

Acute studies: Cell death was determined by cogntime number of
surviving GFP-expressing cells pre- and post-ins@ell death was
indentified by the absence of healthy GFP-exprgsseaurons. Analysis of
cell death was performed blind to the plasmid ti@etgon/geneotype in
each case. In >90% of cases evidence of death bgzs\ed as fluorescent
cell debris and fragmented nuclei, confirming dedidie to excitotoxicity
rather then quenching of eGFP- fluorescent sighais is also underlined
by the fact that death measured by this techniqueldcked by caspase
inhibitors (Papadia et al., 2008). For each cooditihe fate of ~100-150

neurons was monitored over 3-6 independent expatsne
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PGC-In KO studies: (Performed by Karen Bell, unpublishdkkurons
were transferred to a non-trophic growth mediunMoT) containing 10%
MEM(Invitrogen), 90% salt-glucose-glycine (SGG) mad (Bading et
al.,, 1993) SGG:114 mM NacCl, 0.219% NaH£®G.292 mM KCI, 1mM
MgCl,, 2 mM CaC}, 10 mM Hepes, 1 mM glycine, 30 mM glucose, 0.5
mM sodium pruvate, 0.1% Phenol Red; osomlarity B&m/l. After 24
hours, neurons were exposed to 10uM-20pM NMDA iophically
deprived media for 1 h, after which 10 uM MK-801¢fis) was added to
the neurons to block ongoing NMDAR activity. 24une after insult
neurons were fixed and subjected t&4liamidino-2-phenylindole (DAPI)
staining, and cell death was quantified by the togn(blind) of the
number of apoptotic nuclei as a percentage ofdtad. tNeurons that die in
response to exposure to excitotoxic levels of NMDAgbnists exhibit
swollen cell bodies and pyknotic nuclei with smiategular chromatin
clumps, a characteristic of necrotic cell deatloggosed to apoptotic-like
death (Fujikawa et al., 20R0

2.8 Stimulation of synaptic activity in cell culture

Bursts of action potential firing were induced byatment of neurons with
50 uM bicuculline, and burst frequency was enharimedddition of 250
MM 4-amino pyridine (Hardingham et al., 2001)
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2.9 Luciferase reporter assays

PGC-Xi-luc was a gift from A. Fukamizu [University of Tieuba (Daitoku
et al., 2003)]. pTK-RL was from Promega. GluN1-lwas a gift from G.
Bai (University of Maryland (Liu et al., 2003)).

Firefly luciferase-based reporter gene constru@kiNl1-Luc, PGC-i-
Luc] were transfected along with renilla expressweator (pTK-RL) and
plasmid of interest (globin, 18Q, 148Q, efPG&-at a ratio of 0.2:0.1:0.2.
Neurons were stimulated where appropriate 24 hr dftensfection.
Luciferase assays were performed using the duahggay kit (Promega)
with Firefly luciferase-based reporter gene agtivin the case of NR-1-
Luc reporter activity was normalised to the renitantrol (pTK-RL

plasmid).

2.10 Microarray analysis

RNA 6000 Nanochips in the Agilent 2100 Bioanalyzeere used to
assess the quality of RNA. Following this, AffymetOne-cycle cDNA
Synthesis Kit and GeneChip Sample Cleanup Modulee wesed to
synthesize and purify double stranded cDNA Douldarsied. The
double-stranded DNA was used as template forithétro transcription
using GeneChip IVT Labelling Kit (Affymetrix) yieldg biotin-labelled
cRNA. Purified biotinylated target cRNA was theagmented into short
sequences. The hybridisation cocktail consisted18fig fragmented
biotin-labelled cRNA spiked with eukaryotic hybsdtion control. Eighty
microliters of the hybridisation cocktail was fireybridized to the test-
chips to check the cRNA integrity and assess tlstesy veracity. After
that, the Mouse Genome 430A plus 2.0 microarrayy(detrix) were
directly loaded with 13@l of hybridisation cocktail solution and then
placed in Genechip Hybridisation Oven 640 (Affymeétrrotating at
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60 rpm at 45 °C for 16 h. After hybridisation, tagays were washed on
Genechip Fluidics Station 450 (Affymetrix) and socad using Genechip
Scanner 3000 (Affymetrix) according to the manufeet's procedure.
Expression was calculated using the robust mudtyaaveragelgorithm
implemented in the Bioconductor (http://www.biocaotbr.org)
extensions to the R statistical programming envitent’. Robust
multiarray average generates a background-corre@rad quantile-

normalized measure of expression on the lsga?e of measurement.

2.11 Statistics

For all experiments a minimum of 3 independentuwel were used and
the n number of cells analysed is stated througheart experiments that
rely on spontaneous synaptic properties of thearalrculture (MEPSCs,
experiments, quantal block protocol) and for cahith experiments, the
statistical n is equal to the number of independrritures from single
pups. In other cases, where we analyse the effécth® plasmid
transfection on properties intrinsic to each ce#.{ whole cell current),
statistical n is equal to the number of cells asatlyacross a minimum of 3
independent cultures. In each figure the statisticas underlined for
clarity. For the majority of cases a one-way ANOWAi-test is used. For
cases in which we analyse the interaction of tvaependent variables (i.e.
coexpression of PGCelor globin with mtHtt of wtHtt) two-way ANOVA
is used followed by post hoc Dunnet’'s or as statedhlysis of cell death
was performed blind to the plasmid transfectionéggype in each case.

Analysis of electrophysiology, luciferase and RN&talwas not blind.
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Chapter 3:

Neuroprotection from PGC-1a-mediated repression of

extrasynaptic NMDARs
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3.1 Chapter summary

In this chapter we investigate the neuroproteati&ehanisms downstream
of PGC-Iu signalling. We confirm that exogenous PG&€-1is
neuroprotective in ouin vitro model of excitotoxicity in cultured rat
cortical neurons. We also find that knockdown tinelagenous PGCel
increases the vulnerability of neurons to excitatozell death. These
results are consistent with neurodegeneration pusty reported in PGC-
la knockout mice as well as the neuroprotective dapat PGC-In in
HD models. Having validated that PGG-i5 neuroprotective oun vitro
model, we present the novel finding that PGCexpression mediates
NMDAR current density in these neurons. Finally slew that whereas
SiRNA knockdown of PGC+l leads to increased extrasynaptic NMDAR
currents, overexpressing PGG@-Ispecifically represses extrasynaptic
NMDAR currents. This repression of extrasynaptic DIMR currents
downstream of PGCel is surprising given its known role as a
transcriptional regulator of mitochondrial biogeisesand function;
however this result is consistent with the neurtgmtive capacity of PGC-
la. Data from this chapter in now published in Pudldiifet al., (2012).
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3.2 Results

3.2.1 PGC-1a regulates excitotoxicity in rat cortical cultures

In order to investigate the role of PG@-in excitotoxic cell death we
cultured cortical neurons from embryonic day 21agpe-Dawley rats. We
then used amn vitro overexpression model to assess whether enhancing
PGC-ku levels alters the vulnerability of neurons to sdugent toxic
insults. Neurons were transfected at DIV8 with PGC-or control
(Globin) plasmids along with an eGFP-marker to lahe neurons that
were successfully transfected. In order to trdok fate of transfected
cells, 48h post transfection, GFP-expressing cellse imaged. By
marking the positions of the images taken usingQ@AIAF6000 LX
software, we were able to reimage the same cetldmparison after
NMDA-insult enabling us to track the fate of indiuvial cells.

We have previously shown stimulation with NMDA 2# (for 1 hour)
triggers excitotoxicity in trophically-deprived nems (Soriano et al.,
2006). We induced excitotoxicity in the neuronaltawes by 1 hour
stimulation with NMDA (20 uM), after which the stutation was stopped
by applying the NMDAR antagonist MK-801 (1@M). 24h post
stimulation images of the same cells were retalerirack cell fate.
Excitotoxic cell death was quantified by countihg foss of GFP-positive
cells as a percentage of the total GFP-positivis defore treatment. We
found that overexpressing PGG@-Iprotects neurons against NMDA-
induced cell death (Fig 3.1 p<0.05).

We next investigated whether the loss of endoger®B€-k had an
effect on excitotoxic cell death, by using two ipdadent on-target

SsiRNAs against PGCel To validate the siRNAs we overexpressed Flag-
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tagged PGC-d and confirmed the effectiveness of the siRNA in
preventing PGC-d expression (Fig. 3.2C). Knockdown of endogenous
PGC-1 exacerbated neuronal death in response to a mgdegtM) dose
of NMDA (Fig. 3.2A,B) agreeing with studies by othgroups (Luo et al.,
2009; Chen et al., 2010).

This result is in agreement with the ability of PG&é&to build antioxdative
defenses and induce mitochondrial biogenesis, whsbhbuld protect
against the oxidative compenent of excitoxic cedlatth. However in
Soriano et al. (2011) we found that, while exogenB&C-1. protection
against oxidative stress was occluded by co-tratiefe with the
corepressor SMRT (Soriano et al., 2011), protectigainst exitotoxicity
was uneffected by SMRT co-expression, suggestimgethprocesses of

neuroprotection are, at least in part, mechanistidastinct.
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Figure 3.1 PGC4a is neuroprotective against excitotoxic insu

(A) Images of neurons expressing GFP plus eitheromtrol (globin)
plasmid or PGCta before and 24h after stimulation wNMDA (20 pM).
Cells transfected (DIV7) were imaged 48h post ftect®n and
excitotoxicity was induced by NMDA (20 uM) stimulan for 1h. 24t
post stimulation images of the same cells werekestdo track cell fate
(B) Cell death was quantified by ccting the loss of GFPpositive cells a:
a percentage of the total G-positive cells before treatmel
Overexpression of PC-la strongly protects neurons against NM-
induced cell death (1-300 cells from n=3 cultures were analysed
group). *t test p<0.05
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Figure 3.2 Loss of endogenous PC-la increases NMDAinduced
excitotoxicity (A) Images of cortical neurons (DIV7) transfectedwsFP
plus either nortargeting control siRNA or one of two Pt-1a on targe
SiRNA(i) or siRNA(ii) before and 24h after NMDA stimulatio(B) Cell
fate was assessed by the loss of -positive neurons and expressed
percentage of GFPpesitive cells before treatment. Knockdown of F-
lo increased excitotoxicity in response toul/D NMDA (150-300 cels
from n=3 cultures were analysed per group). *p<0.05, *©®40(C) To
validate the siRNAs we coexpressed siRNAs (i) andnvth Flag-tagged
PGC-X andconfirmed that both SiRNAs repressed subsequeri-flag
signal compared to control siRN/
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3.2.2 PGC-1a expression regulates whole-cell NMDAR currents

It has long been accepted that aberrant calciumaBigg due to excess
NMDAR activity can initiate the excitotoxic pathwg@Iney, 1969; Choi,
1987; Tymianski et al., 1993) having a causal tnleneuropathological
disorders (Rothman and Olney, 1986; Choi et al88i9%ipton and
Rosenberg, 1994; Arundine and Tymianski, 2004).itBtaxic death in
response to bath application of NMDA in neurondl celture is dose
dependent (Soriano et al., 2006) and is proportibmahe number of
receptors activated and the corresponding” Gairrent. We therefore
investigated whether increased NMDA vulnerability the absence of
PGC-X and conversely the neuroprotection afforded bygerous PGC-
la may be due to direct/indirect regulation of cellulcalcium influx
through the NMDAR. We used whole-cell patch-clampetkamine the
influence of exogenous PGGDverexpression or SiRNA knockdown of
PGC-Xr on NMDAR current density in cultured cortical nenes.

Neurons were transfected at DIV8 with either PGCRGC-Ii siRNA(I)
or PGC-Ii siRNA(ii) plus eGFP to mark transfected neurordh ost
transfection, coverslips were transferred to “iMgee aCSF and GFP-
positive cells were voltage clamped at -60mV. Bgiplication of NMDA
(100 pM) triggers an influx of positive ions intoet cell as represented by
the downward deflection in the current traces ig &i3. The size of the
deflection in the current traces is equal to thepléode of the evoked
current response. The total membrane capacitandieeistly proportional
to the membrane surface area (Eq 1.). Therefor@gdount for differences
in the size of neurons, the current amplitude ismadised to the

membrane capacitance of the cell giving us theectigensity.

EQ.1Total cell capacitance =specific membrane capaoitdriotal membrane area
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Surprisingly, modifying the expression of PG&-led to changes in the
NMDAR current density in these neurons. PGLCeYerexpression caused
a 32% decrease in total whole-cell NMDAR currem$vDA 100 uM,
Fig.3.3) and correspondingly PGG@-1siRNAs caused a significant
increase (SiRNA(i) 38% siRNA(ii) 80%) in whole cBIMDAR responses
(NMDA 100uM, Fig.3.4). This result presents the unexpectadifig that
the transcriptional coactivator PGG- able to regulate NMDAR current
density in cortical neurons. Furthermore this sstgéhat neuroprotection
from PGC-b may be due to the repression of NMDAR currents and
subsequently reduced activation of excitotoxic adss. This is consistent
with the concurrent loss of PGGtland increased excitotoxicity in a
number of neurodegenerative diseases as descnlmbdpter 1.

NMDAR signalling to cell death is known to be reggld by the calcium
influx through the extrasynaptic pool of NMDARs (daagham and
Bading 2005). In addition, our lab has recentlyvshdhat the C-terminus
of the GIuN2B and GIuN2A have differing affinitidsr the activation of
cell-death cascades (Martel et al., 2012). We ityated whether PGCel
expression protects against excitotoxicity by delely altering the
subunit composition of the NMDARs and secondly ket PGC-i

predominantly represses extrasynaptic activity.

3.2.3 PGC-1a overexpression does not alter the GluN2B subunit

composition of NMDARs

One potential method of altering current densitybis changing the
efficacy of the NMDARs expressed in the neuronse fimjority of the
biophysical properties of the NMDARs are determirtgd the GIuN2

subunit composition including the affinity of magnen block of the
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channel, single-channel conductance, and glutaaféigty (Monyer et al.
1994; Sucher et al. 1996; Meguro et al. 1993; Wy#i al. 1996). In
addition the C-terminal domain of the GIUN2A andul2B subunits
differentially couple to cell death (Martel et £2012). At the age of which
these experiments are carried out (DIV 10-11), &1aN2B subunit is
dominantly expressed in control neurons (Liu et2004 and Fig 3.5). We
investigated whether the increase in excitotoxieibd NMDAR currents
in cells overexpressing PGGrXould be due to altered ratio of GIuUN2
subunits expressed. We used the GIuN2B selectitagyanist Ifenprodil to
test the proportion of the total NMDAR current thiat mediated by
GIuN2B subunits. Ifenprodil had equal effect on migtevoked NMDAR
currents in control and PGGrExpressing neurons at DIV 10 and DIV 16
(Fig 3.5). This suggests that a switch in the deminGIuN2 subunits is

not responsible for the reduction in NMDAR currents
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Figure 3.3 PGC4aa overexpression reduces agon-evoked NMDAR

currents Agonist evoked who-cell NMDAR currents from cortice
neurons transicted with GFP plus (A) globin (control) or (B) P-1la.

Neurons were placed in ’-free external recording solution and volt-

clamped at 60 mV using whol-cell patchelamp technique. NMDAF
currents were evoked by applying NMDA (100 uM) uttte cell eached
a steadystate. (C) NMDAF- current density was calculated as the st-

state current amplitude normalised to the cell caigace. Overexpressic
of PGC4a caused a decrease in NMDAR current density. *t pe®.05
(n=17cells from N=4 cultures).cale bar 5s by 300 pA

81



>
O

NI A miiiA MiiiA
—
——y > — J— —— P
' i s i £
'] i i ! r
f i i f
/ i i i
i i i i
L _¥ ! i i
e 1 i I
w i i I
! i . ] ! ! ] !
i Lot s 1 i [~ Ty i
i o i o i i
— — L
Fondeal giDMR B s e . sezia e
LONITE 5 A POU-To SIRNA (1) FlulL-To SIKNA L1
D E_L_ i
£ 100 b
" ) = :

AT

5 —
e
——
ot —
(= = ——
[T — — —
TSV — ——
- — —
- — —
= — —
2 aa - -
Zi-  — ——
o | N
= — —
<L | N
- — —
- n | |
= i}
= Ly T T
= 5 a B
= g finy oy
o ks o
pe) A -
Ev = T
e a2 R
W o s
o )
" =)
wAF i
; o,
(v} e
= e
- v
‘ <

Figure 3.4 Knockdown of endogenous PG-la increases agoni«-
evoked NMDAR currents Agonist evoked wholeell NMDAR currents
from cortical neurons expressing GFP plus (A) aantror-targeting
SiRNA, (B) PGC1a siRNA(i) or (C) P(C-1a siRNA(i). Neurons wert
placed in M§'-free external recording solution and helc-60 mV using
whole cell patchzslamp technique. NMDA (100 uM) was b-applied to
cells inducing an inward current. (D) NMDAR curredensity was
guantified from the wole-cell current amplitude at steadtate normalise
to cell capacitance. Neurons expressing eitherodm®GC-1a SIRNA(I) or
PGC4do siRNA(ii) displayed greater than 30% increase iMDAR
current density compared to the control. One wayOMA with post he«c
Dunnetts test *p<0.05, **p<0.01n=18,14,5from N=4 cultures). Scal
bar 5 s by 400 pA
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Fig 3.5 PGC-1un overexpression does not alter the subunit composotn
of NMDARs (A) The sensitivity of whol-cell NMDAR currents to blocl
by the GIuN2B antacnist Ifenprodil is comparable between control
PGC4aa expressing cells at (A) DIV10 and (B) DIV1n= 6,5 and 4,
from 3 independent cultures e
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3.2.4 Excitotoxicity and extrasynaptic NMDAR activity

In the Central nervous system NMDARs reside bothsyataptic sites
where they partake in excitatory neurotransmissagsnwell as at peri-
synaptic and extra-synaptic sites throughout theddéc membrane
(grouped as ‘extrasynaptic’ from herein). In costrp synaptic NMDAR
activity, which is known to be essential for newabsurvival (Ikonomidou
et al., 1999) extrasynaptic NMDAR activity is datental to neuronal
health (Hardingham et al., 2002; Léveillé et abQ&a; Gouix et al., 2009).
Because excess activation eftrasynaptic NMDARs is an important
mediator of excitotoxicity, we next investigatec timfluence of PGCd

overexpression and knock-down on extrasynaptic NNRDoAIrrents.

Pharmacological isolation of extrasynaptic NMDARSs

To measure extrasynaptic NMDAR currents we pharhogocally
isolated extrasynaptic receptors by first blockisgnaptic NMDARs
(Image 3.1). 48h post transfection, neurons weeeqd in M§™-free
recording solution supplemented with PTX (50 uMJ,XT(300 nM) and
MK-801 (10 pM). Under these conditions miniaturecieatory synaptic
potentials (NEPSPs) are generated by spontaneesgnaptic release of
single quanta of glutamate which activates synapiMDARS. These
receptors are then immediately and irreversiblyckdéal by the open-
channel blocker MK-801. Extrasynaptic NMDARs, whigmained closed
during this ‘quantal block’ protocol, remain sustiele to activation by
NMDA. Subsequent NMDA-evoked currents are recordader voltage-
clamp, which are now only mediated by extrasynaptMDARs. This
protocol was previously used to study extrasynagiioalling Papadia et
al., (2008).
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To ensure full blockade of synaptic NMDARSs withimet10 minutes of
MK-801/TTX/zero Md* treatment, we conducted a timecourse
experiment. Neurons were incubated for 0-30 minatesom temperature
after which NMDAR-currents were evoked. This reeealthat by 10
minutes incubation in ACSF containing MK-801 blodkaof synaptic
NMDARSs plateaus, and longer treatments have nbdurffect (Fig. 3.6).
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Image 3.1 Pharmacological isolation of extrasynapti NMDARS
Irreversible blockade of synaptic NMDARs by M801 during
spontaneous MEPSPs enable us to isolate the endy#8y [ool of
NMDARs for further physiological analy:-.
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Figure 3.6 MK-801-blockade of synaptic NMDARs saturates by 1
min incubation 48h post transfection, neurons were placed ir**-free
recording solution supplemented with PTX (50 |, TTX (300 nM) anc
MK-801 (10 puM). Neurons were incubated fc-30 minutes at roor
temperature. After incubation, neurons were washéd MK-801-free
recording solution. Neurons were held under vo-clamp €60 mV)
using wholeeell patcl-clamp and NMDA (10QuM) -evoked currents wel
recorded. Extrasynaptic NMDA-current density was calculated as
steadystate current amplitude normalised to the cell capace. (A)
Example NMDAfesponses from neurons expressing GFP plus &30
minutes incubatiorwith MK-801. (B) MK-801reduction of whol-cell
currents is saturated by 10 minutes stimulationlying maximal blockad:
of synaptic NMDARs (total of 17 cells analysed naflised to meal
untreated).
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3.2.5 PGC-1a does not affect miniature synaptic activity

The isolation of extrasynaptic NMDARs using the N8R1/TTX/zero
Mg**-protocol relies on mEPSCs activity to open symaptiMDARS
which are subsequently blocked by MK-801. To ensW&C-li
expression does not alter mEPSC properties wedtésee frequency and
amplitude of MEPSCs in neurons expressing P@GHNA. This was an
important control specifically for the PGG5IRNA knockdown because
in Fig 3.9 we show that increased currents remast MK-801 block in
siRNA-expressing cells. Had the mEPSCs been alteredsiRNA-
expressing cells, this could have been due to ficgerit blockade of
synaptic NMDARs.

Neurons were transfected (DIV7) with GFP plus cansiRNA, PGC-1
SiRNA(i)) or PGC-ti siRNA(ii)). 48h post transfection, neurons were
placed in recording solution supplemented with RBB pM), TTX (300
nM) and M@" (1.3mM). mEPSCs were recorded in voltage clamp (-7
mV) for 5-10mins using whole-cell patch clamp. P&Cknockdown did
not affect the frequency or amplitude of mMEPSCg (&.i7, p=0.76, 0.60
respectively, 1l-way ANOVA (n=5-6)). We next comfied that 10
minutes of MK-801/TTX/zero Mg treatment was sufficient for saturation
of the blockade of NMDA-induced currents to in siRfExpressing cells
(Fig 3.8), reassuring us that the remaining cusramére mediated by
extrasynaptic NMDARs (Fig 3.8). The experimentsFig 3.7 and 3.8
indicate that the changes observed in subsequeetiexents were due to
alteration in the extrasynaptic pool of receptoether than the mEPSC
properties of the neurons. In fig 3.8 current dignaiter quantal block was
normalised to the mean current in transfected @sging the same

construct) untreated (no quantal block) cells. Taistrols for difference in
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the baseline current. This experiment also revibalisthe proportion of the
whole cell current that is blocked by the quantiaick protocol differs
between control and siRNA expressing cells. In PIaGiRNA cells Mk-
801 blocks 63.4% of the mean current pre-quantaikotompared to 78%
in control cells. The effect of PGGt1siRNA on the balance between
synaptic and extrasynaptic NMDARs is the focus loé thext set of

experiments.
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Figure 3.7 siRNA knockdown of PGC(-la does not alter mEPSC
frequency or amplitude in cortical neuronal culture (A) Example
MEPSC traces from cortical neurons transfected {Iwith GFP plus
control siRNA, PGtla sSiRNA() or PGC-br siRNA(ii). 48h posi
transfection, neurons were placed in recordingtemusupplemented wit
PTX (50 pM), TTX (300 nM) and M** (1.3mM). mERSCs were recorde
in voltage clamp (#0 mV) for &-10mins using wholeell patch clamp. (B
The amplitude distribution was similar for all teréransfection group
(C) Likewise, no change was observed in the -event interva
distribution between oups (300 events per cell fronx 8, 5, 5 cell). No
change was observed in either the (D) mean mEPS@itade or (E)
mean frequency between grougn=_6,5,5 cells from 3 independer
cultures.
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Figure 3.8 MK-801-blockade of synaptic NMDARs saturates by 1(
min incubation in siRNA-expressing cellsMK-801-reduction of whol-
cell currents is saturated by 10 minutes -801-Mg2+/TTX incubation
indicating maximal blockade of synaptic NMDARs. NMRB current
density was analysed following t=0,5,20,30 incubation with M-801.
Current response was normed to the mean response jmeubation tc
control for differences in baseline current betwegHtt and mtHtt. (tota
17 cells expressing control siRNA; total 18 cellspressing PG-1a
SiIRNA(i); total 20 cells expressing Pt-1a SiRNA(i).
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3.2.6 PGC-1a preferentially represses extrasynaptic NMDAR

activity

To record extrasynaptic NMDAR currents, 48h poahs$fection, neurons
were placed in M ™-free recording solution supplemented with PTX (50
uM), TTX (300 nM) and MK-801 (10 pM) for 10 minutest room
temperature. After a 10 minute incubation, neunase washed with MK-
801-free recording solution. Neurons were held unaédtage-clamp (-60
mV) using whole-cell patch-clamp and NMDA (100 puMyoked currents
were recorded. Extrasynaptic NMDAR-current densvys calculated as
the steady-state current amplitude normalisedaa#il capacitance. PGC-
la knockdown resulted in a striking increase in esitreaptic NMDAR
currents. Conversely, overexpression of PGC-freatly reduced
extrasynaptic NMDAR currents (Fig 3.9)

Both the positive and negative manipulation of PGCexpression lead to
a far greater change in extrasynaptic comparegriaptic NMDAR (Fig.
3.10). In agreement with studies on hippocampalrores at >DIV9
(Rosenmund et al., 1995) assessment of NMDAR ctgrpre and post
synaptic NMDAR blockade revealed that extrasynaNtidDAR currents
represent 32.4% of whole cell currents (Fig 3.14A11). Thus we predict
that alterations in whole-cell currents resultingoni PGC-k
knockdown/overexpression are largely attributabde the changes in
extrasynaptic NMDAR currents.

In order to directly confirm that PGGxladjusts the balance between
synaptic and extrasynaptic NMDAR activity, we pened paired
recordings of NMDA-evoked currents pre and postngaleblock protocol
in the same cell. From which we can extract the sizthe synaptic and

extrasynaptic pools of NMDARs in control cells wsscells expressing
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PGC-Lu. First, the total-whole cell current response MDA (100 pM) is
recorded, followed by 10 minutes MK-801 quantal dilgrotocol and
finally the subsequent response to NMDA (100 pMhich is now
mediated only by the extrasynaptic pool or receptts recorded.
Subtracting the NMDA response post quantal blooknfthe response pre
guantal block gives us the amplitude of the symaptMDAR current.
PGC-Xn does not alter the synaptic NMDAR current denéityg 3.11B);
however, PGC-1 overexpression caused a significant decrease @n th
current density of extrasynaptic NMDARs (Fig 3.11C)

Together this data shows that the concurrent neotegtion and changes
in NMDAR current density downstream of PG@-feflect alterations in
the balance between synaptic and extrasynaptic NRDAand that higher
levels of PGC-d& pushes this balance in favour of the neuropratecti
synaptic NMDARs.
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Figure 3.9 Extrasynaptic NMDAR current density is ncreased in
cortical neurons expressing PG-1a siRNA and decreased in neuron
overexpressing PG(-1la. 48h post transfection, neurons were place
Mg?*-free recording solution supplemented with PTX (30)uTTX (300
nM) and MK-801 (10 pM) for 10 minutes at room tempera. After a 10
minute incubation, neurons were washed with -8014ree recording
solution. Neurons were held under volt-clamp (60 mV) using whol-
cell patchelamp and NMDA (100 pM-evoked currents were record:
Extrasynaptic NMDAI-current density wasatculated as the stee-state
current amplitude normalised to the cell capacear{é) Example trace
of extraynaptic NMDAFR-currents from neurons expressing control
PGC-a siRNAs (B) Overexpression of P(-1a lead to a reduction in tr
extraynaptic NMDAR current densityn=4-5stimulations from 4 culture
*t-test p<0.05)(C) Conversely, extrasynaptic NMDAR rent density i
increased byhe siRNA knockdown of PC-1a (n=5-7 stimulation from 5
cultures, **p<0.01)

94



>

h

&

by,
.
'04}{{‘ i ‘}

o
)
O

b

(SO Ty VBT T TH T B ]
2\.
n

NMIDAR current darsity (%)

PiGC-10 siRNAL)

T

parcentage inerenss in

IMIMIENEERR €=

|

e
B
'Y

Figure 3.10 The effect of PGtla siRNA and PGC-la overexpressior
is greater on extrasynaptic NMDAF-currents compared to the otal
whole-cell agonistevoked currents(A) PGC-la overexpression cause(
greater reduction in whole cell NMDAR current déndhan total cel
NMDAR current density (mean increa-54.42% + 3.966 extrasynapt-
28.04 + 6.225 total, N=4,4t-test p<0.05). (B, C) PGCTea siRNA() and
(i) caused a greater increase in extrasynaptic MRzurrents compare
to the total cell NMDAR current dens (PGCda SiRNA (i) mean
increase: 139.0% + 22.03 e)synaptic, 41.02% = 7.613 totin=5,4
respectively *t-test p<0.01. PG(1a SiRNA (ii) mean increase: 117.3%
11.29 extragnaptic, 73.86% + 10.59 toten=5,4respectively
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Fig 3.11 PGC-1n overexpression preferentially represses extrasynaptic
NMDARS but not synaptic NMDARS To directly assess the distinct
effects of PGC-d overexpression on synaptic versus extrasynaptic pools
of NMDAR receptors we performed paired recordings of tatidbived by
extrasynaptic currents in the same cell. First the total-wbellecurrent
response to NMDA (100 uM) is recorded, followed by 10utes MK-
801 quantal block protocol and finally the subsequent resptmNMDA
(200 uM), which is now mediated only by the extrasynaptic pool or
receptors. (A) At DIV10-11, the extrasynaptic NMDARS reyaret 32.4%

of the total pool of NMDARs (n=11 from 3 independent ards) (B)
PGC-1n does not alter the synaptic NMDAR current density, measwred b
subtracting the current response after quantal block fraah Ibkefore
quantal block, and normalising to cell capacitance. (C) P&GC-1
overexpression caused a significant decrease in the currentydehsit
extrasynaptic NMDARs activated by NMDA (100 uM) post quahtatk
p<0.05; n =11, ®ells from 3 independent cultures)
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3.2.7 Exogenous PGC-1a expression leads to decreased GluN1

mRNA and GluN1 promoter activity.

In view of the fact that the known processes downstream ofRG€ad
to the positive regulation of transcriptional activityesk results raise the
surprising finding that PGCel activity can repress the activity of the
NMDAR. Since NMDAR activity can be regulated at many stages f
transcription, to trafficking, to post translational nfaxditions of active
receptors, we next asked whether PGC-1regulation of NMDARs
involved changes in transcription of the ubiquitous NM®Aubunit
GIuN1. Nucleofection of PGCelin cortical cultures lead to a 21+6%
decrease in GIuN1 mRNA expression (Fig 2.10) with a mrabD2+2%
increase in the PGCaltarget cytochrome C compared to control (GFP-
expressing) cells.

We then tested whether exogenous PG@@dpression interferes with the
GluN1-promoter activity. To do this, we coexpressed PG@sid a 5.4kb
GluN1-promoter (a gift from Guang Bai; (Bai et al., 3D0 PGC-1
overexpression reduced the activity of a luciferase reportdreoGIuN1-
promoter (Fig. 2.10, 43+9%, p=0.009). Together thisadsttows that
MRNA of the NMDA GIuN1 subunit is negatively regulated®$C- L.
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Figure 3.12 Exogenous PGCd increases GIuUN1 mRNA expression
and promoter activity (A,B) Dissociated cortical rat neurons were
nucleofected with either PGGrlor GFP plasmids. Exogenous PG&-1
expression (A) decreased the mMRNA expression of GIuN1 (n= 5
nucleofections from 5 independent cultures, pairegst p< 0.05) and (B)
increased the mMRNA expression of cytochrome C (waltures, paired-

test, p<0.01 ). (C) GluN1-promoter activity was assaygdlugiferase
activity in cells expressing the GluN1-promoter-luciferaseorp with
either Globin (control) or PGCel PGC-1 significantly decreased GIluN1
promoter activity (n= Rulturest-test p< 0.05).
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3.3 Discussion

3.3.1 Summary of experimental results

This study shows the potent neuroprotective capacity of Pi&qpressed

in cortical neurons by the regulation of NMDAR activityespically at
extrasynaptic sites. We have previously shown P@@xpression is part
of an endogenous activity-dependent pro-survival signatiasgade and in
reducing PGC-d expression, neurons become more vulnerable to both
oxidative and excitotoxic stress (Soriano et al., 2011& Hiown role of
PGC-X in upregulating the transcription of genes involved in
mitochondrial biogenesis and function as well as ROS-dgtogi
enzymes is thought to explain one mechanism in which ittexes
protection against these two insults (St-Pierre et al.,6200hdeed,
excitotoxic cell death also shares many phenotypic comp®neith
oxidative-stress including the loss of mitochondrial rheane potential
and increased ROS-production (Nicholls et al. 2012; Hardimgl&
Bading 2010). However, the selective disruption of tha-@atative
potential of PGC-d by coexpression of the corepressor SMRT, which
does not affect PGCel signalling to anti-excitotoxic neuroprotection
(Soriano et al., 2011) suggested a second independent mechmigkin
exist.

Here we presents the novel finding that upregulation anmdersely
depression of PGCelexpression in cortical neurons causes a bidirectional
control of extrasynaptic NMDAR currents and vulnerability NMDA-
induced death. This suggests that the neuroprotection affoydBGC-h
signalling is partially due to the repression of the newxrotextrasynaptic
NMDAR-signalling. In addition, we found that the regubattiof NMDARSs
may be in part due to the transcriptional repression ofutiiquitous
GIluN1 subunit of NMDARs. One would assume that the meshami
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underlying this transcriptional suppression are indirece do the
coactivating nature of PGGxlon its target transcription factors. Although
our results are inconclusive as to how the loss of P&Gduld
directly/indirectly bring about an increase in NMDAR expressiwe do
know that a resulting excess of NMDARs are preferentialbatied at
extrasynaptic sites. Whether NMDARs always selectively occupy
extrasynaptic when overly abundant or whether this loss trasmaptic
retention is downstream of PGG@-%ignalling is unstudied. However,
recently published data from our lab shows that overexpressio
GIluN1/GIuN2A of GIuN1/GIuN2B cDNAs does not change theportion

of receptors at synaptic and extrasynaptic sites (Martel eR@L2).
Below, | will discuss known regulatory pathways involved the

expression, stability and function of NMDARS.
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3.3.2 Potential routes to altered NMDAR-activity

There are two possible explanations for the increase in thentotdé-cell
current density in cells after PGG-knockdown (i) an increase in the
function of pre-existing receptors, (i) an increase in the DMR
expression across the postsynaptic membrane. Evidence feasedr
surface expression and forward trafficking of GIuN2B-eamhg
receptors by the PGGad repressor mtHtt in HD models (Milnerwood et
al., 2010) combined with the repression of the GIluN1-ptemo
downstream of exogenous PG@-{this study), supports the latter. These
two pieces of evidence suggest the involvement of passiaaon
modifications and transcriptional regulation respectivelye its known
role as a transcriptional coactivator, how might PG&epress the

expression of NMDARs?

3.3.3 Transcriptional regulation of NMDAR subunit expression

Transcription of genes encoding the NMDAR subunits esfitst stage in
the physiological regulation of NMDAR expression and app&argtain

the susceptibility to environmental cues throughout devedspp and
maturation (Bai and Hoffman. 2009). With that said the nitgjof factors

known to bind to the regulatory cis elements within theN3, GIuN2 or
GIuN3 promoters act to enhance transcriptional output. Thetedenthe
following transcription factors; Specific Protein famil\sK-1), Early
growth response family (Egr), T box (Tbr), Fos, JuDAMP response
element-binding (CREB), and nuclear respiratory factorNRK-1)

(Reviewed by Bai and Hoffman 2009, Dhar & Wong-Riley 2009
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Of interest, NRF-1 activity is positively regulated by tRGC-& activity
(Wu et al. 1999). This potential PGG@-INRF-1-GluN1 pathway would
in theory oppose our findings the PG@+Epresses GIluN1 transcription.
However, by nature transcriptional coactivators upregulate asBlection
of the genes transcribed by their target transcription rfactd there is no
evidence that PGCel activity is involved in NRF-1-dependent
transcription of GIUN1.

Although reduced NMDAR-expression is a phenotype of negicéb
disorders including schizophrenia (Olney & Farber, 1998)e lis know
about specific repressors counteracting the transcriptidctheoNMDAR
subunits. However, all three of GIuN1l, GIuN2A, GluN2Bompoters
contain the repressor element RE-1/NRSF. ffames factor RE1 silencing
transcription factor (REST) or neuron-restrictive silencer fa@RSF)
(REST/NRSF) binding to the RE1 element repressing Glahd GluN2B
expression (Bai et al., 2003). We have yet to investigate hwhet
REST/NRSF activity may be regulated by PGdE-1Alternatively
transcriptional repression could occur via epigenetic rerhogebf the
GIluN promoters. Promoters often contain clusters off Coticleotides
termed CpG islands and methylation of these CpG islandstivedga
regulates transcription. CpG island have been found in tbwqier or
proximal regions of GluN1, GIuN2A, GIuN2B (Bai and Kaisj 1993;
Suchanek et al., 1995; Liu et al., 2003; Kim et al., 2008)s represents
another potential target for the repression of NMDAR- esggion. In
addition, although there is no evidence that the GluN rstgare subject
to chromatin remodelling themselves, such modificatiores karown to
regulate the GluN-activating transcription factor CREB (rerei@ Bai and
Hoffman, 2009; Levenson & Sweatt 2005).

Of note, a number of independent groups have shown th&iAnR

transcription, specifically of GIuN1 is not rate-limitimg the expression of
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functional NMDARs (Huh and Wenthold, 1999; Chazot and Siepbn,
2002; Prybylowski et al., 2002). Pryblowski et al., @2p found that
increasing GIuN1-mRNA alone in granule or cortical celmsufficient to
increase NMDAR-currents and rather the co-expression of GlaNBe
rate-limiting step and is able to recruit more GluN1lhe surface. This is
consistent with the theory that there is an excess pooha$sembled
GIuN1 subunits retained within the ER that are rapidly aeéed if
unrecruited (Huh and Wenthold, 1999; Chazot and Stephe&668). Of
course a significant upregulation of receptor expression maqyire de
novo transcription; however increased transcription alone rhay
insufficient to push more active receptors to the plasma marab In
agreement with this, we have found that overexpressing ld1Ghiasmid
in neurons causes no further increase in whole-cell currentitadep
(experiment performed by Marc-Andre Martel; unpublished)dat
Vazhappilly & Sucher (2004) reported translational regutatiof
transcribed-mRNA as a second regulatory step; however, camtsgith
pool of unassembled subunit, much more focus has been @atidet

regulation of assembly, trafficking and receptor stabilitiN®MDARSs.

3.3.4 Receptor stability at synaptic and extrasynaptic sites

Throughout maturation NMDARSs are trafficked in and outhe&f plasma
membrane between synaptic and extrasynaptic sites (Groc €0@6;
Bard and Groc, 2011). Protein-protein interactions playngyoitant role
in regulating the stability of NMDARs. Even before leavirige
endoplasmic reticulum, nascent NMDARSs bind to MAGUKSs sagl?SD-
95, PSD-93, SAP-102 which facilitate cytoskeletal interastinecessary

for receptor trafficking to both synaptic and extrasynagites (Groc et al.,
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2006; Petralia et al., 2010). Once at the plasma membrane ARgIDan
directly interact with the cytoskeletal mesh, by bindimghe actin binding
protein, a-actinin (Wyszynski et al., 1997; Dunah et al., 2000) #rel
cytoskeletal protein, spectrin (Wechsler and Teichberg, 1998\ever,
NMDAR-MAGUK interactions continue to regulate NMDAR stabiliby
promoting the protein-protein interactions required fostgranslational
modifications such as phosphorylation, ubiquitinatioalnptoylation or
calpain cleavage. Some specific modifications that retain receptors
synaptic sites over extrasynaptic sites have been identified.

For example, specific phosphorylation of tyrosine (tyre$#v2) by Src
and serine (Serinel480) by casein kinase Il on the GluN2&agubare
known to promote and disrupt synaptic retention of tkeeeptor
respectively. In contrast Src- phosphorylation of GluNg®sine Y1336
promotes extrasynaptic retention. NMDARs have two C-terhaysteine
clusters that once palmitoylated enhance synaptic traffickidgstability
(Prybylowski et al., 2002; Hayashi et al., 2009). Simylagynaptic
targeting of PSD-95 is thought to require its palmatgn by the
palmitoyl-acyl-transfrase (PAT), huntingtin interactipigptein 14 (HIP14)
(Huang et al., 2004; Huang and El-Husseini, 2005). dddquitination of
GluN1 by F-box protein Fbx2 activity also regulates locabsafHicke,
2001), whereas, polyubiquitination recruits the ubiqiptioteasome
system and targets receptors for degradation (Ehlers, .200@) C-
terminal of the NMDAR can be cleaved by calpain, and although thi
appears not to effect the biophysical function of the recé@ottmann et
al. 2001; Puddifoot et al. 2009) it can disrupt intecsrst between the
NMDAR and proteins of the post synaptic density. Witlishtsa complex
mesh of NMDAR-regulating proteins there are many candidateshéor
indirect suppression of NMDAR activity by PG@-legulation of proteins

involved in transcription right through to membrane ditgbiGiven that
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the mechanisms for targeting NMDARS to synaptic versusmagyxbaptic
sites are not well understood, this requires further iigeton before we
can derive a substantial hypothesis as to how P&@ight alter receptor

distribution.

105



3.3.5 Mitochondrial function and NMDARs

One explanation for the increase in NMDAR currents downstream of
PGC-Ln is that deregulation of NMDAR activity is a possible bypguct

of disruptions in mitochondrial function. In such knoack down PGC-d
disrupts the transcription of mitochondrial genes inclgdnembers of the
electron transport chain such as complex II. Consistent thishtheory,

the complex Il inhibitor 3-NP, which mimics both behawa and
pathological phenotypes of HD, can induce LTP by increasymgaptic
NMDAR activity in the corticostriatal pathway (Calabresi et ap01;
Gubellini et al., 2004). Furthermore, in addition to theeesial role of
mitochondrial-ATP production for ionic homeostasis imno&s, ATP has

the ability to repress both GIuN1/GIuN2B-currents and DiVinduced
neurotoxicity in cultured hippocampal neurons (Ortinaalgt2003). It is
possible that the ability of PGGrlto repress NMDAR-receptors is via
regulatory mechanisms downstream of its known enhancement of

mitochondrial biogenesis and function.

Additional clues may be sought from neurodegenerative sksdanown to
display increased excitotoxicity and NMDAR deregulation as well as
PGC-Xn repression. The role of PGG-1In neurodegeneration has been
most widely studied in HD (Cui et al., 2006; Weydt et 2006; Okamoto

et al., 2009). An imbalance of synaptic and extrasynaptic KRIRctivity

also contributes to the toxicity of HD. In the next chapterinvestigate
whether mutant huntingtin-induced changes in NMDAR exgioesand

function are due to known repression of PGC-1
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Chapter 4:

PGC-1a repression underlies the effect of mtHtt on

extrasynaptic NMDAR currents
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4.1 Chapter summary

In this chapter we investigate the relationship between thepkbtein
mutant huntingtin (mtHtt) and PGGrlin excitotoxic cell death and the
regulation of NMDAR currents. We find that overexpressihg WN-
terminal fragment of the mutant huntingtin protein caomtay a 148
polyglutamine repeat (mtHtt (148Q)) in both corticatl estriatal neurons
increases excitotoxicity. We also show that mtHtt (148QQreases
NMDAR currents in both striatal and cortical neuronal culturexddition,
mtHtt (148Q) causes a specific increase in the extrasynaptic ARMD
currents in cortical cultures. These results are consistentsiithies in
YAC128 HD mouse model (Milnerwood et al., 2010; Fan et28107) and
confirm ourin vitro model of the actions of mutant huntingtin in neurons.
Given the known repression of PG@-by mutant huntingtin and the
increase in extrasynaptic NMDARs and excitotoxicity aftevdikdown of
PGC-In we show in chapter three, we hypothesized that mutant
huntingtin-repression of PGGtlmay mediate its effects on NMDAR
currents and excitotoxicity. In this chapter we repaat th the absence of
PGC-Xn MtHtt has no further effect on NMDAR currents or excitatdy.
We also show that restoring high levels of PGCraverses the effect of
mutant huntingtin on NMDAR currents and excitotoxicityog&ther this
data suggests that PGG-finay be downstream of mtHtt in the regulation
of NMDAR currents and that there may exist a common mechabysm
which these two proteins mediate their effects on NMDARetrus: Data
from this chapter in now published in Puddifoot et 201@2).

108



4.2 Results

4.2.1 MtHtt increases excitotoxicity in primary cortical neurons

Previous studies have shown enhanced excitotoxicity in enowxlels of
HD (Zeron et al., 2002; Zhang et al., 2008). We therefovestigated
whether expressing the N-terminal mtHtt exon 1 (mtHtt 8Q)
containing the polyglutamine repeat in cultured neurons eedanc
excitotoxicity compared to N-terminal wtHtt (wtHtt (18Qgontrol. Our
studies focussed initially on cortical neurons, and subsdgustiiatal
neurons, both of which are effected in HD. Cortical neurerse
transfected with GFP plus either control (globin), wtHp18) or mtHtt
(148Q). Neurons transfected at DIV7 were imaged 48h later and
stimulated with a low dose of NMDA (10 uM) for 1h. Stilation was
stopped by the addition of MK-801(10 uM) and 24h afiBmulation
neurons are re-imaged to track cell fate. Cell death was gedna$ the
loss of GFP-positive cells as a percentage of GFP-pest@lis before
insult. Cell death in untreated neurons was quantified bydhge means
and subtracted from the total death in NMDA-treated cellssiStent with
aforementioned studies, we observed an increase in vulnerabilsyb-
toxic doses of NMDA (10uM) in neurons expressing mtHtt (148Q)
compared to wtHtt (18Q) or control (Globin)-expressingscéig 4.1).
This indicates that oun vitro model of mutant huntingtin expression in
neuronal cells mimics the neurotoxic phenotype of HD mouseelsod
Using thisin vitro expression system in neuronal cultures, we can analyse
the effect of acute manipulation of genes of interest omiceaspects of

cell physiology.
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Figure 4.1 Mutant Huntingtin mtHtt (148Q) increases vulnenbility to
excitotoxicity in vitro (A) Cortical neurons expressing GFP plus ei
control (globin), wtHtt (Q18) or mtHtt (148Q) befoaad 24h after NMD#
stimulation. Neurons transfected at DIV7 were imaged 48h label
stimulated with a low dose of NMDA (10 uM) for 1h. (BEll death wa:
guantified as the loss of G-positive cells as a percentage of (-
positive cells before insult. MtHtt (148Q) dramatically m@sec
vulnerability of cortical neurons to a low dose of NMD150-300 cells
from n=4cultures**p<0.01)
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4.2.2 MtHtt increases whole-cell NMDAR currents in cortical
neurons

Previous studies have shown the YAC HD mouse models haveased
NMDAR expression in the cortical and striatal neurons (Zetcal., 2002;
Zeron et al.,, 2004; Li et al.,, 2004; Fan et al., 2007) vatlspecific
enhancement of extrasynaptic NMDARs (Milnerwood et al., 20I0gse
changes in NMDAR expression are thought to account for inatease
excitotoxicity in the YAC HD mouse models, and blockinge t
extrasynaptic NMDARs with the selective extrasynaptic NMDAR
antagonist memantine rescues neuronal health (Milnerwood €X04D;
Okamoto et al.,, 2009). We next investigated whether theeased
vulnerability we observed aftem vitro transfection of mtHtt(148Q)
corresponds to changes in NMDAR currents in these cells.

Cultured cortical rat neurons were transfected with GFP phrgrol
plasmid (Globin), wtHtt (18Q) or mtHtt (148Q) at DI and whole-cell
patch-clamp analysis of NMDA-evoked currents was perform@&u\at0.
Neurons were transferred to RMgree external recording solution and
GFP-expressing cells were voltage-clamped at -60 mV usindevaded
patch-clamp technique. NMDA (100 puM) was bath-applied to ddlés
evoking an inward current. NMDAR- current density was caledlats the
steady-state current amplitude normalised to the cell capacitance.
Expression of mtHtt (148Q) caused an increase in NMDAR cudemsity
compared to control or wtHtt (18Q) (fig 4.2; p<0.05hid result agrees
with data from the YAC HD mouse model and previouwitro studies
that show mtHtt-driven increase in excitotoxicity resuhs part from
increased NMDAR currents (Milnerwood et al., 2010; Fan.e280D7).
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Figure 4.2 MtHtt (148Q) expressionin vitro increases whol-cell
NMDAR currents Agonis-evoked wholezell currents from cortice
neurons transfected with GFP plus (A) control plasmildi§@®) (B) wtHtt
(18Q) (C) mtHtt (148Q). Neurons were transferred tc**-free externa
recording solution and volta-clamped at -60 mV using whot®ll patcl-

clamp tetinique. NMDA (100 uM) was be-applied to the cells evokir
an inward current (D) NMDA- current density was calculated as

steadystate current amplitude normalised to the cell capaciti
Expression of mtHtt (148Q) caused an increase in NMDAR ct density
compared to control or wtHtt (18Q) cells *one way ANOVAldated by
post hoc Dunnets test p<0.01, p<0.00:n=17 cells from N=6 cultures
(Traces scale bar 5 s by 300 |
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Our next aim was to test whether this increase is whole cetrtuand
concurrent cell death was due to a preferential increase in expgyn
NMDAR activity as found in Milnerwood et al., (2010)o do this we
used the ‘quantal block’ protocol described in chapter 2. dlmlate the
use of this protocol, we first investigated whether m#:ression altered
MEPSCs amplitude or frequency, as well as confirming theademiu of
the synaptic component of the whole cell current is reache® byidutes
MK801/TTX/zero Md".

4.2.3 No change in mEPSCs in cells expressing mtHtt (148Q)

To study the effects of mtHtt expression on mEPSCs, onsumwere
transfected (DIV7) with GFP plus wtHtt (18Q) or mtHi#8Q). 48h post
transfection, neurons were placed in recording solutionlsonpgmted with
PTX (50 uM), TTX (300 nM) and Mg (1.3mM). MEPSCs were recorded
in voltage clamp (-70 mV) for 5-10 min using wholelgehtch-clamp.
Analysis of mEPSC recordings showed that the amplituderdedevent-
interval distributions were similar for both wtHtt (18@nd mtHtt (148Q)-
expressing cells. Furthermore, no change was observed inamgditude
or frequency between groups (Fig 4.3, mtHtt vs. wtitt0.26, 0.31
respectively, T-test (n=6)). This confirmed that the synaptic mEPSC
frequency and amplitude were unaffected by mtHtt (148Q)-esioresn
our cortical cultures.
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4.2.4 ‘Quantal block’ of synaptic NMDARs

As in the previous chapter, we applied the ‘quantal blockioea using
TTX/MK-801/ zero Md* to selectively block synaptic NMDARs. This
protocol requires that all of the synaptic NMDARSs are aaiyaturing the
guantal block period, such that they can be blocked by tbeensible
open-channel antagonist MK-801. To confirm that the expessif
mtHtt(148Q) does not effect the rate of blockade of syn&MOARs we
performed a time-course experiment in which the coversliptacong the
neuronal cultures were bathed in TTX/MK-801/ zero’Migr increasing
amounts of time to establish the time point of saturabbrMK-801
antagonism. 48h after transfection with globin (confrabfHtt(18Q) or
mtHtt(148Q) plus an eGFP marker, neurons were placed ifi fee
recording solution supplemented with PTX (50 uM), T{300 nM) and
MK-801 (10 pM). Neurons were incubated for 0-30 minustsroom
temperature, and then washed with aCSF to remove residuaBQliK
Coverslips were transferred to patch-clamp recording chaminéaicimg
aCSF supplemented with PTX, TTX and Zero XgGFP-expressing
neurons were voltage-clamped at -60mV using whole cell mddchp and
NMDAR-currents were evoked. We confirmed that 10 minut@swétion
was sufficient to reach a saturated blockade of the synajpjoiiion of
the whole cell current and the time course of synaptic NMDOdekade
by MK-801 did not differ between wtHtt(18Q)-expressing dan
mtHtt(148Q)-expressing cells (Fig 4.4). In this expemtiwe can see that
both mtHtt(148Q) and wtHtt(18Q) reach saturating MK-80dck by 10
minutes incubation; in addition, we observe reduction enprcentage of
the mean whole cell current that is blocked by MK-801 iHni148Q)
neurons. In mtHtt(148) cells only 54% of mean pre-treatnogirrent is
blocked by MK-801, compared to 64% in wtHtt-neurons. NHiHédiated

changes specific to extrasynaptic NMDARs are analysed below.
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Figure 4.3 mtHtt(148Q) expression does not alter mEPSC frequency
amplitude in cortical neuronal culture (A) Example mEPSC traces fro
cortical neurons transfected (DIV7) with GFP plus wtH&@)®r mtHtt
(148Q). 48h post transfection, neurons were placed indgoeolution
supplemented with PTX (50 pM), TTX (300 nM) and #* (1.3mM).
MEPSCs were recorded in voltage clan-70 mV) for 510 min using
whole-cell patchelamp. (B) The amplitude distribution was similar
both wtHtt (18Q) and mtHtt (148+expressing cedl (C) Likewise, nc
change was observed in the ireventinterval distribution betwee
groups (300 events per cell from N=6 cells). No change Wwasreed ir

either the (D) mean mEPSC amplitude or (E) mean frequeneyebn
groups (n= 6, @ells).
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Figure 4.4 MK-801-blockade of synaptic NMDARs saturates by 1
min incubation Neurons were incubated for-30 minutes at roor
temperature in aCSF containing PTX (50 uM)/TTX (300 m#K-801 (10
pM). After which NMDAR-currents were evoked. Current response
normalised to the mean response-incubation to control for difference
in baseline current between wtHtt and mtHtt. The time coursgraptic
NMDAR blockade by MI-801 did not differ between wtHtt (18-
expressing (n= 20 cells total) mtHtt (148- (n=17 cells) saturating by 1

minutes incubation time in both cas
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4.2.5 MtHtt enhances extrasynaptic NMDAR currents

Milnerwood et al., (2010) presented evidence for enhancedsgxiaptic
NMDAR activity in the YAC128 model of HD. In addition hereas
increased extrasynaptic NMDAR signalling increases excitotaeilt
death, synaptic NMDAR activity is neuroprotective (revieweatdthgham
and Bading, 2010). We therefore applied the quantal blockogob
described in chapter 3 to assess whether the extrasynaptic censity

is altered afterin vitro expression of mtHtt(148Q) compared to
wtHtt(18Q) control. Neurons were stimulated for 10 masutvith aCSF
containing MK-801/TTX/zero Mg to block spontaneously active synaptic
NMDARSs. Agonist activation of the remaining extrasynaptic DIRS,
which were not active during the quantal block protocol, waasured by
subsequent bath application of NMDA (100 uM). MtHtt (14&pression
led to an increase in extrasynaptic NMDAR currents comparenatHidt
(Fig. 4.5). Furthermore, the effect of mtHtt (148Q) ertrasynaptic
currents was far greater than its effect on total currents (mneagase:
139.0+£22% extrasynaptic, 41.02+7.2% total current
(synaptict+extrasynaptic) N=5, 4 p<0.01). At this stageesfetbpmenin
vitro, the extrasynaptic pool represents ~30% of the total populati
receptors as described in chapter 3; this indicates a predéreifiect of
mtHtt(148Q) on expression levels of extrasynaptic NMDARgero
synaptic NMDARs (Fig. 4.6). As discussed in Milnerwaetdal., (2010),
this increase in extrasynaptic NDMAR activity may account fog t
increased vulnerability of neurons expressing the mutamitirfgiin

protein.
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Figure 4.5 Extrasynaptic NMDAR current density is increased n
cortical neurons expressing mtHtt(148Q48h post transfection, neuro
were placed in Mg -free recording solution supplemented with PTX
uM), TTX (300 nM) and MI-801 (10 uM) for 10 minutes at roac
temperature. After a 10 minute incubation, neurons weshed with Mk-
8014ree recording solution. Neurons were held under ve-clamp -60
mV) using wholeeell patcl-clamp and NMDA (100 pM)evoked current
were recorded. Extrasynaptic NMDrcurrent density was calculated
the steadystate current amplitle normalised to the cell capacitance.
Expression of mtHtt (148Q) significantly increased extrasyiodMDAR
current density (®4, 4 stimulations from 4 cultures, t test *p<0..
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Figure 4.6 The effect of mtHt-expression is greater n extrasynaptic
NMDAR- currents compared to the total whol«-cell agonis-evoked
currents (A) mtHtt(148Q-overexpression has a greater effect on
extrasynaptic NMDAI-currents compared to the effect on the total w-
cell current (mean increase 125.1%8.86 extrasynaptic, 40.79% + 8.4
total, n=4,6respectively t-test p<0.0p
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4.2.6 Does mtHtt alter NMDAR activity via the repression of PGC-

1a?

In chapter 3 we described the bidirectional control of extrasinapt
NMDAR currents downstream of PGG1Mutant huntingtin protein has
previously been shown to suppress PGC-dxpression by directly
interacting with the PGCelpromoter (Weydt et al., 206). Therefore, we
proposed that the effects of mtHtt on extrasynaptic NMDARetus
could be due to its known effects on suppressing P&Expression. If
this was the case we would expect the effects of P@Gknhbdckdown and
mtHtt (148Q) expression to be non-additive and occlude edoér.ot
Secondly, since overexpression of PGELid known to counter both the
toxicity of mutant huntingtin and suppress extrasyndgMDAR activity
(this study) we hypothesised that exogenous P&@xpression should
rescue the effect of mtHtt (148Q) on extrasynaptic NMDAResus and
toxicity.

We first confirmed the repression of PG&4ly mtHtt (148Q) - expression
in cultured cortical neurons compared to wtHtt (18Q) a@intr
MtH1t(148Q) reduced PGCelpromoter activity assayed by the
coexpression of mtHtt(148Q) or wtHtt(18Q) with a 5.4R&C-b-
promoter-luciferase reporter (Fig 4.7) (Bai et al., 2003)
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Figure 4.7 mtHtt expression significantly reduces PGC-d promoter
activity Cultured cortical neurons coexpressing a PG@gpbmoter-
luciferase reporter plus either wtHtt(18Q) of mtHtt(148) evassayed for
luciferase activity 48h post transfection. 24h after transiecheurons
were stimulated with Bic/4AP to induce higher levels promaetgivity
(Soriano et al., 2011). The expression of mtHtt (148@ifscantly
reduced promoter activity, n=ciltures, ttest p<0.05.

121



4.2.7 MtHtt (148Q) and PGC-1a knockdown cause a non-additive

increase in excitotoxicity

Since we have evidence that mtHtt represses Pé&ttahscription in this
model we hypothesised that this repression of PG@idy contribute to
the mtHtt (148Q) increase in excitotoxicity. To test thwise analysed
whether mtHtt (148Q) expression increased excitotoxicitygarons that
no longer express PGGr1PGC-Li siRNA was coexpressed with mtHtt
(148Q) or wtHtt (18Q) plus an eGFP marker. Images ok#me neurons
were taken pre and 24h post a 1h NMDA (10 pM) stimulation

PGC-Xn knockdown and mtHtt (148Q) both increased excitotoxicity
compared to control (Fig 4.8). However, in neurons transfegiddPGC-
la SiRNA, mtHtt (148Q)-expression had no additional eff@ctNMDA-
induced excitotoxicity (Fig 4.8, Two way, interaction facfws0.0379).
This suggests that the PGG-Ipathway is involved in the mtHtt
excitotoxic pathway and that inhibiting PGG-&xpression is sufficient to
mimic excitotoxicity of mtHtt. This agrees with data fréhe PGC-& KO
mice in which striatal lesions closely replicate those seétD mice (Cui
et al., 2006).

4.2.8 MtHtt (148Q) and PGC-1a knockdown cause a non-additive

increase in NMDAR current density

We next tested the combined effects of mtHtt (148Q) and -B&sC
knockdown on whole cells NMDAR currents. Neurons were teamestl
with wtHtt (18Q) or mtHtt (148Q) in the presence of eithentrol non-
targeting siRNA or PGCettargeting sSiRNA. Whole-cell current density

was increased by mtHtt (148Q)-expression in control siRIXpressing
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neurons ftest **p<0.01). Concurrently, siRNA knockdown of PG@&-1
caused an increase in NMDAR-current density in wtHtt (18@)essing
cells ¢-test *P<0.05). However, no significant difference in NMDAR
current density was observed in cells co-expressing wtH®)M&rsus
mtHtt (148Q) in PGC-d siRNA-expressing cells (Fig 4.9) this result
suggests for the first time, that the repression of P& mutant
huntingtin may account in part for the observed alteratiolNMDAR

activity reported in HD.

4.2.9 MtHtt-increase in extrasynaptic NMDAR-currents is
occluded by knockdown of PGC-1a

Finally, we investigated whether the expression of mtHtt cells
expressing PGCelsiRNA had further increase in extrasynaptic NMDAR
activity. Expression of mtHtt (148Q) significantly incredsextrasynaptic
NMDAR current density in control siRNA neurons but notneurons
expressing PGCel siRNA. Likewise, these observations support the
hypothesis that mtHtt increases extrasynaptic NMDAR activitieast in

part, via repression of PGGrl
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Figure 4.8 MtHtt(148Q) expression and siRNA knockdown oPGC-1a
have a nonadditive effect on excitotoxicity(A) Images pre and 24h pc
1h NMDA (10 pM) stimulation. Cortical neurons were tracted with
wtHtt (18Q) or mtHtt (148Q) in the resence of either control n
targeting siRNA or PG-la targeting siRNA (PGQa siRNA (i)). (B)
MtHtt (148Q) expression caused an increase in NI-induced cell deat
in control cells. No significant increase in cell death biHiN{(148Q)
compared to wtHtt(18Q-expressing cells was observed in cells-
expressing PGQe siRNA. (n=3 for each culture, 5@00 cells wert
analysed per group for each stimulatiort-test p<0.05 **p<0.01. (C
Two-way ANOVA results show a significant interaction factor 3379)
between the effects of P(-la siRNA-expression and mtHtt (148-
expression on the loss of G-positive cells.
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Figure 4.9 Coexpression of MtHtt (148Q) and PG(-1a-siRNA results
in a non-additive increase in agonis-evoked NMDAR currents
Neurons transfected with (A, C) wtHtt (18Q) or (B, DiHti (148Q) in the
presence of either (A, B) control r-targeting siRNA or (C, D) PC-1o-
targeting siRNA (PG-1a siRNA (i)). (E) Wholeeell current density we
increased by mtHtt (148+-expression in control SiRNA&xpressing
neurons ttest **p<0.01). Concurrently, sSiRNA knockdown of P-la
caused an increase in NMDrcurrent density in wtHtt (18Q@xpressing
cells t-test *P<0.05). No significant difference in NMDAR currelensity
was observed in dsl cc-expressing wtHtt (18Q) versus mtHtt (148Q)
PGC-X siRNA-expressing cells. (F) Tv-way ANOVA results indicate

significant interaction between the effect of F-1la siRNA-expressior
and mtHtt (148Qexpression on whe-cell NMDAR current density.n
the context of reduced P(-1la, mtHtt (148Q) has a different effect

wholecell NMDAR currents. (races scale bar 5 s by 400 p#s 21, 17,
38, 21cells from 4 culture:
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Figure 4.10 Increase of extrasynaptic NMDAR current density ¥
mtHtt(148Q)-expression and siRNA knockdown of PG-la is nor-
additive (A) Expression of mtHtt(148Q) significantly increas
extrasynaptic NMDAR current density in control neurons hot in
neurons expressing P¢la SiRNA (n=4,4,4.4 stimulations from ¢
cultures,t test *p<0.05. (B) Two way ANOVA results show a significa
interaction between PC-lo siRNA and mtHtt (148Qgxpression ol
extrasynaptic NMDAR currents (Interaction P=0.0
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4.2.10 PGC-1a rescues mtHtt (148Q)-mediated increase in

excitotoxicity

Given that mtHtt and PGCelknockdown occlude each other’s effect on
excitotoxicity and NMDAR deregulation, we next tested the Hygsis
that expression of exogenous PGE&-tan rescue the changes in
extrasynaptic NMDAR activity and toxicity by mtHtt. Preus studies
have shown that PGCaloverexpression can protect against mtHtt toxicity
in STHA'* HD cell line,in vivo in the R6/2 cells the death as well as
against cell death induced by TTX blockade of synaptic aciiviprimary
striatal cells expressing mtHtt (Okamoto et al., 2009).tiGdrneurons
were transfected with GFP plus either control (globin) @&CPla
alongside either wtHtt (Q18) or mtHtt (148Q). Coexprassof PGC-i
completely reversed the effect of mtHtt on excitotoxicitig (.10, mean
cell death: 30.51 % + 3.79 in mtHtt(148Q) + globin cell®.5404 % +
2.64 in mtHtt(148Q) + PGCelcells, p<0.001). PGCelexpression can

counteract the toxicity of mtHtt.

4.2.11 PGC-1a rescues mtHtt (148Q)-induced increase in NMDAR

current density

The ability of PGC-& to rescue mtHtt-increases in excitotoxicity
combined with the repression of NMDAR currents by PGGipression,
shown in chapter 1, suggests that exogenous RG@dy reverse the
increase in NMDAR currents by mtHtt. To test this hypsth, we again
transfected cortical neurons with GFP plus either controb{g) or PGC-
la alongside either wtHtt (Q18) or mtHtt (148Q). MtHxpeession caused

an increase in NMDAR currents in control cells; the increase ilDAN
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currents was significantly reduced in cells expressing exogeRGC-i

expression (Fig 4.11).

4.2.12 PGC-1a overexpression rescues mtHtt (148Q) increase in

extrasynaptic currents

We tested the effect of mtHtt on extrasynaptic NMDAR enis in cells
co-expressing exogenous PGE-The increase in extrasynaptic NMDAR
current density in mtHtt-expressing cells was rescued bgdbgpression
of PGC-1u (Fig 4.12). Indeed, analysis by two-way ANOVA showest tim
the context of exogenous PGG-Expression, the effect of mtHtt on
excitotoxicity and extrasynaptic NMDAR currents is signifitan
decreased (Fig 4.11, Fig 4.12).

Summary: Together this data shows that the repression of P&6yl
mtHtt contributes to enhanced extrasynaptic NMDAR currentd an
excitotoxicity in HD. Given that mtHtt has no furtherexft on NMDAR
currents or excitotoxicity in the absence of PGLC-1his suggests that the
effect of mutant huntingtin and loss of PGE-Ishare common
mechanisms in mediating these effects. Consistent with tineory,
restoring PGC-d expression reverses the changes in NMDAR currents

and excitotoxicity induced by mutant huntingtin expression.
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Figure 4.11 PGCie rescues mtHtt(148Q-induced increase n
excitotoxicity Cortical neurons were transfected with GFP plus e
control (globin) or PG-1la alongside either wtHtt(Q18) or mtHtt(148
(A) Images before and 24h after NMDA stimulation. Neurtvassfectec
at DIV7 were imaged 48h later and stimul: with a low dose of NMDZ
(10 uM) for 1h. (B) Cell death was quantified as thes los GFF-positive
cells 24h post stimulation. In control cells, mtHtt (©@j8[creasec
excitotoxic cell death t-testp<0.5). Whereas ctransfection of PG-1la
dramatically escued mtHtt(148(-induced NMDA vulnerability (mea
cell death: 30.51 % + 3.79, 0.5404 % * 2.64 in controitiHtt(148Q) anc
PGC-ln + mtHtt(148Q) respectively, *t-test p<0.001) n=6,5,4,5
cultures for each culture, a total of :-300 cells were analysqzkr groug
for each stimulation). (C) Two way ANOVA results shawsignificant
interaction between PC-la -overexpression and mtHtt (148Q-
expression on loss of G-positive cells (Interaction p=0.024). This resi
indicates that in the context of P-1la overexpression the effect of mtt

(148Q)
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Figure 4.12 PGC4a rescues mtHtt (148Q-induced increase ir
NMDAR current density Agonist-evoked wholeell currents fron
cortical neurons transfected with (A, C) wtHtt (18Q) or (B, mtHtt
(148Q) in tle presence of either (A, B) control (globin) plasmid o/(X
PGC-k. (E) PGCila overexpression caused a significant decreas
NMDAR-current density in both wtHtt(18Q) and mtHtt(14--expressing
neurons (** t-test p<0.01, **t-test p<0.001). Therefore,ven thougl
mtHtt(148Q)expression increased NMD/current density compared
wtHtt(18Q) in both control and PC(lo-expressing neurort-test
***p<0.001, **p<0.01), in PG(-la-expressing neurons this resulted
levels similar to control (mean: 38.29 pA + 1.98, 38.48 pA/pF *1.
respectively). (r 30,19,43, 2 cells from 4 cultures (A respectively

(F) Two-way ANOVA results indicate mtHtt(148Q) has a similareeffin
control or PGC-d -expressing neurons. Scale bar represents 5s b
pA.
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Figure 4.13 PGC4e overexpression rescues mtHtt(148¢induced
increase in extrasynaptic current density A) Overexpression of PC-
la occluded the effect of mtHtt(148-expression of extrasynap
NMDAR current density n=7,5,4,4stimulations from 4 culturc *t-test
p<0.05 **p<0.01) (B) Two way ANOVA results show a siggant
interaction between PC-lo overexpression and mtHtt(148@)pressior
on extrasynaptic NMDAR currents (Interaction P=0.0
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4.2.13 Striatal neurons

Many studies have reported that the medium spiny neurohe stiiatum
are particularly vulnerable to mtHtt toxicity (Ferrante et af9l;
Graveland et al., 1985; Klapstein et al., 2001). In HD paienspecific
loss of PGC-a is observed in the caudate nucleus of the striatum (Cui et
al., 2006). We therefore wanted to test the relative effectatHtt and
PGC-X on the vulnerability to excitotoxicity and NMDAR currents
striatal cultures.

One major caveat to the study of striatal NMDAR populat®rthat
glutamatergic inputs onto striatal neurons originate froutside the
striatum. We therefore hypothesised that changing our celireydtotocol

to enrich for striatal neurons restricts the glutamatergiatitipese cells
receive in culture, and therefore we cannot guarantee the (qtaédence
of spontaneous release of glutamate in such cultures and wm ¢anger
use the ‘quantal block’ method to isolate extrasynaptic NNRxAIrrents.
However, we were able to test whether mtHtt expression and l8GC-
knockdown have an additive effect on total NMDAR currentsl an
excitotoxicity in cultured striatal cells, enriched witiARPP-32 positive
neurons. Secondly, we examined whether PG@Q:duld rescue mtHtt-

increase in toxicity and NMDAR currents in striatal cultures
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4.2.14 A non-additive increase in excitotoxicity by mtHtt

expression and PGC-1a knockdown in striatal cultures

Striatal neurons were transfected with wtHtt(18Q) or n{i48Q) in the
presence of either control non targeting siRNA or PG@Ctdrgeting
SiRNA (PGC-Li siRNA()). Images were taken before and 24h after
NMDA stimulation and cell death was quantified as the peacgnloss of
GFP-positive cells. Both mtHtt(148Q) and PG&khockdown caused an
increase in NMDA-induced cell death in control cells. Ngn#icant
increase in cell death by mtHtt(148Q) compared to wtHttji&@ressing
cells was observed in cells co-expressing PGGIRNA. Thus, PGC4d
knockdown and mtHtt(148Q) expression increased NMDAR in @& no
additive manner (Fig 4.12B).

4.2.15 PGC-1a rescues mtHtt-increase in excitotoxicity in striatal

cells

We next assessed whether PGLC+gverses mtHtt-induced increase in
excitotoxic vulnerability in striatal cells as it does so dortical cells.
Striatal neurons were transfected with GFP plus either dd(giiabin) or
PGC-X. alongside either wtHtt (18Q) or mtHtt (148Q). Neuronehith
was stimulated with a toxic dose of NMDA (20 uM) for. 1h control
cells, mtHtt (148Q) increased excitotoxic cell death-t€st p<0.5).
Whereas co-transfection of PG@-Hramatically rescued mtHtt (148Q)-
induced NMDA vulnerability (Fig 4.12C).
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Figure 4.14 NMDA-induced death in mtHtt-expressing cells irstriatal
cultures in the context of PGC-r knockdown or overexpression

(A) DARPP-32 -enriched striatal cultures. In our hands strizailires
were approx. 50% DARPP-3PB) Striatal neurons were transfected with
wtHtt(18Q) or mtHtt(148Q) in the presence of either oamon targeting
SiRNA or PGC-u targeting siRNA (PGCd siRNA()). Both
mtHtt(148Q) and PGCel knockdown caused an increase in NMDA
(10uM)-induced cell death in control cells. No significant incesas cell
death by mtHtt(148Q) compared to witHtt(18Q)-expressinds cefas
observed in cells co-expressing PGEsIRNA. (C) Striatal neurons were
transfected with GFP plus either control (globin) or PGCalongside
either wtHtt(Q18) or mtHtt(148Q). Neuronal death was statea with a
toxic dose of NMDA (20 uM) for 1h. In control cellsntHtt(148Q)
increased excitotoxic cell deatht{est p<0.5). Whereas co-transfection of
PGC-lu dramatically rescued mtHtt(148Q)-induced NMDA vulnerability
(p<0.05, _n=3cultures, 50-100 cells were analysed per group for each
stimulation)
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4.2.16 In striatal cultures, mtHtt and PGC-1a knockdown increase

NMDAR currents non-additively

To test whether mtHtt and PGG-lalter NMDAR currents in striatal
neurons and whether they do so in an additive way, we camiethe
following experiment. Striatal neurons were transfected witHtt(18Q)
or mtHtt(148Q) in the presence of either control siRNA BGC-I
SiRNA. Reflecting results from studies in cortical newsrowhole-cell
currents were increased by both mtHtt(148Q)-expression ArRGT- L
knockdown in striatal cultures. However, as we saw in theiced
neurons, in the context of PGG-knockdown, mtHtt(148Q) caused no
further increase in NMDAR currents compared to wtHtt(18Q xesfing
cells (Fig 4.13A). This result suggests that in the absehe& C-Tn mtHtt
can no longer exert its effects on NMDAR current densitgnfthis we
can extract that mtHtt and PGG-1knockdown share a common
mechanism in the regulation of NMDAR currents in striat@lrons and
potentially, mtHtt requires the presence of PGCtd be able to drive
NMDAR currents away from baseline levels. An alternative expiamas
that intrinsic regulation of NMDAR expression prevents asgnaptic
NMDARs increasing above a certain threshold. Given that theogxxic
cell death is also non-additive in mtHtt(148) and siRNA-egping cells,
we can assume that the failure to see an additive effect of a®B@() and

SiRNA is not due to excitotoxicity of high-expressing cells
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Figure 4.15 In striatal cultures, mtHtt and PGC-lo knockdown
increase NMDAR currents non-additively, while PGC-1.
overexpression rescues mtHtt-induced increase in curren{®\) Striatal
neurons transfected with wtHtt(18Q) or mtHtt(148Q) he presence of
either control siRNA or PGCelsiRNA. Whole-cell current density was
increased by mtHtt(148Q)-expression in control siRNA-egping
neurons. Concurrently, sSiRNA knockdown of PG&€hused an increase
in NMDAR-current density in wtHtt(18Q)-expressing celéowever, no
significant difference in NMDAR current density was olveerin cells co-
expressing wtHtt(18Q) versus mtHtt(148Q) in PGLCsIRNA-expressing
cells. (B) Striatal neurons transfected with wtHtt(18Q)miHtt(148Q) in
the presence of either control (globin) plasmid or PEGCRGC-L
overexpression caused a significant decrease in NMDAR dutestsity.
Moreover, in cells expressing exogenous PGC-fintHtt no longer
increased NMDAR currents (ttegp ¥ 0.05;n = 5-7(A) and_6-8(B)).
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4.2.17 PGC-1a overexpression rescues mtHtt-induced increase in

currents

In preceding experiments, we describe the ability of P@Q@elprotect
against mtHtt-induced increase the total whole-cell and extagps$i
NMDAR currents in cultured cortical neurons. We now slioat PGC-
can protect against excitotoxic cell death in striatal neusodsinvestigate
whether this is concurrent with the repression of mthtlticed increase in
NMDAR currents. To investigate whether PGE&-Icould rescue
augmented NMDAR currents in mtHtt-expressing striatal neyrohne
cells were transfected with wtHtt(18Q) or mtHtt(148Q)he presence of
either control (globin) plasmid or PGG:1PGC-h overexpression caused
a significant decrease in NMDAR current density in cells esomgs
wtHtt(18Q). Furthermore, exogenous expression of P&(tevented
mtHtt-mediated increases in NMDAR currents (Fig. 4.13B).

This result is consistent with our results in corticalls and agrees with
the anti-excitotoxic capacity of PGGr1n striatal neurons presented above
(Fig 4.14). In addition this present a novel explanatifum the
neuroprotection of virally expressed PGE&4h the striatum of HD mice
reported by Cui et al., (2006)

Summary: These data support the notion that mtHtt-repression ofRGC
contributes to the deregulation of NMDAR currents andtetaxicity in
striatal neurons as well as cortical neurons, the major Sifes

neurodegeneration in HD.
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4.3 Discussion

This study confirmed our hypothesis, that pathologiqategulation of
extrasynaptic NMDAR activity by mutant huntingtin is ocatddoy PGC-
la knockdown and conversely rescued by PGGlerexpression in both
cortical and striatal neurons. This finding suggests that ritutant
huntingtin repression of PGGtlis mechanistically linked to the

pathological extrasynaptic activity in HD.

4.3.1 Consequences for neurological disease

HD: A reciprocal relationship between mtHtt-toxicity and the balarfce o
synaptic and extrasynaptic NMDAR activity was identified hyot
independent studies in 2009-10. Okamato et al., (2@@)df that synaptic
NMDAR activity suppressed mtHtt-toxicity by inducing thepeassion of
the chaperonin subunit TCP-1 which leads to formation @i-toxic
inclusions of the mutant huntingtin protein. In cortrasxtrasynaptic
NMDARs activate the GTP-binding protein Rhes, which causes
sumoylation and disaggregation of mutant huntingtin af@&to et al.,
2009; Subramaniam et al., 2011b). In addition, Milneravet al., (2010)
described an increase in extrasynaptic NMDAR-activity, CREB-
dephosphorylation and increased toxicity in the YAC128 HhhDuse.
MtHtt is known to disrupt the CREB-target PG@-by both directly
interacting with and suppressing the PGL-firomoter and by the
repression of CREB-activity downstream of exaggerated extrasynap
NMDAR activity. Together these results present a complex tineesd
feedforward signaling cascade. The presence of mutant huntingti®
represses the CREB-driven PG&-dxpression. Loss of PGGrincreases
extrasynaptic NMDAR activity. Extrasynaptic NMDARs disrupbth

inclusion formation and the CREB-signaling cascade caufimther
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repression of PGCel The -current study builds on our previous
understanding that the mtHtt-repression of PGCebntributes to HD
phenotype by its known regulation of mitochondrial fumet and
biogenesis. The mechanisms behind the imbalance of extrasyaapitic
synaptic NMDAR signaling downstream of PG@-iemain unknown.
Milnerwood et al., (2010) describe an increase in proteimessmpn of
both GIuN1 and GIuN2B in ‘non-PSD’ membrane fractioref striatal
and cortical cells, consistent with the ifenprodil-sensitidt augmented
extrasynaptic NMDAR activity this is attributed to increadedwvard
trafficking of GIuN2B-containing receptors (Fan et al., 20@fnerwood
et al., 2010).

The mechanisms behind increased NMDAR expression in HD remain
relatively unexplored. However, many studies point to defectzrotein-
protein interactions and post-translational modificatioh8NMDARS in

HD that may lead to defects in synaptic targeting. Endoplasstention

and forward trafficking is mediated by PKA phosphorylat@mhGIluN1
S896 and S897 (Tingley et al., 1997; Scott et al., 200%re are reports

of increased GIuN1 S897 phosphorylation in the HD stmathowever
this is still under dispute (Jarabek et al., 2004; Ariahcale 2005).
Retention of NMDARs at the plasma membrane is regulated by
interactions with PSD-95, enhanced binding of GIuN2B t®®S may
alter extrasynaptic stability of NMDARs (Fan et al., 2009ingrwood et

al., 2010). In addition, elevated calpain levels are reportéaeity AC HD
mouse model (Cowan et al., 2008). As discussed in ch&ptealpain
cleavage of the GIuN2B C-terminus disrupts interactionk wibteins of

the post synaptic density, and has been found to increasxional
membrane bound receptors (Prybylowski et al., 2005).résults indicate

that mtHtt-repression of PGGxls part of the signaling cascade that leads
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to increased extrasynaptic NMDAR activity, but the common @gisims

downstream await investigation.

Alzheimer's disease Alzheimer's disease (AD) is an age-related
progressive disorder characterised by the formation of tvessidal
lesions: senile plagues composed of amypmeptides and neurofibrillary
tangles (Selkoe, 2001). A recent study by Qin et al0g20eports the
decline of PGC-&¢ mRNA and protein concurrent with increased dementia
rating, A3 plaque formation and [A peptide in AD human tissue. In
addition, exogenous PGGQGrl expression was able to reverse
hyperglycemia induced amyloidogeneis.

In striking resemblance to HD a reciprocal relationship hagnb
discovered between the balance of synaptic and extrasynaptic RMDA
activity and the toxicity of A peptides. ExcessfApeptide in Alzhiemer’'s
disease brain is thought to selectively reduce glutamatergiepty
transmission by reducing synaptic retention of NMDARsy@®&n et al.,
2005). A3 is though to prevent the degradation of the tyrosine tadape
STEP with leads to inactivation of the tyrosine kinag®m,Fas well as
enhanced GIuN2B Y1472 dephosphorylation, resulting in dluc
exocytosis and increased endocytosis of synaptic NMDARsu(Kat al.,
2010). In return, chronic extrasynaptic NMDAR activity mases the
production of A8 peptides, exacerbating toxicity (Bordji et al., 2010).
Combining this with our findings, PGGals able to reduce the production
of AB peptide by reducing amyloidogeneis (Qin et al., 2G0®) indirectly
by the repression of extrasynaptic NMDAR activity andssguent &

production.
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4.3.2 Current therapeutic targets: Extrasynaptic NMDAR activity

Given the necessity of synaptic NMDAR signaling for celiveral and
function, pharmacological interventions for the preventiorexafitotoxic
cell death associated with neurodegenerative disease have been
complicated. In accord, the use of NMDAR antagonists for réstrhent
of excitotoxicity associated with ischemic brain injurystnoke proved to
be poorly tolerated and ineffective (Ikonomidou & Turg&02; Muir
2006). Current understanding of the dichotomy of NMD#iBnaling to
pro-death and pro-survival cascades depending on their locag@ms
that selective targeting of the extrasynaptic NMDAR cascadessedi.
The biophysical properties of the NMDAR antagonist memargimable it
to be both effective at reducing excitotoxic damage and wieltatiedin
vitro andin vivo (Chen & Lipton 2006; Chen et al. 1998; Léveillé et al.
2008). Firstly, memantine is a non-competitive, open challoeker of
NMDARs and in such is highly effective at blocking theolpnged
activation of extrasynaptic NMDARs (Chen & Lipton 2006).dontrast,
the voltage-dependence and fast-off rate of memantine medassitnot
accumulates in the synaptic cleft and is ineffective at blockymgstic
NMDARs at low doses (Chen & Lipton 2006; Xia et al. 201Results
from two independent groups support the potential rerotection
afforded by memantine antagonism of extrasynaptic NMDAR$ih
(Okamoto et al., 2009, Milnerwood et al., 2010). Lowado®emantine was
shown to restore phospho-CREB activity in the YAC128atstm
consistent with antagonism of the dominant extrasynaptiEEsghut off
pathway (Milnerwood et al., 2010). In addition injectiofh low dose
memantine at either 2 months (Milnerwood et al.,, 201012months
(Okamoto et al. 2009) prevented motor learning defioita HD mouse

model.
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5.3 Future potential: Targeting PGC-1a

The observation that PGGrl expression can repress neurotoxic
extrasynaptic NMDAR currents and reverse the vulnerability @ H
models, proposes an alternative target to intervene againsttexicity
aside from pharmacological antagonism of the receptors thesssé&ue
the diverse functions of PGGrlargets in an array of tissues, strategies for
enhancing its function would ideally be tissue specific, it terget
specific. Furthermore, transcriptional coactivators by dé&dimitdo not
possess DNA or ligand binding domains; as a resularrpacological
activation of PGC-d4 is unfeasible. Regulation of PGG@-Iactivity is
restricted to increasing its expression, stability or adgon with its

targets.

Transglutaminase 2 is a selective corepressor of nuclear gadess a
upregulated in HD (Karpuj et al., 2002). A recent study $tamwvn that
PGC-Lu is a target of TG2 activity and inhibition of TG2 is fazient to
derepress both PGGrland cytochrome C in HD models (McConoughey
et al., 2010). This was achieved not only by RNAi knoekada@and genetic
knockout of TG2, but also by the application of a noveltigep the
transglutaminase inhibitor ZDON. ZDON restored PGCekpression and
protects YAC128 primary striatal neurons from NMDA-excitotdy
(McConoughey et al., 2010). Interesting, the amelioragifects of ZDON
were not associated with alterations in mitochondrial biegisn consistent
with the additional neuroprotective properties of PGC-expression

outside the mitochondria as described in this study.
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Chapter 5:

PGC-1a knockout mice have alterations in AMPA but not

NMDA- type glutamate receptors
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5.1 Introduction

PGC-Lu is highly expressed in multiple brain regions in mice udtig
cerebral cortex, striatum and substantia nigra (Tritos e2@03). Previous
studies in mice have shown PG@-dxpression to protect against neuronal
stress in a number of neurodegenerative diseases includibg H
Alzhiemer’s disease, Parkinson’s disease, Amyotrophic latetatosis
and Ischemia (Chen et al., 2010; Cui et al., 2006; Lwd.e2009; Qin et
al., 2009; Shin et al., 2011; Zhao et al., 2011). In addio our findings

of the role of PGCA in excitotoxicity (Soriano et al., 2011; Puddifoot et
al., 2012) this clearly demonstrates a functional role @CHo signalling

in the brain. In accord two independent groups have mgporturological
impairment in two PGC-d knockout (KO) mouse lines discussed below.
Lin et al., (2004) created PGG+hull mice by LoxP deletion of exon 3-5;
although these mice were viable through embryogenesis od¥% 5
survived to adulthood. Lin et al., (2004) showed thaaddition to brain
lesions in the striatum and cortical layers V/VI, the nuclecsumbens,
substantia nigra, hippocampus and mammalliary body, 3 nadtRGC-

la knockout mice displayed behavioural abnormalities including
exaggerated startle response, dystonic postering and freduent
clasping. Finally, primary striatal neurons isolated froine PGC-&
knockout mice showed aberrant neurite outgrowth (Lin et @D4p

Another PGC-& KO mouse was created by Leone et al., (2005) using
neomycin based gene targeting of exon 4-5 of P@Cekulting in a
recombination/insertion of a repeat in exon 3, ultimatelyiogysremature
termination at amino acid 255 which results in an unst&sBC-lu
transcript (Leone et al., 2005). These KO mice displayed iredemsxiety
accompanied by microvacuolation in the pyramidal neurons obdsal

ganglia, cerebral cortex, hippocampus and brainstem (Leasle 2005).
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PGC-T null mice were also more sensitive to the neurodegenerative
effects of the oxidative stressors MPTP and kainic acid aftpdhe
substantia nigra and hippocampus, respectively (Leone 2085b).

Given the changes in NMDA-type glutamate receptor expressidn an
potent neuroprotection downstream of mutant huntingtprassed-PGC-
la, described in chapters 3 and 4 (now published; Puddifoat, 2012),

we proposed that alterations in glutamate signalling mayibateg to the
neurological phenotypes observed in the P@&iockout mouse.

In order to test our hypothesis we used cortical neumrams the PGC-d
knockout mice created by AstraZeneca Transgenic and Compgarativ
Genomics, Sweden (D’Errico et al., 2011). We obtained P&&Q and

WT pups from Alberto Camacho Morales (Cambridge); knotkmups
contain LoxP delta deletion between exons 3-5 of P@@Qehe. PGC-d

KO and WT mice were produced by crossing heterozygote mice.
Subsequently, neuronal cultures were made from E.16.5 RBSTand
PGC-1. ™ pups.

The chronic loss of PGCelin the knockout mouse enables us to
investigate whether losing PGG-Xhroughout development may affect
glutamatergic signalling both at post synaptic and prgaymasites.
Transient knockdown of PGCaldescribed in chapters 3 and 4 is limited
to studying acute changes in the post synaptic cell dueetespRcific
knockdown in a small (<5%) number of cells making it hyghhlikely

that presynaptic cells incorporate the siRNA. Finally, whel@assariable
efficiency of transfection hinders mechanistic insight iritmctional
changes after acute knockdown of PGL-BNA analysis of the PGCal

knockout is possible in this model.
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5.2 Results

5.2.1 PGC-1a(/) display no change in whole-cell NMDAR currents

Cortical neurons cultured from embryonic day 16.5 P@C2and PGC-

1o “™ mice were used to study the expression of two major ghtem
receptors; AMPAR and NMDAR. Knock out and wildtype pupsrevbred

by crossing two PGCel heterozygotes; each pup was then cultured
independently enabling us to compare neurons from PGC2and PGC-
10" littermates. Both AMPA and NMDA-receptors are essential for
excitatory neurotransmission in the central nervous system thed
regulation of their expression both independently and kesipect to each
other has been the focus of many neurophysiological studeese(ved by
Rousseaux et al., 2008).

Our specific interest in the expression profile of NMDARsue to their
critical role in neuronal health (Hardingham and Bading020Activation

of synaptic NMDARs bestows long-lasting neuroprotectiovhereas
activation of NMDARs located outside of the synapse trigpeosdeath
signalling cascades (Hardingham et al., 2002). In chapter twedave
shown that neurons lacking PG@;Hue to targeted siRNA knockdown of
PGC-1u in neuronal cultures, are more susceptible to NMDA-inducdd cel
death and have greater amplitude of whole-cell NMDAR currents,
resulting from the preferential enhancement of extrasyndpiitbAR
currents.

We undertook our studies in the PG&Knockout mice on observation of
increased whole cell current amplitude and cell death afteNAiR

knockdown of PGC- in vitro, but prior to our understanding of the
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distinct role played by extrasynaptic NMDARs in this cascade
therefore hypothesised that the PG&LKnockout mouse would display
increased neuronal vulnerability and increased NMDAR currengs.
investigate cell vulnerability, our colleague, Karen Bell, caroed cell
death assays on neuronal cultures from the P&C-and PGC-&*"
mice. Low dose NMDA (10 uM) was used; a dose sufficienintiuce
death after PGCel knockdown with siRNAin vitro (Chapter 3). Cells
were stimulated with NMDA (10 puM) for 1h, after which thersilation
was stopped by applying the NMDAR antagonist MK-801 (M). 24h
post stimulation, the cells were fixed with 4% PFA and D@k used to
stain the cell nulcei. Images of the cells were taken to enabldifopedion
of cell death based on the morphology of the nucleus. NMiAutation
had comparable effect on PGG1? and PGC-&” neurons (Data not
shown), indicating no change in the vulnerability of thesesdall this

insult.

We next tested whether the change in whole-cell NMDAR curretgs af
siRNA knockdown of PGC-d was mimicked in the PGCalknockout
neurons. To do this, we used whole-cell patch clamp td boltured
cortical neurons from PGCaf” and PGC-&"*"*) mice at -60mV in M§'-
free external recording solution. We measured the current resporath
application of NMDA (100 uM) in cultured cortical neuronB® changes

in whole-cell NMDAR current density was observed in PGE-1
compared to PGCel"”" mice (Fig 5.1C). In order to calculate the current
density, we measure the cell capacitance of the neurons. The capasitance i
proportional to the membrane surface area of the cell, asdrépuesents
the size of the neuron. We found no difference in the capaeitaf
neurons from PGCel”” and PGC-a""* mice (Fig 5.1D).
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Figure 5.1 No change in NMDAF-current density was observed ir
neurons from PGG1e™ mice Agonist evoked wholeell NMDAR
currents were recorded from (A) P-1o(+/+) and (B) PGC-d(-/-) mouse
cortical neurons. Neurons were placed in?'-free external recordin
solution and voltagelamped at -60 mV using whotell patcl-clamp
technique. NMDAR currents were evoked by applying NMDAQ(1M)
until the cell rached a stearstate. (C) NMDARcurrent density wa
calculated as the steestate current amplitude normalised to the

capacitance. No difference was observed in NMDcurrent densit
between PGQa+/+ and PG-1a(-/) neurons. (D) We observed no chai
in cell membrane capacitance; an estimate of membrane surface &
paired t test p=0.31nE€ pups from independent litters compared to
littermate control. The stistical n represents each pup and is the mf
4-14 cells from each p, ttest p>0.05).
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5.2.2 PGC-1a(/) mice have reduced AMPAR current density

Despite observing no change in NMDAR whole-cell currents/MMD
induced death, given the striking neurological phenotypeviqusly
reported in PGC-d knockout lines, we were interested in investigating
whether changes in another subtype of glutamate recepter@MPA
receptors, may occur. AMPA receptors are responsible for fagatexy
neurotransmission in the CNS (Hollmann and Heinemann,)1&%d the
dynamic regulation of AMPA receptor insertion and intermadils from
the synaptic membranes plays an integral role in synaptistigtg
(reviewed by Malenka, 2003).

AMPA receptors are named after the artificial glutamate anAl§A
which selectively activates this subclass of receptors. AMPARSs ar
tetramers composed of four types of subunits, designateGlua&l,
GluA2, GIuA3, and GluA4. Unlike NMDARs, most AMPARs&aVe very
low permeability to C& ions due to the incorporation of an edited GIuA2
subunit which has a positive arginine residue which repai§iéns. This

is thought to prevent AMPAR activity from contributing éxcitotoxicity
(Kim et al., 2001). However, AMPA receptor activity is neszgyg to
depolarise the cell and relieve the ¥glock from NMDAR pores, and

therefore plays a role in their activation.

To assess whether neurons from PGEImice have changes in AMPAR
expression, we used whole-cell patch clamp to record AMPAcieuiu
currents in cultured cortical neurons from PG&£ and PGC-a™*"")
mice. Neurons were voltage clamped at -60mV in external reaprdi
solution. We measured the current response to bath applichtii RA

(50 uM). AMPAR steady state current response was normaiseel|
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capacitance to calculate the AMPAR current density in these cells. We
observed a significant reduction in AMPAR current denisitPGC-1"
neurons compared to PGG{T" (Fig 5.2C).
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Figure 5.2 Cortical neurons from PGC1a™ mice had reducec
agonistevoked AMPAR current density compared to wild type
controls Agonist evoked holecell AMPAR currents were recorded frc
(A) PGC-1""" and (B) PG(-10""” mouse cortical neurons. Neurons w
placed in external recording solution and vol-clamped at60 mV using
whole-cell patclelamp technique. AMPAR currents were evoked
applying AMPA (50 uM) until the cell reached a ste-state. (C) AMP#~
current density was calculated as the st-state current amplituc
normalised to the cell capacitance. We observed a significanttieaun
AMPAR current density in PG-1d” neurons compared ®GC-1a ™),
*paired t test p<0.05n=4 pups from independent litters compared to
littermate control. The statistical n represents each pup aheé mean o
6-12 cells from each puj

151



5.2.3 PGC-1a(-/Ymice have reduced AMPAR GluA1-4 mRNA
expression

The current response to bath application of the AMPA-receptanisigo
AMPA (50 uM) depends on a number of variables including (i) the
number of receptors expressed on the cell (ii) the conductneach
receptor channel (iii) the efficacy of agonist binding acldannel
activation. It is well accepted that both subunit composiaod post-
translation modifications contribute to the diversity of RMR responses
and can play a key role in synaptic plasticity (reviewed by ldiRnche,
2011). However, since in the absence of external signalitegdy state
protein levels are highly dependent on mRNA expressiareflal., 2007),
in order to determine whether any changes in expression ofAddEAR
subunit contribute to decreased AMPAR responses, we anaBiéd
extracted from neuronal cultures from PG&71 and PGC-4“" mice
using gPCR. Interestingly, PGG@ 1’ neurons have lower mRNA
expression of all four AMPA receptor subunits; GluAl, &y GIuA3,
and GluA4 (Fig 5.3).

152



>
o

c c .
) Se
§ g 1004 § g 1004
S B i
g2 g8
© = 0=
<9 < O
Z 2 Zz Q
E & 9 Z > 504
E% ES
-— N =S
L= %=
o~ " o~ i
\x\x\ W Q‘\x\ )
4 [N N A
< <)
QO Qo QC‘) QO

@)
O

-
o
2

GIluR3 mRNA expression
(% wildtype littermate)
g

GluR4 mRNA expression
(% wildtype littermate)

0-

& &
\3 OI\S
o’
& <
Fig 5.3 PGC-'” neurons have reduced mRNA expression of

AMPAR subunits GIluA1-4 RNA was collected DIV9 from neuronal
cultures from PGCd™” and PGC-a™" mice. Quantification of mMRNA
expression was done by gqPCR. (A) PG&£ neurons have lower
expression of GluAl (B) GluA2 (C) GIuA3 (D) GIuA4 mRAN (n = 7
PGC-k'” and 7PGC-1"" mice from 7 independent litters; paired
test p<0.05).
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5.2.4 Cortical neurons from PGC-1a(/) mice have reduced mEPSC

frequency and amplitude

Given the evidence for lowered AMPAR expression in the PGC-1
neurons we hypothesised that knockout cells may have smalleARMP
guantity at synapses. If this was the case, we would ekpsee a drop in
the amplitude of mMEPSCs in the knockout neurons. Tooteshypothesis
we recorded miniature excitatory post synaptic currents (mEP8am
PGC-L™and PGC-&*"™" neurons and analysed the frequency and
amplitude of AMPAR-mediated mEPSCs. Neurons were placed in
recording solution supplemented with PTX (50 uM), T{300 nM) and
Mg?* (1.3mM:; this blocks NMDAR activity). mMEPSCs were recorded
voltage clamp (-70 mV) for 5-10mins using whole-cellgpatlamp. We
observed a reduction in both the mean amplitude (Fig.5a8@) mean
frequency (Fig.5.3D) of mEPSC events in the PG£21cells. Further
analysis showed that the amplitude distribution of P@C2Iheurons was
skewed to the left, indicating an absence of high amplitudentev
(Fig.5.4E). Likewise the distribution of inter-eventarval (i.e.i) is
altered in the PGCef” neurons (Fig5.3F). The i.e.i is the time between
MEPSC events, a trend towards higher i.e.i indicates trenedof high

frequency events.
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Figure 5.4 Cultured cortical neurons from PGC-1” mice have reduced
mMEPSC frequency and amplitude(A) Example mEPSC traces from (A)
PGC-1™™ and (B) PGC-a"” mouse cortical neurons. Neurons were placed
in recording solution supplemented with PTX (50 LMY X (300 nM) and
Mg?* (1.3mM). mEPSCs were recorded in voltage clamp (i¥/) for 5-10
mins using whole-cell patch clamp. We observeddacton in both the mean
amplitude (C) and mean frequency (D) of mMEPSC evénthe PGC-d""
cells. (E) Furthermore, the amplitude distributimPGC-1"? neurons was
skewed to the left, indicating an absence of higiplaude events. (F) The
distribution of inter-event-interval (i.e.i) is ated in the PGCel knockout
mice. Mean amplitude and frequency *t test p<Odibnulative distributions
KS test p<0.05 (from_n= 6., 7cells, each from 6 independent cultures,
minimum 300 events were recorded per cell).
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The 30% reduction in MEPSC amplitude corresponds to 3886)
reduction in whole cell current response to AMPAR applicati®nvell as
the 25-40% reduction in AMPAR GIluAl-4 subunit mRNsXpression.
Together this provides a strong argument for reduced AMB@Ralling

in the PGC-#& knockout neurons.

Of interest is the change in mMEPSC frequency in these. cel$*SC
frequency is determined by both the number of synapses eorpdkt
synaptic cell, and the frequency of release of glutamate fr@synaptic
cells. We have yet to investigate whether this is a presynaptic o
postsynaptic mechanism. In order to do this, future expetemeould
include the overexpression of PG@-dlong with a fluorescent marker into
knockout neurons, to test whether this recues the mERSflepand
AMPAR expression in the post synaptic cell. Due to the sadine no
longer being available in the UK, these experiments were natdamut in
this study. However the reduction in AMPAR mRNA and veholl
currents suggest that control of AMPAR expression isudited in the
PGC-1") neurons. Our final analysis, outlined below, suggeststtisit
may be exacerbated by reduced AMPAR exocytosis in the REC-1

neurons.
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5.2.5 Decreased complexin I: a candidate for altered AMPAR

exocytosis

Finally, with the aim of gaining mechanistic insight inthhanges in
AMPAR profile in PGC-&"” we performed microarray analysis on PGC-
10 and PGC-4“"™ neurons. Two way ANOVA analysis of microarray
data from PGC-d"” mice (n=3 PGCd"” and 3 PGC-d*™) from 3
independent litters indicates a significant effect of P@G«iockout on
the regulator of exocytosis: complexin | (-1.8 folcange in complexin 1
expression in PGCel” compared to PGCef”" p<0.01; Fig 5.5). We
confirmed this reduction in complexin | in neuronal cudtifrom PGC-
10" compared to their littermate controls using gqPCR (Fig. 5\ also
confirmed the reduction of the PGG@-1arget cytochrome C (ref) as a
positive control (Fig 5.6) (n = 7 PGG1”Y and 7 PGC-A"“"" mice from

7 independent litters). A recent study indicates a ralecémmplexin | in
AMPAR exocytosis (Ahmad et al., 2012), suggesting a plessib
mechanism of altered AMPAR expression in the PGE2Ineurons, this

is discussed below.
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5.5 Microarray analysis of cultured cortical neurons fromPGC-

1a and PGC-1u™"™ mice Microarray analysis identified genes w

statistically different expression in tPGC-1"” and PGC-a&""*) neurons.

This table presents all genes with greater than 1.5 fold deer(grey) c
increase (orange) in expression between wie and knockout neuron
(N=3 KO and 3 WT littermates from 3 independent aek). Ccmplexin |
(red) had one of the greatest decreases in expressionPGC4a'"”. The
biggest increase in ttPGC-k'"” compared to PGCel"" was seen in e
GABA(A) receptor subunit Ga2a, this is not addressed in this st
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Fold-
Transcript - Changa{K vs.
D igene_assignment Gene Symbol |RefSeq vzlue{Knockout) W]

10429515neurotoxin 1 Lynxl NWV_011838 0.0243824 -2.25167
10562637 cyclinB1 Ccnbl NM_172301 0.0205658  -1.883321
10532180camplaxin 1 Cplxl NM_007756 0.00494886) -1.87722
10530023 eucine-rich repeat LGI family, member 2 Lgi2 NM_144945 0.0217192 -1.82116
IDSEDDSSPurkinje cell protein 4-like 1 Pepdll MNWV_025557 0.0362984 -1.81874
10459138kolute carrier family 6 (neurotransmitter transporter, L- SleGa7 MM 201353 0.0349109 -1.80795
10354?84L'ecep'.nr accessory protein 6 Reepb MM _139292 0.0191009 -1.77551
10411?39Eyclin Bl Cecnbl NM_172301 0.0227779 -1.75852
10570963 zinc finger Zmatd NM_177085 0.035894 1] -1.67828
10455071 protacadherin bata 7 Pedhb7? MM _053132 0.0173976 -1.67519
10579341 mitochondrizl membrane protein-like 2 Mpvl7I2 NM_183170 0.0258289 -1.63443
10583732 low density lipoprotein receptor Ldlr NV_010700 0.00846083] -1.63144
10364102coilzd-coil-helix-coiled-ceil-helix domain containing 10 Chchdl0 MM _175329 0.04714 -1.62595
10427162major facilitator superfamily domain containing 5 MfedS MM _134100 0.0370484 -1.62546
10524774cyclinB2 Ccnb2 NMW_007530 0.00837279, -1.62346|
10566993|UDP-N-zcetyl-alpha-D-gzalactosamine: polypeptide N-acetylzGalntld NM_173739 0.0185161] -1.58489
1DSlﬂlZB"tetratri:npeptide repeat domain 398 Tte39h MM _027238 0.0466711 -1.58343
10526553'\1’GF nerve growth factor inducible \Vef MM _0010393385 0.0369659 -1.57186
104561?1|5erine peptidase inhibitor, Kazal type 10 Spinkl0 NM_177829 0.0432687 -1.56523
10400095inteﬁernn-related develepmental regulator 1 frdl MNM_013562 0.0462099 -1.55398
10390560/5H3 and eysteine rich domain 2 Stac2 MM _146028 0.0447392 —1.53977|
10356345 natriuretic peptide precursor type C Nppe NM_010933 0.00753253  -1.53618|
10594963unc-13 homolog C[C. elegans) Unclic NM_001081153 0.0282571 -1.52939
10476042transglutaminase 3, E polypeptide Tzm3 MM _009374 0.0313984 -1.52277
10478572|ubiquitin-conjugating enzyme E2C Ube2c NM_026785 0.00188072] -1.5221
10434307 |frizzled-related protein Frzb MMV _D11356 0.0121291 -1.51989

ENSMUST00000
10533401 cut-like homeaohox 2 Cux2 111752 0.028687 -1.51033
10545835|RIKEN ¢cDNA 1700040103 gene 1700040103Rk BC115452 0.0393797 -1.50535
10518833|calmodulin binding transcription activator 1 Camtal NM_001081557 0.00331519 -1.50483

ENSMUSTO000D0
10570634 RIKEN cDNA 4930467E23 gene _4930467523P.i|< 098907 0.011081] 1.50702
105?6328_me|anocortln lreceptor _I\-1c'.r _N\-"I_UUBSSS 0‘04'.6'.14_ 1‘51834:
10408074Hist1hab // histone cluster 1 [Hist1hdb NM_178193 0.0468423 1.51913
10408225_hi5tone cluster 1, Hde _Histlhdt NM_178208 0.0136299 1.52464

[TATA box binding protein {Tbp}-associated factor, RNA

10583314polym [Taf1d jpcos696d 0.0016867  1.52513|
103625674)U3A small nuclear RNA Rnu3a INR_002842 0.0130753| 1.59117
105?0:132_5ma||m|c|=_o|ar RMA, H/ACA box 3 [Snora3 |AF357390 0.0390803 1.60528
10556205small nucleolar RNA, H/ACA box 3 Bnora3 |AF357390 | 0.0413357| 1.60588|

ENSMUST00000
10598087|NADH dehydrogenase subunit & IND& 082419 0.00801001 1.71437
10465244 Malatl _I\'Ialatl INR_002547 0.00167957| 2.15965

gamma-aminobutyric acid (GABA) A receptor, subunit

10530405lpha [Gakra2 INM_008065 0.0253005| 3.63057
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Fig 5.6 PGC-™ neurons have reduced complexin I mRNA
expression RNA was collected DIV 7-9 from neuronal cultures from
PGC-1'” and PGC-a""" mice. Quantification of MRNA expression
was performed by syber green gPCR. (A) PGE?1 neurons have lower
expression of complexin I. gB) The PGG-farget gene cytochrome C was
also reduced in the PGGXT’ neurons, acting as a positive control. n = 7
PGC-k'” and 7PGC-1""" mice from 7 independent litters; paired
test p<0.05).
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5.3 Discussion

5.3.1 Disregulation of AMPARSs in PGC-1a(-/-) neurons

This study clearly shows an alteration in AMPAR responsbath bath
application of the AMPAR agonist AMPA, and spontaneous atay
activity. In addition we identify two potential mechanisms fine
reduction in AMPAR responses.

Firstly, reduced steady state expression of AMPAR subi@iiR1-4)
MRNA could limit the rate of translation of the subunittpins, leading to
a reduction in the steady state function of the receptor comiplexder to
directly test this, future studies may involve overexpres&iluR1-4 under
the control of highly active promoters which, if the hipmsis is true,
should counteract any affect of mRNA deficiencies and rescue the
reduction in AMPAR currents. The mechanisms by which 16$3GC- 1o
may alter expression of GluR1-4 remains unclear, butdcbal potential
way of linking energy homeostasis to highly energy denmgndynaptic
activity.

Secondly, the reduction in complexin | in PG&2 neurons may limit
AMPAR exosytosis in these cells. At the presynaptic sitenplexions
play an essential role in calcium-dependent vesicle fusioredsasvbeing
necessary to restrain the exocytosis SNARE proteins tweptre

inappropriate vesicle release (Yang et al., 2010). In suchyrapsc
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knockdown of complexin | causes an increase in mEPSC frequency
(Maximov et al., 2009) in striking contrast to the redwttin mEPSC
frequency in the PGCef” neurons (Fig 5.4). However, a recent study by
Ahmad et al. (2012) has found that on the postsynaptie, sidal
knockdown of complexin | and complexin Il in hippocampa&urons
disrupts AMPA receptor exocytosis during LTP. This lesuconsistent
with our observed reduction of AMPAR whole cell currentsini
amplitude, and mini frequency, and proposes a change in teégment

of AMPAR synapses due to disruption in AMPAR delivarythe synapse;
although we cannot be sure that this mechanism would affecsteady
state AMPAR expression measured here, it could potentially &gotent
affect if altered during development, such as in our kndckgstem. In
order to assess whether this hypothesis is true, it wmeildecessary to do

a number of rescue experiments. For example, analysing AMPAR
expression in PGCel™ cells after transfection of complexins would
enable us to study the contribution of these proteinsostsynaptic site, to

the observed phenotype, whereas the transfection of RG@self into
PGC-1"”) neurons should rescue the loss of complexin, GIuUR1-4 mRNA
and may allow recovery of AMPAR profile. Together thesalifigs
strongly suggest alterations in AMPAR expression is thechanism

behind changes in AMPAR responses.
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5.3.2 Discrepancies between acute and chronic PGC-1a

knockdown on NMDARs.

In chapters three and four we demonstrate a functional 0ol®&C-1
signalling in the determining the amplitude of agonisik@d NMDAR
currents. Loss of PGCelwas found to increase extrasynaptic NMDAR
currents with concurrent increase in vulnerability to NMDAtined cell
death in rat cortical and striatal cultures (Chapter 3; Podddt al., 2012).
We therefore proposed that NMDAR signalling may be alteredea
PGC-1" mice. In this chapter we report no change in the whole-cell
NMDAR current density in cortical neuronal cultures fro8@10")
mice compared to PGGst™. Furthermore we found no change in
vulnerability to NMDA in these cultures (Karen Bell). Thare a number
of possible explanations for this discrepancy.

Firstly, it is possible that the differential effects R&C-1™ loss in the
acute versus the chronic scenario is determined by developraspéats.
Throughout maturation NMDAR expression is dynamicalgulated at
the level of transcription, translation and post trangtalionodifications.
Transcription factors known to enhance transcriptionaludutp NMDAR
subunits GIluN1-3 include Specific Protein family (SP-Egrly growth
response family (Egr), T box (Tbr), Fos, Jun, cAMBpanse element-
binding (CREB) (reviewed by Bai and Hoffman 2009). Vazligpg.
Sucher (2004) suggest that translational regulation oNGlubunit
proteins can alter the rate of NMDAR expression. In aaldjtithe
regulation of receptor trafficking and stability at the plasmembrane can
be altered by post-translation protein modifications @$ay & Huganir,

2009; Huang & El-Husseini, 2005). This suggests thatymagulatory
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elements coordinate to control the expression of functionaDARE on
the plasma membrane and a number of sequential stepshatistould
potentially compensate for any disruption in this systmmaintain
synaptic homeostasis. The ability of the knockout neutormpensate
for the chronic loss of PGCalseems to be the most plausible explanation
for the discrepancies observed in the chronic knockout veasuge
knockdown. Indeed, compensation for the loss of synaptiteims by
enhancing proteins with homologous functions has prewolen
observed in studies of mice with specific knockout of MAGproteins
(Elios et al., 2006). Whereas siRNA knockdown of endogemSD-95 or
PSD-93 disrupts AMPA receptor expression at excitatgryagses, in
adult PSD-95/ PSD-93 double knockout animals, SAP-1@pisgulated
and compensates for the loss of synaptic AMPA-Rs (Elies..e2006). It
is possible that compensation takes place at any stage in riepped
pathway between PGGxlsignalling and the amplitude of NMDAR

currents.

However, we cannot rule out alternative explanations for itfierehtial
effects of PGC-d knockout and knockdown in these experiments. For
example at the time in which these experiments were carriedveudjd
not have our current understanding of the specific changedrasynaptic
NMDARSs that occur after siRNA knockdown in rat neuronal uweas; we
therefore omitted to test the proportion of NMDARs ahagtic and
extrasynaptic sites in the PG@G{T. In the acute studies, we found
siRNA knockdown of PGC< to have asignificantly higher effect on
extrasynaptic currents compared to the whole cell currents (Chapter 3; Fig
3.9), therefore it is possible that changes that occur aasgxtaptic
NMDARs, which can make up between 25-50% of NMDARS at &lgis
point (Rosemund et al., 1994), are masked in this stlitlg. PGC-#
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mouse line used in this study was frozen before tlaslreame to light;
therefore we have yet to test this hypothesis. However, chamgesratio
of extrasynaptic and synaptic NMDARs that would normadiiger
neuronal vulnerability (Hardingham and Bading, 2010) iamnsistent
with the absence of increased vulnerability in the PG 1neurons
undermining this explanation.

An alternative possibility is that PGG+1’ does cause disturbances in
NMDAR activity levels but those cells with prolonged elevatddDAR
activity are not surviving during the culture processe@o the housing
location of the PGCd™ mice, the PGCd"”” and PGC-&*"* mouse
brains were subject to an extended culture protocol which ¢avd lead
to increased cellular stress. This scenario was previously ineearly
studies in post mortem tissue from HD patients in whiatliolabeled
ligand binding assays show a disproportionate lossutéuglate receptors
in striatal tissue from HD patients (Young et al., 1988)this case the
expression of glutamate receptors are thought to be reducée, @msurons
with higher levels of NMDAR activity are the most vulnerabled have
already died, however, we have no evidence to suggest cella=atired
in our cultures.

Finally, 1 must cknowledge that species differences could ibomér to
discrepancy in data since the acute studies reported in chaptere3
performed in rat neurons rather than mice. However, this semirkely
given that much this work performed in rat neurons agretsdaita from
HD mouse models including the upregulation of extrasynapitbANR
currents and excitotoxicity downstream of mutant huntin@édinerwood
et al., 2010).
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Chapter 6:

Summary of findings presented in this thesis
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In this thesis | studied the role of PG@-in excitotoxic cell death. |
identified the unexpected neuroprotective mechanism of P&GBylthe
downregulation of extrasynaptic NMDARs. Furthermorehdws that the
repression of PGCelby mutant huntingtin protein in Huntingtin’s disease
may contribute to excessive extrasynaptic NMDAR activity and
excitotoxicity in this disease. By showing that mtHtedmot exacerbate
toxicity or extrasynaptic currents in cells in which PG&Li4& knocked
down, my data suggest that the action of mtHtt on P@QGnhy be
significant in the deregulation of NMDARs by this ot (summarised in
Fig 6.1).

This data adds mechanistic insight into previous undefstgnof the
synergistic roles of mtHtt, NMDAR activity and PG@-in HD. During
the course of this study two groups reported a reciprogationship
between mtHtt toxicity and extrasynaptic/synaptic NMDAR silymglin
HD. Synaptic activity protects against mtHtt toxicity mcreasing mtHtt
inclusion formation and upregulating pro-survival gamptional activity,
including the expression of PGG@{Okamoto et al., 2009; Soriano et al.,
2009). In contrast, extrasynaptic activity represses incldsiomation, and
CREB-dependent PGCalexpression (Okamoto et al, 2009; Hardingham
et al.,, 2002). PGCel transcription is further repressed by mtHtt
antagonising the PGGCalpromoter (Cui et al 2006). Exacerbating this
cascade is the upregulation of extrasynaptic NMDARs by mutant
huntingtin (Milnerwood et al., 2010). This thesis addessthe increase in
extrasynaptic NMDAR signalling in HD, showing that theression of
PGC-Xn contributes to the increase in excitotoxicity by tippinglihtance

of NMDAR expression toward the neurotoxic extrasynaptic g08Ince
extrasynaptic activity represses CREB-dependent P&Exfiression this

represents a neurotoxic positive feedback loop.
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mtHtt

PGC-1a

synaptic

extrasynaptic
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Fig 6.1 This study provides mechanistic insight in to t role of PGC-

la in NMDAR excitotoxicity in HD MtHtt has also been shown to
preferentially increase extrasynaptic NMDAR currents. Tippimhg t
balance of NMDAR activity in favour of excitotoxic extrasynapt
NMDAR pools increases excitotoxicity in HD. This thesisoydes
evidence that mtHtt regulates extrasynaptic NMDARs and exxitity
via the repression of PGGrIwhich | show to be a potent repressor of

extrasynaptic NMDAR currents and excitotoxic cell death.
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| also show the ability of PGCelto rescue both the excitotoxicity and
enhanced extrasynaptic NMDAR currents caused by mtHtt expnessio
This suggests that targeting PG&4hay provide therapeutic benefits in
HD. A recent study by McConoughey et al (2010) iden@fynovel
compound ZDON, a transglutaminase 2 inhibitor capable #gupating
endogenous PGCal ZDON was able to protect neurons against mtHtt-
mediated increase in excitotoxicity. Future studies may addrbsther
this compound can reverse the effects of mtHtt on extrasyrndpticgAR
currents. In addition to being a potential therapeutic, sigeriments
would confirm the ability of endogenous PGE&-dxpression to counteract
this imbalance in the extrasynaptic pool of NMDARSs.

Prior to this thesis, PGCalwas widely studied for its capacity to increase
mitochondrial biogenesis and antioxidant defences (Handsthin 2009)
and although it was known that PG@-@xpression is neuroprotective, my
finding that this transcriptional coactivator can repressDMR activity
was surprising. One theory derived from this studyh& mitochondrial
health and energy metabolism might be intrinsically linked the
regulation of NMDAR expression and localisation. This wiouhply that
the effects of altering PGCalon NMDAR currents may be downstream of
its ability to boost mitochondrial health and dampentthec effects of
reactive oxidative species. In order to directly test the roheitochondrial
health on glutamatergic receptor expression, it would be sage® study
the effects of mitochondrial stressors on NMDAR currentterAatively it
would be interesting to test whether altered NMDAR currantgsponse

to loss of PGC-d persist in conditions where the mitochondrial health is
maintained. Opposing this theory is the ability of the Plfa@nducer
ZDON to protect against NMDA- excitotoxicity in the absence of
increased mitochondrial function (McConoughey et al., 208@cch is left

to be understood about the regulation of extrasynaptic gndpsc
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NMDAR expression in both physiological and pathologmatditions and
whether this is directly related to the mitochondrial dysfiom apparent in
many neurological disorders (Table 1.1) may prove inteigstin

Finally, | present findings from my study on chronisdof PGC-& in the
PGC-Tn knockout mouse. Although the chronic knockout of PTaGdid

not mimic the effects observed in acute knockdown of ARG @t vitro, |
found that loss of PGCelduring embryogenesis altered both the whole
cell expression and synaptic activity of AMPA receptors, miceyar
analysis indentified the regulator of exocytosis compléxas a potential
regulator of this process in addition to an observed remtucti AMPA
subunit MRNA. As seen from the microarray data presented lkere
number of changes occur in response to transgenic knoockaugene and
full analysis of glutamate receptor signalling throughdexelopment and
adulthood may need to be considered to elucidate the effectsrariic
knockout of PGC-d. This thesis provides some mechanistic insight into
the role of PGC-d in the regulation of glutamate receptor currents

throughout embryonic development and inrawitro model of HD.
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