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ABSTRACT

Expansion of a CAG repeat in the Huntington diseése (HD) gene results in

progressive neuronal loss, particularly of medium-sized spiny neurons of the striatum
(MSNs). Prev10us studies suggest that increased activity of N-methyl-D- aspartate
(NMDA) receptors (NMDARs) and altered mitochondrial function contribute to selective |
neuronal degeneration. Here I utilized MSN’s obtained from transgenic micé expressing
human huntingtin (htt) on a yeast artificial chromosome (YAC) to study alterations in
NMDAR function and possible downstream consequences, particularly in régards to
altered calcium (Ca”") handling and mitochondrial function.

[ examined the relationship betwgen the length of the polyglutamine (pQIyQ)
repeat in mutant htt (mhtt) and NMDAR currents in MSNs in vitro. 1 found that
NMDAR current density was significantly enhanced in YAC72 MSNs compared to wild
type (WT), YACi 8, YAC46 and YAC128 MSN:s, and that there was a trend toward
larger NMDAR current den§ity with inéreasing polyQ length for YAC18, YAC46 and
YAC72 MSNs. This increase was selective for NMDARs and occurred in a neuronal,
type-specific fashion. The mechanism for increased NMDAR current in YAC72 MSNs
appears due to a mhtt-mediated increase in trafficking of NMDAR:s to the plasma
membrane.

While NMDA-induced apoptosis is enhanced in YAC128 MSNs, I found the
initial steps in the intrinsic apoptotic pathway, including NMDAR current and cytosolic

Ca»2+ loading, are similar to those observed 1n WT MSNSs. In contrast, the NMDAR-
-~ mediated Ca’* load triggered a significantly greater depolarization of mitochondria iﬁ |

YAC128 MSNS, suggesting that NMDAR signaling via the mitochondrial apoptotic

i




pathway is altered. YAC128 MSNs demonstrated impaired cytosolic Ca** clearance

foliowing NMDA application, a difference_ that was not apparent following

- depolarization-evoked Ca”" entry. Inhibitors of the mitochondrial permeability transition
* (mPT) reduced peak cytosolic Ca*" and mitochondrial depolarization evoked by NMDA |

-~ in YACI128, but not WT, MSNs. Hence, in contrast to YAC model’s with moderate CAG

expansions, enhanced NMDA-induced apoptosis in YAC128 MSNss is largely due to

S augmented mitochondrial sensitivity to Ca**-induced activation of the mPT.

These findings suggest that the CAG rebeat length can influence the mechaniém
by which mhit enhances NMDAR-mediated excitotoxicity. HoWever, as signaling
pathways activated by étrong NMDAR stimulation converge on mitochondria in all YAC
HD models, bolstéring ﬁiitqchondrial. function and/or inhibiting the mPT represent

possible therapeutic targets.
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Chapter 1

Introduction

1.1 Huntingfon’s Disease

Huntington’s disease (HD) is an inherited, pfogressive neurodegenerative
disorder, with a prevalence of ~5-10 per 100 000 people (Vonsattel and DiFiglia, 1998).
This genetic, autosomal dominant disease is caused by a mutation in exon 1 of the IT15

gene, resulting in the expansion of a CAG repeat (HDCRG, 1993) encoding a

polyglutamine (polyQ) region in the protein huntinagtin. Normal individuals have 35 or
fewer CAG repeats (Kremer et al., 1994), while 36 or more CAG re‘peats results in the
eventual developmeht of the disease (Rubinsztein et al., 1996). HD is ‘one of nine
currently identified neurodegenerative diseases resulting from the expansion of a CAG
tract within the coding region of nine different genes reviewed in (Tobin and Signef,
2000; Ross, 2002), which include spinocerebellar ataxia (SCA) 1, 2, 3, 6, 7, 17, spinal

bulbaf muscular atrophy (SBMA), and dentatorubral pallidoluysian atrophy (DRPLA).

1.1.1 Clinical Features of HD

The clinical presentation of HD includés a range of mofor, cognitiv'e and mood
(emotioﬁal) changes. The age of onset generally occurs between the ages of 35-50,-
progressing over 15-20 years until death (Hayden, 1981). Motor symptoms include
choreiform involuntary movements, postural imbalance, vuncoordinated v;)luntary

movements and dysphagia, followed at later stages by akinesia and rigidity. Depression

is a common symptom, and patients often display personality changes such as apathy and




flashes of temper. Generally, emotional and cognitive changes precede the motor
symptoms (Harper, '1996; Paulsen et al., 2001). Cases of juvenile-onset HD also occur
and these cases have a somewhat different clinical presentation, with symptoms including
bradykinesia, rigidity, dystonia, and oﬁen the presencelof epileptic seizures (Vonsattel
and DiFiglia, 1998). In contrast to the adult-onset form of HD, juvenile-onset patients
often have little or no chorea (Brandt et al., 1996). |

Expanded CAG regions show increased iﬁstability, particularly when passed via
the paternal germline, with expansions in CAG length occurring more often than
reductions. This produces the phenomenon known as anticipation, where the CAG repeat
number tends to increase ‘in subsequent family generations (Myelrs et al., 1982; Duyao et
al., 1993). The age of onset of symptolms generally correlates inversely with the length of
the CAG expansion (Andrew et al., 1993; Brinkman et al., 1997; Stine et al., 1993).
Mc;st adult-onset cases have CAG repeat lengths of 40-50, whereas juvenile-onset cases )

have somewhat longer CAG expansions (>60) (Brandt et al., 1996).

1.1.2 Neuropathology in HD

“The pattern of neurodegenération in HD is parficularly selective for the medium-
sized spiny neurons (MSN5s) of the striatum, which normally project to other areas of the
basal ganglia, specifically the substantia nigra and globus pallidus (Graveland et al.,
1985), and make up approxjmately 95% of neurons.in the stri_,atum‘ (Surmeier et al.,
1988). In an extensive study .chéractefizing postmortem HD brains, the highest degree of

degeneration was found in the caudate and putamen (Vonsattel et al., 1985). The authors

of this study used a five-point grading system (0-4) to describe striatal neuropathology in




ascending order of severity, correlating closely with the extént of clinical disability. For
example in grade 0 HD braiﬁs nol discemabie neuropathological changes could be seen;
in grade 1 brains there are only microscopic neuropathological changes (50% loss of
neurons in the caudate nucleus) evident. Thé more severe cases showed increasing
neuronal loss within the caudate as well as other striatal regions; for example, grade 4
brains show >95% neuronal loss in the caudate, aé well as extensive neuronal losses in
the putamen, globus pallidus .and nucleus accumbens, acéorhpanied by‘ increasing
numbers of astrocytes through grades 2-4 (Vonsattel et al., 1985).

MSNs ére the first population of neurons to die, and generally show the greatest
" losses in numbers (Vonsattel and DiFiglia, 1998). In the early stages of HD, the
subpopulation of MSNs expressing enkephalin and projecting to the external segment of
the globus pallidus (the indirect basal ganglia pathway) die first, followed by the
substance P-expressing MSNs (Richfield et al., 1995) that project to the internal segment
of the globus pallidus (the direct Abasal ganglia pat};way). Notably, the large aspiny
cholinergic and nitric oxide synthase-containing iﬁtemeurons are relatively spared
(FerrallnteA et al., 1985; Ferrante et al., 1987). In later stage HD cases, a number of brain
regions display atrophy, or a loss in cross-sectional area. The caudate and putame'n show
approximately 60% area loss Whereas other brain fegions (e.g. substantia nigra, globus
pallidus, thalamus, hippocampus) display lesser atrophy of 20-30% in later stages (de la
Monte et al., 1988; Cowan and Raymond, 2006). Hence, the. str_iatum,v_undergoes the

greatest extent of neuronal loss, and in the most severe cases (grade 4) this results in a

significant decrease in neuronal density despite the concurrent regional atrophy.




A loss of cortical neurons and volume also occurs in more advanced cases of HD,
particularly loss of the large pyramidal neurons in layers III, V and VI which project

directly to the striatum (Cudkowicz and Kowall, 1990; Hedreen et al., 1991).

1.1.3 Huntingtin: Distribqtion, Cellular Roles and Function

The protein huntingtin (htt) is widely distribute;d throughout many tissues of the
4body (Strong et al., 1993) and throughout rﬁost brain regions (Landwehrmeyer et al.,
1995b) although there is no particular enrichment of the protein in the striatum (Sharp et
al., 1995). Expansion of the CAG repeat region of the HD gene to produce
polyglutamine expanded, mu;tant htt (mhtt) does not appear to altér the tissue distribution
of the pr’otein.(Aronin et al., 1995). Httis a 350 kDa cytosolic protein and can be found
in the soma and throughout the dendrites as well as in synaptic terminals (Aronin et al.,
1995).

To this point the function of htt is unknown. It has been found associated with
membrane-bound organelles inéluding mitochondria (Choo et al., 2004) and vesicular
- membranes (DiFiglia et al., 1995; Velier et al., 1998). Htt is also found in the nucleus,
and this has implications for a possible role in gene transcription for both the normal and
mutant forms (Kegel et al., .2002). Hitt expression is essential for normal development,
as disruption of the endogenous htt protein results in embryonic lethality (Leavitt et al.,
2001, Nasir et al., 1995; Zeitlin et al., 1995). However, mhtt retains at least some of the

developmentally required functionality of the wild type protein, as expression of mhtt can

rescue the lethal suppression of endogenous htt expression (Leavitt et al., 2001).




In the context of the yeast artificial chromosome (Y AC) mouse model, it could
also be said that a function of htt is to pre§ent neuronal death, as overexpression of
human htt with 18 glutamine repeats is neuropfotective against a variety of toxic insults
in pfimary MSN cultures (Leavitt et al., 2006; Shehadeh et al., 2006), and endogenous
murine htt counters the pro-apoptotic effects of human mhtt in YAC46 mice (Leavitt et
al;, 2001). Additionally, normal htt was found to have an anti-apoptotic effect against a
number of pro-apoptotic stimuli in cloned striatal cells, acting upstrearh of caspase-3

" activation (Rigamohti et al., 2000).

One controversy in fhe HD field revolves around the functions of htt and mhtt,
specifically whether HD represents a gain Qf function of the mﬁtant protein, or a loss of
function of the normal protein. Several lines of evidence exist to support both sides of
this argument. C(;nditional inactivation of ‘endogenous htt in the brain of mice produced

- aprogressively severe Hmb-clasping behaviour when picked up by the tail, a behaviour
commonly observed in HD mouse models; this was' accompaniéd by motor deficits
progressing to hypoactivity and death by 13 months, With obvious striatal degenération
(Dragatsis et al., 2000). Additionally, mhtt retains at léast some réquired activity of htt,
as it can rescue the embfyonic lethlality of endogenous htt disruption iﬁ mice (Leavitt et
al., 2001). The.se observations support the idea that the loss of htt function is sufficient to
cause HD-like pathology. However, the case can also be made that this lagt observation
“supports a toxic gain of function in mhtt; since the mutant protein has been shown to
retain some semblancelof physiological function, an additional toxic function could be

“conferred by the mutation and would be necessary to produce the pathological changes

associated with HD. Furthermore, HD shows a pattern of dominant inheritance,




~

suggesting that one copy of the mutant allele is sufficient; but again, this does not exclude -
a ‘loss‘of htt function’ component to the disease. Several clinical studies (Wexler et al.,
- 1987; Myers et al., 1989; Durr et al., 1999) suggest that homozygous HD appears
clinically-idéntic'al_to heterozygous HD‘, and as the normal allele does not improve
disease phenotype, this suggests that normal htt function does not play a role in the
development or progression of HD. However, methodological weaknesses in thése
studies render this evidence inconclusive (Cattaneo et al., 2001), and another study
suggests that phenotype and disease progression are altered in HD patients with two
mutant alleles compared to heterozygous HD patients (Squitieri et al., 2003). Overall, it
is likely that both gain and loss of htt function cdntribufte to the.overall develdpment and

pfogressioh of HD.
1.1.4 Model Systems for the Study of HD

1.1.4.1 Heterologous Expression Systems

The sirlnplicity and degrée of control possible in hetefologous expression systems
made them an ideal starting point.for examining the basis of mhtt-mediated toxicity. For
example, the HEK293 cell line has been used extensively to study ionotropic glutamate
receptor-inediat_ed toxicity and function in the e;.t)sence. of htt (Monyer et al., 1992; Cik et
al., 1994; Anégawa etal., 1995; Anegawa et al., 2000; ‘Raym‘ond et al., 1996), as well as
the influence of overexpression of both htt and mhtt on N-methyl-D-aspartate receptor

(NMDAR) function and excitotoxicity (Chen et al., 1999b; Zeron et al., 2001). Other cell

lines such as COS and CHO cells have been used to also study NMDAR function and




toxicity (Boeckman and Aizenman, 1996; Anegawa et al., 2000; Rameau et al., 2000).
The finding that expression of mhtt aloné with NMDARs composed of NR1 and NR2B
subunits enhanced NMDAR current amplitude (Chen et al., 1999b), similar to subsequent
observations in acutely dissociated and cultured MSNs (Zeron et al., 2002; Zeron et al.,
2004), was the genesis for studies of NMDAR-mediatéd excitotoxicity in our laboratory
(Zeron et al., 2001; Zeron et al., 2002; Zeron et al., 2004; Shehadeh et al., 2006) and

indeed for the work presented here.

1.1.4.2 Mouse Models of HD

A number of different mouse models have been established as tools to provide
insights into the pre-symptomatic changes, pathogenic mechanisms, progression of
disease pathology, and possible areas of therapeutic intervention in HD. A summary of
the‘ relevant mouse models discussed here can be found in Table 1. A comprehensive

summary of these and other models can be found courtesy of the Hereditary Disease

Foundation (www.hdfoundation.org/PDF/hdmicetable.pdf). Generally speaking, the

most commonly used models fall into one of three categories: transgenic mice

“expressing an N-terminal fragment of human htt containing an expanded CAG region (N- .

terminal fragment models); transgenic mice that express full length ﬁuman htt in addition

to their own endogenous murine htt (full length models); and knock-in mouse models

where an expanded CAG repeat region has been inserted into the endogenous Hdh gene.
The most commonly used N-terf_ninal fragment models are the R6/1 and R6/2

lines, expressing exon 1. of the human HD gene containing 116 and 144 CAG repeats,

- respectively (Mangiarini et al., 1996), with the R6/2 model showing the more aggressive
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disease phenotype. Generally these models both feature early death (approximately 12
months for R‘6/ 1, 4 months for R6/2) preceded by an early onset of motor symptoms (as
early as 1 month in R6/2) and overall brain atrophy (~20%, Davies ét al., 1'999)- which is
apparent prior to neuronal loss (Mangiarini et al., 1996). Another well characterized
fragment model expresses an N-terminal ffagment of 171 residues, which contains é
CAG repeat length of 82 and also dies prematurely, Having a lifespan between 2.5 to 11
months (Schilling et al., 1999). In a study comparing striatal gene expression changes
mediated by a polyglutamine repeat expansion in the R6/2 and N171-82Q models, both
models produce similar changes to striatal gene expression (Luthi-Carter et al., 2000),
indicating common pathological changes. Interestingly, both of these models also
displz;y striatal resistance to exqitotoxins after HD-like symptoms have developed
(Hansson et al., 2001; MacGibbon et al., 2002; Jarabek et al., 2004), but they also lack
frank striatal neuronal loss, which is inconsistent with the notable striatal degeneration in
human postmortem HD brains. Hence one key criticism of these quéls may be that
expression of the fu11-1¢ngth htt gene, with all critical regulatory sequences, is required to
most accurately reproduce the human disease. However, the aggressive pafhology and
shortened lifespan make toxic fragment models ideal for therapeutic testing in one sense,
as beneﬁcial effects of interveﬁti_on will be more obvious than in a more discrete
phenotype.

Knock-in HD mouse models generally exhibit a late onset of motor symptoms,.
with a relétively mild disease phenotype and little to no neuropathology evident, aside

from predominantly striatal aggregate formation, despite longer CAG repeat lengths

ranging from 72 up to 150 (Shelbourne et al., 1999; Wheeler et al., 2000; Lin et al., 2001;




Menalled et al., 2002; Menalled et al., 2003). One particular advantage of these models
is the elimination of a key confounding factor in interpreting results from other HD
models, that of htt (mutant or otherwise) overexpression. As well, the long lifespan make
these models ideal for studying behavioural changes as a proxy for neuronal dysfunction
prior to neuronal loss.

Full length models, such as the YAC mouse model (Hodgson et al., 1999; Slow et
al., 2003) dr the CMV promoter model (Reddy et. al., 1998) recapitulate the pattern of .
selécﬁve striatal neuronal loss seen in human HD patients, making them ideal for
studying changes in neuronal function that could underlie human disease. Therefore, the
work pfesented-here utilizes YAC mouse models of HD, which were developed at UBC
in the Hayden lab. Mice in these models generally have a later onset (2-7 months,
depending on the htt polyQ repeat length) of the HD motor phenot);pe, and have a
relatively normal length lifespan (Hodgson et al., 1999; Slow et al., 2003; Van -
R’aamédonk et al., 2005). For this project, we made use of several different lengths of
CAG repeat expansions to represent a range of human phenotypes, from non-pathogenic
repeat lengths of 18 fo sizes cprrelating té adult (46 repeats) and juvenile (72 or 128
repeats) HD (Hodgson et al., 1999; Slow et al., 2003). In this model_, the full length
human htt gene with a specific CAG repeat length and all regulatory domains is
integrated into a YAC, leaving exi)ression under control of the endogenous human HD
promoter. Using this method, expression of transgenic htt is regulated in a
developmentally and anatomically appropriate fashion. The expression of transgenic htt

in the YAC lines used (YAC18 — line 212, YAC46 — line 668, YAC72 — line 2511,

YACI128 — line 55) is approximately one third to one half the endogenous amount and




equivalent across genotypes (Hodgson et al., 1999; Slow et al., 2003); these lines were
selected for use to minimize mhtt expression level-related phenomena, specifically
differences in phenotype that could be attrjbuted to the amount of transgenic protein

expressed (Hickey and Chesselet, 2003; Graham et.al., 2006a).

1.1.5 Mechanisms of Cellular Pathology in HD

" There are several different mechanisms which have been proposed és the
underlying cause of neurodegeneration in HD, based on evidence from a variety of
sources including observations gleaned from examination éf human brain 'tiséue, study of
HD model organisms, in vitro experiments in cellular preparations of both neuronal and
non-neuronal origin, and in vitro experiments’ using isolated proteins and/or organelles.
The work here focuses exclusively on one particular mechanism, the excitotoxicity
hypothesis, which will be discussed in depth in a later sectio‘n. Here I will describe
several of the competing hypotheses, several (or all) of which may well act in concert to

produce neuronal dysfunction and death in HD.

1.1.5.1 The Toxic Fragment Hypothesis

Both htt and mhtt can be proteolytically cleaved, produéing N-terminal fraginents
which contain the polyQ domain. There is substantia1 evidence in the literature
suggesting that htt is proteolytically targeted by the family of cysteine proteases known
as caspases. There are both caspase-3 cleavage sites (residues 513 and 552) and a
caspase-6 cleavage site (residue 586), which have been shown to be targeted in vitro

(Wellington et al., 1998; Wellington et al., 2000). Mutation of these caspase cleavage
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sites resulted in reduced apoptosis (both in neurons and non-neﬁronal cell lines) and
protein aggregate formation (Wellington et al., 2000). The identification of htt as being
cleaved by apopain (a cysteine protease, alsQ known as caspase-3) led to the hypothesis
that HD pathogenesis involved conditions where inapprop‘riate apbptqsis occurred, and
that the cleavage fragments of mhtt could be the toxic.agent (Goldberg et al., 1996).
Expression of N-terminal hft fragments containing expanded polyQ regions has been
demonstrated to be toxic by a number of studies (Martindale et al., 1998; Hackam et al.,
1998; Cooper et al., 19.98‘; Saudou et ai., 1998), and it was p.roposed that proteolytic
cieavage of mhtt produces toxic fragments contaiﬁing expanded polyQ régions which are
neurotoxic themselves, aﬁd in addition may also stimulate further proteolytic activity
(Wellington and‘Hayden, 1997). |

This idea gained further support with the demonstration that htt was
proteolyticall'y cleaved by caspase-3 in vivo in brains from both HD mouse models
(Hodgson et al., 1999; Wellington et al., 2002) and human patients (Kim et al., 2001 ;.
Wellington et al., 2002). These N-terminal fragments derived from mhtt have been
proposed to be more toxic than full-length mhtt (Wellington et al., 2000), and there may
be a tissue-specific component to htt cleavage activity, as both N- and C-terminal htt
fragments were found to be enhanced‘in the striatum of HD versus control brains
(Mendé-Mueller et al.; 2001). This could be a r¢sult of enhanced clea;/age of htt and/or
impaired degradation of htt proteolysis products. Evidence for an increased rate of htt
cleavage With increasing polyQ length (Goldberg et al., 1996) supports the idea that mhtt
cleavage ié enhanced, although other reports dispute this notion, suggesting either that

that normal htt is more susceptible to cleavage than mhtt (Dyer and McMurray, 2001) or
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that polyQ repeat length does not affect the likevliho,od of cleavage (Wellington et al.,
1998)..

It has been repprted that htt from both human and mouse brain can also be
cléaved by another family of cysteine proteases known as calpaihs (Kim et al., 2001).
Gafni and Ellerby demonstrated that N-terminal httAcleavage fragments found in the
caudate of HD iaatient post-mortem brain were products of calpain cleavage, and
confirmed this finding in vitro; they did not find similar cleavage fragments in brain
tissﬁe from controls (Gafni and Ellerby, 2002). Studies using a chemical modél of HD in
rats found activated célpain selectively in the striatum, which was associated with the
appearance of calpain cleavage products of htt (Bizat et al., 2003); another recent study

using the same model found neuroprotection with memantine that coincided with reduced

calpain activity (Lee et al., 2006). Further evidence of a role for calpain-mediated

cleavage of htt in HD pathology was provided by a study démonstrating increased striatal
and cortical calpain activity in a knock-in mouse model of HD, and fhat mutation of
calpain-cleavage sites to produce a cleavage-resistant form of mhtt 'reduced toxicity in a
cell line (Gafni et al., 2004). |
Since it is established that (m)htt is a target for proteolytic cleavage, the question
becomes how do these fragments of mhtt differ from cleavage products of htt to produce

toxic effects?

1.1.5.2 Mhtt Aggregates and Inclusions Contain N-terminal Fragments
It was noted in the R6/2 model of HD that the appearance of neuronal intranuclear

inclusions (NIIs) correlates with the onset of éymptoms, and these NIIs contain both N-
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terminal htt and ubiquitin (Davies et al., 1997). Similar NIIS have also been noted in the
striatum and cortex of human brain tiésue fforﬁ HD patients, and N-terminal mhtt
fragments were found in dystrophic neurites (Sapp et al., 1999). It appears that smaller
htt fragments containing an expanded polyQ region preferemially form NIIs compared to
larger fragments, and that the expanded polyQ region increases the susceptibility of cells
to toxic stimuli (Hackam et al., 1998; Martindale et al., 1998), further implicating
cleavage fragments of mhtt as potential toxic mediators underlyiﬁg neuronal dysfunction
in HD. It is notable that aggregates of mhtt are also ubiquitinated, suggesting that mhitt
fragments are térgeted for proteasémal dégradation. but cannot be processed and impair
cellular function leading to degeneration (DiFiglia th al., 1997). This hypothesis is
supported by the observation that the proteasomal dégradation of another protein
containing an expanded polyQ region, ataxin-1, is impaired, underlying aggregate
formation and appearance of ubiquitinated nuclear inclusions in SCA-1 (Cummings et al.,
1999). Hence the presence of aggregates may reflect an inability to process expanded
polyQ repeats, leading to cell dysfunction and eventual death (Bence et al., 2001).
Recent evidence from HD patient brains supports this deficiency as a factor in human
disease development, as decreased pfoteasomal activity and association of ubiquitin with
inclusions is noted particularly in the caudate and putameﬁ in late stages (Seo et al.,
2004).

Aside from possible effects on protein dégradation; N.Hs containing mhtt
fragments have also been implicated in interference with transcriptional activity (Kegel et
al., 2002), mc;st notably binding to the frahscriptional co-activator CREB binding protein

(CBP) in models of HD (Nucifora et al., 2001; Steffan et al., 2000) and SBMA and SCA3
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(McCampbell et al., 2000). Overexpression of CBP (Mcéampbell et al., 2000; Nucifofa
et al., 2001) or the application of HDAC inhibitors (McCampbell et al., 2001)
.successfully reduced toxicity in these models, irﬁplying that transcriptional repression is
in part responsible for the toxicity in these disease models (Nucifora et al., 2001; Sieffan
et al., 2000). o |

Another possible mechanism for mhtt fragments to mediate toxicity would be
through dqcumented interactions with organelle structures, possibly impairing subcellular
function. This localization characteristic may be a feature of the expanded polyQ repeat
itself V(Monoi et al., 2000). Caspase-3 cleavage fragments of mhtt have been shoyvn to
preferentially interact with mémbrane-Bdund structures (Kim et al., 2001). It has also
been reported that fragments of mhtt, but not endogenous or non-pathogenic length htt,
become lodged in the membranes of mitochondria from YAC72 mice, possibly
compromising their bioenergetic functions (Panov et al., 2002). Another recent study
demonstrated that ;[he first 17 amino acids in the N-terminus of mhtt Vfragments alter
association with the ER and Golgi as well as. mitochondria, and.cause acute dysfunction
in isolated mitochondria (Rockabrand et alv., 2006). The altered association of htt with
these organelles caused by the polyQ expansion may also adversely affect organelle
morphology and function (Hilditch-Maguire et al., 2000).

Recent studies concerning variants of the YAC128 HD mouse model provide
further controversy regarding the toxic frégment hypothesisL The shortstop mouse (Slow
et al., 2005) has a truncated form of htt expressed with an intact polyQ region of 128
repeats, and yet lacks any behavioural symptbms and shows no signs of

neurodegeneratibh, seemingly contradicting the hypothesis that N-terminal mhtt
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fragments are toxic on their own. Another interesting finding was that YAC128 mice
expressing full length caspase-6 resistant (C6R) mhtt showed a remarkable lack of HD
éymptorﬁs or neuropathological changes, whereas YAC128 mice expressing full length
caspase-3 resistant mhtt resembled YAC128 micé‘ in terms of behaviour, neuropathology,
and neuronal toxicity (Graham et al., 2006b); Hence the toxic fragment hypothesis

remains a controversial basis for explaining disease development and progression in HD.

1.1“.5.3 Mhtt Expressioxi is Associated with Transcriptional Defi_cienciés

A particularly interesting property of polyQ tracts is their tendency to fold into a
- B-sheet configuration (Chen et al., 2002), allowing both self-association and association
With other proteins containing polyQ stretches through a polar zipper interaction (Perutz,
1994). .This tendency underlies aggregation of polyQ-containing proteins, and occurs in
proportion to polyQ length (Chen et al., 2001b).

As briefly mentioned earlier (see Section 1.1!5. 1), mhtt interacts with a number
of transcription factors and nuclear proteins including CBP, Spl, p53, NF-kB, and
several others, with the overall e‘ffebct generally trending towards reduc;:d transcriptional
activity (Sugars and Rubinsztein, 2003). A nurnb'er of striatal transcriptional and
signaling pathways are altered by mhitt in two different HD mouse models, again the
overall effect being a reduction in expression of striatal genes requiréd for normal
_ neuronal function (Luthi-Carter et al., 2000); this effect was found to be particularly
evident with N-terminal fragments of mhtt (Chan et al., 2002). A recent study found that

mRNA profiles.in HD patient brains exhibited the greatest changes in the caudate
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nucleus, followed by motor coﬁex and éeréb'ellum, showing a parallel between molecular
expression eVénts and neuropatholdgy in thé human disease (Hodges et al., 2006).

One particularly well-studied consequence of mhtt-mediated transcriptional
rebression is the effect on brain-derived neurotrophic factor (BDNF) production, where
mbhtt expression decreases cortical production of BDNF at the transcriptional level,
resulting in poor trophic support of MSNs (Zuccato et al., 2001). This result was noted in
both human HD brain tissue as‘well as transgenic mouse HD models (R6/2 and N171-
82Q), and the levels of cortical BDNF mRNA correlated well with HD disease
progression in these mice (Zuccatd et al., 2005). ‘Normal htt is known to interact with the -
transcriptional repressor REST/NRSF élnd retain it in the cytosol, inhibiting its function
and thus allowing transcription of BDNF, among other genes (Zuccato et al., 2003).

* However, mhitt loses this ability to festrict REST/NRSF translocation to the nucleus,
resulting in suppression of BDNF transcription (Zuccato et al., 2003). Hence,
transcriptional alterations may produce sub-optimal conditions for neuronal survivél and -

promote dysfunction and premature death in HD.

1.1.5.4 Mhtt May Alter Trafficking of Several Cellular Components

As discussed earlier, htt is associated with vesicular membranes, providing
possible clues to a physiological role. This is supported by the apparent funct‘io‘ns of
some its interacting proteins, particularly huntingtin interacting protein 1 (HIP-1) and

| huntingtin associated protein 1 (HAP-1). .

HIP-1 is associated with the clathrin-mediated endocytosis pathway and is

enriched on clathrin-coated vesicles (Metzler et al., 2001). HIP-1 is also a homologue of
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the yeast protein Sla2p (Wanker et al., 199~7), which is essential for appropriate
cytoskeletal function (Kalchman et al., 1997). | The strength of interaction between htt
and HIP-1 is inversely proportional to the polyQ length, hence mhtt may indirectly, -
through its altered interaction with HIP-1, perturb membrane-cytoskeleton interactions
(Kalchman et al., 1997). For example, HIP-1 has been strongly implicated in the normal
endocytosis and trafficking of oc-amino-3-hydroxy-S-methyl-4-isoxazole-propioﬁic acid
receptors (AMPARs; Metzler et al., 2003). Another possible manifestation of the
abeﬁant Iﬁhtt—HIP-l interaction is altered neurotransmitter release, as demonstrated in
corticostriatal terminals in symptomatic R6/2 mice (Cepeda et al., 2003), and a reduction

in the presynaptic vesicular pool in several transgenic HD mouse models.

The finding of a reduced presynaptic vesicle pool may also be attributed to the
effect of mhtt expression on the association of HAP-1 with synaptic vesicles (Lietal,
© 2003b). HAP-I also interacts with the cytoskeletal microtubule network via an
assbciation with dynactin, and is likely involved in in;tracellular vesicular transport
(Engelehder et al., 1997). In an interesting parallel to mhtt-mediated transcriptional
inhibition of BDNF production, the transport of BDNEF in corticostriatal axons and MSNs
is impaired by mhtt, resulting in neurotoxicity (Gauthier et al., 2004; del Toro et al.,
2006). |

Mhtt also appears to .interfere with the trafficking of organelles other than
vesicles. A recent report noted that mhtt effectively limited the mobility of mitochdndria
along cortical neuronal processes, an event attribqted to the enhanced ability of full
length mhtt to form cytosolic aggre'gates (Chang et al., 2006). This impairment coﬁld

reduce the ability of neurons to remove injured mitochondria, provide adequate energy
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production at a given site, or prevent adequate and timely buffering of intracellular Ca**
' (Chéng et al., 2006). Therefore mhtt can impair essential trafﬁcking functions through
several mechanisms, each of which may contribute to the underlying neuronal

dysfunction in HD.

1.1.6 Summary
These are several of the main hprthéses for the ﬁndeflying causes of neuronal
- dysfunction and eventual death in HD. There are several other hypotheses to explain the
neuropatholo gicél changes seen in both the human condition and the changes in anjrnal
models (genetic and chemical models of HD) with substantial supporting evidence. Tﬁe
mechanisms of neuropathology are largely thought to be postsynaptic, and ‘here I héve‘
grouped them under the umbrella of the excitotoxicity hypothesis of HD pathogenesis.
This categoriz‘ation best represents the underlying rationale for the research perforrned in

~ support of this thesis project.

1.2 The Excitotoxicity Hypotilesis in HD Pathogenegis

There are many lines of evidence whi;:h both directly and indirectly support the
role of excitotoxicity in HD, from alterations of NMDAR function to bioenergetic
impairment. Here I will provide an overview of evidence supporting thel excitotoxicity
hypothesis from human patients and in vivo and iﬁ vitro experiments using animal and
cellular models. -In doing so we will arrive-at the hypotheses that we attempt to answer

with this body of work.

18




1.2.1 Excitotoxicity Defined

" Excitotoxicity in neurons is a toxic consequence of the actions of excitatory
amino acids (EAAs), whether endogenous or exogenous (in the case of some chemical
models iﬁ animals of in vitro). Within the CNS, since glufamate is the major excitatory
neurotransmitter, excitotoxicity is generally considered to result from neurons 'being
exposed to glutamate, either for prolonged periods or in excessive concentrations (Lucas
and Newhouse, 1957; Olney, 1969). This can result in a nurﬁber of pathological changes
including ion influx, osmotic dysregulation, energy depletion and biochemical changes,
eventually leading to cellular death (Sattler and Tymianski, 2001; Mattson, 2003).

Glutamate activates two classes of receptors in neurons: 1) metabotropic

glutamate recep‘tors (mGluRs), wﬁich exert their effects via coupling to G-proteins; and
2) ionotropic glutamate receptors (iGluRs), which upon binding of the appropriate.
ligands allow passage of cations through a channel pore formed by the receptor subunits
(Dingledine et al., 1999). The most intenseiy studied of the iGluRs in excitoto?dcity is
the NMDAR, a subclass of receptor with several key features of relevance to neuronal
death, i.e. a relatively high permeability to Ca®" and relatively slow activation and

deactivation kinetics.

1.2.2 General Properties of the NMDAR

NMDARS are heteromeric protein complexes, composed of two NR1 subunits
and at least two NRQ subunits (Monyer et ai., 1994; Mcllhinney et al., 1998; Laube et al.,
1998), most likely in a tetrameric conﬁgurétibn (Cléments and Westbrook, 1991; Laube

“etal., 1998). Functional NMDARs require a combination of both NR1 and NR2 subunits
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(Monyer et al., 1992). There are four different genes thét encode the NR2 (NR2A,
NR2B, NR2C, NR2D) subumts and their express1on is both developmentally and
spatially regulated, on a cellular level as well as a brain- reglonal level (Ishii et al., 1993;
Monyer et al., 1994; Akazawa et al., 1994; Laurie et al., 1997). There are eight possible
splice variants of the NR1 subunit, generated at the mRNA level (Sugihara et al., 1992;
Hollmann et al., 1993). The combination of NR1 splice variants with different NR2
subunits alters ion channel charactéristics (Monyer et al., 1992.; Ishii et al., 1993; Flint et
_al., 1997; Misra et al., 2000; Monyer et al.," 1994; Chen et al., 1999a), providing
significant potential for funcﬁonal diver‘sity.

Activation of the NMDAR ion channel complex requires concurrent events: the
binding of the co-agonists glutamate arld glycine, and depolarizatlon- of the plasma’
membrane. The binding slte for glutamate is located on NR2 subunits (Anson et al.,
1998;‘Anson et al., 2000), whereas glycine binds to the NR1 subunit (Kuryatov et al.,
1994). Binding of the two co-agonists has the property of negative co-operativity
(Regalado et al., 2001), thus ensuring that sufficient concentrations of both co-agonists
musl be present to activate the channel. Mg?* physically blocks the NMDAR channel
pore in a voltage-dependent fashion, requiring depolarization of the plasma membrane to
allow channel function (Mayer et al., 1984; Nowak et al., 1984); this is physiologically |
achieved by the activation of postsynaptlc AMPARS by synapt1cally -released glutamate. -
Act1vat10n of the NMDAR channel under phys1010g1cal cond1t1ons allows for the
conductance of cations, predominantly ‘N'a and Ca** inﬂux accompanied by K" efﬂux,
with the Ca** component of the current being ~10-1 8% (Burnashev et al., 1995;

Schneggenburger, 1996). Hence NMDARs are a major route for CaZJ‘r influx.
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As mentioned above, NR2 subunit expression is both dévelopmentally and
spatially regulated. In the mammalian brain, certain brain regions characteristically
ex.press particular NR2 subunits (Akazawa ef al., 1994; Monyer et al., 1994). In the adult
forebrain, the main NR2 subunits expressed are NR2A and NRzB; indicating that the
majority of NMDARS in these regions are diheferomers composed of either NRI1/NR2A
or NRI/N R2B, or are in a triheteromeric éonﬁguration of NR1/NR2A/NR2B (Sheng et
al., 1994; Li et él., 1998; Chapman et al., 2003). These subunit combinations produce
NMDARSs that are similar in certain channel properties such as permeability to Ca**,
éingle channel conduc‘;ance, and sensitivity to voltage-dependent Mg2+ block. However,
there are key differences between‘NR2A and NR2B subunits, both in terms of the
functional properties they convey to channelé, and how they are distributed on a
subcellular level. NR2A anci NR2B subunits have differential sensitivity to both agonists
and antagonists (Buller et al.‘, 1994; Vicini et al., 1998; Dingledine et al., 1999; Christie
et al., 2000), and channel gating properties.are altered in a subunit-dependent fashiqn
(Monyer et al., 1994; Vicini et al., 1998). 'The NR2A receptor is generally‘expressAed
within synaptic NMDARs, and this subcellular expression pattern is considered to be a
cénsequence of developmental regulation and synaptic maturatioﬁ (Sheng et al., 1994; Li
et al., 1998; Tovar and Westbrook, 1999; Chapman et al., 2003). In contrast, NR2B
réceptprs appéar to predominate at extrasynaptic sites (Li et al., 1998; Stocca and Vicini,
1998; Tovar and Wesbrook, 1999; Barria and Malinéw, 2002) and the specificity of this
spatiai distinction between NR2A and NR2B expression patterns m.ay reflect differential
roles in determining cell survival and cell death (Hardingham et al., 2002; Hardingham

and Bading, 2003; Liu et al., 2004; Massey et al., 2004). Interestingly the striatum
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appears to express higher levels of NR2B relative to other NR2 subunits, compared-to
other regions of the brain; this pattern of expression is observed in several species,
including man (Landwehrmeyer et al., 1995a; Rigby et al., 1996; Ghasemzadeh et al.,

1996; Standaert et al., 1999; Kuppenbender et al., 1999; Li et al., 2003a).

1.2.3 The Basis for the Excitotoxicity Hypothesis in HD

Cfitical evidence to support the idea of excitotoxicity being involved in HD
pathogenesis came from studies of post-mortem HD brains, showing a loss of striatal
NMDAR binding sites (Young et al., 1988; Albin et al., 1990‘a; Albin et al., 1990b).
These observations even éxtended to brains from individuals who were pre-symptomatic,
indicating that NMDAR-expressing MSNs were at particular risk and loss occurred very |
early in disease progression, possibly underlying further symptoms. These observatiqns
correlate with the seleétive loss of MSNs in HD patient brains (Graveland et al, 1985).

A survey of transgenic HD mouse models also reveals changé's iﬁ NMDAR-
composition and subunit expression. In the R6/2 mouse model, immunostaining of
striatal NR2A and NR2B are both decréased in symptomatic mice, although NR1 - -
immunostaining is enhanced (Cepeda et al., 2001b). Other studies iﬁ the same model
‘showed that NR1 protein levels in brain homogenates were ﬁnchanged at 12 weeks, and
striatal NMDAR binding had not changed (Cha et al., 1999). However, in another N--
termil;al\ fragment.model (N 171-82Q, see Section 1.1 42 and Table 1), no significant
changes in NR1 or NR2B expression r¢1ative to controls were found (Jarabek et al.,

2004). In the YAC mouse models, striatal NR1 and NR2B expression were similar in

WT, YAC46 and YAC72 micé prior to any onset of symptoms (2 mos; Li et al., 2003a),




whereas in the more aggressive YAC128 model, striatal atrophy and neuronal loss were
highly correlated with motor dysfunctibn (Slow et al., 2003). Tﬁerefore, while there is an
inconsistency betweep the human disease and transgenic mouse models in terms of early-
stage loss of MSN:s, it is likely that HD prdduc’:es a decrease in the overall number of
functional NMDARSs within the striatum. This may reflect a deficit in neuronal function,
which can precede neuronal death (Van Raamsdonk et al., 2005). Changes in NMDAR

function will be addressed in a later section.

1.23.1 Ev‘idence F;‘om Chemical Models of HD Support the Excitotoxic Hypothesis
Several studies have demonstrated that intrastriatal injection of NMDAR agonists
resu.lts in the selective loss of MSN's while sparing interneurons, reproducing many
behavioural and neufopéthological characteristics of HD (Schwarcz et al.., 1984; Sanberg
et al., 1989; Hantraye et al4., 1990; Beél et al., 1986; Beal ét al? 1991). Additionally,
striatal MSNs show increased sensitivity to NMDA-induced swelling (a correlate of
cﬁrfent and toxicity) compared with large-sized striatal interneurons, whereas kainate
produced similar swelling in. both neuronal populations (Cepeda et al., 2001a).
Moreoyer, NMDAR agonists are more effective than other GluR agonists for inducing
Striaital neuronal excitotofdcity (DiFiglia, 1990). A different means of chemically
inducing HD-like symptoms and neuropﬁthology involves the use of inhibitors of
mitocﬁondria_l complex II. Both malonate and 3-nitropropionic acid (3-NP) can be either
injected intrastriatally, or interestingly enough, given systemically to rodcﬁts to produce
selective degeneration of striatal MSNs (Beal et al., 1993b; Greene et al., 1993; Brouillet

et al., 1995; Bogdanov et al., 1998), which can be blocked by NMDAR antagonists
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(Greene et al., 1993; Bogdanov. et al., 1998). While these models effectively replicate
‘many aspects of advanced HD, they cannot be used to study early presymptomatic
changes, which may be critical to undérstanding disease pathogenesis and dysfunction
prior to neuronal death. However, these models do provide furtherv evidence for the
excitotoxic involvement of NMDARs in HD pathogenesis, and in the case of
mitochondrial complex II inhibitors, implicate mitochondrial dysfunction as a

predisposing factor in excitotoxicity in HD.

1.2.4 Alterations of NMDAR Function in HD models

Given the likely involvement of NMDARs in HD pathology, whether causative or
not, there has been a great deal of interest addressing the question of whether NMDAR
function in HD models is altered, and if so, how? Stﬁdies in intact HD animal models, in
vitro preparations derived from HD model animals, and heterologous systems have been
performed to answer this question.

The most direct method to look for potential HD-associated changes in NMDAR
function would be observation of NMDAR function through electrophysiological means.
A. numbér of studies have demonstrated enhancement of NMDAR currents, in several

different transgenic HD mouse models.

1.2.4.1 NMDAR Currents in HD Models
' Enhancerhent of NMDAR currents was observed in MSNs acutely dissociated
from striata of both pre-symptomatic and symptomatic R6/2 mice (Starling et al., 2005).

The same study also observed decreased sensitivity of NMDAR currents to Mg?** block in
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a subpopulation of MSNs which had significantly larger NMDAR currents, possibly
reflecting an alteration of NMDAR subunit composition. This observation extended to
MSNs from pre-symptomatic mice, indicating altered NMDAR function prior to any
apparent onset of symptoms. NMDA-evoked currents in striatal slices taken from both
pre-symptomatic and symptomatic R6/2 mice are increased over WT, whereas in the
same mice AMPA-evoked currents are actuélly smaller, indicating a process selective for
NMDARs (Cepeda et al., 2001b). Later studies in this same model demqnstrated that this
enhancement of NMDAR currer;t is specific for the striatum, as cortical NMDAR-
mediated currents were not enhanced (Andfe et al., 2006). These enhanced striatall
NMDAR currents also explain an earlier observation of enhanced swelling of MSNs in
~ R6/2 striatal slices compared to slices from WT animals in response to exogenous
NMDA application, an observation which was also confirmed with MSNs in slices from
a knock-in HD mouse model with a polyQ length of 94 (Levine et al., 1999). Similar
observations were also documented in aﬁother N-terminal fragment model of HD (with a
polyQ length of 100 contained withiﬁ the N-teminal third of the human htt gene),
showing significant enhancement of NMDAR peak currents and current density ih MSNs
from striatal slices (Laforet et al., 2001).

Our lab has reported similar changes in NMDAR function in the YAC mouse
- models of HD. Acutely dissociated MSNs from 6-11 week old YAC72 animals had
increased NMDAR peak current densities relative to those in MSNs from WT animals -
(Zeron et al., 2002). This age corresponds to the pre-symptomatic period in these
-animals, indicating that aberrant NMDAR activity may be present prior to, and possibly

play a causative role in, any noticeable behaviourlal'changes associated with HD. As
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these data Were obtained using exogenously applied NMDA énd stimulating presumably
extrasynaptic NMDARSs, subsequent studies focused on possible changes in synaptic
NMDAR properties produced by mhtt. Synaptic NMDAR currents recorded from MSN's
in corticpstriatal slices from YAC72 mice were also found to be enhanced compared to
those.recorded from WT mice, and this enhancement was found to reflect a postsynaptic
NMDAR-selective mechanism (Li et al.‘, 2003a; Liet al., 2004); suggesting that mhtt

preferentially modulates NMDAR function.

1.2.4.2 The NR2B-Selective Hypothesis of Mhtt-Mediated Enhancement of NMDAR

Function
The first demonstration of an effect of mhtt on NMDAR function was in.a study

where NMDARs, composed of either NR1/NR2A or NR1/NR2B, were expressed in

conjunction with full length human htt containing either 15 or 138 polyQ repeats (Chen' et

al., 1999b). The authors observed that mhtt enhanced the responses of NMDARs
clor'nposed of NRI/N R2B, whereas NR1/NR2A NMDARs were not differentially affected
by the presence of htt or mhtt (Chen et al., 1999b).” These results were underscored by a
later finding that mhtt selectively enhanced apoptotic cell death in HEK cells co-
transfected with NR1/NR2B (Zeron et al., 2001), indicating a possible preferential
modulation of NR2B-containing NMDARs by mhtt (the NR2B-selective hypothesis).

The possibility that the NR2B subunit could be necessary for selective modulation

by mhtt is not surprising, considering that the adult striatum is enriched in NR2B (as

mentioned previously). In the same paper that demonstrated enhanced NMDAR currents

in acutely dissociated MSNs from YAC72 mice, the authors found that greater than 50%
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of the NMDAR current was mediated by NR1/NR2B NMDARs (Zeron et al., 2002).
This work provided several other supporting lines of evidence for a specialized role for
NR2B in mhtt-mediated changes in NMDAR function. In conjunction with enhanced
NMDAR currents in YAC72 MSNs NMDA-induced apoptosis was enhanced in YAC72
vs. WT MSN:s, but there was no differential effect observed in cerebellar granule neurons
'(CGNS), which did not express NR2B under the culture conditions used. The
NR1/NR2B selective antagonist ifenprodil (IFN) effectively reduced apoptosis in both
WT and YAC72 MSNss (Zeron et al., 2002), providing further evidence of the important
role that this baﬂicular NMDAR subunit combination may play.in 'rhediating mhtt-

enhahced excitotoxic cell cieath in MSNs.

1.2.4.3'Neur0toxicity as an Indicator of PolyQ Length-Dependent Alterations in
NMDAR Function by Mhtt

| Building on the aforementioned studies in support Qf the NR2B-selective
- hypothesis (Chen et al., 1999b; Zeron et al., 2001; Zeron et al., 2002), the influence of the
* polyQ length in mhtt on neurotoxicity, and in particular apoptosis, was further examined.
Cultured YAC72 MSNs were more susceptible to NMDA-induced toxicity than WT
MSN:s, although no difference was observed between the two genotypeé in response to
AMPA application (Zeron et al., 2002), supporting observations of selective
enhancement of NMDAR currents in corticostriatal slices (Li et al., 2003a; Li et al.,
2004) and correlating electrophysiological observations with neurotoxicity (Zeron et al.,
2002). Additionally, it was found that the enhancement of apoptosis by mhtt in YAC46

and YAC72 MSNs was proportional to the length of the polyQ repeat (Zeron et al.,
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2002). This observation was further bolstered by a subsequent study demonstrating that
rates of NMDA-induced apoptosis induction were maximal and equivalent in YAC72 and
YACI128 MSNs when saturating concen;[rations of NMDA were used, with YAC128
MSNs showing enhanced sensitivity to apoptosis at subsaturating concentrations of
NMDA (Shehadeh et al., 2006). An [FN-sensitive enhancement of glutamate-induced
apoptosis in YAC128 relative to WT MSNs was also reported by another group (Tang et

al., 2005).

1.2.5 Downstfeain Consequences of NMDAR Activation in Cells Express.ing Mhtt

A recent paper by our lab illustrated ﬁow polyQ length influences the induction of
apoptosis in MSNs (from YAC HD mice) in response to a number of noxious stimuli that
increase intracellular Ca?*, and found that YAC128 MSN's afe generally more sensitive to
most toxic stimuli; however, the most effective inducer of neuronal apoptosis relative to
control YAC18 MSNs was NMDAR activation (Shehadeh et al., 2006). This finding
illustrates how the presence of mhtt may preferentially affect the relationship between
intense NMDAR stimulation and the resultant intracellular Ca®" elevations in a manner

that results in neuronal death.

1.2.5.1 Ca® Homeostasis is Affected by Mhtt

A number of damaging events can ensue from an excessive amount Qf free
cytosolic Ca®*, which is a dowﬁstream consequence of NMDAR activation in MSNs in
the presence of mhtt (Zeron et al., 2004; Tang et al., 2005; Shehadeh et al., 2006)., These

. . . . . . . . . +
could include inappropriate enzyme activation (i.e. calpains, calcineurin, other Ca**-
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- regulated enzymes) and mitochondrial dysfunction (elaborated on below) which in turn
has a number bf toxic consequences. There is evi_dence,frorh several HD models that the‘v
regulation of intracellular Ca®" is altered in several ways, although not always
predictably. For example, resting. Ca®" levels are elevated in MSN's from R6/2 mice
(Hansson et al., 2001), hippocampal neurons in YAC72 mice and an immortalized cell
line derived from striatal neurons from a knock-in HD mouse model (Seong et al., 2005).
On the other hand, in studies using primary MSN cultures from YAC mice resting Ca**
levels were equivalent between WT, YAC46 and YAC72 MSNs (Zeron et al., 2004) and
WT, YACI18 and YAC128 MSNs (Tang et al., 2005). The former study found that
stimulation of NMDARSs in mhtt—ekpressing MSNs resulted in elevated Ca* levels
relative to controls. Additionally, the latter study by Tang et al., (2005) in YAC128

" MSNs found increased cytosolic Ca®* levéls in YAC128 MSNs following glutamate
stimulation that were attributed in part to enhanced IP3 receptor-mediated Ca’' release
from the ER, downstream of mGIluR 1/5 activation, as mhttl was found to sensitize the 1P;
receptor (IP3R) (Tang et al., 2003). Hence not only does mhtt appear to enhance
NMDAR activity, and subsequently Ca®* influx via NMDARs (Zeron et al., 2004), but it
may also enhance the probability of intracellular Ca®* release. Similar findings of mbhitt-
enhanced NMDAR-mediated Ca®" entry in MSNs have been found in N-terminal
frag;nent HD models, includiﬁg the R6/2 (Cepeda et al., 2001b) and tgHD100 mice
(Lafdret etal., 2001). Importantly, these ﬁndings of altered Ca®* regulation in YAC HD
mice have been observed in MSNs obtained from early postnatal mice (Zeron et al.,
‘2004; Tang et al., 2005), implying that these changes are present at birth and may over

time increase the risk of neuronal dysfunction and death.
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~ Shehadeh et al., (2006) compared the toxic effects of Ca®* influx .vi,a both

NMDAR and non-NMDAR routes, and the findings raised two particulaﬂy important
points to cqns.ider: 1) the route of Ca** entry could play a significant role in determining
the extent of toxicity; 2) The level of toxicity produced by NMDAR activation in the
presence of mhtt may be proportional to’cytosolic Ca’" elevations.

Addressing the first point, previous work suggests that mitochondria
- preferentially buffer Ca®" entering via NMDARSs, the so-called privileged access
hypothesis (Peng and Greenamyre, 1998; Sattler et al., 1998). Aé NMDAR activation
and con.sequent' Ca** entry are increased in MSN's expressing mhtt, the possible
consequences of this preferential pathway include enhanced mitochondrial stress, free
radical generation, loss of adenosine 5°-triphosphate (ATP)-generating capability, and
generalized mitochondrial dysfunction, which could result in the eventual activation of
the intrinsic apoptotic pathway. The finding that NMDA application waé a more potent
inducer of ai)optosis than other means to raise intracellular Ca®*, such as treatment with
Ca”" ionophores or membrane depolarization, is consistent with this hypothesis.

As to the second point, evidence from our lab has shown that NMDAR currents
| (Zeron et al., 2002; Zeron ét al., 2004) and Ca”" influx downétream of NMDAR
activation (Zeron et al., 2004) are both enhancéd in YAC72 c'o'mpared to WT MSNS,
correlating with enhanced apoptosis levels in YAC72 MSNs compared to controls (Zeron
et al., 2002; Shehadeh et al., 2006). This difference in apoptosis wés abolished by using
the competitive NMDAR antagbnist 2-amino-5-phoéphonovalerate (APV) to reduce
NMDAR-mediated Ca>* influx in YAC72 MSNs down to a level eqﬁivalent to that seen

in WT MSNs. This indicated that the enhanced level of neurotoxicity produced by
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NMDAR activation in the presence of mhitt is due to the augmentation of NMDAR
function by mhtt in YAC72 MSNs (Shehadeh et al., 2006). A relationship where
increased cytosolic Ca®* corresponded to increased neuronal death folldwing stimulation -

with glutamate was also found with YAC128 MSNs (Tang et al., 2005).

1.2.6 Mitochondrial and‘ Bioenergetic Impairment in HD

Given the influence that mhtt exerts on both NMDAR funption and subsequent
Ca®" entry and regulation, it follows that by virtue of these changes mitochondrial
respoﬁses will also be affected. While tﬁere is direct evidence of this, there is also
evidence that mhtt may independently impair mitochondrial functioﬂ via different
mechanisms.

Mitochondria have an el-ectrochemical gradient across their inner membrane
established by the active extrusion of H' ions, in order to couple re-entry of protons to
oxidative phosphorylation in the generaﬁion of ATP. Mitochondria may also utilizé this
gradient to drive the uptake of Ca*" from £he cﬁosol in situations where local
concentrations exceed ~ 1 uM (Nicholls and Ward, 2000). During this process the
mitochondrial membrane potential (AY,,) is dissipated; under nomal conditions it is re-
established through continued activity of a(‘:tive H" transport, but excessive mitoéhondrial
depolarization is associated with increased risk of apoptotic neuronal déath (Schinder et
al., 1996). NMDAR activation in YAC46 and YAC72 MSNs has been shown to produce

“enhanced mitochondrial depolarization, associated with increased cytosolic Ca?* levels

and apoptosis as noted earlier (Zeron et al., 2004; Shehadeh et al., 2006). Compounding

this is the observation that mitochondria isolated from HD patients, as well as from




YACT72 mice, tend to have a reduced resting AWy, and depolarize to a greater extent when
stressed (Sawa et al., 1999; Panov et al., 2002), and that expression of mhtt may reduce
the ability of mitochondria to re-establish baseline AYy, (Oliveira etal., 2006). These
observations demonstrate that mhtt-mediated changes in NMDAR function can have
negative consequences to-neuronal health béyond alfered activity of the receptor itself.
Ca®" cycling between the mitoéhondria and cytosol oceurs normally as a
consequence of physiological activity, such as during synaptic activity. However, under
conditions wheré excessive concéntrations of Ca*" are achieved, such as during an
exlcitotoxic stimulus, mitbchondrial Ca?* uptake leads to Vpathologic_al activation of a
ponductqnce known as the mitochondrial ‘permeability transition (mPT; White and
. Reynolds, 1996; Crompto.n, 1999; DuBinsk_y and Lex)i, 1998), which is associated with
apoptotic neuronal death processes ((Marchefti et al., 1996; Nicholls and Budd, 1998;
Brustovetsky et al., 2002); The mPT is formed by the association of several
mitochondrial membrané proteins, including“ the voltage-dependent anion channel
(VDAC), adenine nucleotide translocase (ANT), and cyclophilin D to create a pore with a
conductance of ~1.5 kDa, allowing the movement of ions and small proteins out of the
mitochondria (Bernardi et al., 1994; Petit et al., 1996; Green and Reed, 1998). Activation
of the mPT short-circuits AW, preventing ATP generation and allowing the release of
Calz_+ and apoptotic factors into the cytosol (Green and Reéd, 1998; Crompton, 1999;
Duchen, 2004; Orreniﬁs, 2004). NMDA-induced mPT activity has been previously
observed in murine MSNs (Alano et al., 2002), and inhibitoré of mPT formation have
been showﬁ to prevent NMDA-induced apoptosis in YAC HD MSN culture preparations

including YAC46 and YAC128 (Zéron et al.,, 2004; Tang et al., 2005). The release of
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cytochrome c from mi_téchondria has been shown to occur following NMDAR
stimulation in primary MSN cultures from YAC128 mice (Tang et al., 2005), indicating
induction of the mPT and intrinsic apoptotic pathway.

A number of observations, from alterations in energy status indicators to direct |
physical interactions, in both human HD patients and HD models, have indicated that
mhtt may direcﬂy impair mitochondrial function. Reduced levels of cAMP have been
reported in the cerebrospinal fluid, brain tissues and lymphoblasts of HD patients
(Cramer et al., 1984; Gines et al., 2003), and striafa of HD knock-in mice (Wheeler et al.,
2000) while lactate levels seem to be increased .(J enkins et al., 1993; Koroshetz et all,
1997), possibly indicating a shift to greater reliance on glycolytic ATP generation.
Consistent with this idea are observations of reduced cAMP generation and decreased
ATP:ADP (Gines et al., 2003; Seong et al., 2005) accompanied by reduced mitochondrial
ATP levels (Seong et al., 2005) in a cell line (STHd. 11 derived from MSNs from a
knoc.k-in HD mouse model. Other studieé of human HD brain tissue have noted
decreased enzyme ‘activity in a number of electroﬁ transport chain components, including
complexes II, Iﬂ and IV (Brennan et al., 1985; Beal, 1995; Gu et al., 1996; Browne et al.,
1997) as well as other enzymes (i.e. aconitase) involved in mitochondrial ATP generation
(Tabrizi et al., 1999). Studies on mitochondria isolated from both human and YAC HD
mice are more depolarized at rest, and are more sensitive to imposed Ca** léads, which
may be due to direct interactions between mhtt (or polyQ)-containing protein fragments
and fnitochondria (Panov et al., 2002; Choo et al., 2004). Other studies which have
" focused on mitochondrial fﬁnction, by the use of eithe; mitochondrial toxins (SaWa et al.,

1999; Shehadeh et al., 2006) or conditions where mitochondria are solely relied upon for
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energy production (Oliveira et al., 2006), indicate that mitochondrial function is impaired
by expression of mhtt. Indeed, defects in mitochondrial complex II have been noted in
HD patient brains' and MSNs ekpressing HttN171-82Q (Benchoua et al.; 2006). Lastly,
the aforementioned studies using systemic inhibitors of mitochondrial complex II to
mimic HD paihology in animal models (Beal et al., 1993a; Brouillet et al., 1993; Pal.ﬁ et
al., 1996) broadly illustrate that mitochondrial dysfunction, either alone or in conjunction
with upstream alterations in NMDAR function and Ca** handling changes, may impac;[

- neuronal survival in the context of HD.

| 1.3 Research Hypotheses and Goals

The results of this thesi§ project have been divided into three chapters, each
r_epfesentative of a different phase of the project, correspondingly driven by changing
hypotheses along the way.

Our initial goal was to characterize the electrophysiological properties of
NMDARSs in primary cultures of MSNs from YAC HD mice, with several hypotheses
inherent in the objectives, as described in Chapter 3: 1) We wanted to correlate NMDAR
current amplitudes within primary MSN cultures to fhe observed NMDA-induced
apoptosis, and hypothesized that the afnplitude of NMDAR currents Would correlate with
increasing polyQ lengths in the YAC HD mice, thus explaining enhanced néurotoxicity
with increasing polyQ length. Characterization of NMDAR current in the YAC HD
mouse model had not been done in cultured primary MSNs, which was the preparation

used for many of the toxicity studies (Zeron et al., 2002; Graham et al., 2006b; Shehadeh

et al., 2006). We started with WT, YAC18, YAC46 and YAC72 mice (Hodgson et al.,




1999), with the later addition of YAC128 mice as that model bec_ame available (Slow et
al., 2003) for testing. 2) We hypothesized that any enhancement of NMDAR activity that
could be correlated to increased apoptosis would be selective for NMDARSs and not other
glutamate receptors, and that there would be neurdnal-type speciﬁcity to expléin sglective
striatal loss in HD. 3) Given the possibility of an NR2B-related component to
augmentation of NMDAR function by mhtt, we hypothesized that mhtt might alter the
subunit composition of NMDARSs in a striatal-spe.ciﬁvc fashion. 4) Ha‘ving examined the
relationship between polyQ length and NMDAR current density in the various YAC HD
- mouse lines and finding a significant difference, we then attempted to address the
underlying mechénisms for this observation.

Given the findings regarding the characterization of NMDAR properties in MSNs
from HD mice described in Chapter 3, our overall objective for the experiments outlined
in Chapters 4 and 5 was to explain the enhanced sensi't.ivity to NMDAR-mediated
apoptosis in. YAC128 MSNS in the abseﬁce of enhanced NMDAR function. Using
fluorescent imaging techniques, the hypo-thesés investigated were as follows: 1) Ca**
homeostasis was altered in YAC128. MSNss, and our hypothesis was that resting Ca**
levels or responses to NMDAR-mediated CaZ* entry would be augmented in a toxic
fashion. 2)'Although we did not find any genotypic differences in the magnitude of Ca*
responses, we did observe a difféfence in recovery rate from an intracellular Ca2+ load.
Wé hypothesized that YAC128 MSNs could have a generélized défect in Ca*" handling,
and designed experiments to address this possibility. 3) Having observed mitochondrial
membrane potential changes downstream of NMDAR and cytosolicha2+ changes in

YAC46 and YAC72 MSNs (Zeron et al., 2004), we hypotheéized that a similar event in
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YAC128 MSNs could perhaps explain their enhanced rates of NMDAR—mediated
apoptosis. To address this question, we simultaneously monitored changes in cytosolic
Ca®* and A¥, ;emd attempted to define the relationship between the two parameters.

This thesis describes a transition of hypotheses thét were initially focused on
.describing broad trends to brovide a unifying theory describing neurotoxicity in YAC HD
mouse models. Subsequently my research became focused on neurotoxic events within

. one particular HD mouse model, the YAC128 model, which exemplified enhanced

neuronal apoptosis via a mechanism contrary to our initial hypotheses.
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| - Chapter 2

Materials and Methods

2.1 Animals

Primary striatal neuronal cultures were prepared from offspring of breediﬁgs -
between two homozygous yeast artificial chromosome (YAC) transgenic mice‘on a pure
FVB/N strain background (Hodgson et al., 1999; Slow et al, 2003). YAC46 (line 668),
YAC72 (l.ine 2511) and YAC128 (line 55)_ mi;;e expressed full length human mhtt
containing 46, 72 or 128 glutamine repeats. These mice were comﬁared to both FVB/N
Wf rﬁice and in some experiments compared against YAC18 (212 line) mice,. which
express full length human htt but contain a non-pathogenic number (18) of glutamine
repeats. All mice were bred and maintained according to Canadian Council on Animal

Care (CCAC) and UBC Animal Care guidelines.
2.2 Primary Neuronal Cultures

2.2.1 Preparation of Primary Striatal Neurons

Primary MSN cultures were prepared as previously described (Zeron et ai., 2004;
Shehadeh et al., 2006). Briefly, sterile poly;D-lysine (low molecular weight, MW 30-
70K, 50 pug/ml) coated glass coverslips (12 mm; Paul Marienfeld GmbH & Co. KG,
Lauda-K6nigshofen, Germany) were placed iﬁ 24-well,plateé, and allchd to dry prior to
culturing. Striata were dissected from postnatal day 0-1 (P0-P1) miée in Hank's Balanced

Salt Solution (HBSS) on ice and then digested in warmed (37°C) papain solution (HBSS,
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40 U/ml papain) for ten minutes. Cells were pelleted by cenfrifugaﬁon, then further
dissociated using a series of reducing b(‘)re-sizve Pasteur pipettes in warmed trypsin
inhibitor solution (cpntaining Neurobasal media, 0.25% bovine serum albumin, 0.25%
trypsin inhibitor, 20 ug/nﬂ DNAse) and s:ubsequently transferred to warmed serum-free
plating media containing Neurobasal medium with 2% B27 without supplements, 2 mM
L-glutamine, and 1% penicillin/streptomycin;' :

Neurons were plated at a density of approximately 5.0 ><. 10° cells/well (1 0 x 10
cells/ml), and incubafed (37°C, 5% COZ).for 9-12 days. In order to maintain the cells,
every 4-5 days half of ;[he medium was replaced with fresh medium. Approximait'ely 80-.
90% of cells cultured iﬁ this serum-free mgdium have the characteristics of medium-sized
spiny neurons (MSNs), as evidenced By morphology, DARPP-,32 s;[aining, and/or
staining for the GABAergic neuronal marker glutamic acid decarboxylase-65 (Hansson et
al., 1999; Kovacs et al.,. 2001; Shehadeh et al., 2006). In all experimenté measurementé
were taken only from cells with morphological features consistent wi‘th MSNS,_including ‘
an ovoid soma with a short diameter of approximately 10 um and 2-4 short projecting

processes (Shi and Rayport, 1994).

2.2.2 Preparation of Primary Cortical Neurons

Primary cortical neuronal \cultures were occasionally prepared in parallel from the
same animalé used for MSN cultures, and in largely similar fashion with a few
differences. Cells obtained from cortical tissue were plated in Néurobasal medium with a
cdmposition identical to that used for MSN cultures, except for a lower concentration of

L-glutamine (0.5 mM) used in the plating medium. Cortical neurons were plated at a
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density of 3.0 x 10° cells/well (5.0 X 10° cells/ml), and incubated (37°C, 5% CO,) for 4-
21 days. In order to maintain the cells, every 4-5 days half of the mediﬁm was feplaced
with fresh niedium. In all experiments measurements were taken only from cells with

_ morphologiéal features consistent with cortical pyramidal neurons (CPNs), including a |

general pyramidal (triangular) somatic structure with prominent.neurites (de Lima et al., .

1997). -

2.2.3 Preparation of Primary Cerebellar Granule Neurons

Primary cultures of cerebellar grénule neurons (CGNs) were prepared to provide a
control for the selectivity of IFN for NRi /NR2B-containing NMDARs. CGNs prepared
in the manne'r described here express NMDARs that lack NR2B by 9 d.i.v. (Vallano et
al., 1996), and thus NMDAR curre.nts in these cells shpuld not be sensitive to IFN
antagonism (see Results, Figure 7B). Coverslips (12 mrﬁ) were prebared as described for
MSN cultures. Cerebella were dissected from P7-P9 mice in HBSS on ice, and then
digested for 15 min in a warmed (37°C) papain solution (HBSS, 60 U/ml papain). Cells
were pelleted and resuspehded in trypsin inhibitor solution (same composition as that
used for MSN cultures), and passed through either polished Pésteur pipettes or a 5 ml
plastic culture pipette with a standard yellow 100 pl plastic tip on the end. After several
~ passes, the cell suspension was placed on ice for 2-3 minutes, during which time clumps
of non-dissociated tissue settled to the bottom. The supernatant (containing singié cells)
‘'was carefully reméved with a pipette, DNAse (final concentration 20 pg/ml) was added,
“and the suspension was centrifugeci to produce a pellet. After the cells were resusi)eﬁded

in ice-cold HBSS they were centrifuged at 4°C for 15 min @ 2000 RPM through 40.5%
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Percoll. The resulting cell pellet was resuspended in cerebellar plating media (Basal
Medium Eagle with Earle’s salts from Invitrogen, containing 10% heat-inactivated fetal
bovine serum, 1% penicillin/streptomycin, 2 mM L-glutamine, 25 mM KCl, 17 mM D-
glucose), re-spun fof 1 min, and the resulting pellet resuspeﬁded in warmed (37°C)
cerebellar plating medium. CGNs were plated at a density of 5.0 x 10° cells/well (1.0 x

10° cells/ml), and incubated (37°C, 5% CO,) for 8-10 days.

2.3 Electrophysiological Experiments
All MSNs were used for electrophysiological analysis at 9-11 days in vitro ‘

(d.i.v.); CPNs were used at 4-7 d.i.v., whereas CGNs were recorded from‘ between 8-10
d.i.v. Coverslips with éultured neurons we?e placed in the recording chamber on the
stage of an inverted microscope (Axiovert 100, Carl Zeiss, Thornburg, NY). Intracellular
recording solution co_ntained: 115 mM CsMeSO;, 10 mM HEPES, .10 mM BAPTA, 4.
mM Mg-ATP, 20 mM K;-creatine phosphate, and 50 U/ml creatine phosphokinase,
titrated to pH 7.25 using CsOH and with an osmolarity of 309-310 mosm. Extracellular
recording‘ solution contained: 167 mM NaCl, 2.4 mM KCl, 1.8 mM CaCl,, 10 mM
HEPES, 10 mM D-(+) glucose, titrated to pH 73 using NaOH and with an osmolarity of
325 mosm. Both intracellular and extracellular solutions were filtered prior to use. In all
experifn‘enté, 50 uM glycine and 0.3 uM tetrodotoxin (TTX; to block Vqltage-gated

‘_ sodium currents) were added to all extracellular solutions. Superfusion of neurons with
different agonist solutions waé, achieved using a gravity-fed solenoid system attached to a

theta tube. Currents were sampled at 5 kHz and acquired and analyzed using pCLAMP
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- software and an Axopatch 200A amplifier (Axon Instruments, Foster City, CA). Current

amplitude measurement and kinetics fittings were performed using-Clampﬁt software.

2.3.1 Measurement of Current Density, Steady-State to Peak Ratio, Ifenprodil
Sensitivity}

Primary neuronal cultures were prepared as described, and whole-cell currents
were recorded under voltage clamp (VH =-60 mV; except where otherwise noted). All
currents were leak-subtracted prior to analysis. NMDAR currents were elicited by a 4s
application of 1 mM NMDA. This was repeated twice at 60s intervals, for a total of 3
separate trials. Peak current density was calculated by dividing the peak current
amplitude by the cell' capacitance, thus normalizing cﬁrrent to cell surface area (allowing
comparisons between cells with potentially different membrane surface areas). NMDAR
steady-state to peak current ratios (Iss/Ipcak) Were calculated by averaging NMDAR
currents over the last 200 ms prior to cessation of NMbA application (to get a measure of
steady-state current) and then dividing by the peak current amplitude and expressing the
ratio as a percéntage. This was done for each cell using the first and second trials (to
minimize any effect of rundown), so that the Is/I,cak expressed for each cell is an average
of two responses.

'The NMDA stimulation paradigm was then repeated in the presence of 3 uM
ifenprodil (IFN), fof a total of 3 trials. The percentage of current inhibited by IFN was
calculated by dividing the average peak NMDAR current of the last two responses in the

presence of IFN by the peak NMDAR current prior to IFN applicaﬁon. IFN was washed
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out, and the stimulation paradigm repeatéd to monitor recovery of NMDAR current from

IFN block.

2.3.2 Kainate Stimulation

In some experiments, 1 mM kainate was used instead of 1 mM NMDA to assess
bossible changes in AMPA/kainate receptor current density. Kainate was used because it
activates AMPARSs in a non-desensitizing fashion (Hollmann and Heinemann, 1994),
making it easier to accurately measure peak current. Measurements of IFN sensitivity or

Iss/Ipeak Were not carried out in these experiments.

2.3.3 Electrophysiological Measurement of NMDAR Insertion to the Plasma

Membrane

Whole-cell patch clamp recqrdings were performéd under Véltage clamp (Vy=-
80 mV, to minimize any possibility of MK-801 dissociation) on cultured striatal MSNs as
dés_cribed above. NMDAR-mediated current was evoked by bath application of |
saturating (1 mM) concentrations of NMDA. To irreversibly block all surface NMDAR:s,
5 uM MK-801 (a use-dependent, open-channel blocker) was co-applied with | mM
NMDA for 9 s immediately following a 1 s application of NMDA alone. During this
period whole-cell NMDA current could be observed to decay to pre-NMDA application
levels (see Results, Figure lOA). Thirty seconds folloWing initial blockade, this protocol
- was repeated to ensuré complete block of all surface NMDA rgceptors. After extensive
washout of MK-801, subsequent recovery of NMDAR-mediated current was measured

for as long as possible at 5 min intervals by stimulating three times with a 500 ms
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application of I mM NMDA, 30 seconds apart. The three résponses at eéch 5 min
interval were recorded and averaged, and expressed as an average Areva Under the Curve
(AUC) for the NMDA-evoked current, normalized to cell capacitance (pF) t(; obtain a
measure of integrated current density; which o%/er time could‘ be interpreted as integrated
current recovefy (or density of NMDARS) per unit of cell membrane. The integrated
NMDA-evoked current over 500 ms.was used in order to circumvent the effect of noise
and difficulty in accurately discfiminating peak amblitudes of thése relatively small

whole-cell currents.

2.4 Visualization of Relative Changes in Cytosolic Free Ca*" and Mitochondrial
Membrane Potential (AYy)

| Measurements were taken at room temperature (20-21°C) from primary cultures
of age-matched WT or YAC128 MSNS between 9 and 11 d.i.v. Neurons were loadéd
with the acetoxymethyl (AM) esters of Fura-2, Fura-FF or MagFura-Z by incubation at
32°C for 45 min in 6.7 pM of indicatof dye in balanced salt solution (BSS, containing
139 mM NaCl, 3.5 mM KCl, 2 mM NaHCOs3, 10 mM HEPES, 3 mM Na,HPO,~7H,0,
1.8 mM CaCl,, 11 mM D-glucose, 50 uM glycine, pH adjusted to 7.3 5) containing 0.05%
bovine serum albumin. The coverslips were then transferred to BSS alone for 15 min
before each experiment to ensure hydrolysis of the ﬂuorophére. Experiments Were
performed using é Zeiss Attbﬂuor digital fluorescence imaging system as previously
described (Abdel-Hamid and Baimbricige, 1997).

Neurons were éuperfused continuously with BSS at 2.4 ml/min. Regions of

interest (ROIs) were sized and placed over th¢ soma of cells that morphologically

resembled MSNs. Cells were stimulated with varying concentrations.(100 or 500 uM) of
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NMDA or 50 mM KCIl + 5 uM FPL 64176 (FPL), with 50 uM glycine in all experiments; -
other compounds were added where indicated. Exposure of g:ells to 50 mM KCI was
achieved by replacing BSS (during the stiml.llation period) with a high KCI solution
containing: 70 mM NaCl, 50 mM KCl, 2 1;1M NaHCO;, 10 mM HEPES, 3 mM
NazHPO4—7H20, 1.8 mM CaCl,, 11 mM D-glucose, 50 uM glycine, pH adjusted t07.35.
Cells that morphologically resembled MSNs and responded to NMDA or KCI/FPL
application with an increase in cytosolic Ca®* were used in the analysis.

Data conversion calculations and analysis were performed using Microsoft Excel
macros created in Microsoft Visual Basic by Dr. Gordon Rintoul. For estimation of
relative changés in cytosolic Ca2+, the mean peak F334/F380 response for each cell was
calculated by averaging over a 30s period alround the maximal peak response during
application of NMDA or KCI/FPL, after subtraction of mean baseline F334/F3g¢ for a 30s
period before stimulus application. The resulting values from each cell were then used to
calculate an overall mean value for that experiment; mean and standard error for each
treatment ‘group were calculated from the means of each ekperiment for that treatment
group (i.e., n is the number of experiments). Estimates of cytosolic calcium recovery
wefe made by expressing the mean F334/F359 value every 5 min following NMDA or
KCI/FPL washout as a percentage of the ‘maxir\nal peak F334/F3go response..

‘Changes in AW, were assessed by single wavelength imaging of rhodamine-123
(rhod-123) fluorescence. This dye is prefereritially sequestered in mitochondria (on the
basis of their negative transmembrane potential relative to the cytosol) where its
fluorescence is Quenched due to dye steiéking. A loss of A¥,, results in the redistribution

of rhod-123 back into the cytosol, producing an increase in overall cell fluorescence. The
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.absolute magnitude of the fluorescence change is dependent on several factors (including
variability in dye-loading and de-esteriﬁcation times, and changeé in the intensity of the
UV light source over time) that vary from experiment to experiment, not the least of
which are the health of the cells and consequent mitochondrial polarization that day, and
which other dyes, if any, are present. Hence the maximﬁm ﬂﬁorescence measured using
rhod-123 should ideally be compared in experiments performed on the same day under
the same conditions. Importantly, méximum mitochondrial depolarizétion is only
achieved using protonophores or other measures to diréctly dissipate AYm. When other
stimﬁli are used that result in loss of AWy, unless they are compared within the same
experiment to a stimulus that produces maximum depolarization, it is not possible to
accurately assess the relative mitochondrial depolarization achieved using different
stimuli between diffefent experin;ents. This caveat can also be extended to data sets from
experiments performed on différent days; hence, genotoype-paired experiments were
performed wherever possible (the notable exception being those experiments where mPT
inhibitors were used, as paired cultures were not reliably available).

. In some experiments the initial loading of Ca*" indicator (eifher Fura-2 or Fura-
FF) was followed immediately by an addition of 26.3 mM rhod-l23\to the loading buffer
to achieve a final concentration of 5.0 uM rhod-123. Fifteen minutes after the addition of
rhod-123, covérslips were tfansferfed to BSS alone, at room temperature. Dual imaging
experimenfs were then perfoﬁned where both cytosolic Ca®* and AW¥,, were monitored
simultaneously under the same conditions and in the same age-matched and paired
(except for experiments using mPT inhibitors) WT and YAC128 MSNs. The same

chambef and imaging system were used as described above, and the same stimulation and
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measurement paradigm with the addition of an excitation (488 nm) and emission (>510
nm) cycle for thod-123. Data for AW,, were expressed as the backgrouﬁd-corrected
change in fluorescence compared with baseline (AF/Fo). The mean peak AF/FO during
NMDA application (calculated by averaging over a 30 s period around the peak résponse)
was calculated from measurements for éll responding néurons during stimulus (NMDA
or KCI/FPL) application in each experiment. The resulting means from each experimént

_ Were then used to calculate an overall mean aﬁd standard error (based onn’s reﬂecting

number of experiments) for each treatment group.

2.4.1 Determination of Resting A¥pn,

To get an approximate measurement of resting AW in intacf MSNs, MSNs weré '
loaded with rhod-123 and visualized as described above. In S(')me‘ 'experiments,. MSNs
were co-loaded with Fura-FF for two reasons: 1) to help Visuali;e neuronal soma, and 2)
to allow for monitoring of Ca*" release from mitochondria. The mitochondrial
. protonophore CCCP (5 uM) was applied, resulting in maximal depolarization of AW
and release of accumulated rhod-123 (Toescu and Verkhratsky, 2000). The relative fold-
increase in rhod-123 ﬂuorescence following application of CCCP provides a rough
indication of the degree of depolarization achieved, and in doing so allows indirect

measurement of the relative resting AWy, prior to depolarization.
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2.4.2 Calculation of CCCP/NMDA (C/N) Ratio to Determine Efficiency of
Mitochondrial Ca®" Uptake
For some experiments, mitochondrial Ca** centent was measured following

NMDA application by depolarizing mitochondria using 5 pM CCCP, causing
mitochondria to release accumulated free Ca®" into the cytosol. In order to isolate this
source of Ca?" influx to the cytosol (arid exclude Ca?* entry from the extracellular space),
_ neurons were superfused with a Ca*'-free BSS (same composition as normal BSS ebove,

~except 1.8 mM CacCl, is replaced by 0.9 mM MgCl,) for 2 min prior to the addition of
CCCP, duririg the washout of NMDA. We used previously established methods to
determine the efficiency of mitochondrial Ca** uptake (Brocard et al., 2001). The area
under the curve (AUC) of CaéJr responses (diiring stimulus application) was measured, in
serial fashion, in response to a 1-min exposure to 500 uM NMDA (N) followed 2 min
later by a 1-min application of CCCP (C; to release free Cazf’ accumulated by
mitochondria). The regions where AUC measurements were performed were limited to
periods during NMDA or CCCP application; ie.a60s region in each case. The C/N

ratio was then calculated.

2.4.3 Quantifying the Temporal Relationship Between Increases in Ca2+ and Loss of
A¥n

To calculate the lag time be’rween initial changes in cytoselic Ca®" and A%,
experiments using the dye pair of Fura-2 (due to high sensitivity at low [Ca?*]) and
rhodamine-123 were analyzed. The time bases for both variables were aligned and the

initiation of fluorescence changes for each variable were recorded. The start time for a
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fluorescence change was defined as the initial data point in a series of at least five data
points that successively increased in a positive direction, following NMDA application.

Increases in Ca>* were observed to always be initiated prior to changes in AW,

2.5 Data Analysis

All data are presented as means + étandard errc;r of the mean (SEM), unless
otherwise noted. T-tests, one-way, two-way and Repeated Measure ANOVAs followed
by Bonferroni post-test were performed using GraphPad Prizm statistical anélysis
software.

Fpr imaging experiments, ANOVAS were used where experiments using WT and.

“YAC128 MSNs could be age-matched and performed on the same (}ays (the majority of
experiments), allowing for variability in dye-loading and de-esterification times, and
changes in the intensity of the UV light source over time, to be accounted for equally in
all genotype and treatment groups within and across culture batches. Where experiments
for bqth genotypes could not be performed on the same day (those using mPT inhibitors),
unpaired t-tests were used to analyze data within genotype oniy, in ordef to assess the
effects of treatment. All Ca®* imaging data were baseline-subtracted prior to analysis.

For statistical purposes, the number of experiments (n) was considered to be the
numberlof cells tested for electrophysiological experiments, and t'he number of individual
coverslips used for imaging experiments. For all daté sets, cells from at least 3 different .
litters of pups (culture batches) were used, so n is theoretically representative of results
from a number of different mice. The number of experiments carried out was not

* dependent on achieving a given result; in fact, most significant differences found were
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apparent with low n’s. Rather, the numbers of experiments performed were largely
determined by the birth rate of pups of the relevant genotypes, using the minimum
standard of the results of at least 3 separate litters per genotype being incorporated into
the overall data set. In certain data .sets, for example as represented in Figures 8 and 9,
this approach limited the size of n as these data were obtained towards the end of
experimental profcocols where cells died prematurely. Hence, in these cases, it may be

desirable for n to be increased.

2.6 Materials

Acetoxymethyl esters of Fura-2, Fura-FF, and MagFura-2, as well as rhodamine-123
were purchased from Invitrogen Canada Inc. (Burliﬁgton, ON). TTX was purchased
from Alomone labs (Israel). Neurobasal medium, B27 with no added supplements,
HBSS, and peniciliin/streptomycin were purchased from Invitrogen Canada Inc.
(Burlington, ON). All other chemicals were purchased from Sigma Aldrich Canada

(Oakville, ON).
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Chapter 3

NMDAR Function in the YAC Mouse Models of HD

Our laboratory previously reported that co-expreséion of NR1/NR2B-containing
NMDARS with mhtt (htt138, 138 polyQ) in HEK293 célls led to an enhancement of
NMDAR-mediated current density (Chen et al., 1999b). Quantification of NMDA-
induced apoptosis in primary MSN cultu;es from WT, YAC46 and YAC72 MSNs
showed that the presenée of full-lel;gth miltt significantly increased NMDAR-mediated
apoptosis in a polyQ length-dependent fashion (Zeron et al., 2002). In this paper the
authors noted that YAC72 MSNS acutely; dissociated from the striata of 6-11 week old
YAC72 mice had enhanced NMDAR peak current dcnéities, a phehomenon similar to
th_af observed in the studies using transfected HEK cells as noted above. Since these
results were obtained in two distinct neuronal preparations, our first question here was to
determine whether the same enhancement of NMDAR current occurred in the primary
MSN culture preparation, and whether these changes were specific to NMDAR activity
or a symptom of a broader alteration in neuronal function which also affected other
bionotropic glutamate receptors. Secondly, we wondered whether any changes that Were
observed could be correlated to the length of the polyQ fepeat region in htt. A parallel -
question would be whether any changes in NMDAR function séen would be specific to
the population of neurons most at risk in HD, the MSN, or would diffgrent neuronal

subtypes also be affected in a similar fashion? And finally, we set out to determine what

mechanism(s) underlie any functional changes observed.




.
3.1 NMDAR Current Density in Neuronal Primary Cultures

In order to investigate whether any relationship existed between htt pélyQ length
and NMDAR-mediated current, we established primary cultures of striatél MSNs from
early postnatal mice on a FVB/N strain backgrbund (WT) or from YAC transgenic mice
.expressing full-length human htt containing various polyQ lengths:- YACI18 (18Q, line
212), YAC46 (46Q, line 668), YAC72 (72Q, line 2511), and YAC1’28 (128Q, line 55).
The generation and characterization of these different YAC transgenic mouse lines ﬁave
| been plreviously described (Hodgson et al., 1999; Slow et al, 2003; Leavitt ét ’al.A, 2006).
| The first set of experiments sought to establish whether cultured earlyh postnatal
MSNs from YAC mice expressing mhtt with various polyQ lengths sho.wed'increased
NMDA-evoked cﬁrrent. Figure 1 illustrates a typical MSN (in this case WT) whole-cell
'cufrent evoked by the application of a saturating (1 mM) concentration of NMDA while .
- under voltage clamp (Vy = -60 mV). Note that upon application of NMDA the current
fapidly féaches peak amplitude, and then proceeds to decay toward a steady-étaté plateau
in the continued presence of agonist. The measufements of both peak current amplitude
(Ipeak) and steady-state current (Is) are demonstrated here. Comparing NMDAR peak
current density (Ipeak normalized to the cell capacitance) across geﬁotypes, we found that
NMDAR peak current density generally in_creased with longer htt polyQ length, up to
72Q (YAC18 vs. YAC72, **P<0.01; YAC46 vs. YAC72, *P<0.05; One-way ANOVA,
Bonferroni post-test, Figure 2). Similar to previously reported results with acutely
dissociated MSNs from ~2-month old mice (Zeron et al., 2002), YAC72 MSNS exhibited
significantly increased NMDAR peak current density vs. WT MSNs (* P<0.05, One-way

ANOVA, Bonferroni post-test, Figure 2). This enhancement of current was specific to
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'NMDA receptdrs, as activation of the other classes of non-NMDA ionotropic glutamate
recéptors by bath application of kainate (an agonist at botﬁ AMPA and kainate recépto;s)
showed no significant difference in current density between WT and YAC72 MSNs
(Figure 3). It‘ should be noted that the mean cell capacitance was no£ significantly

different across all genotypes of cultured MSNs studied (12.6 + 1.8 pF, n=42 for WT;
155423 pF, n=i3 for YAC18; 15.1 £ 1.2 pF, n=11 for YAC46; 124.1 + 0.9 pF, n=16 for

72Q; and 13.2 £ 0.9 pF, n=20 cells for YAC128).

‘Inte.restingly, NMDAR peak éurrent density was not increased in YAC128 MSNs
vs. WT (Figure 2), despite the fact that primary cultures of YAC128 MSNs exhibit
enhanced sensitivity to NMDA-induced apoptosis (Shehadeh et al., 2006). This
oBservation formed the basis for Chapters 4 and 5, which describe our attempts to resolve
this paradox.

To determine whether other neuronal populations expressing mhtt would also
have enhanced NMDAR current, we assessed NMDAR current density in primafy |
cultures of CPNs taken from the same mice used to prepare our MSN cultures. Since
there were no significant differences in NMDAR currént density between YAC46 and
WT or YAC18 MSNs; we chose not to pursue these recordings in YAC46 CPNs. As
Figure 4 illustrétes, we found similar NMDA-evoked peak current densities in vcultu.lAred
CPNS from WT, YAC18, YAC72 and YAC‘128 mice. This observation suggests that
n¢ither the overexpression of non-pathogenic htt nor (m)htt polyQ length serve to
regulate NMDAR éctivity in CPNs. Hence, htt polyQ length-depéndent potentiation of

NMDAR current is neuronal-type specific and may contribute to enhanced excitotoxic
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striatal vulnerability in the YAC72 mice as well as in human HD expressing htt with

moderate repeat lengths.

3.2 NMDAR Desensitization

The level of desensitization of NMDAR current could play a significant role in
determining the total éharge transfer and Ca** inﬂﬁx that occurs during NMDAR
activation, possibly influencing the vulnerability of MSNs to excitptoxicity. To
c.leﬂterrnine whether mhtt, in addition to increasing peak NMDAR current density,
decreased desensitization (i.e. resulted in a higher L) of NMDARS as an alternate
mechanism to.enhance éxcitotoxicity, we examined Igy/Icax ratios across genotypes in
both MSNs (Figure 5) and CPNs (Figure 6). We found that desensitization of NMDAR
currents recorded from YAC transgenic MSNs was not significantly different regardless
of mhtt polyQ length; however, NMDAR currents in YAC18 MS'Ns‘ desensitized
significantly less than those in WT MSNs (WT vs. YAC18, **P<0.01; One-way
ANOVA, Bonferroni post-test). No significant differences in NMDAR desensiﬁzation ,

were found between genotypes in CPNss.

3.3 NR1/NR2B-Containing NMIDARs

NMDARs are composed of both NR1 gnd NR2 subunits, and it is the NR2
subunits that define NMDAR channel properties including peak open probability, single-
channel conductance, énd desensitization (revieWed in Cull-Candy _et al., 2001). As well,
since ﬁhtt significantly enhanced NMDAR currents and NMDA-induced apoptosis in

NR1/NR2B-expressing HEK cells (but not in HEK cells expressing NR1/NR2A), we
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hypothesized that aﬁ mhtt-influenced alteration of NMDAR subrunit composition could
play a role in enhanced excitotoxicity in YAC72 MSNs (Zeron et al., 2002).

To probe NMDARI subunit composition, We conducted our whole-cell patch
Aclamp recordings in both MSNs and CPNs in the absence and presence of 3 uM IFN, an
NR1/NR2B-selective antagonist of NMDARSs (Williams, 1993). As illustrated in Figure
7, IFN blocked a significant proportion 6f NMDAR current iﬁ MSNss (Figure 7A), but
had no effect on NMDAR current in cul_tured‘ CGNs (Figure 7B), which do not express
NR2B under the culture conditions used (see Methods). As summarized in Figure 8,
NR1/NR2B-containing NMDARs mediated fhe majority of current in MSNs, and this
proportion was similar‘across genotypes. Similar observations were made regarding |
. NRI1/NR2B-containing NMDARSs in CPNs (Figure 9), with no significant difference
between genotypes.

'Together, these results indicate that mhtt likely does not alter the subunit
composition of NMDARSs expressed at the plasma mgmbrane. It should be noted that the
proportion of current mediated by NR2B-containing NMDARs was gex}erally less in
CPNs compared with MSNs of the same genotype, significantly so for both WT and |
YACT72 (**P<0.01 for thand *P<0.05 for YAC72 by unpaired t-test, percentagé of IFN-

sensitive current in CPNs vs. MSN's within genotypes).

3.4 Shift of NMDAR Expression in YAC72 MSNs to the Surface of the Plasma
Membrane
Although we found an increase in NMDAR current density in YAC72 MSN, the

overall level of protein expression of NR1 and NR2B subunits in striatal tissue of YAC72
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mice is not increased above that in striatal tissue from WT mice (Li et al., 2003a). |
Therefore, it is unlikely that the increase in NMDAR current density in YAC72 MSNs is
simply a function of greater amounts of NMDAR proteins. However, in other
experiments we found that the expression pattern of NR1 and NR2B was shifted in
YAC72 MSNs such that a greater proportioﬁ (approximately 50% increase in
surface:internal NR1 expression, *P<0.01 by one-way ANOVA, Bonferroni post-test and
approximately 30% increase in surface:internal NR2B expression, * P<0.05 by one-way
ANOVA, Bonferroni post-test) was expressed at the plasma membrane than in WT or
YACl 8 MSNs, while the total amount of Nva expressed is similar across genotypes (Fan
et al., 2007). Hence, a greater number of surfabe NMDARs could explain the enhanced
current in YAC72 MSNs. |

One possible mechanism to explain the shift in NMDAR expression pattern
towards the plasma membrane is that the rate of forV\'/ard trafficking (towards the plasma
membrane) of NMDARs is enhanced. To detefmine whether the insertion of NMDARs
into the plasma membrane occurréd at a faster rate in YAC72 MSNs vs. WT MSNs, I |
utilized an electrophysiological approach similar to that described previously (Lan et al.,
2001; Tovar and Westbrook, 2002; Mu et al., 2003; Lin et al., 2004), monitoring the
recovery of NMDAR-mediated current following-functibnal blockade of sﬁrfacé
receptors by the use‘-depéndent, irreversible NMDAR antagonist MK-SOI
(electrdphysioldgical éilencing). All surface NMDARs were first fully stimﬁlated and
then blocked by application of a saturating (1 mM) concentration NMDA, first alone and
then in conjunction with MK-801 (see Methods, Figure 10A). Once ‘_.silencéd’, surface

NMDARS remain inactivated for the duration of the éXperiment as MK-801 binding to

55




the NMDAR channel is expected to be irreversible under the Qoltjage-clamp conditions -
used (Huettner and Bean, 1988). Therefore, any subsequent NMDA-e_véked current
reflects the insertion of new NMDA receptors (or ones that were not on the surface
during ‘silencing’) to the plasma membrane.

Following NMDAR block by MK-80'1, NMDA-evoked current was monitored at
5 min intervals (as in Figure 10B), and quantified as described (see Methéds). The
recovery of NMDAR.current was ~3-, 3-, and 2-fold higher in YAC72 compared with
WT MSNs at 5, 10 and 15 min foilowing MK-801 washout, respectively (Figure 11), a
difference that was signiﬁcaﬁt bat the '1‘0- and 15-minute time points (*P< 0.05, **p<0.01
'respectively‘by two-way ANOVA followed by Bénferroni post-testj. This difference in

the rate of NMDAR current recovery indicates a faster rate of insertion of NMDARs to

the plasma membrane from membrane proximal intracellular pools in YAC72 MSNss.

3.5 Summary

Taken together, these observatiohs suggest that NMDAR current density is
enhanced in early postnatal cultured MSNs expressing mht_t with a polyQ length up to a
certain ceiling, beyond which other competing mechanisms may prevent the
enhancement of NMDAR current. Since these cells are obtained from very eérly
postnatal mice, this would suggest that mhtt-mediated mechanisms that result in ther
potentiation of NMDAR activity are present at birth, and are selectively expressed in
MSNs (and not other neuronal types). Hence this function‘ai alteration may serve as an
.ongoing source of neuronal sfress, possibly underl&ing a cumulative insult, which renders

MSNs Vulnerdble in HD. |
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Chapter 4

Aberrant Cytosolic Ca** Handling in the YAC128 Mouse Model of HD

YACI128 mice, carrying a more extreme CAG expansion than the other YAC HD
mouse models described earlier, show an accelerated phenoty'pe and significant striatal
neurodegeneration by 6-12 months (Slow et él., 2003). Here we wanted to examine the
events downstream of NMDAR activation, specifically regulation of cytosolic Ca™,
preceding the previously reported (Graham et al., 2006b) enhanced NMDA -induced
apoptosis in YAC128 compared with WT MSNs. As shown in Chapter 3, the NMDAR
, current density of MSNs fro‘nd YAC transgenic mice containing full-length human (m)htt
generally correlates to the length of tfle polyQ repeat region in the human (m)htt
transgene. However, this relationship is clearly ﬁot intact for polyQ lengths of 128,
despite MSNs from this line of mice (YAC128 line 55) showing enhanced NMDA-
mediated excitotoxicity to the same maximal level as that seen in YAC72 MSNs
(Shehadeh et al., 2006). Having previously documented events downstream of enhanced
NMDAR activation in YAC72 MSNs which predictably lead to an apoptotic endpoint,
ﬁarﬁely enhanced péak cytosolic Ca?* and mitochondrial membrane depolarization
(Zeron et al., 2004), we followed the same line Qf investigation with YAC128 MSNs to
resolve the discrepancy between normal NMDAR currents and enhanced NMDA-

induced neurotoxicity.

Therefore, the goal was to explain the apparent paradox: mhtt expression in
YAC128 MSNs does not increase the NMDAR peak current density as it does in YAC72

MSNs or affect desensitization (and hence the integrated NMDAR current) or NMDAR
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subunit composition, yet NMDA exposure induces apoptosis more efficiently in YAC128
than in WT MSNs (Graham et al., 2006b), and indeed produces the largeét enhancement
of apoptosis in-YAC128 MSNs relative to YAC18 controls of any stimulus (Shehadeh et

al., 2006).

4.1 Considerations Regarding NMDA Concentration Used for These Studies

Given the results presen;[ed in Chapter 3, enhanced excitotoxicity in YAC128
MSNs in the absence of increased NMDAR current could result from impéiréd Ca™
homeostasis and/or mitochondrial dysfunctidn. Therefore, .I began to investigate these
" events by comparing cytosolic Ca®* changes as a predictable consequence of NMDAR
activation. For sevefal reasons we decided that 500 uM NMDA was an appropfiate
.agonist concentration for maximally stimulating NMDARSs in the majority of these
»experiments. The ECsy for sustained glutamate stimulation of recombinant NR1/NR2B
NMDARs in HEK cells was found to be ~20 puM (Chen et al., 2001a), and NMDA is a
less efficacious NMDAR agonist with a higher ECs than glutamate (Sather et al., 1992;
Banke and Traynelis, 2003). Furthermore, in a series of experiments measuring éytosolic
Ca*" changes in cultured raf VMSNs, Alano et al (2002) found that NMDA concentrations
on the order of 500 pM -1 ﬁlM were required to induce maximal Ca®" responses. Lastly,
our own previous results confirmed that 500 .pMV NMDA Was sufficient to vachieve
maximal apoptosis induction in cultured MSNs (Zeron et al., 2004), .while 100 uM
NMDA was insufficient (Shehadeh et al., 2006). As‘the goal of thése experiments was to
examine changes in cytosolic Ca®* (and also mitochondrial function, as described later in

~ Chapter 5) that would explain enhanced apoptosis in YAC128 MSNs, we thought it most
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~ appropriate to use an NMDA concentration proven to most efficiently induce such an

endpoint.

4.2 Resting and NMDA-Induced Changes in Cytosolic Ca*" in YAC128 MSNs

We initially hypothesized that YAC128 MSNs would have a higher resting Ca**
level, which could possibly indicate a stress-induced change (Hanss'on et al., 2001) or
pre-existing mitocﬁéndrial impairment (Xiong et al., 2002) leaving cells more yulnerablé
to further insult. Alternatively, an equivalent concentration of NMDA under the
aforementioned conditions could produce a larger increase in cytosolic Ca** in YAC128
than seen in WT MSNs. To address this question, I performed fluorescence imaging of
cytosolic free Ca*" levels in MSNs using the high-affinity calcium dye Fura-2. An
example of Aa typical experiment is shown in Figure 12, depicting how and when
measurements for resting (basal) Ca* levels and peak cytosolic Ca** were performed.
Represen’tative mean responses (one experiment each for WT and YAC128) to a 5 min
application of 500 pM NMDA are illustrated in Figure 13. Also shown in this
experiment (Figure 12) is the application of the Ca®" ionophore 4Br-A231 87, to illustrate
the maximal fluorescence signal in this experiment and demonstrate that our responses
were not saturated by NMDA-indﬁced Ca*" ihﬂux.

| Contrary to our hypothesis, we found similar basal cyt(;solic Ca®" levels, as

reflected in similar F334/F3gg ratios (P>0.05 by paired t-test) for WT and YAC128 MSNs
(Figure 14A). Furthermore, the maximal peak cytosolic CaéJr eyoked as a consequence of
the.application of either 100 pM NMDA or 500 uM NMDA was nét significantly

different (P>0.05 by paired t-test) between WT and YAC128 MSNs (Figure 14A), as
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expected from the similar whole-cell current densities evoked by 1 mM NMDA (Figure
2). As the relatively high affinity of Fura-2 for free Ca®* (K = 145 nM) is ideal for
estimating résting Ca®" levels but not necessarily optimal for discerning péak amplitudes
of cytosolic Ca* (Hyrc et al., 1997; Stout and Reynolds, 1999), we used the lower
affinity Ca®* indicator M.agFura-2 (K4 =25 uM) to confirm the lack of difference in peak
NMDAR—evoked Ca’" increases. In response to a 5 min application of 500 uM NMDA,
peak F334/F3g9 rétios using MagF ura-2 (Figure 14B) for WT vs. YAC128 MSNs were
0.54+0.16 vs. 0.37 = 0.10, respectively (P>0.05 by paired t-test), ruling out the
possibilify that indicator dye saturation artifactually equalized vthe Ca*" responses. We
concluded that neither changes in resting Ca®* levels nor enhancement of peak Cytosolic
Ca’" responses, as seen in YAC46 and YAC72 MSNs (Zeron et al., 2064), explained the

enhanced NMDA-induced apoptosis characteristic of YAC128 MSNSs. |

4.3 Altered Cytosolic Ca** Clearance Following NMDA Stimulation in YAC128
MSNs |
As illustrated in representative experiments (Figure 13), the recovery of‘cytosolic
Ca®* toward baseline levels follbwing washout of NMDA appeared slower in YAC128
"MSNs. To investigate this further a subset of experiments, in which Ca®" changes were
monitored over longer periods, were performed and cytosolic Ca®" recovery was
quantified as a percentage of the peak NMDA-induced change remaining over time
following ;zvashout of NMDA. These ekperiments found a significantly slower rate of
recovery of Ca>* towards pre-stimulus (500 uM NMDA) levels in YAC128 vs. WT

MSNs as early as 15 min (repeated measures ANOVA followed by Bonferroni post-test,
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*P%0.0S at 15 min, *P<0.05 at 20 min, **P<0.01 at 25 fnin) following NMDA washout
(Figure 15). These data demonstrated a prolonged elevation of cytosolic Ca** in
YACI128 MSNé that may be toxic in and of itself and/or reflect pathological changes in
neuronal function, such as the failure of calcium extrusion processes or sequestration into

- intracellular stores within organelles.

4.4 Effect of Route of Ca** Eﬁtry on Recovery from an Induced Cytosolic Ca® Load
in YAC128 MSNs

Having identified an unexpe‘cted genotypic difference in the return of Ca?'+
towards pre-stimulus levels, we wondcr‘ed whether the impaired cytosolic Ca*" recovery
réﬂected a general defect in Ca* haﬁdling in YAC128 MSN, or if it was specific for
NMDAR-mediated Ca** accumulation. To stimulate an altefnate pathway of caléium
- influx from the extracellular compartment without activating NMDARs, I used 50 mM
KClI in combination with the L-tyi)e Ca®* channel modulator FPL 641 76 (5 uM; FPL), a
combination that optimizes depolarization-induced Ca®* influx (Hardingham et al., 1999;
Shehadeh et al, 2006) via voltage-gated Ca>* channels (VGCCs). 1 then-compared the
cytosolic Ca®* responses to those induced by 100 uM NMDA (representative responses to
both stimuli shown in Figure 16A). Quantified in Figure 16B, the maximal p_eék Ca®*
response was similar for these two different stimuli (area under the curve analysis,
éalculating integrated Ca*" responses during stimulus application, also conﬁrmed no
significant differences for genotype or treatment at 1 and 5 min; data not shown), and
there was no significant differénce in peak cytosolic Ca?®" for either stimulus betWeen

genotypes (two-way ANOVA; no effect of treatment or genotype). Using the same
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method to quantify cytésolic Ca®* clearance as in section 4.3, we found that recovery
from a Ca®* load induced by a 5 min application of 100 uM NMDA was significantly
slower in YAC128 compared with WT MSNs (two-way ANOVA followed by.
Bonferroni p;)st-test, *P<0.05 at 5 min, **P<0.01 at 10 min, ***P<0.01 at 15 min).
These results are similar to those found using 500 uM NMDA a;s the incident stimulus
(Section 4.3, Figﬁre 15.).’ In stark contrast, recovery from a Ca’* load induced by
membrane depolarizatioﬁ and VGCC activatiqn with KCl and FPL was relatively rapid,
nearly complete by 15 min po‘st-‘stimulus‘ washout (~10% above pre-stimulus levels), and
proceeded at equivalent rates in both genotypes (two way ANOVA; no effect of
genotype) (Figure 17). Thus, we cohclﬁded that the defect in recqvering from an

imposed Ca®* load was relatively selective for Ca®" influx that occurred via NMDAR

activation, and specific to YAC128 MSNS.

4.5 Summary

Contrary to our hypofhesis, we found that YAC128 MSNs did not have a
significantly higher basal cytosolié Ca*" level, nor did they respond fo NMDAR
stimulation with higher peak cytosolic Ca** than observed in WT MSNs. However, we
found an interesting dichotomy in the ability of YAC128 MSNs to recéver from an
imposed cytosolic Ca?" 16ad. Whereas WT and YAC128 MSNs recovered from |
depolarizaﬁon—mediated Ca®" influx at similar rates, YAC128 MSNss were slower than

WT MSNis to recover from Ca’* influx via NMDAR activation. Hence it appears that

YAC128 MSNs are impaired in their ability to regulate cytosolic Ca2+, particularly after




intense NMDAR activity, which may increase their vulnerability to excitotoxic damage

in the context of HD.
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Chapter 5

Mitochondrial Dysfunction in YAC128 MSNs

Previous work from our lab documents that mitochondrial m’embraﬁe
depolarization downstream of strong NMDAR stimulation in both YAC46 and YAC72
cultured MSNSs is significantly greater than in cultured WT MSNs (Zeron et al., 2004)? |
This enhanced depolarization of mitochondria in mhtt-expressing MSNs correlated with
enhanced Ca®" entry resul'ting from NMDAR activation, which was characterized in
parallel experiments. Several studies have demonstrated that NMDAR-mediated
excitotoxicity is likely dependent on mitochondrial calcium 'uptake‘and overload
(Castilho et al., 1998; Stout et al., 1998), and that the loss of mitochondrial membrane
potential induced by mitochondrial uptake of free Ca** from the cytosol is one indicator
of the risk for subsequent apoptotic death (Ankarcrona et al., 1995; Ankarcrona et al., V
1996, Schinder et al., 1996). |

In this series of experimgnts, our goal was to understand how mitochondria in
,YAC128 MSNs behaved in response to an NMDA-induced cytoéolic Ca** load (as

'I documented in Chapter 4), and whether any differences existed Befween the responses of .
these mitochondria and those in WT MSNs which could explain the enhanced apoptosis

of YAC128 MSNs as pre\l/iously described. In order to accomplish this we combined the
monitoring of both parameters, namely cytosolic Ca”* and mitochondrial membrane
p:otentia_l (AWy) in an attempt to understand how the two factors interrelate and affect

each other, and whether a loss of mitochondrial function similar to that seen in less
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extreme polyQ expansions could occur in the absence of a correspondingly larger Ca**

load.

5.1 Equivalent Cytosolic Caz-+ Loads Induce Significantly Different Changes in A,
in YAC128 Compared with WT MSNs |

" The initial step was to establish our parameters for imaging both Ca** a;ld AY¥Ym
together using two dyes — Fura-2 and rhod-123— simultaneously. Figure 18 shows two
fypical experiments monitoring cytosol‘ilc Ca** and A‘.Pmr ét the same time in the same
cells in WT (top panel) and YAC128 (bottom panel) MSNs. This method allowed .one
particular advantage éver monitoring each parameter in sister experiments, specifically
the ability to directly assess the temporal relationship between changes in cytosolic Ca>*
and loss of A¥m. We predicted that following NMDAR activity, an increase in cytosolic
Ca*" would precede a change in AW, as suggested by the literature. Indeed, we found
that the increase in cytosolic Ca*" indicated by an increase in Fura-2 ratio precéded any
change in rhod-123 fluorescence (mean lag time between initial changes in Fura-2 and
rhod-123 signals:-4.39 + 0.98 s for WT, 5.89 + 1.2 s for YAC128 MSN, P>O‘.05 by paired
t-test; n= 8 paired expefiments per genotype; total of 131 and 147 neurons for WT and
YAC128, respectively, from 4 different culture batches); one example is villustrated in the
inset in Figure 18. These data are consistent with an increase in cytosolic Ca®* trigger.i'ng
' uptake of free Ca>* by mitochondria and, consequently, a reduction in AW,

We expected under our dual-imaging conditions that our.previou's findings, that

WT and YAC128 MSNs have similar basal and NMDA-induced peak Ca* levels, would -

still hold true. As expected, there was no difference between WT and YAC128 MSNs
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(P>0.05 by pairgd t-test) with regard to resting Ca®* or peak Ca®* in response to a 5 miq
dpplication of 500 uM NMDA (Figure 19, top panel). Surprisingly; however, the

‘ simultaneouély monitored changes in AW,, were markedly different with a greater loss of
A¥p, in YAC128 MSNs as indicated by an approximately 3-fold greater increasé in rhod-

123 fluorescence compared with WT MSNs (Figure 19, bottom panel; *P<0.05 by paired

t-test).

5.2 Comparison of Resting A,

There are sevéral possible reésons for the larger NMDA-induced loss of A¥y, in
YAC128 MSNs. This finding could reflect altered resting mitochondrial functionA and/or
enhanced mitochondrial access to the NMDAR-induced Ca®* influx leading to increased
uptake and depolarization. We attempted to address the first possibility by comparing the
relative resting A¥Ym in WT and YACI128 MSN, as this would provide an indication as
to the potential for resting mitochondria of either genotype to act as a Ca®" buffering
reservoir. We utilized 5 uM CCCP (a mitochondrlial protonophore which dissipates
A‘Prﬁ; Toescu and Verkhratsky, 2000) to depolarize the mitochondria of MSNs loaded
with both Fura-FF and rhod-123 (resulting in the release of accumulated rhod-123 to the
cytosol). By comparing the maximum fluorescence responses, we determined that
resting mitochondria in YAC128 MSNs had an average polarization state similar as those
in WT MSNs (P>0.05 by paired t-test; Figure 20A). In some experiments neurons were
cé-loaded with tﬁe Ca®" indicator Fura-FF, allowing us to visualize the release of free
Ca®" from the mitochondria during CCCP-induced mitochondrial depolarizétion. As

illustrated in Figure 20B very little free Ca®* was released from resting mitochondria.

7
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5.3 Assessing the Ability of YAC128 MSNs to Act as a Ca?* Sink During NMDAR
Activity

To address the possibility that mitochondria in YAC128 MSNs had privileged
access to the Ca®* influx pathway activated by NMDA “application, we used previously
established methods (Brocard et al., 2001) to compar\e the efﬁciéncy of mitochondrial
* Ca®" uptake between WT and YAC128 MSNG. Ilustrated in Figure 21A, we measured
the area:undelr the curve (AUC) of Ca** respoﬁses during a 1-min exposure to 500 pM
NMDA (N) followed 2 min later by a 1-min application of CCCP (C; to release free Ca®*
accumulated by mitochondria) to calculate the C/N ratio (as described in the Methods).
We found similar C/N ratios (Figﬁre 21B, P>0.05, unpaired t-test), indicating that
mitochondria in WT and YAC128 MSNSs are equally capable of initially buffering Ca**
entering via NMDARSs.

We also noted similar, rapid rates of recovery of cytosolic Ca®* towards baseline
folllow.ing NMDA application for WT and YAC128 MSNs (see Figure 21A as an
example) that were not significantly different (Figure 22; P>0.05 by unpaired t-test),
suggesting that the Ca®* handling defect documented in Chépter 4 (and again
demonstrated in Figure 18) is only observed after prolonged NMDAR activity, Based bn
these experiments, we conclude that mitochondria rapidly and efficiently buffer the Ca®*
influx through NMDARSs in both WT and YAC128 MSNs, implying that an enhanced
mitochondrial Ca®" uptake cannot explain the enhanced depolarization of mitochondria in

YAC128 MSNs. -
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5.4 Potential mPT Involvement in Mit’ochondrizﬂ Depolarization in YAC128‘MS‘Ns

Another possible explanation for the dramatically enhanced mitochondrial
depo.larization found in YAC128 MSNs during 5-min NMDA applications is that the
mPT might be acutely activated in this paradigmA. We therefore decided to test the effect
of mPT inhibition on changes in AWy, makirhal peak Ca®" and the subsequent recovery of
cytosolic Ca®" towards baseline. Note that for MSNs used in these experiments, the
inhibitors of the mPT were present 1 hour prior to NMDA exposure and during the entire
experiment, in all solutions used. Cyclosporin A (CsA), which binds tllleA mPT modulator
cyclophilin D, had no effect (P>0.0S by paired t-test) on NMDA-induced peak cytosolic
Ca’" in WT MSNs but was found to significantly (*P<0.05 by unpaired t-test) reduce.
peak Ca®* in YAC12$ MSNs (Figure 23A). There was also a trend toward CsA .yeducing
simultaneously monitored NMDA-induced mitochondrial depolarization in YAC_128 (but.
not WT) MSN:ss, although this effect was not significant (Figure 23B; P>0.05 by unpaired
t-test). Since CsA is known to inhibit protein phosphatase 2B (calcineurin) in addiﬁoﬁ to
exerting an inhibitory effect on mPT formation, we elected to test another mPT'inhibitor,
bongkrekic acid (BkA) which binds the ANT, an integral mPT component protein. BKA
(5 puM) was found to significantly reduce both peak Ca®* (Figure 24A; * P<0.05, unpaired
t-test) and mitochondrial depolarization (Figure 24B; * P<0.05, unpaired t-test) in .
YAC128 MSN:ss, thus having similar effecfs to CsA. Interestingly, neither parameter was
affected by BKA treatment (P>0.05, unpaired t-test) in WT MSNs (Figures 24A and
24B).

Thesevrésults suggest that mPT activation occurs within 5 min of NMDAR

activity in YAC128 MSNs, contributing to both peak Ca** and mitochondrial
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depolarization. Neither of the mPT inhibitors had an effect on the rate of Ca®* recovery

~ overa 15 minute period following NMDA application (data not shown).

5.5 Summary

We found that mitochondria iﬁ YAC128 MSNs have a similar relative resting
membrane potential as those in WT MSNs. This allows mitochondriain YAC128 MSNs
to efficiently buffer cytosolic Ca* elevations that result from transient (60 s) NMDAR
stimulatioﬁ. However, when NMDARs are activated for a longer time period, in this case
5 min, mitochondria in YAC128 MSNs depolarize to a greater extent thaﬁ those in WT
MSNS. We found that the greater relative depolarization of mitochondria in YAC128 .
MSNs is due, at least in part, to activation of the mPT, and this event contributes to the
peak cytosoiic Ca®" elevation. Interestingly mPT inhibitors had no effect on NMDA-
induced changes in peak cytosoiic Ca®" or A¥,, in WT MSNss, indicating that mPT
formation is not acutely induced. Based on the results presented here we cohclude that a
greater tendency for mPT activétion, a common step in induction of apoptosis, is

responsible for enhanced apoptosis in YAC128 MSNs following NMDAR activation.
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Chapter 6

General Discussion

6.1 Synopsis of Findings

In this thesis I have examined, for the first time, the relati'onshiﬁ between the
iength of the polyQ repeat in mhtt and NMDAR currents in MSNs in vitro. T found that
NMDAR current density was signiﬁcantly enhanced in YAC72 MSNs compared to WT,
YACI18, and YAC46, and that there was a trend toward larger NMDAR current density
with increasing polyQ length for YAC18, YAC46 and YAC72 MSNs. Furthermore, this
iﬁcréase was selective for NMDARSs as kainate-evoked current densities were equivalent

between WT and YAC72AMSNS. This finding is consistent with previous work from our

lab showing NMDAR currents enhanced by the expression of mhtt in HEK cells (Chén et
al., 1999b) and acutely dissociated MSNs from YAC72 mice (Zeron et al., 2002). The-
increasing NMDAR current correlated with polyQ length for YAC18, YAC46 and
YAC72 MSNs is consistent with the idea that increased NMDAR currents can act as an
initiating event, producing elevated cytosoli(': Ca®", mitochondrial membrane
depolarization, mPT and caspase activation to enhance apoptosis in cultured MSNs
expressing mhtt (Zeron et al., 2002; Zeron et al., 2004; Shehadeh e£ al., 2006), and
- Increasing sensitivity to excitotoxic neuronal death in vivo (Zeron et al., 2002). The lack
of NMDAR current augrﬁentation in YAC128 MSNs will be discussed in the next
section.

In this thesis I als;) showed that the NMDAR current enhéncement in YAC72

'compared with WT MSNs was depehdent upon neuronal subtype, as it was not observed
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in CPNs derived 'from the same mice. Previou§ findings published by our laboratory
showed that NMDAR-mediated apoptosis was not enhanced in cultured CGNs from
YAC HD mice (Zeron et ai. “2_002), consistent with the idea that mhtt increases NMDAR
currents and/or cell death signaling in é neuronal type-specific fashion, a finding aléo o
confirmed in R6/2 mice (Cepeda et él., 2001b; Andre et al., 2006). As CGNs, under the |
culture conditions used, did not express NRZB at the time of experimentation (Zeron et
al., 2002), it is tempting to suggest that the lack of increased apoptosis in mhtt-expressingA
CGNs was due to the absence of the NR2B subunit. The derﬁonstration that NR1/NR2B
- NMDAR currents are selectively enhanced by mhtt (Chen et al., 1999b) supports this
hypothesis. - Additionally, CPNs did not show mhtt-enhanced NMDAR current and also
expressed a significantly lower proportion of NRI/NR.’ZB-type NMDARSs than MSNS. On
the other hand, ~45-55% of NMDAR current recorded from CPNs was mediated by |
NR1/NR2B, suggesting that the éxpression of the NR2B subunit may be required, but is
not sufficient, for the mhtt-mediated enhancement of NMDAR activity. Furthermore, I
| found that neither the proportion of NMDAR current in MSNs sensitive to IFN nor
NMDAR desensitization varied significantly with the expression of mhtt containing
different polyQ lengths, indicating that a mhtt-mediated shift in NMDAR subunit
expression was unlikely. |
Since YACT72 MSNs exhibited an increased NMDAR current density without any
differences in neuronal capacitance, I atfémpted to discern the mechanism underlying the
increase. It was initially'observed that YAC72 MSNs express a greater proportion of
their pool of NR1 at the cell surface, relativq to WT and YAC18 MSNs (which had

similar NR1 surface:internal ratids), while the total amounts of NR1 were similar across
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genotypes (Fan et al., 2007). Biotinylation experiments subsequently conﬁrmeci that
YAC72 MSNs express higher le?elsof both NR1 and NR2B at the plasma membrane
than WT MSNs, but .GluRi expression at the surface was similar for both genotypes (Fan
et al., 2007). Previous work from our laboratory established that single-channel
properties of NMDARSs are not altered by mhtt (Chen et al., 1999b), it follows that this
redistribution of NMDARS, to the plasma membrane explains the enhancement of peak
current density in YAC72 MSNE. Subsequently, seeking an explanation for the altered
- NMDAR distribution in YAC72 MSN, our laiboratory demonstrated elevated rates for
both forward trafficking to tiie plasma membrane as well as removal and degradation of
NMDARSs from the surface (Fan et al., 2007); the former is consistent with the finding
reported here of a feister rate of NMDAR insertion to the plasma membrane, as assessed
by electrophysiological experiments. The net difference in raites favours an accumulation
of NMDARs at the plasma membrane, thus explaining the redistriblition df NMDARs in |
YAC72 compared vilith WT MSNs. Importantly, this enhanced trafficking effect iNas not
noted for GluR1, indicating a change that would selectively affect NMDARS (Fan et al., |
2007). |

For the first timé, I recorded NMDAR currents in YAC128 MSNs, and
surprisingly found current densitie‘s that were not signiﬁcantly increased compared to WT
or YAC18 MSNs, despite an increased Sensitivity to NMDA-induced apoptosis with a
maximum ceiling equivalent to YAC72 MSNs (Graham et ai., 2006b; Shehadeh et al.,
2006). 1 cbmpared a number of factors with respect to cytqsolic Ca*" handling and how

éhaﬁges in AWn, are impacted downstream of NMDAR activation. To summarize, I

found that while YAC128 MSNs have a resting level of cytosolic Ca®* similar to WT
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| MSNs and reach a similar peak cytosolic Ca** after prolonged (5 min) NMDA
application, recovery of Ca>* towards baseiine fdl.lowing washout of NMDA is
significantly impaired in YAC128 MSNs; This g;eﬁotypic differénce in Ca®* recovery
appears to be dependent on th¢ route of Ca** entry, as the rate of recovery from VGCC-
mediated Ca®" entry wés similar in both WT and YAC128 MSNS. I also found
" mitochondria in YAC128 MSNs depolarized to a greater extent than those in WT MSNs,
downstream of prolonged NMDA applicatio‘n. Inhibitors of mPT formation were able to
reduce both peak Ca®>" and the extent of mitochondrial depolarization in YAC128 MSNs
but had no effect in WT MSNs, implying that activétion of fhe mPT accounts for some of
the differences in these factors between genotypes. Hence mhtt appears to imp‘air‘
mitochondrial responses in YAC128 MSNs ddwnstream of NMDAR activation, resulting
in the initiation of mPT formation. This sequence of events can account for the
previously reported enhanced neuronal apoptosis in YAC128 MSNs (Tang et al., 2005;

Graham et al., 2006b; Shehadeh et al., 2000).

6.2 Dissociation Between NMDAR-Mediated Current and Downstream Changes in
Cytosolic Ca’" and A%, in YAC128 MSNs

I have shown tha‘; NMDAR peak current deﬁsity increases with the length of the |
htt polyQ repeat in MSNs obtained from YAC18, YAC46, and YAC72 mice, and yet
YAC128 MSNs exhibit current densities similar to WT and YAC18. Thus, the observed
correlation between htt polyQ length and NMDAR current density in MSNs does not

extend to more extreme repeat sizes in the YAC transgenic mouse model.
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The increased NMDAR current density correlates well with increased NMDAR:
surface expression in YAC72 MSNs compared with WT or YACl 8 MSNss in culture
(Fan et al., 2007). Prehmmary data from our lab also indicates that the distribution of
NMDARs between surface and internal pools is similar for YAC128, WT and YAC18
‘MSNs (L. Zhang and L.A. Raymond, unpublished results), which would be consistent
with similar current densities \between these genotypes. It is possible that mechanisms
underlying altered NMDAR trafficking in YAC72 MSNs (Fan et al., 2007) are also
active in YAC128 MSNs but that additional mechanisms, arising from the further
expansion of the polyQ region that result in the down-regulation of NMDAR surface
expression, are recruited in YAC128 MSNs. These pathways could include aberrant
‘activation of proteases, or protein phosphatases and kinases, particularly if stimulated by
prolonged elevation of Ca®" levels following sustained NMDAR activity. For example,
increased activation of casein kinase 2, whic}i isa calciurn-activated protein kinase that
phosphorylates NR2B, reduces NMDAR surface expression in hippocampal neurons
(Chung et al., 2004). Another candidate for NMDAR downregulation is Ca**-activated
calpain activity, which can cause cleavage of the C-terminus of surface NR2B subunits
 (Guttmann et al., 2002; Simpkins et al., 2003; Dong et al., 2006) and promote NMDAR
internalization (Scott et al., 2004).

In further contrast to our previously published observations in MSN cultures from
. YAC46 and YAC72 mice (Zeron et al., 2004) but consistent with‘ the results of the
NMDAR peak current density experiments, there was no significant difference in
NMDA-induced maximal peak cy‘iosolic Ca®* between WT and YAC128 MSNs. This

lack of difference in NMDA-induced peak Ca®* was consistently observed using three
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different fluorescent Ca®* indicators (Fura-2, Fura-FF and MagFura-2) with differing Kq
values, and ;with two concentrations (100 and 500 uM) of NMDA. Our results in WT
and YAC12S MSNss using the combination of KCI/FPL to induce Ca** inﬂux suggest that
VGCCs behave similarly in both genotypes With regards to their contribution to peak
Ca®*, and the similar recovery of cytosolic Ca** following depolarization argues against’
_differential regulationbf VGCC function by mhtt in YAC128 MSNs.
| Since YAC128 MSNs exhibited a dramatically enhanced loss of AW,
downstream of NMDAR activation, indicative of mitochondrial CIaZJr uptake and overload
(Castilho et al., 1998; Stoﬁt et al., 1998; Pivbvarové et al., 2004), and the extent of loss of
A¥r, induced by Ca** uptake is one indicator of the risk for subsequent excitotoxic or
apoptotic death (White and Reynolds, 1996; Schinder et al., 1996), our results help

explain the heightened sensitivity of YAC128 MSNs to NMDA-induced apoptoéis. \

6.3 Acute NMDA-Evoked mPT Activation in YAC128 MSNs ‘

My results indicate that both mPT inhibitors CsA and BkA, which interact with
different components of the mPT, significantly reduced‘peak Ca*" induced by a 5 min
application of 500 uM NMDA in YAC128 MSNs. The change in A%, was also
attenuated, whereas the rate of recovery of the Ca>* response towards pre-stimulus
(resting) levels was not significantly altered by either inhibitor. Another study using
culturéd WT rat MSNs observéd activation of the mPT during a prolonged (>20 min)
exposure to 1 mM NMDA (Alano et al., 2002). It was therefore surprising to us that the
thT is activated as a consequence of a 5 min application of 500 uM NMDA in YAC128

MSNs, which suggests that very early induction of the-apoptotic pathway may occur.
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There was no indication of mPT activity duri'n‘g or following a 5 min application of 500
uM NMDA in my experiments with WT MSNs. Others have also reported mPT
activation in paradigms of glutamét’e excitotoxicity in cultured forebrain neurons (White |
and Reynolds, 1996) and in hippocampal neurons (Schinder et al., 1996; Vergun et al.,
1999). The acute NMDA-induced mPT activation observed in YAC128 MSNs occurred
in response to similar levels of cytosolic Ca?* as in WT MSNs. Others have reported
significant protection against glutamate-induced cell death using putative mPT inhibitors
in YAC128 MSNs from a higher mhtt-expressing line (lin¢ 53) of YAC transgénic mice
(Tang et al., 2005), further supporting our hypothesié that mPT induction contributes to
the enhanced NMDA -induced apoptosis in YAC128 MSNss. |

Interestingly, the relative changes in cytosolic Ca** and AW, in YAC128 MSNs
following prolonged NMDAR stimulation contrast with data obtained in YAC72 MSNG,
where NMDAR current, cytosolic Ca>* levels and mitochondrial membrane
depolarization induced by NMDA application are all increased compared with WT MSNs
and correlate with enhanced mPT activation and apoptosis (Zeron et al., 2002; Zeron et
- al, 2@04). In this regard, it is important to note that énce NMDAR-mediated cytosolic
Ca®" levels in YAC72 MSNs are reduced to those observed in WT MSNs, the afnount of
NMDA-inaﬁced apoptosis is alsd reduced accordingly, becoming equivalent to levels
‘seen in WT (Zeron et al., 2004; Shehadeh et al., 2006). Taken together, these results
suggest that the mechanism by which mhtt enhancés NMDAR-mediated apbptosis is
different, depending on the length of the CAG repeat (Figure 25).

Previous studies conducted on isolated mitoéhondria from human lymphoblasts |

demonstrated that mitochondria from HD patients depolarized more readily than those
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from controls when incubated with Ca®* (Panov et al., 2002; Panov et al., 2005), and that
this.depolarization caused the release of Ca** from the mitochondria, an event which
could be delayed by inhibition of the mPT (Panov et al., 2002). .Importantly, the authors
observed that mitochondria from juvenile-onset HD patients were even mofe sensitive to
stepwise additions of Ca®* than those from adult-onset patients. These data are consistent
with the idea that CAG repeat length can modulate the mechanisms underlying MSN
sensitivity to apoptosis. I have demonstrated that mitochondria in YAC128 MSNs can
efficiently buffer Ca®* during a 60s application of 500 uM NMDA, and that a longer
duration of NMDA application results in mPT activation. A leak of free Ca* from
compromised mitochondria in YAC128 MSNs may contribute to the difference in
intracellular Ca?* recovery rates following 5 min NMDAR activation, although other
mitochondrial Ca®* transport mechanisms including a mitochondrial Na'/Ca®* exchanger
(White and Reynolds, 1997; Gunter et al., 2000) or the mitochondrial Ca®" uniporter
(Kirichok et al., 2004) could also play a role in this difference. F.urthevr experiments
would be required to determine the possible relative contributiéns of these different
mechanisms to mitOéhondrial failure to regulate cytosolic Ca*.

Extrapolating these observations togetﬁer with my data to the humah condition,
raises the possibility fhat HD patients \;vith more extreme CAG fepeat expansions may be
best served by targeting therapies at the le_:yel of the mitochondria, for example to better
resist mPT induction.

A recent study by Oliveira et al., (2006) found mhtt-induced impairment of
cﬁosolic Ca®* and AW, responses to a 10 min application of 100 pM NMDA in YAC128

MSNs. However, this study was aimed at delineating events which occur during
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neuronal dysfunc;ion, and thus were achieved under conditions of glycolytic inhibition |
and ATP depletion. In contrast, my results were obtained in YAC128 MSNs in their
normal metabélic state, in order to elucidate events that could lead specifically to
apoi)tosis, as charécterized by our lab (S}hehadeh et al., 2006). This difference in
methodology makes a direct comparison of results difficult to interpret. However, their
findings also suppoﬁ the idea of a deficit in mitdchondr_ial function that is present, asin
our experiments, from an early age during developmeht and that underlies neuronal

dysfunction preceding death in HD (Oliveira et al., 2006).

6..‘4 Mhtt-Induced Impairment of Ca®" Homeostasis in YAC128 MSNs

Consistent with a previous report (lTang‘ et al., 2005), we found similar resting
CaZ" levels in WT and YAC128 MSNs. As steady-state resting Ca®* is determined -
primarily by the balance between CaZ* entry and efflux/sequestration mechanisms (Xiong
etal, 2002), these processes are likely to be normally functional during résting (i.é.
unstressed) conditions within YAC128 MSNs, at least at the early time-point of our
assessment. Further evidence of this comes from our results showing that cytosolic
calcium recovery in YAC128 MSNs occurs normally (i.e. sh;)‘ws_ a rate of récovery
Similar to WT MSN:s) following a brief (60s) stimulation of NMDARs, or even pfolonged
- (5 min) stimulation of VGCCs using KCI with FPL (the L-type Ca2+channel modulator).
These data suggest that VGCC activation is also Similar between WT and YAC128
MSNs, and that differences in intracellular handliné of Ca?*, such as mitochondrial
buffering, only become apparent during prolonged (5-min) NMDAR-induced stress, a

finding supported by previous research (White and Reynolds, 1995). This requirement of
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a stressful stimulus to uncover underlying functional deficits in mitochondria is not
surprising, given findings that actiye glycolysis in the cytosol can mask mhtt-induced
mitochondrial deficiencies in Ca** handling in STHAhQ'"'! cells that become apparent
when glycolysis is inhibited (Oliveira ét al., 2006)..

. While the experiments presented here have largely focused on mitochondrial
;egulation of cytosolic Ca®*, mPT inhibition had no effect on the rate of Ca** recovery
towards baseline following an NMDA-induced Ca® load. This observation suggests that
~ other intraceliular Ca®" stores and extrusion/sequestration or buffering mechanisms may
contribute to impaired calcium homeostasis. Indeed, an ihteraction betWeen.mhtt, htt-
associated protein 1A (HAP-1A) and the IP3 receptor (IP3R) ﬁas been shown, resulting in
increased sensitivity of the IP; feceptdr to IP; (Tang et al., 2003). In turn, this abnormal
interaction appeérs to enhance the toxicity of glutamate-mediated IP3R activation in
YAC128 MSNss, facilitating Ca** release from the ER in YAC128 MSNss in response to
the selective mGluR 1/5 agonist 3, 5 - DHPG (Tang et al., 2005). This mechanism was
not likely to be activated in our paradigm using NMDA, although Tang et al. (2005) also
reported enhanced sensitivity of YAC128 MSNs to NMDAR-mediated époptosis.
Consistent with our results demonstrating impaired Ca*" recovery following NMDAR
activation in YAC128 MSNs, repetitive glutamate stimulation produced a gradual
elevation in cytosoli_c._Ca2+ in YAC128 MSNs, but not WT or YAC18 MSNs over a
similar timeframe (Tang et al.‘, 2005).

One interesting possibility that could cqntribgte to impaired extrusion of cytosolic

Ca®" is dysfunction of the Na*/Ca®* exchanger isoform 3 (NCX3). A recent report (Bano

et al., 2005) demonstrated that NCX3 is cleaved by calpains in striatal tissue folloWing
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focal ischemia and in cerebellar granule neurons under excitotoxic conditions.
Overexpression of calpastatin, an endogenous inhibitor of calpains, in CGNs prevented
secondary elevations in cytosolic Ca** following glutamate application and protected

- neurons from glutamate-mediated éxcitotoxicity (Bano et al., 2005). Others havq
reported that plasmalemmal Na";/Ca2+ exchange activity plays a role in buffering
glutamate-mediated Ca®* incregses in forebrain neurons (White and Reynolds, 1995). If
activation of p- or m-calpains in YAC128 MSNs following NMDAR activity is enhanced .
(Nicotera et al., 1986), another important homeostatic Ca®* clearance route would be
impaired. If this incfeased calpain activity is Ca®*-dependent (Gafni and Ellerby, 2000;
Gafhni et al., 2004), then it could result in a feed-forward mechanism that slowly amplifies
to a maximum over time, resulting in the gradual development of more severe Ca*'-
handling deficits.

Another interesting explanation for impaired éaz’L clearance in YACI128 MSNs
following prolonged NMDA application is a possible difference in cy’[bsolic Ca®*
buffering factors, for example differeﬁtial expression of Ca®* buffering proteins such as
calbindin (CaBP); or other cytosolic buffering factors in YAC128 compared to WT
MSNS. CaBP (;verexpression did not alter peak Ca®* downstreém of NMDAR activation
but dia prolong fhe recovery of Ca*" towards baseline values (Rintoul et al., 2001), |
reminiscent of our observations in YAC128 MSNs.

Evidence from human HD patient brains indicates increésing CaBP expression,
with increases in expression in MSN dendrites and spines associated with more advanced

(grades 3 and 4) cases (Huang et al., 1995). Following intrastriatal injection of quinolinic

- acid, surviving MSNs expressed increased levels of CaBP; the upregulated expression




was found to be dependent upon NMDAR activity, suggesting that this expression
change was a excitotoxicity-driven attempt to buffer elevated Ca*" levels (Huang et al.,
1995). Similar observations have been made in the striatum of R6/2 micé. A pattefn of
inéreased CaBP expression was observed in the dorsolateral striatum, an afea normally
associated with low CaBP expression; this increase was viewed as an attempt to buffer
Ca®* downstream of an excitbtoxic process (Sun et al., 2005), and occurred at an age
associated with resistance to excitotoxicity in R6/2 mice (Hansson et al., 2001).

‘However, our data in YAC128 MSNs do not support the idea of enhanced NMDAR
activity driving a compensatory uprégulation in CaBP expression. CaBP overexpression
was also found to reduce mitochondrial depolarization in response to ionophore-mediated
Ca®* elevations, and enhance the 24h survival rate following NMDA incubation (Rintoul
et al., 2001), findings which are inconsistent with our observations of increased apoptosis
in YAC128 MSNs 24h following NMDA exposure (Graham et al., 2006b; Shehadeh et
al., 2006;) and enhanced mitochondrial depolarization in YAC128 MSNs following
NMDAR activity.

There is however an interesting similarity between results obtained in my study
and a previous study using artificial Ca®* buffers in an excitotoxicity paradigm in
hippocampal neurons. In that study, following glutamate exposure, the presence of
buffers did ﬁot have an impact on peak cytosolic Ca** but signiﬁcantly slowed the
fecovery of Ca®" towards baseline levels and enhanced, rather than reduced, neuronal
death (Abdel-Hamid and Baimbridge, 1997). These aré similar observations to whaf We
report here in YAC128 MSNs. The authors argued that the effect of artificial Ca**-

buffering actually enhanced overall Ca®" entry into the neurons, possibly by inhibiting
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normal Ca**-dependent feedback mechanisms on NMDAR function (Abdel-Hamid &
Baimbridge, 1997), and that excitotoxicity better correlates with total Ca** inﬂu>.< rather
than peak free cytosolic Ca®* (Michaels and Rothman, 1990; Hartley et al., 1993; Abdel-
Hamid and Baimbridge, 1997).

This last point is an issue of controversy; as other work has suggested that the
Ca®" influx pathway (Peng and Greenamyre, 1998; Sattler et al., 1998;) is the most
important factor determining neuronal excitotoxicity, while a differeﬁt set of studies
showed that peak Ca®" is in fact predictive of excitotoxicity under the right conditions
(Cheng et al., 1999; Stout and Reynolds, 1999). The findings regarding YAC128 MSNs
presented here, aloné with data on NMDA-inducgd apoptosis in the same cells (Graham |
et al., 2006b; Shehadeh et al., 2006) indicate that peak Ca®* was not pred.ictive of
excitotoxicity even when low-affinity Caz+ Iindicators were used. It could be that the
presence of mhtt, which affects mitochondrial function and Ca** handling as mentioned
earlier, alters the .predictive value of C;iz+ changes on excitotoxic outcomes. Also, there
is no evidence presented here to support;the idea that total Ca®* influx is greater in
YAC128 MSNss, or that the Ca** buffering potential of the cytosol in YAC128 MSNs is
- in any way different from WT. As suggested earlier (Section 6.2), it may be that
mitochondrial depolarization and Ca*" uptake are the best predictors for neuronal
viability in HD models. Further experiments will be vrequired to address these questions.
Overall, these observations suggest that a strategy of using Ca2+ buffers as a therapeutic’

" intervention to spare MSNs in HD would be difficult at best.

The finding that YAC128 MSNs exhibit significantly longer delays in recovery of

cytosolic Ca** following NMDA challenge than WT MSNs may be important with regard




to downstream toxic consequences, particularly those mediated by Ca**-activated
pathways, as in calpain activation. Indeed, in excitotoxicity-resistant R6/2 mice, it is
speculated that elevated resting Ca®* levels in MSNs may be a stress-induced alteration
which could cause neuronal dysfunction underlying behavioural deficits preceding
neuronal death (Hansson et al., 2001). A similar phenomenon, stemming from a
cumulative dysfunction downstream of NMDAR activity, may manifest itself over time
in YAC128 mice, which start showing behavioural changes pribr to any apparent
neuronal loss (Slow et al., 2003). The changes in YAC128 MSN function that we have
pharactcrized here are present from early development, and thus ére consistent with a

~progressively developing condition arising from cumulative insult.

.6.5 Selective Vulnerability of MSNs in HD

There are a number of observations thét could provide an explanation for the
selective vulnerability of MSNs to neurodegeneration in HD A natural starting place
would be the distribution of htt; however, studies of htt distr‘ibution in rat striatal and.
cortical neﬁréns shéwed no correlation between neuronal subtypes that express htt and
those that preferentially degenerate in HD (Fusco et al., 1999). In fact, nRNA evidence
suggests that several regions ,o‘f the brain in humans, including hippocarﬁpus, cerebellum,
and cerebral cortex, exhibit higher levels of htt than the sfriatum (Landwehrmeyer et al.,
1995b). These observations suggest that the expression pattern of htt does not explain
selective neurodegeneration.

Mitochondria isolated from rat striatal tissue were found to depolyariz'e toa

gfeater extent, have reduced ATP:ADP ratios, and be more susceptible to permeability
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transition than those isolated from cortical tissue, when challenged with Ca®*. This
inherent differ‘ence in brain mitochondria was attributed to an increased expression of the
mPT component cyclophilin D in striatal mitochondria, suggesﬁng that striatal
mitochondria are more prone to mPT activation than mitochondria from other brain
regions (Brustovetsky et al., 2003). My findings of enhanced mitochondrial

| depolarization in the absence of increased NMDAR current in YAC128 MSNis, and the
effects of mPT inhibit(;rs on -peak Ca*" and mitochondrial depolarization support the idea
ofa mhtt-ﬁediéted enhancement of mPT formation. However, in this study I have not
addressed the issue.of what molecular mechanisms underlie the enhanced sensitivity to
Ca2.+-induced mPT formation (e.g., whether cyéiophiliﬁ D expression is altered in
mitochondria from YAC128 versus WT MSNs) nor whether enhanced mPT activation
occurs selectively in mhtt-expressing MSNs versus CPNs. Further experiments would be
required to investigate these questions.

Another strong possible candidate as a factor explaining enhanced MSN
vulnerability in HD would be the expression pattefn of NMDARSs and in particular the
specific NMDAR subunits expressed within neuronal subtypes which may underlie
selective neurodegeneration of MSNs. Whereas MSNs express pfedoniinantly NRI-1A,

- NR2A and NR2B (Landwehfmeyer et al., 1995a; Kuppenbender et al., 1999; Chapman et
al., 2003), striatal interneurons express reduced lévels of NR2B and preferentially expres's
NR2D (Landwehrmeyer et al., 1995a). NMDA-evoked currents were much larger in
MSNs vs. larger interneurons, as were EPSCs, whereas kainate-evoked currents showed
the opposite pattern (Cepeda et al., 2001a). Notably, MSNs swelled in response to |

exogenous NMDA application, whereas striatal interneurons responded with very little
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change, indicating that MSNs are at a greater risk, even in the absence of mhtt, for
excitoto;dc damage (Cepeda et al., 2001a). ,Perhaps1 the context of impaired
mitochondrial function in MSNs provides the background conditions required for the
NR2B‘-selecti§e hypothesis (see Section 1.2.4.2) to be realized, i.e. the combination of
NR2B-containing NMDARs on a cellular background with mitochondria more likely to
transition to mPT fprmation is a key factor in MSN vulnerability in HD. Our findings of
selective enhancement of NMDAR (but not AMPA/kainate receptor) currents in MSNs
(and not CPNs) support this concept, but further experiments with respect to

mitochondrial function would be required to determine whether this hypothesis is valid.

6.6 Limitations of This Study and Suggested Further Experiments

The main goals of this study were to examine the relationship between polyQ
length and modulation of NMDAR function, and explain the mechanism(s) undérlying
enhanced NMDA-induced apoptosis in YAC128 MSNs. The opportunity to look back
with hindsight allows the subsequerit identification of limitations on interpretation of
results; either because of a deficit in expérimental design or execution, or because further
experimentation is required to answer new questions which arise from our findings and
the recent findings of others.

Our finding of an enhanced rate of NMDAR insertion into the plasma membrane
over a span of minutes (Chapter 3) in YAC72 MSNSs relative to WT MSNs may be
attributable to the effect of mhitt on overall rates of NMDAR trafficking towards the
plasmzi membrane (Fan et al., 2007). However, considering that YAC72 MSNs express é

greater total amount of htt, mutant or otherwise, than WT MSNs raises the possibility that
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the difference in insertion rates was due to an effect related to the total amount of htt
(including mhtt) rather than the polyQ expansion in rﬁhtt,. Although the finding that
surface:internal NR1 ratios are eciuivalent in WT and YAC18 MSNs argues against this
possibility, the inclusion of data from YACI 8 MSNs on insertion rate to the plasma
membran¢ (as determined electrophysiolqgically) would provide a more definitive
answer to this question. Therlack of such a finding would not disprove the hypothesis
being true in MSNs, but rather indicate a striatal-specific trafficking mgchaﬁism that may
in turn Help to explain striatal vulnerability in HD. Furthermore, if the enhanced rates of
NMDAR trafficking are due to the expandéd polyQ region in YAC72 MSNss, then a
similar alteration in trafficking would be expected in YAC128 MSNs. A confirmation of
increased NMDAR forward trafficking in YAC128 MSNs would necessitate the
existence of an opposing mechanism in order to maintain a steady-state distribution of
NMDARSs similar to that seen in WT MSN;. Hence it would be useful to conduct these
experimeﬁts in genotypes other than what I have assessed thus far.

All of the experiments in this thesis monitoring Ca** dynamics and AW, changes
involved a.comparison between WT and YAC128 MSNs. This choice of comparison is
subject to the same criticism as above in that our control expresses less total htt,
endogenous and mhtt combined, than the experimental group, a possible confounding
factor. Our éhoice of WT as the control was driven by observations that YAC18 mice,
and cultured MSNss derived from them, show a resistance to noxious stimuli including
excitotoxins, Ca** ’ionophofes, and even general apoptotic inducers (Leavitt et al., 2006;
Shehadeh et al., 2006;). This resistance is ascribed to a possible ﬁeuroprotective role of

normal htt (Léavitt et al., 2001; Leavitt et al., 2006). In our mind, the use of a control
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that is inherently resistant to excitotoxicity, the induction of which we are attempting to .
characterize in order to differentiate alterations caused by mhtt expression, would not be
.an appropriate' representation of normal events. However, haviﬁg obtained data from the -
‘normal’ situation (WT MSNs) it would be of great interest to see if the neurbprotection
afforded by htt overexpfession is due to neuroprotective modulation of Ca** handling and
AW¥n maintenénce. This would be of further interest when compared in parallel with
MSNs from YAC128 mice expressing a'caspase-6 resistant (C6R) form of mhtt. These
mice do not develop HD and appear to have a WT phenotype, aﬁd MSN cultures derived
from these mice show no enhanced apoptosis or neurotoxicity in responsé to excitotoxins
(Graham et al., 2006b). A particularly interesting comparison of Ca2+v handling and
mitochondrial function would be between YAC18, C6R-YAC128, and YAC128 to see if
neuroprotection in the first two models correlates with reduced sensitivity of |
mitochondria to Ca®*-induced mPT formation. If so, it would support the ideas that mhtt‘
retains at least somehormal function of htt (arguing against the loss of function
hypothesis) and that cleavage of mhtt is an initiating tof(ic event.

As the correlative relationship between htt polyQ length.and NMDAR current
densify in MSNis is intact up to YAC72 but does not extend beyond to YAC128 MSNs,
the idea that altered NMDAR function is solely responsible for the selective vulnerability
of MSNs rﬂust be questioned. Our results suggest that mhtt containing a pblyQ |

. expansion greater than a certain threshold number may modulate neurotoxicity in a
different manner than shorter pathogenic polyQ expansions. If the impairment of

mitochondrial function in YAC128 MSNss is also apparent in other neuronal populations,
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it wé)uld support the argument that different lengths of pathogenic polyQ expansions in
htt are toxic by different mechanisms.

Lastly, the work presented here has identified an abnormality in YAC128 MSN
responses to NMDA that can explain enhanced excitotoxicity in these cells; however, the
reason for the particular sensitivity of mitochondria in YAC128 MSN:ss still needs to be
elucidated. One possi'bility may be that thé physical localization of mitochondria within
YAC128 MSNs makes them more vulnerable to sudden Ca* chaﬁges, for example ifa -
disproportionate number of mitochondria are near extrasynaptic NMDAREs, the activation
of which are asééciatéd with neuronal death (Hardingham et al., 2002; Liu et al., 2004). -
Another related possibility is that movement of mitochondria, shown to be impaired by
mutant htt (Chang et al., 2006), is restricted in YAC128 MSNS such that they are unable
to respond appropriately to localized energy (or other functional) demands within fhe
cell. Combined with the greater predisposition of striatal mitochondria towards mPT
formation (Brustovetsky et al., 2003), such circumstances could not only explain
enhanced sensitivity to NMDAR'activation in YAC128 MSNs (Shehadeh et al., 2006)

but also possibly explain the enhanced vulnerability of MSNs in HD.

6.7 Conclusions

Our findings uéing primary MSN cultures from YAC mice transgenic er human
htt suggest a criticalA role for NMDARSs in initiaﬁng MSN dysfunction and death in HD.
Our research suggests that NMDAR activity.can be selectively enhanced in a neuronal
type-specific manner, through a mechanism that increases the expression of NMDARSs on

the plasma membrane (Fan et al., 2007). This redistribution results in an increased
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sensitivity to NMDAR-mediated excitotoxicity. Our findings also support a mhitt-
mediated mechaﬁism whereby sustained NMDAR activation re\;eals an inability to
regulate cytosolic Ca®* in MSN(s, in the absence of increased NMDAR peak current.
Diverging from YAC models with shorter polyQ expansions, the enhanced NMDA -

induced apoptosis in YAC128 MSNs appears largely determined by increased

~ susceptibility to Ca®*-induced mitochondrial depolarization, acute mitochondrial

dysfunction, and mPT activation. These observations may help to refine the choice of

therapeutic strategies to test in YAC HD mouse models with different CAG sizes.

Importantly, signalling pathways activated by strong NMDAR stimulation converge on

the mitochondria in all YAC HD models, indicating that intervention downstream of
NMDAR activity, such as bolstering mitochondrial function and/or mPT inhibition, may

represent viable targets for ameliorating excitotokicity-driven apoptosis in HD.
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Table 1. A Summary of Relevant Full-Length and N-Terminal Fragment HD Models

.90

R6/1, R6/2 YAC46, YACT2, N171 CAGS0 CAGY4 HdhQ92, tgHD100
YACI28 HdhQl11
References Mangiarini Hodgson Schilling Shelbourne Levine Wheeler Laforet
i et al. (1996) et al. (1999), et al. (1999) et al. (1999) . et al. (1999) et al. (2000) et al. (2001)
Slow et al. (2003)
Promoter Human Humun Prion ~ Murine Murine Murine Rat NSE
Transcript Exon 1 All 67 exons ¢DNA for CAG knotk-in - CAG knock-in CAG knock-in - ¢DNA for
' N-terminal 171aa ' , - N-terminal 3 kb
# CAG repeats 120, 150 46. 72, 128 82 80 94 92, 111 160
Stnatal NMDAR NRI unchanged  NRI/NR2B NR2A tnunsiendy  N.R. N.R. N.R. N.R.
protein expression or increased, unchuanged decreased
- NR2ANR2B in YAC46 or
: decreased YACT2
Electrophysiotogical Altered Altered N.R. N.R. Ahered Altered Altered
propertics '
Hippocampal and/or Ahtered Aliered NR. Ahered NR. N.R N.R.
striatal LTP/LTD
Striatal NMDAR-current  Increased Increased N.R. N.R. N.R. N.R. ¢ Increased
Striatal NMDAR-C#™  Increased Increased NR. NR. Increased N.R. Increased
or cell swelling
response
Striatal NMDAR- N.R. Increased N.R. N.R. N.R. N.R. N.R.
mitochondrial
membrane
depolurization .
Cellulaf encray N.R. N.R. N.R. N.R NR. Impuired N.R.
metabolism
Stuiatal NMDAR No change carly, Increased; Resisunt lute N.R NR. " N.R. . Not different
toxicity resistant late rMmains ' ’ from wt
susceptible

N.R. = not reported
NSE = neuron specific enolase

Table taken di_rectly from (Fan and Raymond, 2007)




FIGURES

- Figure 1. Representative whole-cell current response of a Voltage-clamped (Vu=-60
mV) WT MSN to a 4 s application of I mM NMDA. The peak current amplitude (Ipeax)
is measured as indicated, and the 200 ms region which ivs averaged to derive the value for

steady-state current () is identified near the end of the NMDA application period.
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Figure 2. Peak NMDAR current density varies with htt pclyQ length in cultured MSNss.
Whole-cell Iaatch clamp recording was performed on cultured MSNs at-9-10 d.i.v.
stimulated with 1 mM NMDA. Bars represent mean peak curren;[ density (peak current '
normaliied to cell capacitance) + SEM. n=42 (WT), 13 (YACI18), 11 (YAC46), 16
(YACT72) or 20 (YAC128) cells total. S1gn1ﬁcant difference between genotypes by one-
way ANOVA effect of genotype F(4,97) = 5.113, P<0.001; * P< 0.05, ** P<0.01 by

Bonferroni post-test.
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Figure 3. PolyQ length does not affect kainate receptor current density. A)
Representative whole-cell current respo'nse of a voltage-clamped (Vy= -60 mV) MSN to
a 4 s application of 1 mM kainate. B) Mean peak current densitiés of WT and YAC72
MSNs in response to exogenous .application of .1 mM_kainate as in A). ‘Whole-cell patch
clamp recordings were performed on cultured MSNs at 9-10 d.i.v. as described in
Methods. n=11 (WT) or 10 (YAC72) cells total. Bars represent mean peak current

~ density (pegk current nqrmalized to cell cépacitance) + SEM.. No significant difference

between genotypes by unpaired t-test. -
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Figui‘e 4, Peak NMDAR current density is not influenced by htt polyQ length in cultured
CPNs.» Whole-cell cprrent density was measured under voltage clamb (Vug=-60 mV) in
cultured CPNs (4-7 d.iv.) froﬁl WT, YAC18, YAC72 and YAC128 mice, stimulated
with 1 mM NMDA. n=20 (WT), 11 (YAC18), 19 (YAC72) or 17 (YAC128) cells total.
Bars represeﬁt mean peak current density (peék -current normalized to cell capacitance) +

SEM. No significant difference between genotypes by one-way ANOVA.
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Figure 5. Desensitization of whole-cell NMDAR current-in MSNs is not governed in a B
polyQ length-dependent fashion. Steady-state (I) to peak (Ipeak) current was calculated
and expressed as a percentage aé described in Methods, from MSNs responding to
eé(ogenous application of 1 mM NMDA while held under yoltage clamp (Vy=-60 mV).
Bars represent rﬁean peak current density (peak current normalized to cell capacitance) +
SEM. n=42 (WT), 13 (YAC18), 11 (YAC46), 16 (YAC72) or 20 (YAC128) cells total. -
Significant difference between genotypes by one-way ANOVA, F(4,96) = 4.935, P%0.0l;
*P<0.05 YAC18 vs. WT, **P<0.01 YAC18 vs. YAC46 or YAC18 rvs. YACI128 by

Bonferroni post-test.
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Fi‘gure 6. Desensitization of whole-cell NMDAR curfent in CPNs is not altered by -
polyQ length. Steady-state (I) to Peak (Ipeak) current was calculated and expressed as a
percentage as described in Methods, from CPNs responding to exogenous application of
1 mM NMDA while held under voltage clamp (Vy=-60 mV). Bars represent' mean peak
current density (peak current normalized to cell capacitance) + SEM. n=20 (WT), 11
(YAC18), 19 (YAC72) or 16 (YACI128) cells tQtal. No significant difference between

genotypes by one-way ANOVA.
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Figure 7. IFN blocks NR1/NR2B-containing NMDARs. A) Representative vtlhole-cell
current responses of a voltage-clamped (V= -60 mV) YAC72 MSN to a 4 s application
of 1 mM NMDA, in the absence (black trace) and subsequent presence (grey trat:e) of 3
uM IFN. The difference between the two responses represents the fraction of current
conducted by NRI/NRZB-containing NMDARS.. Note that co-application of IFN with
NMDA blocks the majority of NMDAR current. B) Representative whole-cell current.
responses of a voltage-clamped (V= -60 mV) WT CGN to a 4 s application of | mM
NMDA, in the ab’sence. (black trace) and subsequent presence (grey trace) of 3 uM IFN.
In contrast to the effect of IFN in MSNs, note that co-application of IFN with NMDA in
| CGNs had no effect on NMDAR Lpeak or I, indicating 1ts selectivity for NR1/NR2B-

containing NMDAR:sS.
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Figure 8 Neither overexpression of htt or expression of mhtt affects the proportion of
NMDARSs containing NR1/N R2B in cultured MSNs. The percentage éf current mediated
by NR1/NR2B-containing NMDARs (those blocked by IFN) was calculated as described
in Methods, from cells responding to exogenous application of 1 mM NMDA (3 uM
IFN) while held under voltége clamp (Vy=-60 mV). Bars represent mean peak current
density (peak current normalized to cell capacitance) = SEM. n=18 (WT), 5 (YACI8), 5
(YAC46),5 (YAC72) or IOV(YAC128) cells total. No significant difference between

genotypes by one-way ANOVA.
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‘ Figure 9. Neither overexpression of htt or expression of mhtt affects the proportion of
NMDARSs containing NR1/NR2B in cultured CPNs. The percentage of current mediated
by NR1/NR2B-containing NMDARs (those blocked by IFN) was calculated as described
in Methods, from cells responding to exogenous application of 1 mM NMDA (+ 3 uM |
[FN) while held under voltage clamp (VH = -60 mV). _Bars represent mean peak current
density (peak current normalized to cell capacitance) + SEM. n=9 (WT), 6 (YAC18), 10

(YAC72) or 7 (YAC128) cells total. No significant difference between genotypes by

one-way ANOVA.
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‘ Fignre 10. Elecfrophysiological silencing Qf surface NMDARs allows for detection of

naive NMDAR insertion to the plasma membrane. A) Example of method used for
electrophysiological silencing of cell surface NMDARS in an MSN using whole-cell
patch clamp. Note clear NMDAR I,,c. and desensitization of current during Pre-Block
(pre-MK-801) phase, and decay of current towards zero during the Post-Block (Post-MK--
801) phase. Initial stimulation used 1 mM NMDA (Pre-Block), followed by blockade of
surface NMDARs by co-application of I mM NMDA and 5 pM MK-801 (Post-Block).
Application of NMDA + MK-801 continued for approximately 4 s beyond 'what is
depicted in figure. This paradigm was repeated to ensure full block of all surface
NMDARs. B) Example of NMDAR current recovery following block by MK-801. A
renresentative series of recordings from a YAC72 MSN showing NMDA;evoked current
recovery following electrophysiological silencing of surface NMDARs; eacii current

trace represents average of 3 consecutive responses (ei/ery 5 min) to 500 ms pulses of 1

mM NMDA.
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Figure 11. The rate of whole-cell current recovery in YAC72 MSNs following MK-801
~ binding is significantly faster than in WT MSNs. Plot of recovery of NMDA-evoked

Iauc (integrated current,»normalized to Cp).over time shows tﬁat NMDAR current

recovery is significantly faster in YAC72 vs. WT MSNs by 10 min post-block. Each

data point represents mean + SEM.from n=15,10,6 (WT) and 8, 6, 5 (YAC72) cells for

5, 10 and 15 min time points, respectively, post-block by MK-801. Significant difference

in recovery of current, WT vs. YAC.72 by two-way ANOVA; effect of genotype. F(1,44)
= 18.39, P<0.001; effect of time F(2,44) = 11.00, P<0.001; *P<0.05, **P<0.01 by

Bonferroni post-test.
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Figure 12. Example of cytosolic Ca®* imaging experiment using the fluorescent Ca®*
indicator Fura-2. During the initial monitoring phase, the resting Ca** level is
determined. A rise in cytosolic Ca®* imaging is produced by a 5 min application of 500

LLM NMDA, and the NMDA-induced Ca”* peak is calculated accordingly. This example

also shows a subsequent rise in cytosolic CaZ" following the application of 2 pM 4Br-
A23187, a calcium ionophore, demonstrating that our responses were not saturated by
NMDA-induced Ca®" influx. The response shown is a mean of 13 MSNS, and in this

example is not baseline-subtracted.
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Figuf‘e 13. Representative cﬁosolic Ca®* responses of WT and YAC128 MSNs to 500

uM NMDA. Intracellular Ca®* was monitored using Fura-2. Responses shown are mean

responses of one experiment each from WT (solid line, n=27 cells) and YAC128 (dashed
» line, n=21 cells) MSNs prior to, during, and following é 5 min application of 500 pM

NMDA as indicated.
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Figure 14. WT and YAC128 MSNs have similar cytosolic Ca®" responses to NMDA.
A) Basal (n=10 experiments per genotype, totai of 168 and 163 neurons for WT and |
YACI128, res.pectively, from 6 different batches of cultured neurohé) and peak cytosoli-c
Ca2+ responses to 100 uM NMDA ({1=4 experiménts per genotype, total of 73 and 68
neurons for WT and YAC128, respectively, from 2 different culture batches) or 500 pM
- NMDA (n=10 experiments per genotype, total of 168};md 163 neurons for WT and
YACI128, respectively, from 6 different culture batches) in WT (black bars) or YAC128"
(open bars) MSNs. Not significant between genotypes by paired t-test for basal cytosolic
Ca**, or responses to 100 or 500 uM NMDA. Data expressed as mean + SEM. B) Peak
cytosolic Ca®* responses of WT (black bar)' and YAC128 (open bar) MSNs to 500 uM
NMDA using the low affinity Ca** indicator MagFura-2. n=4 experiments per gen‘otybe,
74 and 80 neurons total for WT and YAC128, respectively, from 2 different culture

batches. No significant difference between genotypes by paired t-test.
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Fig_lire 15. Recovery from an NMDA-induced Ca”" load in WT and YAC128 MSNs.
Recovery of cytosolic Ca?* (imaged using fura-2) towards basal levels following thé
application of 500 uM NMDA in WT (black squares, n=5 experiments, totél of 91
neurons from 3 different cultufe batches) or YAC128 (open circles, n=5 experiments,
total of 90 neurons, from 3 different culture batches) MSNs. Repeéted measures
ANOVA, effect of genotype F(1,20) =33.78, P<0.0001; effect of time F(4,20) = 4.04,
*P<0.05; *P<0.05 at 15 min, ;"P<0.05 at \20"min, **P<0.01 at 25 min by Bonferroni pdst-

test.
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Figure 16. Contrasting re‘sponse; of WT and YAC128 MSNss to different stimuli that -
increase cytosolic Ca®* to similar peak levels. A) Representative mean responses of WT
MSNs to 100 pM NMDA (solid line, n=14 cells) or 50 mM KCl + 5 uM FPL64176
(dotted line, n=23 cells) as indicated. Note that the.peak amplitude of the cytosolic Ca™
response to either stimulus is similar. Each trace is representative of a single experiment,
B) Peak cytosolic Ca®* responses to 100 uM NMDA (n=6 experiments for WT, n=5 for
YACI128; total of 108 aed 86 neurons for WT and YAC128, respectively, from 3
different culture batches) or 50 mM KCI+ 5 uM FPL64 1.76 (n=6 experiments per
genotype, total of 107 and 106 neurons fer WT and YAC128, respectively, from 3
different culture batches) in WT (black bars) or YAC128 (open bars) MSNs. No
significant difference by two-way ANOVA; no effect of treatment F(1,19) = 1.99,
P>0.05 or genotype (F(1,19)=0.01, .P>O._OS. Data expressed as mean + SEM.

Intracellular Ca®* was monitored using Fura-FF in these experiments.
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Figure 17. The impairment in recovery of YAC128 MSNs from a gytosolic Ca”" load is
selective for NMDA-induced Ca?* loads. Recovery of cytosolic Ca** towards pre-
stimulus levels following application of 100 uM NMDA (WT: black squares; YAC128:
©open circles; n=5 experiments per genotype, total of 97 and 86 neurons fér WT and |
YACI128, respectively, from 5 different culture batches) or 50 mM KCI + 5uM
FPL64176 (WT: black triangles; YAC128: open triangles; n=6 experiments per genotype,
total of 107 and 106 neurons for WT and YAC128, respectively, from 3 different culture
batches). Significant difference in recovery of cytosolic Ca**, WT vs. YAC 128 (100 pM
NMDA): two-way ANOVA; effect of genotype F(1,21) = 36.76, P<0.0001; *P<0.05,
**P<0.01, ***P<0.01 by Bonferroni post-test; effect of time F(2,21) = 2.23,: P>0.05.
Significant difference in recovery of cytosolic Ca®*, YAC128 (NMDA vs. KCI +
| FPL64176): two-way ANOVA; effect of treatment F(1,24) = 136.34, P<0.0001; effect of
time F(2,24) = 14.98, P<0.0001; effect of interaction F(2,24) = 8.94, P<0.01; #P<0.05, |
- Pp<0.001 by anferroni post-test. Signiﬁcant difference in recovery of cytosolic Ca**,
WT (NMDA vs. KCI + FPL64176): two-way ANOVA,; effect of treatment F(1,27) =
31.46, P<0.0001; effect of time F(2,27) = 10.64, P<0.001; @@8p<.001 by Bonferroni
polst-test. No signiﬁcaﬁt difference in recovery of cytosolic Ca®*, WT vs. YAC128 (50

mM KCl + 5 uM FPL64176): two wéy ANOVA,; effect of genotype F(1,39) = 0.20,

P>0.05; effect of time F(3,39) = 30.94, P<0.0001.




100

0o
o

o
<

% Peak Ca®

)
?

o

Time (min)

124




Figure 18. Simultaneous monitoring of NMDA-induced changes in cytosélic Ca®* and
A%¥n in WT and YAC128 MSNS. A) Reprgsentative mean cytosolic Ca2+; (solid line,
Fura-2) and mitochondrial A%, (dashed line, rflodamine-123) responses of WT (top,
n=20 cells) and YACI128 (bottom, n=15 cells) MSNs prior to, during, and following 5
min application of 500 pM NMDA as indicatéd. Note the relatively rapid recovery of
Ca® in WT MSNs, compared to that seen in YAC128 MSNSs, as well as the relative

- changes in AW, in each genotype. Expanded region of YACI128 timescale (bottom)
illustrates the temporal order of changes in Ca** (solid line) preceding changes in A‘{’m

| (dashed line) during the initial phase of r_esponse to NMDA (arrow indicates start of

NMDA application).
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Figure 19. YAC128 MSNs undérgo a more dramatic loss of AW, as a consequence of
. NMDA éhallenge than WT.MSNS, 'despite similar cytosblic Ca®" loads. Top panel:
bgsal and peak cytosolic Ca®" responses (measured using Fura-2) to 500 pM NMDA in
WT (black bars) or YAC128 (open bars) MSNs. No significant difference between
genotypes by paired f-test; data expressed as mean + SEM. Bottom panel: Concurrent
changes in A¥y, (AF/F) in WT (black bar) or YAC128 (open bar) MSNs, n= 8 paired
experiments per gen(_)type;' total of 131 and 147 ﬁeurons for WT and YAC128,
respectively, from 4 different culture batches. Significant difference between genotypes

*P<0.05 by paired t-test; data expressed as mean + SEM.
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Figure 20. Characteristics of resting mitochondria in WT and YAC128 MSNs. A) '
Determination of resting mitochondrial polarization (A‘Pm) status (i.e. prior to any
stimulation). Mitochondria in previously unstimulated WT and Y128 MSNs were
maximally depolarized by the addition of 5 uM CCCP (see Methods), and the mean
fluorescent signal for each genotype was quantified. n=6 paireci experim’énts per
genotype; total of .121 and 113 neurons for WT (black bar) and YAC128 (open bar),
respectively, from 3 different culture batches. No significant difference between
genotypes by paired t-test; data expressed as mean = SEM. B) Depolarization of resting
mitochondfia by 5 uM CCCP in previously unstimulated YAC128 MSNs results in the
release of very little free Ca>* from the mitochondria into the cytosol. Mean cytosolic

Ca®* (solid line, Fura-FF) and AW, (dashed line, rhodamine-123) responses of 13 MSNs.
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| Figure 21. Mitochondria in both WT and YAC128 MSNs have a similar capability to
buffer transient cytosolic Ca®* in;reases produced byn short application of NMDA. A) A
representative example of a mitochondrial Ca* ﬁptake experiment, showing the mean
cytosolic Ca** respoﬁses (= SEM) of 13 WT MSNs, to a 60 s application of 500 uM

NMDA followed 2 min later byva 60 s applicatibn of 5 uM CCCP (in Ca2+—_free bﬁffer).
F_ura-FF- was used as the Ca®" indicator for these experiments. The hatched areas,
corresponding to the stimulus duration, were used in AUC calculations to determine C/N
ratios as described in the Methods. ‘B) C/N ratios for WT (black bar, n¥8 experiments)
and YAC128 (open bar, n=6 Aexperiments) MSNSs (total of 92 and 105 neuroné for WT

| and YAC128, respectively, from 3 — 4 different culture batches).v No significant

difference by unpaired t-test; data expressed as mean + SEM.
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Figure 22. Recovery of YAC128 MSNs from a cytosolic Ca** load produced by a short
application of NMDA is similar in timecourse té that of WT MSNs. The recovery of WT
and YAC128 MSNs from péak Ca®" towards prestimulus levels following a 60 s
application of 500 uM NMDA (as performed to calculate the C/N ratios) was quantified

by calculating the mean time of recovery to 50% and 25% of the peak. n=8 experiments
and 92 cells total for WT; n=6 experiments and 105 cells total for YAC128. No

significant difference between genotypes by unpaired t-test.
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Figure 23. The effect of the mPT inhibitor CsA on simultaneously measured peak
cytosdlic Ca®* and AY,, in WT and YAC128 MSNs. A) Peak cytosolic Ca®* in WT

| MSNs (black bars; with 10 pM CsA: n= 6 experiments, 81 neurons total; without 10 uM
CsA: n=6 experiments, 109 neurons total; from 3-4 different culture batches) and
YACI128 MSNs (open bars; with 10 UM CsA: n=5 experiments; 106 neurons total;
without 10 uM CsA: n=7 experiments, 88 neurons total; from 3 — 4 diffefent culture
batches) following a 5 min application of 500 pM NMDA, with or without 10 pM CsA
present in all solutions as indicated. *P<0.05 by unpaired t-test comparing treatments
within genotype; data expressed as mean + SEM. Intracellular calcium was monitored
using Fura-FF in these experiments. B) Simultaheously observed chénges in AW,
(AF/F). No signiﬁéant difference by unpaired t-test within genotypes; data expressed as

mean + SEM.
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" Figure 24. The effect of the mPT inhibitor BKA on simultaneously measured peak
cytosolic CazJ'r and A in WT and YAC128 MSNs. A) Peak cytosolic Ca** in W,Tl
* MSNis (black bars; with BKA: n=9 experiments,. 135 cells total; withoﬁt BkA: n=10 /
experiments, 129 cells total; from 5 different culture batches) and YAC128 MSNs (open
bars; with 5 uM BkA: n=10 experiments, 145 cells total; without 5 uM BkA: n=9
experiments, 148 cells total; from 5 different culture batches) folloWing a S min
‘application of 500 uM NMDA, with or without 5 pM BkA preéent in all solutions as
indicated. No significant difference by unpaired t-test within genotypes; data expressed

as mean = SEM. B) Simultaneously observed changes in A¥y, (AF/F). *P<0.05 by

unpaired t-test comparing treatments within genotype; data expressed as mean = SEM.
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Figure 25. A general overview of the main excitotoxic events in the YAC HD mouse
models of varying htt polyQ length. Previous research estéblished tﬁat enhanced
NMDAR activation (step 1) leads to elevated peak cytosolic Ca?* (step 2) and sﬁbsequent
mitochondrial depolarization (step 3). Consequently, activation of caspases (step 4) and
apoptosis (step 5) in YAC46 and YAC72 MSNs occurs. In the YAC128 mouse model,
steps 1 and 2 do not appear to play a fole in the enhancement of apoptosis for YAC128
versus WT MSNss, as the work presented here indicates that neither the NMDAR peak
current nor the resultant peak in cytosolic Ca*" is any different from that seen in WT
MSNs. The key excitotoxic step augmented in YAC128 MSNs appears to occur at the
levei of the mitochondﬁa (step 3, mitochondrial depolarization), and yet is 'still dependent
on NMDAR activation. The release of free Ca>* from the mitochondria back into the
cytosol (step 3a, recently taken up dowﬁstream of NMDAR activation) follows -
mitochondrial depolarization. Thus, the increased sensitivity to NMDA-induced toxicity
occurs at a later point iﬁ the sequence of events leading to apoptotic death in YAC128
compared with YAC72 MSNs. The delayed recovery from NMDAjinduced Ca** loads
in YAC128 MSNs may also serve to enhance calpain activity levels following bouts of

intense NMDAR activity.
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